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PREFACE 
 
New developments bring change that usher the mankind to a better future. 

Technological innovations have reached a stage that incorporates the integration of 
different fields for the holistic development. From thermal efficiency to group 
technology, the field of mechanical engineering has tremendously contributed in 
advancement of human race. With innumerable specializations in the field of mechanical 
engineering, it becomes obligatory for professionals and researchers to confer and 
transform their thoughts into more meaningful developments. 

 To comply with such dynamic requirements, national conference on trends and 
advances in mechanical engineering (TAME 2006) is being organized on Dec 9-10, 2006. 
Academicians and industrialists in the area of mechanical engineering at national level 
are invited to participate. The conference is aimed at providing a common platform to 
researchers, industry personnel, academicians and participating professionals to interact 
and discuss about the trends & advances made in the various areas of Mechanical 
Engineering. Special invited lectures by experts from leading Institutions, Research 
organization and Industries have been arranged in addition to paper presentation. 
The conference drew an overwhelming response and after technical scrutiny about 115 
papers were selected to be presented in the conference. The present booklet is a pre 
conference assimilation of abstracts proposed to be presented in TAME 2006. 

 The two day national conference is structured into eight parallel sessions with 
practical and research oriented papers in themes of thermal engineering, production 
engineering, design & analysis and industrial engineering. It is expected that most of the 
contributors from different parts of the country will be present to discuss and share their 
research thoughts. The conference would also be useful to the UG and PG students of the 
institute for understanding the grasping recent developments in the area of mechanical 
engineering.  

 TAME 2006 is being organized by department of mechanical engineering with 
ever encouraging response from the management and whole hearted support from 
different quarters in the institute and outside. The teamwork of students and faculty 
equally would lead to the success of the conference. 
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Abstract 
Boundary layer flow has been considered for studying the drags force over the flat surface. As we know that when a 
fluid is flowing over a surface a boundary layer is formed, due to this boundary layer a force between the fluid and 
surface acts in the opposite direction of the flow of the fluid. This force is called drag force and will be responsible 
for consuming the energy during the motion of the flat surface in a fluid. 

The energy consumption depends on the velocity of the fluid over the flat surface, the greater velocity the greater is 
the force. Hence more energy will be required to move the surface in a fluid. In this paper we try to analyze the drag 
force at various velocities of the fluid over the flat surface. The influence of the velocity and area of the surface has 
been seen by numerical computation on the drag force. 

Keywords: Boundary layer flow, Drag and coefficient of drag, Reynolds number  
 
1.0 Introduction 
Drag is the aerodynamic force that opposes motion of a body through air. It is generated by the interaction and 
contact of a solid body with a fluid not generated by a force field i.e. a gravitational field or an electromagnetic field. 
For drag to be generated, the solid body must be in contact with the fluid. If there is no fluid, there is no drag. Drag 
is generated by the difference in velocity between the solid object and the fluid. Minimum drag force consumes less 
power or fuel, which will reduce the Co2 formation in the environment. Therefore we can say reduction of drag force 
will be Eco-Friendly. There must be motion between the object and the fluid. There are many types of drag, which 
are as follows. 

1.1 Types of drag 
(a) Skin Drag 
The one of the sources of the drag is the skin friction between the motion of the air and the solid surface of the car. 
The skin friction depends on the properties of both object and fluid. For the solid, a smooth, waxed surface 
production less skin friction than a roughened surface.  For a fluid, the magnitude depends on the viscosity of the 
fluid. Reynolds number is the function of viscous force and inertia force. Less Reynolds number generated a 
boundary layer of law flow energy therefore skin friction depends on the condition of boundary layer. 

(b) Form Drag 
The second source of drag force is the shape of the moving object. This type of drag is called Form drag. As airflow 
flows around the body the local velocity and the velocity of fluid are changed, therefore there is a pressure 
difference, which will produce a momentum. As we know rate of change of momentum is called force. As a result 
rate of their moving body experiences a force i.e. drag force. 

(c) Induced Drag 
This component of drag is caused by the generation of lift; this because of flow near the wings tips is a distorted 
span wise as a result of the pressure difference from the top to bottom of wing. This magnitude of induced drag 
depends on the amount being generated by the wing and on the geometry. Long thin (chord wise) wing have low 
induced drag, short wings with a large chord have high-induced drag. 

(d) Wave Drag 
This component of drag is wave drag. As a vehicle approaches the speed of sound, shocks are generated along the 
surface. The magnitude of the wave drag depends on the Mac number of the flow. Ram associated with slowing 
down the free stream air as air is brought in side the vehicle.   
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1.2 Sources of Drag 
There are following sources of drag. 

1 Shape of the object  

2 Speed of the object  

3 Mass of the fluid going by the object 

4 Viscosity or stickiness 

5 Compressibility 

1.3. Boundary Layer 
As an object moves through a fluid, or as fluid move past an object, the molecules of the fluid near the object, the 
molecule of the fluid near the object distributed and moves around the object. Aerodynamic forces depend in a 
complex way on the viscosity of the fluid. As fluid move past the object, the molecules right next to the surface stick 
to the surface, the molecule just above the surface are slowed down in their collision with the molecule sticking to 
the surface. These molecules in turn slow down the flow just above them. The further one moves away from the 
surface, the fewer collision affected by the object surface. This creates a thin layer of fluid near the surface in the 
velocity change from zero the surface to the free stream value away from the surface. Engineers’ call’s this layer 
boundary layer because it occurs on the boundary of the fluid. 

1.4. Factor that affect the Drag 

2
uρCD

2
d

f
A×××

=
                      

Where Df drag force, ρ is density, u velocity or speed, Cd coefficient of drag force, and A is the 
area. 

Aq
DC f

d
×

=
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2ρu

2q =
 

 
1.5. Literature review 
1. In year 1999 DAM VAN C.P., Applying computational fluid dynamics (CFD) tool to analyze and predict the 

aerodynamic characteristics of vehicle. He reviewed recent experiences in (CFD) – based drag prediction with 
an emphasis on flow solutions governed by the EULER and REYNOLDS – averaged NAVIER STOKES 
equation. 

2. In the year 2000 Ramamurti and sand berg employed a finite element flow solver based on unstructured grid to 
compute the lift and drag force variation for two MAV models with 6 inch and 14.5 inch wing respectively 
SHYY et al. Summarized the scaling laws of biological and micro air vehicle and related kinematics of flapping 
wings and aerodynamics model for analyzing lift, drag and power. The lift and drag of four wings type at the 
three chord Reynolds number of 70000, 140000 were measured by TIORES and MULLER. 

3. In year 2001, ELENA LAURENT employed the experimental and numerical approach to find consumption, 
maximum speed and braking characteristics, which are directly affected by the aerodynamics. His objective was 
obtained and efficient development processes of new vehicle. 

4. In year 2002, Mohammed Gad-el-Hak, studied drag reduction or skin friction drag in turbulent wall-bounded 
flows. His investigations are based on proper boundary condition when flow is turbulent. In this paper he 
discussed the effect of turbulence in wind tunnel to measure accurate drag. 

5. In year 2003, David Nixon studied a comparative analysis between wave drag and induced drag on the surface 
of vehicle. He investigated that wave drag is much less as induced drag at lower velocity .The pressure 
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difference is very less therefore the momentum change with respect to time is also small in turn gives lower 
value of drag. 

6. In year 2004, DESTARAC D. and VANDER VOOREU J., studied the drag/thrust on the jet-propelled aircraft 
on the basis of viscous flow. He carried forward his studied by dividing the total drag in the three components 
mainly viscous drag, wave drag and induced drag.  

7. In year 2005 ZHAN, J.M et al studied the effect of Reynolds number, net solidity mesh pattern and flow 
direction on the drag force on the submersed net of fish cages through analytical and experimental studies. 

8. In year 2005 PALANIAPPAN and RAMKISSOON investigated the elegant formula for the drag using rigorous 
mathematical approach.   

9. In year 2005 SHAO and YANG studied a scheme for drag partition over rough surfaces. He carried forward his 
studies by dividing the total drag in the three components mainly pressure drag, a skin drag due to momentum 
transfer to the surfaces of roughner element and a surface drag due to momentum transfer to the ground surface.  

10. In year 2006 MANOJ KUMAR AND ANANTHA SUBRAMANIAN V. investigated pressure related drag on 
numerical modeled ship model. In their study the ship model runs at speeds essentially in the laminar and 
transient speed range. The residuary resistance values have been compared with numerical result. 

None of the referred authors have considered a moving flat surface to compute the drag on effective body position of 
the flat surface. We propose to find the drag mainly due to flat surface. Our aim of this paper is to reduce the 
effective drag, which may in turn reduces the fuel consumption as well as Co2  formation. 

 

Uo 

 

                     b 

Bonne  

l 

 

Figure-1: Flat surface 

2.0  Problem Formation Over The Flat Surface 
Assuming a flat surface, which is moving with a speed u0 in the direction of x-axis, we consider the flat surface as a 
moving plate in the fluid. The governing boundary layer equations are:  

2

2

y
uυ
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uu
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∂
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∂
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+
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∂

 (Momentum equation)              ………. (1) 

0
y
u

x
u

=
∂
∂

+
∂
∂

            (Continuity equation)                               ………. (2) 

Where ν is kinematics viscosity 

 

The boundary conditions are  

y = 0,  u = u0,   v = 0      ………. (3) 

y = ∞,  u = 0,   v = -c       ………. (4) 



 4

To solve the present problem for velocity component we define a stream function by 

x
uy e      wher)f(  xυuψ 0

 0
υ

ηη ==
     ………. (5) 

Where   

 ψ   vand  
y
ψu

x∂
∂

−=
∂
∂

=
       ………. (6) 

The equation (1) reduces to  
 

0'' f f
2
1''' f =+

       ………. (7) 
The relevant boundary conditions are  

η = 0,  f ` =1,  f = 0     ………. (8) 
 
η  → ∞, f ` = 0                      ………. (9) 
 
The solution of this boundary value problem has been obtained by MATLAB 6.5. 

3.0 Shear Stress at The Surface of The Plate 
The shear stress at the surface plate is given by  

0yy
uμw(x)τ

=⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
∂
∂

−=

       ………. (10) 

         
(0)'' f

υx
μu3/2

0−=
       ………. (11) 

Thus the drag force at the effective surfaces is calculated as 

∫=
l

0

  w(x)f dxbD τ
                     ………. (12) 

where      

b = Width of flat surface 

 L = Length of flat surface 

(0)'' fμ  bu R2  0ex−=                      ………. (13) 

Where Rex = Reynolds number 

4.0 Numerical Calculation For Drag Force 
We consider a flat surface:  For calculation sake.  

Where size (l, b) = (0.8m, 1.22m), for flat surface 1 

 size (l, b) = (1.42 m, 1.22m), for flat surface 2 

μ = 1.73 x 10-5 N – s/m2, ρ = 1.229 kg/m3, ν = 1.407 x 10-5 m2/s 
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Now, using the formulae 

μ bu Re3.70D  0f = ,  

μ bu Re46.2D  0f = ,  

μ bu Re81.2D  0f = ,  

μ bu Re10.4D  0f =    

 μ bu Re4.22D  0f = ,  

  Cd = 2Df/ρu0
2A 

 

5.0 Results and Discussion 

5.1 Results For Flat Surface 1 and Flat Surface 2 
On the basis of our computation we have analyzed the results through graphical study. We summarized the results in 
the following paragraphs: 
In figure-2, we depict the variation of drag force with respect to velocity or speed with which flat surface moves. We 
observed that drag force increases with the increase in velocity of the moving surface. It is natural and our study 
supports the natural fact. There is a velocity or speed of the vehicle at which both the drags i.e. drag for flat surface1 
and the drag force for flat surface 2 are minimum. Therefore, it is advisable to move the flat surface with the 
velocity 8.33 m/s so that the total drag of both the flat surfaces could be  
 
minimum in turn the minimum fuel consumption which will be economical and it helps fuel save policy of the 
world. 
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            Figure-2: Variation of drag force with regard to velocity of moving surfaces 

  

 Figure 3, exhibits the variation in coefficient of drag with respect to velocity of moving flat surfaces. We see that as 
velocity increases the coefficient of drag decreases but coefficient of drag for flat surface1 is always more that the 
coefficient of drag for flat surface2 because the area of flat surface2 is greater than the area of flat surface1. 
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velocity Vs Coefficient of Drag
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Figure 3: Variation in coefficient of drag with respect to speed  

Figure 4, exhibits the variation in power consumption with respect to velocity of moving flat surfaces. We see that 
as velocity increases the power consumption also increases for both he surfaces. Its also seen that the power 
consumption for flat surface 2 is more than the flat surface 1, this is because of the more surface area of flat surface 
2. 

Velocity vs Power Consumption
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Figure4: Variation in power consumption with respect to velocity 

Figure-5, shows the variation of velocity with respect to magnitude of Reynolds number. We observe that as 
Reynolds number increases with increase with velocity. Since Re = u0L/ν which involves the speed of surfaces u0, so 
ultimately the Reynolds no depend upon the speed of moving surfaces. Again we get a Reynolds number for which 
the velocity both the surfaces i.e. flat surface 1 and flat surface 2 is minimum. This minimum velocity helps us to 
save fuel for which Reynolds number = 650. 
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                      Figure 5: Variation of velocity in respect of Reynolds number 
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6.0 Conclusion 
It is concluded that the surfaces are subjective to much higher drag forces on the surface at higher speeds, hence the 
speeds should be limited. 

The results support restricting speeds below 120 Km/hr. The solution is practical though the tendency to exceed 
speed is on the increase and legal steps must be taken to curb such tendency. 

Nomenclature  
u0  =  Free steam velocity of fluid   
ν  =  Kinematics viscosity of air      
u  =  Velocity component in x-direction  
v  =  Velocity component in y-direction 
Rex  =  Reynolds number  
Df =  Drag force 
τw(x) =  Shear stress 
μ =  Dynamic viscosity of air 
b  =  Width of the object  
l   =  Length of the object 
ψ  =  Stream function 

 l     =                 Wedge angle  
Cd =  Coefficient of drag 
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Abstract 
Heat exchanger finds application in many process and allied industries. Though considerable work on 
commercial heat exchangers is reported in the literature, but very few works is done using compact heat 
exchangers. Especially no work is reported in the literature for compact heat exchangers using process fluids. 
Compact heat exchangers give more heat coefficient with less provisional area. Plate heat exchangers consist of 
a series of thin corrugated plates suspended from a carrying bar and clamped between a fixed and a movable 
head plate. Spiral heat exchanger is an assembly of two long strips of metallic plate wrapped around a mandrel 
to form a pair of concentric passages. Hence, a systematic work was undertaken to study the momentum transfer 
aspects of compact heat exchangers like Plate and Spiral heat exchangers. For this purpose water was used as 
hot and diesel as cold fluid. Experiments have been conducted by varying the mass flow rate of hot fluid, 
temperature and pressure. From experimental observation, Reynolds number for hot fluid, Power consumption 
and heat transfer coefficients were calculated. A plot between Reynolds number and heat transfer coefficients 
was plotted for different operating parameters. Finally a simple correlation was developed for overall heat 
transfer coefficient based on the experimental data. It was observed that experimental data fits satisfactory to 
the reported correlations with accuracy of ±10%. 
 
Keywords:  Reynolds number, Overall heat transfer coefficient, Pressure drop, LMTD, Mass flow rate. 

1.0 Introduction 
The development and investigation of new enhanced two-phase heat transfer flow, particularly for the use in 
compact heat exchangers, has become an important requirement during the last few years. The interest stems 
from various reasons viz. decreasing raw material and energy resources, the increasing environmental pollution 
and increasing costs for manufacturing and operation of heat exchangers. Although the number of compact two-
phase heat exchangers applied to industrial facilities is increasing, there is still a lack of information concerning 
the heat transfer with two phase flow phenomena and the performance of the enhanced surfaces. 
 
1.1 Some of the literature review collections are 
Sjogren Sven (1989) studied Basics of Plate Heat Exchangers; they can offer an affordable alternative to other 
types of units and provide an opportunity to reduce downtime and to save space and money. 

Jim et al (1989) studied Basics of Spiral Heat exchangers, since its introduction in 1930s, the spiral heat 
exchanger has undergone numerous design refinements and innovations that have made it applicable to many 
heat transfer situations.  

Jeysundera et la (1994) studied, Performance of a Compact Spiral coil heat exchanger.  

Tinaut et al (1998) developed Correlations for heat transfer and flow friction characteristics of compact plate 
type heat exchangers.  

Sivert Vist et al (2000) two phase flow distribution in compact heat exchanger manifolds studied in this paper is 
an experimental study to investigate two-phase flow distribution in compact heat exchanger manifolds is 
presented. 

Riehl et al (2002) studied, comparison of heat transfer correlations for single- and two- phase micro channel 
flows for microelectronics cooling.  
Jorge et al (2003) studied Modeling of plate heat exchanger with generalized configurations.  

Imke et al (2004) studied Porous media simplified simulation of single- and two-phase flow heat transfer in 
micro-channel heat exchanger. 
1.2 Objective 
To determine the variation between overall heat transfer co efficient and power, Reynolds number for both plate 
and spiral type heat exchangers. 
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1.3 Scope 
The physical properties of fluids may be varied and various correlations can be obtained. Flow pattern for 
various heat exchangers can be studied in detail. Modified design for spiral and plate type heat exchangers may 
be carried out. Different types of heat exchangers can be used to study overall heat transfer coefficient and 
Reynolds number. 
 
2.0  Parameters Considered for the Experiment 
The performance of spiral and plate type heat exchangers mainly depend on mass flow rate of fluid, flow area, 
pressure drop and logarithmic temperature difference between entering and leaving fluids. Pressure drop is 
found using manometer reading. Mass flow rate is found by weighing the fluid per unit time. The inlet and 
outlet temperature of hot and cold fluids are measured using thermocouples or thermometers at corresponding 
inlet and outlet section respectively. 
 
Reynolds number (Re) is the ratio of the inertia force to the viscose force.  
 
                                                    Re =    ρ V De  
                                                                      µ 
 
Log Mean Temperature Difference (LMTD) is defined as the “average” driving temperature 
difference between the hot and cold streams for heat transfer calculations.  
 
                                            (Thi - Tco) – (Tho – Tci)   
                      LMTD =                           
                                           ln {(Thi -Tco) / (Tho - Tci)}  
 
 For parallel flow, it is defined as 
             
                                           (Thi – Tci) – (Tho - Tco)                            
                     LMTD =                           
                                           ln {(Thi - Tci) / (Tho -Tco)}  
 
 Heat Transfer Coefficient (U) is calculated based on the wetted surface area and the log mean 
temperature difference. It is defined as 

U = Q/ A* LMTD 
 

Pressure drop (∆P) is the difference between the height of the manometer column for hot and cold fluids 
respectively. 
 

∆P = hh -hc 
3.0 Experimental Setup 
 
3.1 Spiral Heat Exchanger  
The experimental setup consists of spiral heat exchanger, thermometer, and steam purging coil, manometer, 
pumps and tanks as shown in figure. The parameters of heat exchanger are shown in the table (1.1). 
 

Table1.1 Parameters for the Spiral heat exchanger. 
Parameters P5-VRB plate 

Plate length (port-to-port), m 
Plate width (available to flow), m 
Plate thickness, m 
Mean channel spacing, m 
Mean hydraulic diameter, m 
Heat transfer area, m2 

0.5740 
0.3150 
0.0010 
0.0050 
0.0100 
2.2400 
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        Figure 1. Experimental setup for heat exchanger 

 
The hot fluid inlet pipe is connected at the center core of the spiral heat exchanger and the outlet pipe is from 
periphery of the heat exchanger, the hot fluid used is about 60-70 C can be heated by pumping the steam from 
the boiler into an 1000 liters tank-2 and this was pumped to heat exchanger using a 0.5 hp pump. Thus the 
counter flow of the fluid is achieved. The cold fluid inlet pipe is connected to the periphery of the exchanger and 
the outlet is from the centre of the heat exchanger. The cold fluid is supplied at room temperature from tank-1 
and this was also pumped to the heat exchanger using a 0.5 hp pump. The flow of hot and cold fluid is varied 
using control valves (C1 and C2) respectively for hot and cold fluids. The pressure drop of the fluids was 
measured using manometers (M1 and M2). Thermometers (T1, T2, T3 and T4) are fixed at inlet and outlet 
sections of the cold and hot fluids. T1 and T2 are used to measure inlet temperature of cold and hot fluids 
respectively; T3 and T4 are used to measure the outlet temperature of cold and hot fluids respectively. 

 
3.2 Plate Heat Exchanger  
The experimental setup consists of plate heat exchanger, thermometer, and steam purging coil, manometer, 
pumps and tanks as shown in figure. The heat exchanger details with dimensions are shown in the table(1.2) . 
The hot fluid inlet pipe is connected at the bottom of the plate heat exchanger and the outlet pipe is from top of 
the heat exchanger, the hot fluid used is about 60-70 ˚C can be heated by pumping the steam from the boiler into 
an 1000 liters tank-2 and this was pumped to heat exchanger using a 0.5 hp pump. The cold fluid inlet pipe is 
connected to the bottom of the exchanger and the outlet is from the top of the heat exchanger. The cold fluid is 
supplied at room temperature from tank-1 and this was also pumped to the heat exchanger using a 0.5 hp pump. 
Thus the parallel flow of the fluid is achieved. The flow of hot and cold fluid was varied using control valves 
(C1 and C2) respectively for hot and cold fluids. The pressure drop of the fluids was measured using 
manometers (M1 and M2). Thermometers (T1, T2, T3 and T4) are fixed at inlet and outlet sections of the cold 
and hot fluids. T1 and T2 are used to measure inlet temperature of hot and cold fluids; T3 and T4 are used to 
measure the outlet temperature of hot and cold fluids. 
                                                  

Table 1.2 Parameters for the Plate heat exchanger. 
 

Parameters P5-VRB plate 

Plate length, m 
Plate width, m 
Plate thickness, m 
Number of plates 
Heat transfer area, m2 

0.710 
0.245 
0.0010 
9 
1.252 

 
4.0 Experimental Procedure 
The proposed parameter estimation procedure for generalized configurations is tested using an Alfa Laval; 
model P5-VRB, Spiral heat exchanger as shown in figure. Water is used as hot fluid as well as diesel is used as 
cold fluid. The inlet hot fluid flow rate is kept constant and the inlet cold fluid flow rate is varied using a control 
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valve. For different cold fluid flow rate the temperatures at the inlet and outlet of hot and cold fluids were 
recorded, also the manometer readings were also noted after achieving the steady state. The same procedure is 
repeated for different hot fluid flow rates, the corresponding temperatures and manometer readings were noted 
and observations were tabulated. 
The proposed parameter estimation procedure for generalized configurations is tested using an Alfa Laval; 
model P5-VRB, Plate heat exchanger as shown in figure. The same procedure is repeated for plate heat 
exchanger as in the case of spiral type heat exchanger and the observations were tabulated. 
 
5.0 Observation and Graphical Results 
 

Table 1. Results for different set up 

SPIRAL 
SET :1               
S.
N
o 

mh, 
 kg/s  

mc, 
 kg/s  

Thi, 
˚C 

Tho, 
˚C 

Tci, 
˚C 

Tco, 
˚C 

hh, 
cm 

hc, 
cm 

∆P, 
cm ∆T 

∆T
1, 
˚C Q, W 

U, W/m² 
˚C 

POWER
, W Re 

1 0.16 0.22 60 44 31 45 7.5 2 5.5 13.98 14 12868.24 411.04 0.12 
2095.2

6 

2 0.16 0.35 66 41 31 45 7 6.5 0.5 14.83 14 20472.2 616.44 0.02 
3333.3

7 

3 0.16 0.47 68 40 31 44 6.9 6.7 0.2 15.29 13 25527.6 745.18 0.01 
4476.2

3 

4 0.16 0.55 67 38 31 43 6 8 2 13.80 12 27574.8 892.23 0.11 
5238.1

5 

5 0.16 0.59 60 38 31 40 5.8 10.2 4.4 12.38 9 22185.2 799.81 0.25 
5619.1

0 

SET :2               

S.
No 

mh, 
 kg/s  

mc, 
 kg/s  

Thi, 
˚C 

Tho, 
˚C 

Tci, 
˚C 

Tco, 
˚C 

hh, 
cm 

hc, 
cm 

∆P, 
cm ∆T 

∆T
1, 
˚C Q, W 

U, W/m² 
˚C 

POWER
, W Re 

1 0.48 0.2 58 49 32 50 6.6 2.2 4.4 11.94 18 15040.8 562.37 0.09 
1904.7

8 

2 0.48 0.38 60 44 32 50 6.4 5.3 1.1 10.97 18 28577.5 1163.01 0.04 
3619.0

8 

3 0.48 0.49 59 42 32 48 6.3 7.2 0.9 10.49 16 32755.5 1393.72 0.04 
4666.7

1 

4 0.48 0.56 58 40 32 46 6.1 8.7 2.6 9.87 14 32755.5 1482.28 0.14 
5333.3

9 

5 0.48 0.62 57 39 32 45 5.8 10.2 4.4 9.28 13 33674.7 1620.58 0.27 
5904.8

2 

PLATE  
SET :1 

S.N
o 

mh, 
 

kg/s  

mc, 
 

kg/s  
Thi, 
˚C 

Tho, 
˚C 

Tci, 
˚C 

Tco, 
˚C 

hh, 
cm 

hc, 
cm 

∆P, 
cm ∆T 

∆T1, 
˚C Q, W 

U, W/m² 
˚C 

POWER
, W Re 

1 0.11 0.17 61 46 32 44 8.8 2 6.8 
15.4

5 12 8523.1 440.42 0.11 
1619.0

6 

2 0.11 0.27 60 42 32 40 8.7 7.5 1.2 
14.4

3 8 9024.4 499.45 0.03 
2571.4

5 

3 0.11 0.4 58 39 32 38 8.2 13.5 5.3 
12.3

8 6 10027.2 646.54 0.21 
3809.5

6 

4 0.11 0.46 57 38 32 37 8.6 16.5 7.9 
11.6

3 5 9609.4 659.82 0.36 
4381.0

0 

5 0.11 0.55 57 37 32 35 8.1 18.1 10 
11.4

7 3 6893.7 479.71 0.54 
5238.1

5 

SET :2               

1 0.45 0.14 59 52 32 51 14.3 1.8 12.5 
13.1

0 19 11113.5 677.56 0.17 
1333.3

5 

2 0.45 0.24 58 49 32 48 14.1 3.5 10.6 
13.1

9 16 16043.5 971.04 0.25 
2285.7

4 

3 0.45 0.32 58 48 32 46 12.5 7.5 5 
13.9

0 14 18717.4 1074.84 0.16 
3047.6

5 

4 0.45 0.4 58 46 32 45 11.3 10.8 0.5 
13.4

9 13 21725.6 1285.52 0.02 
3809.5

6 

5 0.45 0.47 57 46 32 44 10.9 13.5 2.6 
13.4

9 12 23563.9 1394.30 0.12 
4476.2

3 
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6.0 Graphs 
 The various graphical results of the above discussions are as follows;        
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    Figure 2.3 Graph between Power and                             Figure 2.4 Graph between Power and Overall        
    Overall heat transfer coefficient (spiral)                                 heat transfer coefficient (plate)  
 
7.0 Results and Discussion  

 
7.1 Effect of Flow Rate on Reynolds Number and Overall Heat Transfer Coefficient   
The effect of flow Reynolds number on overall heat transfer coefficient is studied for different flow rates 
which are shown in figures (2.1 & 2.2) for both plate and spiral type heat exchangers. 

 
From this figures, it can be seen that, the overall heat transfer coefficient increases with an increase in 
Reynolds number. In order to study the effect of mass flow rate on Reynolds number and overall heat transfer 
coefficient, the flow rates are varied in the range of 0.16 kg/s to 0.58 kg/s. Also, it can be seen that the overall 
heat transfer coefficient increases with an increases in flow rate. It is obvious that for given diameter of 
exchanger, Reynolds number is directly proportional to the velocity of fluid, which in turn is depending on the 
flow rate of the fluid. With increase in flow rate, turbulence is created inside the flow region which enhances 
more interaction between phases. 

 
A simple correlation is developed, to predict the overall heat transfer coefficient for various flow rates. The 
experimental results shows that the data find satisfactorily fit with correlation with an error of ±8%. 
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7.2 Effect of Power on Heat Transfer Coefficient 
The effect of power on overall heat transfer coefficient for both heat exchangers is studied for different flow 
rates. The results are shown in the figures (2.3 & 2.4). The power is interpreted from pressure drop studies. 
The pressure drop across the flow length of heat exchangers is calculated using U-tube manometer. Using 
pressure drop and flow rate the flow power can be calculated.  
 
To determine the normalized fractional distribution, the overall pressure drop is set equal to unity and the 
pressure drop (remaining to outlet tap) is calculated for every flow rate and analyzed. 
At the same flow rate, the overall pressure drop varies as expected with respect to certain test parameters when 
comparing otherwise corresponding test configuration. The overall pressure drop occur maximum for spiral 
than plate type.  
 
A probable contribution factor is the maximum, means cross flow velocity thrust occurs in spiral heat 
exchangers. Also, the internal pipe flow exponent increases with flow velocity on wall with surface roughness. 
Hence, the above result is occurred.  
 
A simple correlation is developed to predict flow power for both plate and spiral heat exchangers. It is found 
that experimental data will fit in the theoretically developed correlation with an error of ±9%. 

 
8.0 Conclusion 
1. The overall heat transfer coefficient depends on the flow Reynolds number. 
2. The overall heat transfer coefficient is higher for spiral type heat exchanger when compared to that of the 

plate type heat exchanger. 
3. Pressure drop per unit length is found to be more for spiral type than that of the plate type heat exchanger. 
4. Flow power mainly depends on the fluid properties and system geometry. 
5. Flow power tends to increase with an increase in Reynolds number for spiral type heat exchanger. 
6. Flow power tends to decrease with an increase in Reynolds number for plate type heat exchanger. 
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Abstract 
Two important problems in oil cooler analysis are rating and sizing. Rating involves determination of the rate of 
heat transfer, the change in temperature of the oil & other fluid and pressure drop across the oil cooler. Sizing 
involves selection of specific oil cooler from those currently available or determining the dimensions for the 
design of new oil cooler, given the required rate of heat transfer and allowable pressure drop. In this paper, 
rating of oil cooler for air compressor is presented and results were in complete agreement with existing 
requirement i.e. heat transfer area should be greater than 10% of required heat transfer area and total pressure 
drop across shell and tube side should be less than 5 psi and 7 psi respectively. For better performance of oil 
cooler we consider shell and tube type heat exchanger with counter flow. After rating the oil cooler for an air 
compressor we compare results with existing results of Ingersoll-rand Company located in Ahmedabad that gave 
support to our wok. 
 
KeyWords: Rating, oil cooler, air compressor, pressure drop, area of heat transfer. 
 
1.0 Introduction 
Oil cooler is a device, which is used in lube system to cool and lubricate the components of air compressor. 
There are many types of oil coolers are available in market for different purpose. By use of oil cooler we can 
save the life of bearing and gear, which is used in the air compressor. We give idea about lube system and its 
components in which this shell and tube type of oil cooler is used. Here we can take thermal consideration for 
design of oil cooler. In this paper we add service and testing of oil cooler. In thermal consideration we take flow 
rate, inlet temperature, outlet temperature and operating pressure. Based on these considerations we design the 
shell and tube type counter flow oil cooler. By thermal design of oil cooler we conclude that provided heat 
transfer area should be greater than required heat transfer area and pressure drop across shell and tube side 
should be in required range. 
 
2.0 Lube System 
The lube system for the compressor is completely self contained and mounted on the based plate. This system is 
designed to provide clean oil to the compressor bearings and gears for operation. Oil is drawn from the oil 
reservoir located in the base plate and passes through the oil pump. Lube system is use in contact for lubrication 
of bearing and bull gear. In this system driver drives the compressor, which is connected by bearing and bull gear 
when compressor s run at higher speed at that time friction is more and lubrication is required, so that lube 
system is provide. Main component of lube system are oil reservoir, main oil pump, prelube oil pump, main oil 
pump check valve, oil cooler, oil filter, lube oil heater, accessible oil reservoir, mixing valve ad pressure relief 
valve. 
 
3.0 Component of Oil Cooler 
 
3.1 Shells 
 Shells are fabricated from steel pipe with nominal diameter up to 12 in. above 12 and including 24 in. the actual 
outside diameter and the nominal pipe diameter are the same. The standard wall thickness for shells with inside 
diameters from 12 to 24 in. inclusive is 3/8 in. which is satisfactory for shell side operating pressure up to 300 
psi. greater wall thickness may be obtained for greater pressures. Shells above 24 in. these diameter shells are 
fabricated by rolling steel plate. 
 
3.2 Tube pitch 
Tube holes cannot be drilled very close together, since too small a width of metal between adjacent tubes 
structurally weakens the tube sheet. The shortest distance between two adjacent tube holes is the clearance or 
ligament, and these are fairly standard. Tubes are laid out on two patterns: Square pitch, Triangular pitch. In 
these types of patterns square pitch pattern is most common use in industries because the advantage of square 
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pitch is that the tubes are accessible for external cleaning and cause a lower pressure drop when fluid flows in the 
perpendicular direction of the tubes. 
 
3.3 Baffles 
It is apparent that higher heat transfer coefficients results when a liquid is maintained in a state of turbulence. To 
induce turbulence outside the tubes it is customary to employ baffles, which cause the liquid to flow through the 
shell at right angles to the axes of the tubes. This causes considerable turbulence even when a small quantity of 
liquid flows through the shell. The center-to-center distance between baffles is called the “baffle pitch” or “baffle 
spacing”. Since the baffles may be spaced close together or far apart, the mass velocity is not entirely dependent 
upon the diameter of the shell. The baffle spacing is usually not greater than a distance equal to the inside 
diameter of the shell. The baffles are held securely by means of baffle spacers, which consist of through-bolts 
screwed into the tube sheet, and a number of smaller lengths of pipe which from shoulder between adjacent 
baffles. There is three types of baffles, which are most commonly, use in industries: Segmental baffles, Disc and 
doughnut, Orifice baffle. The most common baffles, which are use in industries, are segmental baffles. 
Segmental baffles are drilled plates with the height which are generally 75 per cent of the inside diameter of the 
shell.  
 
3.4 Tube sheet 
U-bend tubes expanded into tube sheet allow for tube expansions and contractions due to thermal fluctuations 
 
3.5 Gaskets  
High quality compressed fibers (reusable) 
 
3.6 Head  
Standard cast-iron or steel head for heavy duty services (also available as a spare part) 
 
3.7 Mounting:  
Saddles attached with standard units for quick & easy mounting 
 
3.8 Tube bundle 
Stainless steel tubes allow for strong, durable performance over a wide range of applications. Unique tube bundle 
layout minimizes buildup problems at the edges and optimizes media flow in the unit. The Shell and Tube (u-
tube) is the most common type of heat exchanger used in the process, petroleum, chemical and HVAC industries, 
it contains a number of parallel tubes inside a shell. Shell Tube heat exchangers are used when a process requires 
large amounts of fluid to be heated or cooled. Due to their design, shell tube heat exchangers offer a large heat 
transfer area and provide high heat transfer efficiency. There are many different types or designs of shell and 
tube heat exchangers to meet various process requirements. Shell and Tube heat exchangers can provide steady 
heat transfer by utilizing multiple passes of one or both fluids. SEC shell and tube heat exchangers come in two 
(2) and four (4) pass models standard, and multi-pass custom models. Shell and Tube heat exchangers use baffles 
on the shell-side fluid to accomplished mixing or turbulence. Without the use of baffles, the fluid can become 
stagnant in certain parts of the shell. If you have any questions about how shell and u-tube heat exchangers will 
benefit your application. 
 
4.0 Service Of Oil Cooler 
 
4.1 Inspection 

First remove the bonnets from the oil cooler and inspect the corrosion or oxide deposits. If corrosion is there in 
the oil cooler then scrape it and brighten the surface of it. This is possible only when the corrosion is less but if it 
is very much more then the half is corroded then replaces it. Carefully examine tubes for scale and clean it if 
necessary, after cleaning examine for erosion or corrosion. After maintenance, inspection and cleaning both shell 
and tube side carefully vented and full of liquid. 
 
4.2 Cleaning 

The shell side of the oil cooler generally will not be needed to clean. Flushing of high velocity steam of water 
through them may clean the tube side of the cooler. For more stub born deposit, wire brushes or nodes can be 
used. 
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5.0 Testing 

5.1 Radiography 

The use of X-ray   and γ-ray radiography, in inspecting castings for such defects as blow holes, cracks, shrinkage 
cavities and slag inclusion is of primary metallurgical interest to a foundry man. These defects are of special 
importance in components designed to withstand high temperature and pressure employed in power plants, 
atomic reactor chemical and pressure vessels and oil refining equipments, because they (i.e. defect) causes stress 
concentration which may frequently lead to part failure. It has two types-rays Radiography, Gamma-ray 
Radiography 
 
5.2 Liquid (Dye) Penetrant Test 

A liquid penetrant is non-destructive type. It detects flaws that are open to the surface. e.g. cracks, seams, laps, 
lack of bond, porosity, cold shuts, etc. 
It can be effectively used not only inspection of ferrous metals but is especially useful for non-ferrous metal 
products and on non-porous, non-metallic materials such as ceramics, plastic and glass. The principal of liquid 
penetrant test is that the liquids uses enter small opening such cracks or porosities by capillary action.     
 
5.3 Ultrasonic Inspection 

Ultrasonic inspection is employed to detect and locate defects such as shrinkage cavities, internal bursts or 
cracks, porosity and large non-metallic inclusions.   
Wall thickness can be measured in close vessels or in cases where such measurements cannot otherwise be made. 
Ultrasonic vibrations can be used to locate defects in ferrous and non-ferrous metallic objects as well as in plastic 
and ceramics. Ultrasonic inspection for flaw detection make use of acoustic waves with frequencies in the range 
between 20 kHz and 20 MHz, which can be transmitted through solids (even liquid and air as well) and get 
reflected by the subsurface defects. Ultrasonic waves from a basis for detection, location and side estimation of 
defects.   
 
6.0 Thermal Design 
 
6.1 Heat Load Calculation 
Fluid: lube oil 
 
Flow rate (V0): 22 USGPM 

Inlet temperature (T1): 145 ºF 

Outlet temperature (T2): 110 ºF 

Operating pressure (p): 94.7 psia 

Average temperature: 127.5 ºF 

Specific heat (Cp): 0.48 Btu/lb ºF 

Specific gravity (S): 0.852 

Viscosity (μ): 48.2 lb/hr Ft 

Thermal conductivity (k): 0.075 Btu/hr Ft ºF 

Flow rate (V0) = 500 V0S = 9372 lb/hr 

Total heat load (Q) = V0 Cp (T1 – T2) = 158000 Btu/hr 

 
6.2 Cooling Fluid Flow Rate 
Cooling fluid: water 

Inlet temperature (t1): 95 ºF 

Outlet temperature (t2): 105 ºF 

Average temperature: 100 ºF 
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Specific heat (Cpw): 1 Btu/lb ºF 

Specific gravity (Sw): 1 

Viscosity (μw): 1.7908 lb/hr Ft 

Thermal conductivity (kw): 0.363 Btu/hr Ft ºF 

Flow rate (Vw) = 
)2t1(tpwC500

Q
−××

 = 31.6 USGPM = 15800 lb/hr 

6.3 Logmean Temperature Difference 

LMTD = 
⎟
⎠
⎞

⎜
⎝
⎛

LTD
GTDlog 2.3

LTD - GTD  = 
⎟
⎠
⎞

⎜
⎝
⎛

15
40log 2.3

15 - 40  = 25.49 ºF 

 
 

 
Rise = t2 – t1 = 10 
 
Fall = T1 – T2 = 35 

R = 
Rise
Fall  = 3.5 

  S = 
1t1T

Rise
−

 = 0.2 

 

Correction Factor (Ft) = 0.896985  

(from chart of LMTD Correction Factor, D.Q.Kern) 

Corrected LMTD (Δtm) = LMTD × Ft = 22.86 ºF  

6.4  Shell Side Heat Transfer Coefficient (Ho) 
Shell OD = 8.625 in 

Baffle spacing (B) = 2.91338583 in 

Tube pitch (Pt) = 0.47244095 in 

OD of tube (do) = 0.375 in 

ID of tube (di) = 0.319 in 

Tube length (L) = 5 Ft 

Number of passes = 1 

Shell thickness = 0.18307087 in 
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Shell ID = 8.26 in 

Viscosity (μ) = 48.2 lb/ hr Ft  

 

Thermal conductivity (k) = 0.075 Btu/hr Ft ºF 

 

Mass flow rate (Gs)= ( ) BodtPShell of ID

P1440V t

×−×

××
 = 271946.1 lb/ hr Ft2 

 

Equivalent diameter (de) = 
perimeter wetted

area flow axial4× =
o

2
o

tt

d3.14
2
1

4

d3.14
2
1

P86.0P
2
14

××

⎥
⎥
⎥
⎥

⎦

⎤

⎢
⎢
⎢
⎢

⎣

⎡
⎟
⎠
⎞

⎜
⎝
⎛ ××

−⎟
⎠
⎞

⎜
⎝
⎛ ×××

  = 0.023 Ft 

Reynolds No. (Res) = μ

Ged s×
 = 130 

 

Velocity (Vs) = 
S62.53600

G s

××
 = 1.42 fps 

 
jH = 6.0 and f = 0.00528 Ft2/ in2  
 
(From chart of Heat transfer curve and friction factor-shell side, D.Q.Kern) 
 
6.5 Shell Side Heat Transfer Coefficient 

( )3
1

rp
ed

kjH0H ×⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
×=  = 131.90 Btu/ hr Ft2 ºF 

Where, Prandlt No. 
k

3
1

μpC
rp

⎟
⎠
⎞⎜

⎝
⎛ ×

=  = 6.7568 

 
6.6 Tube Side Heat Transfer Coefficient (Hi) 
Tube ID (di) = 0.319 in 

No. of tubes = 198 

Number of passes = 6 

Tube pitch (Pt) = 1 in 

Tube thickness = 0.028 in 

Tube material = Sb111C12200 

Thermal conductivity (km) = 220 Btu/hr Ft ºF 

 

Mass flow rate (Gt) = 

  tubesof No.
2

12
id

7854.0

 passes ofNumber wV

×⎟
⎟
⎠

⎞
⎜
⎜
⎝

⎛
×

×
 = 862888.0 lb/ hr Ft2 
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Reynolds No. (Ret) = μ

Gid t×
 = 12806 

 

Velocity (Vs) = 
S62.53600

G s

××
 = 1.42 fps 

 
jH = 48  f = 0.000249Ft2/ in2 and V2/2g = 0.099 
 
(From chart of Heat transfer curve, friction factor and return pressure loss -Tube side, D.Q.Kern) 
 
6.7 Tube Side Heat Transfer Coefficient 
 

( )3
1

rp
d
mk

jHh
i

i ×⎟
⎟
⎠

⎞
⎜
⎜
⎝

⎛
×=  = 1125.50 Btu/ hr Ft2 ºF 

Where, Prandlt No. 
k

3
1

wμpwC
rp

⎟
⎠
⎞⎜

⎝
⎛ ×

=  = 1.7023 

 
6.8 Overall Heat Transfer Coefficient (Uo) 
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Uo = 91.74 Btu/hr Ft2  ºF  

Where 

Ffo = fouling resistance of lube oil (outside tube) = 0.005 hr Ft2 ºF / Btu 

 Ffi = fouling resistance of water (inside tube) = 0.0015 hr Ft2 ºF / Btu 

 Rw = tube wall resistance = 1.16266 × 10-5 hr Ft2 ºF / Btu 

 
6.9 External Heat Transfer Area Required 
Heat transfer area required = 

mΔtoU
Q
×

 = 75.33 Ft2 

Heat transfer area provided = number of tubes ×effective tube length × 3.14 (do/12)  
            = 92.33 Ft2 

6.10 Pressure Drop Calculation 
Number of Baffles (N): 17 

Shell side pressure drop (ΔPs) 
 

ΔPs = 
( )
Sed10105.22

1Nshell of ID2
sGf

×××

+×××
 = 4.727 psi 

Pdni = pressure drop at inlet nozzle = 0.131 psi 

Pdno = pressure drop at outlet = 0.084 psi 

Total pressure drop = ΔPs + Pdni +  Pdno  = 4.94 psi  

 

Tube side pressure drop (ΔPt) 
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ΔPt = 
wSid10105.22

nL2
tGf

×××

×××
 = 4.0081 psi 

Return pressure drop (ΔPr) = 
wS

2g

2vn4 ⎟
⎟

⎠

⎞

⎜
⎜

⎝

⎛
××

 = 2.375 psi 

 

Pdni = pressure drop at inlet nozzle = 0.319 psi 

Pdno = pressure drop at outlet = 0.203 psi 

Total pressure drop = ΔPt + ΔPr + Pdni +  Pdno  = 6.90 psi. 

7.0 Conclusion 
From above calculation we can conclude that heat transfer area required is 75.33 Ft2 and provided is 92.33 Ft 2 
that mean provided heat transfer area is grater than 10% of required heat transfer area so first condition is 
satisfied. Also, calculated pressure drop across shell side and tube side are 4.94 psi and 6.90 psi, which are less 
then 5-psi and 7 psi respectively so the second requirement for oil cooler designing is also satisfied. 
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Abstract 
The Solar Gel Pond (SGP) innovative concept, whose performance is comparable with the conventional salt 
gradient solar pond (SGSP). In addition the SGP overcomes many of the shortcomings of the SGSP. The non-
convective salt gradient layer in the SGSP is replaced by a transparent polymer gel layer, which floats on a 
NaCl solution used in the storage zone. The polymer gel (Carbowax) used was found to be insoluble in different 
concentrations of NaCl solution, good transmissivity characteristics, low cost and was found to be stable. An 
attempt has been made to analyze the performance of the solar gel pond of 0.25 m2  area located at Pondicherry, 
India  (Latitude 11.56°N, Longitude 79.53°E). Experimental investigation has been carried out during the 
months of April and May 2004. The maximum storage temperature was found to be 60°C and temperature 
difference between the storage layer and gel layer was found to be around 10°C. A theoretical study on the solar 
radiation at different depths was carried out using Bansal and Kaushik modified model for the Solar Gel Pond. 
 
KeyWords: Solar Gel Pond, Solar Energy, Polymer Gel, Nacl Storage Solution, Optical Transmissivity 
 
1.0 Introduction 
Solar energy, if appropriately harnessed, could provide an inexhaustible energy source that could contribute 
directly to improving the quality of life on Earth.  One of the inherent properties of solar energy is that it is a 
diffuse resource, and we therefore require a large area to collect a substantial quantity of energy.  Most solar 
techniques would therefore require a very large investment of capital and material resources to realize world 
economy based on renewable energy. If the goal is to be approached, it appears necessary to deploy extremely 
low cost solar-collectors, such as solar ponds, which combine low-cost collection with long-term storage for a 
variety of low- temperature thermal applications. The solar pond concept is capturing the imagination of an 
increasing number of people after its successful exploitation in Israel for power generation.  There are not many 
large collection area devices less expensive than pond containing water, and the possibility of large tracts of 
otherwise unused land generating substantial quantities of heat and electricity creates a powerful image.  If the 
energy collection by a solar pond can be maintained at a reasonably efficient level without too much effort, then 
solar pond technology will be one of the mix of technologies that would help to lead the earths’ population to a 
future based on renewable energy. Hawlader and Brinkworth (1983) discussed on the thermal behaviour of the 
non-convecting solar pond.  They developed numerical solution for the dynamic equations, incorporating 
detailed representation of the losses from the surface and using the hourly meteorological data for a site in 
Southern England.  They showed that the pond temperatures are strongly dependent on the effective extinction 
coefficient for solar radiation and the thermal losses from the pond bottom. Wang and Akbarzadeh (1983) 
presented the optimum thickness of the density gradient layer under various conditions and also discussed on the 
effect of ground losses for wet soil where underground water level is high. 

Akbarzadeh (1984) discussed the effect of sloping walls on the salt concentration profile in solar ponds.  He also 
obtained the general expression for salt concentration as a function of depth and presented the results for 
different pond configurations and also for different top and bottom salt concentration. Hillel Rubin et al. (1984) 
have applied a finite difference implicit model in order to investigate the interaction among physical variables 
represented by various dimensionless parameters by considering that the convection currents in the pond are 
inhibited by salinity distribution. Hull et al. (1984) modelled the ground heat losses for various perimeter 
insulation strategies and several pond sizes.  They concluded that the uninsulated sloping sidewalls are slightly 
more effective than insulated vertical sidewalls, expect for very small ponds.  They also reported on the 
experimental results for ground heat loss and energy balance in the 400 m2 solar pond at the Ohio State 
University.  Katti and Bansal (1984) investigated the performance of 3-zone solar pond with a diffusely 
reflecting bottom under two modes of heat extraction. They concluded that the efficiency of solar pond decreases 
with increasing values of bottom reflectivity.  Kishore and Joshi (1984) developed a steady state model taking 
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into account the heat losses from the surface and bottom of the pond.  The efficiency equation thus obtained is 
independent of the surface zone temperature and depends only on the geo-climatic parameters.  

Ebtism Wilkins and Lee (1987) discussed about the inherent problems encountered with the conventional salt 
gradient pond leading to the concept of the Solar Gel Pond in which the salt gradient is replaced by the 
transparent gel layer. They discussed about the relevant properties of the gel.  Mehta et al. (1988) analyzed the 
performance of a bittern-based solar pond of an area of 1600 m2 located at Bhavnagar, India.  The thermal 
efficiency of the pond was worked out using correlations proposed by Kooi and Hull.  Ebtism Wilkins (1991) 
discussed the design, construction and operation of trapezoidal 400 m2 and 5 m deep gel pond. The pond 
obtained maximum temperature of 60°C with optimal gel thickness of 60 cm.  Zangrando (1991) discussed on the 
hydrodynamics of solar pond like mass and energy balance, formation, stability, maintenance of the gradient 
layer, energy extraction from the bottom mixed layer, stability of stratified fluids to shearing flows, interface 
dynamics, wall effects that affect the performance of the solar pond as an energy collector and storage. 
Jaefarzadeh (2000) reported on the performance of a laboratory scale salt gradient solar pond for different 
methods of saline injection to the bottom layer and the corresponding temperature and concentration profiles as a 
function of depth has been reviewed and compared with experimental results. Hussain (2003a,b & c) proposed 
two simple empirical formulations for estimating the radiation flux in solar ponds.  First Formulation is 
developed by empirically extending the formulation of Bryant and Colbeck so as to incorporate the effect of 
multiple reflection, which is originally expressed for incoming radiation flux only. The other formulation is a 
fourth order polynomial function of  x /Lcos θ, where θ  is the incidence angle of the formulation is compared 
with Hull’s model. The proposed formulations are found to provide simplicity in analytical calculations and 
saving in computational time with a satisfactory accuracy.  

From the detailed literature survey, it is observed that the work on Solar Gel Pond is scare and hence 
the objective of the present work is to fabricate/construct a solar gel pond (0.25 m2) and to conduct 
experimental investigation in order to find out the maximum temperature in the storage zone.  The 
experimental program was a interdisciplinary in-house research work carried out by the Department of 
Chemistry and Department of Mechanical Engineering of Pondicherry Engineering College. 

2.0 Solar Gel Pond 
The concept of Solar Gel Pond is based on the presence of a Non Convective Zone (NCZ) to trap the solar 
energy. In a salt gradient pond, the variation in density as a function of salinity and temperature gives raises to 
this NCZ. By contrast, in the Solar Gel Pond the optical and thermal insulating properties of polymer gels are 
utilized in forming the NCZ.  In a solar gel pond as shown in Figure.1, the Gel floats on the storage zone, which 
acts as the NCZ. In this work, 3 to 8 % of salt solution has been used in the storage zone which is the optimum 
percentage in order to ensure that the gel layer floats on the top. The composition of the Polymer Gel 
(Carbowax) is 98 % water and 2 % of the appropriate polymer.  The dissolved air in the water increases the 
buoyancy resulting in the floatation of the gel layer. The gel density is lowered due to the addition of dissolved 
air, which enables the gel to float over 2 % salt water, or even less. 

 
 

Figure 1. Schematic diagram of the Solar Gel Pond 
 

2.1 Solar Radiation at Different Depths of the Gel Pond 
The Gel Pond has three zones names Upper convective zone (UCZ), Middle layer (Gel Layer) and Lower convective 
Zone (LCZ). The heat loss from the surface of the pond has been accounted.  Edge effects due to the absorption of solar 
radiation as well as heating of sidewalls have been neglected.  In this model, the ground heat loss has been considered 
negligible as assumed by Kaushik and Bansal in their model.  Attenuation of solar radiation through the depth of the pond 
has been calculated. Solar flux at the depth x meters is represented by  
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   Where       

 τ         =     Transmissivity or coefficient of transmission. 

   So      =    Solar radiation striking the surface of the solar ponds W/m2                                      

   x        =    Depth in meters 

  S (x)   =    Solar flux at depth (x) W/m2 

μ, η are constant (ranges depending upon the wavelength.) 

The solar flux at different depth of the Gel pond is shown in Figure 2.  The depth ranges from 10 cm to 41cm.  The annual 
average daily global radiation is assumed as 278 W/ m2 
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Figure 2.   Solar flux at different depths of Gel Pond 

 

3.0  Experimental Investigation on a 0.25 M2 Solar Gel Pond 

3.1 Selection of Polymer Gel 
The selection of polymer gel was done by taking into account the following factors: 

1. Transparent to visible radiation with very little absorption in all ranges of the solar spectrum. 
2. Soluble in cold water before polymerization but insoluble thereafter. 
3. High viscosity  
4. Chemically and physical stable with respect to a hot saline solution upto 100 °C or more  
5. Inexpensive  
6. High specific heat and low coefficient of volumetric expansion over the operating temperature range of the 

pond. 
7. Inert and non-toxic 

(1) 
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8. Non-degradable over repeated freezing/melting cycles and by ultraviolet radiation. Apart from that they 
should be mechanically strong and have stable gel structure. 
 

The factors determining the Gel Lifetime are Transmissivity, Thermal degradation, Swelling ratio, Solubility  
 of the   gel  and Freezing/thawing. 

The following polymers Polyvinyl alcohol, Carbowax were identified as potentially useful and studies were 
carried out using the above 2 polymers mentioned.  The physical properties such as density, specific gravity, 
viscosity, specific heat and the transmissivity to visible solar radiation for the above polymer gels were 
measured. The gel lifetime is an important factor for its commercial applicability and techno-economic 
feasibility and hence the following properties of the polymer gels were tested. 

3.2 Properties Of Polymer Gel 
3.2.1 Transmissivity 
Transmissivity of the gel is most important property as far as energy collection is concerned. It was measured 
with maximum possible accuracy in the laboratory. Laboratory measurements were conducted using UV Double 
beam spectrophotometer (Model 2101 – Systronics) in the ultraviolet and visible 350 – 800 nm range. 

Outdoor transmissivity measurements were carried out in a small beaker to find out the transmissivity as a 
function of gel thickness. The amount of insolation entering the gel is defined  as the difference between the total 
insolation and amount of insolation reflected from the gel surface and was measured using Eppley–Pyranometer. 
It was observed that the gel transmissivity is very close to the transmissivity of clear water. 
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Figure 3. Transmissivity measurements for different gel samples 
 
 
3.2.2 Thermal & UV degradation 

It has been observed that the gel degrades above the temperature of 220 oC  when  it starts  to break  down  by  
evolving gases. Beyond 300 oC, a total break down of the gel occurs after which it becomes  totally black. 

3.2.3 Solubility of the gel  

The solubility of the gel depends on the gelation time, which can be varied from 15 minutes to several hours.  
The gel becomes totally insoluble once the gelation reaction has occurred. 

3.2.4 Freezing and thawing 

The gel was subjected to repeated refrigeration (12 hours) and thawing (12 hours) cycles at 0 oC and room 
temperature respectively. No detectible change was observed in the optical transmission properties of the gel 
even after 2 weeks of continuous freezing and thawing of  the gels. 
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4.0 Details of the Prototype Solar Gel Pond. 
Prototype model is square in shape of dimension 0.5 x  0.5 x 0.5 m.   Its walls and base were made up of 
transparent float glass of 6 mm thick pasted with silicon as shown in Figure 4. Inner surface of the glass plate 
were painted with matt black to increase the rate of solar radiation. The model was insulated with sawdust of 10 
cm, polystyrene foam of 5 cm  thick to reduce the heat loss through the walls. The top surface of the pond was 
covered with transparent glass plate of 2 mm plate of dimension 40 x 40 cm in order to reduce the wind effect on 
the stability of the pond.  6 ‘K’ type thermocouples made of Chromel – alumel was used to measure the 
temperatures (range - upto 1300 oC). Five thermocouples were fixed at 0, 25, 40, 40.5, 41 cms from the bottom 
and one thermocouple was used to measure the ambient temperature.  A 12-channel temperature indicator 
(MICROSENSOR) was used to measure the temperature of the thermocouples with an accuracy of  ± 1 oC.  
However a thermometer was used to confirm the values indicated by the digital thermometer. 

 
Figure 4.  Schematic diagram of the model Solar Gel Pond 

Calculated amount of sodium chloride salt was placed on the base of the pond in order to achieve 25 % 
concentration and the storage zone consumed approximately 100 litres of salt solution.  Mixing was carried out 
in order to ensure that the salt has completely dissolved in the water to obtain a homogeneous mixture. Polymer 
gel was synthesized by dissolving  Carbowax  polymer with fresh water.  Carbowax was found to be suitable as 
it satisfied the requirement of the following properties like solubility, uniformity, specific gravity, transmissivity, 
cost, harmlessness, resistance to corrosion and no bacterial culture.  The pond was filled at the top with polymer 
gel of thickness 1 cm and the above setup was tested in open atmosphere for one week. In order to study the 
effect of climate and other parameters on the performance of solar gel pond, experiments have been carried out 
during the month of April and May 2004. The global solar radiation incident as a horizontal surface was  
measured using Eppley-Pyranometer.  

5.0 Results and Discussion 
From the experimental investigations, it is observed that the heat is lost from the storage zone during the night 
time which is evident from the graphs shown in Figure 5.   However, the storage zone temperature increases day 
by day which proves that this solar gel pond is effectively storing the heat energy in spite of the night loss.  The 
maximum storage temperature measured approximately around 15.30 hours was found to increase from 47 to 60 
°C for the period 13th  to 24th May 2004 (Refer Figure 5). An increase of 1 °C per day was observed during 13th 
to 15th May 2004; however, no appreciable change in temperature was observed from 16th to 18th May due to 
cloudy weather conditions. From 19th to 24th May an increase of 3 °C per day was observed.   The temperature 
difference between the storage and gel temperature was around 10 °C. 

6.0 Conclusions 
From the above experimental investigations, the following conclusions have been drawn  

1. The transmittance was found to be around  97.43 % for 1 cm gel thickness. 
2. Carbowax  polymer was found to be promising as it was found to be stable for longer period without 

undergoing any reaction with NaCl salt solution. The maximum storage temperature measured 
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approximately around 14.30 hours was found to increase from 51 to 54 oC   for  0.25m2 Solar Gel Pond 
during the period 21st  to 26th  March 2004. 

3.  The temperature difference between the storage zone and gel layer temperature was around 10 oC. 
4. Experimental Collection efficiency and heat dissipation efficiency for 0.25m2 model with maximum storage 

temperature was found to be around 15.80% and 5.27% respectively. 
5. The concept of the Solar Gel Pond for heat collection and storage is technically feasible and its performance 

is comparable to the Salt Gradient Solar Pond. 

 

Performance of 0.25m2 Solar Gel Pond
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Figure 5. Performance of 0.25m2 Solar Gel Pond 
 

References 
1. Akbarzadeh, A., 1984, Effect of sloping walls on salt concentration profile in a solar pond, Solar Energy, 

33(2), 137-141. 
2. Ebtism S. Wilkins., and Tac K. Lee., 1987, Development of the gel pond technology, Solar energy, 39(1), 

33-51. 
3. Ebtism Wilkins., 1991, Operation of a commercial solar gel Pond, Solar energy, 46(6), 383-388.  
4. Hawlader, M.N.A, and Brinkworth, B.J., 1983, An analysis of the non-convecting solar pond, Solar Energy, 

27(3), 195-204. 
5. Hillel Rubin, Barry A. Benedict, and Stefan Bachu., 1984, Modeling the performance of a solar pond as a 

source of thermal energy,  Solar Energy,  32(6), 771-78. 
6. Hull, J.R., Liu,K.V., Sha,W.T.,Kamal,J., & Nielsen,C.E., 1984, Dependance of ground heat loss upon solar 

pond size and perimeter insulation,,  Solar Energy, 33(1), 25 – 33. 
7. Hussain, M., Patilp, S., Patil S.R, and Samdarshi, S.K., 2003,  Simple methods for estimation of radiation 

flux in Solar ponds,  Energy conversion and management, 45, 303-314. 
8. Hussain,  M., Patilp, S., Patil,  S.R.,  and  Samdarshi,  S.K.,  2003,  Combined effect of bottom reflectivity 

and water turbidity on a steady state thermal efficiency of salt gradient solar pond,  Energy conversion and 
management,  45, 73-81. 

9. Hussain,  M., Patilp, S., Patil,  S.R , and  Samdarshi S, K., Computer simulation of Salt gradient Solar pond  
thermal behaviour,  2003,  Renewable Energy, 28, 769-802. 

10. Jaefarzadeh, M.R.,  2000, On the performance of a salt gradient solar pond, Applied thermal engineering,  
20, 243-252.  

11. Katti, Y., And Bansal, P. K., 1984,  Multiple reflection phenomenon in salt gradient solar       
 pond,  Solar Energy,  33(1), 65-73. 
12. Kishore, V.V.N., and Veena  Joshi.,  1984,  A practical   collector efficiency equation for    
 non-convective solar ponds,  Solar Energy, 33(5), 391-395. 
13. Mehta, A.S.,  Patak, N., Shah, B.M., and Gomkale, S.D., 1988, Performance analysis of a bittern based solar 

pond,  Solar energy,  40(5), 469-475. 
14. Wang, Y.F., and  Akbarzadeh, A., 1983, A parametric study on solar ponds, Solar Energy, 30(60), 555-562. 
15. Zangrando, F., 1991,  On the hydrodynamic of salt-gradient solar ponds, Solar energy, 46(6), 323-341. 

 



Proceedings of the National Conference on 
Trends and Advances in Mechanical Engineering, 

YMCA Institute of Engineering, Faridabad, Haryana.., Dec 9-10, 2006. 
 

 27

THERMAL APPLICATIONS OF IONIC LIQUIDS - A REVIEW 

Sathyabhama A1, Ramakrishna N. Hegde2 
1,2 Faculty,  Dept.of Mech.Engg. MSRIT, Bangalore-560054, India 

Phone: 91-080-23600822, e-mail: sathyabhamaa@hotmail.com 

Abstract  
Research in new energy technologies is spurred not only by the depletion of conventional sources but also because 
of environmental concerns. Ionic Liquids are relatively new on the scene, but will have considerable impact in the 
future. So far chemical processes have benefited from their use, but it is time for thermal applications to be 
considered also. In addition to the absorption refrigeration cycle and solar collector proposed here, there may be 
other potential applications of ionic fluids that remain to be exploited.  
 
Key Words: Ionic Liquids, Heat Transfer Fluids, Absorption Refrigeration, Solar Collector 
 
1.0 Introduction  

1.1 Ionic Liquid 
Since the early 1980s a new class of room temperature Ionic liquids has been available that has attracted great 
interest due to the potential commercial and environmental advantages they offer over existing liquids. ILs are 
organic salts that are liquid at room temperature. They have certain properties that make them friendly to the 
environment, they do not evaporate, they are not toxic, and they are stable as liquids over a very wide temperature 
range. ILs have certain properties that make them attractive for many applications. Advantages of the IL are high 
heat capacity, high density, high thermal and chemical stability, nonflammability and nontoxicity.  
Ionic liquids are not a new class of materials, but they do have a set of physical properties that has sparked increased 
attention in recent years. A commonly accepted practical definition is that an IL is a salt with a melting temperature 
below the boiling point of water [1](Wikes 2000). Most salts identified in the literature as ILs are liquid at room 
temperature, and often at substantially lower temperatures. One fairly general feature of ILs that is not part of the 
definition is that most have organic cations and inorganic anions. Typical compounds are comprised of a quaternary 
ammonium, quaternary phosphonium, imidazolium or pyridinium cation with a wide variety of common anions. 
Since they are salts they have negligible vapor pressure so they cannot evaporate and cause air pollution.  

 

 
There are many synonyms used for ILs that complicate a literature search. “Molten salts” is the most common and 
most broadly applied term for ionic compounds in the liquid state. Unfortunately the term “ILs” was also used to 
mean the same thing long before there was much literature on low melting salts. It may seem that the difference 
between ILs and molten salts is just a matter of degree (literally); however the practical differences are sufficient to 
justify a separately identified niche for the salts that are liquid around room temperature. That is, in practice the ILs 
usually may be handled like ordinary solvents. There are also some fundamental features of ILs, such as strong ion-
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ion interactions that are not often seen in higher temperature molten salts. The properties of ILs depend on the ionic 
structure of anion and cation. Cations are typically big, bulky, and asymmetrical, accounting for the low melting 
points. The anions contribute more to the overall characteristics of the ILs and determine the air and water stability. 
One of the most important properties of ILs is that melting point can be easily changed by structural variation of one 
of the ions or combining different ions.  
 
Though ILs were created in the early 20th century, there was not much interest in them until the 1950s. Even then, 
some of the early products were unstable in the presence of air and water, and this was a major limitation to their use 
[2](Dupont 2004). In the 1990s, however, ILs were made which were stable over a wide range of temperatures, and 
additionally had a number of desirable characteristics which led to the rapid development of a variety of 
applications. It has been estimated that there are more than a trillion different cation anion combinations possible, 
millions of which are stable. Hundreds of such salts are commercially available and new ones are continuously 
being developed. Currently there is tremendous interest in ILs and their applications. 
 
There are many current and potential applications of ILs. Industrial applications usually considered so far have 
mostly been in chemistry and chemical engineering; examples are environmentally friendly manufacturing and 
chemical processes. They can be used as solvents in chemical analysis, in the synthesis of inorganic materials, for 
extractions for homogeneous and heterogeneous catalysis, for CO2 capture, for the treatment of high level nuclear 
waste, for the removal of metal ions, for Hg2+ and Cd2+ removal from waste water, in photolytic degradation of 
organic compounds, and in materials for optoelectronic applications [3] (paolucci 2006). 
 
1.2 Thermal Applications of Ionic Liquids  
There are also a few thermal applications of ILs that have been considered. Among them is their use as heat transfer 
fluids and thermal storage for solar collector applications, as absorbents in vapour absorption refrigeration system. 
Interest in ILs from the perspective of their low environmental impact has mostly been a consequence of their low 
volatility and wide range of temperature in which they are liquid. These factors are also important for thermal 
applications, but there are other properties that play crucial roles in thermal engineering, among which are thermal 
conductivity, heat capacity and related thermodynamic and thermophysical properties. Some of these properties can 
be found by molecular computation, and others by measurement. In this paper few applications are considered.  
 
1.2.1 Ionic Liquids as new working fluids for absorption refrigeration 
The technology of absorption heat pumps has received growing attention in the past years from the areas of air-
conditioning and refrigeration, especially in connection with energy efficiency. Also, a heat driven cooling 
technology has been developed to reduce the demand of electric power. An absorption chiller transfers the heat from 
a low temperature to a high temperature with the help of thermodynamic input in the form of heat as opposed to 
mechanical work in the case of compression heat pumps. In absorption technology a fluid with strong volatility is 
used as refrigerant, whereas a second fluid with much smaller volatility but strong affinity to the former is used as 
absorbent. The cooling cycle is energized by heat input to the solution of absorbent and refrigerant for regeneration 
of the absorbent. So, essentially all absorption cycle processes are based on absorption and separation between a 
refrigerant and an absorbent. The properties of the working fluids are key factors that affect the performance of 
absorption chillers. Various organic chemicals as alternatives to the conventional working fluids have been reported. 
These organic working fluids mainly consisting of fluoroalcohol refrigerants and their partner organic absorbents 
can surmount the difficulties of classical working fluids such as LiBr + H2O and H2O + NH3 system, but they have 
simultaneously given rise to new problems such as thermal instability, the volatility of the absorbent, and the low 
process efficiency[4][5] (Kim et.al 1995).  
 
The new challenge is to introduce ILs as an absorbent to overcome the problems of the existing organic working 
fluids and to improve the overall process efficiency of absorption heat pump. Lee et.al have worked in this direction. 
After some preliminary considerations, they chose 1-butyl- 3-methyl imidazolium tetrafluoroborate ([BMIm][BF4]) 
+ 2,2,2-trifluoroethanol (TFE) and 1-butyl-3-methyl imidazolium bromide ([BMIm][Br]) + TFE mixtures as 
potential working fluids. The ILs act as absorbents and TFE acts as refrigerant in both cases. TFE has good 
solubility in the suggested ILs because of the permanent ion-dipole interaction. It is also worthwhile to note that two 
ionic compounds of [BMIm][Br] and [BMIm][BF4] can be easily separated from TFE by a heat input (boiling) 
because ILs have a very low vapor pressure, but TFE is volatile. In order to design an absorption heat pump and to 
decide whether the IL + TFE systems are suitable as a novel working pair the basic thermodynamic data must be 



Proceedings of the National Conference on 
Trends and Advances in Mechanical Engineering, 

YMCA Institute of Engineering, Faridabad, Haryana.., Dec 9-10, 2006. 
 

 29

first determined and carefully checked. In their investigation, refractive indices, densities, vapor pressures and heat 
capacities of the working fluids were measured as a function of temperature and concentration. Vapor pressures 
were measured by using the boiling point method in the concentration range of 40.0 to 90.0 mass-% of IL and were 
correlated with an Antoine-type equation. The average absolute deviations between experimental and calculated 
values were 0.6 % for the [BMIm][BF4] +TFE and 0.4 % for the [BMIm][Br] + TFE system, respectively. The 
[BMIm][Br] + TFE system was found to be more favorable than the [BMIm][BF4] + TFE from the results of vapor 
pressure. However, they concluded that for the detailed investigation of the suggested working fluids, more 
properties such as viscosity, surface tension, and thermal conductivity are required. 
 
Mihir sen, Samuel paolucci (2006)[3] suggest  ILs as absorbent, and CO2 as refrigerant. This combination has 
certain specific advantages. ILs have low vapor pressures and thus low volatility: they stay mainly in liquid form. 
The refrigerant, CO2, on the other hand, is a naturally occurring gas (in the future it may be possible to talk about 
other natural refrigerants for use with IL absorbents). It should be noted that CO2, along with ammonia and propane, 
is one of the natural environmentally friendly substances that are being studied for use in compression refrigeration 
[6](Klocker 2001). However, in that mode it is characterized by a high refrigerant gas pressure and temperature at 
the compressor outlet. It has not been used so far as a refrigerant in an absorption cycle for want of a suitable 
absorbent. The solubility of CO2 in an IL as a function of temperature and pressure determines the concentration of 
refrigerant in the absorbent and plays an important role in the absorption and desorption of the gas. It has been 
measured by [7]Blanchard et al. (1999) that CO2 is highly soluble in an IL such as [bmim][PF6]. This enables the 
absorption cycle to take place. Preliminary calculations based on measured enthalpies of absorption by [8]Anthony 
(2002) show [bmim][PF6] to be a promising IL for absorption refrigeration with CO2 as refrigerant. However, 
thermodynamics and thermophysical property values that are needed for design are generally not available. It is 
necessary to make further measurements and calculations before a specific IL and a CO2 absorption refrigerator 
system based on this can be built and tested.  
 
From a practical point of view, there are also other properties that are vitally important for ILs to be viable as an 
absorbent. First, the liquid should not be corrosive with respect to the material of the piping, pumps and other 
components; evidence so far indicates that ILs do not react with common metals such as copper, brass, or steels. 
Next, they should not be toxic, and so far in small quantities they appear not to be. In this regard DOT and UN 
hazard class classifications are important, as well as adequate disposal procedures. The IL should also be thermally 
stable; in fact, many of them can be designed to operate with little or no degradation between -75˚C to over 400˚C. 
 
1.2.2 Ionic Liquids as heat transfer fluids in solar collectors 
 Solar energy is the most abundant energy source on the earth. Compared with other energy from oil, coal and 
nuclear reaction, solar energy is clean and in unlimited supply. Solar energy usually is collected and transferred to 
thermal energy to heat room and water, or generate electricity. Energy transformation of solar energy – thermal  
energy - electricity is the most important application of solar energy. Because the solar energy availability depends 
on time, weather condition, and latitude, and the electricity demand varies with time, the energy originally from 
solar energy needs to be stored. This energy can be stored as thermal energy or electricity, but storage in thermal 
energy is considered the more economic method.  A wide variety of equipment is readily available to capture solar 
energy and use it for space and water heating, and for electricity generating. The three major components for solar 
thermal energy utilization systems are the solar energy collector, the energy storage system, and the steam generator 
used for the turbine-electric generator. 
 
Thermal energy is usually collected by parabolic trough, transferred to thermal storage by a heat transfer fluid, and 
then transferred to steam generator by storage media. For an active thermal energy storage in a direct system, heat   
transfer fluid collects the solar heat and serves also as storage medium. The solar energy system costs are strongly 
dependent on the properties of thermal storage media and heat transfer fluid. For most industrial applications, water 
is the most popular heat transfer fluid. It has high latent thermal energy, high thermal conductivity, high specific 
heat, and high density with moderate viscosity. The biggest difficulty for water as a heat transfer fluid is the limited 
range of temperature over which it can be used. Theoretical liquid range is between 0oC and 100oC, but the practical 
temperature range for water used as heat transfer fluid is much less than 100oC, because of the high vapor pressure 
at near boiling point. The extension of the application temperature range to below freeze point can be accomplished 
by using antifreeze (e.g., ethylene glycol water mixture), but the extension over the boiling point of the aqueous 
system is extremely difficult. High pressure is needed to keep water in the liquid state when the temperature is over 



 30

100oC, which could cause very high costs for the related pressure vessels and pipes. High temperature water (over 
100oC) was suggested for many industrial applications but it is not suitable as a heat transfer fluid nor as thermal 
media for a solar energy power plant.  
 
Gases are sometimes used as heat transfer fluids instead of water when a wider temperature range is required, 
although they have low density, low specific heat capacity, and low thermal conductivity. These properties make 
gaseous heat transfer fluids not as effective as liquid. A gaseous heat transfer fluid usually is only used when liquid 
cannot be used, such as at high temperature. Thermal oils can keep their liquid phase up to about 300oC and can be 
used as thermal storage media and heat transfer fluids, but their applications are limited by some intrinsic 
disadvantages such as low decomposition temperature, low density, inflammability, high vapor pressure, 
harmfulness, and low chemical stability. Liquid metals and molten salts were proposed as heat transfer fluids for 
high temperatures such as 250 to 1000oC. A practical molten salt medium is a mixture of sodium nitrite, sodium 
nitrate, and potassium nitrate. Due to the avoidance of high pressure, the wall thickness of the piping and the pump 
casings, heat exchangers, and other items of equipment were much lower than those required for high pressure steam 
systems operating in this temperature range. One problem is that the heat exchanger system has to be preheated to 
ensure that liquid metal and molten salts remain liquid. When the temperature is not high enough, the liquids or 
molten salts freeze and cause operation problems. A liquid metal heat transfer medium was commercialized in 1923 
and a molten salt heat transfer medium was commercialized in 1937. Although there are some operation problems as 
described above, the molten salts have been used in cracking units in the petroleum refining industry. The reason is 
that there is no better heat transfer medium available. 
 
ILs have thermophysical and chemical properties that may be suitable for heat transfer and short term heat storage in 
power plants using parabolic trough solar collectors. Thermal properties important for heat transfer applications are 
melting point, boiling point, liquidus range, heat capacity, heat of fusion, vapor pressure, and thermal conductivity. 
Other properties needed to evaluate the usefulness of ILs are density, viscosity and chemical compatibility with 
certain metals. Wilkes et.al.(2003) chose the [EMIM][BF4], [BMIM][BF4] and [DMPI]Im ILs, because all are 
commercially available, or alternatively are easily prepared in two steps from commercially available starting 
materials. More importantly, these liquids are air and water stable, and some of their properties relevant to their use 
as thermal fluids are already known. Furthermore, the EMIM salt is generally thought to be hydrophilic, the BMIM 
salt hydrophobic, while the [DMPI]Im is even more hydrophobic. They measured properties like density, heat 
capacity, freezing/melting temperature, heat of fusion, and thermal decomposition temperature. From the density 
and the heat capacity or heat of fusion the sensible and latent storage density can be calcluated. They concluded that 
the ILs have some very favorable thermal properties compared to targets established by the Department of Energy 
for solar collector applications. They are stable over a wide temperature range, can store substantial heat, and have 
the advantage of low vapor pressure. Contamination of the ILs by impurities such as water, halides, and metal ions 
often affect physical properties. The ILs were analyzed for those impurities, and the impact of the contamination 
was evaluated by standard addition Contamination of ILs due to water, cations, and chloride appeared to have 
minimal impact on their physical and thermal properties. Slight changes found were either measurable or 
predictable.  
 
Feasibility of ILs as liquid thermal storage media and heat transfer fluids in a solar thermal power plant was 
investigated by [10]Reddy et.al. (2001). Many ILs such as [C4min][PF6], [C8mim][PF6], 
[C4min][bistrifluromethane sulflonimide], [C4min][BF4], [C8mim][BF4], and [C4min][bistrifluromethane 
sulflonimide] were synthesized and characterized using thermogravimetric analysis (TGA), differential scanning 
calorimeter (DSC), nuclear magnetic resonance (NMR), viscometry, and some other methods. Properties such as 
decomposition temperature, melting point, viscosity, density, heat capacity, and thermal expansion coefficient were 
measured. The calculated storage density for [C8mim][PF6] was 378 MJ/m3 when the inlet and outlet field 
temperatures were 210˚C and 390˚C. For a single IL, [C4mim][BF4], the liquid temperature range was from –75˚C 
to 459˚C. Based on their experimental results, they concluded that ILs could be excellent liquid thermal storage 
media and heat transfer fluids in solar thermal power plant. [11]Blake et.al (2003) investigated the chemical and 
thermal properties of ‘‘room temperature ionic liquids’’ that hold much promise as a new class of heat transfer or 
storage fluids.  
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2.0 Key Issues In Using Ionic Liquids  
The key issues are the usual ones that must be considered when developing any new fluid for use in a large-scale 
process. These include cost, availability, physical properties such as freezing point, high temperature limit, heat 
capacity, and the like, materials compatibility, environmental safety and health, purity specifications, development 
costs and intellectual property rights. 
 
2.1 Availability 
Extensive R&D on ILs is underway in industrial, university, and national laboratories worldwide. At present, there 
are companies that supply a range of ILs in quantities up to kilograms. None of the ILs are produced in large 
quantities at present. The raw materials required for synthesis of the simpler members of the various categories of 
ILs are commodity chemicals. For example imidazole derivatives are prepared from a dicarbonyl compound, an 
aldehyde, ammonia, and an amine by reaction in water or aqueous alcohol as the solvent. The salts are subsequently 
generated by alkylation of the imidazole derivative with an alkyl chloride. The desired IL is prepared by exchanging 
the chloride anion with another anion by reaction with a sodium salt, or corresponding acid. Work is underway in 
the laboratories that is directed toward simplifying the synthesis even more and it is possible that the yield could be 
increased for a salt of interest. Progress in that direction would reduce the production cost. 
 
2.2 Cost  
Ionic liquids, which will be used as the thermal storage media and heat transfer fluids, are those that were developed 
recently. Their industrial applications are under development and price for large quantities currently is not available. 
Price of starting materials for the ionic liquid synthesis in a very small quantity is about $ 1.3 - 6 /kg. The price in 
large quantity is difficult to estimate at the present time. The starting material price of ionic liquids is strongly 
dependent on the quantity of the materials. When the industrial price of the starting materials becomes available, a 
reasonable estimation of the costs of ionic liquids can be made. 
 
2.3 Purity Specifications  
The purity of ILs can impact other key properties. Impurities in the final product may include, for example, solvent 
residues, water, residual chemical reactants, and chloride ions. The usual preparation methods often proceed via a 
chloride salt that is subjected  to an ion exchange reaction to introduce the desired anion. As mentioned earlier, the 
presence of residual chloride ions in the final ionic heat storage fluid may lead to accelerated thermal 
decomposition, as well as corrosion in most common steel alloys, especially when traces of moisture are present. 
The presence of other chemical impurities is not likely to have the same level of effects on materials compatibility or 
stability but could cause variability in freezing point or add to vapor pressure. For these and other reasons, it will be 
necessary that performance-based specifications be established when the ultimate candidate fluids are selected. With 
specifications established, the producer would be able to include appropriate purification steps in the production 
process. 
 
An important factor in the thermal stability is the lifetime of the heat storage fluid. The lifetime of the fluid at the 
high temperatures cannot yet be predicted at this time because most thermal decomposition data have thus far been 
collected on time scales of minutes. Extrapolation to the lifetimes that are required for economical operation of solar 
plants is therefore not possible, especially since we do not yet understand the influence of chemical impurities on the 
thermal stability of the salts. The heat capacity is critically related to the quantity of thermal storage fluid required, 
hence it is a determining factor in the cost for filling the thermal storage system. The optimization of system cost 
and performance will require tradeoffs in purchase price, heat capacity, operating temperature, and freezing point.  
 
2.4 Materials Compatibility 
There is information available that indicates corrosion will not be a problem with the standard alloys used in solar 
plants as long as the salts do not contain chloride There is no reason at present to expect that the cation component 
of the ILs will present corrosion problems. Selection of the anion will be the key factor for materials compatibility. 
As mentioned earlier, contaminants could create problems in this regard and certain impurities, for example chloride 
ion, must be avoided. Testing of the compatibility of representative ILs with standard alloys used in solar plants is 
part of ongoing studies. 
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2.5 Environmental Safety and Health Issues 
 Information on health effects is very limited at present, and only one report could be found that contains a 
preliminary finding regarding toxicity of an IL. The IL 3-hexyloxymethyl-1- methylimidazolium tetrafluoroborate is 
reported to have an LD50 of 1400 mg/kg for Wistar rats. This compares with a value of 2050 mg/kg for Therminol 
VP-1™ (biphenyl/ biphenyl oxide mixture) and 1200–3700 mg/kg for inorganic nitrate salts. Thus, it does not seem 
that toxicity will pose a major problem for ionic liquids. Disposal could become an issue for a solar plant in case 
material would have to be recovered from leaks or spills, and the ionic fluids would be treated like any other type of 
chemical waste material. However, the regulations are less obvious for the production of ILs by a chemical producer 
because the multitude of cation/anion combinations that must be regulated for an entire class of imidazolium salts is 
creating a daunting challenge for regulatory agencies. This issue continues to occupy many discussions in 
conferences and workshops dedicated to the application of ILs in the chemical industry. 
 
2.6 Development Costs and Intellectual Property 
 The high level of R&D activity that is being directed towards the development of ILs for a variety of industrial 
applications provides a general pool of information that continues to grow. The interest of the chemical industry also 
provides a greater pull for companies that might be interested in production of ILs than would the interest of the 
solar power industry on its own. Undoubtedly, the key issues relating to large-scale operations using ionic fluids will 
have to be addressed by drawing from evolving information that will be reported in the chemical literature. The 
patent literature in the field of ILs is growing considerably, and both large and small companies are likely to develop 
intellectual property positions as the field matures. This could become a factor in cost and availability. The impact 
of patents or proprietary production methods on the price of new fluids cannot be determined at this time.  
 
3.0 Conclusion  
This report shows that ionic liquids are a promising new class of highly selective heat transfer and storage fluids for 
solar collectors and absorbents for vapour absorption refrigeration system. In many ways they are superior to present 
commercial heat transfer fluids and absorbents. Cost and availability are future issues. 
 

Table 1. Summary of properties of ionic liquids 
 

 
 



Proceedings of the National Conference on 
Trends and Advances in Mechanical Engineering, 

YMCA Institute of Engineering, Faridabad, Haryana.., Dec 9-10, 2006. 
 

 33

References  
 
1. J. S. Wilkes, (2002) Green Chemistry, 4:73.  
2. Dupont, J. (2004) On the solid, liquid and solution structural organization of imidazolium Ionic liquids,    J. 

Braz. Chem. Soc. 15(3), 341-350 
3. Mihir sen, Samuel paolucci (2006)Using carbon dioxide and ionic liquids for absorption refrigeration. 7th IIR 

Gustav Lorentzen conference on natural working fluids, Trondheim, Norway, may 28-31,  
4. Kim, J.-S., Lee, H. and Won, S. (1995) Vapor pressures of water plus lithium chloride plus ethylene glycol and 

water plus lithium chloride plus lithium bromide plus ethylene glycol,  Chem. Eng. Data 40, 496–498. 
5. Ki-sub kim, Bae-kun shin, Huen Lee, and Felix Zieglerb Ionic Liquids as new working fluids for use in 

absorption heat pumps or chillers :their thermodynamic properties 
6. Klocker, K., Schmidt, E.L. and Steimle, F. (2001) Carbon dioxide as a working fluid in drying heat pumps, 

International Journal of Refrigeration 24 (1), 100-107 
7. Blanchard, L. A., Hancu, D., Beckman, E.J. and Brennecke, J. F. (1999) Green processing using ionic liquids 

and CO2, Nature 399, 28-29.  
8. Anthony, J.L., Maginn, E.J. and Brennecke, J.F. (2002) Solubilities and thermodynamic properties of gases in 

the Ionic Liquids 1nbutyl3methyl imidazolium hexafluorophosphate, J.Phys. Chem. B 106, 7315-7320. 
9. Michael e. Van valkenburg, Robert. vaughn, Margaret williams, and John s. Wilkes (2003) Ionic Liquids as heat 

transfer fluids paper presented at the fifteenth symposium on thermophysical properties, june 22-27,  , boulder, 
colorado, U.S.A.  

10. Banqiu Wu, Ramana G. Reddy Robin D. Rogers (2001) ,Novel ionic liquid thermal storage for solar thermal 
electric power systems proceedings of solar forum 2001 Solar Energy: The power to choose April 21-25, 2001, 
Washington, DC  

11. Moens, L., Blake, D.M., Rudnicki, D.L. and Hale, M.J. (2003) Advanced thermal storage fluids for solar 
parabolic trough systems, ASME Journal of Solar Energy Engineering 125 (1), 112-116 

 
 
 

 



 34

LOW COST PELLETIZED SILVER COATED VACUUM INSULATED 
                  CATALYTIC CONVERTER 
  (SOME EXPERIMENTAL OBSERVATIONS) 

M C Math 

Department of Mechanical Engineering, Sambhram Institute of Technology, Bangalore-97    
 Phone No: 09986308898, E-mail: mcmath1018@yahoo.com  
 
Abstract 
Internal Combustion engines need a mixture of air & fuel to produce energy to run the vehicles. These engines 
not only produce energy but also give out exhaust gases, which are very harmful to animals and plants. These 
exhaust gases are responsible for air pollution. Spark ignition (S.I) & Compression ignition (C.I) engines are 
more responsible for urban air pollution. S.I Engine exhaust gas contains oxides of nitrogen (NO & NO2 are 
collectively known as NOx), CO & Organic compounds, which are unburnt, or partially burned hydrocarbons 
(UNBHC). This paper contains an innovative design of catalytic converter (CC). Most of the available catalytic 
converters are not economically viable because they contain noble metals such as platinum, palladium & 
rhodium as a catalyst material. Each catalyst has specific activation temperature. For instance, most of the 
catalysts begin their activation at about 4000C. Consequently 60 to 80% of all vehicle emissions occur when 
catalytic converter is heating up. Hence the present work gives an account of the attempt made to avoid the cold 
start exhaust emission of the vehicle by using the vacuum insulation technology to conserve, store and reuse of 
the heat energy of the exhaust gas. Also an attempt has been made to reduce the cost of the catalytic converter 
by using silver as a catalyst material. In this work, alumina as a base material and silver as a catalyst were 
used in the ratio of 10: 1. A 60% reduction in CO and 65% reduction in HC have observed at 50 % of the rated 
load at a constant speed of 1500 RPM with marginal improvement in the engine performance. No attempts were 
made to check the level of NOx emission 
 
1.0 Introduction 
The relative amount of NOx, CO and HC depends on the engine design and operating conditions. These gases 
are in the order of NOx: 500 to 1000 ppm or 20 grams/ kg fuel, CO: 1 to 2% or 200 grams/kg fuel, HC: 3000 
RPM or 25gms/kg of fuel 1. The HC in the exhaust gas may also condense to white smoke during engine starting 
& warming up. HC & NOx combine to form smog, which poses another severe health hazard to plant & animal 
life. Automobiles emissions of the pollunts have decreased dramatically over the last 30 years. However, as the 
number of vehicle miles traveled per year continues to increase, automakers face increasingly stringent state & 
Euro norms (Euro –I & Euro –II). Euro-I norms started its phase in during the year 2000. It requires petrol 
engine vehicles to produce not more than 2.72 gm of CO, 0.97 gm of NOx & UNBHC (per kilometer).Euro –II 
norms shall come in to force in the year 2005, generally viewed as the toughest to meet. 
During 1970’s the commonly used emission control devices were exhaust gas re circulation, spark retarding, and 
auxiliary air injection. But these methods are associated with poor fuel economy and performance. A catalytic 
converter is a device that uses a catalyst to convert three harmful gases such as hydrocarbons (in the form un-
burnt gasoline), CO (formed by the incomplete combustion), and NOx (formed when heat in engine forced 
nitrogen into air to combine with oxygen) into less harmful compounds such as water, CO2, N2 and O2 
respectively. C.C’s uses two different types of catalyst, a reduction catalyst & an oxidation catalyst, usually Pt, 
Pd & Ru  
 
Reduction Catalyst 

2 NO = N2 +O2 or 2 NO2   = N2 + 2O2 
 

Oxidation Catalyst  

2 CO+ O2 = 2CO2 
  
Today’s engines use computer controlled fuel injection system to minimize emission products. They try to keep 
the air fuel ratio very close to the stoichiometric point, which is the calculated ratio of air to fuel (for gasoline, 
the stoichiometric ratio is about 14.7:1) 
 
In addition, three ways CC’s are used to treat the engine, exhaust emission. But most of the available CC’s are 
using costly noble metals such as Pt, Pd, & Ru as a catalyst materials. And, hence cost of CC also increases. 
Along with this, the available CC’s are inactive at the start of the engine. CC’s are up to 97% effective at 
converting CO, UNBHC to carbon dioxide and water vapor. However to achieve these high conversion rates CC 
must be hot, typically about 3000 C or above 2. More than half (60 to 80%) of all UNBHC and CO emissions 
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occur in the first few minutes of the engine start 3,4,5,6. Decreasing these cold start emission is seen as key to 
meet Euro-I and Euro-II norms. This paper gives an account of the attempt made by the author to reduce CO, 
HC & NOx of a stationary S.I. Engine by using low cost palletized alumina, silver coated, vacuum insulated CC. 
 
2.0 Materials and Methods 
 
2.1 Preparation of Silver Coated Alumina Balls 
In this work, Silver as a catalyst material & alumina as base materials were used in the ratio of 1:10. 
 
2.2 Preparation of Silver Nitrate Solution 
Silver Nitrate crystals were dissolved in measured quantity of distilled water to make Silver Nitrate Solution. 
 
2.3 Coating of Silver on Alumina Balls 
 Alumina balls of 2mm diameter were soaked in above prepared silver nitrate solution. When this solution was 
completely absorbed, the alumina balls were dried to remove the water content. Then the balls were heated in 
muffle furnace to 6000 C to oxidize the nitrate from alumina surface. These silver coated alumina balls were 
filled inside the catalytic converter cylinders (three small hollow cylinders).   
      
2.4 Construction of Catalytic Converter 
Three G.I hollow cylinders of outer diameter 46mm, inner diameter 44mm & length 20mm are filled with silver 
coated alumina balls of 2mm diameter. They are meshed up from both sides with mild steel mesh. These three 
cylinders are inserted inside the G.I pipe of outer diameter 50mm, inner diameter 46mm & length 100mm in 
such a manner that the first, second cylinders are in contact with each other and third cylinder is separated by 
second cylinder by a distance of 20mm. This latter G.I cylinder is inserted inside another G.I cylinder of outer 
diameter 55mm, inner diameter 52mm & length 80mm. The space in between these two cylinders is packed with 
aluminum foil. It acts as a phase change material, which melts at 1600 C, storing latent heat of fusion 7. This 
whole arrangement is inserted into one more G.I cylinder of outer diameter 60mm, inner diameter 56mm & 
length 90mm. Vacuum is created in the space in between the former arrangement & latter cylinder. In this space 
area, an aluminum sheet is wound around the former arrangement to prevent radiation loss. This whole 
arrangement is fitted to the exhaust pipe of four cylinders, four strokes, and vertical petrol engine.           
  
3.0 Testing of the Catalytic Converter Prototype 
The catalytic converter prototype is fitted to the exhaust pipe of the four strokes, four cylinder, and vertical, 
stationary petrol engine. Figure1 shows the experimental setup with CC. Figure 2 shows the catalytic converter. 
Tests were conducted in three stages. In the first stage, engine performance & exhaust gas analysis were carried 
without fitting CC to the engine. In the second stage, engine performance & exhaust gas analysis were carried 
by fitting CC to the engine. Table 1 show the percentage of different pollutes in the exhaust gas of the engine 
without CC & with CC. After this, engine was shutdown for four hours & temperature inside the CC was 
measured with help of thermocouple. It was found that temperature inside the CC was about 2000 C. Again the 
engine performance & exhaust gas analysis were carried on the engine at this condition.  
 

      

 

 

 

 

 

Figure1. Experimental setup with catalytic converter 
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Part. No Part name Material No. of parts 
6 Aluminum foil Aluminum  
5 Mess Steel  
4 Vacuum cylinder G.I 01 
3 Aluminum foil cylinder G.I 01 
2 Catalytic converter 

cylinder 
G.I 03 

1 Cylinder (pipe) to be 
fitted to exhaust pipe of 
the engine 

G.I 01 

   

Figure 2  catalytic converter prototypes  

Table 1: Emission of CO and HC 

Emission of CO (% Vol.) Emission of HC in ppm 
Sl. No 

Load 
in Kg Without C.C With C.C % Reduction Without CC With CC % Reduction 

1 0 2.4 1.5 38 510 300 41 
2 4 2 1.1 45 100 50 50 
3 6 1.8 0.7 61 80 30 63 
4 8 1.6 0.6 63 90 55 39 
5 10 1.5 0.5 67 60 17 72 
6 12 1.7 1.2 30 110 68 38 
7 15 1.9 1.3 32 140 82 41 

 
Table 2 shows the percentage of different pollutes in the exhaust gas of the engine with CC, when the CC was 
initially hot (temperature inside the CC was about 2000 C).     
 

Emission of CO (%Vol.) Emission of HC in ppm 
Sl. No Load in Kg   % Reduction   % Reduction 

1 0 1.4 42 285 44 

2 4 0.9 55 39 61 

3 6 0.5 72 12 85 

4 8 0.3 81 41 54 

5 10 0.3 80 9 85 

6 12 1 41 50 55 

7 15 1.2 36 71 49 
 

   

1 2 3 4 
5 6 
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The engine was loaded by a hydraulic dynamometer. Airflow measurements were carried with the help of air 
box. Fuel flow measurement was carried by the burette. Exhaust gas temperatures were measured with help of 
digital temperature indicator. Backpressure was measured with the U-tube manometer. Speed of the engine was 
measured with the help of digital speedometer.  Exhaust gas emission analysis was carried with help of standard 
instrument HORIBA model MEXA 324 GB for CO & HC. No tests were conducted to check emission level of 
NOx. 
 
All the above-mentioned tests were done by varying the load on the engine from 0 to maximum (0 to 15 kg). 
The speed of the engine was kept constant at 1500 RPM. 
4.0 Specifications 

4.1 Activated Alumina balls 
1. Physical state     :  Balls 
2. Particle Size      :  5-8 mm 
3. Moisture % by mass      :  0.2% 
4. Bulk density       :  0.88 gm/cc 
5. Adsorption capacity at 300 C & 60% RH   :  19.27 
6. Loss on ignition (250-10000 C)                              :   7.02  
7. Alumina as Al2 O3      :   92.36 
8. Sodium & its compound     :  0.13 
9. Iron as Fe2 O3      :  0.05 
10. Silica as Si O2      :  0.02 
11. Average weight of alumina balls    :  0.06261 grams 
12. Total weight of alumina balls     : 51.7780 grams 
13. Surface area       : 120 m2/grams 
14. Pore volume      :   1.1cc/gram 

4.2 Engine                                          
1 . Number of cylinders     : 4 
2.  Compression ratio     : 7.8:1 
3.  Bore       : 68mm 
4.  Stroke       : 75mm 
5.  Brake horsepower     : 10 
6.  Make       : Universal Instrument Company 
7.  RPM       : 1500 
 
5.0 Results and Discussion  
Fig 3 shows that the percentage of reduction of CO is high at lower loads & low at higher loads. But the 
percentage of reduction of HC is exactly reverse as that of CO. The percentage reduction of HC is low at lower 
loads & high at higher loads. Fig 4, shows the reduction of CO & HC, when the temperature in side the CC is 
200 0 C. It also indicates that the percentage of reduction of CO is high at lower load & low at higher loads, but 
the percentage of reduction of HC is low at low loads & high at high loads.  
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Percentage emission of CO and HC when C.C at 
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Figure 4  
 
Fig 5 & 6 shows the variation of CO (% by vol.) & HC (ppm) against load for without CC, with CC & with hot 
CC (when temperature inside the CC is 2000 C). From these figures it is clear that with CC, the reduction of CO 
& HC was there up to 10 kg load & then the reduction decreases with increase in load. Fig 5 shows that the 
reduction of CO is more at lower loads & less when the load on engine increased beyond 10 kg. The reduction 
of CO is still more at the start of the engine, when the temperature inside CC is 2000 C. The reason could be 
that, the catalyst material might begin its activation at the start of the engine due to presence of heat inside the 
CC. The exhaust heat has conserved inside the CC due to the presence of vacuum. In order to avoid the radiation 
losses, radiation shield is inserted. This heat was stored as a latent heat of fusion of aluminum foil. Heat remains 
inside this system for about 4 hours. When the engine restarted, the aluminum foil gets converted in to solid 
form from liquid state by giving out latent heat of solid.  
 

Emission of CO (%Vol.)

0
0.5

1
1.5

2
2.5

3

0 5 10 15 20

Load in Kg

Em
is

si
on

 o
f C

O
 

(%
Vo

l.)

Without C.C

With CC

With CC when
Tempr.200C

 

 
Figure 5 

 
 
 
 
 



Proceedings of the National Conference on 
Trends and Advances in Mechanical Engineering, 

YMCA Institute of Engineering, Faridabad, Haryana.., Dec 9-10, 2006. 
 

 39

Fig 6 shows that the reduction of HC is low at lower loads but it increases with increase in load. This means that 
the reduction of HC is low at lower load but high at higher load. The reduction of HC was still more when the 
temperature inside the CC is 200 0 C (engine was restated after 4 hours).  
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Figure 6 

6.0  Conclusions 
The following are the specific conclusions are based on the present investigation on the above catalytic 
converter 

1. This converter can effectively be used to reduce the exhaust emission of the petrol engines 
2. This converter is very much cost effective as compared to the conventional catalytic converter. 
3. The main advantage of this catalytic converter is that it could be effectively used to reduce the cold start 

emission of the engine. 
4. With this catalytic converter, it is possible to get 60% reduction of CO & 65 % reduction 

of HC at 50% of rated load.                      
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Abstract 
A new design of modified non reversible thermosyphonic single pass solar water heating systems using meander and 
serpentine fluid flow channel absorbers is proposed for obtaining sterilized hot water above 80 oC . The measurements 
were performed for several days on the various modified systems and transient thermal model for obtaining the quantity of 
sterilized water used for rural hospitals, irrigation of sensible vegetable crops, for drinking purposes as a function of 
metrological conditions and physical parameters is proposed. The numerical computation is carried out for obtaining 
theoretical mass flow rate of sterilized water as a function of collector outlet temperature. Closed agreement between 
theoretical results and experimental measurements validates the proposed transient thermal model for mass flow rate in the 
solar sterilizers. 
 
1.0 Introduction 
Conventional (Coal, oil and electricity) energy is the most of the energy used for production in agriculture and industry, 
transportation sectors. As the conventional energy fuels become scarce and expensive, the use of these high energy content 
fuels in the low temperature applications such as water heating, crop drying, heating and cooling of buildings, irrigation and 
other domestic applications. Solar energy is fast becoming an alternative source of energy because of the high rate of 
depletion of the conventional energy sources. It is preferred to other alternative sources of energy, such as wind etc, 
because it is abundant, inexhaustible, and non polluting nature. It can be tapped at a relatively low cost and has no 
associated danger of fire or other hazards. There fore, the use of solar energy and application of solar energy for rural 
development can not be over emphasized. Now a day, solar energy technology and research especially in field of water 
heating, crop drying, space heating, distillation etc are developing at faster rate and much of the technologies needed for 
these applications in the industries and other energy sectors are already available.   In the most developing countries, there 
is increased emphasis on the rural development and this undoubtedly will require a phenomenal increase in the use of 
energy in some form in the rural areas. A distinct departure must be made from the age old techniques of exclusively using 
manual and animal- labor, animal wastes, firewood, charcoal as the main sources of energy.  These methods are highly 
regressive in human as well as environmental terms. The increased use of renewable energy sources such as solar energy in 
the various forms should, therefore, be encouraged in developing countries, especially for agricultural production. 
 
2.0 Novel Concept Of Non Reversible Domestic Single And Multipass Natural Convection 

Pressurized Solar Hot Water Systems For Sterlization Of Water Using Meander And 
Serpentine Fluid Flow Channel Absorbers 

The various natural convection solar water heating systems the circulation of collector fluid starts at small temperature 
difference between hot and cold fluid columns. The temperature of water contained in the storage tank rises slowly and 
uniformly after few hours of solar radiation. The temperature of water in the collector rises sharply and reaching to a 
desirable temperature (above 80 oC) in the pressurized thermosyphonic non reversible solar water heating systems shown in 
Figs (1) respectively.  The modified improved thermal design of solar energy collectors using meander and serpentine fluid 
flow channel absorbers can be used for sterilization of water where water quality is bad/ impure) for drinking, rural 
hospital, irrigation of sensible vegetable crops etc. In this novel design, the collector liquid entered in the storage tank only 
after reaching to a desirable temperature which is above 80 oC. In this design, when solar radiation falls on the south facing 
solar collector, the water of the collector was heated and expanded to a control channel valve shown in Fig (1). The 
pressure difference between the level of the hot and cold fluid water columns determines the  temperature differences due to 
density differences caused by buoyancy forces of the hot and cold fluid columns based on the smaller  the volume of liquid 
inside the collector helps in developing higher temperature of water in the solar energy collector, which is useful for solar 
sterilization by using meander and serpentine  fluid flow channels in the modified non reversible pressurized free 
convection solar hot water systems. For new designs of thermosyphonic solar water heating systems, simple method for 
obtaining the quantity of sterilized water more than 80 oC as a function of metrological conditions and physical thermal 
design performance parameters have been proposed. 
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3.0 Modeling Of Natural Convection Solar Sterilization Systems Using Meander And Serpentine 
Fluid Flow Channel Absorbers 

The schematic of the proposed modified systems for single pass mode have been shown in Fig ( 1 ) respectively. The 
buoyancy force responsible for the fluid flow in the whole system can be written by following expression. 
 

PΔ t = ρ fi (T) g h1 - ∑ ρ n (y) gΔhn Sinθ  - ρ fo (T) g (h1 + h2)   ….. (1)  
  Where ρ fi (T) is the density of the fluid at collector inlet at a height h1 and ρ fo (T) is the density of hot 
water at collector outlet over a height (h1 + h2). For a small temperature changes, the variations in density with 
temperature can be assumed to be given by following relationship.  
  ρ (T) = ρ 0 {1- β  T (t)}                                             ……………….. (2) 

where β  is the coefficient of the volume thermal expansion and it was obtained by linear density variation with 
temperature. In the present system design analysis, the value of  β  was obtained by curve fitting will becomes 
approximately 0.000330 for the temperature range of 5 oC to 100 oC.   ρ n  (y)  is the density variation of the water at any 
location  y  from the inlet of the collector. Rearranging Eq. (1) one gets 

PΔ t =  g h1 ρ fi (T) – g (h1 + h2) ρ fo (T)  + g Sinθ  ∫
L

0

{ρ fi (T) - ρ n  (y) } dy     …(3) 

Substituting temperature variation of densities from Eq. (2) to Eq (3), one gets 

PΔ t = g ρ 0 {[L/2 (Sinθ ) + (h1 + h2)] β  [Tfo (t) – Tfi (t)] - h2 {1- β  Tfi (t)}}    … (4) 
The value of exit temperature corresponding to   P   = 0 is the minimum temperature of the hot water obtained from the 
solar hot water systems known as balance point temperature T (t) by equating Eq(4) equal to zero, one gets 
 Tb (t) = Tfi (t) + h2 {1- β  Tfi (t)}/ {L/2 (Sinθ ) + (h1 + h2)}      …. (5) 

In the stationary condition of flow, the buoyancy force is responsible for the thermosyphonic mass flow rate is equal to the 
total pressure losses in the whole system (i.e. pressure losses in the collector plus pressure losses in the connecting tubes 
plus pressure losses in the hot water storage tank). In the present investigation, we assumed that no pressure losses in the 
hot water storage tank. Although the pressure losses in the hot water storage tank is very  small as compared to the pressure 
losses in the whole system (i.e. collector  plus connecting tubes), one can write 

PΔ L= PΔ L collector + PΔ L tubes + PΔ L tank ≈  PΔ L collector [1+ rp]        ... (6) 
where (r) gives the relationship between flow resistances in the outer connecting tubes to the flow resistance in the solar 
collector. In the present experimental set up, the fluid channels are of cylindrical geometries, one can therefore write 
pressure losses in the collector for laminar flow conditions as 

2L D
32ν2ν  ΔP =  

The fluid velocity in the fluid flow channel is related to the mass flow rate inside the collector by following expression 
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For the thermosyphonic mass flow rate to occurs, the total pressure drop through collector loop is equal to the buoyancy 

pressure in the whole system. Hence mass flow rate for the meander fluid channel absorber type solar sterilizer is 
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4.0 Results and Discussions 
Experiment was performed on the various systems shown in Fig (1) for several days and data of experimental 
measurements for few days are presented in Figs (2-4) respectively. It was observed that the meander fluid flow channel 
absorber type thermosyphonic solar sterilizer  using copper fins with copper tube of seven turns (using 16.7 meters length) 
gives fifty  liters of sterilized hot water for drinking and irrigation of sensible vegetable crops) within six hours. The 
computation was carried out to test the validity of proposed transient thermal model for thermosyphonic mass flow rate of 
sterilized water with the help of design thermal parameters shown in Figs (2-4) and Table 2 respectively. Figs shows the 
effect of various fins such as copper and aluminium fins of 24 & 26  gauges on three solar collectors, each  of absorber area 
of 1.89 m2 and thermosyphonic mass flow rate was measured during half hour time ( 1800 seconds) intervals,  and have 
been plotted . It was observed that copper fins gives better thermal performance than aluminium fins in the meander fluid 
flow channel absorber type solar sterilizers. The performance of another collector of same absorber areas is also tested by 
using seven meander turn channel using tube diameter of 13.5 mm diameter of copper tube and copper fins of 26 gauge for 
two days and results have been presented in terms of half hourly collector mass flow rates, collector inlet and outlet 
temperatures, solar intensity and useful energy flux, thermal efficiency. It was observed that meander tube solar sterilizers 
are most suitable for rural applications in the remote areas where water quality is bad for drinking purpose. The effect of 
modification head variations is also plotted for keeping the water level is constant shown in Fig (1) for meander and 
serpentine fluid flow channel absorber type solar sterilizers. Fig (2-3) show collector thermal performance of same absorber 
area of 1.89 m2 for inner tube diameter of 12 mm using copper fins and seven copper tube turns. It is clearly stated that 
meander shape fluid flow channel pressurized natural convection solar sterlizers are most useful. The main drawback of 
these systems are lesser thermal collector efficiency due to less mass flow rate  and absorber fluid  at higher temperature 
resulting  higher top loss from the collector absorber plate to ambient than non pressurized thermosyphonic solar hot water 
systems using parallel tube absorber/ parallel plate absorber of absorber area of 1.89 m2 but our purpose is to provide hot 
water at more than 80 oC can not be possible using non pressurized solar hot water systems using parallel tube / parallel 
plate absorber in the rural remote areas. Therefore pressurized solar sterilizers have been recommended.   
 
The problem of reducing top heat losses from the solar sterilizers was solved by inserting low cost one millimeter thick 
acrylic honeycomb structures of size 2100 mm X 900mm X 105 mm X 14 mm using seven aspect ratio between top of 
absorber and bottom of glazing surfaces and results in terms of thermal efficiency parameters are shown in Table 1.  It was 
observed that the use of honeycomb structures are not techno- economically feasible for developing countries (such as 
Indian market conditions) but it reduces top heat losses from solar sterilizer surface of around 70%. The closed agreement 
has been observed which proves the validity of proposed transient thermal model.   
 

Table 1 Design parameters of various thermosyphonic modified nonreversible single pass solar sterilizers for 
rural applications 

 
S.No. Modified collector’s  specifications 

Absorber size (2.1m*0.9m)=1.89 m2 
 With honeycomb structure of size     2.1 m (length)  X  
0.9 m  (width)  X      0.14 m (height) X 0.02 m (cube –
size)               ( Aspect ratio =  Seven) 

Design 
parameters 
F’(τα)e 
 

Design 
parameters 
F’UL 

(a) Meander tube fluid flow absorber using 7 tubes 
1. Copper fins (24 gauge)and copper tube absorber 0.645 2.865 
2. Copper fins (26 gauge) and copper tube absorber 0.645 2.87 
3. Aluminium fins and copper tube absorber 0.645 2.95 
4. Aluminium fins and copper tube absorber 0.645 3.0353 

 (b)     Serpentine fluid flow absorber using 7 tubes 
1. Copper fins (24 gauge)and copper tube absorber 0.645 4.0 
2. Aluminium fins (24 gauge)and copper tube absorber 0.645 4.45 
3. M.S. sheet (24 gauge) fins and copper tube absorber 0.6 4.75 
4. Copper fins (26 gauge) and copper tube absorber(5 turns) 0.640 4.150 
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Table 2 Design parameters of various thermosyphonic modified nonreversible single pass solar sterilizers for 
rural applications 

 
S.N. Modified collector’s  specifications 

Absorber size (2.1m*0.9 m)=1.89 m2 
 without honeycomb structure 

Design 
parameters 
F’(τα)e 
 

Design 
parameters 
F’UL 

1.  Serpentine fluid flow channel absorber  0.74 8.2 
2.  Meander fluid flow channel absorber  0.725 6.5835 
3.  Meander fluid flow channel absorber  0.720 6.732 
4.  Serpentine fluid flow channel absorber  0.725 8.37 
5.  Serpentine fluid flow channel absorber  0.720 8.432 
6.  Serpentine fluid flow channel absorber  0.720 8.725 
7.  Meander fluid flow channel absorber  0.730 7.639 
8.  Meander fluid flow channel absorber  0.725 7.02 
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Thermal performance of solar pressurised 
sterlizer using meander tube absorber

0

20

40

60

80

100

120

9 9.3 10.3 11.3 12.3 13.3 14.3 15.3 16.3

Time (half hrs)

Te
m

pe
ra

tu
re

 (C
)

0

1

2

3

4

5

6

7

M
as

s 
flo

w
 r

at
e 

(k
g/

 h
al

f h
rs

)

Temp (exp) Temp (Theort.) Flow rate (exp) Flow rate (Theort.)

 
 
 

 
References 
1. Mishra, R.S., (1993), Thermal Performance of Meander Tube Collector for Solar Hot Water Systems, 

National Conference of Mechanical Engineers, I.I.T. Kanpur,  
2. Mishra, R.S., (1994)Thermal Analysis of Novel Natural Convection Modified Solar Hot Water Systems, 

National Conference of Agricultural Engineers, Junagarh,  

Effect of fin materials on the solar pressurised 
single pass non-reversible hot water system

0

2

4

6

8

10

12

9 10 11 12 13 14 15 16 17

Time

M
as

s 
flo

w
 ra

te

Cu fins 26 gauge Cu fins 24 gauge Al fins



Proceedings of the National Conference on 
Trends and Advances in Mechanical Engineering, 

YMCA Institute of Engineering, Faridabad, Haryana.., Dec 9-10, 2006. 

 45

THERMAL DESIGN OF FALLING FILM EVAPORATOR 
Ashik Patel1, Manish purohit2, C. R. Sonawane3 

1, 2 Department of Mechanical Engineering Students, Sankalchand Patel College of Engineering, Visnagar. 
3 Department of Mechanical Engineering ,Lecturer, Sankalchand Patel College of Engineering, Ambaji-

Gandhinagar link road, Visnagar, pin 384 315, Gujarat.  
3Phone: +91-9924118380, Email: chandrak_sonawane@rediffmail.com 
 
Abstract 
Many familiar engineering applications involve condensation and boiling heat transfer phenomenon. In a 
household refrigerator, for example the refrigerant absorbs heat from the refrigerator space by boiling in the 
evaporator section and rejects heat to kitchen air by condensing in the condenser section. Evaporation is a 
process in which liquid is converted to vapor phase just like in case of boiling, but there are significant 
differences between these two phenomenons. Evaporation occurs at liquid vapor interface, when the vapor 
pressure is less than saturation pressure of the liquid at a given temperature. Boiling, on the other hand, occurs 
at solid liquid interface when a liquid is brought into contact with a surface maintain with a temperature Ts 
sufficiently above the saturation temperature. 
 
A falling film evaporator [3] is a one of the best efficient used heat exchanger. As the name suggest, falling film 
evaporator works on the principal of the film boiling in which a thin or agitated film of the fluid, which has to be 
evaporate is produces on the inner (or outer) periphery of the polished tubes, where saturated steam is 
condensed on the outer (or inner) periphery of the tubes respectively. Thus in this evaporator high velocity of 
film flow of the fluid is achieved and hence the high rate of heat transfer is achieved. Falling film evaporator 
used in the several numbers for achieving the best evaporation rates that is called multi-effect evaporator.  
Falling film evaporator is used in the various industries like pharmaceutical for producing the steam at the 
rapid rate. In food industries for evaporating the unwanted quantity of the water from the heat sensitive food as 
well as fruit juices as the heat transfer rates in this evaporator is quite high. It is also best suited and one of the 
option for producing milk power from the milk without loosing any important natural vitamins, proteins and 
carbohydrates. 
 
This paper critically discussed the thermal design aspect of the falling film evaporator used in the 
pharmaceutical industry. It is required to produce the steam a flow rate of 1500 kg per hour at saturated steam 
of 3 bar for the medicine tablet purpose from the available input data. A computer simulation program is 
developed for the total design of the falling film evaporator. The design consist both thermal and mechanical 
design aspects, but this paper critically discuss the thermal design only. 
 
Keywords: Falling Film Evaporator, Film, Evaporation 
 
1.0 Introduction 
Evaporation is a process in which liquid is converted to vapor phase just like in case of boiling, but there are 
significant differences between these two phenomenon’s. Evaporation occurs at liquid vapor interface, when the 
vapor pressure is less than saturation pressure of the liquid at a given temperature. Boiling, on the other hand, 
occurs at solid liquid interface when a liquid is brought into contact with a surface maintain with a temperature 
Ts sufficiently above the saturation temperature. 
 
The boiling processes in practice do not occur in the equilibrium conditions, and normally the bubbles are not in 
thermodynamic equilibrium with the surrounding liquid. That is, the temperature and a pressure of the vapor in 
the bubble are usually different then those of the liquid. The pressure difference between the vapor in a bubble 
and surrounding liquid is the driving force heat transfer between the two faces. When the liquid is at lower 
temperature than the bubble, heat will be transferred from the bubble into the liquid, causing some of the vapor 
inside the bubble to condense and the bubble to collapse eventually. When the liquid is higher temperature heat 
will transferred from the liquid to bubble, causing the bubble and rise to the top under influence of buoyancy. 
Boling is classified as Pool boiling or Flow boiling, depending on the presence of bulk fluid motion boiling is 
called pool boiling in the absence of bulk fluid flow and flow boiling (or forced convection boiling) in the 
presence of it. Pool and flow boiling are further classified as sub cooled boiling or saturated boiling, depending 
on the bulk liquid temperature Boiling is said to be sub cooled when the temperature of the liquid is below 
saturation temperature Tsat and saturated when temperature of the liquid is equal to Tsat.  
This paper critically discusses the evaporation process and the falling film evaporator to be used for the 
pharmaceutical industry.  
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2.0  Evaporator Classification  
According to the orientation, the evaporator can be classified as [3][4]. 
 
2.1 Rising film type: 
Feed level is maintained up to the bottom of the tube sheet. By condensing steam around the tubes, the feed is 
made to boil. Vapors so produce rise up through the central core of tubes, forcing the liquid against the tube 
wall. Due to high velocity of the vapor, shear force is exerted on the liquid. This and the surface tension result in 
movement upward of liquid film up the tube wall, against gravity. These require high heat flux and high 
temperature driving potential, which may not be possible with heat –sensitive liquid. 
 
2.2 Falling film type: 
Feed is input at the top of the unit and is distributed in each tube by means of perforated distributor plate or 
nozzles. The liquid flows down due to the gravity. Therefore, it is thin and highly turbulent, giving a high heat 
transfer co-efficient. The vapor produce also travels down and is separated from the liquid at the bottom. The 
temperature driving potential required is low, and also the residence time is less than the rising film type. Hence, 
it can be used for heat sensitive materials, such as fruit juices. No recirculation is allowed. 
Inert gases may be some type injected in to the falling film evaporator to reduce the partial pressure required to 
vaporize the volatile component s. these often eliminates the need for vacuum operation, a minimum liquid flow 
rate is required to form film. After film is formed, the flow rate then may be reduced. 
 
2.3 Rising-Falling film type: 
It has the advantage of both rising film and falling film types. Liquid distribution is easy as in the rising film 
type, and the heat transfer coefficient is high as in the falling film type. The height of this unit is less than that of 
either of the rising film or in the falling film type.  
 
2.4 Working Principle Of Falling Film Evaporator: 
Falling film evaporator basically works on the two phenomenons’s & solely depends upon the latent heat 
transfer. In this equipment sensible heat transfer is intentionally prevented. This equipment depends upon the 
heat transfer with the phase change. The two phenomenons’ are    
 

3.1 Laminar Film condensation. 
3.2 Falling film evaporation 

 
3.0 Laminar Film Condensation [3][4] 
Condensation means the fluid in a gaseous or vapor changes to a liquid state with the liberation of heat from the 
vapor phase. When a vapor is in contact with a surface whose temperature ts is lower then the saturation 
temperature tsat corresponding to the vapor pressure, the condensation sets in & the vapor changes to liquid 
phase. The condensation of vapor librates latent heat & there is heat flow to the surface. The liquid condensate 
may get somewhat sub-cooled by contact with the cooled surface & that may eventually result in more vapor to 
condensate on the exposed surface or upon the previously formed condensate. The condensation process has 
been categorized into two types as i) Film condensation. & ii) Drop wise condensation. The liquid condensate 
wets the solid surfaces, spreads out &forms a continuous film over the entire surface. The liquid flow down the 
cooling surface under the action of gravity & the layer continuously grows in thickness because of newly 
condensing vapors. The continuous film offers thermal resistance &restricts further transfer of heat between the 
vapor & the surface. Film condensation usually occurs when a vapor relatively free from impurities is allowed 
to condense on a clean surface. 
 
The condensate condenses in the form of the droplets & does not wet the whole surface is called drop wise 
condensation. Governing equations of the film condensation are as per below. 
 

NNu = h L/ kL = 1.13 [ρL (ρL - ρV) g λ L3 / μL kL ∆T ]¼  - Re < 1800 (laminar flow) …(1) 
 

NNu = h L/ kL = 0.0077(g ρL L3 / μL
2 )1/3 (NRe ) 0.4 - Re > 1800 (turbulent flow) …(2) 
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Figure 1: Falling film evaporator tube 

 
3.2 Falling film evaporation [3][4] 
In the film evaporation the bubble formation is very rapid, the bubbles blanket the heating surface & prevent the 
incoming fresh liquid from taking their place. Eventually the bubbles coalesce & form a vapour film which 
covers the surface completely. Insulating effect of the vapour film overshadows the beneficial effect of liquid 
agitation & consequently the heat flux drops with growth in temperature excess. Within the temperature range 
between the 50 & 150 the conditions oscillate between nucleate &film boiling and this phase is referred to as 
transition boiling, unstable film boiling or partial film boiling. 
 
Eventually the temperature differences are so large that radiant heat-flux becomes significant, rather controlling 
factor & the heat flux curve begins to rise upward with increasing temperature excess. That marks the region of 
stable film boiling. The phenomenon of stable film boiling is referred to as “Leidenfforst effect”. 
 
For making the unstable film boiling to stable film boiling we need to increase the velocity of the fluid in the 
tube & decrease the thickness of the film so resistance of the vapor film developed is negligible. For that the 
limiting values of film thickness is 0.2 to 0.5 mm & the velocity of the film should lies between the values 1.2 to 
1.5 meter per second. 
 
Governing equations for the falling film evaporation is depends upon the work of several scientists   

NNu = h L/ kL          …(3) 
             = (1.3+ bD) (NPr) L 0.9(NRe )L 0.23(NRe) v 

0.34  (ρL/ρv)0.25  (μL/μv) 
 
Other equations based on the work of  Mc Adams, Drew, Bays has given the following equations for calculating 
the heat transfer co-efficient for film flow of water only (within the limits of 18%). 

hi = 120 (w/ π d )⅓         …(4) 
hi / (k3ρ2 g/ μf2 )⅓ =   0.01 [ (cμ/k) (4G'/μf) ]⅓ - Re < 1800 (laminar flow)  …(5) 
hi = 0.67 [ (k3ρ2g / μf2  ) (c μf  5/3/ k Lρ⅔g⅓) ]⅓  (4G'/μf )1/9 - Re > 1800 (turbulent flow) …(6) 

 
The thermal design follows the general equation of heat transfer for the heat exchangers which is as per below. 

Q = U A (TS –TL) nt         …(7) 
For finding out the overall heat transfer coefficient use the equation given below. 

1/U = [do/ (di·hi)] + [(do-di)/ (do+di)] (do/K) +1/ho     …(8) 
 
4.0 Features Relating To Thermal Design  
For thermal design of falling film evaporator is carried out on the basis of TEMA code [1] developed by Tubular 
Heat Exchangers Manufacturing Association. The TEMA has classified heat exchangers into 3 main categories   
 
i) ‘R’ type heat exchangers : - Most stringent category. This category gives details about the design and 
manufacturing procedures to be followed for the heat exchangers which are to be used for the application like 
refineries, etc and pose a great danger to human life and property. This type has the most stringent tolerances. 
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ii) ‘C’ type heat exchangers :- less strict as compared to the type ‘R’ catagory, but nevertheless is close to the 
‘R’ type. This category gives details about the design and manufacturing procedures to be followed for the heat 
exchangers, which are to be used for the application like chemical industries petrochemicals, etc. 
iii) ‘B’ type heat exchangers : - least rigid amongst the three and is applicable to a sizable amount of heat 
exchangers. This category gives details about the design and manufacturing procedures to be followed for the 
heat exchangers. Which are to be used for the commercial application and small industries? 
 
4.1 Definition of problem 
Figure 2 shows the schematic of falling film evaporator to be used for pharmaceutical industry. The falling film 
evaporator has the number of tubes provided in the vertical shell. The saturated water flows inside the S.S. tubes 
at the pressure of 3 bar, which should produces the falling film of turbulence nature. The steam is condenses on 
the outer periphery of S.S. tubes of 14 OD & 12 ID at 6 bar of pressure. Steam condensation also takes place in 
the form of film condensation. The flow rate of steam is maintained 1500 kg per hour.  
 
A Computer program is developed to carry out the mechanical & thermal design. The thermal design specially 
carry out to evaluate the length of the tubes necessary and to find out the no. of tubes required to produced the 
required flow condition by falling film evaporator. 

 
Figure 2: schematic of actual falling film evaporator showing the required flow conditions. 

 
4.2 Design steps 
1. First find out the inlet & exit condition of the fluid i.e. steam or water. 
2. Then from the saturated properties table find out the fluid property at the given condition. 
3. Then decide the tube material of which is used for the heat transfer. Here SS316 is given so that we can find 

out the required properties of the tube & shell material likewise conductivity, shear stress, tensile stress, 
yield stress, Brinell hardness number etc. 

4. Then from the given condition of the saturated water & the saturated steam find out the total heat transfer 
required by the following equation. Q = mf * hfg 

5. Then fix the saturated water flow for the evaporator. Take the input flow 30 to 40 % higher then the 
required output because of the effectiveness of the evaporator is not 100%. 

6. Then fix the number of the tubes from the following equation. Here we have to choose the values of 
velocity of the film & thickness of the film in the range of 1.2 to 1.5 m/s & 0.1 to 0.5 mm respectively.     
mf = π/4 [di2-(di-2t) 2] nt ρL v  
Where t = thickness of the film; v = velocity of the film; nt = number of the tubes 

7. Now consider the general thumb rule value of 5700 for the outer heat transfer co-efficient. 
8. Then in the equation no. (3)   Put all the other values except the length of the tube. 
9. Then put the value of outer heat transfer co-efficient & the equation or inner heat transfer co-efficient in the 

following equation of the overall heat transfer co-efficient. 
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1/U = [do/ (di·hi)] + [(do-di)/ (do+di)] (do/K) +1/ho 
10. Now put the values of the overall heat transfer co-efficient, area of heat transfer surface, temperature 

difference, total heat to be transferred in the equation no. (7). 
11. Now find the value of the length of the tube required by the trial & hit method. 
12. After that find the value Reynolds no. of the outer film of condensed steam by the following equation.      

Re = 4/3 [ ρL
2 g /μL

2] {4 μL kL L(Ts -Tw)/ρL
2 g hfg}3/4 

13. If the Reynolds no. is higher then the value of 1800 then uses the equation no. (2) Or use the equation no. 
(1) end find out the exact value of the outer heat transfer coefficient & match it with the thumb rule value. 

14. After that try the equation no. (4), to find out the inner side heat transfer co-efficient following the same 
method as mention above.  

15. After finding the values of length according to two methods take the value of length which is greater one. 
16. Fix the triangular pitch for the tube sheet layout. For that use the TEMA standard class R or use the thumb 

rule equation that triangular pitch is 1.25 times the diameter of the tube. 
17. After fixing the tube pitch draw the tube sheet diagram for the number of tubes assumed before. 
18. Then from the tube sheet diagram take the appropriate value of inner shell pipe from the chart of standard 

pipes &outer shell pipe which is the next one of the previously selected. 
19. After that select the scheduled number of the selected pipe diameter by the following equation of pressure 

vessel. t = (Pd / 2σt) + c 
20. After that from the ASME code SEC.8 design the tube sheet & the flange. Design the end cover according 

to ASME SEC. 8 & select the appropriate gasket from the standard. 
 
4.3 Thermal design 
Here the required output is 1500 kg/hr & we have to fix the input flow of the saturated water flow which is 30 to 
40% higher then the required, so let us take it 35% more. By using table 1. [2][5] 

mf  = 1.30 x 1500 kg/hr. 
      = 1950  say 2000 kg /hr. 

Now take the value of velocity of falling film in the range of 1.2 to 1.5 m/s, so let us take it as 1.2 m/s. The 
thickness of the falling film is to be fixed below the 0.5 mm range to avoid the flow boiling & nucleation 
boiling, so let us take it as 0.125 mm. 

 
Table 1: property table 

 
 

Properties of saturated 
water & steam at 3 bar 
and at 133.5˚C: 

Properties of saturated 
water & steam at 6 bar and 
at 158.8˚C: 

Material properties of SS 
316 L at 500˚C: 

Properties of condensed 
film for calculation of 
Re & hi at 145˚C: 

ρL = 923.15 kg/m3  

ρv = 1.7305 kg/ m3 

hfg = 2159.5 kJ/kg 
CPl = 4274.5 J/Kg˚C 
CPv = 2210.5 J/Kg˚C 
μL = 0.20x 103 Kg/m.sec 
μL = 1.37x10-5 Kg/m.sec 
PrL= 1.285 
PrL= 1.015 

ρL = 907.4 kg/m3  

ρv  =  3.256 kg/ m3 

hfg = 2083 kJ/kg 
CPl = 4340 J/Kg˚C 
CPv = 2420 J/Kg˚C 
μL = 0.170x10-3 Kg/m.sec 
μL = 1.434x10-5 Kg/m.sec 
PrL= 1.09 ;PrL= 1.05 
KL = 0.680 W/m˚C 
Kv = 0.0331 W/m˚C 

ρ = 8238 kg/m3 
CP = 468 J/Kg˚k 
K300 = 13.40 W/m˚k  
K600 =16.64 W/m˚k  
σt = 450 N/mm2 

 

  ρL = 919.5kg/m3  

ρv  = 2.255 kg/ m3 

hfg = 2129500 kJ/kg 
μL = 0.190 Kg/m.sec 
μL = 1.382 Kg/m.sec 
KL = 0.6825 W/m˚C 
Kv = 0.3085 W/m˚C 
 

 
After that we can find the total heat transfer by the equation 
                     Q = mf x hfg   = (1500/3600) x (2159500) 

    = 900511.5 
Now from the equation of the mass flow rate 

mf = π/4 [di2-(di-2t)2] nt ρL v 
Here, 

di  = 0.012 m  t    = 0.0003 m 
 ρL  = 928.15 kg/m3        v   = 1.25 m/s 

So, from the above equation we get the value of number of tubes, nt ~ 100   
 
Total area of heat transfer can be given as 

A = π x di x L x nt = 3.141593 x 0.012 x L x 100 
                                    = 3.76992 x L 
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To design the film evaporator according to experimental dimensional equation, we will assume the value of the 
outer heat transfer co-efficient as 5700 w/m2◦k. Now first of all we need the value of the tube length for the 
thermal design which is unknown, so we will put all the other data in the equation and we will put that in the 
equation of the overall heat transfer co-efficient equation. 

NNu = h L/ kL  
             = (1.3+ bD) (NPr) L 0.9(NRe )L 0.23(NRe) v 

0.34 (ρL/ρv)0.25  (μL/μv) 
 
Here   b = 128 for the si system 

                           NRe   = Reynolds no. for liquid & vapor 
                                       = (ρ v di / μ)            (for liquid)   = (ρ v di / μ) (for vapour) 
                                       = (928.15 x 1.2 x 0.014 / 0.205 x 10-3  = (1.7305 x 1.2 x 0.014 / 1.3475 x 10-5 
                                       = 65196.878    = 1849.29 

NPr   = Prandtle no. for the liquid. = 1.285 (from the table) 
 

Hence,   
 NNu  

                            =(1.3+(128 x 0.014))x(1.28)0.9x(65196.8)0.23x(1849.2)0.34x(928.1/1.73)0.25x(0.205x10-3/1.3475x10-5)    
x(0.6835/L) 

                  = (42972.35978 / L)  
 
From the equation of overall heat transfer, 

1/U = [do / (di x hi)] + [(do-di) / (do+di)] x (do/K) +1/ho 
             = [0.014 / (0.012 x (42972.35978 / L))] + [(0.014 – 0.012) / (0.014 + 0.012)] x (0.014 / 16.64) + (1 / 
0.014) 
 
Hence, heat transfer can be given by, 

Q = U A (TS –TL) 
         = {[0.014/(0.012x(42972.3/L))]+[(0.014–0.012)/(0.014+0.012)]x(0.014/16.6)+(1/0.014)}x(3.76x L) x 25.2  
 
The computer program is developed for trial & hit method to find the value of the length of the tube.  

 L = 2.49  ≈ 2.5 m . 
 

Now from the value of the length of tube we will find the exact value of the outer heat transfer co-efficient as: 
First of all we will find the value of Reynolds no. of the steam condensation as follows. Here the properties of 
the steam is evaluated at the mean film temperature 135◦c 
 

Re = (4/3) x [(ρL
2 x g) / μL

2] x [(4 x μL x kL x L x (Ts-Tw)) / ( ρL
2 x g x hfg)] 3/4 

           = 1.34x[(919.152x9.81)/(0.19x10-3)2x[(4x0.19x10-3x0.68x2.5x25.2) / (919.152 x 9.81 x 2129500)] 
           = 2732.287 
  
The Reynolds number is higher then 1800 so we will use following equation, 

 Ho = 0.0077(g ρL
2 kL

3 / μL
2 )1/3 (NRe ) 0.4 

                   = 0.0077 x [(9.81 x 919.152 x 0.68253) / (0.190 x 10-3)2] 0.33 x (2732.287)0.4    = 6854.42 
The value above given is the actual value of the heat transfer.    
 
Now we will find the value of the length of tube according to Macadam’s experimental equations which will 
give the value in the range of 18%. 

Hi = 120 (w/ π d )1/3 
Here   w = weight flow of water per periphery  in the lb/hr.   d = diameter of the tube in ft. 

Hi = 120 x (3307.20 / (3.1415923 x 0.03936996)1/3   = 3468.42 
 

This equation gives the value in British system, so to convert it into SI system multiply it by the factor 5.687. 
Hi = 3468.42 x 5.687           = 19724.897 
 

Now repeating the same method of finding the length of the tubes by using the following equations as: 
 1/U = [do / (di x hi)] + [(do-di) / (do+di)] x (do/K) +1/ho 
 Q = U A (TS –TL) 

We can find the value of the length of the tube,  L = 2.435 m. 
 
Now from the value of the length of tube we will find the exact value of the outer heat transfer co-efficient as: 
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First of all we will find the value of Reynolds no. of the steam condensation as follows. Here the properties of 
the steam is evaluated at the mean film temperature 135◦c 
 

Re = (4/3) x [(ρL
2 x g) / μL

2] x [(4 x μL x kL x L x (Ts-Tw)) / ( ρL
2 x g x hfg)] 3/4 

           =1.34x[(919.152x9.81)/(0.19x10-3)2x[(4x0.19x 10-3 x 0.6825 x 2.435 x 25.2) / (919.152 x 9.81  
                   x   2129500)] 3/4 
           = 2650.873 
 
The Reynolds number is higher then 1800 so we will use following equation, 

 Ho = 0.0077(g ρL
2 kL

3 / μL
2 )1/3 (NRe ) 0.4 

           = 0.0077 x [(9.81 x 919.152 x 0.68253) / (0.190 x 10-3)2] 0.33 x (2650.873)0.4                                        
 

5.0 Conclusion 
After critically discussing the thermal design of falling film evaporator it can be concluded that the total length 
of the tube for the given condition is 2.5 m. The computer program developed is also useful to design the other 
falling film evaporator having the different input conditions. Also the falling film evaporator can attain a very 
high rate of heat transfer because of the higher value of heat transfer coefficient. The paper deals with the falling 
film evaporator to be used for the pharmaceutical industry.  
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Abstract 
A chimney is meant for dispersing pollutants at high enough elevation; hence the first thing that has to be 
considered during the design process is the determination of its clear height and nominal diameter. The height 
of steel chimney is kept to provide the sufficient draft. The steel chimney is made cylindrical in shape. The lower 
portion of steel chimney is widened or flared in order to provide a large base and greater stability. Chimney is a 
wind structure, in whose design wind plays the major role. First, wind transports and disperses pollutants and 
second, it exerts static and dynamic loads whose effects on chimney structures are quite significant. The wind 
force exerted at any point on a chimney can be considered as the sum of a quasi-static and dynamic load 
component. The static load component is that force which wind will exert if it blows at a mean speed and which 
will tend to produce a steady displacement in a structure. The dynamic component, which causes oscillations of 
structures, is generated essentially due to wind gusts, vortex shedding and buffeting. Forces on chimney due to 
wind are classified as: along wind force (drag) and across wind force (lift). The self-weight of chimney along 
with weight of accessories such as ladder, platforms etc. need to be considered, as it will add up with the 
bending stress induced by wind or seismic loads. In the present paper, the basic design analysis of the chimney 
has been done and parameters like height and diameter of chimney, drag force, lift force and gust load etc. have 
been calculated.  

KeyWords: GLC, Draft, Drag, Lift, Gust load 

1.0 Introduction 
A chimney is meant for dispersing pollutants at high enough elevation; hence the first thing that has to be 
considered during the design process is the determination of its clear height and nominal diameter. The clear 
height is the distance measured from the ground level i.e. base of the chimney to the top. The height of chimney 
is determined mainly by considering the permissible ground level concentration of pollutants and the effect of 
nearby structures. However, in some cases the determination of the physical height might be required to take in 
to account the demand for sufficient draft. Draft is the suction produced at the base of a chimney either due to 
chimney (natural draft system) or because of blowers installed at the inlet openings (forced draft system). Steel 
chimneys are frequently called stacks (Gaylord, p.30.1). 
 
2.0 Sizing Basic Dimensions 
If the power output of the plant is less than 200MW, the required permissible minimum physical 
height is determined by: 
 

H Qs P= ⋅14
0 3.

                         (1) 

Where Hs is the minimum physical height in meters and Qp is the emission rate of SO2 in kg/hr. If 
the stack height calculated above is less than the height of the surrounding building or nearby 
structure, then the minimum is given by: 

5+= BS HH                         (2) 
Where HB is the height of the tallest building in a surrounding area of 150m radius. 
 
2.1  Bureau of Indian standards (BIS) stipulations 
The formulation adopted in the BIS code, IS: 6533 (Part I): 1989 is significantly different from the 
one which was recommended by the statutory authority. In the code two cases have been 
considered:  
 
(i) Consideration of draft 
For a natural draft system the draft induced by a chimney, Pd in mm of water column is given by: 
Pd = H (ρa-ρg)                         (3) 
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Where 
 ρa = density of air at the design ambient temperature and pressure in Kg/m3 

ρg = density of gas at average temperature and pressure within chimney in Kg/m3  
 

If the exhaust system is equipped with forced or induced draft fans, the total draft is the sum of the 
natural draft and the pressure head created by the blowers. Hence, for forced or induced draft 
systems the total available draft at the base of the chimney can be found as: 
  Pd = H (ρa-ρg)+Pf                        (4) 
Where Pf = pressure head induced by the blower. 
 
Draft losses (IS 6533-I, 1989): Draft losses are the result of the dynamic head losses due to kinetic 
energy of gases leaving a chimney and head losses in overcoming friction along the internal surface 
of the flue. The losses from the inlet flange of the chimney up to the exit shall be considered while 
fixing up the height. Draft losses through the chimney Plc in mm of water column may be calculated 
as: 

ggD
sfHv

lcP ρ
2

2=                        (5)   

Draft lose due to kinetic energy at the exit is: 
 

g
s

le g
vP ρ

2

5.0=                          (6) 

The total draft loss is, therefore given by: 

lelclt PPP +=                         (7) 

Plc, Ple = draft losses as mentioned above, 

f         = fanning friction factor, 

D        = diameter of the chimney, in m. 

The fanning friction factor f is a function of the Reynolds number (Re) and the relative roughness 
of the flue duct surface. Values of f for different Reynolds number and ε are shown in Fig.1. The 
average values of roughness for uses in practical chimney design are given in Table1. 

 
Table 1. Roughness values 

 
Flue duct material Roughness (ε), mm 
Riveted steel 2.75 
Welded steel 0.05 
Brick, concrete and plastered 1.60 

 
The minimum draft that has to be available for satisfactory performances of a chimney is 0.006 
inches (0.154mm) of water column [British Standard]. Keeping this in mind the required minimum 
height from the point of consideration of draft is calculated from: 

⎟⎟
⎠

⎞
⎜⎜
⎝
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−−

+−
=

g
s

ga

lefnet
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fv
PPP
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                   (8) 

(ii) Consideration of dispersion (IS 6533-I, 1989) 

Assuming a relatively flat terrain and neglecting the temperature difference between the effluent 
and its surrounding, IS has suggested the following expression for finding the stack height from 
dispersion point of view.  

75.0

..8
...

⎟
⎠
⎞

⎜
⎝
⎛=

VC
DFMAH                       (9) 
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Where, 

 A =coefficient of temperature gradient of the atmosphere responsible for horizontal and vertical 
mixing of plume, (For tropical zone A=280, and for semi-tropical zone A=240)  

M= estimated mass rate of emission of pollutants in g/s, 

F = Dimensionless coefficient of rate of precipitation, Table 2 

C = Maximum permissible ground level concentration of pollutants in mg/m3 at STP, this may be     
taken as 0.5 mg/m3 unless otherwise specified in relevant standards. 

V = Estimated volume rates of emission of total flue gases in m3/s  

D = Nominal diameter in m. 

While using Eq. (9) the following limitations have to be noted.  
1. The formula is applicable only in cases of tall stacks, the plume from which is free from 

interference with the air currents produced by nearby tall buildings. 
2. The formula assumes only a single source of air pollution. Where several stacks are located 

close to each other, the value of H obtained from the formula has to be increased such that the 
total ground level concentration at a place from the stacks for any particular pollutant does not 
exceed the air quality standards. 

3. The formula assumes the temperature of the gases to be equal to the atmospheric temperature. 
The resultant height of stack is slightly on the higher side. 

4. The maximum concentration as calculated above is reached at a distance X m from the chimney, 
approximately given by X=20H where H is the height of the chimney. 

  
 

Table 2. Coefficient F for use in Eq. (9) 
 

Efficiency of dust catching Coefficient F 

> 90 2.0 

75 to 90 2.5 

> 75 3.0 
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Figure1.   Friction factor f vs. Reynolds Number Re 

The nominal diameter of the stack has to be determined next to its physical height. If the quantity of 
flue gas to be handled is Qg and permissible stack exit velocity is Vs (20 to 30 m/sec), then the inside 
diameter D is given by: 

s

g

v
Q

D
π
4

=                          (10) 

 
3.0  Analysis of Design Loads 
Once the basic physical dimensions (height and diameter) are determined analysis of the various loads acting on 
the chimney shell have to be considered. Chimney is a wind structure, i.e. it is a structure in whose design wind 
plays the major role. The forces on a chimney due to wind are classified as: a) Along wind force (drag) 
b) Across wind force (lift). In the analysis, the along wind force is assumed to be composed of a 
quasi-static force component, which wind will exert if it blows with a mean constant velocity and a 
gust load. 

Along wind Force = Drag Force + Gust Load 
The static load component is that force which wind will exert if it blows at a mean speed and which 
will tend to produce a steady displacement in a structure. Wind exerts a static force on a bluff body 
obstructing its flow. The distribution of wind pressure around the circumference of such a body 
depends on its shape and direction of wind incidence. Such pressure causes circumferential bending of 
large-diameter chimneys. In addition, drag produces along-wind shear force and bending moments 
that the chimney fabric has to safely withstand. The total drag force acting on the projected area A 
normal to wind direction defined by coordinates z1 and z2 is given by 
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Where, 

Fd = drag force, [N] 

Cd = drag coefficient and, 

 ρa = density of air (kg/m3) 

A = projected area, [m2] 

U0 = wind speed at reference height Z0, [m/s] 

 n = n is an exponent which essentially depends on surface roughness, Table 3  

Table 3. Value of exponent n 

Stability Class Urban Conditions Rural and Other Conditions 
Extremely unstable  0.10 0.07 
Moderately unstable 0.15 0.07 
Slightly unstable  0.20 0.10 
Neutral  0.25 0.15 
Slightly stable 0.40 0.35 
Stable 0.60 0.55 

 
The gust load depends on the natural frequency in the fundamental mode, wind speed, terrain 
category, clamping and size of the chimney. Expressions for calculating the gust load are found by 
considering the spectral density function. The gust load component at any section is given by: 
 

                           (12) 

 

  

                           (13) 

 
n x

Uo= ⋅
1220                          (14) 

Where,  

Sn      =  spectral density at frequency n 

N     =  frequency in,. Hz 

 Cf  =  terrain friction drag coefficient, Table 4 

 
Table 4. Terrain surface parameters 

 
Category Description Cf 
1. Large cities and built up area 0.050 
2. Rough wooded country, and city outskirts 0.015 
3. Flat open country, open flat coastal belts  0.005 

 

The total gust load acting over any section of chimney can be found by Eq. (15) 

                           (15) 
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The alternate shedding of vortices cause a transverse force called lift. Experimental observations show 
a wide scatter in the form of the lift forcing function. However, for practical design purpose: 
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Where Fl is the amplitude of the uniformly distributed crosswind force  (in N/m) of chimney height 
and Cl is the dynamic lift coefficient. 

Depending on the Reynolds number, Re, the dynamic lift coefficient for a cylindrical cross section 
may reach up to about 0.7 when Re has a value of 105. If the Reynolds number is calculated for any 
particular wind velocity, a reasonable value of Cl may be determined using Figure 2. It has been 
emphasized that there is no definite value of Cl which can be taken as corresponding exactly with any 
particular value of Re. 

 
Fig2.  The dynamic lift coefficient 

The total along wind force is the algebraic sum of the static drag force Fd, Eq. (11) and the gust load Fg, Eq. 
(15). The resultant design force which acts at any cross section is the vector sum of the along wind forces and 
the across wind force. 
 

( ) lgd rFFFKF ++= 1                     (17) 
 

Where r is the dynamic magnifier at the design wind speed and k1 is the overload factor, which takes into 
account the uncertainties in loading. The resulting bending moment at any cross-section at a distance z from the 
base of the chimney due to wind loads is given by: 
 

M F
H z

= ⋅
−

2                         (18) 
According to Bureau of Indian standards the temperature effect is accounted by considering the most 
adverse temperature to which the chimney may reasonably be exposed. The anticipated reduction in 
the allowable working stress shall be obtained by multiplying the basic stresses, due to wind or 
earthquake plus self weight, by a temperature coefficient Kt given below (IS6533-II, 1989). 
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Table 5. Variation of temperature coefficient with temperature 

  
 

Temperature, 0C 0-200 250 300 350 400 

Kt 1.0 0.75 0.67 0.6 0.5 

 
It is also recommended to keep the wall temperature of the shell below 4000C. The self weight of 
chimney along with the weight of accessories, such as ladder, platform etc. need to be considered as it will add 
up with the bending stress induced by wind loads. The final design forces are arrived at by combining the forces 
due to: 
 
1. Dead loads + temperature load + service loads on platform + wind load. 
2. Dead loads + temperature load + service loads on platform + seismic load. 
 
It has to be noted that, wind and seismic loads should never be considered to act simultaneously, as 
otherwise the design become extremely conservative.  
 
4.0 Conclusion 
In the present paper, chimney height and diameter have been calculated from draft requirements and from 
environmental regulations too. Conventionally, a circular cross-section is the most popular choice for a stack 
cross section. It is partly because of easiness in construction and partly because of convenience in structural 
design against wind loads (Kenji et al, 1999). After this drag force, lift force and gust load have been calculated. 
Accessories required for safe operation and maintenance are designed based upon the regulations of CPCB 
(Central Pollution Control Board) and Indian Standards. Accessories required are aviation warning lights, 
ladder, maintenance platform, flue opening, lightening conductor and tuned mass dampers etc (Francesco, 
2001). Finally chimney is painted with heat resistant high temperature aluminium paints from inside as well as 
from outside.  
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Abstract  
Energy audit is the key to a systematic approach for decision–making in the areas of energy management. It 
attempts to balance the total energy input with its use, and serves to identify all the energy streams in a facility. 
It quantifies energy usage according to its functions. Industrial energy audit is an effective tool defining and 
pursuing comprehensive energy management programme. In the present work Steam Generators of KRIBHCO 
(Hazira, Surat, Gujarat based Fertilizer company) are studied. Various parameters like pressure, temperature, 
mass flow rate are measured at several key locations of steam generator one and three. Direct and Indirect 
efficiencies are calculated for steam generators. 
 
KeyWords: Energy Audit, Steam Generator, Direct Efficiency, Indirect Efficiency  
 
1.0 Introduction 
As per the Energy conservation act 2001, Energy audit is defined as “ the verification, monitoring and analysis 
of use of energy including submission of technical report containing recommendations for improving energy 
efficiency with cost benefit analysis and action plan to reduce energy consumption”. 
 
2.0 Neeed for Energy Audit 
In any industry, the three top operating expense are often found to be energy (both electrical and thermal), labor 
and material. If one were to relate the manageability of the cost or potential cost savings in each of the above 
components, energy would invariably emerges as a top ranker and thus energy management functions 
constitutes a strategic area for cost reduction. Energy audit will help in identifying the areas where waste can 
occur and where scope for improvement exists. The energy audit gives a position orientation to the energy cost 
reduction, preventive maintenance and quality control program which are vital for the production and utility 
activities. Such programmed audit will help to keep focus on variations which occur in the energy cost, 
availability and reliability of supply of energy, decide on appropriated energy mix, identify energy conservation 
technologies, retrofits for energy conservation equipment etc. 
 
In general, energy audit is the translation of conservation ideas into realities, by lending technically feasible 
solution with economic and other organizational considerations within a specified time frame. 
 
The primary objective of energy audit is to determine ways to reduce energy consumption per units of product 
output or to lower operating costs. Energy audit provides” a bench mark” (reference point) for managing energy 
in the organization and also provide the basis for planning a more effective use of energy throughout the 
organization. 
 
3.0 Types of Energy Audit 
The type of energy audit to be performed depends on: 
 
-Function and type of industry 
-Depth to which final audit is needed and 
-Potential and magnitude of cost reduction desired 
 
Thus energy audit can be classified as: 
 
1. Preliminary audit 
2. Detailed audit 
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4.0 The Kribhco Power Plant 
The Figure 1 shows a block diagram of Power plant process flow. The parts of the system are described here. 
 
4.1 Steam Distribution System  
The three boilers are designed to generate 275 MT/Hr. steam at a pressure of 105kg/cm² and temperature 510ºC 
at the outlet of the boilers. All the three boilers are connected to a single common-header to supply high 
pressure steam to different use points. Proper drains/vents and isolation valves are provided to put one or two 
boilers in service while the remaining boiler may be under shutdown or offloaded. Steam generated from the 
power plant boilers may be supplied to Ammonia plants phase 1&2 both, Urea plants phase 1&2 both, turbo 
generator no 1&2 both, boiler feed pump turbines and numbers 2&4 PRDS of power plant and to offsite plants. 
 
Ammonia plants are supposed to be self sufficient for steam requirement during normal running condition. 
However, during startup shutdown or during emergency period whenever they get insufficient steam from their 
internal generation, ammonia plant may draw steam from power plant header to the extent of 100 MT/Hr/phase. 
 
Urea plant is totally dependant on power plant for the steam requirements. High pressure steam will be used by 
urea plants for the turbines of CO2 compressors. These turbines being Bleed type condensing turbines give 
medium pressure extraction steam for various process requirements. The requirements of steam vary according 
to plant load. Once the plant has stabilized and production has commenced, the Urea plant will also generate 
some 4 ata steam which will be used by them for internal use. The steam line to Urea plants being long and very 
zig-zag has been provided with a number of drain traps to drain off condensate. The urea plant being the prime 
user  of steam and being wholly dependent on power plant, gets priority over TG and other steam users and will 
draw steam to the extent of 275- 280 MT/Hr.       
 
There are two Turbogenerator sets which receive high pressure and high temperature steam from a main steam 
header. Steam is extracted at 12 bar and 0.8 bar from turbine and this is used for regenerative heating of feed 
water.  
 
For each turbine there are two Deaerators out of which one will be one stand-by. Similarly there are two HP 
heaters one of which will be on stand-by. The residual dissolved oxygen content of the boiler feed water is 
reduced to 0.005 ml/ liter by means of these two high level spray and tray pressure Deaerators each of which is 
capable of deaerating 200% MCR boiler flow.  
 
The two horizontal single-pass, U tubes, shell and tube high pressure feed water heaters receive the feed water 
from feed water pumps; heating steam being derived from the associated pass out condensing power turbine or 
from the PRDS. Normally a single feed pump serves one feed water heater. The feed water heater comprises a 
two piece shell, accommodating a multi-tube element. 
 
There are four boiler feed pumps out of which two are motor-driven and two are driven by steam turbines. 
These steam turbines are non-condensing back pressure type. Therefore each pump system comprises of one 
electrically driven unit and one turbine driven unit. Each system draws water from one Deaerator through 
common suction. Suction and shut-off valves are connected to the terminal points of each pump. The pump is of 
eleven stage barrel casing pump, incorporating a multistage diffuser with centrifugal impellers. 
 
There are four pressure reducing and desuperheating stations to supplement the pass out steam from the TG 
turbines. Two of the stations supply steam at a pressure of 13.15 kg/cm² and at a temperature of 270°C to the 
high pressure feed water heaters, while the other two stations supply steam at 1.89 kg/cm² and 150°C to the two 
Deaerators. Normal operation is with one station in each pair on duty and the other two on hot stand-by. 
 
4.2 Draught System  
The Draught plant for each boiler comprises two forced draught fans (A&B) supplying combustion air, and two 
induced draught fans for extracting flue gases (A& B).  
Throughput of F.D and I.D fans are controlled by radial and differential vane control mechanisms respectively. 
All fans run at constant speeds with interlocks. A F.D cannot be started unless its paired I.D fan is running.  
 
The F.D fans are backward curved aerofoil type. They are run by a 270 KW A.C induction motor manufactured 
by LAURENCE, SCOTT AND ELECTROMOTORS. Each fan is 1902 mm dia. and designed to deliver 50.4 
m³/sec of air with density of 1.127 kg/cm², at a pressure of 35 mbar and at a temperature of 40°C. The fan is 
operated at constant speed of 980 rpm. The fans are manufactured by DAVID &SONS CO.  
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The I.D fans have a fan runner, of backward-curved laminar bladed type and are run by a 430 KW A.C 
induction motor manufactured by LAURENCE, SCOTT AND ELECTROMOTORS. Each 2661 mm dia, single 
inlet fan is designed to deliver 75 m³/sec of gas with density of 0.8168 kg/m³, at a pressure of 38.2 mbar and at a 
temperature of 150°C. The fan is operated at constant speed of 740 rpm. 
 
Two numbers of Air Preheaters are provided with each boiler. Both air heaters are of rotary regenerative type 
with rotating elements arranged for air and gas in vertical contra-flow. The main drive is from an electric motor 
located at one side of the unit. 

 
Figure 1 Plant Overview 

 
4.2.1 Abbreviations 
PRDS – Pressure reducing desuperheating station. 
BLR – Boiler 
MUWTS – Make up water storage tank. 
TG – Turbo Generator. 
BFP – Boiler Feed Pump. 
RAH – Rotary Air Preheater. 
HRA – Heat recovery arrangement. 
DA – Deaerator. 
HTR – Heater. 
AMM – Ammonia process plants. 
DMW – Demineralizing water plant 
UTCST – Urea Treatment condensate steam. 
 
4.2.2 Specifications of steam generato 
No off                         - Three (two running) 
Capacity                      - 275MT/Hr. at 105 Ata and 510°C 
Fuel fired                     - 2045 kg/hr. of natural gas 
Air for Combustion     - 291850 kg/hr 
Blow down                   - 2% of generation  
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5.0 Calculations 
At the time of performing energy audit two of the three steam generators were working. The details of fuel used 
and method of energy audit is shown here. 
 
5.1 Details of Fuel 
The table 1 shows fuel sample analysis of the natural gas used in the power plant.  
 

Table 1 
 
 

Constituent % age Molecular wt of constituents Proportional weight of element 

  C H O N C H O N 

CH4 88.7 12 4   1064.4 354.8   

C2H6 6.69 24 6   160.56 40.14   

C3H8 3.02 36 8   108.72 24.16   

C4H10 0.84 48 10   40.32 8.4   

C5H12 0.06 60 12   3.8 0.72   

CO2 0.57 12  32  6.89  18.24  

N2 0.12    28    3.36 

 
  
Table 2 shows the proportion of constituents of natural gas.   

 
Table 2 

 
Constituent Proportional wt of element  % of analysis (w/Σw x 100) 

C 1384.44 75.47% 

H 428.22 23.34% 

O 18.24 9.94 X 10-3 

N 3.36 1.831 X 10-3 

 1834.26  

 
5.2 Calculations of Theoretical Air Requirement and Actual Air Supplied 
 
5.2.1 Theoretical air requirement. 
 
 Theoretical air required for complete combustion  
    
 = [(11.43  × C) + {34.5 × (H2 – O2/8)} kg/kg of fuel 
   100 
 
 = [(11.43 × 75.47)] + (34.5 × (23.34 – 0.00994/8)) 
           100  
 
 = 16.675 kg/kg of fuel 
 
Where, C, H2, O and N are the percentage of carbon, hydrogen, oxygen, and Nitrogen present in fuel. 
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5.2.2 Excess air supplied (EA) 
 
O2%    = percentage oxygen in flue gas 
            =2.42% 
 
Excess air supplied    
  
  =        (O2% × 100)           [from fuel gas supply] 
                (21-O2%)   
   
=         (2.42 × 100) 
              (21 – 2.42) 
 
=          13.025 % 
 
5.2.3 Actual mass of air supplied / kg of fuel (AAS) 
 

= (1+EA /100)× theoretical air 

= (1 + 13.02) / 100 × 16.67 

= 18.841 kg/kg of fuel 

 
Mass of dry flue gas  

= Mass of CO2 + mass of N2 in fuel + mass of N2 in combustion air + mass of oxygen  in air 

= 0.7547 x 44/12 + 0.0012 + 18.255 x 77/100 + (18.255 – 16.675) x 23/100 

= 17.776 Kg/Kg of fuel 

 

5.3 Indirect Method 
The various losses associated with the operation of a boiler are as follows: 
 
5.3.1  Heat loss due to dry flue gas 
 
L1  =   m× Cp× (Tf - Ta)  × 100 
                   GCV of fuel 
   Where, 
 

  L1           = % heat loss due to dry flue gas 

  m             = mass of dry flue gas in kg/kg of fuel 

  Cp           = specific heat of flue gas in kcal/kg 

   Tf           = flue gas temp. 

   Ta           = ambient temperature. 

   L1           =  17.776 × 0.2413 × (104 – 34) × 100 

 12253.54  

  L1            = 2.4537 % 

 
5.3.2 Heat loss due to evaporation of water formed due to H2 in fuel (L2) 
 
   L2            =   9 × H2 × {584 +Cp (Tf -Ta)}× 100 
                                GCV of fuel  
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    Where, 

     H2          = % of hydrogen present in fuel on 1 kg basis 

     Cp           = specific heat of super heated steam in kcal/kg 

     L2          = 9 × 23.34 × (584 + 0.4498 (104 – 34)) × 100 

  12253.54 

     L2          = 10.567 %  

 
5.3.3 Heat loss due to moisture present in air 
 
    L3            = AAS × humidity factor × Cp ×  (Tf -Ta) ×100 

                  GCV of fuel 
 

    AAS        = actual mass of air supplied per kg of fuel 
 
    Humidity factor    = 0.0135 kg of water /kg of dry air 

     Cp                        = specific heat of superheated steam in Kcal/kg 

                                  = 0.4498 Kcal/Kg°K. 

     L3                        = 18.841 x 0.0135 x 0.4498 (104 – 34)) x 100 

  12253.54 

      L3                        = 0.0654 % 

 

5.3.4 Heat loss due to radiation and convection (L4). 
 
Normally surface and other unaccounted losses are assumed based on the type and size of the boiler as given 
below. 
 
Radiation loss     L4  = 0.3% 
 
Boiler efficiency  = 100 – (L1+L2+L3+L4) 
 

η = 86.614 %. 
 
5.4 Direct method 
 Boiler Efficiency  = Q × (H – h) ×100 
    (q × GCV) 
 
   Q            = steam flow rate. 
    H           = enthalpy of steam leaving boiler. 
    h           = enthalpy of feed water. 
   q            = fuel firing rate  
   GCV      = Gross calorific value of fuel. 
   H           = 819.398 kcal/kg. (From p= 102 bar and t =515°C) 
    h           = 238.56 kcal/kg. (From t = 2°C) 
   Q           = 195.6 ton/hr. 
   q            = 10.5 ton/hr.         
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    Boiler efficiency 
   
=      195.6 × (819.398 - 238.56) × 100 
                  10.5 ×12253.54 
 
= 88.302 % 

 
6 .0  Results and Conclusion 
Similarly efficiency of steam generator 3 can be calculated using the above method. Results of efficiencies of 
both the steam generators are shown in table 3. 
 

 Table 3 
 
 

 

 
 
It can be concluded from the calculation method that, Indirect method is more detailed and accurate. Amount of 
Losses and their location can be identified be indirect method. 
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Abstract 
The present paper investigates the transient behaviour of an evaporator for a window air-conditioner charged with 
R22 as refrigerant. The knowledge of the transient behaviour is important to develop control equipment for the air-
conditioning (AC) and heat pump (HP) systems which in turn, used to regulate the position of the interface (liquid-
vapour) point close to the end of evaporator exit. This will allow the maximum efficiency and prevent any liquid 
refrigerant to enter in the compressor. A distributed parameter model is developed by discritizing the continuity and 
energy equations over the space and time span, using implicit finite difference approach. The purpose of the model 
is to predict the distribution of refrigerant, tube-wall and air, temperatures, quality and mass fow of refrigerant as a 
function of position and time under the step change.  An efficient iterative method is used to obtain the numerical 
solution of the model. Simulation programme is developed using MATLAB software package linking with REFPROP 
for refrigerant properties. The simulation results suggest that the refrigerant mass flow can control the interface 
point which in turn can control the air distribution over the tube.  
 
KeyWords: Air-conditioning and heat pump; transient behaviour; evaporator; computer modelling 
 
1.0 Introduction 
The air-conditioning (AC) system used for residential cooling requirements is generally based on vapour 
compression refrigeration system.  The main components of this system are compressor, condenser, expansion 
device and evaporator.  The evaporator used in a typical window air-conditioner is a dry-expansion type made of a 
tube fin heat exchanger (See Figure 1). Generally the transient behaviour of an evaporator results from both energy 
and mass accumulation. The heat capacity of the pipes and refrigerant acts as a reservoir of heat energy and the two-
phase flow taking place inside the evaporator pipes is the reason for mass accumulation. The knowledge of the 
transient behaviour of an evaporator is necessary for the design of an appropriate control system as there are two 
contradictory demands for an evaporator, (1) no liquid refrigerant leaves the evaporator otherwise that may damage 
the compressor, (2) the position of the interface (liquid-vapour) point has to be kept near the end of the evaporator to 
allow the maximum efficiency.  
 
In literature, there are two categories to model evaporator: the lumped-parameter approach or spatially distributed 
approach. Dhar and Soedel (1979) and Chi and Didion (1982) have used the first category while MacArthur and 
Grald (1989) and Nyers and Stoyan (1992) have used the second category to model the evaporator. Wang and Touber 
(1991) concluded that the distributed parameter models provide the most complete information and best insight into 
the dynamic behaviour of the evaporator. Jia et al (1995) and (1996) used the distributed parameter model for the 
prediction of transient response of an evaporator. The main objective was to study the air temperature distribution 
inside dry-expansion evaporator.  
 
In this paper, a distributed parameter model is used for an evaporator of a window air-conditioner charged with R22 
as refrigerant. The model is formed by discritizing the continuity and energy equations over the space and time span, 
using implicit finite difference approach. The objective of the model is to predict the distribution of refrigerant, tube-
wall and air, temperatures, quality and mass flow of refrigerant as a function of position and time under the step 
change in refrigerant mass flow rate. An efficient iterative method is used to obtain the numerical solution of the 
model. Simulation programme is developed using MATLAB software package linking with REFPROP for 
refrigerant properties. 
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(a) Pictorial view (b) Top view
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Figure 1. Schematic representation of an evaporator, (a) Pictorial view, (b) Top view 
 
2.0  Theoretical Analysis 
The following assumptions are made to develop simplify model for simulation. 
 
2.1  Assumptions  
 
1) Flow in the heat exchanger is one dimensional. 
2) Pressure drop along the length of heat exchanger is negligible. 
3) Axial conduction in the refrigerant tube wall is negligible  
4) Liquid and vapour refrigerant in the heat exchangers are in thermal equilibrium  
5) Refrigerant mass flow rate is uniform for each circuit. 
6) Evaporator surface on air side is assumed to be dry without any condensation of moisture.  
7) The kinetic and potential energy term are neglected in energy equation. 
8) The air-side heat transfer coefficient is assumed to be constant. 
9) Thermo-physical properties of tube and fins are assumed to be constant. 
10) Appropriate void fraction model (Razzak et al., 1995) is considered for two phase flow to calculate density as a 

function of local quality of the refrigerant.  
11) The evaporator is considered as single tube per row in a cross-flow.  
 
2.2 Mathematical Model  
On the basis of the above assumptions and applying the conservation equations of mass and energy on refrigerant, 
air and tube wall, the following governing equations can be readily obtained. 
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Figure 2. Mass and energy interaction of an element for numerical solution 
 
 

3.0 Numerical Solution 
To solve the above mathematical model numerically, the evaporator has been divided in to number of small 
elements of length dz = 2.54 cm. Figure 2 represents the mass and energy interaction for an element, where z is the 
direction of refrigerant flow and y is the direction of air flow. For each element, the governing differential equations 
can be readily discretised into the following implicit finite difference forms.  
 
The evaporator has two distinct flow regions one two-phase and other is single-phase (superheat). Therefore the 
position of interface (x = 0.99), at which flow changes from two-phase to single-phase is critical to the solution of 
the system as it determines the number of unknowns and the correlation to be used for determining the heat transfer 
coefficient. Although the position of interface is critical, it is unknown beforehand and varies with time. To 
overcome this problem an iterative method is employed. The calculation starts from refrigerant inlet in two-phase 
region i.e. m =1 as shown in Figure.2, and proceeds element by element until interface occurs. In order to start 
calculation one needs a set of initial condition and two time dependent boundary conditions. The initial condition 
can be set as steady state by considering the time derivative terms as zero and the boundary conditions are set as 
mass and enthalpy flow through capillary exit.  The heat transfer coefficient on refrigerant and air side can be 
calculated by the correlations given by Kandlikar’s (1990) and Turga et al. (1998) respectively. 

 
4.0 Results and Discussion 
To illustrate the fundamental characterestic of the model and to understand the transient behaviour of an evaporator, 
results will be presented for an inlet refrigerant flow disturbances. The simulation is run in an open-loop fashion by 
keeping the evaporator pressure constant at 618 kPa such that the evaporator temperature has no impact on results. 
Moreover, the inlet enthalpy is maintained at 277 kJ/kg and the dry-bulb temperature of entering air to the coil is 
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maintained at 300K. Refrigerant flow disturbances are introduced by either making a step increase in a flow from 
0.0650 kg/s to 0.0825 kg/s or by making a step decrease in flow from 0.0825 kg/s to 0.0650 kg/s. Figures 3 ,4 and 5 
show the results of the simulation for a step increase and a step decrease in the refrigerant inlet mass flow rate.   The 
response to the interface point is clearly differs depending upon weather the refrigerant mass flow is increased or 
decrease and so also for the degree of superheat because the movement of interface point directly affects the degree 
of superheat. Figure 3 (a) and (b) show the response of the interface point which clearly indicates that a step increase 
in the mass flow increases the length of interface by 0.41 m and decreases the degree of superheat by 3.4° C while 
the step decrease in mass flow decreases the length of interface by 0.406 m and increases the degree of superheat by 
3.01° C. Response of the, refrigerant, tube-wall and air temperatures is also illustrated for the end node point in 
figure 4 (a) and 4 (b), for an increase and decrease in a flow respectively. It shows that the step change has been 
introduced at 25s and by 50s the evaporator has reached to its new steady-state value. The time taken by the system 
to respond to the step changes in order to reach the new steady state position is called time constant which comes out 
to be 25s.     
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(a)                  (b) 
Figure 3. (a) Interface length, (b) Superheat, for step increase and decrease of inlet refrigerant flow 
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 (a)                    (b)  
Figure 4. Variation of, refrigerant, tube-wall and air, temperatures with time at the end-node point for  

(a) Step increase (b) Step decrease 
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Figure 5.  Air temperature difference along the length over a first row tubes for step changes  
 
Figure 5 shows the air temperature difference along the length over a first row tubes for step changes. It illustrates 
that by controlling the refrigerant mass flow rate one can control the interface point and ultimately can control the 
air temperature of the coil.  From figure 5 one can easily make out where the interface point exists, as there is a 
significant drop in the air temperature difference.  On a normalised length scale, zero corresponds to the entry of the 
evaporator and one corresponds to the exit of evaporator.  One may also notice from the figure 5 that the air 
temperature difference reaches maximum in the middle of the evaporator and then it significantly lowers towards the 
end.  Thus by controlling the interface point towards the end one can get lower degree of superheat and uniform air 
temperature distribution over the tube. 
 

5.0 Conclusion
A distributed model is developed to simulate the transient behavior of an evaporator for the step increase and decrease in 
mass flow rate. From the results one can conclude that the refrigerant mass flow rate can control the interface point which 
leads to the control of degree of superheat and in the end the air temperature distribution over the coil. There is no 
significant difference as far as the step increase and decrease is concern in terms of time constant. While the model is 
developed for evaporator only, the technique can be extended to the heat exchangers in general with simple 1-D 
two-phase flows.  In the present paper the simulation is restricted only to the open-loop by keeping the evaporator 
pressure constant but it can be combined to the various components like compressor, condenser and capillary of a 
window air-conditioning unit to make an overall closed-loop system. The simulation in closed loop will able to take 
care the energy and most importantly the pressure transient due to the mass accumulation. 
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Abstract  
Energy conservation is one of the important tools for cost reduction in industries in order to face the challenges 
posed by globalization. The usage of compressed air is high in industries due to increased level of automation. 
Several operating parameters influence the power consumption by air compressors directly or indirectly. Some 
of them are definite and their optimum value can be fixed using conventional techniques. Whereas some of the 
parameters required advanced techniques to identify their influence and determine the optimum values. Fuzzy 
logic is used to optimise such of parameters viz. operating pressure bandwidth, receiver volume and number of 
operating cycles of the air compressor based on certain non deterministic values of leakage and miscellaneous 
usage of compressed air. Developed logic is applied to an industrial situation with load / unload type of control 
and the results are encouraging.  
 
Keywords: Energy conservation, fuzzy logic, operating pressure bandwidth, receiver volume and air        
compressors 
 
1.0 Introduction 
Compressed air is an important resource for most of the automated industries and it is difficult to imagine a 
factory without a compressor (Kaya et al., 2002).  Compressed air production is an expensive process and for 
some industries the annual operating cost of compressors can amount up to 70% of the total electricity bill (Risi, 
1995). Cost effective efficiency opportunities in production and usage of compressed air are often ignored by 
the industries due to various reasons (Terrel, 1999). Hence the study on energy saving opportunities in the 
compressed air supply systems becomes important.  
 
1.1 Parameters Influencing Power Consumption in Air Compressors 
The power demanded by a compressor at any instant depends on the operating pressure, the capacity of the air 
compressor (discharge volume) and the efficiency of the compressor.  The energy consumed by the compressor 
over a period of time depends on the ratio of the actual consumption of air to the capacity of the compressor 
during the same time period.  In other words it depends on the percentage of time the compressor is under 
loading.  The air consumption over a period is the sum of the air consumed actually by the pneumatic systems 
and appliances (Qsys), unwanted but unavoidable leakage in the pipelines, fittings and hoses (Qleak) and the 
miscellaneous usages (Qmis).  Out of these three quantities, the Qsys, which is independent of compressor 
operating pressure, is not constant always and it varies depending on the simultaneous working of the pneumatic 
system components and tools and the variation is in the positive or negative side of average consumption.  The 
leakage value is somewhat constant but depends on the maximum pressure available in the line.  If the pressure 
in the line increases, the Qleak also increases or otherwise.  The miscellaneous usage depends on the nature of the 
industry and its operating practices. Several industries use compressed air at higher pressure even for cleaning 
purposes which can be totally eliminated.  The variations in Qsys, Qleak and Qmis  leads to unpredictable variations 
in the consumption and hence variation in the loading time of the air compressor. 
 
1.2 Energy Savings in Air Compressors – Present Scenario  
Several research publications and recommendations are available for energy saving activities in compressed air 
supply systems.  Eliminating leakage is recommended by many authors (Risi, 1995; Bill Howe and Bill Scales, 
1998; Herron, 1999; Terrel, 1999; Kaya et al, 2002 and Chris Schmidt and Kelly Kissock).  Installation of 
energy efficient motors and reducing the air intake temperature also proved to produce considerable savings 
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(Kaya et al, 2002).  Reduction of operating pressure by a permissible value is recommended by several authors 
(Risi, 1995; Holdsworth, 1997; Terrel,1999; Kaya et al, 2002; Ueno and Bye, 2003; Bureau of Energy  
Efficiency, 2005 and Nithiyanandam et al, 2005). Compressor control methodology also plays a vital role in the 
energy consumption (Risi, 1995; and Terrel,1999). Load / unload type of control is most suited for medium and 
small size systems and is mostly used (Terrel,1999).  The size of air receiver can influence the energy 
consumption at partial capacity utilisation levels (A sourcebook for industry,2003 and Nithiyanandam et al, 
2005).  
 
1.3 Fuzzy Based Approach 
The fuzzy methods give good performance in controlling non linear system (Boada et al, 2006). Fuzzy based 
control strategy is used even for controlling machining process (Yan and Liao, 1998 and Liang et al, 2004). 
Fuzzy logic modelling is a powerful tool for exploring complex problems (Chen et al, 2000). Due to the inherent 
advantages fuzzy based control systems are used for inspection (Wei Xu and Tapio Frantti, 2002), vehicle 
trajectory control (Cho and Yi, 2004 and Boada et al, 2006) and building ventilation (Marjanovic and Efterkhari, 
2004). In fuzzy logic models, information is processed in terms of fuzzy sets, made precise through the 
definition of an associated membership function. The specific inference is then processed by the fuzzy set 
combined with fuzzy rules. The fuzzy logic model combines one or more input signals, which are defined by the 
fuzzy sets, with a collection of fuzzy rules to produce an output that can be compared with actual values in the 
real world. Two fuzzy logic types namely: Mamdani type and Sugeno type (Mamdani and Assilina, 1975 and 
Sugeno, 1999). The advantage of fuzzy logic is that the use of fuzzy logic enables the heuristic rule based 
technique commonly applied to discrete variables to be extended for use in the continuously variable situation, 
without significantly increasing the size of the rule base. 
 
Variation in the consumption which affects the energy consumption is seldom dealt by the authors. As the 
quantity of air consumed by the industry over a period of time is not constant and the as the variation cannot be 
predicted exactly, the existing method of determining the operating parameters lacks to conserve the energy to 
the maximum possible extent. Due to the uncertainty and non linearity of the air consumption, a sophisticated 
tool like fuzzy is required for estimating the operating parameters so that the power required is minimum. This 
paper proposes a fuzzy based approach to determine the operating parameters in varying consumption 
conditions so that maximum energy saving is achieved. 
 
2.0 Compressed Air Supply System 
In the industrial compressed air supply system, if more than one compressor is used, they are connected to a 
common receiver even if each compressor has its own receivers.  If the control mode is load / unload type, one 
of the compressors is run with load / unload mode and the other compressors run continuously. The operating 
pressure bandwidth is the minimum and maximum pressure between which the compressor operates. When the 
pressure inside the common receiver crosses the upper limit of the pressure bandwidth, the compressor will be 
unloaded and when the pressure falls below the minimum value it will be loaded again. Operating pressure 
bandwidth is decided based on the maximum pressure required inside the plant, sudden and surging demands 
and some assumed safety margin. Normal tendency in the industry is to set the maximum pressure at much 
higher level due to various reasons. Compressors working with load/unload mode of control are normally set 
with constant pressure bandwidth. The receiver volume plays a major role in supplying air for surging demands 
that at times may be more than the compressor output. The power required to operate the air compressors is 
proportional to the upper limit of operating pressure bandwidth of the compressed air supply system, which is 
evident from the following formula  (Anthony Esposito, 2004). 
 
 
 
Theoretical Power (KW) =                                                  (1) 
 

          
 
Where Pin  is the compressor inlet pressure and Pout is the compressor outlet pressure.  
 
3.0 Problem Description 
Reducing the upper limit of pressure bandwidth will reduce the power consumed but at the same time it reduces 
the possibility of supplying sufficient quantity of air during long surge requirement periods. Increasing the size 
of the receiver to the level that stores sufficient volume of air to supply even during such periods. At the same 
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time when the pressure reduces, the pressure dependent consumption (Qleak and Qmis) will also reduces. This will 
lead to reduced loading time which additionally reduces total energy consumed. But identifying optimum level 
of pressure bandwidth and receiver size becomes more subjective and this is attempted using fuzzy logic in this 
work.  
 
4.0 Solution Methodology 
The compressor air system parameters viz, pressure bandwidth and receiver volume are fuzzified and fuzzy 
analysis is made to locate the optimum range for pressure bandwidth and optimum value for receiver volume so 
that they will lead to minimum energy consumption. 
  
4.1 Fuzzy logic system 
A fuzzy logic model is a fuzzy interference system or a fuzzy ruled based system. The main advantage of fuzzy 
model in comparison with conventional mathematical models is the possibility of elaborating them on the basis 
of far lesser amounts of information about a system. The fuzzy logic translates the mathematical control strategy 
into the linguistic control strategy. Figure 1 shows the fuzzy reasoning module used for this problem, in which 
the measurement values of operating pressure bandwidth (Pmax) and receiver volume (Vr) are used as input 
variables. The output is the of power consumption by air compressor. The three modules (fuzzification, 
inference and defuzzification) of fuzzy reasoning are explained in the following sections. 
 
4.1.1 Fuzzification sub modul: 
The fuzzification sub module performs the fuzzification of input variables, i.e., it converts a crisp value of an 
input variable into a fuzzy set to make it compatible with a fuzzy set representation of the input variables in the 
fuzzy rule antecedents. To enable these crisp inputs into their corresponding fuzzy inputs, their membership 
functions are determined first. The membership value is represented by a real number ranging between 0 and 1. 
The fuzzy  membership function can be described as follows: 
  

 K = {(x, μK (x)) | x ε K , μK  (x) ε [ 0,1]}       (2)  

      
Where μK (x) is the membership function specifying the grade of degree for any element x in K which belongs 
to the fuzzy set K. The larger values of  μK (x) indicate the higher degrees of membership. To provide enough 
rule coverage, five fuzzy sets are used for both inputs and outputs. To obtain fast calculation results, triangular 
shaped membership functions are used for inputs and outputs.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
In this application, the membership functions are divided into five regions, which are linguistically labled as: 
Very Low, Low, Medium, High and Very High, i.e., VL, L, M, H and VH. As an example, in Figure 2, where an 
input variable operating pressure bandwidth (Pmax) is fuzzified to Low (L) at UL degree of membership and to 
Very Low (VL) at UVL degree of membership. Another input variable receiver volume (Vr) is fuzzified to High 
(H) at UH degree of membership and to Very High (VH) at UVH degree of membership.                 
 
4.1.2 Inference sub modul 
A fuzzy inference is used to determine the fuzzy output which is based on fuzzy rules and the membership 
degrees of the fuzzy inputs. The fuzzy rule base consists of linguistic relations between input variables and 

Figure 1. Fuzzy Reasoning Module 
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output variables which are designed by a collection of if-then rules. Based on input and output variables twenty 
five set of rules are developed for this system as shown, graphically in Table 1.  
The rules are in the form: 
 
Rule 1:   IF operating pressure bandwidth (Pmax) IS VL 
  AND receiver volume (Vr) IS VH 
  THEN possibility of power consumption IS VL 
 
Rule 2:   IF operating pressure bandwidth (Pmax) IS M 
  AND receiver volume (vr) IS M 
  THEN possibility of power consumption IS M 
 
Rule 3:   IF operating pressure bandwidth (Pmax) IS VH 
  AND receiver volume (Vr) IS VL 
  THEN possibility of power consumption IS VH     etc., 

 
From the above set of rules we identified four fired rules which is used for getting the optimum solution and 
defuzzification module process.  
 
4.1.3 Defuzzification module 
The defuzzification converts the inferred fuzzy results into the crisp value. The defuzzification method used in 
this work is based on  “the centre of area” method and the defuzzification outputs are the controlled power. 
This method yields 
 
                    Σn

j=1  μc ( Zj ) Zj (3) 
          Z =   
         Σn

j=1  μc ( Zj )  
 
Where n is the number of quantization levels of the output, Zj  is the amount of control output at the quantization 
level j and μc (Zj) represents its membership value in the fuzzy output set. 
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5.0 Results and Discussion 
The fuzzy reasoning module generates the output map for operating pressure bandwidth (Pmax) and receiver 
volume (Vr), in accordance with the fuzzy rule table developed. When the operating pressure bandwidth is VL 
(Very Low) and receiver volume is VH (Very High), the power consumed by the compressor is VL (Very Low), 
which is evident from the table 1. The result gives a range of pressure and different receiver sizes that will result 
in very low power consumption. This is because, the pressure though at minimum level requires less power, it is 
not possible to operate the compressor is one pressure value and it requires a range. The range identified so can 
be appropriately fixed depending on the industry and its operating conditions. For example, the industry with 
less fluctuation in terms of surging demand can be fixed with Very Low pressure bandwidth and Very High size 
of receiver. The power consumption by the air compressor at receiver condition is shown in Figure 3.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Power consumption with respect to operating pressure bandwidth (Pmax) and receiver volume (Vr), shows that 
the power consumed by the compressor will decrease when the size of the receiver in the compressed air supply 
system increases and when the pressure bandwidth in the compressed air supply system decreases. 
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Figure3. Power consumption with respect to various levels of operating pressure bandwidth (Pmax) 
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6.0 Conclusion 
The fuzzy reasoning module developed to identify the optimum values of pressure bandwidth and receiver 
volume for any specific industry need, can be used for industries with reasonable savings in energy 
consumption. From the simulated result it is proved that, the reduction in operating pressure bandwidth and 
increase in the receiver size identified using fuzzy logic will minimize the power consumed by compressed air 
supply system. This method can be extended to other operating parameters also, depending on the nature and 
consumption pattern of the industry. The study on the quantum of energy savings by this method compared with 
that of any other existing methods to be carried out. 
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Abstract 
Now a days, in many industries huge amount of flue gases are exhausted every day. If coal is used as a major fuel 
then exhaust gases contains the content of Sulphur dioxide in it, as coal has Sulphur content in it. This creates great 
air pollution. In order to reduce the content of Sulphur dioxide in atmosphere the Fuel Gas Desulphurization Plant 
must be adopted by Indian Industries. This paper finds important factors, which help to implement FGD Plant in 
Indian Industries located near the sea area, so that air pollution can be greatly reduce.    
 
Key Words : 1.  FGD-Fuel gas Desulphurization. 
          2 .  GGH-Gas to gas heat exchanger. 
 
1.0  Introduction 
FGD, fuel gas desulphurization plant is generally adopted by Indian Industries like Tata Power Co. Ltd., Trombay 
Thermal Power Station. Mumbai. Generally Anthracite, Bituminous, Subbituminous and lignite is used by Indian 
Industries as a major fuel. These have different carbon content in it as shown in table 1. 
 

Table 1 Carbon content in various type of coal. 
 

S. No. Type of Coal Carbon content (%) 

1. Anthracite 86-98 

2. Bituminous 45-86 

3. Sub Bituminous 35-45 

4. Lignite  25-35 

   
 
Lignite is mainly used for electric power generation. This has more Sulphur content than any other field. When the 
coal is burned during the operation of plant it emits Sulphur dioxide in exhaust gases. If the emission of Sulphur 
dioxide is beyond certain limit then it creates great air pollution. The process of removing oxides of Sulphur from 
flue gases is called FGD.  
 
In 70’s limestone slurry is used as the medium for removing oxides of Sulphur. But in this method difficulties like 
scaling failure of slurry pump, corrosion etc. were experience. Now process of utilizing sea water for absorbing and 
neutralizing of absorbed Sulphur dioxide is used in the industries located near sea area. As seawater is alkaline in 
nature, it is this property, which is used in absorption of acidic Sulphur dioxide from boiler flue gases in the 
scrubber tower.  
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As FGD plant is adopted due to following reasons:  
 
1) Process Operability: - Process is simple and reliable, do not required addition of chemicals as only sea water 

and air is used. No solid is formed in process and hence air will be neither land disposal nor scaling in process 
equipment. It has low operation and maintenance cost. 

2) Process Simplicity: - Process is simple and consist dust collector, reheat equipment and sea water treatment 
plant. 

3) Process Efficiency: - No cost of chemicals, negligible amount of fresh water needed, maintenance cost are 
lower than for more complex FGD processes. 

4) Sulphur dioxide is oxidised to harmless Sulphate ions. 
5) Scrubber is not subjected to clogging. 

 
2.0 Reason Why Sea Water is So Suitable for Absorbing Sulphur Dioxide 
1) Seawater by nature is alkaline with ph level around 8 to 8.3. It consist excess of calcium and sodium carbonate 

like limestone and soda in solutions. These components give seawater a substantial capacity to absorb and 
neutralize Sulphur dioxide from flue gases.  

2) The natural seawater is rich in Sulphur. One tonn of fresh seawater contains nearly one kg of pure Sulphur in 
the form of Sulphate in solution. The absorbed Sulphur dioxide is transformed into Sulphate ions, which is a 
neutral and necessary constituent of seawater for marine environment.  

 
 Fig 1. Shows the basic structure of FGD plant. 
 
3.0 Reaction In Scrubber Tower 
 
SO2 (g) + H2 O + 1/2 O2 =2H +          (1) 
 
HCO3

- + H+ = CO2 (g+l) + H2O         (2) 
 
FGD Plant can be situated at ground as well as at a height. The booster fan is used to suck exhaust gases, which is 
made to be free from Sulphur dioxide. Booster fan in this have variable pitch blade. In the outlet water from 
scrubber tower the water contain oxides of Sulphur dioxide, which is then arreated with Oxygen to reduce pollution 
in seawater. This can be illustrated in fig. 2. 
 
3.1 Types Of FGD Plants 
1) Quencher before scrubber tower is used. In this no GGH is used and before scrubber tower booster fan is used.  
2) No quencher is used. In this case GGH is used. Booster fan is used after scrubber tower.  
 
4.0 Quencher and GGH 
GGH has circular structure having number of baskets in it. It is rotating clock wise at a speed of 1 RPM. It is divided 
into two halfs, from first left and half hot gases passes and cool down by giving its heat to the baskets. Then they 
pass through second half and gets heat up as GGH is rotating clock wise. But in case of quencher spray of water is 
used for varying temperature of water.  



 80

 



Proceedings of the National Conference on 
Trends and Advances in Mechanical Engineering, 

YMCA Institute of Engineering, Faridabad, Haryana.., Dec 9-10, 2006. 
 

 81

 

 
5.0 Conclusion 
By the efficient use of FGD plant, the amount of Sulphur dioxide in to the atmosphere can be reduced. As exhaust 
gases from burning of coal contains content of Sulphur dioxide in it e.g. during the working of thermal power plant 
this conditions happens. Which creates air pollution. 
Based upon importance of various factors industrialists can make an FGD plant implementation. This makes clean 
atmosphere even in the more rapid growth of industries now a days. 
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Abstract 
With the increasing population, increasing energy tariff, depletion of conventional energy resources, 
atomospheric pollution and the urgent need to conserve energy, saving, money and to increase overall 
effeciency of usage energy utilization, conservation and management is a burning topic of the day. Energy is 
being used in varied spheres such as agriculture, mining, industry, households etc. Every nation is adopting 
energy efficient devices and measures by promoting research and development, giving financial incentives etc. 
In this paper we shall concentrate upon conservation of energy by re-cycling and conserving water resources, 
conservation of electrical energy by using latest, upgraded and efficient motors, improved means of 
illumination, controlling heating and cooling or air-conditioning in domestic and industrial sector. We shall 
also discuss development in modern day transformers, cabling, earthing pits, power factor. The paper also 
highlights the need to conserve and efficiently use various fuels. It also focusses upon alternative energy 
resources. 
 
KeyWords: Efficient Energy Utilization, Conservation, Management. 
 
1.0 Introduction 
My work is based upon practical experience in the Industry and deals with modern day innovations, techniques 
and devices being used to measure losses, adopt more efficient measures and methods to enhance energy 
utilization and conservation and management. 
 
1.1 Conservation and Re-Cycling of Water 
Water is a precious natural resource and world's total availability only 3% is portable, out of which only a 
fraction is available in the form of rivers, ponds etc. Thus one litre of water conserved/recycled implies one litre 
of water re-generated and equivalent amount saved, which could mean anything above 5 paise. per litre. It is 
much more in developed and cold countries. 
If an industry used 10 tonnes of water per day and the same is not re-cycled it could mean a loss of more than 
Rs. 1000 per day. This is particularly important in case of continuous and or chemical plants. Calculated over a 
period of years and over thousands of industries it could well amount to millions of dollars. 
In tropical countries like India where rain fall is abundant we can do roof top harwesting and drain the same in 
nearby handpumps to recharge the ground water level. The ground water level has receeded greatly in 
agricultural countries like India with the passage of time and introduction of tube-wells and submersible pumps. 
Rising of the underground water level by a few centimeters could mean saving of millions of rupees in terms of 
electricity tariffs. 
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Figure1. Water Recycling in a 100 metre high chemical plant 
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Index  
1. Water pumping system to different stories of the plant 
2. Water Inlet lines 
3. Top of the 100 metre plant 
4. Return line to ground floor under ground water storage reservoir 
5. Return line to cooling tower 6. storage tank 
6. sub-mercible pump 
7. Water storage tank 
8. Under ground water storage reservoir for water recycling. 
 
2.0  Conservation of Electrical Energy 
Of the world's total energy consumed approx. half is in the form of electrical energy. Electrical motors alone 
consume 25 to 40% of the world's total electricity generated. This percentage is as high as 65 to 70% in USA. 
 
2.1 Electrical Motors  
They should never be loaded more than 75 to 100% of the full current rating. Consumption increases by 10% if 
motors are loaded beyond these limits. We should use electronic variable speed drives (VSD's) to controll speed 
and torque of A.C. motors, this leads to a saving of above 20%. We should use higher grade core steel, thinner 
core laminations and reduced windage design. We should always use the right size and the right capacities. Soft 
core, more core and more laminations imply reduction of power consumption by about 15 to 20%. Motor should 
periodically be checked for no load and peak load current. Good quality insulated wires should be used, 
terminals should be checked for carbonization. In case of higher current being drawn; the shaft, bearings and the 
winding should be inspected. Lubrication is of prime importance. The shaft should be repaired or replaced in 
case of change in diameter or damage. Power banks or UPS systems should be installed to create a buffer 
because in case of repeated power failures the starting current and torque is much more than the usual. 
 
2. 2 Earthing Pits & Cabling 
The better the earthing quality, higher is the energy utilization, lesser the losses and higher is the power factor. 
The effectiveness of earthing can be measure by ohm metres. The earthing pits should be dug to a depth greater 
than 20 ft. Its nearness to the ground water level is much preferred. Periodically salt and charcoal powder should 
be added to them. 
We should always use the right core, insulation and size of current carrying cables. This is particularly important 
in case of a.c. transmission. The shortest length of cable should be calculated and estimated before actual laying 
of cable is done. 
 
2. 3 Illumination and Lightening 
In tropical countries like India, sun light is available for more than 10 hours per day but in temperate and arctic 
zones it could be as low as three hours per day. Thus illumination and lightening are topics of great interest. We 
should use sky lights and pipe lines to use natural day light thereby lessening the demand for electricity. In case 
of white backgrounds or where light coloured material is being manufactured the level of illumination can be 
decreased proportionately. 
Earlier tube lights referred to as T-12 had a diametre of 1.5 inches as compared to modern day T-8 series which 
measure only one inch in dia. These consume 32 watts as compared to 40 watts and above in the former case. 
Tungstan-halogenlamps are even better as they trap invisible infrared radiation an convert it to visible light. 
Another recent development is High Intensity Discharge (HID) lamps. These are devoid of filaments and 
discharge is passed through gases. These have among the longest life i.e. 10,000 to 25,000 hours. These include 
mercury vapour, metal halide (MH) and high pressure sodium lamps. High pressure sodium lamps are used for 
lightening of public places today. They are 60% more efficient them mercury vapour lamps. 
We should use dimming controls when an area or space is not in use. We should switch off lights, fans, devices 
and aquipments when not in use. Now a days we are practising photo controls of interiors and exteriors e.g. we 
can install automatic photo controls to switch on and switch off street lightening systems with the on set off 
darkness and sunrise. 
 
 
 
 



 84

2. 4 Industrial & Domestic Air-Conditioning & Heating 
In cold countries power utilization is as under: 
 
heating of space - 44%, water heating - 12%, lightening - 8%, refrigeration and appliances - 6%, laundary - 5%, 
kitchen - 4% and others - 8%. This clearly indicates the amount of electricity of fuels being spent in cold 
countries. Much importance needs to be given to insulation material and house design. This includes use of 
super insulation material, advance window technology, air-tightening and ventilation control. Latest insulating 
material have a characterstic of 0.1-0.15 Watts/m2K instead of the usual 0.85-0.7 Watts/m2K. Strawbale 
insulation and green house type construction have helped to save a lot of electricity and fuels. 
We should direct cool air from the air conditioner away from doors and windows. Now a days direct digital 
controling of air-conditioners is being done to override atmospheric change, malfunctioning or human error. The 
latest development in this field is the control of carbondioxide in the exhaust gases and re-circulating the same 
volume of air. 
 
In cold countries co-generation of both steam and electricity for dual use has yielded encouraging results. 
Exhaust or bled steam from steam turbines generally has a pressure of more than 10 lbs. This steam has been 
increasingly used to heat up households and other spaces. Co-generation if done on a large scale in housing 
communities could result in savings in heating costs by 40 to 86% which is an amazing figure. 
In case of air-conditioners timed turn-off switches should be used. In cold countries storm doors should be 
installed in front of the main entrance or door to provide better insulation between the conditioned inner space 
and outdoors. Another modern day advance is the use of fixed band or dead band thermostats. These devices 
automatically maintain the temperature of the included space within pre-determined orfixed limits. 
 
2. 5 Transformers 
 Transformers are used in various stages, make and capacities from the point of electricity generations to the 
point of power utilization. They should be inspected at regular intervals and their exterior should be cleaned of 
dust or oil. Every year the oil which acts as the dielectric should be tested for moisture content, carbonization 
and dielectric strength. Japan is encouraging and subsidizing the latest molded transformers instead of the 
regular oil filled transformers. In these transformers resins are use instead of oil to provide insulation. 
 
2.6 Industrial Machinery 
Various kinds of machines are driven by electric motors. Some of these are pumps, compressors, gear boxes, 
fans and impellers etc. To ensure that our motors perform to their best, we should keep the driven machinery in 
good condition. Periodically the bearings, bushings, oil seals and shafts should be inspected and repaired or 
replaced. Similarily v-belts and pulleys should be inspected for wear and tear and in such a condition they 
should be replaced. Timely preventive and predictive maintenance procedures should be followed to minimise 
machine breakdown and excessive consumption of power. A typical case is an air-compressor. If the air-suction 
filters and ports are not cleaned regularly, the inlet and outlet valves and valve loading mechanisms are not 
checked for wear, cracks or breakage and the belt drives and pulleys are not replaced in case of wear and tear or 
the cylinder, piston, rings and piston pins not inspected for wear and tear, these factors may lead to upto 50% 
higher load on the driving motor and in case of failure of tripping devices the condition may lead to seizure of 
the driven equipment and our damage and burning of the motor. Thus the need for a perdictive and preventive 
maintenance schedule for the plant and equipment cannot be over emphasized. 
 
2.7 General Tips and Measure 
We should wear clothing according to the season. Light coloured clothes help to keep the body temperature 
down in tropical countries like India, similarly we should prefer to wear dark shades in cold climes. These 
measures have indirectly helped to save upon air-conditioning costs. We can use hooded or glasscaged spaces 
where experiments are being performed and toxic gases or fumes are given out. Thus by doing this we will have 
to exhast these gases from a limited area only instead of replacing the entire air-contained in the room or 
laboratory. General purpose office electronic equipment has an automatic switch off time of 16 or 17 minutes, 
therefore in case the equipment is not be used again or frequently it may be switched off. We should not idle 
printers. We should use paper on both the sides in case of ordinary or routine work. We should prefer small font. 
We should use paperless method of communication like e-mail etc. 
 
3.0   Conservation and Efficient Utilization Of Fuels  
Today we use a variety of fuels like petrol, kerosene, diesel, naptha, bio-gas or CNG in the agricultural and 
industrial sector. Fossil fuels are being depleted at a very fast rate, most of the world's fossil fuels are expected 
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to be depleted by 2050 A.D. This further involves numerous like increasing global temperatures, level of 
pollutants in the atmosphere, respiratory diseases. The cost of fossil fuels is increasing at an average of about 
10% every year. Thus there is an urgent need to evolve new methods, alternative and perennial sources of 
energy. Some of them are wind, hydel, tidal, ocean thermal energy, biogas and geothermal energy. 
 
3.1 Transportation Sector 
We should use mass communication vehicles like buses, metro rail indensily populated urban clusters. These are 
typical of all tropical countries. In several countries like China and some countries of Europe people have opted 
to use bicycles for commuting to their place of work. All this measures help to cut down upon fuel import bills 
of a nation. Modern day passenger cars and other vehicles are following rigid european norms regarding 
emission levels. This leads to higher engine performance, lower fuel costs and less atmospheric pollution. 
Research has shown that a speed of 50 to 60 kilometers per hour gives the best results. We should and 
endeavour to keep our roods and highways in the best of condition. India is witnessing the growth of express 
highways. 
 
3.2 Boilers  
A large number of industries have one are more boilers. We should take measure such as chemical treatment and 
pre-heating of feed water, pH control, regular blowdown, periodly cleaning of water and fire space replacement 
of worn out nozzles and add suitable additives to the fuel which reduce soot and ash formation and increase the 
combustion efficiency. Insulation of steam lines is of great importance. We should periodically measure the 
temperature of the external service of insulation by using modern equipment like infrared sensors. If the 
temperature is more than 300C above the ambient temperature, the insulation should be checked and repaired 
and replaced. The temperature of the flue gases should be effectively utilized e.g. by heating boiler feed water. 
The condition of air-inlet port and dampers is of prime importance as these result in proper mixing of air and 
fuel. The refractory linening of industrial heating and steam generating euipment like boilers, thermopacs and 
oil heaters is very important. If this linening is broken, cracked or chipped, the entire reflectory linening should 
be repaired. Steam traps waste between 10 to 20% of the overall heat generated. If the steam issuing from these 
traps is condensed and alongwith the hot water being ejected, the hot water is added to the boiler feed water  it 
results in large scale fuel savings. These measures have been and are being carried out in various industries. 
 
3.3 Generators  
Modern day generators are being run on kerosene, diesel, petrol, naptha or natural gas. As described in the 
equipment mentioned above, great care needs to be taken to ensure efficient utilization of fuels. Cleaning of air 
and fuel filter, checking of cylinder liner than more, pistons and rings is a must. Lubrication is of prime 
importance in all machinery. Even a minor lapse can lead to seizure of generators and similar machines 
similarly level up coolant, leakage of water or oil and fuel should be stopped immediately. The condition of 
shafts, cams, valves, valves springs and seats should be checked periodically. The preventive maintenance 
schedule as suggested by the manufacturer should be strictly followed. His measures lead to saving in fuel costs. 
 
4.0 Alternative Energy Sources  
These are solar, wind, ocean thermal energy, geo thermal energy bio mass and bio gas energy. Various project 
have been undertaken in India and abroad. 
 
4.1 Solar energy  
Approximately 1.4kW/m2 of solar energy is received by the earths surface. India receives solar energy 
equivalent to more than 5,000 trillion kW per year. Under clear sky conditions, the daily average solar energy 
incidence varies from 4 to 7 kW/m2, depending upon the location. In most parts of India, there are 250-300 
sunny days in a year. The potential of energy through solar technology and systems is estimated at 20 MW/km2. 
Solar energy has been harnessed by using various devices and equipment like solar cookers, water heaters and 
concentrators. A simple concentrator can attain quite a high temperature, say between 1800C-2000C. Some 
commercial designs of reflector type solar heaters use a large number of small mirrors arranged in such a way, 
that all of them concentrate solar radiation over a small area. 
When such a design of a solar concentrator is utilised to generate electricity, it is known as solar power tower. 
The solar energy reflected by the solar concentrators is first used to heat water in a boiler that is usually kept at 
some height, say 50-70m above the ground. On heating, water produces steam, which in turn is used to rotate 
the turbines of generators. 
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In another design, a large solar furnace has been erected at Mount Louis in France, in which temperature as high 
as 30000C could be obtained. The solar furnace at Mount Louis has about 3500 small mirrors. 
 
The devices that convert solar energy directly into electricity are known as solar cells. Modern solar cells have 
efficiencies as high as 25%. Silicon is the most commonly used material to manufacture solar cells. Silicon has 
the advantage that it is environmental friendly and is also available in abundance. Research and development 
efforts throughout the world have resulted in a considerable reduction in the cost of production of solar cells in 
the last fifty years. Recently, solar cells have been designed that consist of a number of thin layers of silicon. 
These multilayer silicon solar cells have been found to convert energy from both the visible, as well as the infra-
red radiation into electricity. This has increased the efficiency of solar cells to a great extent. 
A typical solar cell consists of a 2 cm square piece of almost pure silicon. A2cm2 single solar cell an produce 
about 0.7 watt of electricity when exposed to sun. 
 
4.2 Wind Energy  
Minimum wind velocity required for a functional windmill is about 15 km/h. Establishment of wind energy 
farms requires large areas of land, besides a high cost of construction. The wind power potential of India is 
estimated to be 20,000 MW. Until 1999. India has an installed capacity of more than 1025 MW for generating 
electricity from wind energy, which is likely to increase further with the commissioing of new facilities. The 
largest wind energy farm established near Kanyakumari in Tamil Nadu can generate 380 MW electricity. 
 
4.3 Ocean Energy Systems  
The energy possessed by the rising and falling water in tides is known as tidal energy. The total amount of 
power released by waves striking the shorelines across the world is estimated to be 2-3 million megawatts, 
which is equivalent to 3000 large power plants. However, there are a limited number of sites where this energy 
can be harnessed fruitfully. The areas with an average energy density of 40 MW per kilometre of coastline are 
considered to be economically viable. The three most common devices that are utilised for harnessing energy of 
ocean waves are : (i) surface-followers, using floats or pitching devices (ii) oscillating water column and (iii) 
surge or focussing devices. 
 
5.0 Conclusion  
From the above discussion we can easily observe that even if some of these measures are adopted in our daily 
lives, large sums of money can be saved and energy conserved or vice-versa.  
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Abstract  
The British Antarctic Survey (BAS) scientists at the Halley Research Station discovered the ozone hole in 1985. 
How, in one of the reports of  the BAS  research stations Faraday and Halley  has highlighted  that on  Ozone 
hole over Antractics had deepened by 40 to 45 percent in 1992, the worst ozone depletion values yet 
recorded.Chlorofluorocarbons (CFCS), used in refrigeration and air-conditioning systems have created ozone 
holes where pre-historic volcanic activity have had no effect.   CFCS used  in cooling  system, release  chlorine 
which  eats into the  layer of  ozone protecting  the earth  from  the  Sun's  ultraviolet rays.  The use of CFCS is 
now beginning to be phase out. The  Montreal Protocol  of 1987 and the follow-on Copenhagen agreement of  
1992 mandate  i.e. reduction  in the  production of ozone-depleting CFC  refrigerants in  a phased  manner,  
with  an eventual stop to all production by the year 1996.  The refrigeration industry 
world over has developed two alternative refrigerants viz.   
 
1. HCFC (Hydorchloorfluorocarbon)   

2. HFC (Hydroflourocarbon) 
 
The use of HFC would result in slightly lower operating efficiencies as compared of CFCs, but this may change 
with increased R & D efforts. Till date only one HFC based refrigerant, HFC 134a has been developed.   
 
KeyWords:  Vapour Compression Refrigeration, Hydorchloorfluorocarbon, Hydroflourocarbon, Montreal 
Protocol  
 
1.0 Introduction 
Ozone depletion and global warming or more accurately, climate change are major environmental concerns with 
serious implications for the future development of the refrigeration-based industries. The effects on the industry 
of the actions to reduce ozone depletion are now apparent, but the follow-on consequence so trying to react also 
to the need to reduce the emission of greenhouse gases have not yet been fully appreciated. 
 
2.0 Ozone Depletion[8] 
The first major environmental concern to strike the refrigeration-based industries was depletion of the ozone 
layer as the result of the emission of man-made chemicals into the atmosphere. Over 25 years ago, Molina and 
Rowland [1] proposed that the emission of chlorinated man-made chemicals to the atmosphere could damage the 
stratospheric ozone layer. Subsequently, an extensive world wide programme of stratospheric ozone monitoring 
has confirmed that there is a pattern of depletion which is most pronounced over the Antarctic during springtime. 
As a consequence, a series of intergovernmental agreements [2] have been formulated, beginning in 1985 with 
the Vienna Convention on the Protection of the Ozone Layer and the Montreal Protocol on Substances that 
Deplete the Ozone Layer in 1987.  
 
Consequent upon the Montreal Protocol and its Adjustments came measures to reduce the production and use of 
materials with high ozone depletion potentials (ODPs). First, the halons were banned, then the 
chlorofluorocarbons (CFCs) and now there is a push to ban the hydrochlorofluorocarbons (HCFCs) on a time 
scale which becomes shorter with each new amendment to the protocol. Methyl bromide is also included in the 
Protocol, but is not of concern here. These actions are interpreted differently in different parts of the world, and 
there are different requirements for the developing and the industrialized countries. The current official position 
is that halon and CFC production and use have already been phased out in the industrialized countries (except for 
"essential applications” and "the use of ozone depleting substances as feed stocks for other chemical 
production"). All production is to cease by this year 2006. However, CFC production remains well above target 
levels - to the extent that 2010 would now appear to be a more realistic phase-out date than 2006. This excess 
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production is being driven by the continued sale of CFC-based systems in developing countries, and the export 
of used equipment from industrialized to developing countries. These actions are reinforcing CFC-dependency 
and enhancing demand. 

 
Another factor is the black market in CFCs in the industrialized countries, and the associated illegal traffic. This 
is being supplied by the continuing legal production in developing countries and by a degree of illegal non-
compliance with the provisions of the Protocol in other areas. At Montreal [2], the parties to the Protocol 
introduced a report-based licensing system to try to control this trade. It does not seem likely that this will 
succeed. For HCFCs, the official phase-out dates are 2030 for the industrialized countries and 2040 for the 
developing countries. In Montreal [2], the EU pushed for an earlier HCFC phase-out date of 2015. But this was 
defeated following opposition the United States, Canada, and some developing countries. The EU proposal was 
based on the increasing availability of non-depleting substitutes for HCFCs and on recent evidence that 
man\HCFCs are acutely toxic following regular exposure. Meanwhile, different countries are adopting their own 
phase-out strategies for example; Germany has banned the use of HCFC-22 in new plants after the year 2000. 
What is the role of refrigeration as ozone –depleting substances you can understand from the Fig-1 & 2 
 
 
 
 

 
 
 

 Fig.-1 1985 US production of ozone-depleting substances[7] 
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Fig.-2 For a domestic refrigerator, at least 60% of its global warming impact is created from the energy it uses 
throughout its lifetime, whatever the refrigerant 

 
 
 

3.0 Global Warming [8] 
 
 

  
 
 

Fig.-3 Origin of global warming and green house effect 
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The second major environmental concern is climate change or global warming. This did not become a major area 
of attention until after the responses to ozone depletion had been initiated. Concerns on this issue are now 
beginning to complicate our handling ozone depletion Global warming arises because of the green house effect 
(Fig. 3). The frequency distribution of the radiation coming from the sun closely approximates that from a black 
body at a temperature of about 5800o K. The spectrum wavelengths range from less than I nm to hundreds 0f 
metres; the peak in the spectrum is in the visible region at about 500 nm. When solar radiation (1360 Wm-2) 
arrives at the earth, about 30% is reflected back into space and most of the remainder passes through the 
atmosphere to the ground. This heats up the earth which then behaves approximately as a black body radiating 
energy with a spectral peak in the infrared. This infrared radiation cannot pass through the atmosphere because of 
absorption by water vapour, carbon dioxide and other infrared absorbers. As a consequence' heat energy is 
trapped and the temperature at the surface of the earth is higher than it would be without the insulating blanket of 
the atmosphere. 

 
Global warming is a good thing in itself and allows life to exist in all its variety. The concern is that mans 
activities are increasing the concentration of carbon dioxide and other greenhouse gases in the atmosphere. So 
causing the amount of absorbed infrared radiation to increase, and leading to increased atmospheric temperatures 
and consequent long-term climate changes. 

 
It must be said that the primary argument for induced global warming comes from the global atmospheric 
circulation model computer simulation, and not from experiments or observation. 

 
4.0  The Montreal Protocol [5] 
The Montreal Protocol was signed in Montreal on 16 September 1987 under the auspices of the UN Environment 
Programme (UNEP). The original control schedule it contained was a 50% reduction in the emissions of CFCs 
by the year 1998 -compared to 1986 levels- and a grace period of 10 years for the developing countries. The 
Protocol has been adjusted and amended in London, Copenhagen, Vienna and Montreal (1997); many ozone 
depleting chemicals were added in the period 1990 - 1995. It currently has the following control schedules for 
chemicals used as refrigerants: 
 
1. A phase out by 1.1.1996 of CFCs in the developed countries; 
2. A grace period until 2010 for a CFC phase out in the countries operating under Paragraph 1 of Article 5 (the 

developing countries), with a freeze in 1999 and gradual reduction steps thereafter; 
3. A HCFC control schedule for the developed countries which requires gradual a phase out of HCFCs over the 

period 1996 - 2020 (a freeze in 1996, a virtual phase out by 2020, a complete phase out by the year 2030), 
based upon a cap of 2.8% of the 1989 CFC consumption and the 1989 HCFC consumption (in ODP-tonnes); 

4. A HCFC control schedule for the developing countries which lags that of the developed countries by 10 years. 
 
The Montreal Protocol has become an established environmental instrument. If you go through the details section 
of the Montreal Protocol than you understand the examples of mechanisms that play a role in the development of 
technology and that will influence the technical evaluation. 
 
5.0  The Kyoto Protocol [5] 
The Kyoto Protocol is a result of negotiations under the IIN Framework Convention on Climate Change 
(UNFCCC), particularly by the so-called ad-hoc Working Group on the Berlin Mandate, established at the First 
Conference of the Parties in Berlin in 1995. This group met at regular intervals during the year 1995, 1996 and 
1997. After final, lengthy negotiations in Kyoto, a Protocol under the UNFCCC was adopted on l0/l I December 
1997 in Kyoto. It will enter into force after that a significant number of developed country Parties will have 
ratified; they should represent at least 55% of the total global green house gas (GHG) emissions. 

 
The Kyoto Protocol, as it stands, has Articles on policies and measures on the considerations of reductions, 
together with sources (sinks), on emissions          trading, on a certain non-compliance regime, and on a financial 
mechanism for the developing countries, the so-called "Clean Development Fund". The text of the Protocol is 
still considered as not satisfactory or not complete by several Parties it is for this reason that the ratification 
procedures are expected to take a considerable amount of time. The important Article 3 of the Kyoto Protocol 
refers to an Annex that defines the six greenhouse gases together," in one basket"; These gases are the "natural 
gases "CO2, N2O, CH4 and the "industrial gases" HFCs, PFCs and SF6 (although CFCs, HCFCs etc. contribute to 
global warming, the Kyoto Protocol does not address these substances, since they are already controlled under 
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the Montreal Protocol with specific phaseout regimes). Article 3 also refers to an Annex that prescribes 
differentiated emission percentages per country for the first “commitment period" 2008-2012, compared to the 
1990 (base year) emission levels. A ‘’commitment period" is defined as a period of five years during which the 
average emission reduction percentage must be at least the percentage as prescribed in the Annex. For most of 
the developed countries the reduction percentages adopted for the "commitment period" 2008-2012 vary from 5 
to 8%. 
 
Since all greenhouse gases are considered in one basket, it is left to national governments to determine how 
specific gas emissions in this "basket" should be curbed. Although this process is at a preliminary stage, one may 
reasonably assume that certain countries will concentrate most on the reduction of CO2 emissions, others will 
focus first on how to deal with the industrial gas emissions. For the developing countries no commitments for 
emissions reductions (or limits to emission increases) have been laid down in the Kyoto Protocol. 
 
6.0  Eu Regulation  
The Montreal protocol on substances that deplete the ozone layer came in to force in 1989, but in 1994 Europe 
decided to introduce its own, much tougher, laws (legislation 3039/94) that we can see in Fig-4 and legislation 
low-down  
 

 
 

Fig.-4 Montreal Protocol and European HCFC regulations-placing on the market cap 
 

CFCs - EU Regulation 3093/94 banned the manufacture of CFCs in Europe. The Common Position 
recommended a ban on the sale of CFCs from the end of last month and wants a use ban (i.e. a ban on the 
servicing and maintenance of a system using CFC gases) by the end of this year. 

 
HCFCs- (1).Production: Neither the Montreal Protocol nor EU Regulation 3093/94 sets out any HCFC 
production controls. The Common Position wants a reduction to 1997 levels by January 2000 and zero 
production by 2025.The proposed amendments speed up this phaseout, aiming for a reduction to 15 per cent of 
1997 levels by 2014. (2)Sales: EU regulation 3093/94 gradually caps the putting to market of HCFCs until there 
is a complete freeze from 2015.The Common Position speeds up this process, resulting in a total freeze by 
January 2009.(3)Use: HCFCs are already banned in the new domestic refrigerators, car air conditioning and road 
and rail public air conditioning. From January 2000 they will be banned in new public and distribution cold 
stores and warehouses using equipment more than 150kW. The Common Position proposes a ban on their use in 
all other equipment except fixed air conditioning and reversible heat pumps by January 2001 and a ban on the 
use of virgin HCFCs from January 2010.The proposed amendments recommend a ban on HCFCs in all other 
equipment except reversible heat pumps from January 2004 and a ban on the use of virgin HCFCs from 2005. 
 
6.1   CFC Refrigerants and Replacement of CFC12 With HFC134a [4] 
CFC11. CFC12 and HCFC22 are extensively used for air-conditioning and refrigeration. They possess most of 
the characteristics required, such as thermal and chemical stability, thermodynamic suitability, non-toxicity, non-
flammability, low cost, etc., but have a damaging effect on the stratospheric ozone layer. Because of this damage 
an international agreement (Montreal Protocol) on curtailing the production and phasing out the use of CFCs on 
a global scale has been signed by many countries. Obviously, alternatives to CFCs need to be identified and 
developed. Requirements for replacement refrigerants include satisfactory performance within the refrigeration 
system (possibly better than CFCs) and harmless behavior both for animals and the environment outside it in 
addition to a low or preferably zero Ozone Depletion Potential (ODP) and relatively low Global Warming 
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Potential (GWP). These environmental requirements involve compromise on other factors such as flammability, 
energy efficiency, cost, import, re-design of the system. etc.HCFC22 is not covered under the Montreal Protocol 
its ODP is only 0.05. The ODPs of CFC11 and CFC12 are 1.0. So, alternatives for CFC11 and CFC12 are 
particularly desirable for air-conditioning and refrigeration systems. While CFC11 is used for large applications 
centrifugal chillers, CFC12 is used extensive in domestic appliances, like refrigerators, water cooler freezers, etc. 
using small hermetic and semi-hermetic reciprocating compressors.CFCI2 is also used in medium-size air-
conditioning applications using semi-hermetic and open compressors HCFC22 is exclusively used in window 
air-conditioners hermetic compressors and also in industrial refrigeration using open compressors.  
 
6.2  Alternatives to CFC12 
 There are concerted efforts to broaden the families of compounds for CFC substitutes. At present the most likely 
substitutes are still emerging only from the CFC families. Either with some chlorine substituted by hydrogen. i.e. 
HCFCS, or With no chlorine , but with some hydrogen atoms(commonly known as HFCS) many fluids including 
those belonging to the CFCs were more explicitly considered and screened by McLinden and Didion[9] they 
concluded after an extensive molecular inventory of more than 800 compounds, that HFC134a.which As no 
chlorine in it and hence has zero ODP, is a realistic substitute candidate for  CFC12.HFC134a is considered to 
possess the best potential as a long term substitute for CFC12.preliminary information on HFC134a indicates 
that it could be available by1992.substaitial toxicity and other testing must be complicated by producers before 
equipments manufactures are able to begin work on laboratory testing on performance ,energy & lubricating 
characteristics . You can understand the importance of the refrigerants HFC134a with the help of the Table 1 & 
2 in which the comparison of that gas is carried out with other gases.  
 

Table-1 Ozone Depletion Factors [7] 

 

 
Chemical Ozone Depletion Factor 
CFC11 1.00 
CFC12 1.00 
CFC22 0.05 
CFC113 0.80 
Halon 1211 3.00 
Halon 1301 10.00 
Carbon Tetrachloride 1.06 
Methyl Chloroform 0.10 
HFC134a 0.00 

 
Table-2 COPS with Superheating And /Or Sub cooling. 

 
Conditions – 10 oF Evaporator/100 oF Condenser [6] 

 

 
CONDITIONS R134A R12 R500 R22 

Saturated Cycle 
% Of Carnot 

2.97 
(73) 

3.09 
(76) 

3.07 
(75) 

3.06 
(75) 

20 oF Suction / 0 oF Sub cooling 
% Of Carnot 

3.03 
(74) 

3.13 
(77) 

3.10 
(76) 

3.04 
(74) 

Saturated Suction / 10 oF Sub cooling 
% Of Carnot 

3.15 
(77) 

3.25 
(79) 

3.24 
(79) 

3.21 
(78) 

20 oF Suction / 10 oF Sub cooling 
% Of Carnot 

3.20 
(78) 

3.28 
(80) 

3.25 
(79) 

3.17 
(77) 
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7.0  Conclusion 
 Due to CFC regulations following chief concerns of manufacturers are arise(1) Performance of existing 
installations. (2) Redesign of products currently in production. (3) Design of new products. Afterall above all 
problems, we can overcome but strictly if we follow the rules & regulations, then we can protect our self and 
environment. 
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Abstract  
This paper deals with development of electro-mechanical device for indication of fuel quantity in automobile fuel 
tank. The device will be used to indicate the quantity of fuel present in fuel tank in digital output and gives highly 
précised result. Now day’s every industry is going to be automatic, so to overcome the limitation of conventional 
indication system, the concept of electro-mechanical device has been introduced. This system consists of linear 
variable differential transformer (LVDT), range of 0-200mm; fuel tank; float; and signal conditioning card 
(which is an electronic device and the assembly of resistances; capacitors; digital to analogue converters; 
rectifiers; trim pots; integrated circuits of different capacities used according to their application; display card 
etc). LVDT has been placed in the fuel tank with a float at its bottom, which senses the variation of fuel level that 
gives signal to the signal-conditioning card, and further sends to display card. Display card further display the 
exact indication of fuel in tank. The key result of this experimental set up shows the linear relationship between 
level of fuel (input quantity) and display output in both manner i.e. digital display output and analogue output.  
 
Key Words: LVDT, automobile fuel tank, display card, Electro-mechanical device for fuel quantity indication 
 
1.0 Introduction 
During this century, automobile industries have developed rapidly, replacing heavy manufacturing industries in 
national economies. The patterns of daily life have changed due to great advances in their functional devices, 
such as power systems, sensors, automation etc. The present paper deals with electro-mechanical device for fuel 
quantity indication for an automobile Industry. It involves the combination concept of mechanical and 
electronics engineering. This system indicates quantity of fuel left in the fuel tank. Using appropriate 
components for higher range of fuel tank capacity can modify the system. All the conventional fuel indication 
system is in analog mode that shows quantity of fuel left in fuel tank by means of a pointer.  All the conventional 
fuel indication system shows only the full, half and empty position of the fuel tank. So, to overcome these 
limitations, the concept of electro-mechanical system for fuel quantity indication is incorporated. In digital mode, 
signal vary in discrete step and thus take up only finite difference value in a given range. An electro-mechanical 
device for fuel quantity indication consisting the number of components such as float, linear variable differential 
transformer (LVDT), transformer, signal conditioning card (assembly of resistances, capacitors, dacs, rectifiers, 
trimpots a display card).  
With the application of this system, anyone can able to measure the exact average fuel consumption. A digital 
fuel quantity indication system is not so much costly as that the overall cost of vehicle, so it can be easily 
installed in four wheelers. Mercedez, which is one of the car manufacturing companies using this system which 
is based on microprocessor system to indicate the amount of fuel present in fuel tank in liters on dashboard. 

 
1.1  Block Diagram Showing Processes 
As shown in figure 1, the float does primary sensing and it gives its in term of the displacement to the LVDT, 
which act as the variable conversion and data transmission element. It converts the data in voltage and transmits 
it to the signal-conditioning card, which act as variable manipulating element and manipulate the data and give 
its output to the display card. Display card display the reading in term of digits acting as data presentation 
element. 
 
 



 Proceedings of the National Conference on 
Trends and Advances in Mechanical Engineering, 

YMCA Institute of Engineering, Faridabad, Haryana.., Dec 9-10, 2006 
 

 95

 
 

Figure 1. Block Diagram of processes  Figure 2. Functional Block Diagram of Fuel 
Level Indicator 

 
 
2.0  Functional Components of the System 
 
2.1  Linear Variable Differential Transformer (LVDT) 
Working principle of electro-mechanical device for fuel quantity indication depends upon the principal of 
LVDT. The LVDT is most broadly used variable inductance transducer in industries.  It is an electro-mechanical 
device designed to produce an AC voltage output proportional to the relative displacement of the transformer 
armature. It translates the linear motion into electrical signals. The basis construction of LVDT is as shown in 
figure 3. The transformer consists of a single primary winding P and two secondary winding S1 and S2 wound on 
cylindrical form. The secondary winding has equal number of turns & is identically place on either side of 
primary winding. The primary winding is connected to an alternating current source. A moveable soft iron core 
is placed inside the former.  
 
The displacement to be measured is applied to the arm attached to the soft iron core.  The core is having a high 
sensitivity. The assembly is placed in stainless steel housing. The frequency of a.c. applied to primary windings 
may be between 50Hz to 20 KHz. Since the primary winding is excited by an alternating current source, it 
produces an alternating magnetic field, which in turn induces alternating current voltages in two secondary 
windings.   
 
The output voltage of secondary S1 is VS1 and that of secondary, S2, is VS2. In order to convert the outputs from 
S1 & S2 into a single voltage signal, the two secondary S1 & S2 are connected in series opposition as shown in 
figure 4. Thus the output voltage of the transducer is the difference of the two voltages. Differential output 
voltage, Vout = VS1 –VS2.  The figure 4 shows the working principal of LVDT. With the change in the fuel level, 
float come in motion and the LVDT core is in different axial positions. Constant amplitude of AC source 
energizes the LVDT primary winding P. The core to the adjacent secondary windings, S1 and S2, couples the 
magnetic flux thus developed. 
 
If the core is located midway between S1 and S2, equal flux is coupled to each secondary so the voltages, E1 and 
E2, induced in windings S1 and S2 respectively, are equal. At this reference midway core position, known as the 
null point, the differential voltage output, (E1 - E2), is essentially zero. If the core is moved closer to S1 than to S2, 
more flux is coupled to S1 and less to S2, so the induced voltage E1 is increased while E2 is decreased, resulting in 
the differential voltage (E1 - E2) and vice-versa resulting in the differential voltage (E2 - E1). 
 
The graph in the figure 5 shows how the magnitude of the differential output voltage, EOUT, varies with core 
position. The value of EOUT at maximum core displacement from null depends upon the amplitude of the primary 
excitation voltage and the sensitivity factor of the particular LVDT, but is typically several volts RMS. 
 
The LVDT used in electro-mechanical device for fuel quantity indication is of range 0-200mm (for 35 liters of 
fuel tank capacity) as the float is connected with LVDT from one side and other side of float is dipped in fuel 
tank, when level of fuel changes in tank, the float moves proportionally and gives motion to the core of LVDT 
tends to produce output voltage. 
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Figure 3. Basic Construction Of LVDT    Figure 4. Circuit of LVDT 

 
 

 
 
 

Figure 5. Core of LVDT at different positions 
 
 

The output characteristics of an LVDT vary with different positions of the core. Full range output is a large 
signal, typically a volt or more, and often requires no amplification. The output signal is then transmitted to 
signal conditioning card, which is calibrated according to the size and shape of the fuel tank. Output from the 
signal-conditioning card goes to display card, which display the actual amount of fuel. LVDT arrangement 
senses the amount of fuel and show in the digital manner. This system also has a capability to calibrate according 
to size and shape of the tank and economical, which make it easier to install in small car. LVDT position sensors 
have certain significant features and benefits, most of which derive from its fundamental physical principles of 
operation or from the materials and techniques used in its construction. It has friction-free operation, infinite 
resolution, unlimited mechanical life, over-travel damage resistant, single axis sensitivity, separable coil and 
core, environmentally robust characteristics, null point repeatability, fast dynamic response, absolute output of an 
LVDT position sensor, only one stage conversion required. 

 
2.2 Transformer 
The transformer is a device that transfers electrical energy from one electrical circuit to another electrical circuit 
to another electrical circuit through the medium of magnetic field and without a change in the frequency.  The 
electric circuit that receives energy from the supply mains is called primary winding and other circuit that 
delivers electric energy to the load is called secondary winding. Actually, the transformer is an electromagnetic 
energy conversion device, since the energy received by the primary is first converted to magnetic energy and it is 
then reconverted to useful electrical energy in other circuits.  In a transformer, the electrical energy transfer from 
one circuit to another circuit takes place without the use of moving parts, it has therefore, highest possible 
efficiency out of all electrical machines and requires almost negligible amount of maintenance and supervision. 
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Whenever the electrical energy is required, transformers are installed to step down the voltage, which reduces the 
voltage to +/- 12V, & then it is supplied to signal conditioning card. 
 
2.3 Signal Conditioning Card & Display Card 
Figure 6 shows the block diagram of signal conditioning card and display card, which consists of number of 
resistors, capacitors, dacs (digital to analogue converter), diodes, integrated circuits, trimpots etc. This card gets 
two inputs .One from the transformer which is use to switch on the card & other from the LVDT. The 
transformer gives 12V supply to this card. This card can be divided into five parts-power supplies, analogue 
output, LVDT output transformer, zero and span. Power supply is the part having no. Of rectifiers which 
converts a.c. to d.c. Analogue output part is provided to verify the circuit with the help of multimeters. Zero trim 
pot is provided to adjust display reading at zero point. Span control trim pot is provided to adjust the span range. 
Signal conditioning card after conditioning the LVDT output by electronically action give it output to the display 
card. A seven-segment display card is provided to display the amount of fuel present in fuel tank.  
 
 

 
 

 
Figure 6. Signal Conditioning Card And Display Card 

 
 

A brief specification of each component of signal conditioning card is as shown below: 
 
2.3.1 Specification of signal conditioning card  
Resistance      Trim pot     Capacitor     Diode  
R1-2K             T1-10K       C1-0.01uf      D1-1N4148 
R2-5.1K          T2-100K     C2-10uf         D2-1N4148        
R3-270K         T3-10K       C3-1uf 
R4-100K          T4-100K     C4-0.01uf 
R5-100K          T5-20K     C5-10uf  
R6-100K 
R7-1M                                                     
 
2.3.2   Specification of IC 
Resistance  IC 
R8-10K   U1  -Timer IC (555) 
R9-10K     (AC Excitation) 
R10-10K    Used 555         :8-pin IC 
R11-220K    At Pin 7,8        :+12Volts DC 
R12-90K    At Pin 4           :-12Volts DC 
R13-10K  U2  -Operational Amplifier 
     (AC Amplifier) 
R14-1K     Used OP07     :8-pin IC 
       At Pin 1,7,8    :+12 Volts DC 
     At Pin 4          :-12 Volts DC 
R15-90K        U3       -Dual Operational Amplifier 
R16-10K    (AC to DC converter) 
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     Used LM 358    :8-pin IC 
     At Pin 8          :+12 Volts DC 
     At Pin 4          :-12 Volts DC 
     U4  -Operational Amplifier 

(DC Amplifier & Filter) 
     Used OP07     :8-pin IC 
     At Pin 1,7&8   :+12Volts DC 
     At Pin 1,7& 8   :+5 Volts DC  

At Pin 4           :-5 Volts DC 
 
2.3.3 Specification of system 
Range of fuel tank : 0 – 3 liters 
Resolution  : 0.01 liter 
Excitation  : volt rms 
Analogue output  : 600µ volts 
Power source  : 230 +/- 10%, 50 Hz  
 
2.4 Float 
A float is use for taking an indication or a recording of level measurement.  A float may be of any shape – round, 
cylindrical, combination of two, rectangular or spherical shape.  A float must be constructed so that it will float 
above the fuel.  This means that density of float material must be lower than the material, which is supporting it. 
Also the material of float should be such that the fuel whose level is being measured should not corrode it. Figure 
7 shows the spherical float use by the arrangement of digital fuel indication system is of spherical shape.  
 
 

  
 
 

Figure 7. Spherical Float 
 
 

A spherical type of float is using because a rectangular type of float was not easily available and arrangement for 
installing rectangular float is difficult as compare to the spherical float. The circuit changes the resistance 
element of rheostat and this resistance change are inversely proportional to level in the tank. A float that floats 
over the fuel in the fuel tank on one side & on other side it is connected to the core of LVDT.  As the oil level 
rises in the oil tank tends to change the float displacement, which actuates an arm, which cause a slider to move 
over a resistance element of rheostat. The float moves proportionally to change in oil level tends to move the 
core of LVDT outwards in rectilinear motion and then gives output voltage to transformer. The float, which is a 
hollow ball, is raised with rising of float, the core of LVDT moves inwards and thus gives output voltage and 
vice-versa. The output voltage obtained is fed as input to the signal-conditioning card. 
 
3.0  Results 
The result of the system may be observed from the graph given below as shown in figure 8. It is observed that 
the level of fuel quantity varies linearly with display output. Line 1 shows the analogue output. Line 2 shows the 
digital display output. It can be observed that both results having linear relationship with fuel level. Linearity 
means highly précised and accurate result. The resistances used in signal conditioning card should vary linearly 
with displacement of the sliding contact in order that the sliding contact voltage is directly proportional to the 
displacement. From the above-obtained result it is analyzed that the system gives much accurate result than from 
conventional system (which may give non-linear result due to Gross error, systematic error and random error) 
because accuracy and linearity is closely related quantities. This system will indicate the volume of fuel present 
in the tank in the form of digit. This system is also economical, robust, enable and durable to incorporate in small 
cars. Only one stage conversion is required in this system. 
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Figure 8. Relationship between fuel level (in liters) and output 

 
 
4.0   Scopes for Future Work 
An electro-mechanical device for fuel quantity indication has wide scope for future with as with automobile and 
manufacturing industries. Also it may be incorporated in hydraulically operated machine tools and drives to 
monitor the level of oil in tank. Future efforts will concentrates on understand and improving various aspects of 
electro-mechanical device to overcome fluctuations in digital display. The application of load cell may be 
incorporated or by using other pressure sensing devices such as diaphragm etc. Also microprocessor based 
processor based system can be used which can improve the result.  
 
5.0   Conclusion 
The system designed can make a revolution in automobile industries. An electro-mechanical device for fuel 
quantity indication gives an exact response about the quantity of fuel present in fuel tank but conventional 
system gives an approximate result. Thus this system is more precious & accurate than that of a conventional 
fuel indication system.  So by using this continuous monitoring, the quantity of fuel is displayed by display unit 
will inform exactly to observer that how much fuel is left in fuel tank. So that it can be judge that how much 
distance a vehicle can travel with the fuel available in tank. This system is not so much costly as far as its 
application is concerned in four wheelers like car, jeep etc. So the four wheelers automobile industries can adopt 
this system easily by modifying the system using appropriate elements according to the capacity.  
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Abstract 
The present paper discusses the optimum conditions for jet mixing in turbulent pipe flow at branch angles for one 
phase flow. The optimum conditions for rapid mixing of two fluid streams in turbulent pipe flow were investigated 
for different velocity ratio and different angles (450 and 900) Jet injection. The optimum velocity ratio and optimum 
injection angle were determined by comparing the mixing characteristics for one phase flow (water-water) .The 
mixing characteristics and optimum condition compare between experimental results and asymptotic solution 
(theoretical results) for one phase flow. The results of this paper are very useful for the jet mixing of two fluid 
streams in pipeline transport process in chemical industry and in tubular apparatus for the purposes of dilution, 
heat transfer and reaction (combustion). 
 
Key Words: Jet Mixing, Turbulent Mixing, Branch angles. 
 
1.0 Introduction 
Jet mixing of two fluid streams in a pipeline is widely used in the chemical industry in pipeline transport process and 
in tubular apparatus for the purposes of dilution, heat transfer and reaction (combustion). Rapid mixing in the 
shortest distance downstream from the injection point is usually required. Effective use of turbulence increase 
reactant contacts and decreases reaction times, which can significantly reduce the cost of producing many chemicals. 
Efficient mixing is necessary to obtain profitable yields or to eliminate excessive corrosion in reactor or combustion 
chamber. If the necessary contact time between fluids is short, it is common in many existing chemical process units 
to continuously mix two fluids in a pipeline with subsequent transport to other locations. Although the continuous 
mixing of two fluid streams can be achieved using a member of mixture geometries, many procedures such as the 
use of baffles or complex internal geometries will introduce excessive pressure drops and significantly increase the 
cost of the mixing device .An effective, simple method to mix two fluids with in a pipeline is to introduce feed jets 
such that jet contact with pipeline walls in minimized and mixing occurs rapidly with in the turbulent core of the 
pipeline.  
 
However, most of the research has been conducted for a configuration in which the jet is normal to the pipeline, in 
the present work, we consider a more general case in which the turbulence jet injects fluid at an angle θ(450 and 
900), Find out the experimental results for water-water mixing and compare to the asymptotic solution for jet 
trajectory. Mixing between two fluid streams meeting at a T- junction and 450 and shall analyze the fluid mechanical 
conditions for rapid mixing at such a junction. By the trajectory of the inclined jet, which is applicable over a wide 
range of velocity ratios and branch angle by the experimental results determine the conditions which will give the 
shortest mixing length. 
 
2.0 Jet Injection at an Arbitrary Angle 
The configuration of a general pipeline mixer with an angle is in figures 1.1 and 1.2 in which a jet with diameter d 
(or radius b o =d/2) issues fluid containing tracer into a tube of diameter D.The ambient fluid velocity of the tube is 
v, and the initial tracer jet velocity is u, the phenomenon of jet mixing of a tracer in turbulent flow involves two 
phases. In the initial stage, the mixing process is dominated by self–induced jet turbulence. After a distance, the jet 
evolves into a geometrically centered jet, and the mixing of the tracer is dominated by turbulence in the main stream. 
Forney and kwon [1979] proposed a characteristic length l m , which represents the distance over which the jet 
travels before it bends over in the cross flow. this momentum length is defined as follows:  
  



Proceedings of the National Conference on 
Trends and Advances in Mechanical Engineering, 

YMCA Institute of Engineering, Faridabad, Haryana.., Dec 9-10, 2006 
 

 101

 
v

dul oo
m

θsin
=                                                                              ( 1 ) 

for convenience, we also introduce  the following dimensionless length: 
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2.1. Field Equations 
Derive an asymptotic expression for the jet trajectory at the first stage, i.e., close to the jet orifice. The governing 
equations for the present problem include the conservation of mass and momentum. The well-known entrainment 
model first developed by Hoult. Fay and Forney [1969] is employed in this study. The model assumes that there are 
two additive entrainment mechanisms; one is due to the tangential difference between the local jet velocity u and 
ambient field velocity component parallel to the jet and the other to the ambient fluid velocity normal to the jet, we 
can write the conservation of mass as follows 
 

( ) ( ) θβθα sincos
2
1 2 vvuub

ds
d

b
+−=                                                                                    ( 3 ) 

 
where s,θ  ,u, b,α  and β stand for the mixing jet’s arc length, tangential angle ,jet velocity ,equivalent cross- 
sectional radius, and the tangential and normal entrainment parameters, respectively. 
 
The conservation of tangential momentum can be written as: 
 

( ) ( )ub
ds
dvub

ds
d 22 cosθ=                                                                                                           ( 4 ) 

 
and similarly for the normal momentum, we have  
 

( )ub
ds
dv

ds
dub 222 sinθθ

−=                                                                                                        ( 5 ) 

 
the conservation of tracer concentration c gives 
 

( ) 02 =ucb
ds
d

                                                                                                                                 ( 6 ) 

the boundary conditions at the jet orifice are specified as: s=0, 0θθ =  , u = u 0 , b= b 0 , c = c 0 , 
 
2.2. Asymptotic Solutions 
We are interested in an asymptotic expression for the jet trajectory close to the orifice, we assume that the departure 
of θ  from 0θ  is small; furthermore, the Reynolds number of the orifice is restricted to large values to ensure jet 
turbulence , and the effect of buoyancy is neglected. 
Under these assumptions, from Eq. (3), we have 
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                                                                                                                          ( 7) 

 
in whichΩ  is a constant given by 
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And from Eqs. (4) and (5), we obtain 
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Furthermore,  Eqs. (5) and (9) give us 
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By integrating Eq. (10), we have, within the first-order approximation, 
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and consequently, by the nature of Eq.(6), we obtain 
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to convert the above expression into Cartesian coordinates ( x, z ), we introduce the following relations : 
 

( ) ( )δθθθδθθθ 000 cossinsinsin +≈+== dsdsdsdz                                                          (13) 
 

( ) ( )δθθθδθθθ 000 sincoscoscos −≈+== dsdsdsdx                                                         (14) 
 
for the region near the orifice, we have 
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s

0
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Integrating Eqs. (13) and (14). We obtain the following two key parametric equations for the asymptotic jet 
trajectory: 
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Furthermore, the following relation gives the tracer trajectory implicitly: 
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3.0 Experimental Set Up 
The test section consist a set of 1” and 2” diameter G.I. pipes, having length 60 cm. The 1” pipe connected with 2” 
pipe with the help of bend for different angles for different sets of reading i.e. 45 0 and 90 0  .The 2” diameter pipe is 
connected to main supply and it having a 2” valve for control the discharge. Similarly 1” diameter pipe is connected 
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with 1” valve but it is connected the centrifugal pump for high-pressure velocity supply. In 2” diameter pipe for 
discharge measurement the venturimeter is used and in 1” pipe for discharge measurement the orifice plate is used. 
In the test section, 6 pitot tubes are used for measurement of velocity, which have 4 cm. equal distances between 
them. 

C E N T R IFU G A L P UM P 

F ig .- 1 .1   M IX IN G  A T  9 0 0 B R A N C H  A N G L E

                

C E N T R IF U G A L  P U M P  

F i g .- 1 .2   M I X I N G  A T  4 5 0  B R A N C H  A N G L E

 
3.1. Conditions for Mixing 
The jet simply merges with the main flow, however, in our analysis, we shall define the discontinuous termination 
point of the jet as the point where- 
 
(1) The velocity of the jet becomes equal with the velocity component of the main flow, in the same direction. 
(2) The flow rate of the jet was increased from its initial value of the point where it is equal to the flow rate of the 

main stream. 
(3) The axis of the jet has reached the wall of the pipe. 

 
 
4.0  Measurements and Computations
 

2
0

2
1

10 2
aa
ghaa

CQ d −
=  

 
For Venturimeter  
 
d0= 29.8 mm = 2.98 cm 

d 1 = 52 mm = 5.2 cm 

a
40
π

= d 

 a 2
11 4

dπ
=  

a 0 = 6.97cm 2  

a 2
1 22.21 cm=  

C d = 0.98 
 
   For Orifice 
  
d0= 12.5 mm = 1.25 cm 

d 1 = 27 mm = 2.7 cm 
 
a 0 = 1.23 cm 2  

 a 2
1 72.5 cm=  

C d = 0.69 (calibrated) 
 
 
 
 
 
 
 
 
(1) For Orifice  
      X = 63 cm 

  h= X [
1

2

s
s

 - 1 ] 

  h = 63 [ 1
1

6.13
− ] 

  h = 793.8 
 Q = 1084.3 cm s/3  
 Q = A.u 
  u = 189.56 cm/s 

 
 
(2)  For Venturimeter   

     
   X= 8  
    h= 100.8 

 Q =  3214.7 cm 3 /s 
 V = 151.49 cm/s 
  R= 1.25 
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  (4) For Venturimeter 
       
     X=4 

   h =50.4 
     Q= 2273.14 cm 3 /s 
    V=107.12 cm/s 
    R= 1.77 
 
 

For Venturimeter 
    
X =10 
 h =126 
Q = 3594 
V = 169.38 

R =
V
u

  

R= 1.12 
u = 189.56 cm/s 

 

 
 (3) For Venturimeter   
      
     X=6 

  h=75.6 
     Q= 2784 cm 3 /s 
     V= 131.2 cm/s 
     R= 1.44 

 
   
 (5) For Venturimeter 
     
    X=2 

  h=25.2 
    Q= 1607.14 cm 3 /s 
    V=75.73 cm/s 
     R= 2.5 
    11.0=α  

 6.0=β

  
Table. 1.   090=θ , R=1.12, u = 189.56 cm/sec. V=169.38 cm/sec. Qj=1084.3 cm 3 /sec. Q = 3594 cm 3 /sec.      
                   D = 5.2 cm. d = 2.7 cm.                           

 
 
 
 
 
 
 
 
 
 

    Table. 2. 090=θ , R=1.25, u = 189.56 cm/sec. V=151.49 cm/sec. Qj=1084.3 cm 3 /sec. Q = 3214.7 cm 3 /sec.  
                     D = 5.2 cm. d = 2.7 cm. 

 
 
 
 
 
 
 
 
 
 

     Table. 3.  045=θ , R=1.12, u = 189.56 cm/sec., V=169.38 cm/sec. Qj=1084.3 cm 3 /sec., Q = 3594 cm 3 /sec. 
                 D = 5.2 cm., d = 2.7 cm. 

                                            Theoritical Experimental 
Serial 
No. 

      x 
 

x/d 
 

Z 
 

z/d 
 

x/Rd 
 

z/Rd 
 

Z 
 

z/d 
 

z/Rd 
 

1       0 0 0 0 0 0 0 0 0 
2      4 1.48 3.07 1.14 1.32 1.02 3 1.11 0.99 
3     8 2.96 4.35 1.61 2.64 1.44 3.5 1.3 1.16 
4     12 4.44 5.32 1.97 3.96 1.76 3.2 1.19 1.06 
5     16 5.93 6.14 2.27 5.29 2.03 3 1.11 0.99 
6       20 7.4 6.87 2.54 6.6 2.27 2.6 0.96 0.86 

                                                   Theoritical Experimental 
Serial 
No. 

X 
 

x/d 
 

z 
 

z/d 
 

x/Rd 
 

z/Rd 
 

Z 
 

z/d 
 

z/Rd 
 

1 0 0 0 0 0 0 0 0 0 
2 4 1.48 3.38 1.25 1.18 1 3.2 1.19 0.95 
3 8 2.96 4.78 1.77 2.37 1.4 3.8 1.41 1.13 
4 12 4.44 5.86 2.17 3.55 1.74 3.5 1.3 1.04 
5 16 5.93 6.76 2.5 4.74 2 2.7 1 0.8 
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      Table.4. 045=θ ,R= 2.5, u = 189.56 cm/sec, V= 75.73 cm/sec., Qj=1084.3 cm 3 /sec. Q = 1607.14 cm 3 /sec.,            
               D = 5.2 cm. d = 2.7 cm.  
                 

                                                          Theoritical Experimental 

S. No. 
X 
 

x/d 
 

Z 
 

z/d 
 

x/Rd 
 

z/Rd 
 

Z 
 

z/d 
 

z/Rd 
 

1 0 0 0 0 0 0 0 0 0 
2 4 1.48 3.26 1.2 0.59 0.48 3 1.11 0.44 
3 8 2.96 3.28 1.21 1.18 0.49 3.2 1.19 0.47 
4 12 4.44 3.31 1.23 1.78 0.49 3 1.11 0.44 
5 16 5.93 2.85 1.06 2.37 0.42 2.8 1.04 0.41 
6 20 7.4 2.03 0.75 2.96 0.3 2.7 1 0.40 

 
     Table 5.  Mixing Length for One Phase Flow 
   

               θ=900          θ =450 Serial 
No. 

Velocity   Ratio ( R) 

    Mixing Length ( L )   Mixing Length ( L ) 
1 1.12 20  16 

2 1.25 16   20 

3 1.44 16   20 

4 1.77 12   20 

5 2.5 16   24 

 
 
5.0  Results and Discussions 
From the experimental rules for different flow conditions, having velocity ratio 1.12,1.25,1.44,1.77 and 2.5 with varying 
discharge- 
 
The following results have been plotted- 
 
(1) Jet trajectories (x/d,z/d). 
(2) Normalized coordinates of jet trajectories (x/Rd , z/Rd ) . 
(3) Mixing length (L) Vs velocity ratio( R) . 

 
Since two angles have been used with the help of joint 2” pipe and 1” pipe at 450 and 900.The results have been plotted for 
water-water mixing in terms of jet trajectory and normalized coordinate of jet trajectory in the graphs, for 900 the graphs 
from fig.1.1 to fig. 1.4 and for 450 the graphs from fig.2.1 to fig. 2.4.The difference between theoretical and experimental 
results in graphs are, because the theoretical results have parabolic equation and the losses (friction loss, bend loss, etc) are 

                                                    Theoritical Experimental 
Serial 
No. 

X 
 

x/d 
 

Z 
 

z/d 
 

x/Rd 
 

z/Rd 
 

Z 
 

z/d 
 

z/Rd 
 

1 0 0 0 0 0 0 0 0 0 
2 4 1.48 0.8 0.3 1.32 0.26 0.6 0.22 0.2 
3 8 2.96 -0.28 -0.10 2.64 -0.09 1.5 0.56 0.5 
4 12 4.44 -1.97 1.97 3.96  2 0.74 0.66 
5 16 5.93 -4 2.27 5.29  2.5 0.93 0.83 
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not considered in theoretical results. The graph for mixing length and optimum velocity ratio is in fig. 3.1.Some percentage 
of error may be due to the position and orientation of the pitot static tube as well as due to measurement of pressure at 
venturimeter and orifice meter for measurement of discharge. 
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Jet Trajectory at 900 for Water-water,R=1.25
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Jet Trajectory at 450 for Water-water,R=1.12
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Jet Trajectory at 450 for Water-water,R=2.5
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                                                          Fig.- 3.1 
 
6.0  Conclusions 
When two fluid streams are being mixed together at 450 and 900 in a pipe, the secondary flow, which is being, introduced 
perpendicular to the main flow forms an inclined jet in the main flow. The trajectory of the inclined jet depends on the ratio 
of the diameters of the side and the main pipes, and is expressible in dimensionless form in terms of the ratio of the velocity 
of the secondary and the main flows and the internal diameter of the side pipe. 
When we compare the theoretical and experimental results of pipeline mixing of water-water (one phase flow). The 
differences in graphs which indicate the head loss due to friction loss bend loss and pipe fitting loss etc. The optimum 
velocity ratio at 450 for water-water (one phase flow) is 1.12, at 900 1.77. We experimentally investigated the optimum 
velocity ratio 1.77and branch angle is 900 for one phase flow at diameter ratio is 1.93. 
 
  NOTATIONS 
 
   d = Branch pipe diameter 

D = Main pipe diameter 
R = Velocity ratio 
 u = u 0  = Jet velocity 
 v = Velocity of the main pipe 

0θθ =  = branch angle 

 ml = Momentum length 
  s = Mixing jets arc length 
  b = Equivalent cross sectional radius 
 α = Tangential entrainment parameter 
 β = Normal entrainment parameter 
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    Ω = Constant 
   x= Coordinate (horizontal)   

     z =Coordinate (vertical) 
     Q = Discharge of main pipe 
      Q j  = Discharge of branch pipe 

     dC  = Coefficient of discharge 

       a 0 = Internal area 

    a 1  = Area of pipe 
     g = Gravity 
     h = Difference of pressure in water column 
    X = Difference of pressure in mercury column 
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Abstract  
Despite the substantial social and technological changes that have occurred, vehicle speed remains an important 
public policy, engineering, and traffic safety issue. Speed is cited as a related factor in 30 percent of fatal 
crashes and 12 percent of all crashes. Excessive vehicle speed reduces a driver's ability to negotiate curves or 
maneuver around obstacles in the roadway, extends the distance necessary for a vehicle to stop, and increases 
the distance a vehicle travels while the driver reacts to a hazard. While the speed limit enforcement by the traffic 
police may not be affordable for most developing countries. Reducing vehicle speeds may be one of the most 
effective interventions to stem traffic crashes in low-income countries. How ever, setting lower speed limits is not 
an effective intervention without the traffic law enforcement resources to ensure that limits are followed. This 
project presents an automatic control to vehicles in Speed limit Zones. The system includes, a driving state 
detecting unit for detecting a driving state and outputting corresponding signals; a transmitter/receiver for 
outputting RF signals; an electronic control unit for receiving the signals of the transmitter/receiver, a control 
unit for outputting signals for control of the throttle valve opening; a throttle valve electronic control unit for 
outputting electrical signals to a throttle valve to control the same; and a display for displaying a present mode 
and a vehicle.  
 
Keywords: Gearless Petrol Vehicles, Accident zone, Radio Frequency, Throttle Control.  
 
1.0   Introduction 
Speed is a fascination that is a major cause for accidents. The carelessness of drivers leads to a massive fatalities. 
This project is an outcome of these analyses and is aimed at reducing accidents by limiting of the vehicle’s speed 
bypassing the driver himself. Automotive electronics is a very dynamic field that is taking full advantage of the 
progress made in semiconductor and communication technologies. This project presents an automatic speed 
control of gearless petrol vehicles (we have considered TVS 50 for our project) in the accident zone using 
position control of throttle. In this project we have used RF (Radio frequency), Microcontroller, a stepper motor 
and a throttle. The radio frequency transmitter communicates a signal with information about the speed in the 
particular zone. This information is decoded by the receiver which interrupts the microcontroller and the 
microcontroller further actuates the movement of a screw by means of a stepper motor, thereby regulating the air 
fuel mixture’s flow to the engine. The number of revolutions moved by the stepper motor depends on the speed 
limit information got by the receiver. This brings the speed of the engine under control once the vehicle enters 
the accident zone. This gives a foolproof speed control system in any accident zone. 
 
2.0 Factors Influencing Speed  
In most of the crashes involving a slow-speed vehicle, the operator of the slow-speed vehicle is either preparing 
for or in the process of a maneuver that required a slow speed for safe execution (e.g., turning, crossing, entering, 
or exiting). The current discussion focuses on the conditions in which driving speed is a matter of individual 
choice [9]. Many different factors can influence the speed at which a motorist chooses to drive. Speed choice can 
be influenced by driver age, gender, attitude, and the perceived risks of law enforcement or crash. Speed choice 
also is influenced by situational factors, such as weather, road or vehicle characteristics, speed zoning, speed 
adaptation, impairment, or simply running late. 
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2.1 Driver Attitudes and Behaviour 
Driving with excessive speed is a risk-taking behaviour that often is found in association with other risk-taking 
behaviours. For example, only 37 percent of passenger vehicle drivers under 21 years old who were involved in 
fatal crashes related to speed were wearing safety belts at the time of the crash. In contrast, 56 percent of drivers 
in the same age group were properly restrained when speed was not a factor. For drivers 21 years and older, the 
percentage of drivers involved in speed-related fatal crashes who were using restraints at the time of the crash 
was 34 percent, but 62 percent of drivers were restrained in fatal crashes that were not speed related[9]. 
 
2.2 Road Characteristics 
 Road characteristics contribute to the speeds at which drivers operate their vehicles. The most significant 
characteristics are curvature, grade, length of grade, number of lanes, surface condition, sight distance, lateral 
clearance, number of intersections, and built-up areas near the roadway. More recently, it was found that width, 
gradient, alignment, and layouts, and the consistency of these variables, are the determinants of speed choice on 
a particular stretch of road. Roadway surroundings, especially proximity of tall objects to the road, also can 
influence the speeds at which motorists choose to drive [10]. Designing roadway features to influence driver 
perceptions of appropriate speeds is a subject that will be addressed briefly in a subsequent section of this report 
 
3.0  Control Of The Throttle 

 
The working procedure of the idea is represented in the figure below 

 
 
          Antenna 

      Antenna 

 
 

Figure 1. Block Diagram for Throttle Control Mechanism 
 
This paper is divided into two modules  
 
3.1   Road To Vehicle Communication  
The road to vehicle communication is established using radio frequency transmitter-receiver. RF transmission is 
chosen for its high frequency hindrance free transmission. Each area requires a particular speed limit. According 
to the desired speed limit a particular frequency is transmitted by the transmitter. 
 
The RF transmitter is installed at a specific location adjacent to a road, and outputs a signal including a message 
for controlling a vehicle at a predetermined speed and for a set distance. The RF transmitter outputs a weak 
signal such that vehicles travelling in an opposite lane do not receive the signal. At this time, since the output of 
the RF transmitter is weak such that the entire speed limit zone is not covered, information of a range of the 
speed limit zone is included in the signal. 
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Figure 2. RF Transmitter 
 
 

3.2 Speed Controlling Mechanism 
The RF receiver receives control signals from a control center, the control signals varying operational and output 
messages of the RF transmitter. The microcontroller determines the present driving state of the vehicle and from 
the RF transmitter. From the signals output by the RF transmitter, the presence of a first driving state zone is 
determined. The microcontroller determines if the driver has performed deceleration operations to thereby 
determine if forced control into the first driving state is required. If such control is needed, corresponding control 
signals are output.  
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Figure 3. RF Receiver 

 
The actions taken by the microcontroller in response to the RF signal received are: 
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2.2.1 Driver alert signal 
When the vehicle enters the speed limiting zone, the maximum permissible speed in the zone is automatically 
received by the vehicle via the RF receiver fitted in the vehicle. When the signal is detected, an indication in the 
form of a light glow or a beep sound is given to the driver indicating the entry into the speed zone. 
 
2.2.2 Positioning of the screw 
In order to control the speed of the vehicle, the position of the plunger and in turn the amount of air entering the 
engine a screw is used. Along with the alert signal the microcontroller also positions the screw at the appropriate 
position in order to achieve the desired speed of the zone. The microcontroller is interrupted when the receiver in 
the vehicle gets the signal from the transmitter. The microcontroller in turn activates the stepper drive .The 
stepper motor positions the screw through the hole to the exact position as per the frequency of the RF signal 
received. The distance moved or the no. of revolutions of the screw is determined by the program embedded. As 
mentioned above the screw adjusts the position of the throttle and thus the speed of the vehicle is controlled. 
 
4.0 Stepper Unit 
Variable reluctance  motors  usually have  three windings  with  a  common  return  while  permanent  magnet  
motors  usually  have  independent  winding  with  or  without  center  taps. Center-tapped windings are used in 
unipolar permanent magnet motors. Stepper motors come in a wide range of resolutions. The coarsest motors  
typically  turn 90  degrees  per steps,  while  high  resolution permanent  motors  are  commonly able  to  handle  
1.8 or  even  0.72  degrees  per step. Within appropriate controller, most permanent  magnet  and  hybrid motors  
can be  run  in  half-step, and  some  controllers  can handle smaller  fractional  steps  or micro  steps. The 
specifications of the stepper used are as followsVoltage12V,Current 4A,Load 2Kg,Type Permanent magnet, 
Stepping angle 1.8 degrees. 
 
4.1 Stepper Driver 
The output from the microcontroller is too weak to drive the stepper motor, so TIP122 transistor is employed 
here to increase the current gain. The value of current from the microcontroller is nearly 20mA, which is then 
boosted up to the level of 200mA. There are three terminals in the TIP122, namely input, output and ground 
among which supply is given to the input and ground is connected to 0V. Hence the four coils of the stepper 
motor are excited by the gained current. 

 
5.0 Experimental Evaluation of Throttle Position 
 
5.1 Speed-Throttle Position Co-Relation 
In order to find the relation between throttle position and engine speed, the throttle position is varied in steps and 
the corresponding engine rpm obtained is noted. The engine rpm was found out using digital tachometer. The 
engine is used as a model for the design of the project. 
 
5.2 Engine Specification 
The specifications of the engine used to obtain the readings are as follows: 

 
Table 1. Engine Specicifications. 

 
1. Manufacturer TVS-50 XL Moped(2 seater) 
2. Type Single cylinder, air cooled fan assisted 2-stroke petrol engine 
3. Bore 38.9mm 
4. CC 49.9 cc 
5. Max power 1.7bhp/1.57kw@5000rpm 

6. Max torque 3.6Nm@3250rpm 

7. Carburettor:  SPACOTYPE- SHA 13/11L 

8. Stroke 42mm 
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5.3 Speed Vs Displacement of Throttle 

 
Table 2. Speed Vs Displacement Of Throttle 

 

 

 

 

 

 

 

 

 

 

 

 

 

5.4 Throttle Opening Vs Displacement of The Screw 
According to the dimensions of the plunger and the carburetor, the following results are obtained. 

Table 3. Throttle opening vs Displacement of the Screw 

 
 

         

Figure 4. Throttle opening vs Displacement of         
the Screw   

5.5 Displacement of Throttle for Standard Speed Limits 
From the tables 2 and.3, we will be able to find out the displacement of throttle corresponding to standard speed 

limits such as 20, 30 or 40 kmph. 
The results obtained are  

20 kmph - 4.4 mm 

30 kmph - 7.1 mm 

Displacement of throttle (%) Vehicle Speed (kmph) 

0 0 

25 12 

40 21 

67 33 

87 49 

100 60 

Displacement of 

screw(mm) 
Throttle opening (%) 
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6.0  Conclusion 
There is evidence that crash risk is lowest near the average speed of traffic and increases for vehicles traveling 
much faster or slower than average. The change in injury crashes will be twice the percentage change in speed 
squared, and fatal crashes will be four times the percentage change in speed. These relationships are based 
mainly on speed limit and speed changes on high-speed roads. When the consequences of crashes are taken into 
account, the risk of being involved in an injury crash is lowest for vehicles that travel near the median speed or 
slower and increases exponentially for motorists traveling much faster. One of the major concerns in all of the 
studies is the travel speed before the crash. Adaptive speed control systems provide the opportunity to accurately 
and continuously capture travel speed. This technology should be applied in improving our understanding of the 
relationship between speed, speed variation, and safety. Though clear indications about speed limits are given, 
drivers seldom follow them. 
 
When a crash occurs, its severity depends on the change in speed of the vehicle at impact. Hence this project 
weans away all the risk involved and provides foolproof security for the drivers and the pedestrians. Thus this 
project goes a long way in reducing life and material loss. There are various futuristic applications for this 
project. Fuzzy logic can be used in this project for multiple speeds because vehicle speed depends both on the 
engine speed and on the gear. The same electronic throttle concept can be used in automatic transmission 
systems. In the same way speed values given by the driver are discrete in nature, an analogue input for speed 
using the speed sensor can be used. This has to use accelerator sensor to sense the current position of the pedal. 
Accuracy in the detection of throttle position can be achieved by throttle position sensor. The feedback from this 
sensor is used to determine the exact position of the throttle and then move accordingly. The stepper motor used 
here can be replaced with servo drives, so that enhanced control is possible using the closed loop systems. Auto 
tuning circuits could be implemented along with the receiver so that exact matching with multiple frequencies is 
possible. Zone demarcation based on different speed limits is done by transmitting different signals. 
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Abstract  
Well-designed grinding processes enhance workpiece surface quality, producing better surface  finish , compressive 
residual stresses, and improved fatigue life.  Conversely, poorly designed processes can lead to abusive grinding 
and a range of forms of surface damage.  For critical components and parts of high added value it is therefore 
desirable to reduce grinding temperatures to minimize the risk of the occurrence of thermal damage.  Temperature 
models have been developed for industrial application to assist the operator avoid conditions of high risk like 
burning ,chattering and fusion etc.  The thermal analyses have greatly clarified the importance of the various 
physical processes involved in abrasive machining leading to radical developments such as creep feed grinding and 
high-efficiency deep grinding (HEDG).  The analytical models with corelating actual grinding parameters and 
process variables is  modified to improve the grinding performance  by reducing thermal stresses  which is 
developed in the industrial research laboratory.    

KeyWords: Thermal aspects of grinding ,. Advance process parameters for the thermal grinding   

Key Outcomes of the Work: Design of an simulated Cam  lobe  model for prediction of residual stress on wheel and 
component with dressing and fluid applications in assistance with high end CAD-CAE software. 

   
1.0 Introduction  
Regimes of deep grinding range from creep grinding conducted at low workspeeds to high efficiency deep grinding 
(HEDG) at faster workspeeds.  HEDG is characterised by extremely high material removal rates and low specific 
grinding energy and has potential to compete as a primary material removal process like cylindrical grinding, 
surface grinding,centreless grinding, cam  profile grinding , crank shaft grinding , thread grinder , gear grinding ,  
etc.  At intermediate depths of cut, grinding is likely to be impossible due to high temperatures and damage to the 
workpiece and wheel.  Analytical techniques have been developed to describe the heat transfer mechanisms and to 
quantify the physical processes involved in achievement of HEDG. The thermal analysis has taken into account 
developments in thermal modelling of shallow cut processes. The effects of process conditions on workpiece 
quality, operational efficiency and removal rates have been determined.  The importance of effective fluid delivery 
and fluid convection effects have been identified. In recent lean manufacturing the high speed grinding requires a 
high speed machine at higher cutting speed, feed and machine capability e.g. . there are a high number of grinding  
applications in the industry, and most commons are in the automotive industry, engine valves , high precision 
bearing industries , aerospace industry and  in super alloys grinding.  
 

2.0 Grinding Contact Mechanics 
Metal cutting invariably starts with the mechanics of chip information, because this helps to clarify the environment 
in which the cutting tool functions and the significance of various process parameters. The grinding wheel is a 
composite tool consisting of many thousands of cutting edges (grains) oriented in haphazard directions and 
therefore, does not lend itself to easy analysis. However, a simple analysis is possible if the grinding wheel is 
considered as a milling cutter and the abrasive grains as the cutter teeth. Estimates of the size of the contact region 
for abrasive machining processes had previously varied by up to 600 per cent.  The contact length is of considerable 
tribological importance since contact length governs the  length of the sliding contact , the intensity of the heat input 
, the thickness of the uncut chips , the kinematic roughness of the workpiece , the time of contact and number of 
grains in contact  abrasive wear. The models accommodate elastic deflections of both the wheel and workpiece, and 
the effect of roughness between contacting surfaces.  The work has also established the effect of fluid on contact 
length (shown below). 
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Fig 1 (Grinding Contact Mechanics ) 

3.0 Heat and Residual Stresses  
A characteristic feature of the grinding process is  the extremely high temperature in the cutting zone. This fact will 
be immediately evident even to a casual observer from the shower of sparks (which are actually molten globules of 
metal) flying off from the job. The reason for this phenomenon lies in the nature of chip formation as discussed 
earlier. The abrasive grains usually have a large negative rake angle and a considerable radius at the cutting edge 
when compared to the depth of- cut. Therefore there is a tendency for the grains to initially slide over the metal 
(before biting. into it), and in the process to generate intense frictional heat at the point-of-contact. Actual 
measurements have shown that instantaneous temperature of 1,200o K and higher are reached. The poor thermal 
conductivity of the wheel and the short duration of heating combine to concentrate the heat generated in a thin 
surface layer of the work piece . The high local temperatures and quenching action of the coolant result in changes 
in the metal microstructure on the surface and leads to the formation of large residual stresses. In extreme cases 
these stresses can cause metal failure in the form of cracks, etc. On the other hand, it is important to appreciate that 
grinding parameters can be varied to induce moderate residual stresses , which are beneficial in terms of the wear 
resistance and the static and the fatigue strength of the parts. This aspect of the process which can help in 
eliminating  subsequent strain hardening operations  (like burnishing etc.) needs to be further investigated and 
applied in practice  
 
4.0 Cutting Forces 
The question of cutting forces , Power and energy requirements is particularly important in precision grinding 
operations since it is linked to the problem of achieving the high material removed ,desired accuracy and surface 
quality. However , the frictional losses are also much higher in various analytical methods , this method is   
perforce, approximate as the tool geometry and other parameters are not constant as in the case of milling, turning 
etc. The abrasive grains in a grinding wheel act as miniature cutting tools with an average  negative rake angle of 
45o. This factor in  conjunction with the unfavourable orientation of the grains and low depth of cut, results in high 
normal (radial) forces during grinding. Thus, for example, the ratio of the normal .Py' to the tangential component 
.Pz. of the cutting force is usually in the vicinity of Py/Pz=2 during grinding with a free cutting wheel. This ratio 
increases as the wheel glazes and may reach a value of 4 to 5. In comparison turning with a tool having 15o positive 
rake angle and 45o plan angle would give a ratio Py/Pz-0.4. In other words, the nature of distribution of cutting  
forces in grinding differs radically from other metal-removal processes. This poses various problems in designing 
the machines and achieving the necessary levels of  accuracy. 
 
Moreover,. As a consequence, the consumption of energy in grinding is much higher than in other processes like 
turning and milling. The power of the wheel-head motor for operations involving line contact can be calculated from 
the equation  
W = Pz.V.B /102                                                                                                               Equation (1) 

Where, 

 W - Power in KW ,  
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Pz - tangential cutting force in Kg.per.cm width of wheel face , 

V - Wheel speed in m/sec,  

B - Wheel width in cm. 

Thus, the power needed is a function of the wheel size and speed ,peripheral wheel  speed and size , table traverse 
feed rate , depth of grind traverse grinding , width of cut-plunge grinding , MRR in traverse grinding and in plunge 
grinding ,  as well as the unit cutting forces. For conventional grinding  applications, the wheel speed are 30-35mps 
(meter per second)  but new grinding is performed on the 60 mps , 80 mps ,120mps and  150 mps .An important 
corollary of the above expression for power is that their higher speeds can be advantageously used to reduce the 
cutting forces while increasing the power and material removal rate. 

  
The cutting efficiency of a grinding wheel is the ratio of the material-removal-rate to the normal (radial) component 
of the cutting force. Actually the force factor is equally important since it is correlated with such parameters like 
dimensional, geometrical accuracy, surface quality, power consumption etc. It has been found experimentally that 
the above ratio (cutting efficiency) decreases exponentially between dressings of the grinding wheel. This, of course, 
mainly applies to precision grinding operations and not to snagging operations where self dressing wheel is used. 
The decrease in cutting efficiency usually results in increased cutting forces as the feeds, which govern the material-
removal-rate, are usually maintained at the constant level. Increase in the cutting forces, in turn, results in increased 
power consumption, greater deflections of the machine spindle and workpiece (causing errors of form), higher heat 
generation (causing burns, cracks and dimensional inaccuracy due to thermal expansion), and vibrations (causing 
chatter marks and poor surface finish), etc. it is preferable to evaluate cutting efficiency as the ratio of the material-
removal-rate to the power consumed. This is simple and merely requires the use of a watt meter in the motor circuit 
 
5.0 Grinding Wheel Wear 
Wheel structure has a critical influence on grinding performance which maintains critical size requirements on a 
consistent basis.Surface replication techniques were developed (shown below) and the relationship between wheel 
structural parameters and grinding performance were determined.Characteristics of vitrified CBN (The CBN wheel 
life is almost 500 times greater than the conventional ones)and Diamond wheel(G ratio values range from 15,000 to 
50,000) with particular reference to the effects of high wheel speed.  Increased wheel speed has widely been seen as 
a means to increased productivity.However, increased wheel speeds have implications on high speed grinding 
machines design in particular excitation frequencies and spindle design (Cartridge type spindle , antifricticon spindle 
, Hydrodynamic lubrication spindle, Oil air lubrcation with air cooling type spindle , Gamet Bearing Spindle , High 
Frequency Spindle ). Cutting edges of the wheel are wear out due to mechanical attrition as well as due to adhesion 
and diffusion processes. Mechanical attrition and adhesion can be reduced by increasing the high-temperature 
hardness of the abrasive grains, while the diffusion wear process can be minimized by the suitable selection of 
abrasives having the least chemical affinity to the material being cut. The second factor is the chipping of the wheel 
edges .This can be minimized  by the use of tailor made tougher grains having stronger shapes (blocky as against 
acicular). Failure of the bonding material and release of abrasive grains due to softening of organic bonds thru heat 
in the cutting zone; fracture of the bonding material under repetitive shock loads; and cyclic stresses set-up in the 
wheel body due to elastic deformation of the wheel, etc. A grinding wheel of dia400mm is shown under the stress 
distribution.An accurate estimation of the residual stresses is essential to control the surface finsish, ovality ,taper 
,parallelism on the component.   

 

 

 
 
 
 
                                            
                                           Fig  2 (Stress Distribution on the grinding wheel ) 
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6.0 Grinding Wheel Dressing 
 
The wheel dressing operation is the equivalent of  grinding wheel surface  sharpening and  the objectives of:  

1. removing the blunt grains from the wheel and exposing a layer of fresh, sharp cutting edges. 

2. removing the surface layer which has been clogged with chips and restoring the wheel form. 
 
The conventional dressing methods using crush dressers, diamond tools, crusher rolls and grinding wheels or sticks 
.The dressing method selection is based on the parameters like work material , wheel grade , RPM of wheel and 
optimized dressing (Dressing slide , dressor position , dressing methods , dressor interpolation , dressor cut )slide , 
dressor capacity and dressor mounting arrangement .  A cut of 0.05mm to 0.1mm (total for all passes) is usually 
sufficient for restoring cutting efficiency by Single point Diamond or Multiple point diamond (Chiesel type or Blade 
type or Radius Dressor ) of carat value from 0.1,0.2,0.3,to 2,3,4, 5 . An advanced development in the dressing field 
is the introduction of diamond rollers for the continuous dressing of wheels on automatic machines.Strategies to 
optimise the dressing process were developed based on this finding . Every body wants to reduce the dressing 
frequency which is measured  in sec/component because it consume the wheel as well as productin time . 
Remarkably fast dressing is dome with programmable plunge grinding cycle, i.e. rough grindings > finish grinding > 
dressing cycle automatically with the help of various CNC Dressing Mode. 
 
The simulation of the wheel cutting surface was modelled for the single diamond dressing process on a simulated 
grinding wheel. By matching simulated and experimental results it was possible to explain the relative importance of 
dressor life and grinding parameters. 

 
7.0  Fluid Application in Grinding 
Grinding fluid plays a vital role in achieving high removal rates energy and good workpiece quality. The use of 
grinding fluids is effective in preventing thermal damage since fluids not only remove heat from the grinding zone 
but also lubricate to reduce the friction between the wheel and the workpiece In consequence, fluid burn-out is 
common and some wasted  is in the forms of fumes, filtered in the form of cake formation . A ‘effective’ flow of 
,CIMCOOL which is very common water based coolant ,is essential for better fluid performance in  grinding . A 
water-based fluids cool effectively only when the workpiece surface temperature is below a critical value of about 
130°C for the creep feed grinding . In a effective fluid delivery can result in extremely high fluid convection 
coefficients, typically 290,000W/m2K. A model has been developed that correlates spindle power for fluid 
acceleration(Pressure and velocity mapping of fluid flows in the boundary layer and entry region), wheel speed 
(wheel size , wheel profile ,wheel grade ,wheel contact angle with component and depth of cut ) and delivery-nozzle 
jet velocity , optimized nozzle design (nozzle  volume , area , profile , mounting angle and discharge capacity )  and 
workpiece quality and material removal rate with ‘effective’  flow.A ‘effective’ flow will be related to grinding 
performance including Design of optimised fluid delivery systems with filteration system. In recent grinding 
application paper band , compact band coolant filteration unit is used filter coolant up to 10 microns  with advanced 
chilling unit . Oil skimmers and magnetic seprators  also helps for improving the  grinding fluid applications with 
high pressure coolant pumps which is generallly run on the 25 bar . For Temperature controlled cooling the   coolant 
tank capacity is kept 400 or 500 litre with 150 or 250 LPM (litre per minute ) . 
 
8.0  Thermal Modeling of  Camshaft Grinding Process 
A Cam Shaft  thermal  modeling technique aims to make it more predictable by identifying potential areas of 
thermal damage before wheel meets lobe in order to generate the fastest possible work speed and throughput without 
burning parts. Process optimization is an essential exercise for today’s evolving and adapting machine shop. 
Increasing international competition, short part runs and need-it-yesterday delivery requirements demand it.It has a 
comparision with the actual machine shop try out program for the same cam lobe for Honda .The actual result 
shown the very drastical change for thermal modelling . 
 
New thermal modeling software takes existing computer work speed generation programs for camshaft grinding a 
step further, actually predicting heat amount, location on lobe perimeter and depth reached under the lobe surface 
during grinding. Likely problem areas can immediately be identified from simple colored graphs, and process 
variables can be massaged to determine the fastest possible work speed that won’t thermally damage the lobe.. The 
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program is available for use with the company’s CNC camshaft lobe grinders that have linear motor wheel feed 
drive. 

 
 

 
 
9.0  Problematic Profiles 
Camshaft lobe grinding presents processing difficulties not found in concentric grinding operations. The contact area 
between the wheel and lobe (known as arc of contact) is continuously changing as the wheel passes around the 
perimeter of the lobe. Contact area is greatest in the relatively flat flank area, versus a camshaft’s more rounded base 
circle and nose. For that reason, it is in the flank areas that burning is most likely to occur, and where many 
manufacturers slow the work speed to prevent it from happening. However, educated guesswork has typically 
dictated how much to reduce the work speed. 

Lobe geometries are also becoming more complex. Many of today’s roller camshafts have a re-entrant (concave) 
profile in the flank areas. This feature, also referred to as a negative radius of curvature (NROC), is designed to 
optimize valve opening and closing for greater engine power and reduced emissions. However, it introduces 
additional changing contact areas, making an already difficult grinding process even more hairy. In addition, new 
roller camshafts experience higher contact stresses than previous designs, which means thermal damage must be 
closely watched 

 

Figure 3. Thermal modeling software for camshaft grinding was used to generate this plot, which shows the 
locations around the lobe perimeter where thermal damage is likely to occur during grinding.  
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Lobe grinding is typically divided into roughing and finishing stages, even though they occur during one processing 
cycle. The purpose of roughing is to remove as much material as possible. Here, the concern about thermal damage 
isn’t as great, because successive roughing passes are taken at a wheel infeed depth that is sufficiently deep enough 
to remove any previously damaged material layers. However, in the final roughing passes, thermal damage must not 
be so deep that finishing passes at a smaller wheel infeed can’t remove it. 

10.0  Input Parameters  
On the surface, the exercise of modeling a manufacturing process   as intricate as camshaft grinding might not seem 
to be intuitive. However, it is a relatively simple process of entering known and published values for machine, The 
thermal modeling module piggybacks onto an existing work speed optimization and acceleration smoothing 
program, which considers traditional machine performance variables, in addition to material removal rate and lobe 
lift profile. 
 
 Camshaft designers provide lift profiles in terms of the amount of lift per degree around the perimeter of the lobe. 
Grinder manufacturers provide data about machine dynamic limits such as wheel feed acceleration and jerk, and 
headstock velocity and jerk.  
 
The three primary parameters required to generate the thermal model module are: 
 
• Cr value—This experimentally obtained value represents the material removal capability of the grinding wheel, 
and it depends on camshaft material and the type of wheel material and bond (cubic boron nitride, or CBN, with 
vitrified bond currently is the most popular wheel type for camshaft grinding). These Cr values are derived from 
machine force and power measurements. The “C” component represents grit density (ratio of abrasive pieces to 
bonding agent), and “r” represents wheel surface topology (scratch width versus scratch depth).  
 
• Thermal partition constant—This is a percentage of the amount of heat energy that will go into the part versus heat 
removed by the coolant. The thermal partition constant differs for oil- and water-based coolants.  
 
• Feed increment—This is the depth that the wheel plunges into the lobe for each new pass (usually at the nose 
where wheel/lobe contact area is smallest), and it will differ for roughing and finishing passes. The wheel does not 
gradually feed inward in a spiral fashion down to that increment depth, but rather it immediately feeds in that 
increment amount and will maintain that depth around the entire lobe. This feed increment typically is larger for 
roughing cycles than finish cycles, and it is directly related to the material removal rate. 

 

Fig. 4 The thermal model is generated after entering known and published values for 
machine dynamics, as well as wheel and coolant parameters. 
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11.0  Telling Temperatures 
There are two types of color plots that the thermal model generates. One depicts the actual lobe shape, with colored 
temperature bands that show the thermal distribution under the surface of the lobe during one camshaft revolution 
(shown in Fig 5). Temperature spikes toward the center of a lobe show where problematic areas are located. Another 
plot illustrates temperature distribution in terms of a graph of camshaft rotation in degrees versus surface depth. This 
graph shows to what depth various temperatures reach into the lobe at a particular point around the perimeter of the 
lobe (Figure 6  is an example of this graph for one camshaft revolution).  

Typically the entire grinding cycle is plotted for analysis, including roughing and finishing passes (the software is 
capable of modeling up to 20 camshaft revolutions). Benchmark data dictates at what temperature levels and 
penetration depths the process should be held, depending on camshaft material. After evaluating the heat values and 
penetration depth, parameters can be adjusted and the grinding finish cycle can be determined to ensure that any 
previously thermally damaged layers are removed. For camshafts that have re-entrant profiles, two grinding cycles 
would be modeled. One model would be generated for roughing the overall lobe shape with a large-diameter wheel, 
and another for a small-diameter wheel (typically 80 percent of the re-entrant diameter) for finishing and grinding 
the re-entrant profile. In order to complete both roughing and finishing on one grinder requires a machine with a 
subspindle for the small wheel. 

 

 

 

 

 

Figure 5. This graph shows the amount of heat generated, and depth reached beneath, a lobe’s 
surface at particular points around the lobe perimeter during a single wheel pass over a lobe. 
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12.0  Conclusion  
 Optimization programs, which take into account known machine dynamic constraints and lobe profile to suggest an 
“in-the-ballpark” work speed, do exist. And in cases where lobe burning occurred, some manufacturers chose to 
decrease the wheel feed increment, while others slowed the work speed. These sort of “seat-of-the-pants” changes 
usually eliminated grinder burn, but didn’t necessarily yield an optimized process. The thermal modeling technique 
is increasingly finding favor among manufacturers hoping to fine-tune their metalworking processes. Such a 
predictive computer software tool gives them the opportunity to immediately see the results after adjusting process 
variables (playing out “what if” scenarios) while removing some process guesswork and trial and error before any 
material is removed from a part. 
 
The steel is susceptible to several forms of thermal damage during grinding: rehardening burn, temper burn, and 
residual stresses. These forms of damage result from fluid film boiling in the grinding zone. In order to avoid 
completely the possibility of thermal damage, fluid film boiling must be avoided. This can be accomplished either 
by reducing the heat generated in or by improving heat removal from the grinding zone. A number of methods are 
suggested to avoid thermal damage : Use optimum wheel characteristics with  optimized  dressing parameters , use 
correct material geometry , effective flow of coolant, . Needless to say, the Grinding  industry in India have done 
good effort to supply quality products conforming to the best in international standards. 
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Fig 6. A 3D model developed of CAM and Grinding Wheel for analysis.  
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Abstract 
The inherent advantage of the two-cycle engine over the four –cycle (its favorable power to weight and volume ratio) are 
undisputed within the engine – making community , yet the popularity of two- stroke engines is reducing day by day. The 
main reason?  Its failure to meet stiffening emission laws. Past data has revealed that in total air pollution vehicular 
pollution contributes to 72 %, Industrial 20 % and rest 8 % is domestic. Also keeping in view the demand and supply level of 
fossil fuel s. the operational cost of two-stroke engine is increasing day by day. Up till now, problems of combustion control 
and cylinder scavenging have remained unresolved in the two cycle engine and have not been able to meet the emission 
regulations. So any improvement in the mode of scavenging among two-stroke engines will play a vital role in success or 
failure of the same. The work under this proposal will show the feasibility of solving these problems by reducing the losses 
through improvement in the scavenging process among two stroke engines. Work is focused to introduce fresh air one way 
valves. This will facilitate in reducing the UBHC level scavenging as this fresh air will participate in scavenging instead of 
air fuel charge. The trials and testing of the 2-stroke lamby 150 cc old engine were conducted at VRDE (Vehicle Research 
Development and Establishment) Govt. of India, Ahmednagar. Various tests as per VRDE guide lines were conducted and 
data of the test results before modification of the engine and after modification were analyzed. Improvement of fuel economy 
and reduction in pollution level (HC ppm and CO % Vol.) was observed.   
 
1.0 Introduction 
Throughout the industrialized world, two wheel vehicle usages are increasing at a rapid pace in the urbanized area of 
Asia. This number is growing at a rate of around 6.8 million vehicles per year and two stroke engines power 
majority of these vehicles. Two-stroke engines have very high exhaust emission and low fuel economy. The large 
population of two wheel vehicles accounts for significant portion of global mobile source hydrocarbon (HC) and 
carbon monoxide (CO). Now emission from 2-stroke engine vehicles is relatively small compared to other mobile 
sources, in controlling emissions from two wheel vehicles. Appreciable amount of work is done by Scavenging 
methodology. Because scavenging is the mode through which one can control the emission level as well as the fuel 
economy simultaneously with simplest modifications in the existing design of transfer port type scavenged engine 
(1, 2). In controlling emission from two wheel vehicles, legislative authorities have tended to implement 
increasingly stringent emission standards in stages. Strict standards lead to the system approach using more 
developed engine design and improvement in the mode of scavenging, because scavenging has lead to wastage of air 
fuel mixture which is used for removal of gases from the combustion chamber which leads to lesser volumetric 
efficiency, lesser fuel economy and more pollution (1, 3), in the stroke SI engines at the end of exhaust stroke, the 
combustion chamber is left full of products of combustion. This is because; unlike four stroke engines there is 
number of separate exhaust stroke available to clean the combustion chamber and the process of cleaning the 
combustion chamber after the exhaust stroke is called the scavenging process. It must be completed in a very short 
duration available between the ends of the exhaust stroke and the start of charging process and this is achieved 
through fresh air fuel charge, which is waste in the form of UBHC and leads to lowering the fuel economy and 
increasing the emission level. The actual scavenging process is partially of the perfect mixing and short-circuiting. 
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2.0   Experimentation/Methodology 
In present work in crankcase type scavenged engine attempt is made to induce the additional fresh air through 
secondary circuit to help in a scavenging process. In the 2-stroke engine, SI engine, the most of the fuel loss directly 
varies with the air fuel ratio and the flow pattern of the fresh charge into the combustion chamber during the 
scavenging period. In this secondary circuit consist of one-way valve (real valve) connected to the upper part of the 
transfer port on both sides of the cylinder and supplies air along through converging passage and air control valve. 
The air control valve of secondary circuit is also controlled through same accelerator cable, which is controlling 
main carburetor. During the suction period, the air fills the transfer ports fully or partially depending upon the speed 
of engine. The transfer ports through the secondary circuit are filled at the same time when fresh air fuel charges 
induced through carburetor into the crank case; thus when piston moves from top dead center to bottom dead center 
transfer ports open, fresh air alone enters and carries out initial phase of scavenging subsequently, fresh charge from 
the crank case flows through the transfer port and starts charging the cylinder be the next cycle (as shown in 
Figure.1) 
. If X be the amount of fuel lost per cycle in the short circuiting during the process of scavenging and N being the 
engine RPM, then the total amount of fresh charge lost by short circuiting per minute will be N*X hence attempt is 
made in this work to reduce X in order to get better fuel economy and low emission. 
 
Technical specification of vehicles used for experimentation are it is a single cylinder, horizontal air cooled, 6.5bhp 
at 5300 rpm,148 cubic capacity,78 no. fuel jet & 55no. air jet 
 
 

 
 
 

Figure 1 
 
Different tests are conducted on the conventional and modified vehicles under standard conditions i.e. straight patch 
of NCAT at VRDE Ahmednagar which is of 2 kilometers in length with no curves under standard conditions of 
wind velocity = 3 m/s, normal humidity 50-60% and ambient temperature 300 k to 305 k. throttle opening was 
calibrated by dividing  accelerator handle into 4 parts of equal size which is giving 25 % to 100 % throttle opening 
indication to the driver 
 
3.0   Tests Conducted  
1. Fuel consumption under different gears at different throttle openings were conducted and instrumentation for 

fuel consumption measurement used was a glass burette having indications in CC and fixed with the two 
wheeler. For the fuel consumption measurement two wheeler was run on smooth straight track of 100 mtrs 

2. Grade ability test was conducted by measuring the time taken with the help of  stop watch on 7 deg  gradient at 
VRDE test facility  
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3. Emission test under static condition was conducted on different throttle openings in VRDE test facility with 
digital exhaust gas analyzer of  kane auto make   

 
 
 4.0  Results and Discussions 
 
During tests on conventional and modified vehicle following data’s were recorded and compared for analyses  
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comparison of fuel consumption of 
conventional and modified engine in 

fourth gear
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Figure 5 
 
From above graphs it is clear that fuel consumption is appreciably improving in the modified engine particularly in 
the fourth gear  
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The gradeability test at 7 deg gradient has shown that vehicle with modified engine has taken more time which is an 
indirect indication of reduction in torque /power may be due to leaning of mixture  
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Comparison of  throttle opening Vs 
CarbonMonoxide  emission 
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Figure 8 
 
From Figure 7 & 8 it is clear that there is reduction in both CO and HC emission which is due to reduction in 
scavenging losses 
 
5.0  Conclusion  
 
The emission losses by changing the mode of scavenging i.e. initial charging and removal of exhaust gases by the 
use of fresh air lead to decrease in emission level and appreciable reduction in % age of CO (Carbon Monoxide) has 
been observed. 
 
There is little decrease in power/torque has been observed in gradeability test which may be due to leaning of the 
mixture and can be further improved by optimizing the fuel jet size.  
 
There is appreciable amount of reduction in fuel consumption has been observed which is due to the reduction in 
fuel loss during short circuiting in scavenging and this improvement in fuel consumption is good in  4th gear at 
100% throttle opening due to more availability of the pressurized air and proper cleaning of the combustion 
chamber. In this regard by optimizing the fuel jet size and varying the passage size further improvement can be done 
in the system. 
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Abstract 
Energy Conservation is the goal concern of world's economy now and will continue to be in the future. The 
drastic increase in price and demand of energy with limited available resources made the engineers to think 
towards the efficient energy utilization through the design and process optimization. The waste of energy (high 
grade and low grade) in a power plant results in a partial loss of the work. In order to estimate the first law and 
Second law efficiencies of existing system, National Thermal Power Corporation, stage ll, 500 MW unit, is 
selected for case study.  
 
In the power plant, bled steam ratios for H.P, I.P and L.P. turbines are calculated. Based on operating 
condition, irreversibilities are calculated for each component of plant. The exergy balance evaluates the exergy 
losses for all components through out the system. Fractional exergy losses are also calculated, in order to 
compare the irreversibilities with other components. 
 
Exergy analysis for one of the operating condition of cycle is performed, and    second law exergetic efficiency 
is calculated. The first law efficiency of miscellaneous components such as condensor and turbine are also 
calculated. It is found that there are both energy and exergy losses in the different components of the power 
plant. These losses can be mininized by qualitative maintenance of the systems. The results are presented in the 
form of tables and the exergy loss for each component is also tabulated. 
 
Keywords: Energy, Exergy, Irreversibility, Second Law Efficiency, Fractional Exergy Losses. 
 
1.0  Introduction 
In the design and performance analysis of systems involving energy generation or use, the first law of 
thermodynamics is used to determine the condition of the working fluid throughout the system. This law states 
that energy is conserved through out a process or system. Therefore an energy balance around a process or a 
system can be made, to account for all the energy losses. The principle of conservation of  mass in a flow 
process or system is also applied during the energy balance to show accountability for mass  leakage from the 
process or device (that can account for energy  loss). From the first law of thermodynamics one can evaluate the 
net loss of heat quantitatively. But, it does not tell us about qualitative nature of energy. Hence, by first law, 
energy loss from turbine is equally dangerous as same energy  loss from condenser.  
 
Also, it does not tell us about irreversible nature of the real process. It is the exergy analysis, which evaluates the 
loss of energy both quantitatively and qualitatively at different nodal points of the plant. By the qualitative 
analysis, it is possible to know, the extent of improvement possible in process. 
 
This paper is an attempt towards efficient energy utilization by reducing the irreversibilities and heat losses 
through each component of the power plant (a case study for 500 MW Thermal power unit of NTPC). 
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The schematic diagram of plant is shown. 
 

Figure 1 
 
 
2.0  Energy Analysis ( First Law Analysis)  
 
The schematic diagram of 500MW unit with re heating and regeneration is shown in fig. 
 
The high pressure super heated steam from super heater enters the H.P. turbine and expands. The steam exhaust 
of H.P. turbine is reheated and fed to I.P. turbine. The steam exhaust from I.P. turbine is directly fed to L.P. 
turbine. 
 
The steam is bled for regeneration from turbines. 
 
The flue gases from super heater are used to heat feed water in economizer followed by pre heating the air in air 
pre heater. 
 
Energy balance and mass balance are applied to HP, IP, LP Turbines and hence  bled steam ratios from the 
steam turbine are estimated as under: 
 
 m1h6 + m2h9 + 1 x h53 = 1 x h65 + 0.0794x h45 + 0.0833 x h44 
      
(1- m1- m2 – m3) x h40 +m3h8 + (mf)HAh45 + (mf)HB.h44 = 1x h40   
    
m4 (h43- h34) = (1 - m1 – m2 -  m3) (h40 – h33)   
    
m5 (h42- h38) = (1 - m1 – m2 -  m3) (h33 – h32)   
     
m6 (b41- b30) = (1 - m1 – m2 = m3) (b33 – b32)   



 130

 
 
2.1 Boiler  Efficiency Calculation 
 
Boiler  efficiency calculations are performed as under. 
 
% Dry gas loss                                    =      ( heat loss in flue gas leaving APH)    x 100 
                                           4.186 x C.V. of Coal 
 
% Loss due to moisture and 
 Hydrogen in fuel                     =          [(total moisture) (heat loss per kg  of moisture)]   
                                                                  x100 
                        4.186 x C.V. of Coal 
 
Heat loss due to sensible heat 
  in ash         =  Heat loss in   Fly ash  +  Heat loss in bottom ash 
 
Radiation loss                       = 0.2 
 
% Loss due to air moisture                      =    [ (moisture in air) x  (total combustion air) x  
                   1.88 x (FG Temp. after APH – DBT) /4.186 x 4.710]  x 100 
 
Boiler efficiency                                       = 100 – Total loss 
 
Workdone by the turbine (WT) = 
1 (h3 – h6) +  (1 – m1) (h6 – h5) + (1 – m1) (h7 – h9) + (1 – m1 – m2) (h9- h8) + 
 
(1 – m1 – m2 – m3) (h8- h10) + (1 – m1 – m2 – m3) (h10- h14) + (1 – m1 – m2 – m3 – m4) (h14- h13) + 
  
 (1 – m1 – m2 – m3 – m4 – m5) (h13- h12) + (1 – m1 – m2 – m3 – m4 – m5 – m6) (h12- h11) 
 
Work consumed by the pump (Wp), 
WP = (WCEP) actual + (WBFP) actual 
 
First law efficiency    =     useful work     =    mf (WT – WP) 
 
Energy loss in condenser          =  (1 – m1 – m2 – m3) (h11- h19) 
    
Energy loss in piping                        = m׳ (h11 – h12׳) 
   
Energy loss in combustion                        = Heating value x Boiler Inefficiency 
 
Isentropic efficiency of HPT 
 
=[1 x (h3 – h6) + (1 – m1) x (h6 – h5)]/ [1 x (h3 – h6׳) + (1 – m1) x (h6׳ – h5׳)] 
 
Isentropic efficiency of IPT 
 
[(1 – m1) x (h7 – h9) + (1 – m1 – m2) (h9 – h8) + (1 – m1 – m2 – m3) (h8 – h10)]/ 
[(1 – m1) x (h7 – h9׳) + (1 – m1 – m2) (h9׳ – h8׳) + (1 – m1 – m2 – m3) (h8׳ – h10׳)] 
 
 
Isentropic efficiency of LPT 
 
(1 – m1 – m2 – m3) (h10 – h14) + (1 – m1 – m2 – m3 – m4) (h14 – h13) +  
(1 – m1 – m2 – m3 – m4 – m5) (h13 – h12) + 
(1 – m1 – m2 – m3 – m4 – m5 – m6) (h12 – h11)   
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(1 – m1 – m2 – m3) (h10 – h14׳) + (1 – m1 – m2 – m3 – m4) (h14׳ – h13׳) +  
 (1 – m1 – m2 – m3 – m4 – m5) (h13׳ – h12׳) + 
(1 – m1 – m2 – m3 – m4 – m5 – m6) (h12׳ – h11׳) 
 
     
3.0 Exergy Analysis (Second Law Analysis) 
The exergy represents the quality of energy. Exergy is a function of surroundings also. The exergy loss in each 
component is calculated for analysis based on second law of thermodynamics. The expressions for estimation of 
irreversibilities in each component are as given below.  
 
The fuel input used is bituminuous coal (Calorific value = 5300 k cal / kg), and the exergy input is evaluated by 
assuming 20% excess air. The exergy input 
 
Exin  =   npεp + (1425 – 25) x Σnk Cε

ph 
 
εp   =   Σxk  εk  + RTo Σxk  lnxk   - 1605.17 
 
3.1 Calculation of irreversibilities 
The irreversibilities of each component of the plant are calculated as follows. 
 
3.2  High pressure turbine 
IHPT = m To (s6 – S3) + (1-m1) To (s5 – S6) 
 
3.3 Intermediate pressure Turbine 
IIPT = (1-m1) + (s9 – S7) + (1-m1 – m2) To (s8 – S7)  +  (1-m1 – m2 – m3) To (s10 – S8)   
    
3.4 Low pressure Turbine 
ILPT =  (1-m1–m2–m3) To (-s10– S14)+(1-m1–m2–m3–m4)To (-S14+S13)+ (1-m1–m2–m3-m4-m5) To  (-S13– S12)+ 
      (1-m1–m2–m3–m4 – m5–m6) To (-S12–S11)   
  
3.5 Condenser 
Icond  =  To (mcw. Cpw.ln (Tf/Td) + m7 (S19 - S11) 
   
3.6 Condensate extractionpump (CEP) 
ICEP  =   m7 To (S26 - S19) 
   
3.7  Drain clearance 
IDRN CLR =   To (1-m1–m2–m3) (S28 – S26) +(m4+m5+m6)    (S26–S27)     
    
3.8  Low pressure heaters LPH1, LPH2, LPH3 

          ILPH1 = - (m4–m5)  (h38 – To S38 ) -  m6 (h41 – To S41 ) -  (1-m1–m2–m3)    (h28 – To S28 )  +  
        (m4+m5+m6)  (h27 –To S27 ) + (1-m1–m2–m3)  (h32 –To S32 )   

     
ILPH2 =   (m4+m5)  (h37 – To S37 ) + (1-m1–m2–m3)  (h33 – To S33 )  - m4  (h34 –To S34 )  - m5  (h35 –To S35 )  - 

         (1-m1–m2–m3)   (h32 –To S32 ) 
         
ILPH3 =    m4  (h33 –To S43 ) - m4  (h43 –To S43 )  +  (1-m1–m2–m3)   (h33 –To S33 ) +(1-m1–m2–m3)  (h40 –To S40 ) 
           

3.9  Dearator 
IDRTR =    m  (h47′ –To S47′ )  - m3  (h46 –To S46 ) - m45  (h45 –To S45 )  - m44  (h44 –To S44 )    
     - (1-m1–m2–m3)   (h40 –To S40 ) 
        
3.10 Boiler feed pump 
IBFP    =      m  To  (S53   –  S47′ )    
          
3.11 High pressure heters, 5A, 5B, 6A, 6B 
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IHPH =    m  (h65 –To S65 )  + m44  (h44 –To S44 )   - m45  (h45 –To S45 )  - m  (h53 –To S53 )    
    - m1 (h6 –To S6 )  - m2  (h9 –To S9 )    
          
3.12 Economizer 
IECNR =   (E1

65 - E1
66)  - (E66 - E65) 

Ex65 =    m (h65 – To S65)  
Ex66 =    m (h66 – To S66) 
Ex65′ =   nkε p + (416.48 – 25) x Σnk Cph

k   
εp =  Σxk εk + RTo

  Σxk lnxk 
Ex66′ =  nkεp + (377.78 – 25) x Σnk Cph

k   
 

3.13 Primary air pre-heater 
IPAPH =   (E65″– Ex66″)  - (Ex68 - Ex67) 
Ex65″ =   nkεp + (361.4 – 25) x Σnk Cph

k     
Ex66″ =    nkεp  + (347.0 – 25) x Σnk Cph

k    
Ex67 =  ma1 x [cpε  (Ta1 – To) ] / 28.97 
Ex68 =  ma2 x [cpε  (Ta2 – To) ] / 28.97  
 
3.14 Secondary Air pre-heater 
ISAPH =   (Ex70 – Ex71)  - (Ex69 - Ex72) 
Ex70   =   nkεp + (347.0 – 25) x Σnk Cph

k    
Ex71 =   nkεp  + (342.6 – 25) x Σnk Cph

k    
Ex69 =  ma1 x [cpε  (Ta1 – To) ] / 28.97  
Ex72 =  ma2 x [cpε  (Ta2 – To) ] / 28.97  
 

3.15 Boiler 
I BOILER =   (Ex3 – Ex68) -(Ex5 - Ex78)– Ex68 – Ex69 + Ex65–Exin 
Ex66   =  m (h – ToS)  
Ex3 =  m To S3    
Ex68 =  ma2 x [cpε  (Ta2 – To) ] / 28.97  
Ex69 =  ma1 x [cpε  (Ta1 – To) ] / 28.97  
Ex65 =  m (h – ToS)  
Exin =  873214.21 KW 
Ex5 =  (1-m) (h – ToS)    
Ex7 =  (1-m) (b – Tos)    
  

3.16  Exhaust 
I EXHAUST               =  nkεp  + (123.5 – 42.5) x Σnk Cph

k    
 
Sum of  irreversibilities    =  ΣI  = Sum of irriversibilities in each of the above components  
 
3.17 Exergetic efficiency 
η11  =  Exin  -  ΣI    
    Exin 
 
3.18 Fractional Exergy losses 
Fractional exergy losses for the components are calculated as follows: 
Fractional exergy loss of each component=  [ Irreversibility in the given component / total irreversibility]x100 
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4.0 Results and  Discussion 
Based upon the methodology developed analysis revealed  the following results were observed. 
The bled steam ratios in the feed water heaters are estimated as  
 
m1 = 0.1055 m2 = 0.0572 m3 = 0.1099 m4 = 0.0326, 
m5 = 0.0560 m6 = 0.00860 
 
First law analysis      First Law Efficiencies 
Work done by the turbine, WT = 1349.32 kJ/ kg   ηplant  = 32.0% 
Work consumed by the pump = 30.82 kJ/kg                  ηcondenser = 84.8%  
Energy loss in the Condenser = 1457.06 kJ/kg   ηboiler = 86.025% 
Energy loss in the piping = 4301.81 KW    ηIS.HPT = 79.52% 
Energy loss in Combustion = 260189.97 KW   ηIS.IPT = 78.8% 
        ηIS.LPT = 71.70% 

Second law analysis 
Irreversibilities : 
 
Iboiler = 93930.67 kw    ITur = 22796.3 kw 

ICond = 49680.28 kw    ICEP = 12080.32 kw 

IDrn clr = 815.28 kw    ILPH=11336.786 kw  

IDRTR = 16097.04 kw    IBF = 3539.18 kw 

IHPH = 7890.7 kw    IECNR=20880.82kw 

IAPH = 15725.07 kw    Iexh = 105167.27 kw 

 
Exergy supplied to the plant = 873214.21 kw 
 
4.1 Fractional exergies (FE)  
(FE)boiler  = 26.09%   (FE)T   = 6.33%, (FE)Con = 13.80% 
(FE)DrTr  = 4.47%   (FE)ecnr  = 5.80%, (FE)APH= 4.36% 
(FE)exh   = 29.21%   (FE)Rem  = 9.90% 
 
4.2 Exergetic efficiency = 58.77% 
For the above results bar chart and pie chart are drawn. 
 

 
Bar Chart of Fractional exergy losses 
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Figure 2 
 
5.0 Conclusion 
The exergy analysis is carried out as discussed in earlier chapters, from the results of the calculations reveals the 
following facts. 
 
The major exergy losses are found to be  
 
(1) Exergy losses through the energy taken away by exhaust gases. 
 
(2) Exergy losses associated with the process of conversion of boiler    
      feed water to steam. 
The other exergy losses in the decreasing order are found to be in Condensor, Turbine, Economiser, Air 
Heaters…etc. 
 
The following points may be implemented to reduce the exergy losses: 
 
1) through exhaust gases large amount of heat escapes into atmosphere.  This heat can be put to use by using 

waste heat recovery systems.  It may be used for industrial processes or space heating.  By this process the 
temperature of heat rejection may be reduced.  And hence, exergy losses may be brought down. 

2) During the heat transfer process between the water and flue gases in the boiler, the temperature difference is 
large.  This is one of the major causes of exergy loss in boiler.  To reduce the exergy losses, the steam 
temperature may be raised (say using more no. of feed water heaters). 
In combustion process the cause of loss of exergy is due to irreversible energy transfer from chemical 
energy to heat. These inherent losses can not be reduced with the available technology. 

3) In Air Heaters the causes of exergy losses are due to temperature drop and pressure drop.  So, by design 
research, it is possible to reduce the losses in pressure drop and heat transfer. 

4) The temperature of heat rejection in condenser is very low.  So the exergy loss in condenser are in 
significant.  But, still a small improvement in exergy can be made by recovering the rejected heat for some 
useful purpose, such as process heating etc. 

 
6.0 Scope for Future Work 
1) A scope exist in the area of reducing the irreversibility in the combustion process. 
2) To reduce the hydraulic losses (and hence improve available energy) the design of fluid flow passages 

may be improved. 
 
Nomenclature 
 
u    Specific Internal energy KJ/Kg 
T    Temperature o C 
P  Pressure, Bar 
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V   Volume, m3 

Z  Elevation, m 
s  Specific Entropy, KJ/Kg K 
Q   Heat, KJ 
W  Work, KJ 
Ex  Exergy 
Ke   Kinetic Energy, KJ 
Pe  Potential Energy, KJ 
h  Specific Enthalpy, KJ/Kg 
I  Irreversibility 
nk   No of moles 
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Abstract      
Nature and mankind are an inseparable part of life, that includes land, water, air, space, energy, which are 
interconnected, interrelated and interdependent. Those are unlimited form of life on earth. Man is one among the 
many species competing with all other for survival. Effect of noise is substantial, it cause adverse effect on human 
being, & their environment including lands, structure and domestic animals. Noise can also disturb natural wildlife 
and ecological system. The average noise level in different area i.e. commercial, Industrial, residential and silence 
zone is different but it was found in Nagpur city that major contribution to noise level was due to transport or 
vehicular traffic. The average level was found to 73.72 dB (Ld) and 64.54 db (Ln) and average noise level during 
Dulivandan was found to be74.9 dB (Ld) dB respectively. The noise level in different zone is different depending on 
the area, and it was carried out . 
 
The high noise level cause bad effects on human health. Noise pollution was impaired, births, cognate defects, 
abortion, contraction, of blood vessels, exhaustion stress and fatigue, sleep interference, loss of memory. It also 
result in temporary hearing loss and cause Tinnitus which eventually may result in permanents hearing loss.      
 
KeyWords: Noise, Pollution, Air, Human Being, Environment etc. 
 
1.0 Introduction 
In the name of progress , the human race has changes from being hunter-gatherer to a self center modern man, a 
destroyer of nature so much so that development in the sense has become synonymous with environmental 
degradation and progress with pollution. Due to growing reorganization that indiscriminate usage of natural 
resources has led to serious problems. Unwanted or undesirable changing in physical, chemical or biological 
characteristics of the air, water or land that can harmful affect of health survival or activities of human.  
 
Noise is unwanted , unpleasant, or disagreeable sound that cause discomfort. People do not easily become 
accustomed to noise. Pollution is wrongful contamination of atmosphere of water or soil to material injury of right 
of an individual or it is unwanted sound that gets dumped into atmosphere without regarding to the adverse effect it. 
 
1.1 Sources of Noise Pollution 
The main sources of man made noise in developed urban areas are automobiles, factories, industries, musical 
instruments and parties & functions. Broadly speaking noise on the basis of sources can be classified  
# Industrial noise 
# Transportation Noise 
# Neighborhood noise 
Industrial noise :  
Many machine cause high intensity sound, which was invented during technical advancement. Thus there exists a 
long list of sources of noise pollution including different machine of numerous factories, industries and mills. 
Transportation noise: 
The main menace of noise however comes from transport. It mainly includes road traffic noise. The no. of road 
vehicle have been increased enormously in recent years. That is why this form of pollution is gaining important in 
cities. 
Neighborhood noise: this types of noise includes disturbances from household gadgets and community. Common 
noise makes are musical instruments, TV, VCR, VCD, radio, cooler, washing machine, etc. it would not be omiss  to 
say that Indian are religious minded and their every occasion function and sentiments is manifested in noise manner. 
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2.0 Methods and Procedures 
Noise is major factor of environment pollution, on the one hand industrialization ,scientific and technological 
development have contribution a great deal to progress of society which on the other hand those are main cause of 
environmental pollution. Sources of noise are numerous.  
 
2.1 Methodology 
The methodology for noise monitoring followed is to: 
 
1) Measure the baseline noise levels in the categorized areas i.e. industrial, commercial, residential and silence 

zone. 
2) Determine the impact due to noise sources. 
3) Suggest mitigation measure for noise abatement. 
 
Most sound measuring instruments measure the sound pressure in dB, which refer to sound pressure level. Decibel is 
unit of sound pressure equal to 20 times the log ( base 10 ) of a magnitude of sound pressure, to the reference sound 
pressure. Reference pressure in air & water are 0.000002 and 0.1 N/m cubic respectively. 
 
2.2 Instrumentation and Procedure 
There is wide assortment of instruments of equipment available for noise measurements including sound level 
meter, octave band analyzer, Tape & graphic level meter, octave sound level meter etc. of these the widely used is 
S.L.M., an instrument for measurement of frequency weighted and time average. The sound level used is small in 
size light in weight & battery powered. 
 
2.3 Experimental Method    
 Preliminary survey of noise level in some selected area of Nagpur is reported in this paper. Survey was carried out 
in feb-march 2006 with portable sound level location were categorized as follows. Residential Area, Commercial 
Area, Industrial Area, Silence zone, and other places. In case of different area in order to get correct idea of upper 
limits of noise level, measurement were taken during period when noise level were likely to be high, thus the day 
time measurement were made between 10.30am-12.30pm while night time survey was conducted between 7.00pm -
8.30pm . 
 
3. 0  Data 

Table no.1. Ambient Noise standards (C.P.C.B.) ( Enviro. News 2000) 
 
 

Area code Category Leg(dBA) 
Day time 

Leg(dBA) 
Night time 

A Industrial 75 70 
B Commercial 60 55 
C Residential 55 45 
D Silence 50 40 

 
  

Table no.2. Acceptable indoor noise level for various building ISI, 1984 
 
 
 
 
 
 
 
 
 
 
 

Location  Noise level(dBA) 
Auditorium& concert hall 20-25 
Radio& television studies 20-25 
Music Room 35-40 
Hospital & cinema Hall 35-40 
Apartment, homes 35-40 
Conference Room ,offices 35-40 
Classroom, courtrooms 40-45 

Bank ,large public office 45-50 
restaurants 50-55 
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4.0 Observations and Result 
Nagpur is located in central of India ,elevation area ranges from 915 feet’s -1150 feet’s above the mean sea level, 
has become the major metropolis with epicenter of trade, commerce and industries in the region 
 
4.1 Noise Level Monitoring Programmed in Nagpur City 
Preliminary survey of noise was conducted with the portable sound level meter  

 
Table No.3 Noise level monitoring in Residential area: 

 
Sr no places Sampling location N.L(leg) 

Day 
N.L(leg) 
Night 

1 Laxmi nager Neeri colony 55 44 

2 Chhatrapati nager Square 50 44 

3 Itwary Tanga stand 65 56 

4 Shanker nager Inside 59 50 

5 Ajni Raiway qtr 58 51 

6 Airport colony Servant qtr 57 49 

7 Gandhi nager Inside 60 50 

8 Civil lines Manisha apprt 63 52 

9 Ravinager square Inside qtr 66 59 

10 Pendse layout Meghes house 54 42 

11 Pratap nager  wardha rd Colony 53 44 

12 Hindustan colony Colony 55 43 

13 Sawarker nager Inside 57 40 

14 Sneh nager Near block 51 45 

15 Nandanwan New colony 58 42 

16 Sakkardara chowk Raghuji ngr 57 47 

17 Ishwar nager Ramna maroti 52 41 

18 Vyanktesh nager Duplex bung. 50 40 

 
 

Table No 4. Noise level monitoring in commercial areas: 
 

Sr no Places Sampling location N.L.(leg) 
Day 

N.L.(leg) 
Night 

1 Laxmi nager Baidh.shop 76 65 

2 Sitabuldi DCM shop 78 68 

3 Gandhibag Pham.mark. 74 69 

4 Itwari Parekh jew. 76 65 

5 sadar Residency Rd. 71 63 
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Table No 5 Ambient noise level in Industrial area 
 

Sr no Places Sampling location N.L.(leg) 
Day 

N.L.(leg) 
Night 

Near railway crossing 78 61 
Mahanada dairy MIDC 75 63 

1 MIDC Hingna, Nagpur 

NMC hot mix plant 74 68 
  

Table No 6. Ambient noise level in Silence zone Area: (At Hospital) 
 

Sr 
no 

Places Sampling location N.L.(leg) 
Day 

N.L.(leg) 
Night 

1 Meyo hospital Nr.blood bank 56 45 
2 Govt.medical college Nr.eye dept  55 46 
3 CIIMS,bajaj nager Entrance gate 57 41 

4 Mure memorials Nr.receptiuon 58 47 
 

Table No 7 (At school / college) 
 

Sr no Places Sampling location N.L.(leg) 
Day 

1 Tata parsi Inside & gate 55 

2 Bishop cotton Inside & gate  53 

3 Institute of science Entrance gate 57 

4 Hislop college Entr.& inside 58 

 
Table No 8. Noise level monitoring on occasion of (Dulivandan): 

 
Sr no Sampling location N.L.(leg) 

Day 
1 Reshimbag 68 
2 Matruseva sangh  74 
3 Badkas chowk 84 
4 Daga hospital 72 
5 Fawara chowk 76 
6 Meyo 74 
7 Meyo inside premises 68 
8 Raiway station 78 
9 Jaswant talkies 76 
10 Sadar bazaar 78 
11 Police head qtr. 68 
12 Gorewada chowk 78 
13 Civil lines 62 
14 Akaswani square 76 
15 Reserve bank 70 
16 Lata mangeskar hospital 70 
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5.0 Conclusion 
An Ambient noise monitoring was carried out in year 2006, at different zone and also in occasion of festivals. Noise 
in the some location in cities are 35-40db while in the most of the dense area are found to be high. At the time 
occasion or function or parties it is found to be  very high. In some area it in permissible level. But in commercial 
area & Industrial area noise level found to higher than those recommended by CPCB (central pollution control 
board). Also due to presence of large no. of heavy, medium, small industries and rapid industrialization in Nagpur. 
So it become necessary to control noise level in commercial area , & industrial area by adopting some measures like 
massive tree plantation around crowded area , formation of green belt , installation of efficient machine with proper 
maintaince , use of proper acoustical tiles and sound proof wall in sensitive places, mass education & through the 
strict enforcement of legislation. Noise level in the silence zone area can be control by making calm zone areas near 
silence zone , by use of noise barrier or acoustic walls around sensitive areas like hospitals, schools, diversion of 
traffic to other roads. In Nagpur traffic noise has been increasing over a last few decades due to increased in density 
of road traffic, road widening and increasing in no. vehicle. Apart from the noise , heavy vehicle also produced 
rattles, squeak, and vibration. Traffic noise also has some insidious effects on human health.   
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Abstract  
‘Wire mesh packing matrix’ is not a new word for cryogenic engineers, but earlier it was most popularly used 
for cryogenic regenerators and lots of work is done on it. Here, wire mesh packing matrix is taken for 
recuperative type heat exchanger, as good scope for work is available comparatively.  In this paper, with the 
help of a computerized thermal design, an effect of different parameters on design aspects of wire mesh heat 
exchanger is studied. In cryogenic, compact H.E., size (length and volume) and pressure drop are very important 
criteria for design. Therefore, the study of effect of variation of different parameters on length and pressure drop 
is emphasized and results are compared on the graphs. The different parameters, whose effect is studied, are as 
follows: 
 
1) Matrix material              2) Mass flow rate   
Results are plotted on graph and from those graphs, conclusions are made that  

1)  Stainless steel gives poor performance as a matrix material than copper. 
2)  For higher mass flow rate, higher mesh size  with higher porosity can give better performance.  
 
Key Words :  H.E. – Heat  Exchangers ,NTU – Number of Heat Transfer Unit ,Pressure Drop, Wire Mesh , 
J – T expansion valve = Joule Thompson expansion valve 

 
1.0 Introduction  
For the study, the wire mesh heat exchanger used for helium liquefaction system operating with three stage 
Gifford – McMahon refrigerator [2] is selected, which is shown in  figure 1. 

 
Referring to figure 1, the helium gas is initially compressed to 20 atm.  and 300 K. It passes through the H.E.-1 
(Design analysis of which is to be carried out) giving its heat to the cold gas stream, which is coming in at 80 K 
in counter flow direction from liquid receiver. By using Gifford Mc-Mahon refrigerator, cooling of helium gas is 
achieved below its inversion temperature (i.e. 45 K)[1] in three stages.  

 

Figure1. A Helium Liquefaction System with Three Stage Gifford McMahon Cooling  and J – T Expansion Valve 



 142

So that it can be liquefied after J-T expansion. After the first stage of refrigeration, hot stream is allowed to flow 
through H.E. -2. In H.E. -2, it is cooled by a cold stream, entering at around 35 K, temperature in counter flow 
direction. Then it enters the second stage of refrigeration, the hot incoming stream passes through the H.E. – 3, 
where it is further cooled by cold stream at 14K and then enters into the third stage of cooling. After that, 
incoming stream passes through the H.E. – 4 and is cooled by return cold gas stream at lower than 4.2.K coming 
from liquid receiver directly. Finally the incoming gas is allowed to expand through the J – T expansion valve in 
which isenthalpic expansion takes place. As the temperature of incoming helium gas entering into the J – T 
expansion is below the inversion temperature (45 K), it will be liquefied and liquid yield will be collected in 
liquid receiver. 

 
Among the four heat exchangers of liquefaction system, the effect of variation of different parameters is studied 
on design  aspects of  first heat exchanger, H.E.-1 
        
Wire mesh heat exchanger is a matrix type heat exchanger in which wire mesh screens are used as a packing 
matrix. These exchangers are used in cryogenic systems because of its quite high effectiveness comparable to 
regenerators of cryocoolers. 
 
From some experiments and basic calculations it is concluded that “where volume or surface area with respect 
to NTU is of prime importance, the wire mesh screens have been proved as an excellent medium of heat transfer 
for a high effectiveness heat exchangers at low temperatures”.  
 
In helium liquefaction system, heat exchanger effectiveness is the most important parameter for liquefaction i.e. 
cooling effect and heat transfer area is of prime importance. Therefore, wire mesh is selected as a packing 
material and NTU/volume approach [1] for configuration of heat exchanger.  
 
With the above consideration in mind, an exchanger configuration selected is as shown in fig. 2 and fig. 3. 
 
2.0 Material Selection  
For the material selection of heat exchanger, one should consider about  
 (a) Heat exchanger tubes   (b) Packing material. 

 
For H.E. -1, tubes are selected of stainless steel material. Because of its high ultimate, impact and fatigue 
strength, it withstands the thermal expansions and contractions occurring due to very low temperature of helium 
gas. Also stainless steel offers very small temperature drop through the thickness of wall due to having high 
thermal conductivity.  

 
Figure 2 Concentric Tube Wire Mesh Heat        

Exchanger 

 

 
Figure 3 details of Wire Mesh Heat Exchanger 

 



Proceeding of National conference on  
Trends Advances in Mechanical Engineering. 

YMCA Institute of Engineering,Faridabad, Haryana.., Dec 9-10, 2006 
. 

 143

 
Wire meshes used for H.E. -1 are selected of copper metal and arranged in a manner such that it maximizes 
lateral conduction & minimizes longitudinal conduction [5]. To minimize the longitudinal conduction, copper 
wire mesh screens are separated by the stainless steel wire spacers as shown in figure 2. Copper wire mesh 
screens and stainless steel wire separator together form a sandwich module.  

 
3.0  Design Consideration 
For liquefaction system shown in figure – 1 following parameters are taken. 
Let,  
 
Inlet pressure of compressed gas,   P1     =  20.26 X 105  Pa 

Inlet temperature of hoot stream,   Th =  300 K 

Outlet temperature of hot stream,   Tho   =  85 K 

Inlet temperature of cold stream ,   Tci    =  80 K 

Outlet temperature of cold stream,  Tco =  295 K 

 
Now, effectiveness of Heat exchanger,  

 
   mh . Cph  (Thi – Tho) 
  ε  = ------------------------------                      (1)  
           (m* Cp)min (Thi – Tci ) 
             
   mc * Cpc  (Tco – Tci) 
   ε  = -----------------------------                    (2) 
               (m* Cp)min (Thi – Tci )  
 
For our heat exchanger, no liquid yield is withdrawn from the liquid receiver, i.e. the liquefier is used for 
refrigeration purpose and therefore, 
 
mh  = mc and Cph = Cpc 
and so,  
         (Thi – Tho)          (Tco – Tci) 
   ε = ---------------- = ----------------                (3) 
         (Thi – Tci )         (Thi – Tci ) 
 
       = 0.977 
 
Hence, the effectiveness of H.E. – 1 is 97.7% which is quite acceptable. 
Now it is decided that hot stream will flow in the annulus (passage between outside of inner tube and inside of 
outer tube) and the cold stream will  flow in the inner tube.  
 
4.0  Specification Taken For Thermal Design Consideration  
• Type of heat exchangers  
 

i.   Recuperative heat exchangers  
      ii   Matrix type heat exchangers with wire mesh packing. 
      iii  Gas to gas type (single phase ) 
       iv  Tubular type. 
 

• Flow arrangement  
 

        Counter flow  
 

• Heat transfer mode  
 

                  Combined conduction and convection  
• Packing material  



 144

 
         Copper wire mesh screens  
         Stainless steel spiral wire separator. 
 

• Working fluid  
          Helium 
 

• Inlet pressure P1  
        20.265X105 Pa 
 

• Mass flow rate m  
        2.00 Kg/hr. 

 
5.0  Result and Discussion  
With the help of thermal design procedure adopted, results were obtained for the following cases: 
 
Case – 1  Comparison of matrix material  
Case – 2  Mass flow rate variation  
 
From the results obtained for above graphs are drawn for some important characteristics, e.g. length, pressure, 
porosity, fin effectiveness etc. and analysis is done on it.  
 
The selection of and exchanger for a particular duty is normally determined by three criteria : 
Process  requirement, Mechanical design limitations and Economic considerations. 
 
For Economic consideration, pressure drop and size are important parameters. 
 
Pressure drop on cold side (low pressure circuit) is especially significant [5] and may be cost in terms of 
compression power requirement. So, it is necessary to consider about pressure drop on cold side, ΔPc particularly 
 
Low pressure drop in heat exchangers may be desirable. But a requirement for very low pressure drop may 
necessitate a large exchanger diameter or length i.e. size and thus influencing the relative cost of exchanger. 
Keeping the above discussion in mind, we can realize that there must be some pressure drop limit at which heat 
exchanger can give a compromise between size and pressure drop.  

 
5.1 Case 1 : Comparison of Matrix Material  
As both stainless steel and copper materials posses their own importance in cryogenic field, inspired to do 
comparison of their performance as packing material of wire mesh heat exchanger. In figure 4, the curves of 
pressure drop ΔPc, length of heat exchanger L and overall fin effectiveness ηoc are plotted for 40x40 mesh size 
and different wire diameter keeping mass flow rate constant as 2 kg/hr by taking both stainless steel and copper 
matrix, to make comparison.  
 
Observing the curves and values obtained, it is seen that the values of pressure drop ΔPc and length obtained for 
stainless steel matrix is much higher than that obtained for copper matrix which is not favourable for steel. As the 
wire diameter increases, the difference between pressure drop ΔPc of stainless steel and copper matrix increases 
rapidly. Whereas, the difference between lengths of H.E. for stainless steel and copper matrix decreases, as the 
wire size increases. 
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Observing the nature of curves of overall fin effectiveness of both stainless steel and copper, it is seen that for 
stainless steel, fin effectiveness obtained is much lower than that obtained for copper matrix, which is also not 
preferable. 
 
From the above discussion, it is obvious that copper matrix gives better performance than stainless steel in the 
temp. range of 300 K to 80K. 
 
5.2 Case 2 : Variation of Mass Flow Rate of Fluid  
As seen from the figure 5, the graph is plotted for various mass flow rate to see the effect of variation in mass 
flow rate on pressure drop and length of heat exchanger. Here, mass flow rate is varied from 0.5 to 3.0 kg/hr and 
length and pressure drop for different mesh sizes are plotted against it and wire diameter is kept constant mesh 
size, length of exchanger and pressure drop both decreases.  
 
To decrease the length (size) of exchanger, we can increase the mesh size keeping mass flow  rate constant.  
 
From the figure 5, it is also seen that for a particular wire diameter and constant mass flow rate, if mesh size is 
increased, the decrease in length is noted with negligible increase in pressure drop.  
e.g. from the figure 5, it can be observed that increase in mesh size 30 to 40 results in decreased length 
approximately 21 cm for 1.0 kg/hr mass flow rate. Also the length reduction for 2.0 kg/hr and 3.0 kg/hr are 
approximately 30 and 38 cm. it means for increase in mesh from 30 to 40 gives maximum length reduction for 
highest value of mass flow rate, 3.0 kg/hr. Also it can be seen that for increase in other mesh sizes, higher mass 
flow rate gives maximum length reduction than other lower mass flow rates.  
 
From the above discussion, it appears that for higher refrigeration capacity, where higher mass flow rate of fluid 
is required, heat exchanger with higher mesh size is desirable. 
 

Nomenclature  
T     –   temperature  in Kelvin 

 η     –   fin effectiveness of wire mesh matrix  
 ε      –     effectiveness of heat exchangers 
 ΔPc  –    pressure drop on cold side of heat exchanger 
 ΔPc  –   pressure drop on hot side  
 dw     –      wire diameter in mm   
    

 
Figure 4. Comparison of Matrix Material 

 
Figure 5  Variation of mass flow rate of fluid 
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 m     –   mass flow rate  
 Cp    –   specific heat at constant pressure 
 

Sub scripts  
i – inlet side, o – outlet side, c – cold side, h – hot side  
 
6.0 Conclusion  
From the design analysis and discussion, some important conclusions are made as follows : 
 
a) As far as the thermal design concerned, the performance of wire mesh heat exchanger depends on thermal 

conductivity of matrix material. Copper mesh gives better performance  as a matrix material than stainless 
steel because of having higher thermal conductivity in temperature range of 300 K to 80 K.  

b)  For higher refrigeration capacity systems, where higher mass flow rate of fluid is required, heat exchanger  
with higher mesh size is desirable . 

c) For economical and satisfactory performance of wire mesh heat exchanger, porosity should be as high as 
possible . 

 
7.0 Scope 
As here only theoretical analysis has done , one can develop experimental set up and analysis can be carried out  
on experimental basis . 
  
Also study on other parameters can be carried out.  
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Abstract 
The thermal properties of the laser head  such  as  temperature distribution,  thermal gradient and heat flux in 
thermal  insulation  are of  considerable importance  in analyzing  and improving the performance  of the laser 
system. In this paper we present thermal analysis of a high temperature Copper Vapor Laser. The laser with input 
power of 4 k. Watt is capable of generating 30 Watt optical power with efficiency of about 0.75%. It is shown that 
alumina bulk fiber is most suitable insulation for the requirements of the laser discussed here. It is also shown 
through the analysis that packing density of alumina bulk fiber as insulation does not play significant role in 
deciding input requirements. The finite element method is employed for steady state and transient analysis using a 
commercial thermal code Ansys 9.0.  
 
1.0 Introduction 
Copper vapor lasers are gas discharge visible lasers operating at 510 nm and 578 nm wave length. These lasers 
require high electrical input power of 4 – 5 kW for maintaining the discharge tube temperature of about 15000C. 
High quality thermal insulation is provided around the discharge tube to maintain the tube temperature. The 
electrical input power required to keep the Cooper Vapor Laser (C.V.L.) discharge tube within the operating 
temperature range depends in the thermal insulation used. The lay out of a C.V.L. is shown in fig. (1). Typically a 
temperature of 15000C-15500C is required to maintain the desired plasma conditions. Two mutually contradictory 
conditions are encountered while designing suitable insulation for high power CVL. Using low thermal conductivity 
material reduces heat flux thereby requiring less electrical input power to reach desired steady state temperature and 
results in less optical output. On other hand using higher thermal conductivity material demands higher input power 
which overheats the active medium that leads to disruption of lasing due to the thermal population of the lower 
working metastable level. Smaller the insulation thickness used, smaller will be the discharge circuit inductance to 
achieve faster rise time current pulse through cooper vapors. Also the other objective of insulation over discharge 
tube is to establish a temperature gradient acceptable to the efficient convective cooling in the cooling jacket. 
Different thermal insulation material are attempted for C.V.L. discharge tube earlier [1,2].  
 
The conductivity of the insulation increases with the temperature and the mean conductivity may be approximated 
as follows: 
 

( )dtTf
T

K
T

T
m ∫Δ
=

1

2

1
 

  
The other factors responsible to increase thermal conductivity are Moisture, pressure and density. The bulk density 
of the insulating material varies inversely with porosity. The fibrous and powder insulation show minimum 
conductivity at some particular bulk density. However there is no mathematical relationship established between 
bulk conductivity and density of insulating material. This is understandably because of the reason that although the 
conductivity of the insulation reduces with increase in porosity, but beyond certain porosity at high temperature, the 
radiation heat transfer across the pores becomes predominant. Moreover with high porosity the cross stream 
convection currents are set up due to the density differences of the operating fluids subjected to different 
temperatures.  
 
The apparent thermal conductivity of an alumina fiber insulation was measured at nominal densities of 24, 48 and 96 
kg/m3 by Daryabeigi [3] with pressure varying from 10-4 torr to 760 torr and temperature up to 10000C. In their 
numerical and experimental studies it was seen that the thermal conductivity increased with temperatures and also 
with pressure above 10-1 torr. The same author[4] carried forward their studies on the effective thermal conductivity 
of an alumina fibrous insulations at densities of 24, 48, and 72 kg/m3 and at thick nesses of 13.3, 26.6 and 39.9 mm 
measured over a pressure range of 1.33 x 10-5 to 101.2 kPa, and subject to temperature differences of 100-13000 K 
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maintained across the sample thickness and concluded that for fibrous insulation samples at densities equal to or 
larger than 24kg/m3 the natural convection was not present as a mode of heat transfer. The flow characteristics in 
thermally insulating porous media under vacuum using two different CFD codes is presented elsewhere [5]. In this 
paper we present thermal characteristics of insulating porous media used in Kinetically enhanced Copper Vapor 
Laser with the emphasis on conductive heat transfer calculations. Two different bulk densities of alumia fiber are 
studied separately for C.V.L. discharge tube insulation.  
 
2.0  Governing Equations 
On assuming constant density and specific heat with no mass transport of heat the equation takes the following form 
[6]: 
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Where, ρ is the density,  
 

PC  is Specific heat,  
 
T  is Temperature, t is time,  
 

zyx KKK ,,  are conductivity in the element in x, y, z directions respectively. 
 
The heat flux vector may be obtained by using Fourier’s law utilizing thermal gradient as follows [7,8]: 
 
{ } [ ]{ }TLDq −=  
 

Where, [ ]D  = Conductivity matrix,  

{ }L  = Vector operator,  
and temperature T is allowed to vary in space and time. 
 
The integration outputs will be as follows: 
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From thermal gradients the heat flux vector is calculated as follows: 
 
{ } [ ]{ }aDq −=   
 
3.0 Analysis and Discussions 
The measurement of the temperature and heat flux at the intermediate layers is quite difficult. However the 
temperatures at the alumia tube (about 15000C), intermediate layer of the insulation blanket (about 9500C) and outer 
most layer (about 3000C) are taken with the help of an optical pyrometer for a bulk density of 500 Kg./m3 and 150 
Kg./m3 . Due to complexity of the system computational approach is taken to do the analysis. The finite element 
method is employed for finding the temperature gradient, temperature distribution, heat flux and transient time 
required to reach steady state conditions using commercial thermal code Ansys 9.0.  
 
The meshing is performed with SOLID70 element, which is having 8 nodes. SOLID70 was used to save the time of 
calculation and memory. SOLID70 has a 3-D thermal conduction capability. The element has eight nodes with a 
single degree of freedom, temperature, at each node. The element is applicable to a 3-D, steady state or transient 
thermal analysis. The element is defined by eight nodes and the orthotropic material properties. Orthotropic material 
directions correspond to the element coordinate directions.  
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The mesh for the system is produced using free meshing using SOLID70 element. Element sizing is used to mesh 
the system using Sizing Scale Factor of 0.15. The entire model is meshed at once rather than Sizing area-by-area or 
volume-by-volume to utilize the opportunity to reduce element sizes near small features in adjacent regions. The 
meshed model which gave grid independent results is presented in fig. 2. 
 
Thermal transient analysis is performed on the model as the temperature of the system is changing with time. In 
regions of severe thermal gradients during a transient process there is a relationship between the largest element size 
in the direction of the heat flow and the smallest time step size that will yield good results. Using more elements for 
the same time step size will normally give better results, but using more sub steps for the same mesh will often give 
worse results. Controlling of the maximum time step size by the description of the loading input and defines the 
minimum time step size (or maximum element size) based on the following relationship: 
 
ITS = Δ2 / 4 α 
 
The Δ value is the conducting length of an element (along the direction of heat flow) in the expected highest 
temperature gradient. The α value is the thermal diffusivity, given by k/ρC. Where, k is the thermal conductivity, ρ 
is the mass density, and C is the specific heat. 
 The initial condition for model is, the temperature of whole system is 25 OC at 0=t  
 Dirichlet boundary conditions are specified at the cylindrical walls of the insulation. The temperature of the inner 
cylindrical wall is kept constant and equal to the 1500O C and that on outer wall equal to 3000 C.  
 
For two independent bulk densities the radial heat flux distribution (Fig. 3) and the temperature distribution (Fig. 4) 
closely follow the same pattern and the bulk fiber density may not significantly affect these two parameters. The 
radial thermal gradient is steeper with high density packing when compared with low bulk density (Fig. 5) and the 
attempts may be made to reduce the radial thickness further. With reduced insulation thickness the requirement of 
the heat transfer coefficient increases which may be taken care by increasing the coolant flow rate (10 lpm for 
present case). From transient analysis it is clear that the time required to reach the steady state is also more with high 
bulk densities when compared with low bulk density (Fig. 6 and Fig. 7). 
 
4.0 Conclusion 
 In conclusion we have studied the thermo- mechanical properties with two extreme filling densities of alumina fiber 
on copper vapor laser discharge tube. It is seen that the packing density does not significantly affect the thermal 
parameters of the system. It is also seen that the radial thickness of insulation may be further reduced to make the 
system more compact. 

 
Fig. (1) Lay Out of C.V.L. 
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Fig. (2) Meshed volume 
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Fig. (3) Radial Heat Flux 

0.01 0.02 0.03 0.04 0.05 0.06

600

800

1000

1200

1400

1600

1800

Te
m

pe
ra

tu
re

 in
 0 K

X Axis Title

Low Density  C
High Density  D

 
Fig. (4) Radial Temperature Distribution 
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Fig. (5) Radial Thermal Gradiant 
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Fig. (6) Temperature V/S time 
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Fig. (7) Temperature V/S time 
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Abstract 
The Diesel Engine is a compression type internal combustion engine , in which the fuel is ignited solely by the high 
temperature created by compression of the air-fuel mixture. If  both  power density and combustion cycle efficiency 
are improved, the performance of the Diesel Engine improves.These operations can be performed by 
 
a) Increasing combustion pressure upto the point which can be tolerated by the cylinder head. 
b) Increasing speed of the Engines. 
c) Improving controllability of the Engines. 

 
The two main parameters to enhance the overall efficiency is Fuel Injection System and Valve Trains.The design of 
valve trains depends primarily on Extreme Combustion Pressure and Engine Speed. As the values of these two are 
increased  the load on the valve actuation mechanism becomes higher. High instantaneous power required due to 
high load makes Electrohydraulic system a better choice than Electromechanical and  Electromagnetic mechanism. 
Electrohydraulic valve operation that eliminates camshafts and associated hardware is widely seen as the next big 
watershed in engine development. 
 
This paper discusses at length the principle, working and benefits of camless Electrohydraulic valvetrains for 
medium and high speed diesel engines. Valve opening is actuated by the means of the Electrohydraulic system and 
closing is actuated either by Hydraulic system. Though below discussed mechanism is used in automotive engines 
only till date. We had incorporated it successfully in our model of Marine Diesel Engine,port controlled and fitted 
with solenoid valves, and have also tested its starting as well as reversing  pneumatically. Many other arrangements 
like Auto-fuel control lever, starting air interlock, running direction interlock along with crash-stop arrangements 
were also fitted in our model to test its suitability as Marine Camless Engines.   
 
KeyWords: Electrohydraulic Valve Actuator, Marine Diesel Engine, Lubricating Oil, Cartridge Valves. 
 
1.0 Introduction 
The idea of Electrohydraulic subsystem for valve actuation is very simple.Currently Electrohydraulic valvetrains are 
only used in low speed two stroke diesel engines (Automotive) which has proved to be more significant  in 
comparison to traditional mechanisms. Relatively complex camshaft mechanism is only replaced by Hydraulic 
linear actuators, controlled by hydraulic valves. These Hydraulic valves which are controlled by an Electronic 
Control System on the basis of crankshaft angle and several other parameters. In hydraulic valve actuation system 
acceleration, movement and deceleration can all be done by the hydraulic actuator Significant differences in the 
mechanism of valvetrains are in their controllability and dynamical behaviour in different operating points. Even 
thought relatively fast hydraulic valves are now a day quite widely commercially available there are very few, if 
any, even closely meeting the speed and instantaneous power requirements of the valvetrain hydraulics 
 
2.0 Conventional Camshaft Mechanism 
Before We discuss the Electrohydraulic mechanism, a brief review of traditional valve actuator used in Marine 
Diesel Engines is Explained.In camshaft mechanism the force required to accelerate valve and lift it is generated by 
the cam during valve opening. Deceleration force is generated by the retainer spring, when opening the valve, and 
by the cam, when closing it. On the other hand, when closing the valve, it is accelerated and moved by the spring 
force.as shown in the figure below. 
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3.0 Theory and Principle 
All valvetrains include energy conservation of some level. In Electrohydraulic system, the hydraulic actuator is 
controlled by two cartridge valves, which control the flow from and to high and low pressure circuits. Low pressure 
circuit is used instead of an ordinary tank line to get oil supply to actuator via checkvalve during deceleration. 
Kinetic energy of the moving actuator is converted to potential energy of pressurised oil during decelerations in both 
opening and closing movement. During closing movement energy is also recovered in low pressure line. Pilot 
control of the system consists of two high response servovalves. 
. 

 
 
The hydraulic linear actuator actuating the valve has to generate force high enough to accelerate the valve to desired 
maximum speed in desired time and to over come pressure in the cylinder at the same time. At the end of the valve 
movement the linear actuator has to generate an opposing force to slow the valve down to desired impact speed. 
When fast actuation is desired and valve is actuated against high cylinder pressure the force needed from actuator 
becomes very high. 
 
In hydraulic system high force is got either by increasing the pressure or actuating area. However increasing the area 
also increases volumetric flow needed to get desired speed. Pressure cannot be increased without limits either, but 
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the pressure ranges of available components limit it. This leads to high system pressure and also relatively high 
instantaneous volumetric flow, i.e. very high instantaneous power of the hydraulic system 
 
4.0  Specifications 
Important specifications for Electrohydraulic valve actuators and Hydraulic valve actuators include actuation time 
and Hydraulic fluid supply pressure range. Devices that move rotary motion valves vary in terms of actuator torque 
and range of rotary motion. Devices that move linear motion valves vary in terms of valve stem stroke length and 
actuator force or sealing thrust. For both types of Electrohydraulic valve actuators and hydraulic valve actuators, 
acting type is an additional specification. With single-acting devices, fluid pressure actuates the valve in one 
direction while a compressed spring actuates the valve in the other. With double-acting devices, fluid pressure 
actuates the valve in both directions. Since Electrohydraulic valve actuators and Hydraulic valve actuators work 
with multi-turn valves, the number of turns is another important specification.  
 
The Key performance characteristics targeted are:  
1.Opening 
2.Closing 
3.Timing 
4. Lift 
 
5.0  Working 
Movement of the poppet valves is initiated by oil flowing into and out of a Hydraulic chamber that is controlled by 
fast-acting Electrohydraulic Digital valves. A single-acting Hydraulic Actuator is attached to the cylinder head and 
is co-axially aligned with the Engine poppet valve. The actuator's hydraulic piston contacts the conventional poppet 
valve and a displacement transducer is located around the actuator body to accurately monitor the position of the 
actuator piston and hence the position of the Engine poppet valve. 
 
An integrated Hydraulic pump and cooling system supplies pressurized Hydraulic fluid to the Electrohydraulic 
valves, which control the flow of hydraulic fluid either into or out of the top of the actuator piston depending on 
whether the valve is to be opened or closed. This, enables control of the timing and lift displacement of the engine 
poppet valves for each individual crankshaft degree of rotation. 
 
Varying the valve opening point, closing point and lift directly affects the gas exchange process, so that the pumping 
losses and in some circumstances, the combustion timing of the engine is affected. Together with a variable intake 
system, the correct intake valve closing point can lead to significant increases in full-load torque in addition to the 
part-load improvements. 
 
6.0  Layout 
Figure below  shows a hydraulic schematic for the mechanism replicated by us.  The objective of the system is to 
position the load xp so that it follows commands issued in the form of a time-varying set point rset. An electronic 
controller compares these commands to feedback measurements of xp and generates a PWM control signal at a rate 
of 50 Hz. The PWM duty cycle is the percentage of the 20 millisecond period for which the valve directly supplies 
oil to the control pressure developed in the cylinder behind the piston, pc. For the remainder of the period, the valve 
vents pc to exhaust. The composite flow qnet thus controls pc which develops an actuating force against the piston. 
This forces the spring-loaded piston to its position xp such that it follows the reference trajectory rset. 
 

DYNAMIC 
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We chose PWM control to regulate the net valve flow with its on/off duty ratio rather than relying on the strict 
mechanical tolerances of a continuous valve. This sequentially turns the solenoid completely on or off , rather than 
attempting to control it to a precise intermediate position. The tradeoff is that a disturbance is introduced into the 
system at the PWM frequency. As a result, we must take care that this is adequately attenuated by the low-pass 
response of the mechanical system. We can evaluate this requirement by constructing a simulation at the design 
phase rather than waiting for experimental parts. 
 
7.0  PWM  Solenoid 
 
The model of the solenoid-controlled PWM valve includes three parts: 
1. Magnetic circuit 
2. Armature motion 
3. Valve flows 
 
Figure below shows a cross-sectional view of a typical solenoid valve of this type. The enclosure, armature and pole 
piece are steel, and the coil is wound around the armature/pole axis. With no current, the internal spring forces the 
armature and ball to the right against the hydraulic force. This blocks the supply pressure Ps and opens a path from 
control pressure to exhaust. When the solenoid is energized, the armature and pole come together and the pressure 
force shuttles the ball to open the supply port and block the exhaust port. 
 
 

 
 
 
8.0  Behavior 
Dynamic behavior of the hydraulic system in the speed and power range of theHydraulic valve train is relatively 
complex thing in comparison to slower systems. In general in hydraulic systems the dynamic behavior of main 
components have the most significant effect on the behavior of the system in whole. In very fast systems, as 
valvetrain hydraulics is, also the inertia of the moving hydraulic fluid and dynamical behavior of fluid volumes tend 
to have very significant effect on the over all performance of the system. Also components which dynamics can 
usually be disregarded, such as checkvalves, may have significant effect on the performance. 
 
Optimizing exhaust valve opening can lead to increased expansion and therefore improved efficiency, while varying 
exhaust valve closure directly controls the amount of exhaust gas trapped inside the cylinder, which can have a 
major effect on NOx emissions. 
 
9.0 Performance 
Performance of the valvetrain in our model was found to be satisfactory how ever it is very difficult to 
control if there is a drastic change in the operating points. Controlling the valvetrain needs very precise timing of 
control valves as well as very precise control of the pressure in both low and high pressure lines to keep contact 
speeds in both ends of the movement in reasonable limits.Electronically controlled, Hydraulically activated system 
that allows the control of individual valve lift profiles via a digital signal processor-based controller provides full, 
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flexible control over engine valve timing and lift to allow different valve profiles, either trapezoidal or triangular. 
For instance, it allows valves to open and close more than once per engine cycle. 
 
Also the vibration at fully open position is not a desirable effect, but can not be avoided without compromising 
contact speed. Improvements in control valves can still make this construction very attractive, since its energy 
recovery ratio is relatively good 
 
Testing of such valve actuators by valve manufacturers has shown torque increases from 50 to 100% by using this 
strategy and advanced combustion techniques.In traditional valvetrain the speed of valve opening and closing is 
mainly limited by possible cam shapes. In an ideal electrohydraulic valvetrain there are no limits to speed of valve 
movements. However in practice there are several factors that limit the maximum 
speed of valve movements. Key factor is dynamics of the hydraulic system and its components.The instantaneous 
volumetric flow in hydraulic system can be very high.  
 
10.0 Advantages 
Electro-mechanical actuators do not offer the failsafe options required in many applications. In addition performance 
degrades as gear trains wear whereas Electrohydraulic actuators eliminates the mess, maintenance and expensive 
installation costs associated with traditional actuators. The use of non-compressible media provides the ability to 
instantly react to a change in control signal, regardless of friction or load. There is no gear train to wear and all 
moving parts are bathed in oil ensuring long service life. Optional spring and accumulators systems are available to 
provide failsafe positioning across the product line. The actuators performance can be adjusted for each application's 
specific needs through the user-friendly microprocessor based controls. The control enclosure can be remote 
mounted away from inhospitable environments resulting in lower maintenance and longer life. 
 
Some of the vital advantages of Electrohydraulic actuators over conventional actuators are: 
 
1. In addition to the 10% reduction in fuel consumption, a further 1 to 2% can be achieved by increasing the 

compression ratio, as 'knock' limits can be optimised. 
2. A significant reduction in diesel engine NOx emissions is also achieved, as well as improved engine response 

and torque. 
3. The combustion chamber temperature can be accurately controlled by regulating exhaust gas recirculation. 
4. The effective compression ratio within the cylinder varies, ensuring homogenous combustion of the fuel. 
5. Optimising the combustion temperature and the compression ratio in the cylinder enables the production of 

NOx emissions to be reduced significantly. 
6. Costly exhaust treatment is eliminated. 
7. The system can provide full coverage of every conceivable airflow possibility, from zero valve lift to maximum 

lift, dictated by the camshaft lobe for each individual cylinder or valve. 
8. Offers unique valve lift events for every valve - individually and cycle-to-cycle. 
9. Infinitely variable valve lift and duration - as well as timing - throughout the engine speed and load range, 

creating optimum combustion efficiency. 
10. Use of inlet valves to throttle the engine, eliminating the usual butterfly valve and associated pumping losses.. 
11. Alter 4-valve engines to 3- or 2-valve operation, as appropriate. 
12. Deactivate selected cylinders for fuel economy benefits. General Motors Corp. is ready to bring to production a 

less sophisticated system, dubbed Displacement on Demand, that delivers the same effect. 
13. Reduce parasitic losses on the engine by eliminating the power-robbing camshaft and its drive components. 
 
11.0  Conclusion 
The use of the Electrohydraulic Valve Actuators is rapidly increasing mainly for the control of choke and control 
valves, with high stem thrusts, when fast stroking speeds and fail safe modes are required.In contrast to the majority 
of conventional automotive engines that operate with a valve motion fixed to the crankshaft rotation through the 
mechanical link of the camshaft, the camless valvetrain system allows fully controlled valve events. Although the 
conventional system has proven to be convenient and safe, its fixed valve timing is necessarily a compromise of 
combustion stability, fuel economy and maximum torque objectives. The camless valvetrain, on the other hand, 
allows the optimization of the exhaust and intake valve timing, motion and activation for individual cylinder gas 
exchange control . All systems employ energy recovery which reduces its power consumption 
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significantly.Commercially available components can be utilised in prototypes without compromising the 
performance.To further improve the performance of the valvetrain hydraulic valve technology has to be developed 
further. 
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Abstract 
The car of the near future is the hybrid gasoline–electric vehicle, because it can reduce gasoline consumption and 
greenhouse gas emissions 30 to 50% with no change in vehicle class and hence no loss of jobs or compromise on 
safety or performance.[1]. It will likely become the dominant vehicle platform by the year 2020. Ultimately, we will 
need to replace gasoline with a zero-carbon fuel. The most promising AFV pathway is a hybrid that can be 
connected to the electric grid. These so-called plug-in hybrids or ehybrids will likely travel three to four times as far 
on a kilowatt-hour of renewable electricity as fuel cell vehicles.[4]. Ideally these advanced hybrids would also be a 
flexible fuel vehicle capable of running on a blend of biofuels and gasoline. Such a car could travel 500 miles on 1 
gal of gasoline (and 5 gal of cellulosic ethanol) and have under one-tenth the greenhouse gas emissions of current 
hybrids.[6].  
 
1.0   Introduction 
Any energy and environmental policy effort must come to grips with transportation. Roughly 97% of all energy 
consumed by our cars, sport utility vehicles, vans, trucks, and airplanes is still petroleum-based. Internationally, the 
situation is problematic. As Claude Mandil, Executive Director of the International Energy Agency (IEA), said in 
May 2004, ‘‘In the absence of strong government policies, we project that the worldwide use of oil in transport will 
nearly double between 2000 and 2030, leading to a similar increase in greenhouse gas emissions’’  Significantly, 
between 2003 and 2030, over 1400GW of new coal capacity will be built. These plants would commit the planet to 
total carbon dioxide emissions of some 500 billion metric tons over their lifetime, unless ‘‘they are backfit with 
carbon capture equipment at some time during their life,’’ as David Hawkins, Director of Natural Resources 
Defense Council’s Climate Center told the US House Committee on Energy and Commerce in June 2003. Hawkins 
continued: ‘‘To put this number in context, it amounts to half the estimated total cumulative carbon emissions from 
all fossil fuel use globally over the past 250 years!’’ It is critical that whatever strategy the world adopts to reduce 
GHG emissions in the vehicle sector does not undermine our efforts to reduce GHG emissions in the electricity 
sector. With this caveat in mind, I explore some of the pathways most widely discussed for reducing or replacing oil 
while significantly reducing transportation greenhouse gas emissions: efficiency, electricity (particularly plug-in 
hybridgasoline vehicles); ethanol from cellulosic biomass; and hydrogen.  
 
2.0  Alternative Fuels and Alternative Fuel Vehicles  
Alternative fuel vehicles (AFVs) and their fuels face two central problems. First, they typically suffer from several 
marketplace disadvantages compared to conventional vehicles running on conventional fuels. Hence, they inevitably 
require government incentives or mandates to succeed. Second, they typically do not provide cost-effective solutions 
to major energy and environmental problems, which undermines the policy case for having the government 
intervene in the marketplace to support them. The US government and others (such as of California and Canada) 
have tried to promote AFVs for a long time. The 1992 Energy Policy Act established the goal of having alternative 
fuels replace at least 10% of petroleum fuels in 2000, and at least 30% in 2010. Currently, alternate fuels consumed 
in AFVs substitute for under 1% of total consumption of gasoline. Besides the question of whether AFVs deliver 
cost-effective emissions reductions, there have historically been six major barriers to AFV success: 
 

1. high first cost for vehicle 
2. on-board fuel storage issues (i.e. limited range) 
3. safety and liability concerns 
4. high fueling cost (compared to gasoline) 
5. limited fuel stations: chicken and egg problem 
6. improvements in the competition (better, cleaner gasoline vehicles). 
 



Proceedings of the National Conference on 
Trends and Advances in Mechanical Engineering, 

YMCA Institute of Engineering, Faridabad, Haryana.., Dec 9-10, 2006. 
 

 159

All AFVs that have so far been promoted with limited success—electric vehicles, natural gas vehicles, methanol 
vehicles, and ethanol vehicles—have each suffered from several of these barriers. Any one of these barriers can be a 
showstopper for an AFV or an alternative fuel, even where other clear benefits are delivered. MTBE, for instance, 
has had its biggest difficulty with the safety and liability issue, even though it has minimal problems in the other 
areas because it can be blended directly with gasoline.[5]. Electric vehicles deliver the clear benefit of zero tailpipe 
emissions, and can even have lower per mile costs than gasoline cars, but range, refueling, and firstcost issues have 
limited their success and caused most major auto companies to withdraw their electric vehicles from the 
marketplace.[8]. The chicken and egg problem—who will build and buy the AFVs if a fueling infrastructure is not 
in place and who will build the fueling infrastructure before the AFVs are built—remains the most intractable 
barrier. Consider that there are millions of flexible fuel vehicles already on the road capable of running on E85 (85% 
ethanol, 15% gasoline), 100% gasoline, or just about any blend, for about the same price as gasoline-powered 
vehicles, and yet the vast majority of them run on gasoline and there are have been very few E85 stations built. In 
the case of natural gas light-duty vehicles, the environmental benefits were oversold, as were the early cost estimates 
for both the vehicles and the refueling stations: ‘‘Early promoters often believe that ‘prices just have to drop’ and 
cited what turned out to be unachievable price levels.’’ One study concluded, ‘‘Exaggerated claims have damaged 
the credibility of alternate transportation fuels, and have retarded acceptance, especially by large commercial 
purchasers’’ All AFVs face the increasing ‘‘competition’’ from improved gasoline-power vehicles. Indeed, two 
decades ago when tailpipe emissions standards were being developed requiring 0.02 g/mile of NOx, few suspected 
that this could be achieved by internal combustion engine vehicles running on reformulated gasoline.[7]. The new 
generation of hybrid PZEVs such as the Toyota Prius and Ford Escape hybrid have substantially raised the bar for 
future AFVs. These vehicles have no chicken and egg problem (since they can be fueled everywhere), no different 
safety concerns than other gasoline cars, a substantially lower annual fuel bill, greater range, a 30% to 50% 
reduction in greenhouse gas emissions, and a 90% reduction in tailpipe emissions. The vehicles do cost a little more, 
but that is more than offset by the current government incentive and the large reduction in gasoline costs, even 
ignoring the performance benefits. Compare that to many AFVs, whose environmental benefits, if any, typically 
come at the expense not merely of a higher first cost for the vehicle, but a much higher annual fuel bill, a reduced 
range, and other undesirable attributes from the consumer’s perspective[6].  
 
3.0  Hydrogen 
Widespread use of stationary fuel cells running on natural gas seems likely post-2010, particularly if high 
temperature fuel cells achieve their cost and performance targets. The transition to a transportation system based on 
a hydrogen economy will, however, be much slower and more difficult than widely realized. In particular, it is 
unlikely that hydrogen vehicles will achieve significant (45%) market penetration by 2030. A variety of major 
technology breakthroughs and government incentives will be required for them to achieve significant commercial 
success by the middle of this century. Continued R&D in hydrogen and transportation fuel cell technologies remains 
important because of their potential to provide a zero-carbon transportation fuel in the second half of the century. 
But neither government policy nor business investment should be based on the assumption that these technologies 
will have a significant impact in the near- or medium-term. Bill Reinsert, US manager of Toyota’s advanced 
technologies group said in January 2005, absent multiple technology breakthroughs, we won’t see high volume sales 
of fuel cell vehicles until 2030 or later (Truett, 2005). When Reinsert was asked when fuel cells cars would replace 
gasoline-powered cars, he replied ‘‘If I told you ‘never,’ would you be upset?’’ Hydrogen cars face enormous 
challenges in overcoming each of the major historical barriers to AFV success. The central challenge for any AFV 
seeking government support beyond R&D is that the deployment of the AFVs and the infrastructure to support them 
must cost effectively address some energy or environmental problems facing the nation. In fact, Well-to-Wheels 
Analysis of Future Automotive Fuels and Power trains in the European Context, a January 2004 study by the 
European Commission Center for Joint Research, the European Council for Automotive R&D, and an association of 
European oil companies, concluded that using hydrogen as a transport fuel might well increase Europe’s greenhouse 
gas emissions rather than reduce them (JRC, 2004). That is because many pathways for making hydrogen, such as 
grid electrolysis, can be quite carbon-intensive and because hydrogen fuel cells are so expensive that hydrogen 
internal combustion engine vehicles may be deployed instead (which is already happening in California). A number 
of major studies and articles have recently come out on the technological challenges facing hydrogen. 
Transportation fuel cells currently cost about $4000/kW, some 100 times greater than the cost of internal 
combustion engines (Wald, 2004). A 2004 article for the Society of Automotive Engineers noted, ‘‘Even with the 
most optimistic assumptions, the fuel cell powered vehicle offers only a marginal efficiency improvement over the 
advanced [diesel]-hybrid and with no anticipation yet of future developments of IC engines. A prestigious National 
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Research Council panel concluded a major report in February 2004 with a variety of important technical 
conclusions. For instance, the panel said, ‘‘The DOE should halt efforts on high-pressure tanks and cryogenic liquid 
storage. They have little promise of long-term practicality for light-duty vehicles.’’ A March 2004 study by the 
American Physical Society concluded that ‘‘a new material must be discovered’’ to solve the storage problem An 
analysis in the May 2004 issue of Scientific American stated, ‘‘Fuel-cell cars, in contrast [to hybrids], are expected 
on about the same schedule as NASA’s manned trip to Mars and have about the same level of likelihood’’  There is 
a tendency in analyses of a future hydrogen economy to assume the end state—mass production of low-cost fuel 
cells, pipeline delivery, and so on. Yet while transportation fuel cells would undoubtedly be far cheaper if they could 
be produced at quantities of one million units per year, the unanswered question is who will provide the billions of 
dollars in subsidies during the many years when vehicle sales would be far lower and vehicle costs far higher. And 
while pipelines are the desired end game, and ‘‘the costs of a mature hydrogen pipeline system would be spread over 
many years,’’ as the National Research Council panel noted, ‘‘the transition is difficult to imagine in detail’’ (NRC, 
2004). The AFV problem is very much a systems problem where the transition issues are as much of the crux as the 
technological ones. We believe all AFV analysis should be conservative in nature, stating clearly what is 
technologically and commercially possible today, and, when discussing the future, be equally clear that projections 
are speculative and will require both technology breakthroughs and major government intervention in the 
marketplace. Analysis should treat the likely competition fairly: If major advances in cost reduction and 
performance are projected for hydrogen technologies, similar advances should be projected for hybrids, batteries, 
bio fuels, and the like. Hydrogen fuel cell vehicles face major challenges to overcome each and every one of the 
barriers discussed earlier. It is possible we may never see a durable, affordable fuel cell vehicle with an efficiency, 
range, and annual fuel bill that matches even the best current hybrid vehicle. Of all AFVs and alternative fuels, fuel 
cell vehicles running on hydrogen are probably the least likely to be a cost-effective solution to global warming, 
which is why the other pathways deserve at least equal policy attention and funding. 
 
4.0  E-Hybrids 
One AFV, however, has clear environmental benefits, including substantially lower greenhouse gas emissions, a 
much lower annual fuel bill, a much longer range than current cars (with the added ability to fuel at home), and far 
fewer infrastructure issues than traditional AFVs. This AFV is the plug-in hybrid, also called the e-hybrid. A 
straightforward improvement to the current generation  of hybrids can allow them to be plugged into the electric grid 
and run in an all-electric mode for a limited range between recharging. Since most vehicle use is for relatively short 
trips, such as commuting, followed by an extended period of time during which the vehicle is not being driven and 
could be charged, even a relatively modest all-electric range of 20 or 40 miles could allow these vehicles to replace a 
substantial portion of gasoline consumption and tailpipe emissions. If the electricity were from CO2-free sources, 
then these vehicles would also have dramatically reduced net greenhouse gas emissions. Because they have a 
gasoline engine, and are thus a duel-fuel vehicle, e-hybrids avoid two of the biggest problems of pure electric 
vehicles. First they are not limited in range by the total amount of battery charge. If the initial battery charge runs 
low, the car can run purely on gasoline and on whatever charging is possible from the regenerative braking. Second, 
electric vehicles take many hours to charge, so that if for some reason owners were unable to allow the car to 
charge—either because they lacked the time between trips to charge or there was no local charging capability—then 
the pure electric car could not be driven. Thus, e-hybrids combine the best of both hybrids and pure electric vehicles. 
Battery improvement will lead to increased functionality for e-hybrids. Improvements in specific energy (Wh/kg) 
and specific power (W/kg) will reduce weight. Reductions in cost and increases in cycle life (durability) will make 
PHEVs more affordable. Adequate safety is a requirement. Operating temperature is important, but batteries with 
unusual operating temperatures may be considered if other benefits are demonstrated. Convenience of recharging is 
crucial, but the definition of ‘‘convenience’’ varies by users. A full recharge overnight from an ordinary home outlet 
is generally considered to be sufficient for a personal e-hybrid.  
 
5.0  Barriers 
E-hybrids avoid many of the barriers to AFVs discussed earlier. They do not have a limited range. They do not have 
major safety and liability issues— although great care would have to be taken in the design of any home-based 
system that charged e-hybrids or allowed them to feed back into the grid. They do not have a high fueling cost 
compared to gasoline. In fact, the per-mile fueling cost of running on electricity is about one-third the per-mile cost 
of running on gasoline. The chicken and egg problem is minimized because electricity is widely available and 
charging is relatively straightforward. The vehicle will almost certainly have a higher first cost, but this is likely to 
be more than compensated by the economic benefit of a lower fuel bill, An e-hybrid owner may be able to extract 
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revenue for grid regulation services—generators that can provide fast response when grid voltage needs to be 
increased or decreased. Utilities would pay for this service if there was a guarantee that the car could deliver juice 
when needed, which suggests that this is more practical for vehicle fleets or for a corporate sponsor. The potential 
value of such services is significant: $700 to $3000 per year (Letendre and Kempton, 2002). This value is so large 
that it might allow the monthly cost of purchasing or leasing an e-hybrid to be lower than a conventional car, and 
perhaps even cover the replacement cost for batteries if they prove not to have a 100,000+mile lifetime typically 
expected of modern cars. It is critical that we fund some real-world demonstrations of e-hybrids providing these 
services, to see if this value can be extracted. If it can, we might see major utilities helping to subsidize the cost 
and/or financing of e-hybrids. Environmentally, e-hybrids offer two potentially significant benefits. First, since they 
are designed to run all-electric for short trips such as commuting, they offer the possibility of being zero-emission 
vehicles (ZEVs) in cities. The best early uses of e-hybrids may well be to replace dirty diesel engine vehicles used 
regularly in cities, such as buses, maintenance vehicles, and delivery trucks. If we are unable to overcome the 
multiple technical and practical hurdles to hydrogen fuel cell cars, then e-hybrids may be the only viable option for 
urban zero emission vehicles.  
 
6.0 Conclusion 
The potential greenhouse gas benefits of e-hybrids are even more significant, if a source of zero-carbon electricity 
can be utilized for recharging. E-hybrids have an enormous advantage over hydrogen fuel cell vehicles in utilizing 
zero-carbon electricity. That is because of the inherent inefficiency of generating hydrogen from electricity, 
transporting hydrogen, storing it onboard the vehicle, and then running it through the fuel cell. The total well-to-
wheels efficiency with which a hydrogen fuel cell vehicle might utilize renewable electricity is roughly 20% 
(although that number could rise to 25% or a little higher with the kind of multiple technology breakthroughs 
required to enable a hydrogen economy). The well-to-wheels efficiency of charging an onboard battery and then 
discharging it to run an electric motor in an e-hybrid, however, is 80% (and could be higher in the future)—four 
times more efficient than current hydrogen fuel cell vehicle pathways.  
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Abstract  
After 1973 oil and petroleum crisis and unexpected change in economy focused the technologists on alternative, 
renewable energy sources and power plants. India; a developing country is strongly suffering from energy i.e. 
electricity scarcity. The total installed power capacity of the country 1,21,000 MW and the energy demand rate 
growth is around 8-9 % which intimates that the country needing more that 1,00,000 MW additional capacity by 
2012; and this target needs a huge investment in billions of rupees, which is a difficult task for a developing 
country like India. The country has limited options of fossil fuels; therefore the country imports the petroleum 
products especially for transportation sector; which economically consumes 25 % of its total energy 
consumption and the net oil import of the country have the economic value more than 30 % of its GDP. On the 
other side the use of commercial and fossil fuels are strongly affecting the environment through the emissions of 
GHG gases i.e. CO2, CO, NOx, SOx, flay ash etc.  
 
Availability of cheap and abundant energy with minimum environmental and ecological hazards associated with 
its production and use is one of the most important factors for economic growth. New and emerging 
technologies like hydrogen, fuel cells, bio-fuels, electric & hybrid and electric vehicles, geothermal energy and 
tidal energy hold major promise for meeting the growing energy needs. In the present study aims towards the 
introduction with an emerging fuel i.e. Hydrogen; which has been forecasted as the fuel of the next generation. 
Pattern of world primary energy consumption and projection, sector wise energy consumption in the country 
and its trend have been reviewed. The modern trends and developed technologies based on hydrogen have been 
introduced along with the intervention of fuel cell technology. It is observed that the use of Hydrogen energy as 
fuel for transportation and power sector leads to large reduction in GHG emissions.  
 
KeyWords : Sustainable Development, International Energy Outlook, Hydrogen Energy, Fuel Cell, CDM 
 

1.0 INTRODUCTION  
Energy is central to current concerns about sustainable human development. Sustainable development is ‘the 
development that meets needs of the present without compromising the ability of the future generations to meet 
their own needs’. Over the past few years various sectors viz. industrial, domestic, agricultural and 
transportation of India are subjected to various economic reforms like liberalization, privatization, and 
globalization and hence the country is moving towards accelerated development. Definitely, in the present phase 
of financial and economic development; energy sector is the key factor which is making an effective change in 
the global policies and hence in the economy of the world. In the light of fast depicting energy resources, energy 
scarcity, increasing population and increasing environmental pollution, innovative ways to cut down energy 
consumption are necessary.  
 
India has around 17% of world’s population and only 0.8 % of world’s oil and natural gas reservoirs. The 
country consumes around 121,000 MW of electricity i.e. 3 % of world capacity. India imports more than 50 % 
of its petroleum requirements and the major share of our foreign exchange earning goes to pay for these imports, 
which are becoming costlier day by day. Energy scarcity is an issue of national strategic importance, come to 
take the centre stage of the planning process against the rise of global fuel and crude oil prices [1-3]. India has 
the energy demand growth rate around 8 to 9 % of its total installed capacity in power sector. In the developing 
countries the petroleum pricings plays the same role as grid plays in triode valve i.e. a small change in grid 
voltage causes the amplification process. Our economy is strongly being affected by the petroleum pricing.  
 
On one side the fossil fuels are towards to touch their end phase and on the other side abundant amount of 
energy is available worldwide, free of cost, pollution free, renewable i.e. non-conventional energy. Availability 
of cheap and abundant energy with minimum environmental and ecological hazards associated with its 
production and use is one of the most important factors for economic growth and also for the desired 
improvement in the quality of life of the people living in developing countries. Alternatively the 
commercialization of renewable energy technologies to the possible extent is one of the basic needs when 
sustainable development of the country is the main concern. Use of renewable energy is an extremely promising 
option for reducing greenhouse gas emission and enhancing diversity of energy supplies. The estimated 
potential for renewable energy in India for electricity generation is around 100,000 MW. The renewable energy 
resources accounted for approximately 6.5% of the total installed power generation capacity in the country as on 
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December 2005. Efforts are being made world wide to extract the energy from non-conventional sources and a 
number of technologies (FPC, water heaters, Improved Cook stoves, Biomass based co-generation, solar PV, 
Wind mills etc.) are available today; out of which are commercialized and some are in the phase of 
commercialization. If we look at the pattern of fuel use than we will find that society has been shifted from solid 
fuels (i.e. coal, coke) to liquids (petroleum etc.) and now the trends suggests that the society is shifting towards 
the gases fuels (i.e. CNG, LNG, LPG, Hydrogen); and it is forecasting that hydrogen will be the fuel of next 
century. This article mainly empathized of the possibilities of utilization of Hydrogen in various sectors 
especially in India. Hydrogen is regarded as a potential future energy carrier which can be produced by 
electrolysis of water and required power supplied by any renewable energy resource [2]. It is widely considering 
as an energy carrier with the potential to reduce local and global emissions and to increase supply scarcity.  
 

2.0 World Energy Use Pattern: International Energy Outlook  
The International Energy Outlook 2005 (IEO2005) projects strong growth for worldwide energy demand over 
the 23-year projection period from 2002 to 2025 [4-5]. World energy consumption is projected to increase by 
57% from 2002 to 2025. In the International Energy Outlook 2005 reference case, world marketed energy 
consumption is projected to increase on average by 2.0 % per year over the 23-year forecast horizon from 2002 
to 2025-slightly lower than the 2.2 % average annual growth rate from 1970 to 2002. Worldwide, total energy 
use is projected to grow from 412 quadrillion British Thermal units (Btu) in 2002 to 553 quadrillion Btu in 2015 
and 645 quadrillion Btu in 2025.   
 
On the other side, the natural resources worldwide; the fossil fuels continue to supply much of the energy used 
worldwide, and oil remains the dominant energy source, given its importance in the transportation and industrial 
end-use sectors. The OIL use is expected to grow from 78 million barrels per day in 2002 to 103 million barrels 
per day in 2015 and 119 million barrels per day in 2025. NATURAL GAS is projected to be the fastest growing 
component of world primary energy consumption in IEO2005. Consumption of natural gas worldwide increases 
in the forecast by an average of 2.3 % annually from 2002 to 2025, compared with projected annual growth rates 
of 1.9 % for oil consumption and 2.0 % for coal consumption. From 2002 to 2025, consumption of natural gas is 
projected to increase by 69 %, from 92 trillion cubic feet to 156 trillion cubic feet, and its share of total energy 
consumption is projected to grow from 23 % to 25 %. The electric power sector accounts for 51 % of the total 
incremental growth in worldwide natural gas demand over the forecast period. World COAL consumption is 
projected to increase from 5,262 million short tons in 2002 to 7,245 million short tons in 2015, at an average 
rate of 2.5 % per year. From 2015 to 2025, the projected rate of increase in world coal consumption slows to 1.3 
% annually, and the total energy consumption in 2025 is projected at 8,226 million short tons. Coal is expected 
to maintain its importance as an energy source in both the electric power and industrial sectors, with the two 
sectors combined accounting for virtually all the growth in coal use in the mid-term forecast.  
 
World net ELECTRICITY consumption nearly doubles in the reference case forecast, 14,275 billion kilowatt-hours 
in 2002 to 21,400 billion kilowatt-hours in 2015 and 26,018 billion kilowatt-hours in 2025. Coal and natural gas 
are expected to remain the most important fuels for electricity generation throughout the forecast, accounting for 
62 % of the energy used for electricity production in 2025.  
 

2.1 Environmental Aspects of Increasing Energy Demand  
Carbon dioxide (CO2), Carbon monoxide (CO), Oxides of nitrogen (NOx), Sulphur dioxide (SO2) and 
Hydrocarbons are the emissions associated with the energy conversion processes through fossil fuels.  CO2 is 
one of the most relevant greenhouse gases in the atmosphere. Anthropogenic i.e. human caused emissions of 
carbon dioxide result primarily from the combustion of fossil fuels for energy, and as a result world energy use 
has emerged at the center of the climate change debate. The world carbon dioxide emissions are projected to rise 
from 24.4 billion metric tons in 2002 to 30.2 billion metric tons in 2010 and 38.8 billion metric tons in 2025. 
According to this projection, world CO2 emissions in 2025 would exceed 1990 levels by 72 %. Combustion of 
petroleum products contributes 5,733 Mmt (million metric tons) to the projected increase from 2001, coal 4,120 
million metric tons and natural gas the remaining 3,374 Mmt. As a result, the absolute increment in CO2 
emissions from coal combustion is larger than the increment in emissions from natural gas combustion. CO2 
emissions from energy use in the industrialized countries are expected to increase by 4,009 Mmt, to 15,643 Mmt 
in 2025, or by about 1.2% per year. Emissions from the combustion of petroleum products account for about 
42% of the total increment expected for the industrialized world; gas 33 %, and coal 24 %.   
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2.2  Energy Use Pattern of India 
The difference between the demand and supply in energy sector is increasing exponentially. It has been noticed 
that the total installed capacity under utilities in India increased to 1, 01,630 MW in 2000-01 from 97,845 MW 
in 1999-00 (72,359 MW thermal, 25,142 MW hydel 2,860 MW nuclear and 1,269MW renewable resources). 
There was a corresponding increase in electricity generation to 4, 99,450 MU (million units) from 4, 80,000 MU 
recorded in 1999-00 (4, 08,208 MU thermal, 74,346 MU hydel, and 16,896 nuclear energy). The overall annual 
plant load factor (PLF) of thermal stations was 69% as compared to 67.3% in 1999-00. The per capita 
consumption for 2000-01 was estimated as 374 kWh [4,5].  
 
Energy consumption by different economic sectors of the country are; 49% by industry, 22% by transportation, 
10% by residential, 5% by agricultural, 11% non-energy uses and rest 3% by other energy uses. Domestic sector 
is one of the largest consumers of energy in the country for 40 to 50 % of the energy consumption. The 
electricity share is also increasing and is more in the industrial and agricultural sectors viz. 35% industrial, 31% 
agricultural, 21% domestic, 6% commercial, and others 7 %. In the other side the peak demand met was 67,880 
MW and the energy availability was 4, 67,000 MU against the requirement of 78,037 MW and 5, 07,000 MU, 
respectively. Thus, there was a shortage of 13% in meeting the peak demand and 7.8 % in energy for 2000-01.A 
realistic assessment of energy and peak power requirements is vital for planning and operation of the electricity 
system in India. According to the 16th Electric Power Survey (EPS), the all-India peak demand would be about 
85,132, 1,15,705, 1,57,107, and 2,12,725 MW by the end of the 9th (2001-02), 10th (2006-07), 11th (2011-12) 
and 12th (2016-17) Five-Year Plan, respectively. The corresponding energy requirements would be 5, 29,013; 7, 
19,097, 975222, and 1318644 MUs, respectively. Compared to the 15th EPS projections, these are less by about 
one % in peak demand and 7 -8 % in energy requirement.  
 
The GDP of the developing countries like India (i.e. non-OECD) countries as a whole is projected to grow by 
nearly 5 % per year through 2030, and population by more than 1 % per year on average. Hence it has been 
noticed that in residential sector, household energy use grows at a rate of 2.7 % per year on average through 
2030. In China and India, the two fastest growing economies among the non-OECD countries, urbanization and 
population growth will increases in demand for residential energy services. Similarly, It is expected that the 
population of non-OECD countries is going to increase rapidly increasing the need for fueling, electricity, gas, 
education, medical and social services. Due to these reasons, commercial sector energy use in non-OECD 
countries nearly doubles between 2003 and 2020, to 11.6 quadrillion Btu, and continues growing to 14.3 
quadrillion Btu in 2030. Over the 2003 to 2030 period, commercial energy use in the non-OECD region 
increases at an average annual rate of 3.2 %. Annual growth in commercial delivered electricity use averages 4.3 
% through 2030, with projected consumption of 5.6 quadrillion Btu in 2015 and 8.8 quadrillion Btu in 2030. 
The largest increases in commercial electricity demand are projected for the nations with rapidly growing 
economies, particularly China and India. In industrial sector energy consumption increases by 3.2 % per year in 
the non-OECD countries between 2003 and 2030. The non-OECD economies generally have higher industrial 
sector energy consumption relative to GDP than do the OECD countries. Of the non-OECD economies, China, 
the Middle East, and India have the most rapid increases in industrial sector energy consumption from 2003 to 
2030. [4-5] 
 
The energy demand in the developing countries like India; the transportation sector likely grows at an average 
annual rate of 2.3 %, from 28.9 quadrillion Btu in 2003 to 39.3 quadrillion Btu in 2015 and 53.3 quadrillion Btu 
in 2030. As in the OECD economies, the growth in transportation energy is led by greater demand for air travel. 
Expanding ownership of private automobiles and trucking transportation also play a significant role in the 
increase in energy demand. In 2003, the non-OECD economies accounted for about 34 % of world energy use 
for transportation. In 2030, their share is 43 %, as the gap between transportation energy consumption in the 
non-OECD and OECD economies decreases substantially over the projection period. In China and India 
combined, GDP expanded by an average annual 7.8 % over the past decade, and their growth remains strong in 
the mid-term projections, increasing by an annual average of 5.8 % through 2030. India has an effective and 
extensive rail system, but its highway system needs development. Work has started on a highway project to 
connect India’s major cities, and it is expected to be completed in the next 5 years. Similar transportation 
infrastructure investments are occurring in China, as well. With these improvements, Asia’s car ownership could 
exceed that of the United States by 2030 [5, 9]. In India, energy demand in the transportation sector grows at an 
average rate of 2.9 % a year, from 1.4 quadrillion Btu in 2003 to 2.1 quadrillion Btu in 2015 and 3.0 quadrillion 
Btu in 2030.  
 

2.3  Forecasting : Energy Resources of India  
India is third in the production of coal worldwide but the quality of our coal is very poor; since it consists of 30-
40 % sulphur and high amount fly-ash content which causes a huge amount of emission and affect the 
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environment. It has been found that COAL dominates the energy mix in India, contributing to 55% of the total 
primary energy production.  India has huge coal reserves, at least 84,396 million tonnes of proven recoverable 
reserves (at the end of 2003). This amount to almost 8.6% of the world reserves and it may last for about 230 
years at the current Reserve to Production (R/P) ratio. In contrast, the world’s proven coal reserves are expected 
to last only for 192 years at the current R/P ratio.  
 
OIL accounts for about 36 % of India's total energy consumption. India today is one of the top ten oil-consumer 
nations in the world and will soon overtake Korea as the third largest consumer of oil in Asia after China and 
Japan. The country’s annual crude oil production is peaked at about 32 million tonne as against the current peak 
demand of about 110 million tonne. In the current scenario, India’s oil consumption by end of 2007 is expected 
to reach 136 million tonne (MT), of which domestic production will be only 34 MT India imports 70% of its 
crude needs mainly from gulf nations. The majority of India's roughly 5.4 billion barrels in oil reserves are 
located in the Bombay High, upper Assam, Cambay, and Krishna-Godavari. In terms of sector wise petroleum 
product consumption, transport accounts for 42% followed by domestic and industry with 24% and 24% 
respectively. India spent more than Rs.1, 10,000 crore on oil imports at the end of 2004.  
 
In order of GAS supply; India’s installed power generating capacity on 31 January 2005 was 115,545 MW and 
the peak shortage (in MW available) was 11.3% of peak demand. Despite over 44 % increase in capacity in the 
decade between 1993 and 2002, peak shortages varied little over the last seven years and stayed consistently 
above 11 %. The national average plant load factor (energy produced as a % age of the maximum energy that 
could have been produced) has consistently increased over the last decade and reached 73 % in 2004. Ninety % 
of total installed capacity is owned by the public sector, of which about two third is owned by the central 
government sector and one-third by the Indian states government sector. Gas-fired generation accounts for only 
10% of total installed capacity whereas almost two-thirds of capacity is coal-based. The share of private 
generation is only about 10% of total installed generation, with gas-fired private plants accounting for 4,160 
MW or 34% of total installed private capacity, and for over 35% of total gas-fired capacity. Natural gas 
accounts for about 8.9 per cent of energy consumption in the country. The current demand for natural gas is 
about 96 mcmd (million cubic meters per day)   as against availability of 67 mcmd. By 2007, the demand is 
expected to be around 200 mcmd. [7] 
 
It has been seen that new and emerging technologies like Hydrogen, Fuel Cells, Bio-fuels, Electric & Hybrid 
Electrical Vehicles, hold major promise for meeting the growing energy need of our country for power 
generation and transmission.  A possible solution to a potential future energy shortage would be to use some of 
the world's remaining fossil fuel reserves as an investment in RENEWABLE ENERGY infrastructure such as wind 
power, solar power, geothermal power, hydropower, ethanol and bio-diesel, which do not suffer from finite 
energy reserves, but do have a finite energy flow. The construction of sufficiently large renewable energy 
infrastructure might avoid the economic consequences of an extended period of decline in fossil fuel energy 
supply. Most alternative fuels assume a source of renewable energy or at least sustainable energy (such as 
nuclear power) as a source of the fuel. A few alternative fuels (for example, hydrogen) may be made by 
sustainable or non-sustainable means. If they are made by non-sustainable means, such fuels are offered as 
alternatives usually because they offer to cause less pollution at the point of use, and perhaps less pollution 
overall. 
 

3.0  Hydrogen Energy 
Hydrogen has the potential to replace liquid fossil fuels in the future. Hydrogen is characterized by its large 
flammability range (4-75% by volume), although it is not likely to be ignited under normal conditions in case of 
spills due to its very low density and high self ignition temperature. Hydrogen has the highest energy content per 
unit of the mass of any chemical fuel and can be substituted for hydrocarbons in a broad range of applications 
after with the increased combustion efficiency. The combination of hydrogen with oxygen (e.g. from air) results 
in the liberation of energy with water as the sole material (H2 + ½ O2 = H2O + Energy). The reaction can be 
carried out and the energy made available in several different ways, so that it is a versatile fuel material. The 
automobiles consume a great deal of the total energy budget of developed countries; some means would be 
required to deliver the energy generated from nuclear heat to these vehicles. The most direct solution is use in 
electric vehicles. Mass transit will be an important aspect of this solution, as it is readily electrified. Hydrogen 
may play a important role. If so, it would be produced by electrolysis, either conventionally or at high 
temperatures supplied by reactor heat. Another possibility for producing hydrogen by nuclear power is the heat-
driven sulfur-iodine cycle. Hence this can fulfill desperate need of an alternate fuel to power our vehicle which 
is efficient, easily available and produce negligible pollution [10,11]. One of the most attractive features of 
hydrogen energy as an energy carrier is that it can be produced from water which is abundantly available.  
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Hydrogen could hold the key to the ongoing energy demands. Relatively new technologies (such as fuel cells) 
can be used to efficiently exploit the chemical energy stored in diatomic hydrogen. However, there is no 
accessible natural reserve of uncombined hydrogen and thus hydrogen for use as fuel must first be produced 
using another energy source; hydrogen would thus actually be a means to transport energy, rather than an energy 
source, just as common rechargeable batteries are. In an alternate way hydrogen can be produced by electrolysis 
of water with required power supplied by a photovoltaic module. The water electrolyser essentially takes in the 
pure water and dc electricity provided by the solar panel which can produce as outputs hydrogen and oxygen. 
Electrolysers are usually of high conversion efficiency, with the best commercially available approaching 90 % 
efficiency. The most immediately feasible hydrogen mass production method is steam methane reformation, 
which requires natural gas, itself potentially in increasingly short supply. Another method of hydrogen 
production is through water electrolysis which can use electricity generated from any combination of: fossil 
fuels, nuclear, and/or renewable energy sources. Biomass or coal gasification, photo electrolysis, and genetically 
modified organisms have also been proposed as means to produce hydrogen. 
 

4.0  Fuel Cell Technology  
A fuel cell is controlled chemical–electro–energy conversion device that continuously converts chemical energy 
electrical energy. Its continuous input output differs this from normal primary and secondary cells [10]. It 
converts chemical energy directly to electrical energy, without intermediate loss due to electrical, 
thermal/turbine stages. Its efficiency is not limited by Carnot limitation imposed as thermal cycle and the 
efficiency is more than 90%. A fuel cell can operate at very high efficiency and can work on hydrogen as its 
fuel. Fuel cells can be used widely as it is an environment friendly device i.e. when used it’s by products are 
drinkable water and heat. A number of fuel cells are stacked together to get the required energy potential. It is a 
kind of an electrolytic cell consisting of an anode and a cathode with an electrolyte between them; it has the 
capability of converting the chemical energy of fuel into the electric energy. When the cell operates the fuel 
supplied to the cathode is oxidized and the chemical reaction provides the energy that can be converted to 
electricity. 
 
In the fuel cell the fuel used is hydrogen; which is supplied through the anode. The fuel sheds its electrons at 
anode with the help of a catalyst like platinum and the electrons make their way through the external circuit. The 
positive ions pass to the cathode where they combine with oxygen ions. Therefore we get electricity due to the 
flow of electrons from the anode to cathode and the by products being heat and water in the form of steam. Thus 
we see using a fuel cell is an environmental friendly way of generating electricity. Fuel cells are small in size 
and produce between 0.5 and 0.9 Volts of DC electricity, so they are generally combined together in a stack. 
Various fuel cells   are classified on the basis of their operating conditions as follows [8]: 
 
1. Alkaline Electrolyte Fuel Cells: Electrolyte used in them is alkaline potassium hydroxide. These cells are 

used for spacecrafts. 
2. Molten Carbonate Fuel Cells: They have an operating temperature of 65 degrees Celsius and so it has an 

industrial use only. 
3. Proton Exchange Membrane Fuel Cells: They have an operating temperature of 200 degree Fahrenheit, 

electrolyte used is polymer membrane. They are used for light vehicles and for small applications such as 
rechargeable batteries. 

4. Phosphoric Acid Fuel Cells: They have an operating temperature of 400 degree Fahrenheit and an 
efficiency of 40%. They are used to generate electricity in hospitals, nursing homes, offices and schools. 

5. Solid Oxide Fuel Cells: They have an operating temperature 982 degree Celsius and an efficiency of 60%. 
They use a hard ceramic material as electrolyte instead of a liquid electrolyte.  They can be used in high 
power applications. 

6. Direct Methanol Fuel Cells: They operate at 120-190 degree Fahrenheit, having an efficiency of 40%. 
7. Regenerative Fuel Cell: In these types of fuel cells water is decomposed into hydrogen and oxygen by 

electrolysers which are supplied into the fuel cell generating electricity, heat and water. These are used in 
spacecrafts. 

 
Hydrogen is normally a gas and can be compressed and stored in cylinders. The main problem with hydrogen is 
bulk of the cylinders (fuel tanks). Compressed hydrogen contains less energy per volume compared to liquid 
fuels like gasoline or ethanol. Hydrogen can also be cooled to produce liquid hydrogen, but it is costly. 
Hydrogen's clean burning characteristics may, one day, make it a popular transportation fuel. As hydrogen burns 
nearly pollution-free, it has been looked at as a clean fuel. When burned, it turns into heat and water vapor. 
When burned in an internal combustion engine, the combustion also produces small amounts of other gases. 
These other gases are mostly oxides of nitrogen because the hydrogen is being burned with air, which is about 
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two-thirds nitrogen. Being a non-carbon fuel, the exhaust is free of carbon dioxide. CO2 emitted from our 
burning of fossil fuels, is causing the world's climate to change. Fuel cell vehicles turn hydrogen fuel and 
oxygen into electricity. The electricity then powers an electric motor, just like electricity from batteries powers 
the motor of an electric vehicle. Fuel cells combine oxygen from the air with hydrogen from the vehicle's fuel 
tank to produce electricity [11]. When oxygen and hydrogen are combined they give off energy and water 
(H2O). In fuel cells this is done without combustion. Presently the technology is oriented towards the 
replacement of internal combustion engine in tractors, vehicles and source of electrical powers for remote 
installation, spaceships, electrical vehicles, elective locomotives and power plants.    
 
5.0 Estimated Potential of Hydrogen Energy in India 
India is one of the few developing countries along with Brazil and China which have strong R&D programs on 
hydrogen energy. Several research, scientific and educational institutions and industries are involved in various 
projects on hydrogen energy technology. Significant progress has been reported towards development of 
hydrogen as an alternate fuel.   
 
In the transportation sector the vehicles mainly 2 and 3 wheelers are basically responsible for polluting the 
environment. Conversion of these 2, 3-wheelers to run on hydrogen would result in drastic improvement in air 
quality. While the industrialized world has begun to make the move towards a hydrogen economy that is free 
from fossil fuels the rate at which this will happen, and the pathways towards this goal must be different for 
different nations. The major automotive companies in the world are aiming towards hydrogen/fuel cell based 
light and heavy- duty vehicles, and the transition is expected to begin occurring sometime after 2012. The 
average daily driving distance in India is about 20 Km. India’s lower per vehicle fuel requirements allow the 
country to implement hydrogen technologies in a much shorter time period of 5-7 years. 
 
The ICE (Internal Combustion Engine) two wheeler-manufacturing and maintenance infrastructure is well 
developed in India. If a gasoline ICE two and three-wheelers can be converted for hydrogen fuel and be 
optimized to meet the day-to-day commuting needs, it provides a solution to urban air pollution and domestic 
fuel shortage. The present ICE requires minimal modifications, hydrogen ICE require uses a fuel injector 
controlled by an Engine Control Unit (ECU). The carburetor was removed and the throttle body was redesigned. 
 
India is one of the world’s largest producers of sugar, with more than 430 sugar factories functioning in 18 
states, producing approximately 12 million tons of sugar/year. The sugar mills have the potential to generate 
power significantly in excess of their needs. Market studies indicate that using advanced cogeneration 
technology in the sugar industry can generate up to 5,000 MW of electricity. It is estimated that just 1MW 
power can result in the production of about 162,000 Kg (162 tons) of hydrogen per year. This is sufficient for 
32.4 million kilometers of driving with a scooter or about 16 million kilometers for a three-wheeler. Thus, even 
if a small fraction of the total power from bagasse- cogeneration is used to produce clean fuel (hydrogen) for 
transportation and distributed power generation, it can have a very significant impact on air quality and 
reduction of imported fossil fuels, and help towards economic growth. 
 
There are a number of ways that hydrogen can be provided to the fuel cell. One way is simply to put hydrogen 
gas into the fuel cell, along with air. Hydrogen gas can come from gaseous or liquid hydrogen stored on the 
vehicle. To carry gaseous hydrogen on a vehicle, it must be compressed. When compressed (usually to a 
pressure of about 3000 pounds per square inch), it must be stored in special high-pressure containers. This is 
similar to the way compressed natural gas is stored on natural gas-fueled vehicles, this is the reason it is finding 
applications in urban vehicles where the distances between refueling are short. Hydrogen can also be stored in 
the underground pipelines due to which it can replace natural gas. The other way to provide hydrogen gas to the 
fuel cell is to store it on the vehicle in liquid form. To make hydrogen liquid, it is chilled and compressed. 
Liquid hydrogen is very, very cold more than 423.2 degrees Fahrenheit below zero. This super-cold liquid 
hydrogen is the kind used in space rockets. The containers are able to hold pressure, but they are also insulated 
to keep the liquid hydrogen from warming up.  
 
Various methods of renewable hydrogen production are being developed. Till now water electrolysis is the only 
process available for large scale hydrogen production. Recently a new way of production of hydrogen has been 
developed by biomass gasification. Intensive research activities are being carried out in the photolysis of water 
using sunlight as the energy source. It can be accomplished by photo biological systems using algae and 
bacteria, photochemical cycles using ZnO or ferrites with concentrated solar collection and photo 
electrochemical cells .At present a big amount of hydrogen is being produced in thousands of tons from fossils 
fuels by steam reforming of natural gas and by coal gasification.  
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6.0  Present Scenario 
Hydrogen presently is mainly produced by reformation of hydrocarbons and as a by-product from some 
chemical industries. It can also be produced through biological conversion of various organic effluents like 
distillery wastes, starch, sugar processing etc. several other methods including electrolysis of water, thermo-
chemical and microbial decomposition of water and also from various renewable energy resources like solar 
energy and biomass etc. Hydrogen energy based technologies are noticed as a good option for medium and long 
term energy markets. Nowadays hydrogen is getting recognition in the research field, a number of project and 
researches are going on in the development of hydrogen energy for sustainable development [4]. A number of 
experimental cars and buses are on the road linked with big names in car making and some hydrogen fueling 
stations are in operation. At present, fuel cell vehicles have only been developed to what might be called the pre-
prototype stage. That means there are very few fuel cell vehicles in existence, and all of them are actually used 
for testing. Most car manufacturers have or are working on demonstration models, some of which can reach a 
speed of 90 mph and can travel up to about 280 miles before they need refueling..  
 
7.0 The Clean Development Mechanism (CDM) 
Resource assessments, technological appropriateness, economic as well as financial viability, energy-
environmental and energy-ecological interaction are few fundamental parameters associated with the proper and 
efficient implementation of any energy project. The current trend suggests that the global energy/electricity 
pattern is shifting towards solid-liquid to gas fuels due to their high thermal conductivity, calorific value and 
high efficiency. Hydrogen is being predicted the fuel of next century. India is the world’s fourth largest 
economy and sixth largest energy consumer of energy of the world has a fast growing energy market. India’s 
current power capacity is 30% short of demand. Coal and petroleum are the primary sources of energy. A 
critical glance at India's power sector indicates considerable scope for improvement in these areas; auxiliary 
consumption in various thermal power stations in the country is as much 16.36% during 2003-04, T&D losses 
are also very high with an average of 32.53% at all-India level in 2003-04  [8].  
 
The clean development mechanism (CDM) of Kyoto Protocol has been set up to assist developing countries 
(Non-Annexure-1, CDM categorizes the developing countries who are responsible for the major production of 
GHG gas emission as Annexure-1 countries viz. USA, Canada, Australia) in achieving sustainable development 
by promoting greenhouse gas emission reduction projects that generate emission credits (Certified Emission 
reductions, CERs) for industrialized countries (i.e. Annexure–I). It provides industrialized countries with an 
incentive to invest in emission reduction projects in developing countries to achieve a reduction in CO2 
emissions at lowest cost that also promotes sustainable development in the host country. Reduction of GHG 
gases and saving the environment is the major task associated with the CDM. Plantation, forestation and other 
methods are very effective but very time consuming solutions of GHG reduction. As more than 68% of the 
electricity is being generated by coal; India can effectively be benefited by CDM by improving the efficiency of 
it’s traditional coal based power plants making collaboration with the Annexure-I countries. If we shift from low 
to high efficiency that a huge fraction of GHG emissions may be mitigate and the output of the power plant can 
be improved. In addition the utilization of non-conventional (solar energy, wind energy, biomass, etc.) and 
renewable (hydrogen, hydro electric, alternating fuels etc.) energy resources can also play an important role in 
order to generate electricity as well as CERs.  
 
8.0 Conclusions 
Energy conservation means reduction in the energy consumption but without making any sacrifices of quality 
and quantity of production. Above discussion indicates that the energy sector is being the key point for economy 
of any country and deciding parameter for the global policies. In order to reduce the GHG emission and take in 
to account the environmental consideration the profile of the fuel being used in power sector need to be change. 
The alternating, renewable and non-conventional sources of energy can provide a way to generate power/ 
electricity without making harmful emissions. In addition this can be an effective approach towards the direct 
energy conversion system where the overall efficiency of power generation system can be increased. Hydrogen 
energy may be the option of future due to its high energy content, calorific value, conversion efficiency and 
environmental sustainability. In addition, use of hydrogen as primary energy fuel in power plants can be an 
effective approach towards the direct energy conversion systems where the overall efficiency plant can be 
improved and reduction in the cost power generation and GHG emissions.  
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Abstract 
Air Quality Management Programmed is directed towards an introduction of air quality management 
programme, its history, its methods, tools and techniques and finding of the probable causes of the 
industrial air pollution. The aim of this programme is to adopt environmentally proactive development 
strategies. Case studies were conducted in an Engineering Institution and in an manufacturing 
organization. On the basis of findings from case studies some recommendations are suggested. 
 
Key Words : Air Quality Managements, Action Plan, Pollutant Characteristics, Case Studies  
 
1.0 Introduction 
Asia has witnessed two decades of unparalleled economic growth. However, this growth has been 
accompanied by an alarming deterioration in the region’s air quality. An Urban Air Quality Management 
Strategy in Asia (URBAIR) initiative, that deals with the worsening air quality in Asia’s Urban Centers. 
Actually, The URBAIR is part of a Continuing World Bank effort to work with countries and regions to 
assess the causes and impacts of regional environmental problems, and explore options to ameliorate them. 
 
The aim of this programme as well as the World Bank’s broader sustainable development mandate is to 
help Asian economics adopt environmentally proactive development strategies. URBAIR seeks to assist 
governments and the private sector in developing tools to identify immediate and long-term Actions to 
restore air quality in the Asian cities. Since air pollution management in the Asian cities in at a preliminary 
stage, there is a need to develop comprehensive action plans that would serve as frame works. For 
preparing an Air Quality Management (AQM) system in each city. 

 
In preparing such Action plans, URBAIR has identified the main characteristics of a city’s air pollution 
problem i.e. major pollutants, their sources, and their impact on health and Economy. In this Fields, Air 
Quality Models have been evaluated and adopted to the data available for these cities and monitoring needs 
have been identified. Action plans have been proposed By the City–based working groups for 
comprehensive AQM systems. The Vienna convention for protection of ozone layer was established in 
1985 under the auspices of United Nation’s Environment Programme (UNEP). 24 nations & the European 
Economic Community (EEC). signed on September 16, 1987 in Montreal Canada, the montreal protocol on 
substance that deplete the ozone layer. It was agreed that Five Major Chloro Fluoro Carbon’s (CFC’S) and 
Carbon tetra chlorides (CTC) would be phased out by near 2000. As per the air (Prevention and Control of 
pollution) Act, 1981 passed by the parliament of Indian union. 
 

 “Air Pollutant” means any Solid, Liquid or Gaseous Substance Present in the Atmosphere in such 
Concentration as may be or tend to be injurious to human Beings or other Living Creatures or 
Plants or property or Environment. 

 “Air Pollution” means the presence in the Atmosphere of Any Air Pollution. 
 “Emission” means any Solid or Liquid or Gaseous Substance Coming out of any Chimney. Duct 

or any Flue or any other outlet. 
 
2.0 Major Sources of Air Pollution 
A major source of pollution is coal burning. In this case–CO2 is not a pollutant in real Sense. It is an 
anthropogenic material in the atmosphere. The only Consideration is if it’s level in air goes up. It causes 
serious health Problems every year the level of CO2 in air is rising. 
The pollution monster is here because the vehicle population in India’s metropolitans has tripled since 
1990, A direct result of the failure of the mass transport. Some 65% of the vehicles are two & three 
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wheelers, which causes more than half the air pollution. Most damaging pollutants come from petrol driven 
cars and two wheelers as particulate matter and back smoke from diesel engines. 
 

Table 1: Major Sources of Air Pollution 
 

Pollutant Characteristics 
(1)Suspended particulate 
Matter (SPM) 

Major Sources of SPM include Sort and Condensed Vapour from 
Combustion in Vehicles. Stationary Combustors Open burning of 
agricultural and Domestic wastes, wind blown dust from Devegetated 
areas; Dust Stirred up by Vehicular traffic: and Smelting and 
processing of non-metallic minerals. In Asian cities, on an average 
over 60 percent of SPM is less than 10 microns in size (in hal able 
Size Range) frequently in the range of 0·6 microns to 1·0 microns & 5 
microns to 7 microns. 
 

(2) Ozone  (O3) Ozone is a Secondary Pollutant formed by Chemical reactions in the 
atmosphere between Oxides of nitrogen (NO2), unburned 
hydrocarbons, and other olatile Compounds (VOC) in the presence of 
Sunlight. 

(3) Lead (Pb) 
 

Carbon Monoxide is Formed by the Monoxide incomplete 
Combustion of Containing Fuels Co emissions Comeprimarily From 
Gasoline Vehicles. 
 

4) Carbon Monoxide (Co) 
 

Nitrogen Dioxide plays a key role in the Photochemical production of 
Ozone. It is a Toxic Gas. Some of which is emitted Directly as a result 
of Conbution. However, Most oxides of Nitrogen (NOx) From 
Combution Sources are emitted in the form of No. This is 
Subsequently Oxidized to NO2 by Photo Chemical reactions. Key 
Sources of NOx emission in Asian Cities are Gasoline & Diesel 
Vehicles, fuel Combustion in power plants & industrial burners 
 

(5) Nitrogen Dioxide (NO2) 
 

Nitrogen Dioxide plays a key role in the Photochemical production of 
Ozone. It is a Toxic Gas. Some of which is emitted Directly as a result 
of Conbution. However, Most oxides of Nitrogen (NOx) From 
Combution Sources are emitted in the form of No. This is 
Subsequently Oxidized to NO2 by Photo Chemical reactions. Key 
Sources of NOx emission in Asian Cities are Gasoline & Diesel 
Vehicles, fuel Combustion in power plants & industrial burners 
 

(6) Sulphur Dioxide (SO2) 
 

SO2 is produced by the Combution of Sulphur Containing fuels, 
Smelting of Sulphide ores, & in some Asian Cities, emitted by 
petroleum refineries. In the atmosphere SO2 reacts with O3 to 
produce SO3, which Combines with water to form Sulphuric Acid. 
 

(7)Volatile Organic Compounds 
(VOC) 

Volatile organic Compounds emissions relate most Directly to the 
negative health impacts from Photo Chemical Oxidants. A typical 
V.O.C. would be benzene a hydrocarbon Constituent of Gasoline. 

 
3.0 Action Plan 
A lot has been done to reduce or Control the polluting effects on the environment. Urbair has developed 
Action plans for obtaining Government approval to implement a comprehensive AQM System in each city. 
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Figure No. 1 Air quality Management System 
 
The action plans out line the main aspects of air pollution in each city and establish paths for awareness 
building, policy change and potential investments. 
 
The recommended action items include 
 
(1) Making one agency responsible for coordinating air pollution control activities. 
(2) Accelerating the introduction of low lead and unleaded gasoline. 
(3) Lowering the sulphur content of diesel. 
(4) Promoting the use of mass transit systems. 
(5) Establishing State of the art emission Standards for all new vehicles. 
(6) Setting up maintenance/inspection Systems for urban motor Vehicles. 
(7) Improving traffic, transport Demand, and land use management. 
(8) Reducing Dust on the road to Mitigate re-suspension. 
(9) Reducing open Burning increase awareness, improve implementation. 
(10) Improving Meteorological and air quality Monitoring (Including Ozone) 
(11) Improving emission inventory, particularly for the industrial Sector and 
(12) Stressing public awareness and environmental education especially among children. 
 
Concerned Asian governments and their International partners are expected to prepare a framework for 
Policy and economic incentive Strategy and investment options based on URBAIR. Action plans 
Government endorsement of an AQM Strategy and partnerships for following up implementation will be 
the first step to cleaner air in URBAIR Cities. The governments have shown interest in endorsing a 
comprehensive AQM system and are following up with the investments that are how needed for sectoral 
feasibility Studies. 
 
4.0  Case Studies 
 
4.1  Case-I  ABC College of Engineering, Delhi   (Ambient Air quality) 
In ABC college of engineering, Delhi continuous ambient air quality monitoring is done by the help of 
central pollution control board Delhi. 
In this case five analyzers are used.  
They are: 
1. NOX     
2. CO    
3. O3        
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4. SO2       
5. PM  
These analyzers are worked by the help of software named “ANAVIS” and these stations attached online to 
central station 
 
Ist  CASE   : Reading by NO2 analyser (PPB)  

IInd  CASE   : Reading by CO analyser (PPM)  

IIIrd  CASE   : Reading by O3 analyser (PPB)  

IVthCASE  : Daily average of NO2,SO2,CO,O3and PM10 at    
    ABC Engg College station  

VthCASE  : Comparison of monthly average value station:  

    ABC College of Engineering  year 2006 

The air quality monitoring has been conducted continuously for MAY 2006, the pollutants i.e NO2, SO2, 
CO, O3and PM10 .had been measured continuously by using continuous ambient air quality monitoring by 
the help of “ANAVIS” software. In month of MAY 2006 minimum value 1350 μg/m3 and maximum 3340 
μg/m3 .In residential area standard value is 2000 μg/m3, but value 3340 μg/m3  is very high. The CO 
concentration was found be higher in 19 days in the month of MAY 2006.  
Particulate matter (PM10) had been measured continuously by using continuous ambient air quality 
monitoring by the help of “ANAVIS” software. In month of MAY 2006 minimum value 106 μg/m3 and 
maximum 297 μg/m3. 
In residential area standard value 60 μg/m3 , but all values are higher as compared with standard value .The 
PM10 concentration  was found be higher in all days in the month of MAY 2006.  
 
4.2  Case-II   XYZ Company Ltd.  
Ist  CASE  :  Stack monitoring report 
    Stack attached to grinding section No. 1 
Result:  
Stack Temperature ( in oC)   31  

Average velocity (m/sec)   2.6  

Flow rate(Nm3/hr)   633.8  

 
Pollutant  concentration in flue gas  
 
Particulated matter(mg/Nm3)  24.5  
 
IInd  CASE  :  Stack monitoring report  
    Stack attached to grinding section No. 2 
  
Result:  
Stack Temperature ( in oC)   32  
Average vekocity (m/sec)   2.9  
Flow rate(Nm3/hr)   704.6 
 
Pollutant  concentration in flue gas  
Particulated matter(mg/Nm3)    21 
 
5.0  Conclusion 
It was observed that particulate matter (PM10) concentration was higher than the standard limit, prescribed 
for industrial area i.e. 5.0 mg/Nm3. Concentration of CO was also observed in higher side. These are highly 
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harmful for surroundings and society. Major recommendations for improving air quality are improving fuel 
quality, making technological improvements, fuel switching, traffic management & transport demand 
management, clean vehicle emission standards, improving diesel quality, fuel switching gasoline to 
liquefied petroleum gas (LPG)/ compressed natural gas (CNG) in vehicles. Finally awareness of public is 
very essential to overcome on air pollution. 
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Abstract 
The transesterification of Jatropha (Jatropha curcas)oil with methanol in the presence of base-catalyst, by 
means of low frequency ultrasound (33 kHz) in order to obtain biodiesel was studied. By using ultrasound 
the reaction time is much shorter (15-30 min) than for conventional mechanical stirring. The molar ratio of 
alcohol/oil used is only 6:1. Ultrasound may prove to be a valuable tool for the transesterification of fatty 
acids, aiming to prepare the bio-diesel fuel at industrial scale. 
 
1.0 Introduction 
There has been renewed interest in the use of vegetable oils for making biodiesel due to its less polluting 
and renewable nature as against the conventional diesel, which is a fossil fuel leading to a potential 
exhaustion. Bio-diesel have many advantages over petroleum diesel fuel; produce less smoke and particles, 
have high cetane number, produce lower carbon monoxide and hydrocarbon emissions, are renewable, 
biodegradable and non-toxic. In developed countries, the focus has been mainly on edible oils like soybean, 
rapeseed, sunflower and safflower etc. whereas few attempts has been made for producing biodiesel from 
non-edible sources like used frying oil, greases, tallow and lard. In India, with abundance of forest 
resources, there are a number of other non-edible tree borne oilseeds with an estimated annual production 
of more than 20 million tones, which have large potential for making biodiesel to supplement other 
conventional sources. Among these, Karanja (Pongamia glabra) and Jatropha (Jatropha curcas) have been 
successfully proved for their potential as biodiesel [1,2].  
 
Transesterification is not a new process as scientists Duffy and Patric conducted it as early as 1853. 
Transesterification involves the reaction between an alcohol and a vegetable oil that are mixture of 
triglyceride (esters of glycerin with long chain fatty acids). A 3:1 molar ratio of alcohol to triglyceride is 
necessary for stoichiometrically completion of the reaction.  Due to the fact that the transesterification is an 
equilibrium reaction, an excess of alcohol is used to displace the reaction towards esters formation. Non-
edible oil and alcohols are totally miscible, so their reaction takes place at the interface and it is a very slow 
process. . The reaction is catalyzed by alkali, acid or enzyme. Enzymes-catalyzed procedures, using lipase 
as catalyst, do not produce side reactions, but the lipases are very expensive for industrial scale production 
and a three step process is required to achieve a 95% conversion. Acid catalyzed process is useful when a 
high amount of free acids are present in the vegetable oil, but the reaction time is very long (48-96 hr), even 
at the boiling point of the alcohol, and a high molar ratio of alcohol was needed (20:1 wt/wt to the oil). In 
the base-catalyzed procedure, some soap is formed and it acts as phase transfer catalyst, thus helping the 
mixing of the reactants. Base-catalyzed process is strongly affected by the mixing of the reactants and /or 
by efficient heating that produces tiny droplets, thus increasing the reaction area. Today, mixing/heating is 
the process of choice used in world wide industrial applications [3,4]. 
 
Low frequency ultrasound irradiation is a useful tool [5] for emulsification of immiscible liquids. The 
collapse of the cavitation bubbles disrupts the phase boundary and causes emulsification, by ultrasonic jets 
that impinge one liquid to another. The objective of the present investigation is to explore the possibility to 
find a more efficient alternative for biodiesel production process (as compared to traditional mechanical 
stirring) with the help of ultrasound.   
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2.0   Experimentation 
 
2.1  Reagents and Materials 
Sodium hydroxide was purchased from the chemist and used to facilitate the dissolution in alcohol. The 
alcohol employed in the reaction was methanol having more than 99.5% purity. The non-edible oil used for 
biodiesel production was Jatropha. 

 
2.1   Procedures 
The influence of low frequency ultrasound versus traditional stirring on the biodiesel production from neat 
non-edible Jatropha oil at room temperature has been investigated. The reaction mixture consists of non-
edible oil, alcohol and alkaline catalyst. The molar ratio of alcohol to oil was 6:1 and the quantity of 
catalyst was 1.0% (wt/wt) to the oil respectively. The hydroxide was dissolved into the alcohol prior to the 
addition of non-edible oil. The steps followed in traditional stirring and ultrasound is described below: 
 
2.1.1 Traditonal stirring system 
Fifty grams of virgin oil was taken in a 100 ml glass beaker and then heated on a hot plate for few minutes 
at 100o C, to remove all the moisture present in it. After preheating the sample oil, 0.5 gm (1%wt. of oil) 
catalyst (Potassium hydroxide already dissolved with 5 g methanol (10% wt. of oil) was added. Stirring 
process was performed at 60oC by a magnetic stirrer to facilitate uniform mixing (Fig. 1). After the 
completion of transesterification reaction the reaction mixture was allowed to settle for phase separations: 
the ester mixture formed the upper layer and the glycerin formed the lower layer. The residual catalyst and 
the non-reacted alcohol were distributed between the two phases: some traces into the ester layer and a high 
amount in the glycerin layer (due to miscibility of the alcohol with glycerin). After the phases separation 
the traces of catalyst and alcohol were washed out with water from the esters mixture and the esters were 
dried over by heating. All the experiments were performed in a flask having 100 ml volume. 
 
2.1.2  Ultrasound system 
Ultrasound reactions were performed using ultrasound bath (sonicator) having operating frequency 33 + 3 
kHz (Fig. 2) with an input voltage range of 170-270 V ac supply (50 Hz, 1Ph, 60 W). Reaction time and 
temperature is controlled by microcontroller based timer and thermostatic controller respectively. The 
overall dimensions of the apparatus are 265mm x 160 mm x 180mm. At the top portion, the one piece 
Stainless Steel tank capacity is 1.5 Litre size (240mm x 135mm x 65mm). In this apparatus, high frequency 
electrical energy is converted into ultrasound waves by means of ultrasonic transducers, which are bonded 
on the base of Stainless Steel cleaning tank. These high frequency sound waves create countless 
microscopic vacuum bubbles in the liquid. These bubbles act like miniature high speed brushes, driving the 
liquid into all openings and minute recesses for the object immersed in the liquid. Intense scrubbing of 
cavitation cleans away all the dirt and soil from the object immersed and is perfectly cleaned. The 
apparatus is used for wide range of industrial, medical, optical and jewelliery applications for removal of 
dust, oils, grease, waxes, swarf, stains, soils and any other containment. 

 
A 100 ml flask with alcohol and non-edible oil sample mixture was placed in the S.S. tank (Fig. 3) and the 
empty space of the tank around the flask was fill by hot water to perform the silent reactions. The sample 
was initially stirred in the conventional stirrer for couple of minutes before placing in the S.S. tank. 

 
3.0  Results and Discussions 
Base—catalyzed procedures are simpler and much more rapid. They do not require a high excess of 
alcohol. Their only disadvantages are the side reaction between triglyceride and catalyst, the formation of 
soap, especially when the catalyst is added in amounts higher than 1.4-1.5%. However, some soap 
formation is necessary because it6 acts as a phase transfer catalyst and increases the mixing of reactants. 

 
The reaction mechanism was formulated as a three-step reaction. The first step involves the reaction 
between the triglyceride and one molecule of ester. The second step in the reaction of the diglycerides with 
a second molecule of alcohol, leading to mono-glycerides and another molecule of ester, and the third one 
the reaction of mono-glycerides with the third molecule of alcohol leading to glycerin and ester. The 
kinetics of this mechanism is very complicated. Even if we consider the reaction between a triglyceride 
having the same fatty residue (R1) and alcohol, the overall process involves at least twelve equilibrium 
reactions. All the reaction involved in the transesterification process are equilibrium reactions, making the 
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kinetic study very difficult. In order to displace the reaction towards formation of the products, the alcohol 
must be present in excess in the reaction mixture. Even in this case the complete conversion is difficult to 
be reached.  

 
     CH2COOR1       
      | 
     CHCOOR1 + 3 CH3OH →   (CH2OH)2CH-OH   +      3 CH3COO-R1 
      | 
     CH2COOR1                                                                                                       ( monomethyl ester) 
     (Triglyceride)       (Methanol)                           (Glycerol)                                    (biodiesel) 
 

       where R,R”,R1 are alkyl groups. 
 
Since base catalyzed procedure is the major technique used for industrial processes for biodiesel 
production, we are interested in finding the possibility of less expensive and time-costing method, and 
ultrasonic irradiation proves to be good choice. These advantages reflect in shortening the reaction time and 
the quantity of catalyst used with respect to the yield of isolated product. 

 
3.1 Comparison of Reaction time 

 
 Table 1 shows the yield for different types of processes in the presence of KOH catalyst.  From the results 
it can be pointed out that under ultrasonic irradiation at 33 kHz frequency the reaction was completed four 
times faster and better quality yield was achieved. 
  
Table 1: Comparison of time and yield in Mechanical stirring and Ultrasound process   
 

1.0% 9wt/wt) catalyst 
 

Method 

Time(min)       Yield(%) 

Remarks 

Mechanical Stirring 
Ultrasound irradiation 33 kHz 

50-60 85 
 18 88 

In ultrasound process, an initial 
mixing of 2 minutes in stirring is 
required. 

 
 

Fig. 1: Mechanical stirring process 
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Fig2:Ultrasound bath apparatus(sonicator) 
 
 

 
 
 
 
 

Fig. 3:  Placement of  sample flask in the S. S. tank of Ultrasound bath 
 

 
 
 

Fig. 4; Sample of biodiesel produced by means of ultrasound energy 
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4.0 Conclusions 

 
From the present study it can be concluded that low frequency ultrasound is an efficient, time saving and 
economically functional, offering a lot of advantages over the conventional classical procedure. 
Ultrasounds can be a valuable tool for the transesterification of fatty acids, aiming to prepare the biodiesel 
fuel at industrial scale.  
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Abstract 
Exergy concept is found to be very useful tool to assess the loss of work potential, which is inherent in any System. 
The entropy generation in any real (i.e., irreversible) process is a measure of the irreversibility of that process. 
Exergy concept includes the combined effect of a system and environment to measure the maximum possible work 
potential. In this presentation, a brief review of different exergy methods till date in design and analysis of thermal 
Power Plants is attempted. .  
 
Key Words: Exergy, Entropy, Exergoeconomic. 
 
1.0 Introduction 
The increased awareness of the importance of energy in our society and growing concern over future sources of 
energy have led to inquiries as to how much energy is used in producing goods and services. The method of 
determining this information is energy analysis and evaluation, which may be an important tool, complementing 
traditional economic evaluation, in decision-making. The origins of energy analysis are very diverse but published 
material appeared only in 1971[1]. From time to time over last three decades, we have heard about energy crisis and 
this energy crisis have led to the energy savings. This growing concern of energy savings have led to the 
development of analysis techniques based on the second law of thermodynamics, particularly on the concept of 
exergy. 
 
To avoid confusion with familiar energy-based methods for analysis and design of thermal systems, a careful 
distinction must be drawn between energy and exergy. Energy is conserved in every device or process. Energy 
entering with fuel, electricity, flowing stream of matter and so on can be accounted for in the products and 
byproducts. Energy can not be destroyed. The idea that something can be destroyed is useful. It should not be 
applied to energy, however, but to another variable: exergy. Moreover, it is exergy and not energy that properly 
gauges the quality (utility) of, say, one kJ of electricity generated by a power plant versus one kJ in the plant cooling 
water stream. Electricity clearly has the greater quality and not incidentally, the greater economic value. The 
simplified electrical generating power cycle shown schematically in fig. 1 highlights the distinction between energy 
and exergy. Fig 1(a) is on an energy basis, and                     
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(a) Energy Basis 
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(b) Exergy Basis 
 

                                             Fig.1 Power Cycle 
 
indicates that out of 100 energy units entering with the fuel, 30 energy units are obtained as the electricity and the 
balance 70 units are discharged to the surroundings, to cooling water say. Invoking an oft-used approximation we 
may consider that 100 units of exergy also enter with the fuel as shown in fig.1 (b) since the generated electricity is 
exergy in transit, 30 units of exergy exit by this means. So there is a balance of 70 units to be accounted for; but 
when these 70 exergy units are considered, we find that 67 to 68 units of this exergy are destroyed within the plant 
by various irreversibilities and just 2 to 3 units are discharged to the surroundings. Although considerable energy is 
discharged to the cooling water, its quantity (utility) is low because the cooling water typically exits the plant at a 
temperature only a few degrees higher than that of the surroundings. Accordingly, to improve performance the 
energy analysis misleading points to reducing the energy discharged. The exergy analysis on the other hand not only 
shows that the discharge is a relatively minor area of concern but also that significant performance improvement can 
come only by identifying and remedying sources of inefficiency within the system. 
 
Moreover it is the exergy that has economic value in the marketplace  and serious misevaluations can result  when 
cost analysis of the systems are carried out on energy basis[2]. Some important features of exergy are as follows; 
 
i. Exergy is the maximum theoretical work that can be extracted from a combined system of system and 

environment as the system passes from a given state to equilibrium with environment that passes to the dead 
state. At the dead state, the combined system posses the energy but no exergy. 

ii. For all states of the system E ≥ 0, where E denotes the exergy. 
iii. Exergy is an extensive property whose value is fixed by the state of the system once the environment has been 

specified. Exergy can be represented on an intensive basis: on a unit mass or a per mole basis. 
iv. Exergy is a measure of departure of state of a system from that of the environment. The greater the difference, 

say, between the temperature T at a given state and temperature To  of the environment, the greater the value of 
exergy. 

v. The exergy can be expressed as the sum of chemical exergy and thermo mechanical exergy. Thermo mechanical 
exergy can be further classified as physical, kinetic and potential exergy. 

2.0  Exergy Based Methods for Design and Analysis 
The concept of exergy is found to be useful for the design and analysis of thermal systems in general. It helps to 
identify the underlying irreversibilities in any natural process and possible measures may be suggested. Different 
exergy based methods have been developed over time and some newer areas of application are still being explored. 
Some of these methods and tools are discussed below. 
 

      2.1 Entropy Generation Minimization Method  
This method may be considered as the preamble to the exergy based methods. According to the second law of 
thermodynamics for a closed system,  
 

 
 
            67-68 units 
destroyed within plants 
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The right hand side of the equation is the total entropy change of the closed system during the process from state 
point 1 to 2. The left hand side of the equation is the entropy transfer during the same process. The essence of the 
second law of thermodynamics is expressed by the inequality in the equation 1. The state point may be changed 
from 1 to 2 by different ways, formally called via different paths. The difference between possible paths is described 
by the strength of the inequality sign or quantitatively by the amount of the difference of these two terms, called 
entropy generation (Sgen). Hence, 

0
2

1
21 ≥

∂
−Δ= ∫− T

QSS gen            ……..…………………………………………………………….. (2)                                                  

According to the second law of thermodynamics, only for idealized reversible process, entropy generation is zero. 
However any real process is accompanied by an entropy generation and its magnitude indicates the degree of 
irreversibility or ‘imperfections’ of that process. The corresponding equation for an open system is as follows. 

0)/( ≥−+−= ∑∑ smsmTQSS
inout

gen &&&&&    ………………………………………………………(3)                                                 

The principle of minimum entropy generation is to explore possible different paths for two given state points to 
minimize the entropy generation. Design and operational parameters may be optimized to obtain minimum possible 
entropy generation by this method.  
 
 2.2  Exergy and Exergoeconomic Analysis 
Energy analysis is based on the first law of thermodynamics. An energy balance is always closed as stated in first 
law of thermodynamics. There can never be an energy loss, only energy transfer to the environment in which case it 
is useless. For pinpointing and quantifying the irreversibilities an exergy analysis has to be performed over the years 
two basic concepts, exergy and irreversibility, gave rise to a variety of derived concepts, techniques and criteria 
performance. Although the exergy method is usually regarded as a new technique. The concept of exergy is coming 
into increased international use. in the recent years the second law analysis (exergy analysis) of the electric power 
generating system has increasingly attracted the engineer’s attention [3, 4, 5, and 6]. The exergy analysis is 
sometimes referred to in the literature as thermodynamic availability, available energy or useful energy. 

 
A review of literature survey reveals the use of exergy principles that enhances the understanding of 
thermal/chemical processes and allows the sources of inefficiency to be quantified. Such essential thermodynamic 
considerations can be integrated with principles of engineering economics to determine the potential for cost 
effective improvement of existing systems. The exergy and costing principles have been used at initial design state 
to develop the systems that are optimized in annualized cost. Indeed, the primary field of application of exergy 
analysis nowadays is to thermal/chemical system designs and optimization. The exergy analysis has also been used 
to assess the real effect of off-design conditions on individual components or overall plants [7, 8, 9, and 10]. 
 
In the past, advanced power plants and energy intensive chemical processes have been analyzed and optimized by 
Professor Tsatsaronis using the exergoeconomic method. Energy conversion systems that were analyzed and 
improved in the past are: 
 
i. Conventional steam power plants,.  

ii. Integrated gasification combined-cycle power plants. 
iii. Coal fired concepts. 
iv. Advanced gas turbine systems. 
v. Crude oil distillation systems. 
 
Many methods for performing the exergoeconomic analysis have been developed and applied with varying degrees 
of success [3, 6, and 10]. These methods are refereed to by such names as 

i. Thermo economics 
ii. Second law costing 

iii. Exergoeconomics. 
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Long time exergy-economic researcher Tsatsaronis [14] identifies the four main types of exergy-economic 
methodologies, depending upon which of the following forms the basis of the technique: 
 
i. Exergy-economic cost accounting, 

ii. Exergy-economic calculus analysis, 
iii. Exergy-economic similarity numbers, 
iv. Product/cost efficiency diagrams,  
Several details of all these technique are available, e.g., [14, 15]  
 
Lozano and Valero [3] formulated a procedure for the cost formation process and assessment of the efficiency in the 
energy system. The use of the second law of thermodynamics through a systematic use of the exergy concept, the 
fuel-product concept based on the productive purpose of a component within an energy system, and mathematical 
formulation provided by the systems theory are cornerstones of the theory. The methodology presented here is a 
power tool in the analysis of energy systems. The following applications are presented: (i) assessment of alternatives 
for energy savings, (ii) cost allocation, (iii) operation optimization, (iv) local optimization of subsystems, (v) energy 
audits and assessment on fuel impact of malfunctions. The thermoeconomic analysis of the thermal power plant was 
carried out using the data available in a performance test. It is found that the rigorous way of measuring the 
production cost (not the market vale) is the second law, unique way to identify, allocate, quantify and attribute a 
cause to the inefficiencies of the real plant which are responsible for the consumption of resources and the origins of 
cost. 

 
Tsatsaronis and Moran [11] in their studies have reported the benefits of thermoeconomic optimization by using the 
exergy-related variables that can be used to minimize the cost of a thermal system. These variables include the 
exergetic efficiency, the rates of exergy destruction and exergy losses, an exergy destruction ratio, the cost rates 
associated with exergy destruction, capital investment and operating and maintenance, a relative cost difference of 
unit costs and an exergoeconomic factor. By using the iterative exergy aided cost minimization method, for optimal 
case, 45.0% overall exergetic efficiency has been reported. Hua B, Chen Q and Wang P [12] presented a new 
exergoeconomic approach to optimize the energy systems. Kim S, Oh S, Kwon Y and Kwak H [7] combined the 
exergy and economic analysis for an energy system. Cost balance equations were derived and applied to any 
component of 1000-kW gas turbine cogeneration system. The exergy costing method provided the information on 
decisions about the design and operation of the cogeneration system. Application to this systems shows that unit 
exergy cost increases as the production cost continues and that the production cost of electricity increases nearly 
proportionally with the input cost. 

 
Rosen M and Dincer I [13] applied several thermodynamic relations between the energy and exergy losses and 
capital cost for thermal systems to a modern coal fired electrical generating station. The applications consider the 
overall station and following components: turbine generators, steam generators, preheating devices and condensers. 
The results suggest that systematic correlation exists for capital cost and exergy loss but not for the capital cost and 
energy cost. It is anticipated that present result will: (i) provide useful insights into the relations between the 
thermodynamic losses and capital costs, (ii) assist in the design of electrical generating stations and (iii) help to 
demonstrate the merits of second law analysis over the more conventional first law analysis techniques. Kwak, Kim 
and Jeon [9] have analyzed a 500 MW combined cycle plant, the exergy and exergetic cost balance for each 
component and for the whole system have been considered carefully. The exergoecononmic model has been used to 
visualize the cost formation process and productive interaction between the components.  At the 100% load 
condition measured and calculated exergetic efficiency are 57 and 54.8% respectively. The unit cost of electricity is 
directly proportional to the unit cost of fuel. 

 
Exergoeconomic analysis and so called theory of  exergetic cost  have been applied to thermal power plants in 
abroad and is clear from previous researcher’s work (in literature) is a powerful tool for assessing the thermal 
systems. Not surprisingly, therefore technique has been used in the Europe to enhance and maintain the plant 
performance. However, this technique is not widely used in India where 71% of energy comes from thermal power 
plants. Therefore more work is needed on the exergy analysis of thermal power plants. Such developments will 
allow us to profit significantly, in economic terms and in many other ways. 
 



 184

Exergy analysis usually predicts the thermodynamic performance of an energy system and efficiency of system 
components by accurately quantifying the entropy generation of the components. Furthermore, exergoeconomic 
analysis estimates the unit cost of products such as electricity and steam and quantifies monetary loss due to 
irreversibility. Also, this analysis provides a tool for the optimum design and operation of complex systems. A 
complete exergoeconomic analysis consists of (a) energy and exergy analysis, (b) economic analysis, (c) exergy 
costing, and (d) an exergoeconomic evaluation of each plant component. In the exergy analysis, we calculate, among 
others, the exergy of all streams in the plant as well as the rate of exergy destruction ED  . 
 
A general exergy balance equation may be written for any component of a thermal system by utilizing the first and 
second law of thermodynamics. To reflect the exergy losses due to heat transfer, the exergy balance for the non 
adiabatic component may be written as  
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The first term 
CHE

XE
.

  in above equation denotes the rate of exergy flow of fuel in the plant and 
.

CVQ  term denotes 
the heat transfer interaction between a component and environment.  
 
Assigning a unit exergy cost to every decomposed stream, we can write the cost balance equation corresponding to 
the exergy balance equation given in the equation (4) 
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where OC , TC , PC , and SC  are unit cost assigned to chemical, thermal and mechanical exergy flows and to 

negentropy flow  respectively. The terms
W

E
.

 and WC in equation (5) represent the rate of work production and 

the corresponding unit cost. The term
.

KZ  includes all financial charges associated with the owning and operating 
the kth plant component and the equation (4) and (5) are the two basic equations . The exergy costing system is 
similar to that of as [3]. A case study [13]for the steady state control volume exergy analysis is presented below. 
 
Fig. 2 Energy, cost and exergy balances for a coal fired electrical generating station. The rectangle in the centre of 
each diagram represents the station. Widths of flow lines are proportional to relative magnitudes of the represented 
quantities. CW denotes cooling water (a) Exergy balance showing flow rates (positive values) and consumption rate 
(negative value in parenthesis, denoted by hatched region) of exergy (in MW); (b) cost balance showing flow rates 
(positive values) and creation rate  (positive value in parenthesis, denoted by hatched region)  of cost; (c) energy 
balance showing flow rates of energy (in MW). 
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Fig. 2 
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The methodology of exergy costing provides some information (fig.3)that is related to the actual production process 
within the system. Therefore, decisions about the design and operation of thermal system, as well as about 
replacement of a particular component in the system to obtain better performance are possible by employing exergy 
costing methods. Application to a gas-turbine cogeneration system shows that the unit exergy costs increase as the 
production process continues and that the production cost of electricity increases nearly proportional with the input 
cost. 

 
3.0  Conclusion 
The exergy analysis is cited by many researchers and practicising engineers to be a powerful tool for assessing the 
thermodynamic efficiencies and loses of systems and processes. Therefore this technique is used in some industries 
like electrical generation companies in Europe. The exergy analysis enhances and maintains the plant performance 
but it is not surprisingly used by all industries. The primary objective  of exergy analysis is to exploit the 
applicability and benefits of exergy analysis by providing a proper insight in energetic and exergetic losses and 
capital costs for thermal systems.The second, and equally important, objective of this method is also to perform the 
exergoeconomic analysis of thermal systems (power plants) to analyse the unit cost of production. The overall work 
provides a better foundation for improvement and for calculating expected savings. 
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Abstract 
The present paper attempts to predict the local flow regimes in a  smooth horizontal copper tube of 8.8 mm internal 
diameter occurring during the condensation of pure refrigerant such as R-22&, R-134 a at 40 deg C. The various 
critical parameters as proposed by Breber et al (1980), Tandon et al (1982) & Thome et al (2003) , have been 
obtained  by  using EES (Engineering Equation solver). The flow patterns obtained have been divided into  different 
flow regimes: stratified flow, intermittent flow, stratified- wavy flow, annular flow, and Mist flow The flow regime  
maps and transition lines can be used to predict  flow patterns which  will be established for a given mass flux, 
quality range and tube geometry. The flow regimes thus obtained are useful in predicting the heat transfer 
coefficient and pressure drop. 
 
KeyWords: flow regime maps; annular condensation;, Engineering Equation solver(EES);stratified flow; Lockhart 
Martinelli parameter 
 
1.0 Introduction 
Tube-side condensation is important in refrigeration, automotive and various process industries. Most tube-side 
applications are for air to refrigerant heat exchangers and tube in tube heat exchangers. During in-tube condensation, 
the vapour and liquid are in simultaneous motion in a variety of flow mechanisms governed by phase flow 
velocities, properties, and tube geometry. These flow patterns provide a mechanism for transport of heat, and due to 
the different interactions between the vapour and liquid phases and the tube wall, affect the pressure drop. Based on 
such flow regime observations, condensation inside horizontal tubes has typically been treated as being governed by 
a combination of gravity forces and interfacial shear stresses, the relative contributions of which change with the 
geometry and fluid conditions. While the annular flow pattern is associated with high vapor shear stresses, 
stratifying and wavy flows appear when gravity forces dominate. 
 
From the literature it has been found that the heat transfer coefficient and pressure drop are closely related to local 
two phase flow regimes and thus the flow regime prediction is important for modelling condensation. In recognition 
of this fact, many flow regime maps or flow regime prediction techniques have been evolved the years. Well known 
are that of Baker(1954), Mandhane et al .(1974), Taitel-Dukler (1976), Weisman et al.(1979),Breber et al(1980), 
Tandon et al.(1982), Soliman (1982, 1983),Cavallini et al.(2002).Recently, a unified flow pattern map for modelling 
heat transfer and pressure drop has been proposed by Thome et al.(2003).In addition , numerous correlations  have 
been proposed to for  stratified and non stratified condensation such as by Shah(1979), Cavallini et al.(1974), 
Dobson and Chato(1994), Tang(1997) etc. The correlations proposed by these authors require the true prediction of 
the local flow regime maps which otherwise may under predict or over predict the heat transfer coefficients during 
the condensation process and may create discrepancies in the design of condensers used for various industrial 
applications. The main objective of this paper is to predict the local flow regime with reasonable accuracy which 
subsequently shall  help in  selecting the  most appropriate heat transfer and pressure drop correlation . 
 
2.0 Flow Patterns  
 The flow patterns have been described with numerous different terminologies. However, the descriptions and 
characteristics of the major flows have been presented here .The figure 1 gives a pictorial representation of the major 
flows encountered during the condensation phenomenon inside the horizontal tubes. 
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2.1 Intermittent flow 
The intermittent flow is divided further into three sub flows 
a) Plug flow: The characteristic bullet shaped vapour bubbles separated by liquid bubbles are observed and these 
tend to move along in a position closer to the tube 
 
b) Slug flow: The liquid is flowing in the lower portion of the tube and vapour is flowing at a relatively higher 
velocity in upper portion of the tube. The rapidly moving vapour causes frequent slugs of liquid to wet the upper 
wall of tube. 
 
c) Bubbly flow: The bubbles are dispersed in continuous liquid with a higher concentration in the upper half of the 
tube because of buoyancy effects. However at high velocities, bubbles tend to be dispersed uniformly) 
 
2.2 Wavy flow 
The liquid and vapour phases are completely separated by a disturbed interface caused by waves travelling in the 
direction of the flow and with the liquid flowing in the bottom portion of the tube. 
 
2.3 Annular flow 
The liquid phase forms an almost symmetrical film circumferentially and the vapour flows at a high velocity as a 
central core. 
 
2.4  Mist/Spray flow 
 No liquid film is apparent around the tube periphery and almost all of the liquid was dispersed as a mist in vapour 
phase. 
 
2.5 Stratified flow 
 In this flow, the gravitational separation is complete with the liquid flowing at the bottom of the tube and vapour 
phase along the top part. There is a complete separation of two phases. 
 

 
 
 

Figure 1   Two phase flow patterns in horizontal Tubes 
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3.0 Theoretical Analysis 
 
3.1 Methodology 
 Engineering equation solver (EES) is a powerful tool to solve simple and complex algebraic and numerical 
equations. EES also supports the thermo physical properties of different pure and blended refrigerants. These 
capabilities of EES have been exploited to compute the various parameters namely dimensionless gas velocity, 
Lockhart-Martinelli factor, void fraction etc in a horizontal tube of 8.8 mm ID and 9.52 mm OD. The horizontal 
tubes with similar dimensions are commonly used in the various unitary air conditioning and refrigeration 
applications. The mass flux range is from 300-800 kg/m2-s and overall quality range is from 0.1-0.9.The analytical 
equations for computing the various parameters have been written in equation solver window of EES and their 
respective values are calculated by calling the values of various properties of refrigerants available in the library 
files of EES. The parameters thus computed are then plotted to obtain the generalised flow regime map. The 
transition lines are then fitted on these respective flow regimes map as proposed by the respective researchers.  
 
3.2 Empirical correlations for stratified and non stratified flows 
The various well known correlations proposed by different researchers have been summarised in table 1 as below: 
 

Table 1. Summary of Important correlations applicable for Stratified and Non stratified flows 
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 Jaster & Kosky(1976) 
Flow Regime: Stratified 
Ranges: Low Vapour Velocities 
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4.0  Results and Discussions 
The various parameters obtained from EES are plotted for different values of Mass flux , quality range  and void 
fraction. Tandon et al.(1982) flow map  is   plotted as shown in figure 2  each for R-22 & R-134a with dimensionless 
gas velocity(j*

g) as ordinate and parameter (1-α/ α) as abscissa. The dimensionless gas velocity(j*
g) represents the 

ratio of shear to gravity force. The flow regimes obtained are divided into two groups. The first group comprises 
those flows  that occurred at high void fractions (α > 0.5) which includes the wavy , annular and semi annular and 
spray/Mist flow The second group comprises those flows  that occur only at low void fractions (α < 0.5) which 
includes the slug , plug and bubbly flow. The flow regimes in the first group are arranged such that each successive 
flow regime corresponds to increase in vapour velocity .The three flow regimes in second group are arranged such 
that the transition from one flow regime to the next corresponds to an increase in the liquid inventory. At very low 
velocities stratified flow is observed. During the stratified flow, condensate formed in the upper portion of the tube 
is pulled downwards by gravity ; with low speed vapour filling up the upper portion. 
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Figure 2.    Tandon’s   flow Regime Maps for R 22 and R 134a 
 

 
Breber et al.(1980) map is plotted with Dimensionless gas velocity (j*

g) as ordinate and Lockhart Martinelli 
parameter(Xtt) as abscissa as shown in figure 3. The flow patterns obtained in this map can be grouped in four zones 
depending on the respective values of j*

g   and Xtt. These zones are named as (1) Annular and Spray with j*
g > 1.5 

and Xtt < 1 ; (2) Stratified and Wavy with j*
g < 0.5 and Xtt < 1 ; (3) Slug and Plug with j*

g < 0.5 and Xtt >1.5 and 
(4) Bubble flow with j*

g > 1.5 and Xtt > 1.5. 
 
Thome et al.(2003) proposed a unified flow map for predicting the various flow regimes with mass flux (G) as 
ordinate and x as vapour quality as shown in figure 4. The observed flow patterns are classified as (1) Full stratified 
flow(2) Stratified flow (3) Intermittent flow (4) Annular Flow (5) Mist flow and (6) Bubbly flow 
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Figure 3.  Breber’s  Flow Regime Maps of R-22 and R-134a 
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Figure 4   Thome’s Flow Regime Maps of R22 and R-134a 

 
For condensation, saturated vapours enters the condenser tube and forms either (i) a thin liquid film around the 
perimeter of the tube as an annular flow or (ii) a liquid layer in the bottom of tube and a gravity controlled 
condensing film around the upper parameter as a stratified or stratified –wavy flow. The transition curve labelled 
Gwavy can be supposed to reach its minimum value and then continue on horizontally to the vapour quality of 1.0 and 
goes directly into either the annular flow regime or stratified flow regime, depending on whether G is greater or less 
than Gwavy. The transition from Annular to Bubbly , Intermittent to Bubbly , Bubbly to Mist and Stratified to 
Stratified wavy can be predicted by evaluating Gbubbly , Gmist and Gstrat..These threshold values can be found by 
solving the various analytical terms proposed by Thome et al. (2003).        
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5.0 Conclusion 
Flow regime maps proposed by Breber et al(1980) , Tandon et al (1982) and Thome et al (2003)for pure refrigerants 
R 22 and R-134a are reproduced with  Engineering Equation Solver (EES).This method is simple and  predicts the 
local flow regimes and various flow transitions viz. Stratified to Intermittent, Intermittent to Annular, Annular to 
Mist etc at the given values of mass flux and quality range The threshold values of mass flux at various transitions 
can also be predicted with the help of these maps. The use of EES can further be extended to draw flow regime maps 
of refrigerant blends like R404A, R-407C etc which have gained importance recently due to the phasing out of 
CFCs. Prediction of flow regimes can further be extended for various pure and refrigerant blends during their 
condensation inside the horizontal micro finned tubes. 
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Abstract 
There is an important need for clean, pure drinking water in many developing countries. Often water sources are 
brackish (i.e. contain dissolved salts) and/or contain harmful bacteria and therefore cannot be used for drinking. In 
addition, there are many coastal locations where seawater is abundant but potable water is not available. Pure 
water is also useful for batteries and in hospitals or schools. 
 
 Distillation is one of many processes that can be used for water purification. This requires an energy input, as heat, 
solar radiation can be the source of energy. In this process, water is evaporated, thus separating water vapour from 
dissolved matter, which is condensed as pure water. Sunlight is one of several forms of heat energy that can be used 
to power that process. Sunlight has the advantage of zero fuel cost but it requires more space (for its collection) and 
generally more costly equipment. 
 
To dispel a common belief, it is not necessary to boil water to distill it. Simply elevating its temperature, short of 
boiling, will adequately increase the evaporation rate. In fact, although vigorous boiling hastens the distillation 
process it also can force unwanted residue into the distillate, defeating purification. Furthermore, to boil water with 
sunlight requires more costly apparatus than is needed to distill it a little more slowly without boiling. Many levels 
of purification can be achieved with this process, depending upon the intended application. Sterilized water for 
medical uses requires a different process than that used to make drinking water. Purification of water heavy in 
dissolved salts differs from purification of water that has been dirtied by other chemicals or suspended solids. 
 
The present cost of solar-distilled drinking water is several times that of water provided by most municipal utilities, 
but it costs less energy-wise. On the other hand, solar-distilled water is much less expensive than bottled water 
purchased in the stores. For people concerned about the quality of their municipally-supplied drinking water and 
unhappy with other methods of additional purification available to them, solar distillation of tap water or brackish 
groundwater can be a pleasant, energy-efficient option. Solar distillation systems can be small or large. They are 
designed either to serve the needs of a single family, producing from ½ to 3 gallons of drinking water a day on the 
average, or to produce much greater amounts for an entire neighborhood or village. In some parts of the world the 
scarcity of fresh water is partially overcome by covering shallow salt water basins with glass in greenhouse-like 
structures. These solar energy distilling plants are relatively inexpensive, low-technology systems, especially useful 
where the need for small plants exists. 
 
Solar distillation of potable water from saline (salty) water has been practiced for many years in tropical and sub-
tropical regions where fresh water is scare. However, where fresh water is plentiful and energy rates are moderate, 
the most cost-effective method has been to pump and purify. Although India has a wealth of fresh water, growing 
demand and rising pollution levels demand more and more energy to pump and purify it. Critical seasonal water 
shortages are occurring with increasing frequency in some parts of the country. Also, natural fresh water often 
cannot be diverted for direct human consumption without substantial environmental damage. It can also be used for 
irrigation of sophisticated plants especially in arid and high saline region.  
 
The economic feasibility of solar desalination of ocean water will, therefore, improve considerably as energy costs 
continue to escalate and population pressure exerts more stress on available fresh water supplies. There are several 
acceptable designs for small solar stills for the individual family; however, there is still much room for innovation 
and improvement.  
 
KeyWords: Desalination, solar, heat recovery, shallow, stills 
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1.0 Basic Principles 
The basic concept of using solar energy to obtain drinkable fresh water from salty, brackish or contaminated water is 
really quite simple. Water left in an open container in the backyard will evaporate into the air. The purpose of a solar 
still is to capture this evaporated (or distilled) water by condensing it onto a cool surface, using solar energy to 
accelerate the evaporation (Figure 1). 
 
 
 
 

  
Figure 1 

 
The rate of evaporation can be accelerated by increasing the water temperature and the area of water in contact with 
the air. A wide, shallow pan painted black makes an ideal vessel for the water. It should probably be baked in the 
sun for a while before it is used in order to free the paint of any volatile toxicants which might otherwise evaporate 
and condense along with the drinking water. The pan is painted black (or some other dark color) to maximize the 
amount of solar energy absorbed. It should also be wide and shallow to increase the surface area, assuming the 
availability of a substance with good solar absorbing properties and durability in heated salt water. To capture and 
condense the evaporated fresh water, it needs some kind of surface close to the heated salt water which is several 
degrees cooler than the water. A means is then needed to carry this fresh water to a storage tank or vessel. The 
evaporating pan usually is covered by a sheet of clear glass or translucent plastic (to allow sunlight to reach the 
water) which is tilted at a slight angle to let the fresh water that condenses on its underside trickle down to a 
collecting trough. The glass also holds the heat inside. Comparing this with a reverse osmosis system, costing 
several hundred dollars, and giving “good” water (50-150 ppm TDS). Solar distilled water runs about 1 ppm TDS 
(or less), with an initial cost of Rs. 2500–3000 /m², depending upon size. RO systems need to have membranes 
replaced. Stills don’t. 
 
2.0  Design Objectives For an Efficient Solar Still 
For high efficiency the solar still should maintain: 
1. a high feed (undistilled) water temperature 
2. a large temperature difference between feed water and condensing surface 
3. low vapour leakage. 
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A high feed water temperature can be achieved if: 
 
1. a high proportion of incoming radiation is absorbed by the feed water as heat. Hence low absorption glazing and 

a good radiation absorbing surface are required 
2. heat losses from the floor and walls are kept low 
3. the water is shallow so there is not so much to heat. 
 
A large temperature difference can be achieved if: 
 
1. the condensing surface absorbs little or none of the incoming radiation 
2. condensing water dissipates heat which must be removed rapidly from the condensing surface by, for example, 

a second flow of water or air, or by condensing at night. 
 
3.0 Design Types and Their Performances 
Single-basin stills have been much studied and their behaviour is well understood. Efficiencies of 25% are typical. 
Daily output as a function of solar irradiation is greatest in the early evening when the feed water is still hot but 
when outside temperatures are falling. Material selection is very important. The cover can be either glass or plastic. 
Glass is considered to be best for most long-term applications, whereas a plastic (such as polyethylene) can be used 
for short-term use. Sand concrete or waterproofed concrete are considered best for the basin of a long-life still if it is 
to be manufactured on-site, but for factory-manufactured stills, prefabricated ferro-concrete is a suitable material. 
 
Multiple-effect basin stills have two or more compartments. The condensing surface of the lower compartment is the 
floor of the upper compartment. The heat given off by the condensing vapour provides energy to vaporize the feed 
water above. Efficiency is therefore greater than for a single-basin still typically being 35% or more but the cost and 
complexity are correspondingly higher. 
 
3.1  Wick Stills  
In a wick still, the feed water flows slowly through a porous, radiation-absorbing pad (the wick). Two advantages 
are claimed over basin stills. First, the wick can be tilted so that the feed water presents a better angle to the sun 
(reducing reflection and presenting a large effective area). Second, less feed water is in the still at any time and so 
the water is heated more quickly and to a higher temperature. 
Simple wick stills are more efficient than basin stills and some designs are claimed to cost less than a basin still of 
the same output. 
 
3.2  Emergency Still  
To provide emergency drinking water on land, a very simple still can be made. It makes use of the moisture in the 
earth. All that is required is a plastic cover, a bowl or bucket, and a pebble. 
 
3.3 Hybrid designs 
There are a number of ways in which solar stills can usefully be combined with another function of technology. 
Three examples are given: 
 
• Rainwater collection: By adding an external gutter, the still cover can be used for   rainwater collection to 

supplement the solar still output. 
• Greenhouse-solar still: The roof of a greenhouse can be used as the cover of a still. 
• Supplementary heating: Waste heat from an engine or the condenser of a refrigerator can be used as an additional 

energy input. 
 
3.4  Output of a Solar Still 
An approximate method of estimating the output of a solar still is given by: 
 
Q= ExGxA/ 2.3 
where: 
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Q= daily output of distilled water (liters/day) 
E= overall efficiency, for solar systems taken as 30% 
G= daily global solar irradiation (MJ/m²) 
A= aperture area of the still i.e., the plan areas for a simple basin still (m²) 
For calculating approximate output of a solar still same formula is given by (Hislop, 1992) as:  
 
Q = 1.6e Ald 
 

Where 
 
 Q = daily output of distilled water, litres/day                                                 
 e = overall system efficiency, typical 30% 
 Id = average daily solar radiation, kWh/day                  
 A = aperture area of the still, m2 
 
In a typical country the average, daily, global solar irradiation is typically 18.0 MJ/m² (5 kWh/m²). A simple basin 
still operates at an overall efficiency of about 30%. Hence the output per square metre of area is: 
 
Daily output = 0.30 x 18.0 x 1/ 2.3  
 
                       = 2.3 litres (per square metre) 
 
The yearly output of a solar still is often therefore referred to as approximately one cubic metre per square metre. 
 
 
 
 
 

           
    

 
 

 
 

 
Figure showing position of sun in winter and summer 

 
4.0  Experimental Set Up Fabricated At MIT, Moradabad 
In developing countries the minimum requirement for distilled water is 5 litres per person per day for cooking and 
drinking. Therefore a little more than 2m² of still area is needed for each person to serve. Keeping in mind this 
typical requirement the plan area of the basin still is kept as 24 ft2 i.e. approximately 2.3 m2 by taking dimensions as 
6 ft. x 4 ft. An inclination of 100 is maintained to collect the condensed distilled water at inside of the basin. 
Arrangements have been made to collect the rain water falls over the glass sheet. The glass sheet is placed in three 
parts by providing two supports in between, so that only one third of the total glass has to be changed in case of any 
breakage.  
To minimize the heat loss by conduction the basin chamber is separated from supporting frame introducing wood 
strips in between frame and the chamber. Further the chamber has been fully insulated at the bottom and walls using 
glass wool from the outside to minimize any possibility of heat loss by convection. The floor of the chamber is 
painted black to absorb the maximum radiation and glass side supports are painted silver to manage significant 
temperature difference between bottom and the glass. Height of the basin is kept 10 cm and 31 cm respectively at 
both the ends.    
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4.1  Results 
Total plan basin area available, A = 2.3 m2 

Global solar irradiation is typically, G = 18.0 MJ/m² (5 kWh/m²) 
Overall efficiency, E = 30% 
Daily output = 0.30 x 18.0 x 2.3/ 2.3  
                     = 5.4 litres  
 
5.0 Economics 
Solar energy can be used to separate pure water from most of the natural contaminants, such as dissolved solids 
(salts) and particles (dirt and algae). Solar distillation is most economically effective when sunlight is allowed to 
pass through a transparent cover and into a black evaporating pan with little or no concentration of the sun's rays. 
A reasonable production rate would be about 3-4 liter of water per day per square meter (10.7 square feet) of still 
area. If it costs about Rs.2500 - Rs.3000 per square meter to build the still and if this water is worth roughly Rs.200 
per 1000 liters, the still should pay for itself in 2,000 to 3,000 days, or 6 to 8 years. As the value of solar-distilled 
water increases, the payback time shrinks. If one values this water at 20 paisa per liter, about what distilled water 
costs at the supermarket, then the payback time is only 50-70 days. 
Clearly, solar distillation of water is not quite competitive with utility-supplied drinking water in, but it is highly 
competitive with bottled water. Rising energy prices seem bound to create an early market for small manufactured 
solar water distilling units. In a few more years, large-scale solar distillation may also become economically viable 
for utility use. 
The cost of pure water produced depends on: 
1. the cost of making the still 
2. the cost of the land 
3. the life of the still 
4. operating costs 
5. cost of the feed water 
6. the discount rate adopted 
7. the amount of water produced. 
 
The cost of a solar still is normally Rs. 2500–3000 /m². The price of land will normally be a small proportion of this 
in rural areas, but may be prohibitive in towns and cities. 
The life of a glass still is usually taken as 20 to 30 years but operating costs can be large especially to replace broken 
glass. 
Performance varies between tropical locations but not significantly. An average output of 2.5-3.0 lt/m²/day is 
typical, that is, about 1m³/m²/year. 
 

The cost of a solar still fabricated is Rs. 6000/- 
 

If plant runs 25 days in a month, it will provide 125 lts per month @ 5 lts per day 
In a year plat is capable to produce 125 x 12 = 1500 lts of pure distilled water 
In this way if cost of distilled water is assumed to be as low as Rs. 4 per lt, even then brake even comes in 12 
months. And it will serve for free in the number of years to come at very nominal maintenance cost. 
 

6.0  Water Quality Obtained By Solar Distillation 
In principle, the water from a solar still should be quite pure. The slow distillation process allows only pure water to 
evaporate from the pan and collect on the cover, leaving all particulate contaminants behind. Since a clean glass 
cover plate and storage vessel should produce no contaminants, the catch basin, or trough, remains as the potential 
source of direct contamination. (If the design allows for catchment of rain, air pollutants in the rain could also be a 
form of contamination). 
 
The catch trough should be made of material unlikely to degrade water flowing through it, even at the moderately 
elevated temperatures which might be encountered. PVC (polyvinyl chloride) plastic plumbing pipe is commonly 
available at relatively low cost. Since vinyl chloride has been identified as a carcinogen potentially harmful to 
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workers in plants manufacturing PVC products, one should be very careful about using this material in a drinking 
water system. 
 
Secondary potential sources of contamination include materials present in the air inside the distiller, and in the lining 
or coating of the evaporating pan, which might somehow find their way into the water condensing on the underside 
of the cover glass. There is little available information on this complex subject. It is possible that a chemical in the 
feed water (or in the still itself) which evaporates along with the water could condense on the underside of the cover 
and be carried into the catch basin.  
There are several ways to minimize contamination from the materials in the still itself. Preconditioning of the 
distiller by "baking" it under the sun for several days may be sufficient to drive off most volatiles. Non-volatile 
materials left behind in the concentrate may be discarded. Avoiding use of materials containing known toxicants is 
another way to ensure condensate water purity. 
 
With care in design and operation, the solar still should, therefore, be capable of producing good drinking water free 
of cancer-causing pollutants and other harmful substances –water that is colorless, odorless and, unfortunately, 
tasteless. When the minerals common to drinking water are removed, taste goes, too. One flavor recommendation is 
to add small amounts of minerals or salts to the distilled water–maybe a good idea, since the minerals found in water 
may be healthful. Lost minerals also can be replaced by trickling the distilled water through a bed of marble chips. 
 
7.0  Conclusion 
For building a solar still, a good design should be capable of producing l/2 to 1 gallon of fresh water per day for 
each square meter (10.7 square feet) of still area. Material costs generally do not exceed about Rs. 1000-1500/- per 
square meter for large solar distillation plants. For smaller, backyard models, the material costs are likely to be 
somewhat higher. The per-gallon cost of solar-distilled water can be calculated as follows: (a) estimate the usable 
lifetime of the still; (b) add up all the costs of construction, repair and maintenance (including labor) over its 
lifetime; and (c) divide that figure by the still's total expected lifetime output in gallons (or liters). 
 
Such a cost estimate is only approximate since there are large uncertainties in both the lifetime and the yield 
estimates. However, as times change, water prices rise. The quality of "city water" is deteriorating in many parts of 
India and some people are buying expensive water filters or drinking only bottled water. Consequently, a more 
favorable evaluation of solar-produced fresh water costs would involve a comparison with bottled drinking water 
prices.  
 
Thus the solar-distilled water costs much less than bottled water and somewhat more than utility-supplied water. 
Small solar stills capable of producing pure drinking water even for as much as 20 to 30 paisa per liter might find 
many buyers who are unhappy with the quality of the water they are presently getting. As the cost of purifying 
polluted groundwater and delivering it to the home continues to rise, the solar distillation market should continue to 
grow significantly–especially if someone comes up with a unit that produces good drinking water at a reasonable 
price. It can also be used for irrigation of sophisticated plants and medicated crops especially in arid and high saline 
region. 
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Abstract 
The paper presents theory of noncircular gears which is useful in different areas. Paper also describes relationship 
of angular velocity of different identical noncircular gear pairs and basic equation of pitch curves of different 
noncircular gear system. Paper also explains relation of pitch curves of a conjugate noncircular gear pairs, which 
are useful for designing of noncircular gear. 
 
1.0 Introduction 
There are many applications in which gears are used to transmit motions that are intentionally non-uniform. There 
are few areas in which man’s mechanical ingenuity can be employed more effectively than in the design of special 
motion gears such gears are of other than circular shape. So they are known as noncircular gears2. The popularity of 
noncircular gears has grown steadily in recent years mainly because of their usefulness for producing irregular 
rotations and possess excellent characteristics such as accurate transmission, compact size, and ease of dynamic 
balance. Noncircular gears can usually be developed to give kinematically exact solutions. There are two important 
differences in the operating characteristics of a pair of noncircular gears and a cam. As a cam rotates, its follower 
operates cyclically, returning to its original position each revolution. In noncircular gear drives, on the other hand, 
the driven shaft can be rotated continually in one direction. The other difference is that in a noncircular gear pair 
output speed with respect to input speed can never reach zero. Noncircular gears used, where only an over-all 
change in angular velocity of the driven member is required e.g. quick return drives, intermittent mechanisms as in 
printing presses, planers, shears, winding machines, automatic-feed machines. Noncircular gears are also used to 
balancing an unwanted torque exists in many manufacturing processes1 and in conveyer, cigarette machine. 
 
2.0 Types of Noncircular Gear5 

 
2.1 Square or rectangle gear 
 Consider the case in which a constant input speed is to be converted into a varying output speed. Gears that are 
square or rectangular, depending on the actual output required, can be used, as shown in figure1, to produce such 
motion. In figure1, while the gears are in the position shown, the greatest radius of the driver mates with the smallest 
radius of the driven gear: The speed of the driven gear is, therefore, then at its maximum. During the entire 
revolution, the driven gear continues to alternate from a gradually decreasing to a gradually increasing speed and 
vice versa. So that rectangular gears will work properly together, it is necessary first that the pitch peripheries of the 
two gears be equal in length and second, that the sum of the radii of each pair of points (points that come into 
contact with each other) on the two pitch peripheries be equal to the distance between the centers of the gears. 
 
2.2 Triangular gears 
Figure 2 represents a pair of triangular gears, the object of which is to obtain an alternating, varying speed from the 
uniformly rotating driver, as in rectangular gears. Triangular gears give fewer changes of speed per revolution than 
rectangular gears. In figure2, the speed of the driven gear is at its minimum when the gears are in the positions 
shown in the figure 2. In rectangular gears each gradually increasing or decreasing period takes place during one 
eighth of a revolution, in triangular gears each of these periods occupies one sixth of a revolution; that is, in 
rectangular gears there are eight alternately increasing and decreasing periods in one entire revolution of the driven 
gear, and in triangular gearing there are but six. 
 
2.3 Elliptical gears 
With elliptical gears (figure 3) we have still another means of obtaining the same result, with the difference that in 
elliptical gears each period of gradually increasing and decreasing speed takes place during one fourth of a 
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revolution: In other words, there are but four periods of increasing and decreasing speed during one entire revolution 
of the driver.  
 

              
Figure 1.   Square or rectangular gears                           Figure 2.   Triangle gears   

          
 

Figure 3.   Elliptical gears    Figure 4.   Scroll gears    
 
2.4 Scroll gears 
 Figure 4 shows a pair of scroll gears. From the positions shown in the figure (in which the greatest radius of the 
driver meshes with the smallest radius of the driven gears), as the gears revolve in the directions indicated by the 
arrows, the radius of the driver gradually and uniformly decreases, while that of the driven gear gradually and 
uniformly increases. The speed of the driven gear is therefore at its maximum when the gears are in the positions 
shown and gradually and uniformly decreases during the entire revolution. The moments before the positions shown 
in the figure are reached, the smallest radius of the driver meshes with the greatest radius of the driven gear: The 
speed of the latter is then at its minimum and suddenly (as the gears assume the positions in the figure) changes to 
its maximum. 
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3. Characteristic of Noncircular Gear Systems3 
 
3.1 Two ellipse rotating about foci 
These gears are identical and comparatively easy to manufacture. They are used for quick-return mechanisms, 
printing presses, automatic machinery. 
 

Table 1. Equations for Two ellipse rotating about foci 
 

 
Basic equations R = 

εcosθ]a[1

2b
+

,    ε =  eccentricity = 
2

a
b1 ⎟
⎠
⎞

⎜
⎝
⎛−  

a = ½ major axis,      b= ½ minor axis 
 

 
Velocity equation 

1ω
2ω =

( )
2r

2cosθ12r12r −++
   Where,    r = 

minR
maxR

 

 

  
 

Figure 5.   Two ellipses rotating about foci [4] 
 
3.2 Second order elliptical gears rotating about their geometric centers 
These gears are also identical and geometric properties well known. They are better balanced than true elliptical 
gears. They are used where two complete speed cycles are required for one revolution. 
 

Table 2. Equations for Second order elliptical gears rotating about their geometric centers 
 

Basic 
equations R = ( ) ( )cos2θbaba

2ab
−−+

, C = a+b , a=maximum radius, b = minimum radius 

Velocity 
equation 

1ω
2ω =

( )
2r

2cos2θ12r1r −++
    Where   r =  

b
a  

      
Figure 6.  Second order elliptical gears rotating about their centers  
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3.3 Eccentric circular gear rotating with its conjugate 
In this system, standard spur gear can be employed as the eccentric. But mating gear has special shape. 
 

Table 3. Equations for Eccentric circular gear rotating with its conjugate 
 

 
Basic 

equations 
1R = 1θ

2sin2e2a1ecosθ −+ , θ2  =  – θ1  +  C ∫
−−− 1θ

2sin2e2a1ecosθC

dθ  

R2  =  C – R1        
Velocity 
equation 

1ω
2ω  =  

2R
1R

 

 
Figure 7.    Eccentric circular gear rotating with its conjugate  

 
3.4 Logarithmic spiral gears 
In this system, gears can be identical although can be used in combinations to give variety of functions. They must 
be open gears. 

Table 4. Equations for Logarithmic spiral gears 
 

Basic 
equations R1 = 1kθ

Ae ,  R2= C – R1 = 2kθ
Ae , θ2  = ( ) 1kθAeClog

k
1

− , e = natural log base 

Velocity 
equation 

1ω
2ω   =   

1kθ
AeC

1kθ
Ae

−
 

            

           
Figure 8.    Logarithmic spiral gears  

 
4.0 Equations for Pitch Curves Of Noncircular Gears4 
A modified elliptical gear is a noncircular gear whose pitch curve equation is similar to that of an ellipse, but is 
actually not an ellipse. However, a modified elliptical gear is a noncircular gear and is widely used in machinery.  
Chang and Tsay determine conjugate pitch curves of noncircular gears (square, triangle, ellipse, etc.). Referring fig. 
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9 and fig. 10 consider the pitch curve of gear 1 is an ellipse and the center of rotation coincides with one of its foci 
O1. The equation of the gear pitch curve can be represented by the following polar form:  

1r   =   
)1cosφ1e(11a

2
1b

+
 Where, e1 = eccentricity =  

1a

2
1b2

1a −
                                                         (1) 

a1 is major semi axis. And      b1 is minor semi axis. 

        
Figure 9.   Pitch curve of modified elliptical gear     
(gear 1)  

Figure 10.  Conjugate pitch curve of noncircular       
gears(Square, Triangle, and Ellipse)  

 
The conjugate pitch curve of gear 2 and the relationship between the two rotation angles of the pitch curves can be 
written as follows: 

2r  =  C – 
)1cosφ1e(11a

2
1b

+
                                                                                                               (2) 

And 

2φ = 1dφ
1φ

0 1cosφ1CeE)(C
E

∫
+−

=
⎥
⎥
⎦

⎤

⎢
⎢
⎣

⎡

+−

−−−

−− 2
2φtan

1CeEC
1CeEC1tan

2
1e2C2E)(C

2E                       (3) 

Where C is the center distance of gears, 1 and 2, and E = 
1a

2
1b

. Consider that ‘ ν ’ is a natural number that defines 

the rotation speed of gears 1 and 2: that is when gear 1 of the noncircular gear pair rotates one revolution, gear 2 

rotates 
ν
1  revolutions. By solving equation (3), the center distance of the gear pair can be obtained as follows: 

C =  ⎥⎦

⎤
⎢⎣

⎡ −−++ )2
1e1)(12(ν111a                                                                                              (4) 

Using equations (3) and (4), the pitch curve of gear 2 expressed in equation (2) can be rewritten as follows: 

2r   =   
)2cos(νo1e)2

1e1)(12(ν1

E2ν

−−−+
                                                                               (5) 

The pitch curve of gear 2 can be simplified as 

2r   =  
2cosνo2e1
)2

2e(12a
−

−
                                                                                               (6) 

Where, 

2e  =  
)2

1e1)(12(ν1

1e

−−+
                                                                                            (7) 

 
And 
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2a   =  )2
1e1)(12(ν11a −−+                                                                                                (8) 

 
When ν = 1, the pitch curve of gear 2 is the same as the driving pitch curve of gear 1 with center distance C = 12a . 
When ν  = 2, 3, and 4, the pitch curve of gear 2 are modified ellipse, triangle, and square shape respectively as 
shown in fig. 5.15. 
 
5.0 Conclusion 
Thus, we conclude that in comparison with linkages, noncircular gears are more compact and balance and can be 
more easily balanced. The gears can produce continuous, unidirectional cyclic motion-a point in their favor when 
compared with cams. Also using equations of pitch curves we can design any type of noncircular gear for particular 
application. 
 
Nomenclature 
a Major semi-axis of gear, mm 
a1 Major semi-axis of gear1, mm 
a2 Major semi-axis of gear2, mm 
b Minor semi-axis of gear, mm 
b1 Minor semi-axis of gear1, mm 
b2 Minor semi-axis of gear2, mm 
C Centre distance, mm 
E Constant 
e Eccentricity of an eccentrically  mounted 
spur gear, mm 

e1 Eccentricity of gear1, mm 
e2 Eccentricity of gear2, mm 
k Maximum to minimum angular speed 
 ratio 
R Active pitch radius, mm 
Rmax Maximum pitch radius, mm 
Rmin Minimum pitch radius, mm 
R1, r1 Pitch radius of gear1, mm 
R2, r2 Pitch radius of gear2, mm 

Symbols 
θ Polar angle to active pitch radius of 
 gear, degree 
θ1 Polar angle to active pitch radius of 
 gear1, degree 
θ2 Polar angle to active pitch radius of 
 gear2, degree 
φ 1 Input rotation angle of gear1, degree 
φ 2 Output rotation angle of gear2, degree 

ω  Angular velocity of gear, rad/sec 
ω 1 Angular velocity of gear1, rad/sec 
ω 2 Angular velocity of gear2, rad/sec 
ε  Eccentricity, mm 
ν  Natural number 
α  Angle of normal to the pitch curve,  degree 
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Abstract 
Polymeric composite materials are of versatile scientific and technological significance due to their enhanced 
mechanical and thermal properties. In the recent year these composite materials have reflected the importance as 
high performance materials and multidisciplinary concept of material science. In the past few years large numbers 
of industrially useful composite materials have been fabricated.  
In the present investigation an effort has been made to develop new hardener Acrylic Hydrazide (AH) and cured 
with epoxy (CY230) at varying concentrations of AH ranging 8 – 14% volume to volume to evolution of wear 
behavior.   
The wear test conducted at different hydraulic end load and disc speed in dry environment at room temperature of 
developed composite, the deformation time of this developed composite is found higher than commercial available 
composites 
 
1.0 Introduction 
Recent advances in space and other technologies have produced a continuous and growing need for such composite 
materials that could withstand under prolong wear without loss in their transparency. Since this need has emerged in 
both civilian and military applications, therefore a number of industries and defense institutes have initiated and 
sponsored research in this area. Jordon (1987) discussed the possibility of using composite material in a mass 
production industry where material cost is a big factor i.e. automobile industry. Steijn (1967) has given an 
exhaustive account of polymer science, polymer friction and wear. To substantiate his arguments on various aspects, 
he has reported to a number of studies/experimental work carried out by various eminent researchers in this field. 
Lancaster (1972) carried out various wear tests on a polymeric material and reported that in early stages of sliding 
the volumetric rate of wear is strongly dependent on properties of the counterface. Holmberg et al. (1987) carried 
out friction and wear study of a several commercially available polymers material groups, such as polymides 
(Nylons), PTFE, Polyethylene etc.  
           
Wear is the progressive loss of materials from the operating surface of a body as a result of relative motion at the 
surface. Several mechanisms operate simultaneously to remove materials from the wear interface. The primary 
mechanism is adhesive wear, which is characterized by fine particles of polymer being removed form the surface 
(Saran, 1991). 
 
Wears are generally classified based either on the phenomena observed or on the causative agents believed to be 
responsible i.e. Cohesive wear and adhesive wear. Cohesive wear processes include those mechanisms which 
involve the dissipation of frictional work and its resultant damage in relatively large volumes adjacent to interface. 
Abrasion and fatigue wear fall within this category. One form of wear that is present only in polymeric materials is 
interfacial thermal decomposition due to their poor thermal conduction characteristics. The addition of fillers to 
basic polymers improves their thermal conductivity and in turn reduces this type of wear. Epoxy resins are pre-
polymers that react with curing agent to yield high performance thermosetting system. These composite display 
wide usage as engineering materials largely due to their inexpensive nature, ease of casting, high mechanical 
strength and toughness along with large recoverable deformability, chemical analysis, flexibility addition with others 
materials, electrical insulation and low shrinkage upon care . By phenomenological wear we mean the type of wear 
which is actually observed and measured. The behavior encountered ranges from the crude qualitative observations 
of ordinary experience to the highly sensitive measurement of the rigorously controlled laboratory experiments. 
Phenomenological wear is based on four types of motion that can be identified in the mechanical interaction of 
contacting surface: pure sliding; sliding/rolling; pure rolling and impinging motion. In pure sliding the contact 
region remains fixed on the stationary body and travels along the rubbing patch on the moving body. A familiar 
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example of this kind of contact is found in a stationary pin running on a rotating disc or a ring and  it is used in the 
present experimental analysis. 
 
2.0 Material & Method 
For experimental investigation, new hardener Acrylic Hydrazide (AH) and cured with epoxy (CY230) at varying 
concentrations of AH ranging 8 –14% volume to volume is used to evolution of wear behavior. 
To develop hardener Acrylic Hydrazide (AH), in a round bottom flask (500ml) equipped with condenser, water  
source and calcium chloride drying tube, was placed ethyl acrylate (1.08 mole), hydrazine hydrate (99%, 1.45 mole)  
and hydroquinone( 1.0 g). The contents were thoroughly mixed with dry ethanol (50 ml) and contents were refluxed 
for 6- 8 hours. AH as light brown syrup was isolated through distillation of the contents at 20 mm Hg/100oC.  
 
A series of composition of epoxy resin and AH ranging 8-14% volume to volume were separately mixed with 
BZ2O2 (0.5 g) and heated at 85o C for one hour. At this stage, a highly viscous solution formed was poured into 
moulds of specified dimensions, where a composite was solidified. In present investigation, developed composites 
are designated as C1, C2, C3 and C4 for 8%, 10%, 12% and 14% concentration of AH cured in epoxy volume to 
volume respectively. 
 
The commercial composite is developed by heating of epoxy at 85oC for one hour. Thereafter was cooled to 45oC.  
At this stage commercially available hardener HY951 (10% v/v) was added to epoxy resin where a highly viscous 
solution was produced. It was immediately poured into the moulds of specified dimensions. Developed composite is 
designated composite C0.  

 
Machining of specimens for wear testing sample pins was prepared on lathe machine. Machining stresses left by 
machining processes were removed by annealing. The annealing temperature was 115oC at soaking time 8-10 hrs. 
 
2.1 measurement of wear loss 
One of the main aspects of tribometry is the investigation of friction and wear process by means of laboratory tribo-
testing devices. Wear Test is carried out on the plint wear and friction Sr. No.TE 97/7050 fitted with Muyford super 
lathe, dead weight tester, transducer with calibration of 0.892mv/v, microscope and chart recorder is used in the 
present work. This machine falls in the general category of “Pin on Disc” type machines. 
Test specimen pin specifications are 

Diameter of pin = 8 mm 
Length of pin = 53 mm 
Counter sunk at one end with included angle of 60o. 

 
3.0 Results and Discussion 
A series of acrylic hydrazide cured epoxy were synthesized at varying concentration of Acrylic Hydrazide ranging 8 
–14% volume to volume through benzoyl peroxide initiated in-situ polymerization method. Synthetic process was 
carried out in two steps.  In the first step Acrylic Hydrazide was synthesized that was used subsequently as a curing 
agent to a commercially available epoxy (CY230). In order to evaluate the wear performance of Acrylic Hydrazide 
another set of epoxy composites was synthesized with commercially available curing agent HY951.  
  
Wear test were conducted at different hydraulic end load and disc speed in dry environment at room temperature. 
The variation of wear volume with time elapsed at hydraulic end loading 53.09 N and disc speed 230 rpm for 
different composites i.e. C0, C1, C2, C3 and C4 are shown in Fig.1.  
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The results indicate that C1 and C4 have higher wear volume compared to C0 while C2 and C3 have less wear volume 
at a given time C2 has least wear volume compared to other composites. This indicates that C2 has higher wear 
resistant than others. Similar trends have also been observed for other combination of hydraulic end loading and disc 
speed (Fig.2, 3 and 4).   It is observed that initially wear rate decreases upto certain time and there after it remain 
almost constant and finally it increases. This type of trend is seen for all combination of loading and for all 
composite materials. The wear rate remains almost constant for longer period only in case of C2 and C3 composites 
and least for C1 composite. As the hydraulic end load increases, the time period for constant wear rate remains same 
whereas the disc speed increases a shorter time period for constant wear rate have been observed. Fig. 1 to 3 also 
shows that beyond 180 second, wear rate of C2 increase rapidly.  For hydraulic in loading of 53.09N and 79.635 N 
when disc speed is kept constant that is 232 rpm. The result indicates that the wear rate increases as load increases. It 
has also been observed that composites deform less time as the hydraulic end load increases (fig. 1 and 2).  At 
constant hydraulic end loading and varying disc speed the Fig.1 and 3 indicates that all composites materials 
investigated here shows increasing trend of wear volume as the time elapses. The material C0 is cured with 10% 
HY951 epoxy resin CY230 and C2 is cured with 10% of newly developed hardener AH with epoxy CY230. The 
base material for C0 and C2 are same. The result of wear property as shown in Fig.1 to 4 indicate that C2 has more 
wear resistant than C0 and in the present investigation C2 has least wear rate compared to other composites i.e. C1, 
C3 and C4. It is found that the deformation time of this newly developed composite is also higher than commercial 
available composites and hydraulic end load and disc speed effect signification on wear rate. As the hydraulic end 
load and disc speed increased the wear rate also increased. 
 
 
 
 
 
  
 
 
 
 
 
 

Fig. 4.2 Wear volume (mm3) Vs Wear time (sec.) for HY 951 and AH Cured Epoxy composites
Hydraulic end load =1.5 bar (79.635N)

    Disc speed= 232 r.p.m.
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Figure 2: Wear Volume (mm3) Vs Wear Time (sec.) for HY-951 and AH Cured Epoxy 
Composites 

Hydraulic End Load = 79.635 N, Disc Speed = 232 r.p.m 
 

Figure 1: Wear Volume (mm3) Vs Wear Time (sec.) for HY-951 and AH Cured Epoxy Composites 
Hydraulic End Load = 53.09 N, Disc Speed = 232 r.p.m 
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Fig. 4.3 Wear volume (mm3) Vs Wear time (sec.) for HY 951 and AH Cured Epoxy composites
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Fig. 4.4 Wear volume (mm3) Vs Wear time (sec.) for HY 951 and AH Cured Epoxy composites
Hydraulic end load =1.5 bar (79.635N)
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Abstract 
This paper presents a new method for identification of isomorphism in Kinematic Chains (Shortened by KC). The 
method is based on theoretic approach and Path Matrix (shortened as PM) of KC. In comparison with the adjacent 
matrix, PM is much more audio-visual, simpler and more directly in describing the topological relationship among 
the KC. Using the PM, the isomorphism of KC can be easily determined. Among the existing methods for the 
identification of the isomorphism among KCs and Co-spectral graphs, the path matrix  (PM) method takes the least 
time in calculation. Two new composite structural invariants namely, sum of absolute characteristic polynomial 
coefficients (shortened as PMP∑) and maximum absolute value of characteristic polynomial coefficient (shortened as 
PMPmax) of the PM. This study will help the designer to select the best KC to perform the specified task at the 
conceptual stage of design. The proposed method has been explained with the help of examples. 
 
1.0 Introduction 
Structural analysis and synthesis of mechanism is very important for the invention and innovation of mechanism. 
Isomorphic identification of kinematic chain is an essential step in kinematic mechanism synthesis. Undetected 
isomorphisms result in duplicate solutions and unnecessary effort. Falsely identified isomorphism eliminates possible 
candidates for new mechanisms. Identifying isomorphism of kinematic chain by using characteristic polynomial 
method is a simple method [1], but the reliability of these methods was in question, as several counter examples were 
found [2]. Some new approaches to these problems were also investigated such as Eigen vector [3], incident degree [4, 
8], group theory [5, 6], adjacent-chain table [7], artificial neural network [9] and so on. Most of these methods are 
based on adjacency matrix [10] or distance matrix [11]. However, most of these methods are complex and difficult to 
grasp and utilize. Also there is a lack of uniqueness or it takes too much time for determining isomorphism of a 
kinematic chain. So, further research work is needed. Therefore, in this paper, a new method to identify isomorphism 
among KCs is presented by comparing structural invariants PMP∑ and PMPmax of PM of the KC. The method 
suggested in this paper is applicable to all planar KCs having simple joints. 
 
2.0 Definition of Terminology 
A number of new terms have been developed in the present work for a KC. They are defined in the following 
paragraph. The links of a chain are assigned positive integers 1, 2, 3, etc. as their names while the small English 
letters a, b, c, etc. are used for labeling the joints of a KC. It may be mentioned here that links and joints of a KC are 
arbitrarily labeled. 
 
2.1 link path 
It is defined as14 the alternating sequence of distinct links and distinct joints, starting and ending with the links, such 
that each joint connects the links preceding and following it. The length of a link path is defined as the number of 
joints in it. For example, the sequence 1, a, 5, b, 3, c, 10 in the KC shown in Fig.1, is a link path. 
 
2.2 shortest length of a link path 
It is defined as the minimum sum of all simple joints in a link path. For example, the shortest length of a link path 1, 
a, 5, b, 3, c, 10 in the KC shown in Fig.1, is 3. 
 
3.0 Path Matrix (PM) 
For an n-link KC, it is defined (The similar matrix has been used as Flow matrix by [15]) as an n x n symmetric matrix 
whose any i, jth element, Pij is defined as; 
Pij = shortest length of a link path between link i and j if link i and j are connected directly or    indirectly to each other. 
    =0, if i=j. 
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4.0 Structural Invariants PMP∑ AND PMPmax 
Polynomial coefficient values (shortened as PMP) are the characteristic invariants for KC.  Many investigators have 
reported co-spectral graph (non-isomorphic KC having same eigen values). But these eigen spectra (eigen values or 
polynomial coefficient values) have been determined from (0, 1) adjacency matrices. The proposed PM provides 
different set of characteristic polynomials of the co-spectral graph. To make this PM polynomial spectrum as a 
powerful single number characteristic index, new composite structural invariants are proposed. These indices are 
PMP∑ and PMPmax of PM. The polynomial coefficient values of PM are obtained using standard software 
MATLAB.  
The characteristic polynomial of path matrix is given by D (λ). The monic polynomial of degree n of path matrix is 
given by: 
D (λ) = ׀ PM – λI ׀ 
        =  λn + a1λn-1 +a2λn-2 + ----------------+an-1 λ + an . 
Here; n = number of links and  
1,a1,a2, ---------,an-1,an are characteristic polynomial coefficients.  
The two important properties of the characteristic polynomials are: 
(1) The sum of the absolute values of the characteristic polynomial coefficients (PMP∑) is an invariant.i.e. 
a1׀+1       ׀+׀  a2׀ +--------------- + ׀an-1 ׀+׀ an׀  = Invariant 
(2) The maximum absolute value of the characteristic polynomial coefficient (PMPmax) is also another Invariant for                    

a path matrix. 
Therefore, two structural invariants are proposed; one is PMP∑ and second PMPmax.  These invariants are unique 
and used as identification number to detect the isomorphism among KCs. 
 
5.0 Proposed Test –Basis 
KCs are complex chains of combination of binary, ternary and other higher order links. These links are joined together 
by simple joints. It is the assembly of link/pair combination. While considering structural equivalence, it is essential to 
consider the number of links/joints and layout of the links in the assembly. An identification number is assigned to 
each joint. Thus a simple joint has a value one, two simple joints two, three simple joints three and so on. Joints values 
are used to assigned values to PM and these are utilizes to identify the layout of the KC. For determining isomorphism 
in KC, PM is determined and PMP∑ and PMPmax are compared of the respective KC 
 
6.0 Identification of Isomorphism of the KC 
Let the two kinematic chains are represented by the two similar matrices A and B such that B = P -1AP, taking into 
account that the matrix λI commutes with the matrix P and | P -1 | = | P | -1, we have: 
 | B – λ I | = | P -1AP – λ I | 

     = | P –1(A – λ I) P | 

     = | P -1 | | (A – λ I) | | P | = | A – λ I | 

Theorem:  “Similar matrices have the same characteristic polynomials and same characteristic roots (eigen values).” It 
means that if the characteristic polynomial coefficients of two PM representing two KC are same, their structural 
invariants PMP∑ and PMPmax will be same and the two KCs are treated as isomorphic chains [12]. 
 
7.0 Example 1 
The first example concerns three KCs with 12 bars, single freedom as shown in Fig.1, 2 and 3. The task is to 
determine whether these three KCs are isomorphic. The PM for these chains are represented by PM1, PM2 and PM3 
respectively. 
For KC 1 (Fig.1): 
The characteristic polynomial coefficients (PMP) are: 
 0.0001, 0.0000, -0.0378, -0.4498, -2.0144, -3.6302, -2.0439, 0.3852, 0.4212, 0.0000, -0.0000, -0.0000,   -0.0000 
The sum of the absolute values of the characteristic polynomial coefficients (PMP∑) is    8.9826e+004 
The maximum absolute value of the characteristic polynomial coefficient (PMPmax) is 3.6302e+004 
For KC 2 (Fig.2): 
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The characteristic polynomial coefficients (PMP) are: 
 0.0001,   -0.0000, -0.0378, -0.4498,   -2.0144,   -3.6302,   -2.0439, 0.3852, 0.4212,   -0.0000, 0.0000,   -0.0000, 
0.0000 
The sum of the absolute values of the characteristic polynomial coefficients (PMP∑) is   8.9826e+004 
The maximum absolute value of the characteristic polynomial coefficient (PMPmax) is 3.6302e+004 
 The characteristic polynomial coefficients (PMP) are: 
 0.0001, 0.0000,  -0.0376,  -0.4510,  -2.0063,  -3.1668, 0.4980, 3.9936, 1.4208,   -0.4608, -0.0000, 0.0000, 0.0000 
The sum of the absolute values of the characteristic polynomial coefficients (PMP∑) is 1.2035e+005 
The maximum absolute value of the characteristic polynomial coefficient (PMPmax) is 3.9936e+004 
Our methods reports that KC1 and KC2 are isomorphic as the corresponding values of PMP∑ and PMPmax are same 
for KC1 and KC2 respectively. Similarly our method reports that KC1 and KC3 are non-isomorphic as the values of 
PMP∑ and PMPmax are different for KC1 and KC3 respectively. Note that by using another method eigen vector [3] 
and artificial neural network [9], the same conclusion is obtained. 
 
7.1 Example 2 (Multi degree of freedom KCs) 
The second example concerns two KCs with 10 bars, 12 joints, three degree of freedom as shown in Fig.4 and Fig.5. 
The task is to examine whether these two KCs are isomorphic. Following the same procedure- 
For KC 4 (Fig.4) 
The characteristic polynomial coefficients (PMP) are: 
 0.0001    0.0000   -0.0257   -0.2400   -0.7928   -0.8384   0.5296 1.4080    0.6144   -0.0000   -0.0000 
The sum of the absolute values of the characteristic polynomial coefficients (PMP∑) is   4.4490e+004 
The maximum absolute value of the characteristic polynomial coefficient (PMPmax) is   1.4080e+004 
For KC 5 (Fig.5): 
The characteristic polynomial coefficients (PMP) are: 
 0.0010, 0, -0.2570,  -2.3600,   -7.3120,   -6.5920, 2.4960, 4.0960,  -0.0000, 0.0000, 0.0000 
The sum of the absolute values of the characteristic polynomial coefficients (PMP∑) is    2.3114e+004 
The maximum absolute value of the characteristic polynomial coefficient (PMPmax) is 7.3120e+003 
Our method reports that KC4 and KC5 are non-isomorphic as the set of values of PMP∑ and PMPmax are different 
for both the KCs. Note that by using other method summation polynomials [13], the same conclusion is obtained. 
 
7.2 Example 3 
The third example concerns another example of two KCs with 10 bars, 13 joints, single freedom as shown in Fig.6 
and Fig.7. The task is to examine whether these two KCs are isomorphic. Following the same procedure- 
For KC 6 (Fig.6): 
The characteristic polynomial coefficients (PMP) are: 
 0.0010,   -0.0000,  -0.2330,  -2.1280,  -7.1850,   -9.5360,   -3.1850, 2.1580, 1.1650,  -0.0000, -0.0090 
The sum of the absolute values of the characteristic polynomial coefficients (PMP∑) is    2.5600e+004 
The maximum absolute value of the characteristic polynomial coefficient (PMPmax) is   9.5360e+003 
For KC 7 (Fig.7): 
The characteristic polynomial coefficients (PMP) are: 
0.0010, 0.0000,   -0.2330,   -2.1280,   -7.1850,   -9.5360,  -3.1850, 2.1580, 1.1650, 0.0000,  -0.0090 
The sum of the absolute values of the characteristic polynomial coefficients (PMP∑) is 2.5600e+004 
The maximum absolute value of the characteristic polynomial coefficient (PMPmax) is 9.5360e+003 
Our method reports that KC6 and KC7 are isomorphic as the set of values of PMP∑ and PMPmax are same for both 
the KCs. Note that by using another method artificial neural network [9], the same conclusion is obtained. 
 
8.0 Results 
The proposed invariants PMP∑ and PMPmax are able to detect isomorphism among KCs and even KCs with co-
spectral graphs. All the 16 KCs of 8-links, 1-degree of freedom and 230 KCs of 10-links, 1-degree of freedom have 
been tested for their non-isomorphism and no counter example has been detected. 
 
9.0 Conclusion 
In this paper, a simple, efficient and reliable method to identify isomorphism is proposed. By this method, the 
isomorphism among KCs can easily be identified. It incorporates all features of the KC and as such violation of the 
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isomorphism test is rather difficult.  In this method, the characteristic polynomials, composite structural invariants 
PMP∑ and PMPmax of PM matrix of the KCs are used. The advantage is that they are very easy to compute using 
MATLAB software. It is not essential to determine both the composite invariants to compare two KCs; only in case 
the PMP∑ is same then it is needed to determine PMPmax for both KCs. The PM matrices can be written with very 
little effort, even by mere inspection of the KC. The proposed test is quite general in nature and can be used to detect 
isomorphism of not only planar KCs of one degree of freedom, but also KCs of multi degree of freedom. The 
characteristic polynomials and composite structural invariants are very informative and from them valuable 
information regarding topology of KCs can be predicted. According to this method, we can find that the PM is a 
map of KCs and characteristic polynomials and other characteristic invariants may reflect some nature and inherent 
property of the mechanism. The inherent relation between characteristic polynomial value and KCs need further 
study. 
 
 

 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
  
 
 
 
 
 
 

 

Link   1    2     3    4      5     6     7     8     9    10   11   12 
 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 

0     2     2     3     1     1     2     2     3     3     3     4 
2     0     2     3     1     3     2     4     1     3     3     2 
2     2     0     4     1     3     4     2     3     1     3     2 
3     3     4     0     4     2     1     2     2     3     1     2 
1     1     1     4     0     2     3     3     2     2     4     3 
1     3     3     2     2     0     1     1     2     2     2     3 
2     2     4     1     3     1     0     2     1     3     2     2 
2     4     2     2     3     1     2     0     3     1     1     2 
3     1     3     2     2     2     1     3     0     2     2     1 
3     3     1     3     2     2     3     1     2     0     2     1 
3     3     3     1     4     2     2     1     2     2     0     1 
4     2     2     2     3     3     2     2     1     1     1     0 

PM1= 

Link     1     2     3     4     5     6     7     8     9    10   11   12 
 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 

0     1     2     3     2     1     1     2     3     3     2     3 
1     0     1     2     3     2     2     1     2     2     3     4 
2     1     0     1     2     3     3     2     2     1     2     3 
3     2     1     0     1     2     4     3     3     2     3     2 
2     3     2     1     0     1     3     4     4     3     2     1 
1     2     3     2     1     0     2     3     4     4     3     2 
1     2     3     4     3     2     0     1     2     2     1     2 
2     1     2     3     4     3     1     0     1     2     2     3 
3     2     2     3     4     4     2     1     0     1     2     3 
3     2     1     2     3     4     2     2     1     0     1     2 
2     3     2     3     2     3     1     2     2     1     0     1 
3     4     3     2     1     2     2     3     3     2     1     0 

PM2= 

Link    1     2     3     4     5     6     7     8     9    10   11   12 
 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 

0     2     3     2     1     2     3     2     4     3     1     3 
2     0     3     2     1     2     3     4     2     3     3     1 
3     3     0     4     2     1     2     2     2     1     3     3 
2     2     4     0     3     4     3     2     2     3     1     1 
1     1     2     3     0     1     2     3     3     4     2     2 
2     2     1     4     1     0     1     2     2     3     3     3 
3     3     2     3     2     1     0     1     1     2     2     2 
2     4     2     2     3     2     1     0     2     1     1     3 
4     2     2     2     3     2     1     2     0     1     3     1 
3     3     1     3     4     3     2     1     1     0     2     2 
1     3     3     1     2     3     2     1     3     2     0     2 
3     1     3     1     2     3     2     3     1     2     2     0

PM3= 
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Abstract 
Fracture mechanics has been established as an important principle dealing with the growth of fatigue crack. During 
recent years, the fracture mechanics has obtained a considerable importance for studding the crack growth 
behavior under static and fatigue loading. The largest number of in-service failures results from the scenario 
involving fluctuating, cyclic or repeated loading, usually combination with static load. Typically, a defect located 
near a stress raiser enlarges under repeated tensile stresses into a crack that continues to grow stably a small 
amount during each load cycle until the crack either penetrates the structure or attains critical length, after which 
unstable crack propagation occurs. 
 
The present investigation has been under taken keeping in mind some of the problems concerning the crack 
propagation direction and growth under constant amplitude load in an inclined crack geometry. The present studies 
mainly focus on to develop and modified the crack growth criterion to account of the effect of biaxial factor, 
shearing loading and number of stress terms for different criterion. The effect of one, two and three solution on 
crack initiation angle determined on the basis of DET-criterion & MTS criterion.  
   
1.0 Introduction 
The majority of the research done in the area of fracture mechanics was accomplished in the opening mode only. 
Hence the practical application of the fracture mechanics is limited. The mixed mode crack growth problem has 
drawn comparably little attention, but is actually more realistic and possibly more dangerous than mode-I crack. The 
mixed mode growth occurs when a fatigue crack is nucleated along the inclusions or welded defects located making 
an angle with the axis of the applied load. The fatigue crack growth under multi axial stress is to be considering as 
mixed mode. The mixed mode cracks generally propagate in a non-self similar manner. Hence, in case of mixed 
mode loading condition, the study of the crack initiation angle and crack growth rate is of equal importance. 
 
The predictions of mixed mode crack growth direction, different criterion have been proposed. Using the stress as 
parameter, MTS- criterion proposed by Erdigan & Sih (1963) is based on the assumption that the material behaves 
ideally brittle. This assumption is not supported by all kind of material. SED-criterion of Sih (1974) is based on the 
minimum strain energy density principle. This criterion corresponds to maximum potential energy, which is 
regarded as the integral of field variable over some domain rather than a point and is insensitive to sign of the 
loading. T-criterion proposed by Theocaries et. al. (1982) is also based on the SED-criterion, which is modified by 
using a variable radius for core region. Papadopoulos (1987) proposed the DET-criterion is based on determinants of 
the stress tensor. The predicted crack initiation angles by DET-criterion are found to be much higher relative to the 
one obtained by the MTS or the SED criterion. The theoretical results obtained for different loading cases are shown 
and discussed by Khan et. al. (2000). They have shown that the result for MTS-criterion and T- criterion match 
exactly for all loading cases, although both have been derived on different theoretical basis.  
  
Prais (1963) co-relate the rate of crack growth to the stress intensity factor for simple opening (mode-I). Robert and 
Kibla (1971) indicated in their result that the fatigue crack under mixed loading grew in a manner which did not 
reduce the mode-II component of load to zero and that the growth rate was accelerating by mode-II components of 
the stress applied simultaneously. A considerable amount of the work has been done to define governing mixed 
mode loading and crack growth behavior. 
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2.0 Analysis of the Problem 
 
2.1 Determination of crack growth and crack initiation angle  
DET Criterion and MTS Criterion have been modified by incorporating two and three terms of the stress solutions. 
Equations for the fracture criterion have been obtained and presented here. DET Criterion states that when the crack 
initiation starts when the determinant of stress tensor reaches the maximum value. Mathematically, it can be 
expressed as 
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MTS-criterion is widely used due to its simplicity. It is proposed by Erdogan & Sih. It states that crack propagation 
starts from the crack tip along the radial direction 0θθ = ,on which the tangential stress θθσ , becomes maximum 
and fracture starts when the maximum tangential stress reaches a critical value, equal to fracture stress in uniaxial 
tension. Mathematically, it can be expressed as 
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Determination of Crack Growth Rate  
Several crack propagation rate equations are available in literature. The commonly used crack 
growth rate equation under mixed mode loading condition is of following type.  

m)minSC(=
dN
da

Δ                                                                               ...................(9) 

 
where minSΔ  is the strain energy density factor range.  
 
Consider a small increment crack growth from A to B in Fig 1(a) such that the newly developed bent crack OAB 
may be approximated by straight line OB. Because of skew-symmetry, it is only necessary to discuss the 
development for one-half of the crack geometry. Thus, the new crack angle is new=+∆, corresponding to of crack 
length anew= a0+CB  as shown in Fig 1 (b). It follows from a geometric consideration that  
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 Figure 2: Variation of crack initiation angle with crack angle (both DET and MTS-Criteria)                   
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 Figure3: Variation of crack initiation angle with crack angle for different biaxial   

                                  Load  factor b1 (DET Criterion, 3 terms solution) 
 

For each cycles, the instantaneous crack length are computed. Criteria derived taking different terms are of non-
linear type. These equations are solved by Newton-Raphson method. A computer programme in C++ have been 
developed to solved these equations for different loading condition.  

 
3.0 Results & Discussion 
The effect of one and two terms solution on crack initiation angle determined by DET & MTS criterion are shown 
in Figures 2. It is seen that the difference in crack initiation angle obtained from two terms solution of DET 
criterion is significant and higher than one term solution. It is seen that crack initiation angle is higher for two terms 
solution than one terms solution for α <45º.  
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The comparison between the predicated results of crack initiation angle by DET criterion and MTS criterion, both 
for one and two term, are shown in Figure 2. The differences are significant. It is seen that for tension-tension and 
torsion loading, all criteria predicts the same crack initiation results at α =45º, where as for tension-compression-
torsion loading, the differences are significant at α =45º. 
 
It is seen that difference in crack initiation angle obtained from two term solution of DET criterion & MTS criterion 
is significant and higher than one term solution. The comparisons of predicted result obtain from using DET-
criterion and MTS-criterion has been made. When comparison is made between two terms solution, it is found that 
growth rate is higher in case of DET- criterion than MTS-criterion, when α  <450, whereas fatigue growth rate 
obtain by MTS-criterion is found to be the higher than the DET-criterion for α  >450. 
 
Variation of crack initiation angle with crack angle for different biaxial load factor and shear load factor by DET-
criterion for three term solution is shown in figure 3. These figure shows that the crack initiation angle also depends 
upon biaxial factor and shear load factor. 
 
Notations 
β     =  crack inclination angle 

0β    =  crack initiation angle 
 2a   =   Initial crack length 
 r and θ  = polar coordinate of crack tip 

III KK ,  = mode I and mode II stress intensity factor 

xyyx τσσ ,, = stress components 

υ     =  Poisson’s ratio 
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Abstract 
There are currently many approaches to fatigue design. Some are simple and inexpensive; others are extremely 
complex and expensive. The proper characterization of fatigue behavior can lead to the design of more competitive 
products. The effect of residual stress on fatigue crack propagation is of great practical significance and has been 
the focus of much research. The fatigue crack growth from a hole under the influence of residual stress is 
considered here. The prediction methodologies are compared to determine the most accurate prediction technique. 
The fatigue life is predicted by Superposition techniques. The effect of cyclic loading (number of cycle) on crack 
length predicted from the superposition technique is compared with available experimental data and Finite element 
analysis results.  

 
1.0 Introduction 
Fatigue is the source of at least half of all mechanical failures (Stephens, 2001). The fatigue problem is complex and 
not fully understood, but it is very important in the design of mechanical systems. Fatigue is especially of interest to 
the aircraft industry. Many components used in aircraft are fastened together and fastener holes are prevalent. These 
holes are a source of high stress concentration, and therefore are a potential site for fatigue cracks. One technique 
used to enhance the fatigue strength of a fastener hole is to introduce a compressive residual stress field around the 
hole. An applied load must overcome this residual stress before the crack can grow, thus leading to a longer fatigue 
life. Although it is widely recognized that compressive residual stress improves fatigue life, in many applications the 
benefits of compressive residual stresses are not included in the final predicted fatigue life (Ozdemir, 1993). In these 
cases the residual stress provides added confidence against usage uncertainty, but is not quantified, leading to 
conservative life predictions. If the residual stress can be included accurately in the fatigue life prediction, the 
decreased time in part inspection and replacement can be very beneficial to the aircraft industry. 
 
There are numerous methods of introducing residual stress into mechanical components, including shot peening, 
interference fit fasteners, low plasticity burnishing, laser shock peening, , Tensile overloading and cold expansion. 
Finite element analysis was used to simulate the fatigue crack growth in all specimens tested. 
 
2.0 Fatigue Crack Growth Prediction Methodology 
Tensile overloading occurs when a single tensile load is applied to a component exhibiting a stress gradient, causing 
plastic deformation and subsequent compressive residual stress. When applied to a hole, a disadvantage of this 
process is that the residual stress is not uniform around the hole. The tangential residual stress changes from 
compressive to tensile at different locations around the hole, and this tensile residual stress can be very deleterious if 
the configuration of the component does not allow the loading to be in the desired direction.  
Split sleeve cold expansion is a technique used frequently by the aircraft industry to improve the fatigue 
performance of structures. The basic split sleeve cold expansion process was developed by the Boeing Company in 
the late 1960’s (Pavier, 1997), and Fatigue Technology Inc. has marketed an efficient method accepted as the 
standard practice in the United States (FTI, 1991). The process involves radially expanding a hole to create a zone of 
residual compressive stresses around the hole that then protects it from the effects of cyclic stresses. Using a tapered 
mandrel fitted with a lubricated sleeve and drawing the mandrel sleeve combination through the hole using a 
hydraulic puller produces the radial expansion. The diameter of the mandrel and the sleeve is greater than the 
starting diameter of the hole. As the mandrel sleeve is pulled through the hole, the material expands, allowing the 
mandrel to pass through the hole. The area surrounding the hole is in a subsequent state of compression that protects 
the hole from fatigue cracking. The function of the disposable split sleeve is to reduce mandrel pull force, ensure 
correct radial expansion of the hole, preclude damage to the hole, and allow one sided processing. A finish ream is 
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employed to diminish the effects of the damage to the hole. Unlike the tensile overloading, cold expansion leads to a 
uniform tangential residual stress around the hole. 
 
 To better simulate the cold expansion operation, finite element analyses have been employed. A finite element 
simulation can include all processes included in cold expansion, including the reaming step. 
 
 Superposition techniques are often used when assessing the effects of a known residual stress field on fatigue crack 
propagation. The superposition involves the computation of a stress intensity factor (K)R which is associated with the 
initial preexisting residual stress field. This factor it then superposed upon the stress intensity factor that results from 
external loading (K)L to give the total resultant stress intensity factor for the maximum and minimum loads: 

RL KKK )()()( maxmax +=                                                                                                       ……………(1) 

RL KKK )()()( minmin +=                                                                                                        ……………(2) 
The stress intensity factor range and stress ratio is then calculated as the following: 

minmax KKK −=Δ                                                                                                                  …………....(3) 
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KR =                                                                                                                              ...………….(4) 

The stress intensity factor range does not change since the stress intensity factor from the residual stress is negated, 
and the stress ratio holds the dependence of the stress intensity factor from the residual stress. Fatigue crack growth 
is predicted using a correlation of the form: 

),( RKf
dN
da

Δ=                                                                                                                   ... ………….(5) 

The superposition method described by Equation 5 is widely used, but the dependence of R results in more rigorous 
calculations. To remove the stress ratio from the function and simplify the calculations for this work, the following 
superposition method was employed. Maximum and minimum values of the total resultant stress intensity factor K 
are computed for the cyclic loading, and negative resultant K values are set to zero. A total resultant stress intensity 
factor range ΔK is then calculated. This resultant stress intensity factor range may then be used to compute the 
predicted fatigue crack growth rate da/dN in the residual stress field using a correlation of the form: 

)0,( =Δ= RKf
dN
da                                                                                                              ...…………..(6) 

The superposition technique is used extensively because of its simplicity. It has been criticized by some researchers 
because it considers only the initial residual stress field that exists in the uncracked structure, with no 
acknowledgement of the redistribution of residual stress that occurs as the propagating fatigue crack penetrates the 
residual stress field with its free or partially free surfaces. 
 
To apply the superposition technique, the stress intensity factors were calculated. From Tada and Paris (Tada, 2000), 
for a crack of length a growing from a hole in an infinite plate under a uniform stress S: 
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A finite width correction factor f(a)was taken from Isida (Isida, 1973) such that the stress intensity factor from the 
applied load is given by 

( ) ( ) ( )[ ]infaKafK L =                                                                                                           …………….(9) 
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The stress intensity factors for the initial residual stress (K)R were determined using a weight function computation 
and the residual stress resulting from the simulation of the overload or cold expansion and subsequent slotting.  
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Denoting the weight function as m(x,a) and the residual stress in the uncracked slotted body as σ(x), the stress 
intensity factor was computed as: 

( ) ( )dxaxmxK
a

R ∫=
0

,.σ                                                                                                            …………(11) 

The weight function was taken from Wu and Carlsson (Wu, 1991). The stress intensity factors due to the applied 
loading and the residual stress were then added to give resultant stress intensity at the maximum and minimum load. 
If any resultant stress intensity was less than zero, it was taken to be zero. 

K = (KL) + (KR)            K > 0                                                            
K = 0                            K < 0                                                                                              ………..…..(12) 

 
The stress intensity factor range was then computed as the difference between the maximum and minimum resultant 
stress intensity factors, creating an effective R = 0 loading. A center-crack baseline crack growth rate curve for R = 0 
was not determined by Liu, and the curve for R = 0.1 was used as an approximate replacement to determine the 
corresponding crack growth rates from the computed stress intensity factor ranges. 
 
The crack growth rate was then used with a prescribed small da to find a corresponding dN, and these incremental 
values were added to the previous values of a and N to give the life prediction. The C++ program used for the 
superposition calculations.  
 
The crack growth was also predicted using the opening stresses from the finite element analysis, as shown 
schematically in Figure 1. Equation 3 was used to find the maximum stress intensity factor Kmax and the opening 
stress intensity factor Ko using S = Smax and S = So respectively. The effective stress intensity range was then 
calculated as the difference between the maximum and opening stress intensity factors. Both the baseline crack 
growth curve for the Liu R = 0.7 data and the NASGRO da/dN—ΔKeff curve were used as an effective crack growth 
rate curve da/dN = g(ΔKeff), and each curve was used to determine crack growth rates for the computed effective 
stress intensity ranges. These crack growth rates were used to determine the crack length as a function of the number 
of cycles. The program C++ used for the closure calculations.  
 
                                                                                                                                                                                                                        
 
 
 
                    

Figure 1 – Crack Closure-Based Crack Growth Prediction Methodology 
 
3.0 Result & Discussion 

Figure 2 shows the predicted crack growth as a function of the number of cycles for test A2-30 from both the 
superposition and finite element methods. When the NASGRO da/dN—ΔKeff curve is used, the finite element 
analysis prediction compares better with the finite element analysis prediction that uses the Liu R = 0.7 data to 
define the da/dN—ΔKeff  relationship. This nonlinearity is often seen in high R tests and its presence likely produced 
the poor fatigue crack growth predictions observed when using the R = 0.7 baseline data. 
 
 Crack growth predictions using elastic superposition are relatively simple and accurate. For the work presented here 
for the tensile overload tests, the baseline data for R = 0.7 from Liu’s work was initially chosen as the da/dN = 
f(ΔKeff) relationship. This relationship could have also been defined by closure-free baseline data for R = 0.6 or R = 
0.8, if such data were available, and this could have changed the results significantly. As stress ratio is increased, the 
data exhibits nonlinearity at a lower ΔK, which will lead to inaccurate predictions. This nonlinearity occurs because 
of the specimen size used when generating the baseline data. More tests are needed to validate the prediction 
methodologies used in this study, although the superposition method appears to be as reliable as the finite element 
prediction method. 
 

Compute crack 
opening stress 

S o 

Compute 
Δ K eff 

 

Compute dN 
dN = da/ (ΔKeff) 

 

use material property
da/dN = g(ΔKeff) 

 

update 
a= a+ da 

N= N+ dN 
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Figure 2 – 2024 Fatigue Crack Growth: Predicted and Actual, Test A2-30 
 
References 
1. ANSYS, 2003 ANSYS User’s Manuals, Revision 8.0, 2003 
2. Lee, Y., Chung, C., Park, Y. and Kim, H., 1998, Effects of Redistributing Residual Stress on the Fatigue 

Behavior of SS330 Weldment, International Journal of Fatigue, Vol. 20, No. 8,  pp. 565-573. 
3. Leis, 1997 Leis, B., “Effect of Surface Conditioning and Processing on Fatigue Performance,” ASM Handbook, 

Fatigue and Fracture, v 19, 1997. 
4. Liu, A. F., 1979, The Effect of Residual Stresses on Crack Growth from a Hole, NOR 79-74, Northrop 

Corporation Aircraft Group. 
5. NASGRO, 2002 NASGRO Reference Manual (version 4.02), NASA Johnson Space Center and Southwest 

Research Institute. 
6. Isida, M.,1973, Laurent Series Expansion for Internal Crack Problems, Methods of Analysis and Solutions of 

Crack Problems, G. C. Sih, ed., Noordhoff International Publishing. 
7. Liu, A.F., 1979, The Effect of Residual Stresses on Crack Growth from a Hole, NOR 79-74, Northrop 

Corporation Aircraft Group, . 
8. Ozdemir, A.T., Cook, R. and Edwards, L.,1993, Residual Stress Distributions around Cold Expanded Holes,” 

ICAF Symosium, Stockholm. 
9.  Pavier, M.J., Poussard, C.G.C. and Smith, D.J.,1997, A Finite Element Simulation of the Cold Working 

Process for Fastener Holes,” Journal of Strain Analysis, Vol. 32, No. 4,  pp. 287-300. 
10. Stephens, R.I., Fatemi, A., Stephens, R.R. and Fuchs, H.O. Metal Fatigue in Engineering, John Wiley & Sons, 

New York, 2001. 
11. Tada, H., Paris, P.C. and Irwin, G.R., 2000, The Stress Analysis of Crack Handbooks, 3rd ed., ASME, 2000. 
12. Wu, X. and Carlsson, A.J., Weight Functions and Stress Intensity Factor Solutions, Pergamon, 1991. 

 
 
 



Proceedings of the National Conference on 
Trends and Advances in Mechanical Engineering, 

YMCA Institute of Engineering, Faridabad, Haryana., Dec 9-10, 2006. 
 

 227

KINEMATIC ANALYSIS OF ADEPT VIPER USING NEURAL NETWORK 
Anurag Verma1, Hiral H. Parikh2 

1Department of Mechanical Engineering, G H Patel College Of Engineering & Technology, V.V. Nagar -388120, 
Gujarat                    
2Department of Mechanical Engineering, A. D.  Patel Institute Of Engineering & Technology, New V.V. Nagar – 
388121,Gujarat                                                                      
1,2Phone: +91-2692-231651 , +91-2692-233680, 1Fax: +91-2692-236896, +91-2692-238180,   
1,2Email: anuraganju@hotmail.com ,  dollyshah_3@yahoo.com 
                                               
Abstract  
Forward Kinematics is a fundamental problem of utmost importance in robot manipulator position control. 
Systematic and generalized approach for mathematical modeling of position and orientation of links in space with 
respect to a reference frame is established with help of vector and matrix algebra. In the present work forward 
kinematics based on artificial neural network using neuron model is evaluated with the help of ‘MATLAB’ for 
analysis of a six link Adept Viper manipulator. The advantage of neural network used in Kinematics Analysis in 
context of computation ease, efficiency and tolerance is presented in this paper [1].  
 
Key Words:  Back propogation Algorithm, Feed Forward network, Artificial Neural Network 
 
1.0 Introduction  
Over the past decade, the artificial intelligence community has undergone a resurgence of interest in the research 
and development of artificial neural networks. This paper begins with, 1) a general introduction to the Artificial 
Neural network [1], 2) a brief description of different neural network models, 3) a description of backpropogation 
learning Algorithm, and 4) D-H  (Denavit –Hartenberg) approach to do the mathematical modeling of Adept Viper, 
Followed by the training of the a network with the help of MATLAB programming. 
 
2.0 Literature Review 
 The correspondence between biological and artificial neuron is presented in the table [1]: 
 

Table 1. Comparison between Artificial and Biological network 
 

BIOLOGICAL TERMINOLOGY NEURAL NETWORK TERMINOLOGY 
Neuron Node/Unit/Cell 
Synapse Connection/Edge/Link  
Synaptic Efficiency Connection Strength/Weight 
Firing Frequency Node Output 

 
This paper focuses on a popular feedforward model of neural networks. In this model a set of inputs are applied to 
the network, and multiplied by a set of connection weights. All of the weighted inputs to the neuron are then 
summed and an activation function is applied to the summed value. This activation level becomes the neuron's 
output and can be either an input for other neurons, or an output for the network. Learning in this network is done by 
adjusting the connection weights based upon training vectors (input and corresponding desired output). When a 
training vector is presented to a neural net, the connection weights are adjusted to minimize the difference between 
the desired and actual output. After a network is trained with a set of training vectors, the network should produce a 
good output match for the inputs. 
 
The 3 basic elements of the neuronal model [1] are: 
1)   A set of the connecting links, each of which is characterized by a weight or strength of its own. Specifically a 

signal xj connected to the neuron K is multiplied by the synaptic weight Wkj . It is denoted as Wkj .The first 
subscript refers to the neuron in question and the second subscript refers to the input end of the synapse to 
which the weight refers. The synaptic weight of an artificial neuron may lie in a range that include negative as 
well as positive values. 
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2)  An adder for summing the input signals, weighted by the respective synapse of the neuron. The operations 

described have constitute a linear combiner. 
3)  An activation function for limiting the amplitude of the output of a neuron. The activation function is also 

referred to as a squaring function. It squashes the permissible amplitude range of the output signal to some finite 
value. 

The neuronal model also includes an externally applied bias denoted by b k . The bias b k has the effect of increasing 
or lowering the net input of the activation function depending on whether it is positive or negative respectively. 
 
 
 
 
 
 
 
  
 
 
 
 
 

Fig1. General Neural Model 
 
In mathematical terms, we describe a neuron K by writing the following terms: 
U k =(w11x1 +w12 x2+……………w km x m)                                                                                                                  (1) 
and 
Y k= ф( u k+ b k)                                                                                                                                                          (2) 
Where, 
 x1, x2, ……x m are the input signals, 
 W k j are the synaptic weights of neuron K, 
 U k is the linear combiner output due to the input signals, 
 B k is the bias, 
 ф (.) is the activation function , 
 y k is the output signal of the neuron. 
 
The general neural model can classify in different categories, like feed forward with no hidden layer , feed forward 
with multiple hidden layer with number of neuron in that layer. To train the network supervised learning and 
unsupervised learning method is available. In this paper  supervised learning with Backpropogation Algorithm is 
used. 
 
3.0 Problem Statement 
The ADEPT VIPER six link robot is used for pick and place application,   The product from the one point has to be 
transferred to the other point accurately. Improper handling of the product can result in damage. Position  of the 
robot manipulator has to be controlled properly for the better handling of the materials. 
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Adept Viper is used for pick and place application in the food industry. The part initially at the point P1 has to reach 
to the point Pn through the points P2 ,P3 ,------- Pn-1 . So, to transfer the product from the one point to the other point 
accurately some accurate method is required.  
In the present paper to control the position of robot neural network technique with Backpropogation Algorithm is 
used, once the network is trained for one set of training points it can simulate and also it is used to train the other set 
of training points. 

 
   

Fig2. ADEPT VIPER Six link rotary joint robot [6] 
 
4.0 Method For Forward Kinematics Solution: 
In the forward kinematics corresponding to the Joints angles with respect to the different link , position of   
end effectors has to be found out by D- H (Denavit –Hartenberg) representation [3].  The D -H representation of a    
rigid link depends on four geometric parameters associated with each link. These four parameters completely 
describe any revolute or prismatic joint, that is shown in the table 2.   

 
Table 2. Link Coordinate parameter for ADEPT VIPER. 

 
JOINT θi αi ai di Joint range 
1 θ1 - 90 0 0 - 170 to +170 
2 θ2    0 270 75 - 190 to 45 
3 θ3   90 80 0 - 29 to +256 
4 θ4 - 90 0 518 - 190 to +190 
5 θ5   90 0 0 -120 to +120 
6 θ6    0 0 80 -360 to +360 
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With the help of D-H formulation following results obtained for ADEPT VIPER . 
 

Table 3. Forward kinematics Solution For ADEPT VIPER Manipulator 
 

θ1 (°) θ2  (°) θ3  
(°) θ4 (°) θ5 (°) θ6  (°) Px Py Pz 

30 50 - 20 10 - 60 -80 359 298 271 
35 40 - 10 20 - 50 -70 388 337 308 
40 35 - 5 30 -40 - 60 396 372 329 
40 30 5 40 - 30 -50 428 438 317 
45 25 10 50 - 20 - 40 420 481 336 
48 20 15 60 -10 - 30 401 523 355  
51 - 5 20 70 - 5 - 20 268 426 581 
53 10 25 80 5 - 10 341 588 396 
56 5 -30 90 10 10 - 18 132 554 
60 15 - 25 100 20 20 32 251 527 
60 20 - 25 110 25 30 37 298 501 

 
From this Mathematical modeling now the neural network can be trained for forward kinematics solution with the 
help of Backpropogation Algorithm [4]. 
 
For training the network following parameters has to be decided initially [5]. 
1. Input Function ,   2. Output Function , 3. Training Function , 4. Performance Function , and  5. Learning Rate. 
 
In this paper following parameter has selected to train the network. 
1. As Input “Trainsigmoid’ function is used,   
2. For the Output “Pure linear” function is used’ 
3. To train the network “trainscg (Scaled Conjugate Gradient )” function is used . This is optimization function . 
4. Performance is evaluated in terms of Mean Square Error.  
5. Learning rate is selected as 0.1  that indicate the increment in the weight in each step is ( initial weight +learning 

rate) 
 

FLOW CHART FOR TRAINING THE NETWORK TO CONTROL THE POSITION OF ADEPT VIPER . 
       

 
 
 

 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 

 

 

Choose the different sets of joint angles for all the links with the help 
of Table number 1.

With the help of D-H formulation find the solution for forward 
kinematics (in terms of position vector) 

Write the program that train the network for the forward kinematics 
with the help of MATLAB toolbox 

 

Simulate the result 
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Table 3.Results 
 

Network Architectures No of Epochs at which 
result obtain. 

MSE mean square error. 

Feed forward with no hidden 
layer 

3924 597.811 

Feed forward with one hidden layer 
5 neuron 2974 797.384 
10 neuron 4000 4448.08 

 
5.0 Result Graphs 

 
                         

1. Feed Forward network with no hidden layer 
 

 
 

2. One hidden Layer with 5 neuron 
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3. One hidden layer with 10 neuron 
 

Here, the straight line (Linear line) indicating the target ,and the Nonlinear line indicating the training process. As 
number of neuron increasing in the hidden layer training will become more complex. 
 
6.0 Conclusion 
In the present paper from the above discussion, conclusions have been drawn as follows:  
1. Faster Result than the iterative technique: Robot Positioning requires that the actuator positions are calculated 

as function of end effectors position.  Some iterative methods are studied earlier and in this paper neural 
network approach is formulated for the same. The iterative methods are very time consuming while the neural 
network approach gives you faster results. 

2. Time Saving process: Easy to develop the program for training the network. 
3. Simulate for any training set of data: once the network is trained for any one set of teach point , the created 

network can also be used to simulate the data for other set of teach points.  
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Abstract 
 A novel approach is adopted to derive the forward dynamic equations for the Stewart platform based robot 
manipulator based on Kane’s equation. Stewart platform contains two bodies, one base (fixed) and second 
platform (movable) connected by six extendable legs. In this method, the Stewart platform based robot 
manipulator is not tackle as single structure. Here, each leg of the Stewart platform is treated as independent 
sub structure. The dynamic equations of Stewart platform based robot manipulator are obtained by composing 
of equations of legs and platform, while the equations of legs and platform are derived according to the 
constraints among substructures. The formulation has been implemented in MATLAB routines, and simulation 
results are presented to show the validation of new approach and are compared with the traditional Newton-
Euler method and Lagrange formulation, the modeling process proposed in this paper is more simple, easy, 
straight forward and systematic and the final dynamic equations are very concise. 
 
Key Words: Stewart Platform, Forward Dynamics, Parallel Mechanism. 
 
1.0 Introduction  
The Stewart platform based robot manipulator is a six-degree of freedom parallel mechanism [1], [2]. The 
parallel link structure makes the manipulator system far more rigid in proportion to size and weight than any 
serial link robot. Also output force to weight of manipulator ratio is more than that of serial link robot. 
 
In recent years, dynamic analysis of Stewart platform based robot manipulator played a central role in dynamic 
analysis of parallel mechanisms. Several ways such as the Lagrange equation, Newton-Euler equation and 
principle of virtual work are used to derive the dynamic equations of the Stewart platform. The Lagrange 
formulation is well structured and can be expressed in closed form but a large amount of symbolic computation 
is needed to find partial derivatives of the Lagrangian equation in this method, while the Newton-Euler approach 
requires computation of all constraint forces and moments between the links. However, these computations are 
not necessary for simulation and control of a manipulator. The virtual work approach is efficient to derive the 
dynamic equations for the inverse dynamics of the Stewart platform, [8], [9]. This method is not straightforward 
because of the complicated velocity transform between the joint-space and task-space. 
 
This paper presents a simple and efficient approach to derive the dynamic equations of the Stewart platform 
based robot manipulator for the dynamic simulation. Initially, the legs and moving platform are treated as 
independent sub structures, and their dynamic equations are derived using the Huston form of Kane’s equation. 
Then, the dynamic equations of all sub structures are put together to obtain the constrained system dynamic 
equations according to the constraints among sub structures introduced by Lagrange multipliers. 
 
2.0 Huston Form of Kane’s Equation 
According to Kane’s equation, the dynamic equations of a multibody system with N bodies can be written as 
follows [12]. 

* 0F F+ =               (1) 
In Eq. (1) the projections of active forces and inertial forces on the generalized velocities are given by 
generalized active force F and generalized inertial forces F* respectively. The values of accelerations, partial 
velocities of mass centers and partial angular velocities of all links are required to implement Kane’s method. 
 
Huston adopted the velocities of mass center as well as the components of relative linear and angular velocities 
between adjoining bodies as the generalized speed, on bases of Kane’s equation. Also the recursive formulations 
were derived to calculate partial velocities, derivatives of partial velocities and derivatives of partial angular 
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velocities. In this approach the derivatives of partial velocities and partial angular velocities are used to express 
accelerations and angular accelerations of bodies; respectively. For example, the mass center acceleration of 
body K can be written as 

 kk ka v y v y= +             (2) 

Where, y is generalized speeds, kv  is the derivative of partial velocity matrix. Actually these derivatives are 
obtained by matrix multiplication or vector multiplication. For instance, the derivative of transformation matrix 
R can be obtained by 

 ( )R R
t

ω∂
=

∂
                                                                                                                                                (3) 

      
Where, the skew-symmetric matrix of angular velocity vector is given by 

 
3 2

3 1

2 1

0
0

0

ω ω
ω ω ω

ω ω

−⎡ ⎤
⎢ ⎥= −⎢ ⎥
⎢ ⎥−⎣ ⎦

           (4) 

According to Huston approach the dynamic equations of an open chain multibody system with N rigid bodies 
can be written as [13], 

 lp lpa y f=                                 l, p = 1, 2,…,N       (5) 
Where,  
  l l lp p lf F b y c= − −                                         And, 

 

lp k klm kpm kmn klm

kpm kpnlp k klm kmn klm

l rms ksn klm kpr kqn p q

l km klm km klm

a m v v J kpn

b m v v J
c e J y y

F F v M

ω ω

ω ω

ω ω ω

ω

= +

= +

=

= +

 

     m, n, r, s = 1, 2, 3. 
     K = 1, 2, …, N; q = 1, 2, …, N 
 
In the above equations, py  are the generalized speeds. v and ω  denote the partial velocity and partial angular 

velocity of body k in the inertial reference frame R. rmse  is the permutation symbol. kmF and kmM  are the 

components of the resultant force acting at the mass center of body k in R. The explicit form of Eq. (5) was 
first developed by Huston and was called Huston form of Kane’s equation. 
 
3.0 Dynamic Equations 
The mechanism of general Stewart platform based robot manipulator is shown in figure 1 has a base and a 
platform. They are connected by six extensible legs spherical joint at the platform end and universal joints as the 
base end. As the legs of the Stewart platform manipulator are identical, we only need to derive the dynamic 
equations of the platform and one leg. 
 
3.1 Dynamics of legs 
Figure 2, represents one of the leg of a general Stewart platform. Consider the inertial frame fixed at the base. 
Assume i i i io x y z  (I = 1, 2, …, 6) frame parallel to 0 0 0 0O X Y Z and its origin coincide with iB . The origins of 

local frame are attached to each part and labeled as ,1iO  and ,2iO . These two local frames are parallel and their 

x-axis point to the joint iP . iS  is the position vector from ,2io  to ip  in the local frame ,2io . Let ,i kr  be the 

position vector of the mass center ,i kG  in local frames. 
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In order to derive the dynamic equation of leg i  in i i ix y z , the components of angular velocity of leg i  and the 
relative sliding velocity between two parts are used as generalized speeds. 
 

        
 
Fig. 1. Stewart platform based robot manipulator           Fig. 2. One leg of Stewart platform 
 

 ,, , ,

T

i xi i x i y i zy sω ω ω⎡ ⎤= ⎢ ⎥⎣ ⎦
                                                                 (6) 

The angular velocity of leg i  is given by  

 , , ,

T

i i x i y i zω ω ω ω⎡ ⎤= ⎣ ⎦          (7) 

From Eq. (6) the partial angular velocity v  is given by  
 [ ]3 3 3 11 0w × ×=           (8a) 
 
Where 3 31 ×  is 3 3×  unit matrix, and from Eq.(7), the time derivative of partial angular velocity of leg i  is 
given by  

 3 40iw ×=             (8b) 
 
Where 3 40 × is 3 4×  zero matrix. 
 
From figure 2, the mass center velocity of two parts can be obtained as  
 ( ),1 ,1i i i iv R r ω= − ×           (9) 

 ( ),2 ,2 ii i i i i iv R r s R sω⎡ ⎤= − + × +⎣ ⎦   

       (10) 
Where iR  is the transformation matrix from local frame to i i ix y z . The relative translational velocity between 
two parts is  

 , 0 0
T

i i xs s⎡ ⎤= ⎢ ⎥⎣ ⎦
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According to i i iw yω =  , we can obtain the partial velocities of two parts. 
 

 ,1 ,1 3 10i i iv R r ×
⎡ ⎤= −⎣ ⎦          (11) 

 ( ),2 ,2i i i i iv R r s u⎡ ⎤= − +
⎣ ⎦

         (12) 

 
Where iu is the unit vector along the leg i . The overbar denote the skew-symmetric matrix of a vector. The 
derivatives of partial velocities of two parts can be derived from Eq.(11) and (12) by Eq. (3). 
 

 ( ),1 ,1 3 10i i i iv R r ω ×
⎡ ⎤= ×
⎣ ⎦

         (13) 

 ( ),2 ,2 ii i i i i i i iv R r s R s uω ω
⎡ ⎤

= + × − ×⎢ ⎥
⎣ ⎦

       (14) 

 
The dynamic equations for a leg of the Stewart platform based robot manipulator can be written, according to 
Eq. (5) as  
 

 i iiA y D=   
           (15) 
Where,  

 

2

, , , ,
1

T T
i k i k i k i i k i

k

i i i i
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D f b y
=

= +
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∑  
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2
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1
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T T
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k

f v F
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=

=

=
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∑
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In Eq. (15) ,i km  is the mass of each part. ,i kF  including gravity, actuator forces, friction forces and so on, is the 

resultant force acting on each part. ,i kJ  is the inertia dyadic matrix of two parts relative to the center of mass in 
load frames. 
 
3.2 Dynamic of the platform 
The platform is shown in figure 3. Let the point po is the origin of the local frame of the platform p p px y z . All 

the six legs are connected to the platform at point ip  in p p px y z , and Gr  be the position vector of the gravity 

center G of platform (including the payload) in p p px y z . 

Components of the angular and linear velocities of platform in 0 0 0X Y Z are used as generalized speeds, 

 , , , , , ,

T

p x p y p z p x p y p zy v v vω ω ω⎡ ⎤= ⎣ ⎦       (16) 

As platform is a single rigid body, its dynamic equations can be written as follows, 

 p ppA y D=            (17) 
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Fig. 3. The platform 
 
Where, 
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A
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×
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and  

 $ ( )0 0
g p p Ga a rω ω= + × × . 

In the above equations 0 0
G p Gr R r=  and ( )0 0 0 T

p p p pJ R J R=  where pJ is the inertia dyadic matrix of 

platform in p p px y z . 0
pR  is the transformation matrix from p p px y z  to 0 0 0X Y Z . 0

ga is gravity acceleration 

in 0 0 0X Y Z . pF  and pM  are the resultant force and moment acting on the platform, respectively.  
 
3.3 Constraint equations 
As shown in figure 1 six legs are connected to the platform by spherical joint at points ip  (I = 1, 2, …, 6). As 

the velocities of leg i  and platform at points ip  are the same, the velocity, partial velocity and its derivative of 

point ip in the ith leg can be given as: 

 ( )i
ip i i i i iv R s q R sω= − + × +⎡ ⎤⎣ ⎦         (18) 

 ( )i
p i i i iv R s q u⎡ ⎤= − +⎣ ⎦          (19) 

 ( )i
ip i i i i iv R s q R s uω ω

⎡ ⎤
= + × +⎢ ⎥
⎣ ⎦

       (20) 

Similarly, the velocity, partial velocity and its derivative of point ip  in the platform are given by  
 ( )0 0 0 0

, ,p i p i p i pv R r vω= × +          (21) 

 0 0
, , 3 3| 1p i p p iv R r ×⎡ ⎤= −⎣ ⎦          (22) 

 ( )0 0 0
, , 3 3| 0p i p p i pv R r ω ×

⎡ ⎤= − ×⎢ ⎥⎣ ⎦
        (23) 

 
Combining Eq.(19) Eq. (22) we have 
 0

,
i

p i p i pv y v y=              I = 1, 2, …, 6        (24) 
Also, as legs are connected to the base with universal joint and no roatation is allowed about the leg axis, we 
have 
 0 0T

i iu y⎡ ⎤ =⎣ ⎦         I = 1, 2, …, 6         (25) 
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 0 0T T
i i i iiu y u yω⎡ ⎤ ⎡ ⎤=⎣ ⎦ ⎣ ⎦

         i= 1, 2, …, 6       (26) 

The constraint equation can be derived from Eq. (24) and (25) 
 0q yφ =            (27) 
Where, 
 

1 6
T T T

py y y y⎡ ⎤= ⎣ ⎦    and qφ  is a constraint Jacobian, 

 

1 0
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p p
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v v

u

v v

u

φ
×

×

⎡ ⎤−
⎢ ⎥
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= ⎢ ⎥
⎢ ⎥−
⎢ ⎥
⎢ ⎥⎡ ⎤⎢ ⎥⎣ ⎦⎣ ⎦

L

O M

M M M M

M M

L

       (28) 

Similarly we can derive the differentiation of Eq. (27) by Eq. (20), (23) and (26) 

 qq y yφ φ= −           (29) 
 
3.4 Dynamic equations of Stewart platform 
By introducing Lagrange multipliers λ and constraint equations (27), we can derive the dynamic equations of 
Stewart platform from (15) and (17). 

 T
qA y Dφ λ+ =           (30) 

Where, 

 
1 6

T

py y y y⎡ ⎤= ⎢ ⎥⎣ ⎦
L           

 ( )1 6

1 6

, , p

TT T T
p

A diag A A A

D D D D

=

⎡ ⎤= ⎣ ⎦

L

L

 

The dynamic Eq.(30) and Eq. (27), which have 30+24 equations with 30+24 unknowns, constitute a set of 
differential algebraic equations (DAE’s). 
 
There are many numerical integration algorithms about DAE’s such as constraints stabilization methods, the 
Baumgarte stabilization method, is straight forward and numerically efficient. By using the Baumgarte 
stabilization method, the differential equations are transformed into  

 
0
q

q

A Dyφ
φ γλ

⎧ ⎫⎡ ⎤ ⎧ ⎫⎪ ⎪ =⎨ ⎬ ⎨ ⎬⎢ ⎥
⎩ ⎭⎣ ⎦ ⎪ ⎪⎩ ⎭

         (31) 

 
Where  

 22q qy yγ φ αφ β φ= − − −  

In above equation, α  and β  are appropriately chosen constants and usually equal to one another with values 
between 1 and 20. φ  represents the geometrical constraint with two parts. The first is that the position vectors 

of leg and platform of point ip are identical in 0 0 0X Y Z . Secondly the vector along one rotating axis of the 

universal joint is fixed in 0 0 0X Y Z . 
From this it is clear that no complicated symbolic computation is needed, and derivative equation can be 
accomplished by simple matrix multiplication in our approach. By introducing constraint equations, 
sophisticated velocities transformation between the joint space and task space is avoided. Therefore the whole 
modeling process is simple, systematic and can be easily implemented by computer programs. 
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4.0 Numerical Simulation 
In this paper the dynamics formulation for the general Stewart platform manipulator is implemented using 
MATLAB routines. The MATLAB routine “ode 45”, which based on the forth and fifth order Range-Kutta 
formulas with adaptive step size is used to solve the system of differential equations. 
A general architecture of the Stewart platform based robot manipulator is presented in this section. The 
kinematics and dynamic parameters of the manipulator are given in the appendix. [ ]Tθ α β γ=  represents 
the orientation of the platform which means that the platform frame is rotated about the x-axis with α  degree 
first, about y-axis with β  degrees and finally about z-axis with γ  degrees. Initial conditions are assumed as: 

 [ ]0 0 0.2 0.3 Tt = m   [ ]0 0 0.1 0.1θ = −  rad 

 [ ]0 0 0 0 Tv =  m/s   [ ]0 0 0 0 Tω =  rad/s 
For the sake of simplicity, actuator forces at six legs are assumed as constant forces during the simulation and 
expressed as follows 
 [ ]55.0 49.5 55.0 49.5 55.0 49.5 TF = N 
The results of simulation during1.0 s are shown in figure. This example has been verified by Newton-Euler 
approach. 

 
Fig.4  Linear and angular velocities of the platform 

 
 

Fig.5.  The length of legs 

 
 

Fig.6. Sliding velocities between two parts of legs 
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5.0 Conclusion 
In this paper, the equation of forward dynamics of Stewart platform based robot manipulator is derived based on 
Kane’s method. In comparison to the Newton-Euler approach, and the Lagrange formulation, this approach is 
more straight forward systematical. 
 
The derivation process can be done automatically by computer, while the traditional derivation of the dynamic 
equation should be done manually because of the complicated velocity transformation between the joint space 
and task space. This procedure can be used for analysis of any parallel manipulator. 
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Abstract 
The main development targets for combustion engines, particularly in relation to diesel engines are the reduction in 
fuel consumption, exhaust emission, noise , weight , volume and enhancement of power output and service life. The 
priorities for these developments targets have repeatedly changed during the course of time. At present target of 
lowest possible consumption still has the highest priority, a demand that is caused by limitation of available 
resources. The demand for the reduction of environment pollution by exhaust emission has a similarly high 
importance. The next priority is the demand for reduction in engine noise. Direct injection diesel engines are 
particularly having higher noise emission than other engines. 
 
Experiments were conduct to quantify the dynamic motion o the piston during piston impact on the linear. 
Experiments were performed covering the spark timing, oil film thickness, clearance between piston skirt and liner 
and wrist pin offset. This paper deals with the investigation of piston slap by change in wrist pin offset. 
 
1.0 Introduction 
Diesel engine noise originates as mechanical impacts and cylinder pressure pulses, which are generated during the 
normal operation of the engine. Theses excite the external surfaces of the engine in to resonant vibration and noise is 
the outcome of this vibration. The excitation responsible for generation of engine noise is generally impulsive in 
nature is arises at different points in rapid succession during an engine cycle. 
As engine structure is traditionally divided in to three major noise-producing elements, 
a. Combustion chamber (Piston and Cylinder) 
b. Moving parts – Crankshaft, connecting rod etc. 
c. Covers and accessories – valve covers, housings etc 
 
Diesel engine noise can be categorized as intake noise, exhaust noise, aerodynamic noise, and mechanical noise and 
combustion noise. Mechanical noise and combustion noise are structure born noise since both of them are emitted 
from the engine structure. The various noise sources of a piston engine are divided in to primary and secondary 
sources. The primary sources are associated with the fundamentals of prime mover mechanism. The recognized 
primary sources are : 
a. Direct combustion force excitation 
b. Piston impact 
c. Bearing impact 
The latter two sources are dependant upon the relation between combustion and inertia forces and are often jointly 
described as Mechanical Excitation. All other remaining sources are classified as secondary sources e.g. valve gear, 
oil pump, coolant pump etc.  
 
2.0 Piston Slap  
Piston slap is an impact phenomenon between the piston and cylinder liner caused by changes in the side force 
acting on the reciprocating piston. The impact force on the liner by the piston causes either mechanical impacts or 
impulsive hydraulic pressures in the lubricating oil filmwhich transmit through the engine block where it radiates 
from the surface. Transmission can also occur through other parts of the engines, namely connecting rod, and crank 
shaft. 
 
Piston slap is initiated whenever, the piston side thrust force changes direction. In conventional diesel engines it is 
always found that piston slap occurs at or near top and bottom dead center while mid stroke slaps are feeble. Every 
one of these impacts will generate a certain amount of Kinetic energy, which is imparted to the liner. This energy is 
transmitted through the engine structure in the form of surface vibration and engine noise.  
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Following re the major parameters which affect the piston slap: 
a. Piston pin clearance 
b. Wrist pin offset. 
c. Pressurized oil film. 
Out of these parameters experiment was conducted to investigate the piston slap by change in wrist pin offset. 
Changing wrist pin offset was simply accomplished by reversing the piston in the cylinder liner.  
 
3.0 Experimental Set Up 
This experiment was carried out on a single cylinder, Direct injection, air cooled diesel engine. Fig. No.1 gives a 
general layout of the test facility. The instruments used for the various measurements are  
a. Eddy current Dynamometer for measurement of load and speed. 
b. Piezoelectric accelerometer for linear acceleration. 
c. Opt coupler for external trigger. 
d. Storage type C.R.O. interfaced with X-Y plotter for acquisition and processing of signals. 
 

Trigger CKT

ENGINE ON TEST ACCELEROMETER Charge Amplifire
KOIL make B & K Make 10pC to 500000pC
4-stroke,4.5 HP sensitvity- 0,9 pC/ms -̂2
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An accelerometer  ( B & K make, sensitivity 0.9 pC/ms-2)  is most suitable for shock and vibration measurement, 
analysis and monitoring application.  It was fitted to a steel stud on a metal surface. This stud at the other end is 
screwed on the thrust side of the cylinder liner wall. A strong spiral mini noise cable used to connect accelerometer 
to the input of storage CRO. A trigger circuit was made to generate pulse to start the data acquisition in storage type 
CRO from the required degree of rotation of the crankshaft while the engine is in operation. An infrared opt-coupler 
with the gap between LED and phototransistor used as a sensor. A slotted circular disc is tied to the camshaft of the 
engine in such a way that the edge of the disc is rotated in the gap of Opt-coupler. The disc is fixed at the required 
trigger point when the slot reaches the opt-coupler, the infrared light from LED will pass through the slot of disc to 
phototransistor. Hence pulses are generated from the opt-coupler for each and every revolution. These pulses are 
given to the base of transistor. The output of transistor is given to the trigger ( IC SN7416N)  which generates out 
put in the form of square wave, which is then fed to CRO and start the data acquisition.   
 
Engine was tested under constant torque operation under several combinations of load and speed in order to 
maintain nearly constant mean effective pressure. By changing the clearance between piston and cylinder is 
achieved by changing the wrist pin offset. It was simply accomplished by reversing the piston in the cylinder 
resulting in a negative wrist pin offset. 
 
It is observed from the linear time histories that at lower speed condition the magnitude of piston slap is 
comparatively very smaller that the compression top dead center  ( CTDC ) piston slap. But at the higher speed 
magnitude of piston slap is slightly lower than CTDC piston slap. It is also observed that as the effect of reversing 
the wrist pin offset was to increase the intensity of impact from 10 m/s^2 to 297m/s^2at 2000 rpm as shown in the 
fig 2. 
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Figure 2 
 
It was concluded that wrist pin offset were large, with offset towards thrust side causing large slap due to reverse 
moment on the piston. Wrist pin offsetting is a very effective method to control piston slap. Especially it is an easy 
and economical way to put in to practice.     
 
4.0 Conclusion 
In the present experimental investigation on a direct injection diesel engine, following important conclusions are 
drawn. 
 It was observed that the effect of reversing wrist pin offset which increases the intensity of impact. 
 The transverse motion of the piston can be controlled by varying wrist pin offset, causing either the top or 

bottom of the piston to lead during the transverse motion. 
 Wrist pin offset has a large effect on piston slap dynamics and intensity of impact. 
 Piston slap occurs near peak cylinder pressure. 
 Wrist pin offsetting is a very effective method to control piston slap. 
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Abstract 
Analytical solution is a mathematical expression that gives the value of the field variable at any location in the body. 
For problems involving complex shapes, material properties and complicated boundary conditions, it is difficult and 
in many cases intractable to obtain analytical solution that satisfies the governing differential equations or gives 
extremum value to the governing functional. Hence, for most of the practical problems the engineer resorts to 
numerical methods that provide approximate but acceptable solutions. The finite element method is introduced as a 
powerful numerical method, widely used in practice. The aim of present work is to find natural frequencies of tapered 
cantilever beam vibrating in flexure mode by using finite element analysis. The results so obtained are compared with 
those already available in literature. The result for flexural vibration of taper cantilever is obtained by Reissner 
method8 besides other methods available in literature. The natural frequencies and mode shapes so obtained are 
determined in lesser time by Finite Element Method (ANSYS 10) in the present case. Any complex geometrical shape 
can be dealt easily and quickly by this method. 

1.0 Introduction to ANSYS 10 Terminology   
To obtain the best result from ANSYS 10, or for that matter any Finite Element (FE) program it is important to 
understand the basic concept and limitation of FEM. FEM is a technique for approximating the governing differential 
equations for a continuous system with a set of algebraic equation relating a finite number of variables. These methods 
are popular because they can be easily programmed. The FE techniques were initially developed for structural problems 
but they have been extended to numerous field problems. 
The basic steps involved in any FE analysis consist of following. 
 
1.1 Preprocessing 
• Create and discretise the solution domain into finite elements. This involves dividing of the domain into sub-

domains, called elements and selecting points called nodes on the inter-element boundaries or in the interior of the 
elements. 

• Assume a function to represent the behavior of the element. This function is approximate and continuous and is 
called shape function. 

• Develop an equation for an element. 
• Assemble the elements to represent the complete problem. 
• Apply boundary condition, initial condition, and the loading. 
 
1.2 Solving 
• Solve a set of linear algebraic equations simultaneously to obtain nodal results, such as displacement values, or 

temperature values, depending on the type of problem. 
 
1.3 Post-processing 
This stage involves processing the nodal data to get other information such as values of principle stresses, heat fluxes etc. 
Finite element analysis is a numerical technique by which the solution of a set of differential equations may be 
performed. The finite element method is probably the most widely used form of computer-based engineering analysis. 
The method can be used for analysis of a broad range of engineering problems.  
 
 ANSYS 10 is a finite element modeling and analysis tool. It can be used to analyze complex problems in mechanical 
structures, thermal processes, computational fluid dynamics, magnetics, and electrical fields, just to mention some of its 
applications. ANSYS 10 provides a rich graphics capability that can be used to display results of analysis on a high-
resolution graphics workstation. 
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ANSYS 10 designs, develops, markets and globally supports engineering simulation solutions used to predict how 
product designs will behave in manufacturing and real-world environments. Its integrated, modular and extensible set of 
solutions addresses the needs of organizations in a wide range of industries. ANSYS 10 solutions qualify risk, enabling 
organizations to know if their designs are acceptable or unacceptable not just that they will function as designed.  
 
2.0 Ansys 10 Helps Organizations Achieve 
1. Innovative and high-quality products and processes  
2. Fewer physical prototypes and test setups.  
3. Faster return on investment due to reduced development time. 
4. A more flexible and responsive information-based development process, enabling the modification of designs at 

later stages of development.  
5. A front-end simulation strategy that offers a superior method for bringing products to market in less time and with 

fewer costs. 
 
] 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 

 
Figure 1: 3-D View Tapered Cantilever Beam 

 
Modal Analysis of Tapered Cantilever Beam 
Steps involved in solving the problem using ANSYS10: 
 
3.0 Preprocessor Steps 
1. Statement of problem 
2. Specify element types & sections 
3. Specify material properties 
4. Specify geometry 
5. Mesh geometry 

 
3.1 Solution 
6. Specify boundary conditions 
7. Solving the problem 

 
3.2 Post processing 
 8. Obtaining Results 
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4.0 Results and Discussions 
 
4.1 Specification of tapered cantilever beam 
The cantilever beam is tapered linearly in breadth and depth, the sectional properties can be written in terms of the breath 
b0, thickness t0 of the beam at root section and the breath taper parameter and depth taper parameter for any section at 
distance Z from the root.  

Breath b= b0 (1-βΖ ) depth t= t0 (1-δΖ ) 
Here Ζ =Ζ /L    
 
We take the following data from reference8. 
     b0= t0=6.35 mm 
    Length of the beam L=254 mm 
     Density ρ =7.8576e-6 kg/mm3 
     Young modulus E=206850 N/mm2 
     Poisson’s Ratio = 0.3 
     Breadth taper parameter β = 0.2 
     Depth taper parameter δ =0.4 
       
It is not possible to obtain analytical solution for many engineering problems. Analytical solution is a mathematical 
expression that gives the value of the field variable at any location in the body. For problems involving complex shapes, 
material properties and complicated boundary conditions, it is difficult and in many cases intractable to obtain analytical 
solution that satisfies the governing differential equations or gives extremum value to the governing functional. Hence, 
for most of the practical problems the engineer resorts to numerical methods that provide approximate but acceptable 
solutions. The finite element method is introduced as a powerful numerical method, widely used in practice. 
             
The Eigen value problem defined to be solved by finite element analysis tool ANSYS 10, gives approximate results 
which are acceptable.     

Table 1 
 

Mode No. Present Method (ANSYS) Hz 
 Reissner Method (Hz)8 

1 159.69 
 159.385 

2 983.38 
 

953.135 
 

3 2476.6 
 

2534.29 
 

 
The Table 1 shows that the present results are in good agreement with those obtained by ANSYS 10 Software and 
Reissner method8                                                                  
The Finite Element Method gives approximate Solution and the errors are ± 5 %which are within the acceptable limits. 
In ANSYS 10 verification manual9 example V-34 & V-210 has shown ± 5% error with reference to experimental results.  
 
5.0 Conclusion  
The Finite element Method (by using ANSYS 10) is successfully used to determine the vibration characteristics of 
cantilever balding. The blades were assumed to be standstill and the natural frequencies were obtained. The results of 
Finite Element Method agree closely with those available in literature. The finite element results are in good agreement 
with those yielded by the Reissner method8 with relative errors less than 3.5%. 
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Abstract 
The software available for making family tree is in general related to the pedigree of a family. Although various 
types of this software are available commercially or in open domain, software for making family tree in 
connection with genetic diseases is not available. One of the major reasons for this is the requirement of the 
intelligent graphic handling capability of the relevant software. In the present paper the development procedure 
and implementation of such software has been described. A high level computer language (LISP) has been used 
for the purpose and a widely used commercial graphics handling software is used as the basic platform. It is 
hoped that the developed software would be of much help to the treating physicians and the scientists in genetic 
research. 
 
Key Words: Family Tree, Genealogy, LISP, AutoCAD 
 
1.0 Introduction 
A family tree is generally the totality of one's ancestors represented as a tree structure, or more specifically, a 
chart used in genealogy. The purpose of the family tree is to show the family connections between individuals, 
usually connected by various types of line representing marital unions and progenies. Family health history is 
not a new concept in medicine and public health, but it has been neglected by both patients and physicians 
(Yoon etal, 2003). The investigation in genetics dates back to George Darwin, son of the founder of theory of 
evolution (Wells, 2004 and Cavalli-Sforza, 1994). An upsurge in genetics study has come up since 1990s, when 
certain locations on the Y chromosome were identified as being useful for tracing male-to-male inheritance 
(Mark and Smith, 2003). 
 
There are various ways of representing family trees as shown in Figure 1, some use tree structures while others 
follow charts. Tree structures are pictorial representation of family relationships, also known as genograms 
(McGoldrick and Gerson, 1985). In situations where one is restricted to using plain text, it is often easier to 
show a person's family trees as ancestry chart or pedigree chart, using a suitable database software. A genogram 
is created with simple symbols representing the gender, usually circle and square are used to represent female 
and male, whereas various lines are drawn to illustrate family relationships. Drawing of genogram requires a 
system that allows one to derive an ancestor's number without compiling the list and allows one to derive an 
ancestor's relationship based on their number. Some commonly used number systems are Ahnentafel, Register, 
NGSQ, Henry, etc. and a good source of additional information on numbering systems is presented by Devine 
(1986). A couple of articles by Curran et al. give excellent descriptions of the "Register" and "Record" systems 
but pay scant attention to other systems (Curran et al., 1991, 1999). 

                      
 

a) Binary tree                                                        b) Inheritance tree (genogram) 
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c) Pedigree chart                                                                     d) Ancestral Chart 
 

Figure 1. Various ways of representing family trees 
 
Review of the literature indicates that different researchers have represented family trees in different ways. 
Studies are primarily based on database design and work on graphical representation seems to be scanty. Under 
this context, the need is felt for a general-purpose method to develop family trees using AutoCAD, a very well 
known drafting software. The software is based on a higher level computer language (LISP) having graphics 
handling capabilities and family trees are drawn in the form of genogram. 
 
2.0 Algorithm 
Drawing of genogram requires a numbering system that allows one to derive an ancestor's relationship based on 
their number. Depending on the number of generations and the number of progenies in each generation, the 
numbering system will codify the family tree history. Once this is complete, the system is decoded for drawing 
the family tree. Determination of the drawing limits and indications and locations of a particular member poses 
much complication towards the development of a fool-proof algorithm. 
 
In the present study, a new number system has been developed, where the generations are indicated by Roman 
numerals and the siblings are indicated by capital letters A, B, C. Following this nomenclature system, an array 
is developed for the siblings of a particular generation and all such arrays together are clubbed into a “Master” 
array.  
 
The program is invoked in AutoCAD and it follows 9 steps sequentially. The description of the algorithm is 
presented in Figure 2 as a Flow-Chart. 
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Figure 2. Flow chart for the family tree development  
 
Step 1:  The programme reads the number of generations from the user as indicated in Figure 3(a) and then it 
starts the 1st counter and set the number of family member at zero. 
Step 2:  It increments 1st counter by 1, starts a second counter and set it to zero.  
Step 3:  This step is invoked when cnt1=1. It reads the number of springs for the 1st generation and generates the 
nomenclature array and append in the master. Then the control goes back to step 2. 
Step 4:  This is invoked when ngen>cnt>1. Here it reads the number of springs for the current generation and 
increments the counter by 1. 
Step 5:  At this point it checks whether cnt2 is less than the number of springs. If the answer is YES, control 
goes back to step 4 and if the answer is NO, the control goes to step 2. Now the definition of the array “Master” 
is complete as shown in Figure 3(b). 
Step 6:  It deciphers the master to obtain the width of the family tree diagram and sets the origin at (0, 0). Then 
it draws the borderlines for the diagram. Then the location for each member is calculated and the members are 
denoted by circles. Lastly another counter (cnt3) is started. At the end of this step, the structure of the family 
tree is known completely as shown in Figure 4. 
(a) Screen shot of user input 

 

 
 

(b) Screen shot of the array “master” 
 

 
 

Figure 3. Few screen shots showing programme execution 
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Figure 4. Typical family tree structure 
 
Step 7:  The program reads the gender for each member and increment the cnt3 by 1. 
Step 8:  If gender=male, it updates the family tree drawing, i.e., the circle is replaced by square and after reading 
the status of the person the square is blackened if he is a patient and otherwise it is left blank. Then the control 
goes to step 7 and the same loop is continued as earlier. 
Step 9:  If gender=female, program reads the carrier status and updates the family tree drawing. Steps 8 and 9 
are repeated unless cnt3 becomes equal to the value of nchar, indicating the completion of the programme.  
 
3.0 Results and Discussions 
Implementation of the software is done at The Haemophilia Society Calcutta Chapter and case studies for 
various patients are reported here. Figure 5 (a & b) are the examples of family trees having two-generation 
history whereas in Figure 6, an example of a three-generation family tree is given. The indication of array 
‘master’ is provided in each case, which will help to understand the nomenclature scheme. It is observed that the 
software developed is quite general and can handle any number of generations and siblings.  
 

   
 

(a)  (((nil) 1A 1b) 1A2A)   (b)  (((nil) 1A 1B 1C) 1A2A 1C2A) 
Figure 5. Examples of two-generation family trees with indication of the array ‘master’. 

 

 
 

 (((nil) 1A 1B) 1A2A) 1A2A 1A2B 1A2C 1A2D) 1B2A3A 1B2C3A 1B2C3B) 
Figure 6. Example of a three-generation family tree with indication of the array ‘master’. 
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4.0 Conclusion 
The development of general purpose software for pictorial representation of family tree (genograms) has been 
addressed in this study. The paper describes the working principle of this software in detail and the relevant 
genetic theory has also been furnished. Although the software is in its primary stage of development, it has the 
ability of taking up many more complicating effects in future. The software is developed in the programming 
environment of AutoCAD and hence it has the inherent capability of producing related set of drawings. The 
working of the software is presented with few sample case studies and it is expected that the software will be 
useful not only in the academia, but also to the practicing professionals. 
 
Nomenclature 
cnt#  counters used in different loops  
genx  nomenclature array for the current generation  
master  the complete nomenclature array 
nchar  total number of family members 
ngen  number of generations 

 ,  normal and diseased male family members 
 ,  normal and carrier female family members 
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Abstract 
The work has evaluated the wear characteristics of AISI 52100 steel balls with  three mineral and three 
synthetic oils with and without additives using a four ball tester. The studied lubricants include S.N.350, 
S.N.500, S.N. 600, synthetic polyol ester, polybutene, synthetic polybutene + 2 % Zn DDP and synthetic 
polyalkyl glycol, wear- load curve, flash temperature parameter, Load V/s Coefficient of friction curve are given 
to all tested oils. 
 
The results indicates that synthetic polybutene gives very less wear of AISI 52100 steel balls among all the 
mineral oil and synthetic oil studied in the present work. When synthetic oil is used as a lubricant, the wear rate 
of AISI 52100 steel can increase or decrease than that of mineral oil. Higher viscosity in synthetic oil leads to 
minimize wear of AISI 52100 steel. The wear of AISI 52100 steel is greatly reduced when synthetic oil with E.P. 
antiwear additive is used as compared with case without additive. On the basis of flash temperature parameter, 
the tested lubricants are arranged in descending order as follows: i) Polybutene  ii) S.N.600  
 iii) S.N.500  iv) S.N.350  v) Polyalkyl glycol  vi) Polyol ester. 
 
Key Words: Wear, Four-Ball Tester, Bearing Steel, Synthetic and Mineral Lubricants. 

1.0 Introduction 
The life of the machine is very important in industry from both reliability and economical point of view. AISI 
52100 steel is the most common material used for ball bearings. In case of bearing steel AISI 52100; the useful 
life mostly depends upon its wear characteristics. To satisfy modern engineering requirements a high degree of 
reliability is required from bearing steel AISI 52100. Although wear of bearing steel 52100 is the most depends 
upon the load acting and properties of material, it is well known that the nature of the lubricant also have very 
important effects on the wear of bearing steel AISI 52100. 
 
Synthetic lubricants have received much attention in lubrication of rolling contact bearings for their good 
properties such as high thermal and oxidation stability, less pollution to environment, etc. For better 
understanding and proper use of synthetic lubricant on wear performance of AISI 52100 steel, it is practically 
important to study influence of synthetic oils. This paper evaluates the wear of bearing steel 52100 applying 
different synthetic lubricants with and without additive using a four ball-testing machine. Also three mineral oils 
are studied as reference. Finally, the performance of various synthetic and mineral lubricants is evaluated as per 
standard test used in tribology, designed by test ASTM  D-2266. 
 
2.0 Experimental Details 
 
2.1 Test machine, lubricants and materials used 
The test machine used is a Ducom TR-30, four-ball E.P. tester. The contact geometry of the four-ball and 
holding cup is illustrated in figure1, and the properties of the mineral and synthetic lubricants used are listed in 
Table 1. The properties of lubricants used are provided from sales specifications. There are three mineral oils 
and three synthetic oils. The three synthetic oils are from three different families: Polyol ester, Polybutene and 
Polyalkyl glycol. All the tested oils contain no additive except for polybutene + 2 % ZnDDP (with EP antiwear 
additive). 
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Figure 1. Contact geometry of the four-balls and the raceway  
 

Table 1: Properties of tested mineral and synthetic lubricants 
 

Viscosity (cSt) Lubricant 
Description 

Density 
(kg/cm3) 40  0C 100 0C 

Viscosity 
Index 

Flash 
Point ( 0C) 

Pour 
Point ( 0C) 

S.N.350  884 (15 0C) 70 9 95 230 -10 
S.N.500 885 (15 0C) 100 12 95 235 -95 
S.N.600 886 (15 0C) 120 13 95 240 -9 
Polyol ester 920 (20 0C) 46 9 180 290 -30 
Polybutene 910 (20 0C) 130 13 90 130 -30 
Polyalkyl glycol 990 (20 0C) 84 14 190 117 -28 

 
2.2 Procedure of wear testing 
Before balls were assembled in the four–ball tester, all test-section components were cleaned with acetone for 
10 minutes and dried with air. A new set of balls was used with each test. The contact areas of the four balls 
were covered with test oil and the oil temperature was recorded during the testing. After each test the raceway 
was examined visually for damage, such as pitting, etc. If any damage were observed, the race would be 
replaced before further testing. For each tested oil 10 – 17 wear tests were carried out at different loads. 
 
2.3 Method of presenting wear results 
 For analysis of wear characteristics of bearing steel AISI 52100, wear-load curve was plotted. The data were 
arranged according to different oil families, and with or without additives in the base oil. 
 
3.0 Experimental Results and Optical Micrograph Analysis  
The wear characteristics of bearing steel AISI 52100 was tested in a four-ball tester with three mineral lubricants 
without additive, three synthetic lubricant without additive and one synthetic lubricant with additive. The test 
conditions consisted of maximum normal load ranging from 55 kg to 200 kg, a constant angle of 49 0 and an 
upper ball speed of 1480 rpm. The entire test was run at room temperature ranging from 23.7 0C to 27.8 0C. 
Time for each test was 10 seconds. 
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3.1 Wear-load curve for performance analysis 
The wear-load curve of steel balls with six types of lubricants S.N.350, S.N.500, S.N.600, polyalkyl glycol, 
polyol ester, and polybutene at room temperature are given in graph 1. 
 

 
Figure 2. Variation of scar diameter with loads 

 
The curve indicates the variation in the wear scar diameter with increasing load for different mineral and 
synthetic lubricants. Synthetic polybutene obviously gave the less wear among the tested lubricants. Also it was 
the best lubricant among all the tested lubricant in this study from the wear characteristic point of view. 
 
From the graph, it is clear that mineral oil S.N.600, S.N.500 and S.N.350 posses better performance than polyol 
ester and polyalkyl glycol as far as wear of AISI 52100 steel is concerned. The scar diameter increases slowly at 
first up to the initial seizure load (ISL), beyond this load the scar diameter increases sharply up to a second 
discontinuity, which is caused by the lubricant failure. The metal surface interaction or reduction in pressure or 
both may be the reason for slow increase in scar diameter beyond the second discontinuity. 
 
3.1.1 The Effect of Viscosity 
As expected increase of viscosity improved wear resistance of the steel balls. 
 
3.1.2 The Effect of Additive 
From the wear-load curve it was discovered that the improvement of wear resistance by the additive ZnDDP 
was significant when the load was not sufficiently large, resistance to wear was very limited. This is 
understandable because the chemical elements Zn, P, S etc., react with the steel surface to form a protective 
surface film only in case of high asperity temperature. An increase of load will increase in Hertz stress will 
result in a high flash temperature and consequently the formation of protective reaction film. 
 
3.2 Comparison of lubricant on the basis of flash temperature parameter (FTP) 
For synthetic polybutene highest FTP was recorded among all the tested lubricants. On the basis of FTP, the 
tested lubricants was arranged in descending order as follows: i) Polybutene  ii) S.N.600  iii) S.N.500  iv) 
S.N.350  v) Polyalkyl glycol  vi) Polyol ester. 
 
3.3 Coefficient of friction against load curve 
The values of the coefficient of friction is plotted against applied load is shown in graph 2 for all tested mineral 
and synthetic lubricants. 
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Figure 3. Variation of coefficient of friction with load 

 
A peak occurs in each friction curve after the initial seizure load which indicates seizure between contacting 
metal surfaces followed by partial recovery. The graph patterns of polybutene with additive show sharp increase 
in the values of coefficient of friction at certain range of load indicating unsatisfactory behaviour of lubricant 
films. 
 
The decline after the steep rise shown by some curves indicates formation of a new film by surface due to the 
interaction of the additive with the exposed surface. The zigzag pattern of the graph in certain cases may be due 
to formation of relatively smooth surfaces at certain loads; those worn out surfaces make partial EHL lubrication 
possible. 
 
With polybutene without and with additive and S.N. 350 coefficient of friction increased at first and then 
remained almost constant, whereas with S.N.500. S.N. 600, Polyalkyl glycol and Polyol ester the coefficient of 
friction increased at first and then decreases continuously.  
At lower loads, coefficient of friction values for polybutene with ZnDDP antiwear additive were lower. At 
higher loads only S.N.600 appeared to function smoothly and effectively. 
 
3.4 Optical micrograph analysis 
The optical micrographs of wear scar of AISI 52100 steel are shown. 
 

 
 

Optical micro graph 1. The pure AISI 52100 steel (Magnification 100 X) 
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Optical micro graph 2.Wear scar of AISI 52100 steel when  Polybutene 
 (without additive) was used at 130 kg load (Magnification 100 X) 

 

 
 
Optical micro graph 3. Wear scar of AISI 52100 steel when Polybutene 
(With 2% ZnDDp additive) was used at 200 kg load (Magnification 100 X) 

 
 From the optical micrographs again the fact is verified that the less wear was obtained with polybutene and the 
wear properties are greatly improved by the use of antiwear additive ZnDDp. 
 
4.0 Conclusion 
The following conclusions are drawn from the results presented above: 
1. Synthetic polybutene gives very less wear of AISI 52100 steel balls among all the mineral and synthetic oils 

studied in the present work. 
2. When synthetic oil is used as a lubricant the wear rate of AISI 52100 steel can be increases or decreases than 

that of mineral oil. 
3. A higher viscosity in synthetic oil leads to lesser wear of AISI 52100 steel. 
4. The wear rate of AISI 52100 steel is greatly reduced when synthetic oil with E.P. anti-wear additive is used as 

compared with case without additive. 
5. On the basis of flash temperature parameter, the tested lubricants are arranged in descending order as follows: 

i) Polybutune ii) S.N.600 iii) S.N.500 iv) S.N.350 v) Polyalkyl glycol vi) Polyol ester. 
6. With this analysis only bruising (or true   brinelling) and inner race spinning types of causes of failures of 

roller bearing can be analysed but other causes such as fatigue flake, early fatigue flake, atmospheric 
corrosion, roller staining, false brinelling and fractured flange can not be analysed. 
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5.0 Future Scope 
The fatigue failure may be analyzed further. For that it is necessary to modify the contact geometry of the 
existing four-balls and the holding cup. Also by identifying the change in noise characters of the machine before 
and after the fatigue failure, an immediate detection of even a small surface pit is possible for which suitable 
circuits and sensors may be required. 
 
Abbreviations 
AISI – American Institute of Steel and Iron, EHL – Elasto-hydrodynamic Lubrication, 
 E.P. – Extreme pressure, ZnDDp – Zinc Di-dithiophosphate. 
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Abstract 
This paper considers the problem of parameter identification and speed estimation of a three-phase squirrel-
cage induction motor using Virtual Instrumentation. LabVIEW is the graphical development environment for 
creating flexible and scalable test, measurement, and control applications rapidly and at minimal cost. With 
LabVIEW, interface with real-world signals, analyze data for meaningful information, and share results and 
applications. The LabVIEW graphical development environment, combined with DAQmx, gives the tools needed 
to easily construct applications using counters to generate PWM signals. This lab provides a practical 
application of an induction motor. The transient speed responses of the motor, for different values of stick 
deflection (operator’s control) are measured and the corresponding dynamical equations are solved using 
Runge-Kutta numerical method that is implemented using the tools available in LabVIEW. The stator current 
and rotor current in both d - q axis (isd, isq, irq and ird), the stick deflection and the corresponding speed are 
found.  
 
Keywords: Parameter identification, Virtual Instrumentation, Runge-Kutta Numerical Method, Speed 
Estimation 
 
1.0 Introduction 
The Induction motor is a three phase motor and is the most widely used machine, has been favored because of 
its good starting capability, simple and rugged construction, low cost and minimum maintenance ,high reliability 
and sufficiently high efficiency ,needs no extra starting motor and need not be synchronized  etc. Along with 
variable frequency AC inverters, induction motors are used in many adjustable speed applications which do not 
require fast dynamic response. The main obstacles in using induction motor drives are the high cost of 
conversion equipment, the complexity of signal processing and poor precision. Nevertheless, control schemes 
have been developed which provide a feasible approach of speed control to induction motors (R.Subasri, et al 
1996).Accurate speed information is necessary to realize high performance and high precision speed control of 
an induction Motor. The speed is achieved by using mechanical sensors such as resolvers or pulse encoders. 
However these sensors are usually expensive and bulky. Therefore, the cost and size of the drive systems are 
increased. 
  
The electrical signals generated by the transducers must be optimized for the input range of the DAQ board. The 
SCXI signal conditioning accessory amplifies the low-level signals, and then isolates and filters them for more 
accurate measurements. Several special computer assisted measuring programs were written in LabVIEW8.0, which 
coordinate all the data acquisition and the test measurement processes. LabVIEW is a powerful graphical 
programming development for data acquisition and control, data analysis, and data presentation. LabVIEW 
gives the flexibility of a powerful programming language without the associated difficulty and complexity 
because its graphical programming methodology is inherently intuitive to the users. The LabVIEW programs are 
simply made by assembling using drag-and-drop methods software objects called virtual instruments (VIs)  
( Johnson G.W  1994). The virtual instrument created for the purpose of processing and analyzing the acquired 
data from the test bench is easy to use and flexible. The front panel user interface elaborated assures an 
interactive control of the entire acquisition software. The assembled block diagram ensures its functionality. The 
acquired data are stored in simple ASCII-type text files in order to be easy imported in any other program. 
(Szabó L et al,2001)The program provides a powerful interface between the operator who co-ordinates the tests 
and the test bench because it can be manipulated easy and simply. Recently, the use of virtual instrumentation 
identify and control non-linear dynamic systems has been proposed (Szabó L et al ,2004) because they can 
approximate a wide range non-linear functions to any desired degree of accuracy. Identification of a system 
requires picking one class of functions (or models) so as to approximate the input-output behavior of the system 
in the best possible manner. 
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In this paper, a new parameter identification procedure for a squirrel-cage induction motor is proposed. The 
squirrel-cage induction motor under test is modeled with the help of Lab VIEW tools. The transient speed 
responses of the motor, for different values of stick deflection (operator’s control) are measured and the 
corresponding dynamical equations are solved using Runge-Kutta numerical method . The stator current and 
rotor current in both  d - q axis (isd, isq, irq, ird), the stick deflection and the corresponding speed are found. The 
on-line learning ability of the Virtual instrumentation studied using the parameter uncertainty in stator 
resistance. 
 

2.0 Motor Parameters 
The circuit parameters of the induction motor Rs, Rr, Ls, Lr and Lm can be determined from the results of a no-
load, a blocked-rotor test and from measurement of the dc resistance of the stator winding. The no load test on 
an induction machine, like the open circuit test on a transformer, gives information about exciting current and 
rotational losses. This test is performed by applying balanced three-phase voltages to the stator windings at the 
rated frequency. The rotor is kept uncoupled from any mechanical load. The smaller power loss in the machine 
at no load is due to the core loss and the friction and windage loss. (R.Subasri, et al 1996)   
 
The blocked rotor test on an induction machine, like the short-circuit test on a transformer, gives information 
about leakage impedances. In this test the rotor is blocked so that the motor cannot rotate, and balanced three-
phase voltages are applied to the stator terminals. The blocked rotor test should be performed under the same 
conditions of rotor current and frequency that will prevail in the normal operating conditions. The stator 
resistance can be determined by stator resistance test using multi-meter. (R.Subasri, et al 1996)The following 
test results are obtained from the reference three phase squirrel cage induction motor rated with 5 H.P, 415V, 
50Hz, 1480 rpm, 4 poles and 7.9A 

Table.1. Motor parameters 
 

Parameter Rs  

(Ω) 
Rr 

(Ω) 
Ls 

(mH) 
Lr  

(mH) P Lm  
(mH) 

J 
(Kg-m2) 

Value 4.5 10.56 54 27 4 549 0.01425 
 
3.0   Dynamic Model of Induction Motor 
The LabVIEW VI, Dynamic Induction Motor can be used to investigate the dynamic operation of three-phase 
asynchronous motors. In the LabVIEW simulation, the asynchronous motor is powered from a three-phase 
sinusoidal voltage source and the motor is started from standstill. 
  
In the VI, the motor is modeled in the d-q reference frame by five non-linear differential equations, and the 
simulation uses the stationary reference frame of the induction motor .In the simulation, the fluxes are selected 
as the state space variables. The non-linear differential equations are as follows. 
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Where, D = 2
mrrss XXX −′ , p- number of poles of the motor, J - moment of inertia, 

The electromagnetic torque developed by the machine is given as 
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The previous differential equations are solved by the Runge-Kutta numerical method that is implemented using 
the tools available in LabVIEW. The Runge-Kutta method does not need a special starting arrangement, the step 
width can be changed easily and the storage requirement is minimal. The Runge-Kutta formula used in the 
numerical solution involves weighted average values taken at different points in the interval 1+≤≤ nn ttt , and 
is given by 
yn+1 = yn + (k1 + 2 k2 + 2 k3 + k4) / 6                                                                      (7) 
where the coefficients 
k1 = �t f’(xn , yn) 
k2 = �t f’(xn + �t/2 , yn + k1/2) 
k3 = �t f’(xn + �t/2 , yn + k2/2) 
k4 = �t f’(xn + �t , yn + k3) 
Where n is the time step, 
           �t = tn+1 - tn , f’(xn , yn) = dyn/d xn . 
The simulation also provides an inverse transformation to determine the abc reference frame which corresponds 
to the real parameters of the motor for easy comparison. Conversion to the abc reference frame is achieved by 
using the following transformations. 
fabcs = (K-1)* fqdos                                                                                              (8) 
where fabcs = [fas fbs fcs]T and fqdos = [fqs fds fos]T. 
Here, f can be either the voltage, the current, or the flux linkage of the machine. 
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In the previous formula, � = ∫ dtω  is used for the stator transformations, and    

                                       �= ( )∫ − dtrωω  is used for the rotor transformations. 
 
4.0 Virtual Model of Squirrel Cage Induction Motor 
In this work, a new estimation procedure for a squirrel cage induction motor is proposed. The following 
equipment was used when the data for the LabVIEW simulation was taken: 
− Slip-ring Induction Machine: 415 V, Y, 3 ~, 11 A, 1410 rpm, 5.5 kW, 
−  cos� = 0.85, 50 Hz,ROTOR: 170 V, Y, 22 A.  
Part-I represent the PWM inverter block uses sinusoidal pulse-width modulation. The base frequency of the 
sinusoidal reference wave is set at 50Hz and the triangular carrier wave’s frequency is set at any desired value. 
This corresponds to a frequency modulation factor mf . This block converts the stick deflection in p.u (per unit) 
to reference three phase input voltage to the motor. Stick deflection is set by the operator to get the required 
speed. The operator is given information only about the movement of the stick in p.u , which relates with the 
required speed (Required speed (N) = rated speed (Nr) ∗ stick deflection (p.u)). 
In part-II, the voltage (peak to peak) corresponds to the required speed is converted in to RMS value using the 
Fourier block. The Fourier block performs a Fourier analysis of the input signal over a running window of one 
cycle of the fundamental frequency of the signal. The Fourier block can be programmed to calculate the 
magnitude and phase of the Input signal. 
Part-III represents model of the three phase squirrel-cage induction motor under test. All stator and rotor 
quantities are in the arbitrary two-axis reference frame (d-q frame). The squirrel-cage induction motor is rated 
with 5H.P, 415V, 7.9A, 50Hz and 1430 rpm The output of the motor contains vector of 21 parameters such as 
rotor current, stator current, rotor flux etc. Any of the 21 parameters can be selected by demultiplexing these 
variables by using the Machines Measurement or data acquisition unit (Part-IV).  
      
     Part-1                                Part-2                                 Part-3                             Part-4 
  
   
   
    

 
 
 
 

    Response of speed in rpm for Rs=4.3Ω, η=0.001, and no. of epochs=100 

Fourier block 
voltage (peak 
to peak) 

Three phase 
squirrel-cage 
induction 
motor under 
test 

Demux block 
PWM 
inverter 
block 
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4.1 Lab procedure 
Table.2 Virtual instrumentation lab procedurer 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
First Launch LabVIEW and Open Dynamic Induction Motor.Before starting the simulation, enter the motor and 
the load parameters, and set the time step from the front panel. After the VI starts, the graphs display the 
estimated values. The motor parameters entered are practical.Vary the equivalent rotor resistance of the motor 
and observe the changes on the torque-speed characteristics. . Run the model until the steady-state speed is 
reached and comment on the above characteristics. 
 
 5.0 Result and Discussion 
The Dynamic Induction Motor observes the changes in the electromagnetic torque, the speed, and the line 
currents. Vary the total moment of inertia and the load torque (only one at a time) and observe the changes on 
the speed-time characteristic. Vary the equivalent rotor resistance of the motor and observe the changes on the 
torque-speed characteristics. . Run the model until the steady-state speed is reached and comment on the above 
characteristics. 
 

  
 
Enter the 
load 
parameters 
here. 

 
 
 
 
Use the pull-
down 
controls to 
display the 
desired 
simulated 
motor 
parameters on 
the graph 
given on the 
right hand 
side. 

 

 
Electromagnetic torque versus speed and 
electromagnetic torque versus time graphs are 
displayed here. 

 
The instantaneous speed-time characteristic is 
shown in this graph. 

 
Direct and quadrature axis instantaneous 
currents of the motor are shown here. 

 
This graph illustrates the above current 
waveforms in the abc reference frame  
(after the inverse transformation). 
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6.0 Conclusion 
The Virtual Instrumentation has been performed either on-line or off-line. For the sake of improving the 
disadvantages of the control of motor, an identification strategy has been presented here in which currents and 
speed are used as inputs and outputs to create a model. Model by means of data collection over a wide range of 
speed improves the accuracy, reduces the complexity, increases the immunity to the noise and fewer controllers 
are needed. In many applications, the model has to emulate nonlinear and time varying functions where the 
functions might change depending on the plant operating condition and parameter variation. In such cases the 
model requires continuous training on-line so that it correctly emulates the model. The presented results shows 
that the Virtual Instrumentation approach can be used to estimate the speed of squirrel cage induction motor 
accurately without the application of speed sensor and also used for on-line training . 
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Abstract 
The paper presents the details of different design parameters of cryogenic storage vessels such as cryogenic liquid to 
be stored, temperature, pressure, shape and size of vessel, volume of liquid to be stored etc. It reports especially the 
parameters and their effects on design aspects with a successful computer program to make it more users friendly, 
precise, quick and faultless. While designing the cryogenic storage vessel the other important factor is material 
selection, which also includes insulating material its thickness its desirable properties at specified cryogenic 
temperatures with consideration for mechanical properties at such a lower temperature range and heat leak in a 
practical case study is taken and solved with a developed computer program. The cryogenic storage vessel taken 
here is cylindrical vessel for liquid nitrogen, Selected vessel material is stainless steel, and Volume to be stored is 25 
liters, type of weld joint selected is butt joints with complete penetration etc. It has been observed that the design 
and the co-related program have been found successful in operation and the results obtained are quite satisfactory. 
This program can be universal tool for commercial design and testing of cryo vessels. 
 
KeyWords: Cryocontainer, Computerized Design 
 
1.0 Introduction 
Cryogenic Vessels have been commonly used for more than 40 years for the storage and transportation of industrial 
and medical gases. Cryogenic containers come under the category of Pressure vessel.1 A pressure vessel is a closed 
container of limited length, the wall of which are subjected to net differential pressure i.e. internal pressure, external 
pressure or both. The utility of a pressure vessel is to contain the storage media under specified pressure or 
temperature or both. Thus, cryogenic storage vessels are pressure vessels store liquefied gases whose temperature 
can be as low as 4K.5 In modern day technology cryogenic liquid storage container has progressed rapidly as a result 
of growing use of cryogenic fluids in many areas, and so as to handle cryogenic fluids “Cryocans” are used.3    
                                 
2.0 Design Considerations 
Cryogenic containers are manufactured in various shapes, sizes and that hold different cryogenic liquids. Two basic 
configurations for cryocans are: 
1. Cylindrical   
2.  Spherical  

One of the most economical configurations is the cylindrical container with, dished, elliptical and hemispherical 
heads, while spherical vessels are most efficient so far as heat leakage is concerned. Here, we will restrict ourselves 
to only cylindrical shape vessels. All cryogenic storage vessels consist of a uniformly thick inner vessel 
concentrically enveloped by a uniform thick outer vessel. The inner vessel holds the cryogenic liquid to be stored 
but not to its full capacity. A small percent of volume usually, around 8 to 10%, is left in the inner vessel above the 
liquid to be stored to allow for the liquid to evaporate due to heat inleak so that excess pressure is not built up. This 
space is called “ullage space”. The space between inner and outer vessel is provided with vacuum to provide means 
of insulation. 
 
2.1 Selection of material for vessel2,4 
In the usual applications for storage, the outer vessel is usually at the temperature and pressure of the surroundings, 
while the inner vessel must withstand the design internal pressure and temperature, the weight of the fluid within the 
vessel, the bending stresses as a result of bending action. Thus, materials for the fabrication of cryogenic storage 
vessel should withstand external as well as thermal loads and stresses, which are usually dynamic in nature. 
Materials and properties of materials are taken from standard tables available in journals. Since all the cryogenic 
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fluids are in the gaseous state at room temperature, they have to be liquefied to cryogenic temperature below their 
boiling point first and purified to desired level and then they will be ready for storage and transfer. The challenge of 
design for cryogenic container is to use such materials that do not loose their desirable properties at such low 
temperatures but still should not contribute to the heat inleak from outside into the liquid in the inner vessel. Many 
materials exposed to low temperature lose their toughness and ductility. Thus, one of the most desirable property for 
the material of vessel is low temperature toughness. As temperature goes down material tends to become brittle and 
it may cause brittle fracture. Another possible cause of the vessel failure is fatigue. This is caused by cyclic 
conditions of temperature or mechanical load. Repeated refilling of vessels with cryogen can build in unanticipated 
stresses, strains and excessive thermal gradients leading to failure. This mode of failure is very severe especially 
when the material shows a transition from ductile to brittle properties under the working conditions. This is because 
the failure can be very sudden and almost undetectable since crack initiation and propagation occurs very fast. 
Possible recommendations can be carbon steels for outer vessel material, while for low weight applications use 
aluminum grades. Possible benefits and drawbacks must be analyzed for different application for different materials. 
Without going into much detail regarding configurations of vessels we will focus our attention to design aspect of 
vessels. 
 
2.2 Computer aided design 
Design problems have no unique answers; a “good” answer today is “poor” answer tomorrow. As such design is 
highly iterative process and thus time consuming and considerable effort is required. The use of a computer can 
greatly reduce this effort and time, provided it use can be extended for future modifications and extensions with 
case. Design of cryogenic vessel is not an exception in this. 
Design parameters and governing equations: 
a) Design pressure: design pressure is the pressure used to determine the minimum required thickness of each 

vessel shell component. It includes a suitable margin above the operating pressure. 
b) Required thickness of vessel: it is the minimum vessel thickness as computed from code formula, it will not 

include corrosion allowance. While design thickness is including corrosion allowance. 
c) Nominal stress on vessel: the nominal stress in any part of the vessel is computed from the code and standard 

engineering formulas. 
d) Design temperature: for most standard vessels the design temperature is the maximum temperature of the 

operating fluid plus 10 deg. Centigrade as a safety margin. 
The design procedure adopted is to find out dimensions of inner vessel first, then dimensions of outer vessel then 
finding heat transfer rate and boil off rate. Same is followed in the computer program, while design of stiffening 
rings and insulation is not taken into consideration. 
 
2.3 Design of inner vessel 
The inner vessel must withstand the design internal pressure, the bending force acting on the vessel as beam and the 
weight of the fluid within the container. To reduce cool down losses and time to cool down and also to avoid the 
possibility of thermal stresses being induced, the thickness of inner vessel is taken as thin as practicable. It will 
reduce cost. According to the ASME CODE pressure vessels selection, the minimum thickness of the inner shell for 
a cylindrical vessel determined with the help of details below: 

     
( )i0.6PwnaS2

iDiP
t

−
=                 (1) 

Similarly, thickness of conical head can be determined from: 

    
( ) αcosi0.6PwnaS2
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−
=         (2) 

 
2.4 Design of outer vessel 
Outer vessel is not exposed to cryogenic temperature and has only atmospheric pressure acting on it. The outer shell 
does not fail because of examine stress but it would fail from the stand point of elastic instability i.e., collapsing or 
buckling. 
Failure by elastic instability is covered by the ASME code in which design charts are present for the cylinders 
subjected to external pressure. According to ASME code critical pressure is given by: 
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     ac 5PP =           (3) 
For thickness of outer shell in case of external pressure, from ASME code we have, 
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It is also mentioned in the ASME code that in case of apex angle near about 30, thickness of conical head shall be 
same as required thickness of cylindrical shell subjected to external pressure. In both cases, inner and outer vessel, to 
find out weight of vessel formulas are available and same is used in program for calculation. After calculating major 
and important parameters for both vessels, heat transfer rate and boil off rate are required to be determined. Here, 
heat transfer is considered by radiation between two concentric surfaces. Then find out boil off rate by taking ratio 
of total energy transfer to container during a day to energy required to evaporate container contents. The procedure 
and formula just discussed is used in developing a very interactive and simple ‘C’ program which calculates each 
and every required parameter, at the same time some values for vessels are assumed i.e. inner and outer diameter, 
neck height in both cases, atmospheric pressure, apex angle etc. They are clearly specified in the program. 
 
Nomenclature 

S ---------    Density 
P ---------    Pressure (Subscripts:C – Critical, 
I – inside, A – atmospheric) 
Dni ---------    Neck diameter 
Lni ---------    Head height 
t ---------    Shell thickness 
e ---------    Emissivity of surface 

T ---------   Temperature 
Br  ---------   Boil off rate 
Q ---------   Heat transfer rate 
nw ---------   Weld joint efficiency 
Sa ---------   Allowable stress  
E ---------   Young’s modulus 

 
3.0 Program of Design of Cryogenic Container  
#define dgnpr 0.1013 
#define di 300 
#define dni 50 
#define lni 80 
#define ln2 15 
#define pi 3.141592654 
#define do 400 
#define dno 55 
#define lo 475 
#define sigma 5.67*pow(10,-14) 
#define alpha 33 
#include<stdio.h> 
#include<math.h> 
#include<conio.h> 
void main() 
{ 
int c,den,str,den1,str1,t1,t2; 
float mu,ym,mu1,ym1,cap,t,th,deno,num,li,wi,pc,num1,deno1,to,x1,a3; 
float r1,num2,sub,pc1,wo,a1,a2,e1,e2,q,ed,et,nbp,hfg,br,q1; 
clrscr(); 
printf("\n Shape selected for vessel is cylindrical : \n"); 
printf("\n Unit system is SI: \n"); 
printf("\n Weld joint efficiency is taken 100% \n"); 
printf("\n Enter the capacity of the container in liters :\n"); 
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scanf("%f",&cap); 
/* Material selection for vessels */ 
printf("\n Select material for inner vessel :\n"); 
printf("\n Enter choice for material for  vessel: \n"); 
printf("\n Enter 1 for stainless steel, 2 for low alloy steel, 3 for carbon steel \n"); 
scanf("%d",&c); 
if(c==1) 
 { 
  den = 7900; 
  str = 130; 
  mu = 0.27; 
  ym = 2.07*pow(10,5); 
  } 
else if(c==2) 
  { 
  den = 7830; 
  str = 145; 
  mu = 0.27; 
  ym = 2*pow(10,5); 
  } 
else if(c==3) 
  { 
  den = 7720; 
  str = 95; 
  mu = 0.27; 
  ym = 2*pow(10,5); 
  } 
printf("\n Properties of material for  vessel are:\n density-%d\n stress-%d\n poission's ratio-%f\n young's 
modulus-%f \n ",den,str,mu,ym); 
/* Design of inner container */ 
printf("\n Design of inner container : \n"); 
/* Length of cylindrical part of inner vessel : */ 
deno = (pi/4)*di*di; 
num = (1/3)*(pi/4)*lni*di*di - pi*(ln2/4)*dni*dni; 
li = (cap*pow(10,6) - num) / deno; 
li = (int)(li+5.5); 
printf("\n Length of cylindrical part of inner vessel is : %f mm \n",li); 
/* Shell thickness for inner vessel */ 
t = (dgnpr*di)/(2*(str-0.6*dgnpr)); 
t = (int)(t+1.5); 
printf("\n shell thickness of inner vessel is : %f mm \n",t); 
/* Head thickness of conical head */ 
a1 = (pi/180)*alpha; 
th = (dgnpr*di)/( 2*cos(a3)*(str-0.6*dgnpr)); 
th = (int)(th+1.5); 
printf("\n Head thickness of conical head is : %f mm \n",th); 
/* Weight of inner container */ 
wi = den*pow(10,-9)*pi*((di+t)*t*li +(di+th)*(di+th)*th); 
printf("\n Weight of the inner vessel is: %f kg \n",wi); 
/* Design of outer container */ 
printf("\n Design of outer container :\n"); 
printf("\n Select material for outer vessel :\n"); 
printf("\n Enter choice for material for  vessel: \n"); 
printf("\n Enter 1 for stainless steel, 2 for low alloy steel, 3 for carbon steel \n"); 
scanf("%d",&c); 
switch(c) 
 { 
 case 1: 
  den1 = 7900; 
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  str1 = 130; 
  mu1 = 0.27; 
  ym1 = 2.07*pow(10,5); 
  break; 
 
 case 2: 
  den1 = 7830; 
  str1 = 145; 
  mu1 = 0.27; 
  ym1 = 2*pow(10,5); 
  break; 
 case 3: 
  den1 = 7720; 
  str1 = 95; 
  mu1 = 0.27; 
  ym1 = 2*pow(10,5); 
  break; 
  } 
printf("\n For choice equal to %d: \n",c); 
printf("\n Properties of material are:\n density-%d\n stress-%d\n poission's ratio-%f\n young's modulus-%f \n 
",den1,str1,mu1,ym1); 
pc=5*dgnpr; 
printf("\n Critical pressure is: %f \n",pc); 
/* Thickness of outer shell */ 
num1 = pc*(1-mu1*mu1)*(lo/do); 
deno1 = 2.42*ym1; 
x1 = num1/deno1; 
to =pow(x1,0.4)*do; 
to =(int)(to+0.5); 
printf("\n Thickness of the outer shell is: %f \n",to); 
/* Checking critical pressure for safe design */ 
r1 = to/do; 
num2 = 2.42*ym1*pow(r1,2.5)/(pow((1-mu1*mu1),0.75)*(lo/do)); 
sub = 0.45*pow(r1,0.5); 
pc1 = num2-sub; 
printf("\n Critical pressure from the formulae: %f \n",pc1); 
if(pc1<=pc) 
 printf("\n Redefine parameters for outer container or change the material: \n"); 
printf("\n As pc1>critical pressure, design is safe \n"); 
/* Weight of the outer shell */ 
wo = den*pow(10,-9)*pi*((do+to)*to*lo+(pi/4)*(do+to)*(do+to)*to); 
printf("\n Weight of the outer container is: %f kg \n",wo); 
/* Calculating Heat transfer and Boil off rate */ 
printf("\n Heat transfer is taken between two cylinders by radiation : \n"); 
a1 = pi*di*li; 
a2 = pi*do*lo; 
printf("\n Enter e1 :\n"); 
scanf("%f",&e1); 
printf("\n Enter e2 :\n"); 
scanf("%f",&e2); 
printf("\n Enter temperature T1  :\n"); 
scanf("%d",&t1); 
printf("\n Enter temperature T2 :\n"); 
scanf("%d",&t2); 
q = (sigma*a1*(pow(t1,4)-pow(t2,4)))/(1/e1 + (a1/a2)*(1/e2 -1)); 
printf("\n Heat trnasfer by radiation is: %f \n",q); 
/* Calculating Boil off rate */ 
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printf("\n Allowable static evaporation loss is: 8.33 cc/hr.\n"); 
printf("\n 1 watt heat load causes evaporation of 22.5 cc/hr. \n"); 
q1 = 8.33/22.5 ; 
printf("\n So heat required for evaporation of static evaporation loss: %f \n",q1); 
printf("\n Ed is total energy transfer to container in a day : \n"); 
printf("\n Et is total energy required to evaporate container contains : \n"); 
ed = q1*3.6*24; 
printf("\n Total energy transfer to container in a day, ed is: %f \n",ed); 
printf("\n Enter normal boiling point of the liquid : \n "); 
scanf("%f",&nbp); 
printf("\n Enter hfg of the liquid : \n"); 
scanf("%f",&hfg); 
et = nbp*hfg*cap; 
br = (ed/et)*100; 
printf("\n Boil off rate is: %f per day \n",br); 
getch(); 
} 
 

4.0 Output Of The Program 
Shape selected for vessel is cylindrical: 
 Unit system is SI: 
 Weld joint efficiency is taken 100% 
 Enter the capacity of the container in liters: 25 
 Select material for inner vessel: 
 Enter choice for material for vessel: 
 Enter 1 for stainless steel, 2 for low alloy steel, 3 for 
carbon steel 
1 
Properties of material for vessel are: 
 Density-7900 kg/m3 
 Stress-130 N/mm2 
 Poisson’s ratio-0.270000 
Young’s modulus-207000.000000 N/mm2 
 Design of inner container: 
 Length of cylindrical part of inner vessel is: 
359.000000 mm 
 Shell thickness of inner vessel is : 1.000000 mm 
 Head thickness of conical head is: 1.000000 mm 
 Weight of the inner vessel is: 4.930459 kg 
 Design of outer container: 
 Select material for outer vessel: 
 Enter choice for material for vessel: 
 Enter 1 for stainless steel, 2 for low alloy steel, 3 for 
carbon steel 
3 For choice equal to 3: 
 
 
 
 
 
 

 
Properties of material are: 
 Density-7720 kg/mm3 
 Stress-95 N/mm2 
 Poisson’s ratio-0.270000 
 Young’s modulus-200000.000000 N/mm2 
 Critical pressure is: 0.506500 N/mm2 
 Thickness of the outer shell is: 2.000000 mm 
 Critical pressure from the formulae, pc1: 0.873757 
N/mm2 
 As pc1>critical pressure, design is safe 
 Weight of the outer container is: 15.778338 kg 
 Heat transfer is taken between two cylinders by   
radiation: 
Enter emissivity e1: .02 
Enter emissivity e2: .05 
 Enter outside temperature T1 in kelvin: 300 
 Enter inside temperature T2 in kelvin: 77 
 Heat transfer by radiation is: 2.545983 watt 
 Allowable static evaporation loss is 8.33 cc/hr. 
 1 watt heat load causes evaporation of 22.5cc/hr. 
 So heat required for evaporation of static      
evaporation loss: 0.370222 watt 
 Ed is total energy transfer to container in a day: 
 Et is total energy required to evaporate container 
contains: 
 Total energy transfer to container in a day, ed is: 
31.987200 KJ/day 
 Enter normal boiling point of the liquid:  162.3 
 Enter hfg of the liquid: .809 
 Total energy required to evaporate container  
content, et is : 3282.51 KJ 
  Boil off rate is: 0.974472 per day 

5.0 Conclusion 
Thus, the paper describes various design parameters such as cryogenic liquid to be stored, temperature, 
pressure, shape and size of vessel, volume of liquid to be stored and its significance in overall design of the 
Cryogenic storage vessel. Also the design procedure adopted here takes care of material selection for inner and 
outer vessels, which is very crucial parameter in design of cylindrical cryogenic storage vessel. Presented ‘C’ 
program is comprehensible and spotless.  
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Abstract  
Actuator in its broadest definition is a device that produces linear or rotary motion from a source of power 
under the action of a source of control. These are the final elements in a control system. They receive a low 
power command signal and energy input to amplify the command signal as appropriate to produce the required 
output. Applications range from simple low power switches to high power hydraulic devices operating flaps and 
control surfaces on aircraft; valves; car steering, etc. 
 
The constant attempt to increase the productivity or efficiency of machines leads, in almost every field of 
mechanical and automotive engineering, to problems that cannot be solved by a mere adjustment of the 
construction parameters. Improvements of already-existing machines and vast innovations in new developments 
will be made possible by the use of electronics in combination with control techniques. The heart of such new 
applications is the actuator. Depending on the objectives, they control the energy center of the system. In order 
to achieve this, some promising actuator concepts along with their strong and weak points are discussed with 
regard to their industrial applications.  
 
This paper reviews different actuator technologies in terms of power/mass, torque/mass, and individual 
characteristics including the functions and working principles of each type of actuator. The objective of this 
paper is to give hints to help practically oriented engineers choose the appropriate actuators for their specific 
application.  
 
Keywords: Piezoelectric, Shape memory actuator, ER & MR fluid actuators, Magnetostrictive actuators   
 
1.0 Introduction 
Actuators are applied in all field of technology. The mechanical state of a system can be defined in terms of the 
energy level it has at a given moment. One possible way of altering the mechanical state of a system is through 
an effective exchange of energy with its surroundings. This exchange of energy can be accomplished either by 
passive mechanisms, for example, the typical decaying energy mechanism through friction, or by active 
interaction with other systems. An actuator is a device that modifies the mechanical state of a system to which it 
is coupled. Actuators convert some form of input energy (typically electrical energy) into mechanical energy. 
The final goal of this exchange of energy may be either to effectively dissipate the net mechanical energy of the 
system, for example, like a decaying passive frictional mechanism, or to increase the energy level of the system 
[1]. 
 
Actuators provide the driving force and motion for a variety of natural and manmade requirements; typical 
examples are listed in Table No. I. In each case a mechanical action is activated in response to a control signal. 
Naturally occurring actuators include the muscles of animals and plants, and man-made actuators include 
hydraulics, pneumatics and solenoids. Other man-made actuators, such as piezoelectric, shape memory alloy and 
magnetostrictive devices, are based on shape-changing materials; these are used increasingly in novel 
applications. For example, piezoelectric actuators are used in precision positioning devices such as the reading 
heads in videocassette recorders and compact disc players. They have been proposed for active materials and 
structures, adjustable aerodynamic surfaces, vibration damping and noise cancellation. Shape memory alloys 
have found applications mainly where a single contracting stroke is required, such as in pipe couplings and 
orthodontic wires; cyclic applications include actuators in robot end effectors and satellite structure deployment. 
Magnetostrictive actuators have found relatively few applications; suggested uses include vibration isolation and 
active aerodynamic surfaces [8].  
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Table No. I Applications of Actuators 
 

Aerospace Automotive Industrial equipment 
Flight control surface  
Landing gear movement 
 
Nose wheel steering  
Air brakes  
Power doors/hatches  

Braking  
Tappets  
 
Active suspension 
Active engine mounts 
Airbag deployment  

Automation equipment  
Numerically controlled machines  
Presses  
Lifting equipments 

Electrical goods Developing technologies Instrumentation 
Automatic switches / thermostats  
Video/Compact disc reading head  
Camera auto-focus  

Active control of structures  
Vibration suppression  
Active materials  
Surgical equipments 
Robotics 
Space structure deployment 

Atomic space microscope  

 
2.0 Classification of Actuators 
Actuators can be classified according to a variety of criteria. Classification can be based on the physical laws 
governing their operation, on the application or on some other convenient distinction between them. There is no 
single method of classification general enough to include all types and therefore various classifications are used 
for various purposes. However, certain distinctions between classes of actuators can be useful [6,12]. 
 
2.1 According to advanced technologies  
 
2.1.1 Traditional actuators (Conventional) 
These have been employed extensively during the last century in all application domains. The category of 
traditional actuators includes three main technologies, namely, Electromagnetic motors, pneumatic actuators and 
hydraulic actuators [1]. 
 
2.1.2 Emerging actuators (Unconventional) 
 These are driving technologies developed from novel (or when old, newly developed) transducer materials [1]. 
 
2.2 According to input energy domain  
 
2.2.1 Thermo-mechanical actuators 
 In this energy conversion process, the input energy is in the thermal domain and the output energy in the 

mechanical domain [14]. Several actuators can be developed by following this conversion scheme: 
(a) Shape memory alloy (SMA) actuators:  In this type of actuators, the input thermal energy triggers a phase 

transition in the alloy, which results in the shape recovery of a previously deformed state.  
(b) Thermal actuators : In this type of actuators, the different thermal expansion coefficients of two thin 

metallic laminas cause a bending of the composite structure upon heating and cooling. 
(c) Thermally active polymer gels: Some polymer gel actuators respond to thermal stimuli. Thermal expansion 

actuators. It is well-known that temperature changes cause expansion–contraction of all materials. Thermal 
expansion can be considered a direct thermo-mechanical transfer process. 
 

2.2.2 Magneto-mechanical actuators 
These actuators establish an energy flow from the magnetic domain to the mechanical domain and vice versa. 
Again, several actuators can be developed, depending on various different transfer phenomena [1,3]: 
(a) Magnetostrictive actuators: Magnetostrictive actuators exhibit a reorientation of magnetic dipoles in the 

presence of an externally imposed magnetic field. Magnetic domain reorientation results in extension 
contraction in the dominant direction.  

(b) Magnetorheological fluid (MRF) actuators: MRFs exhibit changes in their rheological properties when 
subjected to external magnetic fields. The apparent viscosity of these materials is thus modified according 
to the magnetic field. They are semi active actuators: that is, they can only dissipate energy [4,5,7].  

(c) Magnetic shape memory alloy (MSMA) actuators:  In most instances, MSMAs are considered a subclass of 
magnetostrictive actuators. However, they exhibit very different actuator characteristics and are evolving 
into an independent new class of actuators.  
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2.2.3 Electromechanical actuator 
The energy in the input electrical domain is transformed into mechanical energy. In most of the following 
actuator technologies, the transfer process is reversible. Some of the technologies listed below are used 
concomitantly with the converse transfer process in what are known as smart actuators [15]. 
(a) Electromagnetic actuators: The Lorentz interaction between a flowing electrical charge and a magnetic 

field is exploited to supply either translational or rotational mechanical energy to the coil. The magnetic 
field can be established either by means of permanent magnets or by a second coil [11,13]. 

(b) Piezoelectric actuators: The converse piezoelectric effect resulting from the interaction of an imposed 
electric field and electrical dipoles in a material results in a deformation. This deformation is used to drive 
the plant. The converse piezoelectric effect can be used directly or through geometrical transducer concepts 
[12]. 

 Shape memory alloy (SMA) actuators: These actuators have already been mentioned in connection with 
thermo-mechanical transduction. Thermal energy is usually supplied through resistive heating (Joule 
effect), and, hence, these can also be considered electromechanical transducers. In the context of smart 
actuators, a linear relationship between the electrical resistance and the displacement is used to establish a 
sensor model [13]. 

(c) Electro active polymer (EAP) actuators: Within the broad family of EAP actuators, dry type polymers 
directly exploit Maxwell forces or the electrostrictive phenomenon to obtain mechanical energy from 
electrical input energy. In addition, some ionic EAPs are triggered by small electric fields.  

(d) Electrorheological fluid (ERF) actuators: Like MRF actuators, the rheological properties of ERF actuators 
are altered when an electric field is applied. Again, these are semi active actuators and so can only dissipate 
the energy of the plant [5, 7].  

 
2.2.4 Fluid-mechanical actuators 
 Some traditional actuators (pneumatic and hydraulic actuators) convert the pressure of a fluid into mechanical     
energy, either rotational or translational. 
 
2.3 According to flow of energy between an input domain and the output domain  
(a) Active actuators: These actuators can either increase or decrease the energy level of the controlled system. 

The work exchange can only be negative [9,10]. 
(b) Semi-active actuators: These actuators can only dissipate energy as a consequence of mechanical 

interaction with the controlled system. The work exchange can take any positive or negative value [10]. 
 
2.4 According to based on transducing materials 
 
2.4.1 Soft actuators (Pulling actuators) 

       These actuators are based on transducing materials configured in thin  sheets or wires so that they can only 
withstand traction forces. Soft actuators are inherently unidirectional actuators but can be configured in 
antagonistic pairs to provide two-way actuation [9]. 

 
2.4.2 Hard actuators (Push- pull actuators) 
These actuators have the ability to sustain both traction and compression forces: Hard actuators are inherently 
two-directional actuators.  
 
3.0 Selection of Actuators 
Given the wide variety of existing applications and actuators, some means of matching the requirements of an 
application to the performance characteristics of an actuator is desirable. The mechanical requirements of an 
application can be expressed in terms of force, displacement, stiffness, size, mass, response time (or operating 
frequency), power, efficiency and resolution. These must be matched to the performance characteristics of an 
actuator in order to determine whether the actuator can give the performance required for the application. 
Requirements such as cost, durability, maintenance, and environmental impact are less precisely defined and are 
not considered here. This article provides an overview of the range of actuation systems, gives a quantitative 
comparison of their performances, and presents examples of a systematic selection procedure for actuators. The 
mechanical performances of man-made actuators are compared with the corresponding performances of 
naturally occurring systems; this comparison is relevant to the design of prosthetic devices, where it is necessary 
to match the performance of a man-made system with that of a natural system [8]. 
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4.0 Performance Characteristics of Actuators 
The maximum actuation stress, σmax, and maximum actuation strain, are basic characteristics of an actuator. For 
a given size of actuator they limit the force and displacement. Alternatively, given the design values for the 
required forces and displacements, the size and shape of a suitable actuator may be estimated. The stress versus 
strain (σ - ∈) characteristic of an actuator is not a single curve; it is a family of curves, which depend on the 
control signal and the external constraints. The product σmax.∈max is an estimate of the maximum work per unit 
volume in a single stroke. More precisely, a dimensionless stroke work coefficient Cs can be defined as the ratio 
of the maximum work done in a single stroke to the product of σmax.∈max [8]. 
 
4.1 Actuator property charts 
A systematic procedure for the selection of materials in engineering design, employing performance indices and 
material property charts, has been demonstrated by Ashby and co-workers (Ashby 1989, 1992; Ashby & Cebon 
1993). Database of actuator characteristics is summarized in Table No. II. 

 
Table II Approximate ranges for the characteristics of Actuators 

Actuator Type  Maximum 
Actuation strain 

∈max. [-] 

Maximum Actuation Stress  
σmax (MPa) 

Modulus  
E (GPa) 

Low strain piezoelectric  5 x 10-6 – 3 x  10-5 1 - 3 90- 300 
High strain piezoelectric  5 x 10-5 – 2 x  10-4 4 – 9 50 – 80 
Piezoelectric polymer  2 x 10-4 – 1 x  10-3 0.5 – 5 2 – 10 
Thermal expansion (10 K) 9 x 10-5 – 3 x  10-4 20 – 50 70 - 300 
Thermal expansion (100 K) 9 x 10-4 – 3 x  10-3 200 – 500 70 - 300 
Magnetostrictive  6 x 10-4 – 2 x  10-3 90 – 200 40 – 200 
Shape memory alloy 7 x 10-3 – 7 x  10-2 100 – 700 30 – 90 
Moving coil transducer 1 x 10-2 – 1 x  10-1 4 x 10-3 – 5 x  10-2 4 x 10-5 – 5 x  10-3 
Solenoid 1 x 10-1 – 4 x  10-1 4 x 10-2 – 1 x  10-1 3 x 10-4 – 1 x  10-3 
Muscle  3 x 10-1 – 7 x  10-1 0.1 – 0.4 5 x 10-3 – 2 x  10-2 
Pneumatic 1 x 10-1 – 1 x  100 0.5 – 0.9 5 x 10-4 – 9 x  10-4 
Hydraulic  1 x 10-1 – 1 x  100 20 - 70 2 – 3 
Actuator Type  Maximum 

frequency fmax (s-1) 
Maximum power density pmax. 

(W m-3) 
Density 
ρ (kg m-3) 

Low strain piezoelectric  5 x 105 – 3 x  107 1 x 108 – 1 x  109 2600 – 4700 
High strain piezoelectric  5 x 105 – 2 x  107 9 x 107 – 5 x  108 7500 – 7800 
Piezoelectric polymer  1 x 105 – 1 x  107 ≈ 3 x  108 1750 – 1900 
Thermal expansion (10 K) 4 x 10-1 – 9 x  100 ≈ 6 x  104 3900 – 7800 
Thermal expansion(100 K) 4 x 10-1 – 9 x  100 ≈ 6 x  106 3900 – 7800 
Magnetostrictive  ≈ 3 x  107 1 x 108 – 7 x  108 6500 – 9100 
Shape memory alloy 2 x 10-2 – 7 x  100 7 x 105 – 1 x  108 6400 – 6600 
Moving coil transducer 2 x 104 – 5 x  104 5 x 105 – 2 x  106 7000 – 7600 
Solenoid 5 x 100 – 8 x  101 1 x 104 – 4 x  104 3800 – 4400 
Muscle  3 x 101 – 5 x  102 ≈ 5 x  105 1000 – 1100 
Pneumatic 5 x 10-1 – 3 x  102 ≈ 5 x  106 180 – 250 
Hydraulic  5 x 10-1 – 3 x  102 ≈ 5 x  108 1600 - 2000 
Low strain piezoelectric  > 0.9999  10-9 –  10-8 ≈ 0.5 ≈ 1 
High strain piezoelectric  0.90 – 0.99  10-8 –  10-7 ≈ 0.5 ≈ 1 
Piezoelectric polymer  0.90 – 0.95  10-8 –  10-7 ≈ 0.5 ≈ 1 
Thermal expansion (10 K)   10-5 –  10-4 ≈ 0.5 ≈ 0.25 
Thermal expansion (100 K)   10-5 –  10-4 ≈ 0.5 ≈ 0.25  
Magnetostrictive  0.80 – 0.99  10-7 –  10-6 ≈ 0.5 ≈ 0.25  
Shape memory alloy 0.01 – 0.02  10-5 –  10-4 0.3 – 0.6 0.05 – 0.08 
Moving coil transducer 0.50 – 0.80  10-6 –  10-5 0.5 – 1.0 0.25 – 0.5 
Solenoid 0.50 – 0.80  10-4 –  10-2 0.5 – 1.0 0.25 – 0.5 
Muscle  0.20 – 0.25  10-4 –  10-2 0.5 – 0.7 0.25 – 0.35 
Pneumatic 0.30 – 0.40  10-5 –  10-4 ≈ 1.0 0.4 – 0.5 
Hydraulic  0.90 – 0.98  10-5 –  10-4 ≈ 1.0 0.4 – 0.5 
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When the characteristics of actuators are displayed on property charts, certain relationships between the 
different classes of actuators become evident [8]. Consider, for example, a chart which displays the feasible 
combinations of actuation stress, σ, and actuation strain, ∈, as shown in graph no. I.  
 

 
 

Graph No. I Actuation strain v/s Actuation stress   
 
The values of σ and range over several decades, so the axes of the chart are logarithmic. Heavy lines show the 
locus of the values of maximum actuation stress versus actuation strain for each class of actuator. At low values 
of actuation strain, this locus follows the highest value of σmax within the class. In some classes of actuator 
(shape memory alloys are an example) the highest values of σmax correspond to smaller values of and there is a 
boundary of approximately constant product  which is finally cut off by the highest value of σmax in the class. 
Consequently, the heavy lines in graph no. I marks the upper right hand corner of the envelope of performance 
of each class of actuator. Actuators which give significant displacement per unit length lie towards the right of 
graph no. I; they are naturally suited to applications where high stroke is required, as in the moving parts of 
plants, animals and machines. The actuators towards the top of graph no. I are suited to high force applications: 
hydraulic rams are used as presses in deformation processing, and shape memory alloy wires are used to press 
teeth into place and to seal vacuum pipe-work. Presenting this information on logarithmic scales allows more to 
be shown. A straight line of slope −1 in graph no. I links points of constant (σ - ∈) product. Now, the stroke 
work available per unit volume has the form and the values of Cs vary by less than a factor of four. 
Consequently, lines of slope −1 link classes of actuators with approximately the same volumetric stroke work. 
The sloping boundary of performance of classes of actuators such as shape memory alloys can be interpreted as 
a limitation on the available volumetric stroke work from that class. Shape memory alloy actuators operating at 
high values of actuation strain achieve a reduced actuation stress because there is a constant quantity of energy 
per unit volume available from the martensitic transformation which drives the actuator. From actuators 
property chart, one can draw the graphs for various actuators like : 
 Specific actuation stress, σ / ρ, versus actuation strain, ∈ 
 Strain resolution ∈min versus actuation strain ∈ 
 Volumetric power, p, versus frequency, f 
 Volumetric power, p, versus efficiency,η 
 Stress-strain product (σ - ∈) versus frequency f  
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With the help of actuator property charts and various graphs one could select the actuator accordingly [8]. Also 
one can take the help of various properties of actuators given in the Table I – IV. 
 

Table III Rating of different actuator concepts 
 

Actuator Method & 
Device 

Voltage Work per Unit 
Vol. 

Typical 
Response 

Temperature 
Sensitive? 

Power Use 

Electromagnetic 
(Theoretical)  100 volts 0.9 J/cm3 << 1 ms No Very Low 

Electrostatic 
(Theoretical)  100 volts 0.4 J/cm3 << 1 ms No Very Low 

Thermochemical 
Micro Valve  12 volts 0.02 J/cm3 100 ms Yes Medium 

Phase change Micro 
valve  15 volts 4 J/cm3 300 ms Yes Medium 

Piezoelectric Micro 
valve  90 volts 0.02 J/cm3 < 20 ms No Low 

Piezoelectric 
Meander line 
actuator  

2 volts 0.01 J/cm3 < 1 ms No Low 

Shape Memory 
Micro valve  5 volts 6 J/cm3 30 ms Yes Medium 

 
Table IV Rating of different actuator concepts 

 
Actuator Type  Maximum 

Strain  
Maximum 
Pressure  

Maximum 
Efficiency  

Relative 
Speed (Full 

Cycle)  

Power 
Density  

Shape Memory Alloy (TiNi)  > 5 >> 200 < 10 Slow Very High 
Electromagnetic (Voice Coil)  50 0.10 > 90 Fast High 
Piezoelectric 
Ceramic (PZT) 
Single Crystal (PZN-PT)  
Polymer (PVDF) 

 
0.2 
1.7 
0.1 

 
110 
131 
4.8 

 
> 90 
> 90 
n/a 

 
Fast 
Fast 
Fast 

 
 

High 

Electrostatic Devices 
(Integrated force array)  

50 0.03 > 90 Fast Low 

Shape Memory Polymer  100 4 < 10 Slow Medium 
Thermal (expansion) 1 78 < 10 Slow Medium 
Magnetostrictive  
(Terfenol-D, Etrema Products) 

0.2 70 60 Fast Very High 

 
5.0 Conclusion  
Considerable improvement of machine can be expected in the near future through the use of electronics in 
combination with control techniques. A key position will be held by the actuator systems that finally have to 
accomplish the controlled energy transfer to the objectives. To realize the regulating actions multiple physical 
effects can be employed. This paper will give guideline for selecting an actuator for particular application.  
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Abstract 
In modern time turbine, compressor and fan are having the blades of different structure .They are used in various 
fields. Turbo machines are commonly employed in electric power generation system, marine drives, aircraft 
propulsion systems etc. From experience the failure of turbo machine blading is generally attributed to the fatigue 
that takes place at or near resonant condition. In aircraft engines, the failure in addition to being expensive will be 
catastrophic in nature. Hence the determination of natural frequency of turbo machine blades is an important 
process in the design of turbo machine. In the present paper turbomachine blade is considered as cantilever beam 
and method to calculate the natural frequency is explained. Results obtained by this method are close to 
experimental results. 

 
KeyWords:  Turbo machine blades, bending- bending vibrations, variational functional, warping function. 

 
1.0 Introduction 
Turbo machine blades can be classified in two categories depending upon their manner of operation as either 
impulse or reaction blades. Impulse blade function by redirecting the passing stream or gas flow through a 
specified angle. A work producing force is developed by the resulting change of momentum of the passing fluid. 
The tangential force thus applied to each blade drives the turbine. Reaction blade functions as airfoils by 
developing a gas dynamic lift from the pressure difference, which the airfoil causes between the blade’s upper and 
lower surfaces. High pressure stages are generally impulse stages and the low pressure stages are reaction stages. 
Most reaction stages develop some repulsive effect in the lower vane section. Thus, a single free standing blade 
can be considered as a pre-twisted cantilever beam with an asymmetric airfoil cross section mounting at a stagger 
angle on a rotating disc. Vibration characteristics of such a blade are always coupled between the two bending 
modes in the flap wise and chord wise directions and the torsion mode. Centrifugal loads have predominant 
stiffening effect, particularly for the gas turbine rotors, which operate at high speed. The problem is also 
complicated by several second order effects such as shear deflection, rotary inertia, fiber bending in torsion, 
warping of cross-section, root fixing and Coriollis acceleration. In spite of many improvements in design, blade 
failures are still not uncommon. Turbo machine blade failures normally attributed to fatigue which occur when the 
blade vibrates at or near resonant conditions. A designer is thus required to determine accurately the stress and 
displacement distributions in vibrating blades as also the natural frequencies at the early stages of design. Accurate 
prediction of the natural frequencies and the mode shapes of turbo-machine blading are of considerable importance 
at the design stage.  

 
2.0 Sources of Stresses 
[4]The determination of natural frequency of turbo machine blades is an important process in the design of turbo 
machine. A turbo machine blade can be considered as a cantilever blade fixed at its base with an asymmetrical 
aerofoil cross section and pre twisted from the fixed end to free end. This blade is mounted on a rotating disc at a 
stagger angle.  
 
There are three main sources of stresses: 
(1). Centrifugal tensile stress (the largest but not necessarily the most important because it is steady stress) 
(2). Gas bending stresses (fluctuating as the rotor blades pass by the trailing edges of the nozzles) 
(3). Centrifugal bending stress when the centroid of the blade cross-section at different radius do not lie on a radial 
line (very less) 
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In a typical turbo machine, there is a stator row of blades, which guide the gases on to a rotor row of blades, to 
extract the mechanical power from the machine. In the compressor stage, the operation principle is reversed to 
compress the gases by utilizing the supplied mechanical power. A typical rotor blade sees upstream disturbances 
from the rotor row and as it rotates, receives a corresponding number of increasing and decreasing lift and moment 
forces alternating periodically, depending upon the number of stator blades/nozzles/guide lines. A stator blade can 
also be imagined rotating in an opposite direction to the rotor relative to moving row and thus receives a 
corresponding number of periodic forces and moments equal to the rotor blades. Thus, all the blades in turbo 
machine receive their major periodic excitation at a frequency equal to nozzle passing frequency. Since these 
forces are periodic, one has to consider several numbers of these harmonics in determining whether resonance 
takes place, when one of these harmonics coincides with any of the natural frequencies of the blades. 

 
3.0 Design of Blade 
It is possible in small machines to de-tune the blades from a possible resonance and thus avoid fatigue failures. In 
bigger and faster machines, this is not always possible, as there can be several stages with thousands of blades of 
different characteristics. In such a case, one procedure is to introduce damping either at the root, through slip 
damping at lower speeds, or through mechanical rubbing from shroud bands, base platform and lacing wires at 
speed where the root get interlocked. [5]Even with provision of damping, fatigue failures can not be avoided due 
to resonance taking place under transient conditions while the machine is started or shut down at the critical speed. 
Hence it is necessary to determine blade excitation forces arising out of stage flow interaction. Under the influence 
of these forces, the blade experiences dynamic stresses, which can be limited only by damping, present in the 
system. A good design of turbine blading consists of following steps: 
(1). Determination of natural frequencies and mode shapes. 
(2). Determination of non-steady forces due to stage flow interaction. 
(3). Evaluation of damping and generating appropriate models. 
(4). Model analysis and determination of dynamic stresses. 
(5). Life estimation based of cumulative damage fatigue theories. 
 
The blade geometry is quite complex and may have pre-twist, taper and asymmetry of cross section and such 
blades are mounted on the periphery of a rotating disc at a stagger angle. The blades are some time laced or 
shrouded. It has been found impossible till today to take into account all the foregoing parameters while solving 
the blade vibration problem and simplifications are therefore generally made in the analysis. The presence of pre-
twist in the turbo-machine blade imposes maximum of difficulties in the solution of the problem and it becomes 
aggravated with the presence of taper. If the blade has pre-twist, uncoupled bending modes in flap wise and chord 
wise are not possible. Both the lateral deflections are always coupled and coupled bending- bending vibrations 
occur. If the geometry of the beam is such that the centre of flexure and centroid of cross-section do not coincides, 
coupling between flexural and torsional modes exists. There are several methods of solution that are well 
developed. The starting solution for a simple stationary blade is obtained from the classical Euler-Bernoulli beam 
with cantilever boundary condition for bending vibration and [5]St. Venant non-circular rod for torsional 
vibration. Coupled bending torsional vibrations occur when the centre of flexure does not coincide with the 
centroid as in the airfoil blade cross-section and the vibrations are coupled between the two bending modes 
because of pre-twist. The problem becomes further complicated because of second order effect such as shear 
deflection, rotary inertia, fiber bending in torsion, warping of cross section, root fixing and [1]Corrolli’s 
acceleration. In general the equation of motion will be six coupled partial differential equations coupled between 
the two bending deflection, the two shear deflection, the torsional defection and the longitudinal deflection. 
Further a modified Poisson Equation, taking into account the dynamic conditions of the blade, will obtain the 
warping function. Thus, theoretically it is an uphill task to determine the natural frequencies of an actual turbine 
blade with all the effects mentioned. Various researchers have derived solutions to the problem by considering 
individual aspects such as taper, pre-twist, asymmetry of cross section centrifugal force and making simplified 
assumptions with regard to second order effects. 
 
The various methods are broadly classified as the continuum model approach and the discrete model approach. 
The potential and the complementary energy principles have been extensively used so far in the continuum model 
approach. In the discrete model approach, [1]Holzer-Myklestad, Stodola, polynomial frequency equation, 
transformation and station function approaches have been used, in addition to many others. Direct solution of the 
differential equations of motion is possible only under simplified conditions. Galerkin and collocation methods are 
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applied successfully for such simplified equations of motion. All the foregoing techniques have their inherent 
advantages and disadvantages. For instance, the potential energy method yields good displacement fields while the 
stress field obtained would be in considerable error. The complementary energy method gives good stress fields 
but a poor displacement approximation.  [6]The polynomial frequency equation, Holzer-Myklestad, collocation 
and other discrete model approaches suffer from the drawback of a discretization process of the distributed mass 
and elasticity, thereby yielding lower bound solutions. The Galerkin process yields upper bound solutions, but it 
requires that the shape functions used should satisfy all the boundary conditions and an indiscriminate use of this 
method leads to inaccurate results. [2]The Stodola Method and the integral equation approach require additional 
labour to obtain the higher mode frequencies as the orthogonality condition of the normal modes is to be evoked 
every time there is iteration for a higher mode. There are several important contributions in the various methods 
mentioned but the opportunity is taken to discuss some of them, as applied to a pre-twisted blade vibration 
problem. 
 
4.0 Conclusion 
Accurate prediction of the natural frequency of tapered blading is of considerable importance at the design stage of 
turbo machines to avoid any resonant conditions leading to the consequent failure of the blading due to fatigue. 
The turbo machine blade geometry is quite complex which makes an exact investigation of the blade 
characteristics somewhat difficult. Recent investigations indicate that the variational method has certain distinct 
advantages over the classical approaches of potential or complementary energy. [6]The results obtained by using 
the present method and earlier method are given below in the form of table and as well in the form of graph. 
  

Table I 
Results Obtained by Different Method 

 
Mode  
number 

Basic mode Present  method Galerkin process Experimental results 

1 First bending 144.47 144.7 142 
2 Second bending 898.38 904.5 891 
3 Third bending 2509.40 2525.0 2450 
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The objective of present paper is to develop the base and basic steps in developing the variational functional for 
the case of tapered cantilever beam vibrating in flexure, thereby forming the base for further extension to the 
more complex problem of pre-twist and tapered blading executing coupled bending-bending vibrations, and to 
determine the natural frequencies of the first three modes of flexural vibrations. These steps can be utilized to 
formulate the problem. 
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Abstract 
 This paper present the analysis of axle material ( BS 970 -1991-series 080M40) and performing the improvement of 
microstructure without altering the micro-constituent of axle material .The axle performance characteristics are 
presented for wide range of operating conditions. 
The results shows that change in microstructure affects performance significantly and therefore due consideration 
of microstructure defect should be given for accurate prediction of axle performance over number of cycle. The 
suggested remedies are to keep the finishing temperature above the lower critical temperature to prevent the coarse 
grain particle and Widemanstatten pattern. 
 
1.0 Introduction 
Subsequent to an accident in which a light pickup truck left the road and over-turned, it was noted that one of the 
rear axes had failed at a point near the wheel mounting flange. This axel was made of steel that contained 
approximately 0.3wt% C. Furthermore, the axle was intact and did not experience fracture. An investigation was 
carried out to determine the cause of axle failure t. 
 
Figure 1 is a schematic diagram that shows the component of rear axle assembly of the type used in this pickup 
truck. The fracture occurred adjacent to the bearing locknut as noted in this schematic. Photograph of one end of the 
failed axle shaft is presented in figure 1b and figure 1c is an enlarged view of the other fracture piece that include 
the wheel mounting flange and the stub of the failed axle. Here (Figure 1b and 1c) note that keyway was present in 
the area of failure; furthermore, threads for the locknut were also situated to this keyway. 
                         
Upon examination of the fracture surface it was noted that the region corresponding to the outside shaft perimeter 
[being approximately 6.4mm (0.25 inch wide] was very flat; furthermore, the center region was rough in 
appearance. 
 
 
 

 
 

 
Figure 1.  schematic diagram showing typical components of light truck axle and the 

fracture site for the failed axle . 
 
 
 



 284

 
 
 
 
 

 
 

Figure 1b.   Photograph of one section of failed axle   Figure 1c. Photograph showing wheel mounting and stud 
end of  axle failed. 

 
2.0 Testing Procedure  
 
2.1 Visual examination 
The fractured surface  are found to be approximately at 450 to the axis of the shaft .Such fracture is characteristic of 
a failure due to the torsional   fatigue as shown in Figure 2 
 
  

 

 
Figure 2. Optical micrograph of failed section of axle that shows keyway as well as flat outer 

perimeter and rough core section 
 
2.2 Flaws dictation 
The ultrasonic flaw detector is used the detect the homogenity of failed part . It is observed that   the material having 
very less or tolerable defect. 
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2.3 Chemical analysis 
The material of the axle is chemically analyzed1 . The results of the analysis as well as composition specified in   
BS2 is given in the table. 1 

Table 1 
 

Elements Material of the shaft BS 970-1991 series 080 M40 
(EN8) 

carbon 0.35 0.35-0.45 
Silicon 0.25 0.05-0.35 

Manganese 0.67 0.60-1.00 
Sulphur 0.030 0.06max 

phosphorus 0.022 0.06max 
 

2.4 Tensile test 
A standard round tensile test piece is machined from the sound portion of the axle .It is subjected to tensile test by 
applying the standard procedure .The experimental results in table 2 

 
Table 2 

 

Tensile properties Material of shaft BS 970-1991 series 080 M40 
(EN8) 

Yield stress MPa 448.7 280 min 
Tensile strength MPa 703.2 540min 

Elongation % 21 20min 
 
2.5 Hardness test 
The Brinell hardness is carried out as per the standard procedure.  A ball of 10mm dia and a load of 3000 kg have 
been selected, the was applied for 15s the results obtained in table 3  

 
Table 3 

 
No of readings Hb Average Hb BS 970-1991 series 080 

M40 (EN8 
1 187   
2 184 186 153-207 
3 182   

 
3.0 Metallographic Examination 
Suitable section , cut out both  from the broken and the sound portion of the axle , are properly polished, etched with 
2% natal and then examined by a metallurgical microscope . The microstructure ( Figure 3    ) consist of coarse grain 
of pearlite with ferrite precipitated at the grain boundaries and possibly some amount of bainite .Such microscope is 
characteristics of a steel overheated and then slowly cooled .It is observed that some ferrite band are scattered 
throughout the matrix . The microstructure of the outer periphery region, consisted of tempered martensite An SEM 
micrograph taken of the rough central region revealed the presence of both brittle cleavage features and also 
dimples; thus, it is apparent that the failure mode in this central interior region was mixed; that is, it was a 
combination of both brittle and ductile fracture 
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Figure 3. Optical micrograph of failed axle central core region which composed of ferrite and pearlite 
                             and Widemanstatten pattern. (and possibly bainite ) 500X 
 
4.0 Modification of Microstructure 
The properties required in the axle are to have a harder outer surface for certain depth and tough inner core surface.  
This can be achieved in two stages 
Stage 1; Normalizing the axle to refine and homogenize the grain particle and reduce the pro-eutectiod constitute 
Stage 2:- Selective hardening (induction hardening) .This process  produces tempered martensite ,ferrite ,pearlite 
               And possibly bainite 
         Martensite (BCT,single phase) ----------   tempered martensite (  ά+ Fe3C phase) 
In order to improved toughness the precipitation of crack arresting phase can be used 
 
5.0 Results and Discussion  
The material of the axle fulfils the requirements of  BS970-1991 series 080 M40 (EN8) steel is suitable for such 
axle. The material also satisfies the requirement laid down in above specification in respect of mechanical 
properties.The heat treatment requirement according to the above specification is that the steel should be normalized 
at a temperature of 830 -860 0C the results of the metallographic examination indicate that the original grain 
structure , which results due the elevated finishing temperature of forging process , has not been refined by the heat 
treatment accorded the Widmanstatten pattern and coarse grain size attained at the time of forging has been persisted 
Presence of this typical pattern and such coarse grain , envelop with ferrite reduces the fatigue strength of the axle 
and causes brittle fracture .Hence it may be conclude that the failure of the axle under investigation is due to the 
presence of Widmanstatten pattern and extremely coarse grains caused by faulty forging process . Such failure can 
be avoided by keeping the finishing temperature of the hot forging operation just above the lower critical 
temperature coupled with multiple normalizing after forging . 
 
6.0 Conclusion 
The result indicated that the failure is due to faulty forging process where the finishing temperature is too high to 
develop Widmanstatten pattern and very coarse –grained microstructure along with ferrite at grain boundaries. For 
grain refinement, the temperature should be kept just above the lower critical temperature at the finishing stage of 
the forging operation and multiple normalizing treatment and selective hardening should be accorded after forging. 
 
References  
1. Institute for machine tool technology (UNDP/UNIDO) ,Batala 
2. British standard BS 970-1991-( British standard institute)  
3. Shewmon ,P.G. transformation in metals ,McGrawHill, New York 1969 
4. Hand book of case studies in failure analysis, Vol 1 (1992) ,ASM international ,material park OH44073-0002 
5. Dieter ,G.E Mechanical metallurgy 3rd edition McGrawHill, New York 1986 
 



Proceedings of the National Conference on 
Trends and Advances in Mechanical Engineering, 

YMCA Institute of Engineering, Faridabad, Haryana.., Dec 9-10, 2006. 
 

   287

NEW METHOD OF INTERNAL CORNER CUTTING ON CNC 
MACHINES

Jaswanti1, Rajender Pal Dhiman2 
1Member IEEE 
1, 2Email: jaswanti98@yahoo.co.in, , rpdhiman70@yahoo.co.in 
  
Abstract 
This paper reports a new method for cutting of internal corners on CNC machines in manufacturing. Milling of 
internal cavities by conventional CNC machining method is possible but the biggest problem is sharp corners. 
There is always some radius at the corners even after using minimum diameter of end mill or cutter. Therefore, 
question arises: Can sharp corners be milled on CNC machines? Yes, polygon hole drilling method can be used 
to produce the sharp corners by utilizing CAD/CAM System. Internal corner cutting extend the applications for 
making die-cavities on CNC Machines which otherwise could be possible only on EDM. By “Internal corner 
cutting” feature sharp internal edges can be produced. A case study on machining a Die component is carried 
out in a single set-up. Moreover, blind holes and cavities with sharp corners and close tolerances could be 
easily controlled on CNC machining center. The important gains of “New method of internal corner cutting on 
CNC machine” is Higher flexibility, Increased productivity, Consistent quality, Reduced scrap rate, Reliable 
operation, Reduced non- productive time, Reduced manpower, Higher accuracy, Reduced lead time, Machining 
of advanced materials, Lesser floor space, Increased operational safety.  
 
Key Words: PHD, EDM, “k”-drill, In-corner cutting. 
 
1.0 Introduction 
Milling of internal cavities is possible on CNC machines but the biggest problem is sharp corners. There is 
always some radius at the corners even after using minimum diameter of end mill. Therefore, question arises: 
Can Polygon Holes with sharp corners be drilled on CNC machines? 
 
Yes, polygon hole drilling method can be used to produce the sharp corners by utilizing CAD/CAM System.  
 “In-corner cutting”, is the control feature, the capability of which allows a machining center to mill out a sharp 
internal corner that a typical shop might only be able to produce through EDM (Zelinki, 2000). In-corner cutting 
pushes coordinated machine motion to another level. As the spindle spins through one rotation, the rotary 
position of the spindle is continually coordinated with machine motion in X and Y. In-corner cutting finds its 
great application in making die components which otherwise could only be possible on EDM. 
 
In traditional machining of corners the tool radius is identical with the corner radius, which gives maximum 
contact length and deflection.The most typical result is vibrations, the bigger the longer the tool, or total tool 
overhang is; the wobbling cutting forces often creates undercutting of corner. There is of course also a risk for 
frittering of edges or total tool break down. Some solutions on this problem are: 
• Use a cutter with a smaller radius to produce the desired corner radius on the die or mould. Use circular 

interpolation (G2, G3) to produce the corner. This movement type does not create any definite stop at block 
borders, which means that the movement gives smooth continuous transitions and there is only a small 
chance that a vibration should start. 

• Another solution is to produce a bigger corner radius, via circular interpolation. This can be favorable 
sometimes as it allows using a bigger cutter diameter in roughing to keep up maximum productivity. 

• The remaining stock in corner can then be machined via rest milling (rest = remaining stock) with a smaller 
cutter radius and circular interpolation. The rest-milling of corners can be performed by axial milling. It is 
important to use a good programming technique with a smooth approach and exit. 

It is very important to perform the rest milling of corners before or as a semi-finishing operation-gives even 
stock and high productivity in finishing. If consequently using a programming technique based on circular 
interpolation (or NURBS- interpolation), which gives both continuous tool paths and commands of feed and 
speed rates, it is possible to drive the mechanic functions of machine tool to much higher speeds, accelerations 
and decelerations. This can result in productivity gains ranging between 20-50%. 
 
Following traditional approaches for machining of   cavity (Coromant 2002) 
1.  Pre-drilling of a starting hole.  
5. Ball nose end mill. 
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3. Linear ramping in X/Y and Z to reach a full axial   depth of cut.  
4. Round insert cutters or end mills with a ramping capacity.  
 
The term “Polygon Hole Drilling” is extremely uncommon & interesting. It is an exclusive method of producing 
internal Square and Hexagonal holes that to with sharp corners. Polygon Hole Drilling (PHD) find wide 
application in the field of Power Transmission and tightening of fasteners (HMT Mechatronics, 2000).  
Hexagonal hole on bolt head, spline hole and long hole can be easily drilled without using any broaching 
machine or electric discharge machine. This is mostly adequate for low production of multiple models, and 
substantial cost reduction can be anticipated. 
 
How sharp corners are produced on Polygon Hole Drilling Machine?  
 
PHD drilling machine utilizes two types of drills for its operation: 
1. N= Normal drill, which produces circular hole of size inscribing the Polygon. 
2. K= correction drill, which has one less flute than the number of sides to the polygon. 
 
This is a special drill and is held in a floating chuck allowing radial movement whilst held axially aligned. One 
cutter edge is lodged in a corner and the next corner sweeps around until it lodges in a corner, this is the cutting 
action (Richard, 2001). 
 
The paper is organized in the sequence as problem identification, Methodology of study adopted, Results 
obtained, Comparison of new method with old method of polygon hole drilling, Conclusion and References. 
 
2.0 Problem Identification 
With the change in the scenario of Modern manufacturing and machining methods more and more operations 
are being incorporated on CNC machining centre to enhance its capabilities and flexibility in machining 
components. Conventional polygon hole drilling machines are based on mechanical cam mechanisms; thereby 
have limitations of dimensional inaccuracies, flexibility and greater skill ness. The factors that enabled us to 
take up this new problem are as follows: 
1. Old polygon hole drilling machines are always overloaded to meet the production requirements.  
2. The conventional PHD machine has been fully utilized well over the estimated life span of the machine. Due 

to continuous deterioration and wear and tear of the PHD machine components, the eccentric adjustment 
values for drills has varied a lot than what should be as per the company’s specification. Therefore, jobs are 
being carried out more and often by hit and trial methods. 

3. Other limitation with existing PHD machine is Possibility of making corrections. Too small an adjustment 
causes the diameter across the flats to be slightly oversize; too greater an adjustment causes undersize. With 
too great deviations on the scale, the side face will be concave or convex. 

In case of CNC machining, above limitations will not be a problem due to application of CAD/CAM system for 
precise control of co-ordinates.  

 
3.0 Methodology of Study 
The study was conducted through following steps 

1. To study Polygon Hole Drilling (PHD) operation and working. 
2. To study the spindle motion of existing conventional Polygon hole drilling machine. 
3. To study the existing special tooling of Polygon hole drilling machine. 
4. To draw sequential diagrams showing motion of tool in the polygons-square and hexagon by designing it on 

CAD system (virtual cutting on Computer). 
5. To obtain co-ordinates in one complete rotation of tool (in steps of 5o) 
6. To utilize the same standard tooling on CNC Machining centre. 
7. Formulation of new method of PHD on CNC machine. 
8. To compare the performance of new method with existing method. 
9. Recommendations/ conclusions. 
 
3.1 Drilling operation 
When the drill is in its upper end position, the work piece is brought as close to the drill as possible by means of 
the vertical adjusting device of the table. The feed is effected by hand and must be done as carefully and 
uniformly as possible. Neglect of this will lead to undue wear in drill. When drilling steel, a cooling liquid is to 
be used, even if only drop-by-drop. 
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Fig.1.   Cross-section  of  3-flute  drill  producing  Square hole 
 
When drilling blind holes, the chips should be continually removed by means of a magnet needle or by blowing 
them out. If this is not done, the drill may break. For this purpose, the table is preferably swiveled out, without 
changing its height. This holds good also, when clamping and removing pieces when working in series.  
 
The work-piece is first of all to be drilled with a circular hole to the desired depth and, depending on size of the 
hole, about 1-4 mm smaller in diameter than the distance across flats of the polygon hole to be drilled.              
 
3.2 Milling holes with sharper corners 
Corners are milled to a radius of one-tenth the distance across flats. Sharper corners can be obtained by using 
Special “k” drill. 

 

 
Fig.2.   3-flute & 5-flute polygon hole drills 

 
The hole is drilled in two operations: The first time with a normal drill and secondly with the special “k” drill 
after having changed the setting value and work piece according to the directions specified by the manufacturer 
of the SMM polygon hole drilling machine.  

  
3.3 Motion of polygon drill 
In drilling, the various elements of drill chuck is floating type. The drill rotates clockwise, while the eccenter 
box revolves counter-clockwise at a certain transmission ratio. The motion is induced by the drive shaft. The 
position of the multi-sided hole is accidental. With a rigidly coupled drive shaft torsion is only possible if the 
drill is removed, turned 60o in respect to its hexagonal top end and reinserted in that position. It is, therefore, 
impossible to position a many-sided hole by this process. 
 
If specific alignment of sides of hole is required, it can be accomplished by disengaging the coupling of drive 
shaft by unscrewing the tightening bolt protruding from the drive shaft, using the wheel socket wrench provided. 
Due to above limitation, an approach towards producing polygon hole drilling on CNC machining centre is 
carried out.  
 
4.0 Results 
 
4.1 Determination of tool path and it’s co-ordinates for square hole using CAD system. 
The co-ordinates obtained are input data for Part-Programming on CNC machining centre. It is observed that 
Curved path traced by centre of tool generates four loops of 90o each. While the tool rotates in counterclockwise 
direction the locus of tool path proceed in clockwise direction. This is basis for cutting action for 3-flute drill.   
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Fig. 3. Sequential diagrams showing motion of tool in one complete rotation for Square hole. 
 

Table 1.    X & Y Co-ordinates for Drilling square Hole  on  CNC machining centre (S=17mm). 
 
 

Sr.No 
Degree of 
rotarion X Y 

1 0 -3.59 0 

2 5 -2.85 0.37 

3 10 -2.16 0.69 

4 15 -1.56 0.97 

5 20 -0.94 1.24 

6 25 -0.43 1.31 

7 30 0.02 1.31 

8 35 0.47 1.28 

9 40 0.81 1.17 

10 45 0.95 0.97 

11 50 1.19 0.69 

12 55 1.33 0.36 

13 60 1.36 0.02 

14 65 1.29 -0.46 

15 70 1.15 -0.97 

16 75 0.98 -1.52 

17 80 0.69 -2.2 

18 85 0.43 -2.85 

19 90 0 -3.59 

20 95 -0.35 -2.88 

21 100 -0.7 -2.2 

22 105 -0.93 -1.59 

23 110 -1.13 -1.03 

24 115 -1.22 -0.45 

25 120 -1.25 -0.01 

26 125 -1.27 0.43 

27 130 -1.18 0.73 

28 135 -0.97 1 

29 140 -0.74 1.17 
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30 145 -0.41 1.29 

31 150 -0.01 1.29 

32 155 0.44 1.32 

33 160 0.97 1.25 

34 165 1.52 0.96 

35 170 2.2 0.7 

36 175 2.86 0.45 

37 180 3.59 0 

38 185 2.85 -0.43 

39 190 2.15 -0.75 

40 195 1.57 -1 

41 200 1 -1.18 

42 205 0.45 -1.29 

43 210 0.02 -1.31 

44 215 -0.39 -1.29 

45 220 -0.67 -1.18 

46 225 -0.96 -0.99 

47 230 -1.17 -0.75 

48 235 -1.3 -0.4 

49 240 -1.29 -0.02 

50 245 -1.33 0.44 

51 250 -1.15 0.96 

52 255 -0.99 1.56 

53 260 -0.68 2.2 

54 265 -0.43 2.85 

55 270 0 3.59 

56 275 0.39 2.84 

57 280 0.73 2.19 

58 285 0.97 1.54 

59 290 1.19 0.95 

60 295 1.19 0.46 

61 300 1.23 0 

62 305 1.23 -0.37 

63 310 1.17 -0.68 

64 315 0.99 -0.91 

65 320 0.72 -1.18 

66 325 0.42 -1.29 

67 330 0 -1.28 

68 335 -0.44 -1.3 

69 340 -0.99 -1.15 

70 345 -1.55 -0.97 

71 350 -2.19 -0.72 

72 355 -2.86 -0.37 

73 360 -3.59 0 
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4.2 Determination of the tool path and it’s co-ordinates for hexagonal hole using CAD 
system. 

 

 
 

Fig. 4. Sequential diagrams showing motion of tool in one complete rotation for Hexagonal hole. 
 
The X & Y co-ordinates obtained are input data for Part-Programming on CNC machining centre. 
It is observed that Curved path traced by centre of tool generates six loops of 60o each. While the tool rotates in 
counterclockwise direction the locus of tool path proceed in clockwise direction. This is basis for cutting action 
of 5-flute drill.   
 
4.3 CNC machining of die component: A case study 
A case study is conducted in which a Die component was milled using the feature of In-corner cutting on CNC 
machining center in single set-up using the same principle as utilized in polygon hole drilling to obtain the sharp 
corners. Fig. 5. represents the die component with fillets and radii being produced using minimum possible size 
end-mill before the development of “In-corner cutting” feature. Outer most sharp corners are possible by simple 
CNC milling due to overshooting of the tool from job, but problem arises while machining internal corners and 
blind holes.  
 
Fig. 6. shows a successful generation of die component on CNC machining center by using “In-corner cutting” 
feature. This component with close tolerance was previously manufactured only on EDM, which is relatively an 
uneconomical non-conventional machining process when compared to CNC machining. By “In-corner cutting” 
feature blind holes with close tolerances could be efficiently machined by control of  Z-axis movement of CNC 
machine. 

 

 
                                                      Fig.5. Fillets and radii with CNC Machining 
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Fig.6.  Sharp corners with polygon drilling 
 

4.3 Comparison of New Method Of Polygon Hole Drilling With Old Method 
 

Table 2. Comparison of new method of polygon hole drilling with old method  
 

Sr. 
No 

Characteristics Old Method New Method of 
PHD Drilling 

1. Table movement Fixed Movable 
2. Spindle motion Eccentric Concentric 
3. Flexibility Less High 
4. Productivity Low High 
5. Quality Inconsistent Consistent 
6. Scrap rate High Reduced 
7. Operation Non-reliable Reliable 
8. Non-productive 

time 
High Reduced 

9. Manpower High Reduced 
10. Accuracy Low  High 
11. Lead time High Low 
12. Effective floor 

space 
More Less 

 
5.0 Conclusion 
This paper presented a new methodology of producing internal corner cutting on CNC machines. It is an 
extended application of Polygon hole drilling method named “In-corner cutting”. Sharp corners are possible on 
CNC machining center using “K” special polygon hole drill. The dill consists of one less flute than the number 
of sides required on the polygon. The following main points can be noticed 
• Die components with sharp internal edges are possible to be produced on CNC machines through “In-

corner cutting” control feature. 
• Blind sharp edged holes can be easily controlled on CNC  machining center. 
• Any type and size of polygon can be manufactured on CNC machining center by generation of tool path 

using CAD/CAM systems. This is limitation in case of conventional PHD machine as it is designed for 
standard sizes only. 

 
In the future, “in-corner cutting” feature can be further carried out for different materials, sizes and shapes of 
polygon and cavities. Die components of more intricate shapes and critical parameters can be practiced on CNC 
machines. Further studies may be conducted to obtain better surface finish by selecting optimum cutting 
parameters and generating more closer and precise points and decreasing angle of rotation. Above all, a canned 
cycle for Polygon Hole Drilling and “in-corner cutting” could be developed & incorporated as standard feature. 
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Abstract  
In the present work, the temperature distribution through the thickness of functionally graded shells subjected to 
temperature specified boundary conditions is investigated by solving 1D heat conduction equation. The free 
vibration characteristics of functionally graded circular cylindrical shell are also studied using finite element 
method. The formulation is based on higher order shear deformation theory and field consistency principle. The 
detailed parametric study is carried out to investigate the influences of radius-to-thickness and length-to-radius 
ratios, and material index number on the vibration characteristics of heated FGM shells. 
 
Key Words: Temperature Distribution; Cylindrical shell; 1-D Heat Conduction; Vibration; Finite element; 
 
1.0 Introduction 
The functionally graded materials (FGM) are heterogeneous composite materials, in which the material 
properties vary continuously from one surface to the other. This characteristic is achieved by gradually varying 
the volume fraction of the constituent materials, usually in thickness direction. Smooth transitions in 
compositional gradients lead to the improved bi-material bonding, better mechanical integrity, reduced thermo-
elastic property mismatch and reduction in inter-laminar stresses. This eliminates the interface problems of 
laminated composite materials such as delamination, cracking and debonding. These are advanced heat resistant 
materials developed for high temperature and large thermal gradient application in space structures, nuclear 
power plants and chemical industries. 
 
Therefore, the investigations on the temperature distribution and dynamic characteristics of FGM shell structures 
due to their evident importance in practical applications have recently attracted the attention of many researchers. 
Awaji and Siva kumar  (2001) numerically analyzed the steady state, transient temperature distribution and  
related thermal stress distribution in the functionally graded cylinder composed of mullite-molybdenum. Obata 
and Noda (1994) have attemped  studies to design an optimum  functionally graded hollow cylindrical and 
hollow sphere in terms of reducing the thermal stresses due to uniform temperature rise and given temperature 
difference between inside and outside. 
 
Patel et al. (2005) have used finite element method based on higher order shear deformation theory to study the 
free vibration characteristics of the functionally graded elliptical cylindrical shells. The dynamic buckling/ 
stability analysis of functionally graded spherical caps/shallow shells has been carried out  considering geometric 
nonlinearity and using first order shear deformation theory in the work of (Sundararajan et al., 2006, Ganapathi, 
(in press)). The functionally graded circular and non-circular cylindrical shells are being designed for the 
required performance as load bearing member at elevated temperature. Sometimes, these structures are subjected 
to dynamic loading coupled with elevated temperature environment. This dynamic thermo-mechanical loading 
may result in excessive vibration responses. Hence, the study of the temperature distribution and the vibration 
characteristics of functionally graded shells assumes importance. 
 
It is revealed from the literature survey that the studies on the temperature distribution and the dynamic analysis 
of thermally stressed FGM shells are scarce and is undertaken here. The study of temperature distribution is 
carried out considering 1-D heat conduction equation and temperature specified boundary conditions. The free 
vibration characteristcs of functionally graded cylindrical shells using finite element procedure are studies using 
the higher–order displacement model including variable transverse displacement through thickness. Eigenvalue 
are evaluated using the Lanczos eigenvalue extraction method. 
 
1.1 Formulations 
A circular cylindrical shell, functionally graded in the thickness direction, is considered with the co-ordinates x 
along the meridional direction, y along the circumferential direction and z along the thickness direction having 
origin at the middle-surface of the shell. Based on Taylor’s series expansion method for deducing the two-
dimensional formulation of a three-dimensional elasticity problem, the in-plane displacements u and v, and the 
transverse displacement w are assumed as   
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u (x,y,z,t) = u0 (x,y,t) + z θx (x,y,t) + z2 βx (x,y,t) + z3 φx (x,y,t) ; 
v (x,y,z,t) = v0 (x,y,t) + z θy (x,y,t) + z2 βy (x,y,t) + z3 φy (x,y,t) 
w (x,y,z,t) = w0 (x,y,t) + z w1(x,y,t) + z2 Γ(x,y,t)                                                                                                (1) 
 

 Here, u0, v0, w0 are the displacements of a generic point on the middle-surface; θx, θy are the rotations of normal 
to the middle-surface about the y and x axes, respectively; w1, βx , βy , Γ, φx , φy are the higher order terms in the 
Taylor's series expansions, defined at the middle-surface.  
The strains in terms of middle-surface deformation, rotations of normal, and higher order terms associated with  
displacements are as, 
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                                                                                                            (2) 

The vector { bmε } includes the bending and membrane terms of the strain components, vector { sε } contains the 

transverse shear strain terms and vector { 0ε } contains strain due to temperature  rise 
These strain vectors are accurately introduced in the formulation and are defined as 
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where the subscript comma denotes the partial derivative with respect to the spatial coordinate succeeding it. R, 
is the principal radii of curvature in the circumferential direction, and }{σ  & }{ε are stress and strain vectors. 
The Young’s modulus (E), Poisson’s ratio (ν), density (ρ), coefficient of thermal expansion (α ) and thermal 
conductivity (K) of the shell are assumed as 
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where subscripts i and o refer to properties of inner and outer surface materials, respectively and N is the material 
index which indicates the material variation profile through the shell thickness and may be varied to obtain the 
optimum distribution of component materials. 
 
The governing equations for the shell are obtained by applying Lagrange’s equations of motion given by 

( ) ( ) 0T i T i
d T U T Udt δ δ⎡ ⎤ ⎡ ⎤∂ − ∂ − ∂ − ∂ =⎣ ⎦⎣ ⎦

& ,          i =1 to n                                                               (5) 

where T is the kinetic energy and UT is the total potential energy contributions due to the in-plane and transverse 
stresses. {δ}= {δ1, δ2, .....,δi,.....,δn }T  is the vector of generalized displacements and δi are independent. A dot 
over the variable represents the partial derivative with respect to time. The superscript T refers the transpose of a 
matrix/vector. 
The kinetic energy of the shell is given by 
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The strain energy functional U is given by, 
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The potential energy due to initial state of in-plane stress resultants is given by  
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where superscript NL shows  the non-linear strain components  
 
The kinetic energy, strain energy and potential energy  expressions are simplified for element and written as 
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Following the usual finite element assembly procedure, the governing equation for vibrations of the shell are 
obtained as 

[ ] [ ]{ } [ ]{ } { }TG

..
FδKδKδM =++

⎭
⎬
⎫

⎩
⎨
⎧                                                                                                                   (10) 

 
 where [M], [K], [KG]  and {FT} are the global mass matrice, global stiffness matrice, global geometric matrice 
and global thermal load vector.  {δ&& } and {δ} are the global acceleration and displacement vectors respectively. 
 
For linear static analysis 
[K] {δ}={FT}      

                                                                                                                                              (11)                              
To evaluate the initial state of stress doveloped in the shell, the displacement field  for the assumed thermal load  
is calculated  using equation (11)  and this displacement field is then used to calculate the  initial state of stress 
and in turn [KG] matrix.  
 
For free vibration characteristcs of functionally graded circular shell, the equation (10) can be rewritten as 

                                                                                                                                        
                                               (12)
   

and is solved using Lanczos eigenvalue extraction method. 
                                                                                  
2.0 Temperature Distribution 
The cylindrical shell for which the temperature distribution across the thickness direction is to be evaluated, has 
thermal conductivity K varying with thickness corrdinate z. The inner surface of the shell is considered at 
temperature T1  and the outer one at T0. The variation of thermal cunductivity in terms of the variable z  may be 
described in a power form as  
 

( ) ( ) 1
2

N

i o o
zK z K K K
h

⎛ ⎞= − + +⎜ ⎟
⎝ ⎠

                                                                                                   (13) 

the volume friction index N dicates the material variation profile through shell thickness. 
 
The governing differential equation for  steady state  one dimensional heat conduction and  the boundary 
condition across the shell are     
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The solution of equation (14) for the temperature distribution across the shell is obtained by means of polynomial 
series as. 
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                    (15) 
         

 
Where ΔT=(T2-T1) is defined as temperature difference between outer and inner shell surface. 
 
3.0 Results and Discussions 
The Temperature distribution and vibration characteristics of simply supported immovable functionally graded 
circular cylindrical shells are evaluated. The element employed here is a C0 continous, shear flexible, serendipity 
quadrilateral shell element with eleven nodal degrees of freedom is based on field consistency approach. The 
material properties (at 300K) and boundary conditions for one-eighth of the shells used in the study are given as 
following: 
 
3.1 Material properties used 
 
3.1.1 Aluminum (Al) 
Young’s modulus (Ei) = 70×109 N/m2; Thermal conductivity (Ki) = 204 W/mK; Possion’s ratio (υi) = 0.3; 
Density (ρi) = 2700 kg/m3 

 
Alumina (Al2O3); Eo= 380×109 N/m2

; Ko= 38.90 W/mK; υo= 0.31; ρo= 3800 kg/m3
 

 
3.2 Boundary conditions:   
 Along the simply supported edge  

0 0 0 1 0y y yu v w wθ β φ= = = = = = Γ = =                            at x = 0, L 
Along the lines of symmetry 

0 0x x xu θ β φ= = = =   at     x =L /2;       0 0y y yv θ β φ= = = =            at  y = 0, 4C  
 
Along the lines of anti- symmetry 

0 0 1 0y y yv w wθ β φ= = = = = Γ = =   at x =L /2;    0 0 1 0x x xu w wθ β φ= = = = = Γ = =  at  y = 0, 4C  
 
Based on the convergence study a 16 8×  mesh discretization of one-eighth of the shell is used for vibration 
study. The formulation based on higher order shear deformation theory is validated for the free vibration of 
simply supported functionally graded circular cylindrical shell against the available analytical solution of Loy 
(1999) and the results of comparison study are shown in Table 1.  

 
Table 1: Comparison of natural frequencies (Hz) for simply supported functionally graded circular cylindrical 

shells (h = 0.002 m, R0 /h = 500, L/R0 = 20, Eo= 2.07788 x 1011 N/m2, υo = 0.317756, ρo = 8166 kg/m3, 
Ei = 2.05098 x 1011 N/m2, υi= 0.31, ρi = 8900 kg/m3) 

 
 
 
                
 

 
 
 
 
 
 

Power Law Exponent (N) 
0.5 1.0 5.0 

 
  Circum.  
   Wave  
    No. (n) 

Loy et al. 
(1999) 

Present Loy et al. 
(1999) 

Present Loy et al. 
(1999) 

Present 

2 4.5168 4.5204 4.4800 4.4836 4.4068 4.4103 
4 7.0972 7.0999 7.0384 7.0410 6.9255 6.9277 
6 16.5940 16.6051 16.4450 16.4663 16.1920 16.2030 
8 30.0230 30.0616 29.7710 29.8110 29.2960 29.3337 

10 47.3010 47.3387 46.9050 46.9425 46.1550 46.1927 
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 (a)     (b) 

 
 
 
   (a)      (b0 
Figure: 1 Comparison of temperature distribution for functionally graded cylindrical shell with the analytical    

solution (Javaheri and Eslami, 2001); (a) h=0.002m, R/h=500, N=0.5, T1=300K, T0=1125K; 
               (b) h=0.02 m, R/h=50, N=1.0, T1=300K, T0=1125K; 
 

The results obtained from the formulation for temperature distribution in the thickness direction of the 
functionally graded cylindrical shell is compared with the results evaluated using the analytical solution given in 
Javaheri and Eslami (2001) and are shown in Figures 1. The term (1+z/R0) is neglected in the governing equation 
considered by Javaheri and Eslami (2001) and hence for the comparison purpose, the present results given in 
Figures 1 are also based on the same assumption.  
 
Table 2: Variation of temperature with z/h for different     Table 3: Variation of temperature with z/h for different  
R0/h ratios for shell with N=0.5 and comparison with        R0/h ratios for shell with N=5 and comparison with   
analytical solution  (Javaheri and Eslami, 2001).                analytical solution (Javaheri and Eslami, 2001)  
 

                                                                                            
The effect of the presence of (1+z/R0) term in the governing equation on temperature distribution in the thickness 
direction is studied for different values of R0/h. It can be observed from table 2 and 3 that the temperature 
obtained with (1+z/R0) term in the governing equation, is higher than that obtained without (1+z/R0) especially 
for thick shells (R0/h = 5). 
 
                       

z/h R0/h=500 
 

R0/h=50 
 

 
R0/h=5 

 
 

Javaheri 
and 

Eslami 
(2001) 

-0.5 300 300 300 300 
-0.4 338.6652 339.062 343.3021 338.6214 
-0.3 385.1168 385.9058 394.2243 385.0296 
-0.2 438.7071 439.8508 451.7487 438.5805 
-0.1 499.9234 501.361 516.1179 499.7641 

0 569.7244 571.3708 588.0457 569.5417 
0.1 649.5289 651.27 668.6691 649.3354 
0.2 741.3446 743.0296 759.6431 741.1571 
0.3 848.0294 849.4581 863.3556 847.8702 
0.4 973.7711 974.6733 983.3306 973.6704 
0.5 1125 1125 1125 1125 

z/h 
 

 
R0/h=500

 
 

R0/h=50 
 

R0/h=5 
 

Javaheri 
and 

Eslami 
(2001) 

-0.5 300 300 300 300 
-0.4 363.8294 364.4549 371.0846 363.7603 
-0.3 427.6514 428.7853 440.6462 427.526 
-0.2 491.5125 493.0386 508.7984 491.3435 
-0.1 555.5948 557.3979 575.7894 555.3948 

0 620.3821 622.3479 642.1612 620.1638 
0.1 686.9417 688.9545 709.0093 686.7179 
0.2 757.4843 759.4197 778.4912 757.2689 
0.3 836.8263 838.5318 855.1574 836.6362 
0.4 937.8667 939.0969 950.9586 937.7295 
0.5 1125 1125 1125 1125 
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Figure 2: Variation of natural frequency with temperature for FGM cylindrical shell (N=0.5, L/R0=1, R0/h=100) 

(a) Symmetric-Symmetric mode, (b) Symmetric-Anti-Symmetric mode   
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Figure 3: Variation of natural frequency with temperature for FGM cylindrical shell (N=10, L/R0=1,  
                 R0/h=100) Symmetric-Symmetric mode, (b) Symmetric-Anti-Symmetric mode 
 
The influence of temperature rise on the natural frequencies of ceramic rich outer surface of the functionally 
graded cylindrical shell is analyzed. It can be observed from the results shown in Figures 2 and 3 that the natural 
frequencies decrease with increase in temperature. From the free vibration study, it is observed that the natural 
frequencies are higher for the higher value of material index number (N) and the rate of decrease of natural 
frequency with temperature is lower for higher value of N. 
 
4.0 Conclusion 
A study on the temperature distribution in thickness direction of functionally graded cylindrical shells composed 
of aluminum and alumina has been presented. The study is carried out by considering 1D heat conduction 
equation in thickness direction. The influence of   N, R0/h and z/R0 on temperature distribution is studied and it is 
observed that temperature increases with decrease in R0/h. Temperature also increases with consideration of (1+ 
z/R0) in heat conduction equation. From the study of free vibration, it is concluded that the natural frequency 
decreases with the rise in temperature and it is higher for higher material index number 
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Abstract 
Reverse Engineering is a general process of analyzing a technology specifically to ascertain how it was designed or how 
it operates. This kind of inquiry engages in individuals in a constructive learning process about the operation of system of 
products. Here an attempt has been made for finite element analysis of a Hero Honda CBZ motorbike component model 
developed by CATIA V5 through reverse engineering. 3D scanning of the pillion step holder of Hero Honda CBZ 
motorbike has been done, and then using point cloud data CAD model was developed on CATIA V5. The stresses were 
analyzed and then modifications have been proposed in the existing model 
 
1.0 Introduction 
Reverse Engineering (RE) is a technology, which in the coming years will feature more in the Rapid Product 
Development (RPD) cycle [1,2]. Its role will become more important as a greater amount of prototype and 
models are produced by technologies such as rapid prototyping. Modification of these models will require RE 
as means of capturing the changes. Although this is by no  means the only area for RE to expand in to 
Conventional engineering transforms engineering concepts and models into real parts, in reverse engineering 
real parts are transformed in engineering models and concepts. The advantages of CAD/CAM technologies here 
the existence of a computer model provides enormous gains in engineering typically starts with measuring an 
existing object so that a surface or solid model can be deducted in order to exploit the advantages of CAD/CAM 
technologies. 
 
Here a methodology for reverse engineering conventional solid objects has been presented, producing boundary 
representation solid models, which can be directly used in mechanical engineering CAD/CAM. The paper 
describes the 3-D scanning of pillion step holder of Hero Honda CBZ motorbike, development of solid model 
on CATIA V5 & analysis of stresses of different portions of pillion step holder. 
 
2.0  Stages Involved in the Reverse Engineering Process 
Since the reverse engineering process can be time-consuming such an endeavor is preferable to purchasing or 
licensing the information from the original manufacture[3,4], if possible. In order to reverse engineer a product 
or component of a system, engineers and researchers generally follow the following four-stage process 
1. Identifying the product or component which will be reverse engineered 
2. Observing or disassembling the information documenting how the original   product works. 
3. Implementing the technical data generated by reverse engineering in a replica or modified version of the 

original. 
4. Creating a new product (and, perhaps, introducing it into the market.) 
 
In the first stage in the process, sometimes called “prescreening,” reverse engineers determine the candidate 
product for their project. Potential candidates for such a project include singular items, parts, components, units, 
subassemblies, some of which may contain many smaller parts sold as a single entity. 
The second stage, disassembly or recompilation of the original product, is the most time-consuming aspect of 
the project. In this stage, reverse engineers attempt to construct a characterization of the system by 
accumulating all of the technical data and instruction of how the product works[5,6]. 
 
In the third stage of reverse engineering, reverse engineers try to verify that the data generated by disassembly 
or recompilation is an accurate reconstruction the original system. Engineers verify the accuracy and validity of 
their designs by testing the system, creating prototypes and experimenting with the results. 
 
The final stage of the reverse engineering process is the introduction of a new product into the market place. 
These new products are often innovations of the original product with competitive designs, features or 
capabilities [7,8]. These products may also be adaptations of the original products for use with other integrated 
systems, such as different platforms of computer operating systems. 
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Often different groups of engineers perform each step separately, using only documents to exchange the 
information learned at each step. This is to prevent duplication of the original technology, which may violate 
copyright. By contrast, reverse engineering create implementation with the same functionality. 
The reverse engineering procedure can be characterized by the flowchart in the Figurer below. 
 

 
       

Figure 1. Basic Phases of Reverse Engineering 
 

3.0 Scanning Of the Pillion Step Holder 
3D scanning of the Pillion step holder is completed through Mechanical Touch Probe System by using 
MicroScribee G2 Scanner. Firstly marking is done to act as guidelines for scanning, then work piece was 
securely mounted on the surface plate. In the next stage coordinate system was established X – Y axis are 
defined & with reference to this measurement of coordinates are taken[9].  The various sections are scanned & 
individual files are saved. After scanning the pillion step holder point cloud data is found using following steps 
• Meshing of the Solid Pillion Step Holder 
• Adjusting the reference point of the touch probe 
• Scanning the different profiles which are stored independently. 
• Opening the scanned data in any compatible software. 
 

 
 

Figure 2. Simple solid pillion step holder and measured data 
 
4.0  Cad Modeling Of Pillion Step Holder 
Following steps are required for development of CAD model with the help of available point cloud data 
generated during scanning 
• Importing Point Cloud Data 
• Tracing the outline by datum curves 
• Creating the features by CATIA V5 
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First step of CAD modeling reverse engineering process is to import the scanned data[10], which is in the form 
of co-ordinates in a three dimensional space with respect to the home position, in the CAD software. In this 
process all the scanned sections are imported one by one. Finally all the scanned sections are imported and the 
final outline of pillion step holder is obtained in the form of points in three dimensional spaces. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 3.  Point Cloud of Pillion Step Holder 

 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 4. CAD Model of Pillion Step Holder 

 

5.0 Loading Condition 
For the stress analysis of the pillion step holder under static boundary condition, two loading conditions are 
considered, which are as follows: 
For this case a static load of 800N due to the weight of rider and co-rider on the respective foot rest bracket is 
considered.  

 
 

Figure 5. Constraints and loading conditions 
 
Also a pivoted point where pressure of 50N/mm due to the lever of gear passing through the point 5 in pillion 
step holder is considered. For this case a static load of 1600N due to the weight of rider and co-rider on the 
respective foot rest bracket is considered. Also a pressure of 50N/mm2 due to the lever of gear passing through 
the point 5 in pillion step holder is considered. 
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6.0  Stress Pattern and Deflection in Pillion Step Holder at Various Loading Condition 
 

  
 

Table 1.Properties of Material Applied 

6.1 Deformed shape after applying load and pressure 
 

 
 

Figure 6. Deformed shape after loading  
 

6.2 Stress pattern at different sections 
 

 
 

Figure 7. Stress pattern at different sections  
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6.3 For loading condition of 800N & 50N/m2 translational displacement vector 
 

 
Figure 8. Deflection at load 800N & 50N/m2 

 
6.4 Von mises stress (nodal value) 
 

 
Figure  9. Von Mises Stress at load 800N & 50N/m2 

 
6.5 For loading condition of 1600N & 50N/m2 translational displacement vector 
 

 
Figure 10. Deflection at load 1600N & 50N/m2 

 
6.6 Von mises stress (nodal value) 
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Figure 11. Von Mises Stress at load 1600N & 50N/m2 
7.0 Modification in The Original Cad Model of the Pillion Step    Holder 
• Stiffner is removed to make simple geometry. 
• Overall thickness is reduces from 17.5 mm to 12 mm to save material considerably.  
• Near the mounting point 1, profile is simplified so as to make casting easy. 
 

 
 

Figure 12. Modified CAD model of pillion step holder 
 

8.0 Stress Analysis For Modified Cad Model For The Same Material And Under The 
Same Loading Condition 

 
Now Here the keeping all the conditions same we are giving some studies of stress analysis for modified CAD 
model of Pillion step holder Hero Honda CBZ motor. 

 
8.1 Static boundary conditions 

 
Figure 13. Static boundary conditions for the modified CAD model. 

 
8.2 Stress pattern at different sections 
 

 
 

Figure 14. Stress pattern at different sections 
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8.3 For loading condition of 800N & 50N/m2 translational displacement vector 
 

 
 

Figure 15. Deflection at load 800N & 50N/m2 
 

8.4 Von mises stress (nodal value) 

 
Figure. 16 Von Mises Stress at load 800N & 50N/m2 

For Loading Condition of 1600N & 50N/m2 
Translational Displacement Vector 

 

 
 

Figure 17. Deflection at load 1600N & 50N/m2 
 

8.5 Von mises stress (nodal value) 

 
Figure 18. Von Mises Stress at load 1600N & 50N/m2 
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9.0 Conclusion 
The CAD Model of pillion step holder of Hero Honda CBZ Motor Bike has been developed by CATA V5 using 
the cloud data which is generated after the scanning of pillion step holder by Mechanical touch probe scanner. 
After getting solid model tool path can be generated & consecutively with the help of CNC machine final model 
of pillion step holder can be produced. The stress analysis of pillion step holder of Hero Honda CBZ Motor 
Bike was also done. Result shows that maximum stress at critical section is wit in permissible limit as compared 
to the strength of the material applied and the deflection in the component is much lesser then the permissible 
value. 
Again stress analysis is performed on the modified CAD model. It is found that the maximum stress and 
maximum deflection are still within the permissible limit. 
Hence it serves the purpose of Reverse Engineering of the Pillion Step Holder and it also helps to understand 
the behavior of the CAD model under various loading conditions and further help to modify it and results in 
saving of the cost as there is 25% of material saving. As the component geometry is simplified in the new 
model, the cost of tooling is also reduces.  
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Abstract 
Integration of CAD and CAE technology enables engineers to explore design alternatives and to ensure product 
quality before the first prototypes are manufactured. It also helps to clarify problems that are identified in the use 
phase for a product. Present commercial CAD and CAE software supports an associativity on component model 
level. Engineers are usually hindered in their efforts to simulate the physical behavior of complex systems of 
components. This paper describes a framework and a modeling methodology, with the scope to enable numerical 
modeling, simulation and analysis of the physical behavior of complex systems. The framework, which is based on 
commercial CAD, CAE and PDM software, includes a metamodel, which can be characterized as ISO STEP aware 
but not STEP compliant. The presented approach is exemplified with an industrial case. 
 
Key Words: CAD, CAE, PDM, Finite Modeling 
 
1.0 Introduction 
The preferred engineering design process is often presented as a systematic transformation from abstract models of 
functional requirements to concrete physical solutions, e.g.[1],[2],[3], and [4]. There is normally a zigzagging 
between various models at different levels of abstraction, as well as between different phases of the process. Since 
many tasks are strongly interrelated [5], the process can be rather chaotic, characterized by trial-and-error refinement 
steps [6].A technical system can be defined as a finite set of subsystems, attributes, and relationships. Subsystems 
interact at interfaces, where an interface is a pair of mating faces [7]. Some researchers, e.g. [8], refer to this 
relationship as a functional topology, and views the design process as a transformation between different classes of 
topologies. A system that is confronted with the surrounding world changes its physical state, i.e. it has a physical 
behavior. The subset of the world that has a significant influence on the physical behavior of the system is further on 
referred to as the environment (see figure 1). Many engineering activities are confronted with the relation between 
shape and behavior. The material properties and the shape of the individual bodies, and the interaction between the 
bodies and between the bodies and the surrounding environment mainly determine the physical behavior of a 
technical system. The intended behavior of a system, i.e. its function, may be severely altered by incidental and 
accidental interactions. There might also be a complex interaction between different physical phenomena. The 
structure of a behavior model can thus not be defined a priori from a functional structure, it must be established in an 
iterative process with modeling, simulation, and analysis. Tomiyama [9] defined the design activity as a stepwise 
and evolutionary transformation with concepts of physical behavior as intermediate states. 
 

 
 

Figure 1. System and active environment as decomposable objects. 
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Modern CAD/CAM systems are highly productive tools for concept embodiment, detailing, and pre-production 
engineering. Computer aided engineering (CAE) includes a blend of numerical methods and techniques that can be 
utilized to clarify, predict, and to optimize the physical behavior of an artifact. The finite element (FE) method is a 
general tool for numerical modeling and simulation of physical behavior of bodies with arbitrary shape. There are 
many algorithms available that are capable of automatically or semi-automatically meshing general 2D and 3D 
geometric shape. Most of the algorithms are variants of the following five methods mapping transformation, 
geometric decomposition, node insertion and connection, regular grid overlay, and paving or advancing front 
techniques [11]. Automatic meshing, with an associative one-to-many relationship between geometric model and FE 
model, is a corner stone in any integrated CAD/CAE system. An integrated CAD/CAE system provides the engineer 
with tools capable of supporting a number of engineering steps in all life-cycles of an engineered product. Such a 
system can thus contribute to the actual progress of the engineering process [6]. The present state of the CAD and 
CAE integration in commercial software is restricted to an associative relation between CAD and CAE models on 
component level. Engineers are usually hindered in their efforts to simulate the physical behavior of complex 
systems. Any numerical model has a unique purpose. If the scope is to describe a specific behavior of an engineering 
system, the required model is usually very large, even when it is limited to a single physical domain. Condensation 
of the full set of degrees of freedom (DOFs) to a reduced set, as independently proposed Guyan [11] and Irons [12], 
is a standard method to enable static and dynamic simulations of large systems. In the dynamic domain, the selection 
of master DOFs must reflect the frequency content of the loading and the modal content of the subsystem. 
Automatic selection of a specified number of internal master DOFs for dynamic .models, as proposed by Henshell 
and Ong [13], is a standard tool in most FE systems.  
 
The component mode synthesis (CMS) method, first proposed by Hurty [14], has significant condensation 
advantages [15], since it most efficiently reflect the modal content of the system. The perhaps most popular CMS 
method, the Craig-Bampton method [16], has the benefit of formulating the constraint modes for the interface DOFs 
on the sub model level and thus maintaining sub model independence. Condensation introduces errors that have to 
be assessed and controlled. This is especially important for models of complex systems. Thomas [17] defined a 
priori error bounds for the computed eigenvalues. For other cases, error bounds can be more difficult to assess and to 
control. It is thus a targeted area wherever large and complex models frequently are utilized [18]. Techniques that 
enables efficient coupling of independently modeled subsystems have not received the same attention as 
condensation. Consequently, CMS and other condensation methods have problems to treat interfaces with the 
generality that is desired in systems analysis. Efficient systems modeling require that a mixture of sub models and 
models of their interaction at different levels of detail can be synthesized for each unique simulation purpose. A 
method to attach independently discretized, full or condensed, FE sub models in order to support efficient FE 
modeling of complex systems was presented in [19]. A methodology and a framework that supports numerical 
modeling, simulation and analysis of the physical behavior of complex engineering systems throughout a complex 
engineering process is described below. The framework is based on commercially available CAD/CAE/PDM 
technology. It includes a metamodel, and routines that enable configuration, and analysis of complex systems. 
 
2.0 A Modularized Methodology 
 

 
 

Figure 2. A modularized approach to behavior modeling, [7]. 
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Modularization, i.e. developing key modules with well defined interfaces that can serve as platforms for new 
products or variations of existing products, has proved to be an efficient method to reduce complexity in product 
development, Numerical modeling of the physical behavior of complex engineering systems can also benefit from a 
modularized approach. Such an approach, based on four steps - domain decomposition, interface definition, 
structuring, and modularization, where models of subsystems are treated as encapsulated objects was presented in 
[7]. The starting object in this process is the technical specification, which include geometric constraints such as the 
allowed space and known or required interfaces. Because of its generality, the FE method is relied on as a standard 
method to model physical behavior. Other discretization and lumped parameter methods are viewed as 
complementary methods. The first two steps in the methodology cover discretization of the system. The main 
objective of the domain decomposition step is to reduce the complexity of systems modeling by dividing the system 
into simpler and more manageable sub models. 
 
 The second step is to identify and to define the mating faces for each sub model. The third task in the modeling 
process, referred to as structuring, is to synthesize a systems model from the sub models. Structuring involves two 
activities that are executed in sequence - identification of pairs of mating features in the configuration and their 
connection in the systems model. The output from this activity is a product model of a specific system. The fourth 
step in the modeling process, modularization, is focused on aggregating interconnected behavior models, preferably 
in condensed form, and their external mating features into ”library”-modules. The dashed arrow from the 
modularized behavior model in figure 2 indicates that behavior modeling is a continuous activity throughout a 
product's life cycle, which indicates the need for scaleable and reusable models. 

 
3.0 Metamodel 
The basic concept is to distinguish between metadata, which are stored as attributes and relations in the PDM 
database, and instance data which are stored as logical files (see figure 3), in proprietary or neutral format. Although 
the EXPRESS-G notation is used to graphically represent the data model, the schema language is not actually used, 
but an EXPRESS based mirror version of the data model is under development. 
 

 
 

Figure 3. Distinction between metadata and instance data. 
 
From a modeling process point of view it is advantageous to store the physical properties, such as material data and 
shape, in a master model. The design model is the most logical choice for such a master model. In the data model, a 
clear distinction is made between systems models and feature models, which are the elementary building block of 
systems models. A design feature - the building block of a design systems model - is an aggregation of a form 
feature, a material object, and an environment objects. A form feature is related to an orientation object that defines 
its spatial placement. The most important features and their major relations are shown in figure 4 
 
A behavior feature [7] is a representation of a design feature at a specific level of abstraction and for a specific 
physical domain. A behavior feature should describe the physical properties and behavior of a design feature 
independent of how it will be connected to other features. It inherits shape and physical and material properties from 
the design feature. Many behavior features can represent a design feature. An explicit model, which is the term used 
here for a condensed model, has a derived from relation to a FE based behavior feature. A mating feature is derived 
from a behavior feature. It has an intended or a potential relationship to mating faces related to other behavior 
features or to the active environment. A FE based mating feature has descriptive metadata and a set of stored objects 
that define the original and current numbers for the mating nodes, their spatial location, and their DOFs. A mating 
feature is also a representation of a mating face, which is a specialization of a geometric face. 
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Figure 4. Important building blocks with some relations. 
 
 
An Interface feature, which is a pair of mating features, is a behavior representation of an interface. An interface 
features is physically connected with a connect feature, which is a type of behavior feature. When a model in the 
behavior domain is mated with an environment feature, we have a simulation model. A simulation model may also 
be a representation of entities, such as fixtures, from the manufacturing domain. 
 
A tight integration of a set of behavior models with a design model, can be formalized in a multi-inheritance 
metamodel. In figure 6, we can see that a mating face has three attributes. The mating type attribute classifies the 
intended type of mating relationship, such as contact, constraint, ”gluing” attachment, or field transfer. Optionally 
the surface topography parameters may be stored in a format defined by the topography type attribute. These three 
attributes are inherited by the mating feature. A similar schema can be observed for an interface, which is a specific 
type of relational object. 

 
 

 
 

Figure 6. Multiple inheritance 
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Figure 7. The top class structure and the systems models. 

 
The feature models and the systems models are subclasses to a model super class (see figure 7). The model class is 
assisted by state, activity, physical property, relation and information object classes. Design, behavior, and 
environment systems have the same basic structure -denoted an x_system in figure 7. A requirements model is 
further decomposed into two subclasses, technical requirements and model requirements respectively. These two 
subclasses, which are denoted y_ in figure 7, have a similar structure as an x_model. Interfaces and other 
compositions of entities are treated as relational objects. Vectors and matrices on the other hand are treated as 
subclasses to an information object class. 

 
4.0 Service Routines 
The EXPRESS schema does not support object methods. Algorithms and procedures for some of the most important 
object methods have been implemented in the PDM system as service routines. They have been specialized into 
three subclasses - configurations, analyzers, and translators (see figure 8). Configurations are used to configure, 
mate, and to connect systems. They also have their counterparts, i.e. unconfigure, unmate, and unconnected. 
Analyzers are procedures for model condensation, analysis, verification, and validation. The term verification is 
used for checking if ”the model is right”, and validation is used for checking if ”the right model” is used. Translators 
are routines that can be used for the exchange of explicit models, and mating and connection features between 
different proprietary formats via a neutral format, e.g. from an I-DEAS or an ANSYS substructure via a neutral 
explicit model format to a MATLAB mat-format for analysis. MATLAB is a trademark of Mat Works.  
 

 

 
 

Figure 8. Service routines. 
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In figure 9 it is shown, in IDEF0-format, how the configure system routine is used as a mechanism to execute a 
configure method.  

 

 
Figure 9. Configure system service routine. 

 
Mating features that are not referenced by any interface feature in the system are identified as potential candidates 
for new interfaces by the mate system routine. The pairing is presently done manually. A method to attach nodally 
incompatible FE models that is based on Delaunay triangulation of the node sets at a pair of mating features is used 
by the connect system routine to compute the terms for a set of multi-point constraint (MPC) equations [21]. With 
the mating type equal to contact, a set of contact elements are generated as a connect feature. 

  

 
Figure 10. Mate system and connect system service routines. 
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By combining the decompose,mating,feature routine with the mate system routine, a set of constraint equations that 
reduce the number of DOFs at a mating feature can be created, as shown in figure 11. 

 

 
 

Figure 11.Serial execution of service routines to condense mating feature 
 

5. 0 Conclusion 
A methodology and a framework based on commercial CAD/CAE/PDM technology for behavior modeling of 
complex systems have been presented. The scope of the approach is to support modeling of the physical behavior of 
complex systems in an iterative and thus complex engineering process, by using encapsulated submodels of design 
components and of their mating faces. Behavior models and their connections , which both may exist at different 
levels of abstraction, are treated as representations of a CAD based master design model. The approach has been 
briefly exemplified with FE modeling of the thermo elastic behavior and the frequency content of a high precision 
grinding machine. 
 
6.0 Further Work 
The framework is currently a test-bench, where the supporting modeling methodology, and its applicability in both 
the concept embodiment and the detailing engineering phases can be scrutinized and developed further. Ongoing 
research focus on the development of methods and tools to automatically mate and connect individually modeled FE 
based sub models at their common interfaces. This includes extracting physically reasonable properties for contact 
and sliding situations from topography parameters that are stored as mating face attributes in the CAD-based design 
model. 
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Abstract 
Modeling of a crack propagating through a finite element mesh under mixed mode conditions is of prime 
importance in fracture mechanics. In this paper the crack-tip region is modeled using six-node triangular 
elements  and  the mid-side nodes are moved to  the '1/4' position  to  create  the  required inverse square-root 
singularity at the crack tip. Crack tip stress intensity factors are estimated to determine crack propagation 
direction. This work has been carried out using a ‘Finite Element Analysis Software computer package ANSYS 
8.0’. The direct output of the finite element method is calculated nodal displacements. An attempt is made to see 
the direction in which a crack will grow, either through the gear tooth or through the rim.  
 
Key Words: Crack Propagation Path, Linear Elastic Fracture Mechanics (LEFM), Stress Intensity Factor (SIF), 
Crack Propagation Angle. 
 
1.0 Introduction 
The objective of this study is to predict the direction in which a crack will grow, either through the gear tooth or 
through the rim. Linear elastic fracture analysis is used to analyze crack propagation path orientation in gear. 
Finite element computer package is used to determine stress distributions and model crack propagation. The 
goal is to determine whether cracks grow through gear teeth or through gear rims. 
 
Fracture mechanics has developed into a useful discipline for predicting strength and life of cracked gear teeth 
and many authors have used this theory for the calculation of tooth bending strength. In some subsequent 
studies, authors tried to observe the specific effects on the fatigue crack growth. 
 
Oda S, Nagamura K, Aoki K(1981) and Chong T.H., Suzuki T, et al.(1983) carried out stress analysis of thin 
rim spur gears by means of the two dimensional finite element method (FEM) with triangular elements and the 
effects of rim thickness on the root stresses are investigated.  Daniewicz, et al. (1994) developed a 
comprehensive, self-contained analysis package to refine the spur gear bending fatigue theory using fracture 
mechanics. Nicoletto (1993) and Abersek and Flasker (1994) described their approaches to estimate stress 
intensity factors for cracked gear teeth using the weight function method. 
 
Drago, R.J., and Lutthans R.V.(1993) studied the combined effects of rim thickness and pitch diameter on spur 
gear tooth stresses while Lewicki and Ballarini (1997) investigated the effect of gear rim thickness on crack 
propagation in a gear tooth root. In their study, the crack initiation period was determined experimentally. The 
effect of crack closure on crack propagation in a gear tooth root was investigated by Guagliano and Vergani 
(2001). The results of their investigations show that the crack closure effect may be significant when the load 
applied is lower and the fatigue crack propagation phase may take up a significant part of the gears working life. 
 
J. Kramberger, et al., (2004a) examined the bending fatigue life of thin-rim spur gears. J. Kramberger, et al, 
(2004b) also presented a computational model for the determination of service life of gears with regard to 
bending fatigue in a gear tooth root.  
 
2.0 Methodology 
Crack path analysis is mainly based on three parameters namely length of the initial crack, location of the initial 
crack and crack tip modeling and calculations of SIF’s. 
 
2.1. Initial crack length  
In engineering applications, the crack initiation period represents the number of stress cycles required for a 
microcrack nucleation and its growth up to the length ath, which can be termed as the initial crack length. The 
crack propagation period then consists of the number of stress cycles required for a crack to propagate from the 
initial to the critical crack length, when final gear tooth fracture occurs at a tooth root. linear elastic fracture 
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mechanics (LEFM) can be used to analyze the crack growth. The threshold crack length ath, below which LEFM 
is not valid, thus defines the transition point between short and long cracks, i.e. the transition point between the 
initiation and propagation periods in engineering applications. However values for ath have been selected usually 
between 0.05 and 1 mm for steels. (J. Kramberger, et al, 2004b). 
 
2.2. Location of initial crack 
The computational analyses have been performed at the point where maximum stresses occur in a gear tooth 
root. Although the crack initiation due to maximum stress concentrations can appear on both sides of tooth root, 
the most critical for propagation is the tensile side of tooth root. The initial crack is placed perpendicularly to the 
surface at the point of crack initiation in the tensile area of the gear tooth. In numerical computations it has been 
assumed that the initial crack corresponds to the threshold crack length  ath  (Shang D.G., Yao WX, Wang DJ., 
1998). Considering   the threshold crack length equal to  ath = 0.1mm. Such crack can be considered as a 
macrocrack and its growth can be described by the LEFM. 
 
2.3. Crack tip modelling and SIF’S 
The crack-tip region is modeled using six-node triangular elements and, as is standard practice in LEFM, the 
mid-side nodes are moved to the ’1/4’ position. The purpose of distorting the four elements around the crack tip 
is to create the required  r−1/2 singularity at the crack tip.( Anderson T.L., 1991), This type of mesh modeled the 
inverse square-root singularity of stress distribution near a crack tip. Crack tip stress intensity factors are 
estimated to determine crack propagation direction.  
 
Calculation of the stress intensity factor is based on the displacement correlation method using singular quarter-
point, six-nodded triangular elements around the crack tip, Fig. 1 (Aliabadi MH, Rooke D.P., 1992). The stress 
intensity factor in mixed mode plane strain conditions can then be determined from the nodal displacements as 
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Where G is the shear modulus of the material, υ is Poisson’s ratio, L is the finite element length on the crack 
face, ui and vi are nodal displacements in the x and y directions respectively. 

 
 

 
 

 
Figure 1. Six-node triangular, quarter-point elements around crack tip. 

 
The computational procedure is based on incremental crack extensions, where the size of the crack increment is 
prescribed in advance. In order to predict the crack extension angle the maximum tangential stress criterion 
(MTS) is used. In this criterion it is proposed that crack propagates from the crack tip in a radial direction in the 
plane perpendicular to the direction of greatest tension (maximum tangential tensile stress). The predicted crack 
propagation angle can be calculated by  
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A new local remeshing around the new crack tip is required at each step.  
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3.0 Gear Modeling 
With the basic gear tooth geometry data profile for the single tooth is formed. This formed a single tooth sector 
of a gear, which is then arranged in a circular pattern over the root circle for total number of teeth i.e. 28. 
 
The generated profile was used to get the co-ordinates of all the points for modeling the gear. All these points 
are then used in ANSYS to recreate the model. An all ANSYS model is preferred in order to avoid the losses 
due to conversion of file format and to get better accuracy. 
 
This output of tooth coordinate and rim coordinate data, which defined a complete gear is used by a available 
pre- and post-processing finite element analysis software package (ANSYS 8.0). This package created the finite 
element mesh of the complete gear. 

Table 1. Gear geometry data 
 

Number of teeth .                      28 
Module, mm/teeth                     3.2 
Circular pitch, mm                    9.98 
Whole depth, mm                     7.62 
Addendum, mm                        3.20 
 Pressure angle, deg                  20 
 Pitch diameter, mm                  88.90 
 Outside diameter, mm              95.25 
 Root fillet, mm                         1.02 to 1.52 
 Tooth and rim width, mm        6.35 

 
The material used is high strength alloy steel 42CrMo4 with Young’s modulus E = 2.1x105 MPa and Poisson’s 
ratio υ = 0.3. For boundary conditions, hub nodes were fixed. The computational analysis has been performed at 
the point where maximum stresses occur in a gear tooth root.  
Gears with various rim thicknesses are modeled. The parameter describing the rim thickness is the backup ratio, 
mB, 

h
bmb =                                                                                                               (4) 

Where b is the rim thickness, and h is the tooth whole depth. Gears with various backup ratios are modeled and 
analyzed for the crack propagation. 

 

 
 

Figure 2. Mesh refinement and stresses in a gear tooth root 
 
A stress analysis is first performed without any cracks introduced in the models. The mesh was refined in the 
tooth fillet region for improved accuracy. Table 2. lists the calculated principal stresses for the uncracked gears. 
The maximum principal stress (maximum tensile stress) occurred on the fillet surface of the tooth on the loaded 
side, Fig. 2. As the backup ratio decreased from mB =3.3 to 0.5, the magnitude of the maximum principal stress 
slightly decreased. This is due to the increased compliance of the rim structure as the rim thickness decreased. 

Table 2: Principal stresses for finite element models of gears 
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 For all cases, the mouths of the initial cracks are placed at the nodes located at the tip of the highly stressed 
elements. 
 
4.0 Crack Propagation Simulation 
The initial crack is placed perpendicularly to the surface at the previously determined point of crack initiation in 
the tensile area of the gear tooth. In numerical computations it has been assumed that the initial crack 
corresponds to the threshold crack length ath, considering the threshold crack length equal to ath = 0.1 mm. Such 
crack can be considered as a macrocrack and its growth can be described by the LEFM concept (J. Kramberger, 
et al, 2004b). 
 
Among the variety of capabilities, a unique feature of ANSYS is the ability to model a crack in a structure. 
ANSYS will create a rosette of quarter-point, six-node triangular elements around the crack tip to model the 
inverse square-root stress singularity. (Fig.3) 
 
For reasonable results, the first row of elements around the crack tip should have a radius of approximately a/8 
or smaller, where a is the crack length. In the circumferential direction, roughly one element every 30◦ or 40◦ is 
recommended.( ANSYS, Modeling and Meshing Guide, Analysis Guide, Version 8.0.). The crack tip elements 
should not be distorted, and should take the shape of isosceles triangles. 
 
 

        
 

Figure 3. Meshing around the crack tip 
 

5.0 SIF’s Using KCALC 
At first placing a local coordinate system at a crack-tip, with  X parallel to the crack face and Y perpendicular to 
the crack face. Then defining a path along the crack  face. For a full-crack model, the first node on the path 
should be the crack-tip node, second and third on top face, fourth and fifth on bottom face. 
 
Mixed mode stress intensity factors KI and KII are then calculated for plain strain conditions. The KPLAN field 
on the KCALC command specifies whether the model is plane-strain or plane stress. The KCSYM field 
specifies whether the model is a half-crack model with symmetry boundary conditions, a half-crack model with 
antisymmetry boundary conditions, or a full-crack model  
 
 

Sr. No mb Maximum principal stress 
(MPa) 

1         3.3 263.155 
2 2.0 251.563 
3 1.5 247.253 
4 1.0 234.985 
5 0.5        245.084 
6 0.3 285.337 
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Table 3: Mode I and Mode II SIF’s (MPa mm0.5 ) using KCALC 
 

mB KI KII 
0.3 5317.2 12729 
0.5 4643.6 11012 
1.5 2310.6 5695.1 
2.0 1919.8 4717.7 
3.3 1245.8 3046.4 

 
6.0 Conclusion 
The mode I and II stress intensity factors for the simulated crack propagation of test gears are shown in Fig. 4. 
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Figure 4. Calculated Mode I and Mode II Stress Intensity Factors 
 
Both mode I and mode II stress intensity factors gradually decreased with increasing back up ratio, i.e., for 
increasing rim thickness. For cases of mB = 0.3 and mB = 0.5, the values of KI and KII are much higher than for 
backup ratio’s greater than 1.0. This lead to a crack  trajectory  which  produced  tooth  fracture. 
 
For gears with backup ratio’s greater than 1.0, i.e. for mB = 1.5, 2.0 and 3.3 the mode I and mode II stress 
intensity factors are less, which produced small crack propagation angles. This lead to crack propagation  
through  the gear rim which should be avoided in the design of a gear set. The predicted crack propagation paths 
for the models of the test gears are shown in Fig.5. 
 

Table 4 :  Summary of the failure modes 
 

Gear No. Backup Ratio, mB Predicted Failure Mode 

1 0.3 Tooth fracture 

2 0.5 Tooth fracture 

3 1.5 Tooth fracture 

4 2.0 Rim fracture 

5 3.3 Rim fracture 
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Figure 5. Predicted crack propagation paths for test gears. (a) mb = 3.3 (b) mb = 2.0 (c) mb = 1.5 
(d) mb = 0.5 (e) mb = 0.3. 

 
In order to validate the present numerical results, an adequate experimental work is required to be performed. 
More reliable prediction could be expected by evaluating effects of gear geometry (thickness and position of 
web, etc.), and this requires further research work. 
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Abstract  

SARVAGYA 1.0 is an autonomous vehicle designed to participate in the IGVC 2006. It has all the features of an 
unmanned ground vehicle that provide it autonomy to traverse any terrain without human intervention. The vehicle 
is built on a mild steel frame with two stepper motors driving the rear wheels and one controlling the steering with 
all three motors attached with encoders to provide feedback to the main control system. This paper presents the 
implementation of different algorithm for autonomous navigation. We have modified the VFH to incorporate the 
Ackermann model of the vehicle we have also utilized the information contained in the HSV and Y Cb Cr channels of 
the input image for detecting lines.  VFH is used for local planning and navigation purposes. We integrated the 
positions of white lines with the radar data to avoid obstacles and navigate through the obstacle course. We have 
projected the white lines as obstacles and then the VFH locally made the Robot navigate around staying inside the 
white lines and avoid bins detected by radars.    
 
1.0 Introduction  
 An Unmanned ground vehicle is capable of maneuvering in the surrounding environment autonomously without the 
human intervention. Sarvagya 1.0 is a vehicle which can function in both structured and unstructured environment 
depending upon the requirement. Sarvagya 1.0 is a four wheeled vehicle which is equipped with CCTV camera and 
ultrasonic radar sensors which are the backbone of the net-work with outside environment. It has an H-beam chassis 
and rugged Ackerman steering mechanism for giving it bal-ance and smooth turning. The design is simple and easy 
to reassemble and makes an effective utilization of available space. The aim of making the vehicle is to participate 
in the 14

th
 Annual Intelligent Ground Vehicle competition at Michigan, USA. The vehicle can be deployed in armed 

forces for the purpose of surveillance in unfriendly and hazardous environment. It also has its application in the 
production industry for shifting payloads from one machine to other. So the dimensions of the vehicle are restricted 
to the limit which could fit path according to the industry standards.    
  

  
  

Figure 1: SARVAGYA 1.0  
2.0 Design Process  
Constraints on time and resources in conjunction with de-mand of IGVC necessitated the implementation of 
rigorous design process. Inherent in this design process are milestone and deliverables that hold the design team to 
predetermined schedule and guide decision making. The aim was to pre-pare a robot with all the basic necessities of 
an intelligent robot and to improve upon it as far as possible in the first attempt.   
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The team worked on a very systematic process chart which was updated regularly to achieve desirables in time   

 
  

Figure 2: 3D-model of vehicle in AutoDesk Inventor 10  
  

3.0 Mechanical and Electrical System  
The tubular mild steel frame of Sarvagya is very durable and can carry payload up to 15 kg even though it is very 
light. To transform ideas into reality 3-D models were created in AutoDesk inventor and simulated as well.   
Light aluminum sheets were fixed to the base of the chassis to carry the weight of batteries, inverter and other items. 
Modular approach was followed to keep separate platform for the inverter and the radars. The batteries were 
clamped to the base in such a way so as to fixed rigidly while motion and are easy to remove for servicing as well.   
The fundamental design of Sarvagya is car like Ackerman steering stable on uneven terrain. The four wheel 
configuration provides a stable platform for all the components. The functionality of robot lies in the fact that two 
separate mo-tors drives each of the rear wheels. Each motor provides ample torque so that if one wheel gets stuck 
other will move independently. This gets the vehicle out of potholes and since the robot is maneuvered by intelligent 
control system it will regain its path.   
Steering is accomplished by an independent steering motor, which controls the Ackerman steering and makes the 
vehicle proceed in the right direction as calculated by the soft-ware. The specialty of Ackerman steering is that it is 
most widely used turning mechanism in all the road vehicles. The front inner wheel turns by a larger angle than the 
front outer wheel to overcome slip due to larger arc traveled by the outer wheel. The steering motor assembly was 
designed and manufactured using worm and worm wheel gears to steer the vehicle.    
An 80:1 reduction gear was used with efficiency up to 60 percent along with 1.89N-m bifilar stepper motor so that it 
will steer the vehicle in any form of ground conditions.   
SARVAGYA employs a simple battery system. This system utilizes two sealed lead acid batteries. Each battery 
weighs 13.8 Kgs and provides 42 amp-hours of deep cycle capacity at 12 volts. When arranged into two battery 
banks these batteries provide 42 Amp-Hours of capacity at 24 volts. The power provided by the onboard batteries is 
distributed to the motors, motherboard, and sensors via the power stabilizers and inverter. The batteries are clamped 
rigidly can be easily charged onboard.   
 

 
 

Figure 3: Power System flow diagram  
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 4.0 Vehicle kinematics  

 
 

Figure 4: Trajectory based on an arc of circle  
  
We assume the robot follows a circular trajectory with radius r

c
. The center of the circle will be located, in the 

robot’s initial frame of reference, at the position given by the Cartesian coordinates (0, r
c
). The robot path follows 

the arc of the circle subtended by angle
 

 then,  

              
The angle subtended by the robot’s path along a circular arc is twice that of its initial bearing to the goal point.  
 Applying trigonometry:  

    

   
The value  for the radius of the circle is essentially the turn radius for the robot’s motion.  

   
L is the length of the path. So the time required for the robot to travel from its initial point at time to its 
final point at time  is easily computed by dividing the length of its path by the speed at which it travels:  

    
The rotational velocity is given as:  

   
 Our knowledge of rotational velocity leads directly to a function defining the robots orientation as a function of 
time.  

    

   
Figure 5: Relation between initial point and circle  
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When the robot is turning right  

    
When the robot is turning left  

   
 Regardless of the sign of r

c
 we can write the equations of the coordinate of the centre  

    
 Final equations to keep track of the vehicle are  

    
Now these are the equations of the final coordinates of the vehicle after time t.  
From the Ackerman model of the vehicle the value of the turning radius is given as  

  = l /sin (α)  
 Here α is the steering angle of the vehicle so by putting the value of steering radius in terms of steering angle in the 
above equation of coordinates we obtained an equation in terms of initial coordinates, initial orientation, steering 
angle and time taken by vehicle to reach the final position   
We will have the values of the initial position and the initial orientation in VFH+ so we have to control the value of 
steering angle to get the desired position in given time t. So these equations will give us the value of the required 
steering angle.  
  
5.0 Sensors  
Twelve radars were used in the front of the vehicle to detect obstacles and to map them in an occupancy grid. This 
data is fed to the obstacle avoidance algorithm to plan the next move of the vehicle. The sensors communicate via 
serial port to the main router board. The 12 ultrasonic radars were driven by 3 driver boards, which consist of analog 
circuitry, digitally controlled micro controllers to fire these radars, collect the echo and make the required 
calculations for finding out the range of various objects in front of our robot. We have sequentially fired the radars 
to reduce the effects of cross talk. The 12 radars are at an angle of 15 degrees to each other covering 180 degrees in 
front of the robot. We have used assembly language to program our controller boards. The radar controller provides 
the value of ranges in the 12 directions and sends a packet of all values to the router board, which then 
communicates with the computer via a serial port and provides the software with the required range data.  
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Figure 6: ultrasonic sensors  

6.0 Vision  
The main objective of the vision module in the competition  was to detect the white lines marking the two ends of 
the track and to stay within the two lines during all times. Also the vision sensor had to detect orange and white 
striped bins which acted as obstacles in the path of the vehicle. To achieve this target first we take an image using a 
CCTV camera. The image is then converted toYCbCr form. Then the Cr part is taken out which highlights the 
orange bins. Wherever the Cr image is above a threshold value (orange highlighted part), that part is blackened thus 
the bins are now blackened.   
 
Now for detecting the lines the hsv image of the altered im-age is taken. The’s’ part (saturation part) of the image is 
taken. The’s’ part highlights the black and white colors of an image. Again a threshold is taken and any pixel above 
that value is considered to be a line or a bin. These pixels are also blackened.   
Now any pixel which is perfectly black is set to white and the remaining pixels are set to black. This image may 
have many distortions also. Thus morphological operations were used to smoothen out the image. Thus we had an 
image where we had white over black. White represents obstacles on a black background.    
 

 
  

Figure 7: Vision Algorithm  
7.0 Vector Field Histogram +  
 The concept of the VFH+ obstacle avoidance algorithm is similar to the original VFH algorithm. The input to this 
algorithm is a map grid of the local environment, called histo-gram grid [Borenstein and Koren, 1991], which is 
based on the earlier certainty grid [Moravec, 1988] and occupancy grid [Elfes, 1989] methods. The VFH+ method 
employs a four-stage data reduction process in order to compute the new direction of motion. In the first three 
stages, the two-dimensional map grid is reduced to one-dimensional polar histograms that are constructed around the 
robot's momentary location. In the fourth stage, the algorithm selects the most suitable direction based on the 
masked polar histogram and a cost function.  
The firstly the active region Ca of the map grid C is mapped onto the primary polar histogram Hp. The active region 
Ca is a circular window of diameter ws that moves with the robot. The content of each active cell in the map grid is 
treated as an obstacle vector.  
The width of the vehicle is taken into account by enlarging the obstacle cells by a robot radius r which is defined as 
the distance from the robot center to its furthest perimeter point [Udupa, 1977]. For further safety, the obstacle cells 
are actually enlarged by a radius r

a
 = r + d where d is the mini-mum distance between the robot and an obstacle. It 

assumes that the robot's trajectory is based on circular arcs (constant curvature curves) and straight lines. The 
minimum turning radius of the vehicle is also taken into account while denoting the cells which are blocked and 
cannot be traversed. Various cost functions were used to choose the best direction of travel by taking into account 
the difference of a candidate direction and the target direction, difference of a candidate direction and the robot's 
wheel orientation and difference of a candidate direction and the previously selected direction of motion.   
VFH+ uses the values sampled by the radars and vision to create the occupancy grid representing obstacles as either 
1 or 0. The white boundary lines are also treated as obstacles by VFH+  
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8.0 Device communication  
  

 
Figure 8: Communication protocol  

  
We have used router board for the communication between the different boards and the VFH+ obstacle avoidance 
algorithm. Router board communicates through single RS-232 port with the VFH+ collecting all the necessary data 
from motor boards and sensor boards. It also communicates with VFH+ to issue command to the drive and steer 
motor to follow the trajectory according to VFH+.  
 
Our VFH+ controller forms a data packet with a header to issue different commands to the router board. This data 
packet contains the velocities of steering and driving motors. Once the embedded router board identifies the 
command packet by evaluating the header, it generates commands to the other boards through parallel processing. 
This type of packet formation with a header helps in identification of bad data packet so that no wrong command 
can be issued to router board which leads to deviation from the given trajectory. This type of communication is 
advantageous in faster processing of commands because of distribution of embedded processing between four AVR 
microcontrollers.  
 

   
  

Figure 9: communication board  
  

Use of simple Radio Frequency communication modules has been made for communicating the Wireless E-Stop to 
the Robot. A single stop bit is communicated to the Robot to stop the robot from moving any further by tripping a 
relay circuit.   
  
9.0 Vehicle performance  
 
 9.1 Speed   
The stepper motors have a maximum speed of 1000 rpm. It is combined with 12:1 reduction gearing which leads to 
a final speed of 83.33 rpm at the wheel. With diameter of .33 m for the wheel the speed of the vehicle turns out to be 
around 1.44 m/s. This speed is desirable because the soft-ware performance does not allow a speed greater than this.   
   
9.2 Ramp climbing ability  
  The maximum incline specified in the IGVC rules is 15% grade which is 8.5 degrees. It has been verified with 
dynamic force analysis that the motors provide enough torque to propel the vehicle up an incline of 15 degrees 
(which is more than that specified in the rules) with a velocity of 1 m/s. The tires have been rubber treaded so as to 
provide proper grip on the surface even if it is smooth. The weight distribution is in favor of the front tires so that it 
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provides it with an ability to climb over obstacle and navigate uneven terrain easily.   
  
 
9.3 Reaction time  
  The processing time for the vision software is 100 ms. The total time to collect sensor data; process it and issue 
commands to the motors is 50 ms. At a speed of 1.44 m/s it translates into the vehicle moving 0.216 m. This reaction 
distance is within the sensing distance of the cameras and radars. Hence vehicle can move effectively without hitting 
obstacles in front.   
  
10.0 Conclusion  
 SARVAGYA is a fully autonomous vehicle designed and developed to participate in the INTELLIGENT 
GROUND VEHICLE COMPETITION. The mechanical, electrical and software design were presented in this 
paper. The simplicity and uniqueness of the design were well appreciated at the competition and the vehicle 
performed well in its maiden attempt at IGVC.   
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Abstract 
It was with the eighteenth century industrial revolution that bearings came to the forefront of engineering endeavor. 
Historically speaking, fluid film bearings were the first type of rotary bearing to appear simply because they are 
simpler than rolling-contact bearings.  This paper aims to studies the optimization technique generally used in fluid 
film journal bearing. Although there are different optimizations technique listed in the paper and some of them i.e. 
Genetic Algorithm, Tabu Search are discussed in detail. 
 
Key Words: Fluid Film Bearing, Optimization, Genetic Algorithm, Tabu Search 
 
1.0 Introduction  
Researches related to journal bearings have received great attention in the past several decades due to the broader 
applications of the bearings in mechanical devices. Journal bearings are used to support shafts and to carry radial 
loads with minimum power loss and minimum wear. Practical applications of journal bearings can be found in 
thermal engines, compressors, turbomachinery, power generating units, and gear boxes. Fluid film bearings are 
lubricated and cooled by a continuous supply of a filtered liquid, typically oil, of a specified viscosity and at a 
specified temperature. During normal operation the moving surfaces are separated by a film of lubricant which 
minimizes heat generation. The heat that is generated is due to the shearing of the lubricant film and this heat is 
carried away by the lubricant flow. The bearing design life is theoretically indefinite provided the design operating 
conditions and lubricant quality are maintained. 
 
Being relevant to fluid film journal bearing, Kim [1] optimized the weighted sum of temperature rise in fluid film 
and supply lubricant quantity, using an enhanced artificial life algorithm (EALA), Hirani [2] uses Genetic Algorithm 
to minimize oil flow and power loss, Elsharkawy. [3] , obtain a solution to an inverse problem through Least-squares 
optimization technique  for the elastohydrodynamic lubrication of one-layered journal bearings, Matsuda[4] aims to 
optimize a clearance configuration of fluid-film journal bearings for stability improvement and Hashimoto  [5] 
applied hybrid optimization technique combining the direct search method and the successive quadratic 
programming in order to minimize the objective function defined by the weighted sum of maximum averaged oil 
film temperature rise, leakage flow rate, and the inversion of whirl onset speed of the journal under many 
constraints. Moreover fluid film journal bearing optimization technique has been studied by many researchers [6-9]. 
 
This paper aims to study the different type of optimization technique used in fluid film journal bearing and discusses 
the Genetic Algorithm and Tabu Search in detail. 
 
2.0 Optimization   
Any problem, in which parameter value must be determined, given certain constraint, can be treated as optimization 
problem. In the formulation of general optimum design problems for improving the operating characteristics of 
high-speed, hydrodynamic journal bearings, the terms and the definitions used in the optimum design need to be 
explained. 
 
2.1 Design variable  
This is the main factor determining the bearing design. A set of design variables is generally expressed by the design 
variable vector as follows: 

).......,,.........,,( 321 nxxxxX =                   (1) 

Where .....,.........,, 321 xxx are, for example, corresponding to the radial clearance, bearing length, preload factor, 
etc. 
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2.2 Constraint  
This is a condition that must be met in the optimum design and may include restrictions related to design variables 
and state variables such as minimum film thickness, maximum film pressure, maximum oil film temperature rise, 
etc.,which is generally expressed as follows: 

( )miXgi −=≤ 10)(                             (2) 

Where m is the number of constraints. 
 
2.3 Objective function 
This is a quantity to be minimized or maximized under the prescribed constraints. As candidates of objective 
function for the fluid film journal bearing design, the following items are considered: 
(i)   To minimize the friction loss on the journal surface, 
(ii)  To minimize the maximum oil film temperature rise, 
(iii) To minimize the oil leakage flow rate, 
(iv) To minimize the inversion of whirl onset velocity (or to maximize the whirl onset velocity), 
(v)  To minimize the manufacturing cost, 
(vi) To minimize simultaneously some or all of items from (i) through (v) 
When the leakage oil flow rate is minimized according to item (ii), the friction loss may be considerably decreased. 
On the other hand, items (ii), (iii), and (iv) are the ‘‘trade-off’’ relations of each other. Therefore, it may be 
reasonable to define the objective function for improving the operating characteristics of hydrodynamic journal 
bearing as follows: 

))(/1()()()( 332211 XnXQXTXf cβαβαβα ++Δ=                                                                      (3) 

Where the coefficients 1α   to 3α are the weighting factors, which can be selected by the bearing designers 

themselves, however, sometimes it may be reasonable to choose the factors as the same weight, 1α   to  3α =1 , for 

the even evaluation of Δ T(X), Q(X) and cn (X). The coefficients 1β to 3β  are the scaling factors to normalize the 
related quantities, which are, for example, defined as the inversion of the constant reference values of related 
quantities. In Eq. (3), the quantities Δ T(X), Q(X) and cn  (X) are ‘‘trade-off’’ relations of each other, so that the 
objective function may have multipeaks and several local solutions may exist in the feasible region. 
 
2.4 The optimum design problem 
The optimum design problem for the fluid film journal bearing is defined as that of finding the optimum variables 
which minimize the objective function in Eq. (3) under the constraints in Eq. (2), where the journal diameter, journal 
rotational speed, and load applied are given parameters because these parameters are usually determined in the up-
stream process of the rotating machinery design. This is formulated as follows: 
Find { })1(0)( miXgXRRinX i −=≤=  to minimize )(Xf                    (4) 
 
3.0 General Optimization Algorithms the Three Different Type of Algorithm is Described 
Below 
 
3.1 Enumerative schemes (implicit methods): Each possible solution evaluated. 
 
3.2 Deterministic Algorithms 
 A. Greedy:  
                  • Locally optimal choices are made 
                  • Assumption is made that sub-optimal solutions are always part of the     
                     global solution 
B. Hill climbing:  
                    Based on irrevocable strategy of expanding the most promising node 
 
C. Branch and bound: 
                     A bound is computed at each node to determine if the node is promising 
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D. Depth-first 
E. Breadth-first 
F. Best-first 
G.Calculus-based 
H.Mathematical programming 
 
3.3 Stochastic Algorithms 
A.  Random search: 
                     • The simplest stochastic search strategy 
                     • A number of stochastic solutions is evaluated and the best solution is  chosen. 
B. Simulated annealing:  

Based on an annealing analogy, where a liquid is heated and then    gradually cooled until it 
freezes. 

C. Hill-climbing  
• Chooses the best move from a node picked by SA at random. 
• The move probability decreases around the global optimum 

D. Monte Carlo:  
• Random search where any selected trial solution is independent of the previous solutions 
• The current best solution is stored as a comparator 

E. Tabu search: 
           • Involves a meta-strategy to avoid being stuck in a local optimum 

         • Keeps a record of visited solutions and the path used to reach them 
         • Often integrated with other optimization methods 

F.  Evolutionary computation: 
           • Stochastic search methods, which computationally simulate the natural evolutionary process 
                       • New research area, however, associated techniques have existed for about 40 Years 
I have studied the following optimization technique in detail 
1. Genetic Algorithm               2. Tabu Search 
                            
4.0 Genetic Algorithm 
First pioneered  by John  Holland  in  the 60s,  Genetic Algorithms has  been   widely    studied   experimented  and   
applied  in  many   fields   in   engineering  worlds. A genetic algorithm applies the principles of evolution found in 
nature to the problem of finding an optimal solution. In a "genetic algorithm," the problem is encoded in a series of 
bit strings that are manipulated by the algorithm; in an "evolutionary algorithm," the decision variables and problem 
functions are used directly.. An evolutionary algorithm for optimization is different from "classical" optimization 
methods in several ways: Herein, we will examine GAs as a number of different things:  

GAs as problem solvers  
GAs as challenging technical puzzle  
GAs as basis for competent machine learning  
GAs as computational model of innovation and creativity  
GAs as computational model of other innovating systems  
GAs as guiding philosophy  

  
4.1 Representation 
The parameter to be optimize are usually represented in a string form since genetic operator are suitable for this type 
of operator. There are two common representation methods for numerical optimization problem .The preferred 
method is the binary string representation method. The reason for this method being popular is that binary alphabet 
offer the maximum number of schemata per bit compared to other coding technique. 
 
4.2 Creation of initial population 
At start of optimization, a GA requires a group of initial solution. There are two ways of forming this initial 
population. The first consist of using randomly produced solution created by a random number generator. The 
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second method employ a priori knowledge about the given optimization problem. GA starts the optimization with a 
set of approximately known solution and therefore converges to an optimal solution. 
 
4.3 Genetic operator 
 There are three genetic operators. An additional reproduction operator, inversion, is some time spplied. 
 
4.3.1 Selection. It is inspired by the role of natural selection in evolution an evolutionary algorithm performs a 
selection process in which the "fit" members of the population survive, and the "least fit" members are eliminated. In 
a constrained optimization problem, the notion of "fitness" depends partly on whether a solution is feasible (i.e. 
whether it satisfies all of the constraints), and partly on its objective function value. The selection process is the step 
that guides the evolutionary algorithm towards ever-better solutions. 
 
4.3.2 Crossover.  It is  inspired by the role of sexual reproduction in the evolution of living things .An evolutionary 
algorithm attempts to combine elements of existing solutions in order to create a new solution, with some of the 
features of each "parent." The elements (e.g. decision variable values) of existing solutions are combined in a 
"crossover" operation, inspired by the crossover of DNA strands that occurs in reproduction of biological organisms. 
As with mutation, there are many possible ways to perform a crossover operation -- some much better than others -- 
and the Evolutionary Solver actually employs multiple variations of two different crossover strategies. However, 
there are a number of crossover operators that have been used on binary and real-coded GAs: 
 
1. Single-point Crossover,            2.Two-point Crossover,          3.Uniform Crossover 
 
4.3.2.1 Single-point crossover Given two parents, single-point crossover will generate a cut-point and recombines 
the first part of first parent with the second part of the second parent to create one offspring. Single-point crossover 
then recombines the second part of the first parent with the first part of the second parent to create a second 
offspring. 
Example: 
Parent 1:         X X | X X X X X 
Parent 2:         Y Y | Y Y Y Y Y 
Offspring 1:    X X Y Y Y Y Y 
Offspring 2:    Y Y X X X X X 
 
4.3.2.2 Two- point crossover Two-Point crossover is very similar to single-point crossover except that two cut-
points are generated instead of one. 
Example: 
Parent 1:         X X | X X X | X X 
Parent 2:         Y Y | Y Y Y | Y Y 
Offspring 1:    X X Y Y Y X X 
Offspring 2:    Y Y X X X Y Y 
 
4.3.2.3 Uniform crossover In Uniform Crossover, a value of the first parent’s gene is assigned to the first offspring 
and the value of the second parent’s gene is to the second offspring with probability 0.5.  With probability 0.5 the 
value of the first parent’s gene is assigned to the second offspring and the value of the second parent’s gene is 
assigned to the first offspring. 
Example: 
Parent 1:         X X X X X X X 
Parent 2:         Y Y Y Y Y Y Y 
Offspring 1:    X Y X Y Y X Y 
Offspring 2:    Y X Y X X Y X 
 
4.3.2.4 Mutation. It is inspired by the role of mutation of an organism's DNA in natural evolution .An evolutionary 
algorithm periodically makes random changes or mutations in one or more members of the current population, 
yielding a new candidate solution (which may be better or worse than existing population members). In this 
procedure.all inviduals in the population are checked bit by bit and the bit value are randomly reversed according to 
a specified rate. 
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Example 
 Parent 1:         1 1 0 0  0  1 0  1 1 1 0 
Offspring 1:    1 1 0 0  1  1 0  1 1 1 0 
 
4.3.2.5 Inversion   Two points are randomly selected from an individual and the part of the string between those two 
point  is reversed .This operator is employed anumber of problem ,including cell placement problem, layout problem 
and traveling salesman problem. 
 
4.4 Fitness Evaluation Function  
The fitness evalution unit acts an interface between the GA and the optimization prolem..It might be complex or 
simple depending on the optimization problem. Where a mathematical equation cannot be firmualted for this task, 
arule-based procedure can be cnstructed for the use as an fitness function  or in some cases both can be used 
 
5.0 Tabu Search 
The word tabu (or taboo) comes from Tongan, a language of Polynesia, where it was used by the aborigines of 
Tonga island to indicate things that cannot be touched because they are sacred.  The basic concept of Tabu Search as 
described by Glover (1986) is "a meta-heuristic superimposed on another heuristic. The overall approach is to avoid 
entrainment in cycles by forbidding or penalizing moves which take the solution, in the next iteration, to points in 
the solution space previously visited . The Tabu search is fairly new, Glover attributes it's origin to about 1977 .  The 
Tabu method was partly motivated by the observation that human behavior appears to operate with a random 
element that leads to inconsistent behavior given similar circumstances. As Glover points out, the resulting tendency 
to deviate from a charted course, might be regretted as a source of error but can also prove to be source of gain. The 
Tabu method operates in this way with the exception that new courses are not chosen randomly. Instead the Tabu 
search proceeds according to the supposition that there is no point in accepting a new (poor) solution unless it is to 
avoid a path already investigated. This insures new regions of a problems solution space will be investigated in with 
the goal of avoiding local minima and ultimately finding the desired solution.  
 
 The Tabu search begins by marching to a local minima. To avoid retracing the steps used, the method records 
recent moves in one or more Tabu lists. The original intent of the list was not to prevent a previous move from being 
repeated, but rather to insure it was not reversed. The Tabu lists are historical in nature and form the Tabu search 
memory. The role of the memory can change as the algorithm proceeds. At initialization the goal is make a coarse 
examination of the solution space, known as 'diversification', but as candidate locations are identified the search is 
more focused to produce local optimal solutions in a process of 'intensification'. In many cases the differences 
between the various implementations of the Tabu method have to do with the size, variability, and adaptability of 
the Tabu memory to a particular problem domain. The Tabu search has traditionally been used on combinatorial 
optimization problems. The technique is straightforwardly applied to continuous functions by choosing a discrete 
encoding of the problem.. 
 
5.1 Use of Memory 
The memory structures in tabu search operate by reference to four principal dimensions, consisting of recency, 
frequency, quality, and influence. Recency-based and frequency-based based memories complements each other, 
and have important characteristics we amplify in later sections. The quality dimension refers to the ability to 
differentiate the merit of solutions visited during the search. In this context, memory can be used to identify 
elements that are common to good solutions or to paths that lead to such solutions. Operationally, quality becomes a 
foundation for incentive-based learning, where inducements are provided to reinforce actions that lead to good 
solutions and penalties are provided to discourage actions that lead to poor solutions. The flexibility of these 
memory structures allows the search to be guided in a multi-objective environment, where the goodness of a 
particular search direction may be determined by more than one function. The tabu search concept of quality is 
broader than the one implicitly used by standard optimization methods .The fourth dimension, influence, considers 
the impact of the choices made during the search, not only on quality but also on structure.  
 
5.2 Tabu Search Applications 
Tabu Search can be applied to other field also 
Scheduling      Flow –Time cell Manufacturing 
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  Classroom scheduling 
  Machine scheduling 
  Job Shop scheduling 
  Sequencing and batching scheduling 
Design        Computer- aided Design 
  Transport Network design 
  Irregular Cutting Problem 
Technology  Seismic Inversion 
  Electrical power Distribution 
  Space Station Construction 
General Combinational Optimization 
  Zero-One Programming 
  Fixed Charge optimization 
  General Mixed Integer optimization 
 
6.0 Conclusion 
 The optimization technology studied here can be easily applied to other types of high-speed hydrodynamic journal 
bearings such as three-lobe, offset, stepped, tilting pad bearings, etc.  
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Abstract 
Manufacturers have been concentrating their interests on lightweight bodies. However, fabrication of lightweight 
body is limited by constraints such as weight, stiffness. Weight reduction can be achieved primarily by introduction 
of better material, design optimization and better manufacturing process. Frames used in mechanical design, which 
are still design on rule of thumb, are one of the potential areas for design optimization for better stiffness. Frame 
specially two wheeler frame due to its geometrical construction, assemblies and complex loading conditions can not 
be analysis by theoretical model and hence need a power full numerical approach for analysis. In initial stages 
automotive manufacturers mostly relied on hardware testing and rule of thumb but with the advent of CAE, 
automotive manufacturer are using virtual prototyping to evaluated design simulation and analysis, thus reducing 
their reliance on hardware testing. The aim is not to eliminate such testing entirely but to reduce number of cycle 
and guide empirical procedure toward verifying well defined performance attribute. 
 
Keywords: Computer Aided Analysis, Design Optimization, Automotive Frames 

 
1.0 Introduction 
Due to the globalization of the market, the manufacturers are facing a lot of problems for surviving. Especially for 
the automotive industry, they have some critical challenges like making a light weight bodies, more stiffness etc. In 
the earlier stages, most of the manufacturers tested the hardware directly, but its was a difficult and typical testing, 
which take a lot of time and money also. To escape from such type of conditions, they are starving for any technique 
by which they can analyze the frame and its strength and stiffness simultaneously. Due to this requirement, they are 
allured to the some software. Among all the analysis software, CAE is the most reliable software which fulfills the 
need of the manufacturers of automotive frames.  
 
In this software, they can simulate the original frame and they can analyze it very easily. They can visualize the 
whole simulation process. Even, they can optimize their process. The aim of this paper is to show the analysis of a 
two wheeler frame through CAE. In this paper, the whole problem along-with their constraint has been shown. And 
the results are shown in the graphical form.  
 
2.0 Problem Definition 
Two-wheeler frame for the new motorbike was taken. Specification of the motorbike is four strokes, 72 CC, 6 Bhp. 
Frame of this new motorbike was tested by building prototype and testing and testing this prototype on test rig. In 
this test rig frame was mounted on the sample on wooden wheels with bump and with suitable clamp to keep the 
frame stable. Frame was loaded with 160 Kg. of weight. and test rig was switched on. The observation was made for 
the chassis and related parts for the physical failure such as bending and breakage. Frame was observed for 100 hrs. 
It was observed that frame was failing from bracket plate. 

 
2.1 Constraints 
There were various constraints that are put on the geometry and material of the frame. 
 
a. Material 
Material of the frame cannot be other than welded steel. As taking other material other than welded steel such as 
nickel-chromium steel or alloy steel would be costly. 
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b. Wheelbase 
 Another restriction put on the frame is length of the upper seat supporting tube couldn’t be changed because it will 
change distance between the wheelbases. 
c. Placement of the Engine 
Distance between the holes in the bracket where engine has to be placed is fixed. As changing distance between 
holes mean changing the design of engine, so it was restricted but rest geometry of bracket could be changed. 
d. Payload 
Minimum payload is decided to be 160 kg and engine load 15 kg is also provided. 

 
2.2 Given inputs 
The inputs are as following: 
(1) Minimum payload 160 kg for whole vehicle and load of engine 15 kg is given. 
(2) Point where suspension or shocker will act is also specified  
(3)Initial design and drawing of various parts of frame is provided  
 
Various freedoms that is provided for the frame: 
• Cross section of various parts can be change. 
• Placement of the weld or assemblies can be change. 
• Width of bracket can be change. 
• Design modifications in bracket can be done which will not affect engine placement. 
 
3.0 Results and Discussions 
Two–wheeler frame 3D model is generated in pro-engineer. Various idealizations such as shell model, rigid 
connections and springs were created. Different boundary conditions such as constraints, such as material properties, 
loading and analysis type were defined. In our stress analysis as discussed previous we have taken two constraints: 
(1)    Frame standing on wheel 
(2)    Frame resting on stand 
On these different constraints, effect of seated persons weight, self weight and engine load is considered as well as 
impact loading on frame is also under taken. 
 
3.1 Frame standing on wheels 
In this case different degrees of freedom for frame were considered at different locations. Constraints set on wheels 
were chosen that are described in previous chapter. Static analysis was performed for both seated and engine load 
and single pass adaptive method was adopted for analysis.  
 
We saw that maximum stress 54.12 N/mm2 is coming on bracket plate. As yield stress of welded steel is 180 N/mm2 
and taking factor of safety of 3.9 for static loading. The allowable stress will be 47.78N/mm2.We saw that bracket 
has strong possibility of failure after comparing the value of these stresses. These high stresses on bracket plate are 
coming due to high bending stresses and eccentric loading of engine weight. 
 
3.2 Frame resting on stand 
In this case we have taken that frame is resting on stand. Constraints set for on stand. Here stresses are low (45.9 
N/mm2) because there is only eccentric load is acting on the engine. 
 
Second area of stress concentration is found at handle pipe. The stresses are coming to be 32 N/mm2, as shown in 
Fig 4.9.In order to strengthen the area ribs are provided at the area of pipe and bracket plate. The difference between 
stresses is shown in graphs for various cases with ribs and without ribs. 
Fig 4.5 is showing that how the stress is varying (with static loading) on the bracket plate when constraint on the 
wheel is taken without ribs. 
Fig 4.6 is showing that how the stress is varying (with static loading) on the bracket plate when ribs are provided 
with the bracket plates [Fig 4.1a] when constraint on the wheels is taken. 
Fig 4.7 is showing that how the stress is varying (with static loading) on the bracket plate when constraint on stand 
is taken without ribs. 
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Fig 4.8 is showing that how the stress is varying (with static loading) on the bracket plate when constraint on stand 
is taken and ribs are provided on the bracket plates. 
Fig 4.9 is showing that how the stress is varying (with static loading) on the handle pipe when constraint on wheel is 
taken without ribs. 
 

 
 
Fig 4.10 is showing that how the stress is varying (with static loading) on the handle pipe when constraint on wheel 
is taken and ribs are provided on the handle pipe. 
Fig 4.11 is showing that how the stress is varying on the bracket plate with impact loading when constraint on wheel 
is taken with out ribs. 
Fig 4.12 is showing that how the stress is varying on the bracket plate with impact loading when constraint on wheel 
is taken with ribs on the bracket plates. 
 
3.3 Impact loading 
As two-wheeler frame encounters impact loading in many cases for e.g. when moving at high speed breaker comes 
then whole external load falls from a height on the frame. As we know impact loading equivalent must be applied 
for static load. 
 
We have assumed that our static loading falls from a height of 1 foot so it’s equivalent must be applied at frame. The 
calculations for the impact loading will be as follows: 
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4.0 Conclusion 
Frame Is tested both for static and impact loading. Design modifications are implemented and found that after 
design modifications frame is safe for both type of loadings. The weight of the frame was also reduced up to 30%. 
Optimization areas of frame i.e. area where frame is very rigid and where stresses are coming below are identified. 
 
5.0 Scope of Future Work 
1. In the given potential areas of weight reduction has been identified; hence these areas can be utilized for frame 
optimization. 
2. Frame was tested both for static and impact loading but more elaborative dynamic analysis could be done 
considering tensional load. 
3. Frame can be tested for stability criteria such as wobble, weave and kickback vehicle can be tested for various 
road profile. 
4. Crash simulation of vehicle could be a good scope of future work. 
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Abstract 
Regenerator is the heart of miniature Stirling Cryocooler that strongly influences the performance of Stirling 
machines. The regenerator plays a major role in obtaining minimum expansion space temperature. The analysis of 
the regenerator is the most complicated part in the Cryocooler study. It is a challenging task, which calls for 
judgment and precision. Because out of four processes of Stirling cycle, two processes of cooling and heating take 
place in the regenerator.  In this paper humble effort is made to establish a thorough analysis and design procedure 
for single stage Homogeneous regenerator and Hybrid regenerator, used in Stirling Cryocoolers. Finally, the 
results obtained have been compared critically. Using present analysis, the value of regenerator effectiveness can be 
obtained for given data irrespective of operating conditions. The work concludes that Hybrid option improves the 
performance of Cryocooler, under same operating conditions 
 
KeyWords: Effectiveness, Homogeneous regenerator Hybrid regenerator, Pressure drop, Porosity, 
Cryocooler 
         
1.0 Introduction 
Most of the theoretical analyses related to Cryocooler are proprietary in nature and hardly useful open literature is 
available for the design purpose. The work carried out in this paper comprises of the realistic analysis of the 
miniature cryogenic regenerator of the Stirling cycle Cryocooler.  The design aspects have been critically discussed 
and fourth order Runge kutta method has been devised to solve the differential equations governing the performance 
of the regenerator. An attempt is made in this paper to simulate the actual conditions of the processes that are taking 
place in cryogenic regenerator and investigate computerized design of simple Homogeneous and Hybrid 
regenerators. 
 
2.0 Analysis and Design of Simple Homogeneous Regenerator 
Regenerative heat exchangers have a single flow passage through solid porous matrix of finely divided wires.  Flow 
through matrix occurs periodically.  Ideal regenerator works as a “thermodynamic black box” accepting the gas at 
TC and cools it down to TE.  After sometime, when the flow is reversed, the gas enters at TE and leaves at TC.   The 
pressure drop in ideal regenerator would be zero and it has no dead volume. In practice, ideal regenerator is 
impossible.  
 
Actual regenerator has operating characteristics far different from the ideal regenerator.  The non-ideal behavior of 
the regenerator is mainly because of various losses such as axial conduction, wall storage, shuttle heat transfer, flow 
losses, imperfect regenerator etc.   
 
2.1 Design data  
Temperature of compression space, TC = 320 K 
Temperature of expansion space, TE = 80 K 
Regenerator Length, Lr = 52 mm; 
Number of regenerator punches, n’ = 520 
Charging pressure, PCH = 16 bar; 
Mesh Punch diameter, φr = 8.6 mm  
Piston dia., Dp = 16 mm; 
Displacer dia, Dd = 9.4 mm 
Piston to displacer phase shift, θ= 45o 

Frequency , ω = 314 rad/s 
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Piston displacement, Xp = 8 mm ; 
Displacer displacement, Xd = 3 mm 
Blow time, t = 0.01 sec;  
Temperature at charge condition TCH = 300 K 
 
(i) Wire mesh properties (200 phosphor - bronze) 
   ρm = 8860 kg/m3  ;  
  Cp,m = 376 J/kg-K ;   
   α‘m= 0.076 m2/h ;   
   σ = 0.368 ;  
   σ‘ = 21.72E03 
   φ = 0.668;  
   l = 0.077 mm 
(ii) Working medium properties (Helium)  
  ρf = 3.86 kg/m3 ; 
  C p,f = 5198 J/kg-K ; 
  Kf = 0.1052 W/m-K;  
  νf = 3.964E-06 m2/s 
(iii)Regenerator / Displacer 
  Tube size = 52 mm length, 8.6 mm inner diameter and 0.10 mm wall thickness. 
  Material = stainless steel.  
 
2.2 Rea and Smith’s model for regenerator 
 Rea and Smith reported the analysis for two part model and four part model. The two part model is defined as 
regenerator in which the mass flow rates at each end of the regenerator are in phase. By ‘inphase’ it is meant that 
during pressurization mass enters at the top of regenerator and leaves at the bottom and during expansion mass 
enters at the bottom and leaves at the top. The schematic of Two-part model is shown in the figure.1. 
The regenerator is characterized by the following two assumptions: 
 (i) A parameter is C which is the ratio of the convective heat transfer within the regenerator to the work of 
compression.  
(ii) A parameter Wmax, which is the ratio of the rate of mass storage within the regenerator void volume to the 
through flow. 
 

                                    
 

Figure. 1      Figure. 2 Graphical presentation.[1] 
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The ineffectiveness of a pressure cycled regenerator is defined as the ineffectiveness of a pressure cycle regenerator 
was defined to include the effectiveness of mass storage within the regenerator void volume. The simplified 
equation for effectiveness is given as,    

Ieff   =   1 / (1 +  NTU / φ ) =  (1 - ε)           …(1)                                          
  
The governing differential equations are derived by making a mass balance and energy balance for the gas and 
matrix in an elemental control volume dx, at position X within the regenerator. The regenerator is characterized by 
two basic parameters, namely C and Wmax as discussed. The solution part of the basic equations is discussed here.  
The equations to be solved for two part model are, 

  dτ           C -  (γ - 1)/ γ * m 11-n 

-----  =  ---------------------------                …(2)                 
  dw                  m 12-n    

 dm1         1 
------  =  ----                                …(3)                                              
 dw         τ  
                  VD,r           dP       X 
W =       ----- *       ----- *  -----                   …(4) 
   TE RMf,E     dt        Lr 

 
The problem is reduced to find out the values of m1 at W = Wmax and τ  = TC/TE  i.e. at X = Lr, m1 being the ratio of 
mass flow rates at the two ends of the regenerator, Mf,C and Mf,E. Using the plot of TC/TE versus W as shown in the 
Figure.2 , the value of C is equal to 2.62. Using the value of C, the value of  φ   is determined. The value of 
regenerator effectiveness is obtained 0.98 by graphical method. The two equations are solved by Runge- kutta fourth 
order method simultaneously.  The value of C is obtained  
3.0387030. 
PHI is a factor accounting for pressure fluctuations and is given by, 
                 Wmax * C 

φ    =  ---------------------            …(5)     
          (Mf,C/Mf,E)*(TC/TE) - 1 
And effectiveness by, 
                         1 
ε = 1   -    ----------------                           …(6)                 
                         (1 + NTU/ φ)  
                            n AM hM 

Where,    NTU =    -------------- 
                            2 Mf,E  Cp,f

     

  From this analysis, regenerator effectiveness with NTU and  φ    is equal to 0.9846. 
 
3.0 Hybrid Regenerator  
Hybrid regenerator is very similar in construction, design and working as that of simple or ‘homogeneous’ 
regenerator. As name suggests, hybrid regenerator is combination of two different matrixes in one regenerator, to 
extract the benefit of both type of matrix.  The hybrid combination of different matrix can be made:  
By varying the material used for matrix, for same matrix size. ;By varying the matrix size only, for same matrix 
material. ; By varying the matrix material as  wel l  as  matrix size .An ideal homogeneous regenerator is having 
only one type of mesh size used as heat exchange material.  The schematic figure.3 is showing the construction of 
homogeneous regenerator and that of hybrid regenerator. 
 
3.1 Analysis and design of two zone hybrid regenerator 
 The Design of Two stage regenerator is quite similar to Simple homogeneous regenerator. One sub-regenerator is to 
be considered and designed in the same way as simple regenerator designed. Each sub-regenerator is analyzed 
separately, and then results for hybrid regenerator are calculated by using the following analysis. 
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Fig.3  Schematic of simple regenerator and hybrid regenerator. 
 
3.1.1   Computational Procedure 
Hydraulic diameter, 
Dh  =   dw     ( Φ / 1- Φ ) 
 
Mesh Proportion   x /L = 0.25 (Assume) 
 
Total length of the regenerator    

L = L1 + L2  
     L1  =  (x /L) L , and  L2  = L - L1     
  
Intermediate temperature, 

Ti   = [ ( TE – TC ) / L ] L1 + TC   
 
Mean Temperature in the regenerator can be given as, 

Tmean  = (Ti – TC ) / 2 
 

(NTU)T = NTU1+ NTU2    
                                                        1    
ε H = (1 ─ I H) = 1 ─            ──────        

   1 + (NTU)T 

 

 

Flow Friction: Flow friction factor of a packed wire screen is given by, 
F =    ΔP/n’  ½  ρ u2                     …(7)    

The empirical equation for flow friction can be given as, 
F = 33.6/Rel  + 0.337     

Where, Rel = Reynold’s number for a given mesh distance ie w.r.t L 
 
Similarly, one can design three-zone Hybrid regenerator, 

L1 + L2+ L3 = L    ;  
Mass of the regenerator, 

M1 + M2 + M3 = Mm 

 
Total mass of mesh matrix = Mm = ( n’ x m ) 
 
Number of wire screen  n’ = L / 2  dw 

Mm    = ( m / 2  dw ) L  = [ P] L 
 L1 + L2+ L3 = L                                                  …(8) 
 ( m1 / 2  dw1) L1 + (m2 / 2  dw2 ) L2  +  
 (m3 / 2  dw3 ) L3  =     Mm                                 ….  (9) 
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The above two equations are solved by Gauss-elimination technique and the length of each sub-regenerator is 
calculated. The Ntu of each sub-regenerator is calculated separately. Therefore, Total Ntu for Hybrid regenerator 
can be written as, 

NTUHYBRID =  NTU200 + NTU250 + NTU300       …(10) 
Effectiveness of hybrid regenerator is: 

Ineffectiveness = IHYBRID =  1/ (1 + NTUHYBRID) 
Effectiveness = εHYBRID = 1 − IHYBRID                         …(11) 

Similarly, pressure drop is calculated for hybrid regenerator.  
∆PHYBRID = ∆P200 + ∆P250 + ∆P300.                      …(12)  

 
A computer code has been generated in order to find the effectiveness of Hybrid regenerator. Using same approach, 
three-zone Hybrid regenerator is designed. 
 
3.1.2 Design Procedure 
The design procedure of Cryogenic regenerator is outlined as below: 
1. Select Operating conditions 
2. Select the regenerator matrix material and size and evaluate its parameters like porosity, surface area per unit 

volume, equivalent diameter etc. 
3. (Geometric factors) 
4. Determine the physical properties of working fluid and the matrix at mean temperature and pressure. 
5. Calculate mass flow rate of gas and heat transfer area per unit volume. 
6. Calculate number of screens, mass velocity and Reynolds number. 
7. Calculate heat transfer coefficient 
8. Calculate heat capacity ratio. 
9. Calculate NTU. 
10. Calculate ineffectiveness and effectiveness of regenerator. 
11. Calculate thermal losses in the regenerator  

-  Pressure drop across the regenerator 
-  Axial heat conduction in the regenerator matrix.   

12. -Thermal loss due to regenerator ineffectiveness. 
13. Calculate net cooling effect by considering the losses of regenerator. 
 
4.0 Results 

Table 1 Geometric factors of wire screen[6] 

 

Mesh size  

no. 

Wire size 

no. 

Pitch 

mm 

Wire 

dia., dm 

Mesh distance, 

l 

Opening area  

ratio 
Porosity φ 

200 47 0.127 0.05 0.077 0.368 0.668 

250 48 0.101 0.04 0.061 0.365 0.665 

300 48 0.084 0.04 0.044 0.274 0.586 

 
Table 2 compares the results of simple homogeneous regenerator and Hybrid regenerator. 

                                                                                                                           Mesh Proportion = 25% 
 

Homogeneous 
Regenerator 

 

Hybrid 
Regenerator 

  
Graph. 
Method 

4th order 
R-K 

Method 

2-Mesh 
Hybrid 
Reg. 

3- Mesh 
Hybrid 
Reg.

ε 
 

0.98 
 

0.9846 0.9951 0.9959 
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Table.3 shows the results of Hybrid Cryogenic Regenerator. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
5.0 Conclusion    
This paper reports the detailed analysis and computer aided design procedure of   regenerator used in Striling Cycle 
Cryocoolers. Efforts have been made to computerize the analysis.  The differential equations governing the 
performance of the regenerator have been solved using fourth order Runge-kutta method. Thus, this paper opens 
new area in the field of Cryogenics. Under same operating conditions, Hybrid regenerator is more effective than that 
of Simple homogeneous regenerator. To compare computerized results with the experimental results, the same work 
is to be tested experimentally. Thus, this paper opens new era in the field of Cryogenic regenerator. 
 
Nomenclature  
Cm specific heat of matrix, J/kg-K 
Cp specific heat at constant  
              pressure, J/kg-K 
D,d- diameter, m. 
h- heat transfer coefficient, W/m2K 
k- thermal conductivity, W/m-K. 
NTU- Number of heat transfer units. 
n’- number of regenerator punches; 
ΔP-         pressure drop across the matrix 
Red- Reynold’s number based on    
               mesh wire diameter. 
T   - temperature, K 
 
Subscripts 
avg  : average 
C  : instantaneous value in compression  
                 space, hot end. 
E  :  instantaneous value in expansion 
                 space, cold end. 
f  : working fluid; 
h  : hot end 
m            : matrix 
max        : maximum 
r  : regenerator 
w  : wire 
T            :  total 
 
 

Sr. 
No. 

N- Mesh 
Hybrid 

Regenerator 
 

Pressure 
Drop, 

∆P (kN/m2) 

 
NTU 

Regenerator 
Effectiveness, ε 

1 150- 200 34.6 207 0.9952 

2 150-250 45.3 276 0.9963 

3 200-250 49.6 292 0.9965 

4 150-200-300 36.2 248 0.9959 

5 150-250-300 40 269 0.9963 
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Greek Symbols 
ε regenerator Effectiveness. 
θ piston to displacer phase shift, degree. 
τ           dimensionless matrix temperature, TC/TE 
γ            ratio of specific heats 
ν kinematic viscosity, m2/sec. 
σ             area opening ratio 
σ’ specific surface 
ρ density, kg/m3. 
φ porosity,  
              regenerator effectiveness factor  
ω frequency, sec-1. 
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Abstract 
An active suspension system is used for disturbance attenuation in a large frequency band and in the presence of the 
load variation. This paper considers the control design of a benchmark problem, namely the control of an active 
suspension system with frequency constraints. An output feedback H∞ control is designed by introducing a 
multiplicative perturbation which represents unmodeled high-frequency dynamics in a low-order model of the 
system. Shaping and tuning the weighting functions has been successfully done to achieve good disturbance 
rejection, also to damp the first and second resonance modes adequately by the damping control loop, in addition to 
meet the frequency constraint of the actuator input. 
 
Keywords: Active suspension, H∞ control, Frequency constraints, Vibration suppression. 
 
1.0 Introduction 
Vibration control, is an important aspect in many engineering systems and applications, e.g. car suspensions, 
vibration control of bridges, reduction of noise in cars and aircrafts, reduction of vibrations of machine tools, etc. 
Advanced suspension systems, such as active suspension, have been widely analyzed in the literature over the years 
and various approaches have been proposed to improve the performance of active suspensions design, including 
linear optimal control (Choi et al., 1998), fuzzy logic and neural network control (Al-Holou et al., 2002; Cherry and 
Jones, 1995), adaptive control (Fialho and Balas, 2002), H∞ control (Haiping et al.,2003), H2/H∞ control (Chen and 
Guo, 2001; Abdellahi et al., 2000), nonlinear control (Karlsson et al., 2000, 2001) and gain-scheduling control 
(Fialho and Balas, 2000), for instance.  
 
Most researches in the field of active suspension system contain a quarter car setup that is a construction built to 
simulate the behavior of a single suspension of a car. It consists of two masses that represent the wheel mass and a 
quarter of the car body mass. The two masses are connected by a suspension that consists of a suspension spring 
with particular stiffness and the active shock absorber which delivers a force.  
This paper considers the active suspension system of the Automatic Laboratory of Grenoble (LAG) (Karimi and 
Landau, 2002). The system has been the subject of European Journal of Control benchmark. The system consists of 
a dynamic body that includes a hydraulic actuator and the body is in sensitive supports which the output of the 
system is the measured voltage corresponding to the residual force in the supports sensors. A shaker excite the 
system and the whole system has some resonant frequency. The goal is to derive a controller of low-order such that 
the closed loop satisfies some frequency constraints. 
Several works have been presented and implemented on real system, including low-order H∞ controller (Amirifar 
and Sadati, 2004), correlation based controller tuning (Miskovic et al., 2003), direct controller order reduction 
method (Constantinescu and landau, 2003), generic algorithms (Mauff and Duc, 2003), predictive control (Rossiter, 
2003), crone control system design and closed-loop tuning (Lanusse et al., 2003), multi-objective optimization (Cao 
and Yan, 2003).   
 
The presented work introduces a multiplicative uncertainty which represents unmodeled high-frequency dynamics in 
a low-order model of the system (Amirifar and Sadati, 2004) via a tuned appropriate weighting function and then 
gives a H∞ controller. 
This paper is organized as follows. Section 2 describe the system while section 3 introduces the control problem. 
Section 4 will then discuss the design approach. The paper finishes with some conclusions.  
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2.0 System Description  
Figure 1 shows the scheme of the active hydro-suspension system that reduces the machine vibration at the 
resonance frequency. The principal idea of the active suspension is to change the elasticity of the system in order to 
absorb the vibrations generated by the machine. For the experimental purposes the machine is replaced by a shaker 
which is driven by a computer generated control signal. The output of the system is the measured voltage 
corresponding to the residual force. The control input drives the position of the piston via an actuator.  

  

Figure 1.  Schematic diagram of the active suspension system. 
 

3.0 Problem Statement 
The problem considered here is the design of a reduced complexity controller for an active suspension system. A 15-
th order plant model has been introduced as plant transfer function. The transfer function between the excitation of 
the shaker and the residual force is called the primary path. The secondary path is defined as the transfer function 
between the control input and the residual force. Above mentioned transfer functions are available in the following 
forms F(s) and G(s) respectively (Figure 2). The controller is designed around the secondary path. The frequency 
response of the secondary path model reveals that the system has several resonant modes. According to the given 
specifications, the first resonant mode is at 30 Hz and the second is at 160 Hz which has to be attenuated. Upper 
bounds on the magnitude of the sensitivity and control sensitivity constraints have been specified as will be defined. 
The problem is formulated as a disturbance rejection problem. The major difficulty is the non-minimum phase 
nature of the plant that will limit the reduction in sensitivity and the achievable closed loop bandwidth. The 
sensitivity S and the control sensitivity KS for a SISO system are defined as 

                                                             (1) 
GK1
1

+
=S 

                                                            (2) 
GK1
K
+

=KS 

respectively, where K(s) is the controller transfer function (Figure 2). The sensitivity S is the transfer function 
between disturbance input d1 and output y(t). The disturbance input is the random vibration from the shaker, used to 
simulate the actual machine, while the output is the force, measured at a certain point on the chamber. The control 
sensitivity KS is the transfer function from disturbance input d1 to control input u(t). The secondary path model is 
provided in a 15-th order transfer function. A 7-th order model achieves a good match at the first two resonant 
modes (Amirifar and Sadati, 2004) that are to be suppressed. The frequency response of full and reduced order 
model is shown in Figure 3. A multiplicative perturbation introduced the block diagram (Figure 2) which represents 
unmodeled high-frequency dynamics in the low-order model of the system. 
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G(s)

F(s)
W3

K(s)
u(t) y(t)

d1

(residual force)(control input)

(shaker)

(low-order plant)

(multiplicative uncertainty)

 
 

Figure 2. Block diagram of the controlled active suspension system subjected to multiplicative uncertainty. 
 

 
 

Figure 3. Magnitude response of secondary path, full order model (solid), low-order model (dashed) 
 

4.0 Design approach   
 
4.1.Generalized structure 
A controller that is known to be robust and has good disturbance rejection properties is the H∞ controller. To 
formulate the H∞ control problem the standard generalized block diagram was utilized. Applied to this problem, it 
consists of defining three rational filters W1, W2 and W3  from which a controller K(s) is computed such that the 
closed loop transfer function between the input d1, d2 and the output z1, z2 and z3 is stable and has an H∞ norm as 
small as possible (Figure 4). Rational filters W1, W2 and W3 are dynamic weights which are given as a transfer 
function. 

K(s) G(s)
(residual force)

( low-order  plant)
u(t)

W3

y(t)

W1 W2

z1 z2

d2 d1

z3

 
 

Figure 4. Interconnection of the active suspension system with different weighting functions. 
 

4.2. Selection of the frequency shaping filter 
An important stage in H∞ design is to select the frequency weighting functions. W1 is selected to achieve good 
disturbance rejection and also to reject the first and second resonant mode at 31 Hz. and 160 Hz. The weights W1 is 
of 6-th order, with three pairs of complex conjugate poles at the first three resonant modes of the system mainly 30, 
160 and 240 Hz. Some of the poles are the same as system poles. The inverse of W1 also puts upper bounds on the 
magnitude of the sensitivity constraint and is shown in Figure 5.  
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The W2 which is the filter of the control sensitivity is used to limit the control effort. The weight W2 is of 4-th order. 
The inverse of W2 also puts an upper bound on the magnitude of the control sensitivity constraint and is shown in 
Figure 6.  
The reduced order model of the system G that is used in the control process differs from the actual plant. The 
difference is described by a multiplicative uncertainty via weighting function W3 as represented before. The 
multiplicative uncertainty describes deviations of the linear model G from the true plant in high-frequency namely 
1000 rad/sec caused by unmodeled dynamics. The weight W3 is of the first order. The magnitude of W3 is shown in 
Figure 7.   

 
 

Figure 5.Output sensitivity constraint (solid) and the inverse of W1 weighting function (dashed). 
 

 
 

Figure 6. Input sensitivity constraint (solid) and the inverse of W2 weighting function (dashed). 
 

 
 

Figure 7. W3 weighting function. 
 

4.3. Nominal H∞ controller design 
The order of the resulted controller is 18th, if G is high-order, the controller K will be also high-order. However, 
low-order model is used in controller design. Finally, the performance of the full-order model is checked. The 
results are shown in Figure 8 and 9.  
Moreover, the robust stability is verified by  

        1
GK1

GK W3 ≤
+ ∞

                                                                                                                                               (3) 

as shown in Figure 10 where G is the full-order plant. It can be seen that the norm of Eq. (3) is less than one through 
its frequency range of interest.   
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Figure 8. Control sensitivity function using 18-th order controller applying to the full order model. 
 

 
 

Figure 9. Sensitivity function using 18-th order controller applying to the full order model. 
 

 
 

Figure 10.  Robust stability function  
GK1

GKW3
+

. 

 
5.0 Conclusion 
The problem of H∞ weighting function selection has been thoroughly investigated. Even though all the 
specifications of the upper bounds on the magnitude of the sensitivity and control sensitivity constraints are not met 
exactly, the focus was on finding a satisfying controller with vibration suppression in a large frequency band and in 
the presence of the model uncertainty. Low-order model is used in controller design. Finally, the performance of the 
system with the full-order model is checked and the control goals have been achieved, i.e., the residual force around 
first and second vibration modes of the primary path is minimized, the actuator input controlled and robust stability 
achieved via multiplicative uncertainty. 
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Abstract 
This paper presents an integrated framework for the selection of attributes used in the evaluation of the 
advanced manufacturing systems in aerospace industry. The primary focus of this framework is the 
modularity of the framework so that it is applicable to wide range of advanced manufacturing systems with 
differing process configurations and technologies. Based on data collected from the aerospace industry and 
the current body of knowledge, decision attributes were identified and relatively against each other, forming a 
hierarchy of decision attributes. The final decision attribute hierarchy provides managers responsible for 
making capital decision involving advanced manufacturing technologies with a framework for their decision-
making. 
 
1.0  Introduction 
Evaluating capital investment for installation of advance manufacturing technologies is critical task faced by 
manufacturing management due to high capital investment and high degree of uncertainty involved in these 
investments. 
Many benefits expected from these investments lie not only in the area of cost reduction but in the areas such 
as improved information flow, increased production flexibility, better coordination with the vendors and users, 
and increased adaptability to changing market conditions that are hard to quantify. 
Complexities arise due to large number of decision attributes and the existence of both tangible, usually 
financial, on-tangible factors and the interaction between these factors. 
 
2.0  Benefits of Advanced Manufacturing Technology 

• Flexibility-refer to increased ability to respond to changes in product, product mix, and volume; 
• Compatibility-refers to increased ability to be compatible with the existing(or future options) of 

software,hardware and people; 
• Learning process-refers to increased ability to gain experience with technology and test to 

market with new products; 
• Training-refers to availability and good quality of training procedure for implementing a 

complicated technology; 
• Quality-refers to increased uniformity consistency in product and easiness in product testing; 
• Reliability-refers to increased ability to insure the continuous flow of products; 
• Capacity-refers to increased manufacturing throughput ability; 
• Inventory-refers to reduced inventory size due to flexibility, shorter throughput and lead 

times, and improved process flow and improved quality (reduced rework-scrap-waste material); 
• Throughput and lead times-refers to reduction in time to finish product and process 

designed to manufacture and to ship; 
• Safety-refers to reduced space requirements due to reduced inventory level, improved quality, and 

cutting down, the large number of conventional machine by fewer number of computer control 
machine. 
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A list of attributes and their operational definitions are summarized below: 

Table: 1 Attribute's Definition. 

 
 
3.0 Attribute Identification 
The objective of attribute identification was to develop a comprehensive list of decision attributes used in 
evaluating manufacturing technologies. 
Attribute identification process was completed in three steps: 
• An evaluation model 
• Attribute framework 
• Relative Importance 

4.0 An Evaluation Model 
The investment justification problems for flexible automation systems have been attributed to several factors: 
the high capital costs of integrated systems, capital budgeting the procedures emphasizing fast payback in 
climate of short term oriented reward systems, shrinking product life cycles, high rates of obsolesce in machining 
technologies, and, above all the problems in the quantification of intangibles in quality, lead time and flexibility. 
The following general requirements to be identified: 

1. First, the firm's strategic obj ectives should serve as the drivers in the planning, evaluation and acquisition of 
the 
new   mfg. technologies. 

2. Through installation of multi-machine system in the manufacturing, subsystem, it introduces cost and 
other 
benefits in the manufacturing and product life cycles. 

3. A comprehensive view of the new technologies is required, instead of tech technology specific approach as 
the 
justification of a robot, FMS etc. 

4. The cost costs and benefits of various types of flexibility should be included. The following general 
motion of 
flexibility is adopted initially: it is the capability as well as the case (i.e. the time, cost, or any other 
resource) 
with which an internally or externally included change can be accommodated by a multi-machine system. 

 
The meaning of following terms used to characterize the firm's strategic position is pointed out below: 
• Response time: Time available to respond to market demand 
• Level of service: Probability of respecting a given response time. 
• Probability of new product introduction: Probability that in a fixed time period a new product will 

be introduced into the manufacturing system. 
• Probability of technological compatibility: Probability that a new product can be produced by a 

given manufacturing system, without acquiring new machine tools. 
 

ATTRIBUTE NAME DEFINITION 
Quality Conformity (uniformity), consistency in product and easiness in product testing 
Flexibility Ability to handle planned and unplanned changes caused by internal and 

external environments less expensively and quickly. 
Safety Performance Ability to avoid injuries and death accidents due to reduced exposure of 

workers to hazardous situations 
Training Availability and quality of training procedure for implementing a complicated 

technology. 
Compatibility Ability to be compatible with the existing (or future options) of software 

hardware people. 
Vendor support Quality dimension of services and support functions performed by vendor 

before and after sales. 
Total system cost Includes acquisition costs for new equipment/system, operational and 

maintenance costs, and disposal costs of the products, equipment, and the 
manufacturing system. 
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• Routing Flexibility: The ability to operate with one or more machines out of order; it is measured by 
the manufacturing system's availability 

• Process Flexibility:   The ability to operate product changes among a given mix with low set-up times. It 
is measured by set-up times. 

• Product Flexibility: The ability to introduce new products into production with low costs. It is measured 
by expected cost of fixtures and CNC programs. 

• Production Flexibility: The probability that the manufacturing system will be able to process anewproduct. 
• Expansion Flexibility: It is measured by the cost difference between acquiring a machine at the starting 

time and adding it afterwards. 
• Volume Flexibility: The ability to operate with low reduction of the operating margin during a decrease 

in market demand. Its indicator is the operating leverage. 

5.0 Attribute Framework 
To Make The Attribute Set Complete, Operational, Non-Redundant, Decomposable And Minimal The Initial 
Attribute Set Was Refined.   These Attributes Are Classified Into Four Groups: 

• Manufacturing Flexibility 
• System cost 
• Vendor support 
• Technical and management support 

Manufacturing flexibility 
It is the ability of manufacturing system to handle planned and unplanned changes caused by internal or external 
environments less expensively and quickly. 

System cost 
The use of advance mfg. technology in a mfg. systems introduces workers to not only new types of the highly 
automated machines, equipment's, robots, storage and retrieval system, and material handling system, but also 
differing job functions, and new protective and warning devices. 

Technical and management Support 
Advanced manufacturing systems bring technological changes as well as wide range of changes in human 
resource management. These changes may result in uncertainties about the future of an employee's career, work 
assignments, work authority and responsibility. 
 

Safety cost component Source of expense Remarks 
Insured cost Insurance premium, 

Medical expense, 
Worker compensation 

Net premium 

Uninsured cost Lost day case, Doctor 
case, First-aid case, 

Non-injury accidents 

Time  lost by  uninjured,  property  lost 
(repair,   replace   or   straighten  up   the 
damaged material  or equipment)  Time 
lost by injured workers other than workers 
compensation      payments.       Overtime 
activities to make up the lost production 
Activities   in   handling,   recording   and 

investigating the injury. Decreased output of 
injured worker after returning work. Cost   

of   learning   from   new   worker 
Uninsured     medical     cost     Cost     of 
investigation Miscellaneous unusual cost
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6.0 Attribute Framework 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
7.0   Survey Program 
A survey consisting of 57 questions that asked the respondents to determine the level of importance of each sub-
attribute from the attribute framework.  
 
7.1 Objectives of survey 

• Establish a relative ranking of four categories in the combined aerospace industries. 
•••    Identify any significant difference within industry types in rating the major categories. 

 
7.2 Results of survey 

• The extensiveness and timing of the initial training program was found to be more important than the 
individualization or format of the initial training. 

• Flexibility and cost are more critical attributes than vendor support and technical management support. 
• Flexibility and cost are of equal importance in the capital decision process. 
• No difference was found between the electronic or mechanical industries in their ranking of the 

importance of the categories. 
• Identify any significant difference within industry types in rating the major categories. 
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Abstract 
Burrs are sharp projections on the workpiece left uncut while machining. Many studies have been conducted to 
understand the burr formation mechanism. Concept of step drills is the latest addition to these studies, which is 
supposed to reduce burr height and thrust force. Most real world search and optimization problems naturally 
involve multiple objectives. Drilling problems do involve multiple objectives. In the present work, we discussed 
about the multi-objective optimization problem of minimizing burr height and thrust force in drilling using HSS 
step drills. The variables under consideration are step parameters –step angle, step size and step length. The 
weighted-sum approach is used in solving the multi-objective problem. The results are obtained by a direct 
search method, viz. Sequential Quadratic Programming (SQP) technique, and an indirect search method, viz. 
Penalty function method. The optimum values of feed and diameter of step drill are determined by solving the 
regression equations developed for them. The general method of iterative technique is used in solving the 2 
second order nonlinear equations. The results given by the two methods are compared and they are found to be 
effective. 
  
Key Words: Drilling, Optimal Design, Penalty Function, Quadratic Programming. 
 
1.0 Introduction 
Most machining processes produce burrs as a result of plastic deformation. The term burr is used to indicate the 
presence of unwanted material at work piece edges, which was not there prior to machining operations. This 
material sometimes appears as a short mound of material and sometimes as a long thin projection. There are two 
approaches in burr problem solution 
• Minimizing the burr formation to reduce the cost of deburring and maintain part precision. This is a direct 

approach used in most machining processes. 
• When minimization of burr formation cannot satisfy the product requirements, deburring is also necessary.  
Many researchers experimentally studied the mechanism of burr formation in drilling operation and they have 
suggested optimum selection of cutting conditions, modification of tool and work piece geometry and proper 
selection of work materials to minimize burr size. Some of the review papers are Kim et al.[5], Kim, J., 
Dornfeld, D.A.[6], Lee, J.K., Sung-Lim Ko.[7], Lin, T.R., Shyu, R.F.[8], Min, S., Dornfeld, D.A.[9],  Sung-Lim 
Ko.[12], Saunders.[13], and Xia, R.S., Madhavan, M.S.[14]. 
  
Ramu. C [11] has done some experimental investigations on minimization of burr size in drilling using step 
drills. Experiments were carried out by conventional twist drills to find the range of significant factors, namely 
feed and speed in which burr size is maximum. Two sets of experiments were conducted using step drills to 
optimize the step parameters so as to produce minimum burr height, and thrust force. Regression models were 
developed for burr height, and thrust force in terms of step parameters. Also regression models were developed 
for burr height, and thrust force in terms of feed and diameter of drill bit. All the models were developed by 
using Design-Expert software. Later optimum step parameters are determined with respect to each of the 
objectives, viz., Burr height and Thrust force. Finally comparative study was performed to prove the superiority 
of the step drills over conventional drills in reducing burr size.  
 
In the present work, we deal with the multi-objective optimization problem of minimizing burr height, and 
thrust force in drilling using HSS step drills. The methodology involves the optimization of step parameters - 
step angle, step size and step length, and also to find the feed and diameter of step drill corresponding to optimal 
step parameters. The weighted - sum approach [2] is used in solving the multi-objective problem. The results are 
obtained by two different methods, viz., SQP method and penalty function method. 
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2.0 Problem Formulation 
In first stage, two objectives, viz., Burr height and Thrust force are defined using the regression equations 
developed for the HSS step drills [11]. The variables under consideration are step parameters –step angle, step 
size and step length. The two objectives are: 
Burr height, B =    +33.13135 - (0.32725* A) - (24.16013* S)-(1.45638* L)  
                              + (2.84421* S2) + (0.068388* L2) + (0.20900* A* S)  
                              + (0.00900* A* L) 
 
Thrust force, T   =   +34606.19103 - (336.93925* A) - (24380.69437* S)  
                                - (972.94012* L) + (2608.11179* S2) + (35.17949* L2)  
                                + (216.903* A* S) + (7.51425* A* L) 
The method of objective weighing which is one of the classical methods of handling the multi-objective 
optimization problem [10], is used here  to combine the two objectives, that are burr height (B) and thurst 
force(T).Thus, the weighted objective of the defined problem can be stated mathematically as:  
    Minimize :                     f = [w * B] + [(1-w) * T] 
Variable bounds:            750 ≤ step angle ≤ 850 

                                     1mm ≤  step size ≤  2mm 
                                     3mm ≤  step length ≤  7mm 

 
In the second stage, Regression models developed by ‘design of experiments methodology’ for two responses 
namely burr height and thrust force are used to find the diameter (D) and feed (F) corresponding to optimum 
step parameters. The two responses - burr height and thrust force in terms of feed and outer diameter of HSS 
step drills are given by: 
Burr height = - 4.87689 + (0.76408 * D) - (1.36095 * F) – (0.027888* D2) – 
                         (10.45039 * F2) + (0.41071*D*F) 
Thrust force = +5460.77496 – (797.82563 * D) + (4118.48950 * F) + (33.01182 * D2) –  
                          (26480.17945 * F2) + (878.57679 * D * F) 
The two equations are solved for feed and diameter by using the program of the general method of iterative 
technique [4]. 
 
3.0 Penalty Function Method 
Penalty function method transforms the constrained optimization problem into a sequence of unconstrained 
problems by adding penalty terms for each constraint violation. The penalty function formulations can be of two 
categories: interior and exterior methods. In the interior formulations, some popularly used penalty terms are 
inverse penalty and log penalty. Some commonly used penalty terms in the case of exterior penalty function 
formulations are infinite barrier and bracket operator penalty [10]. 
 
The algorithm [3] for a basic optimization problem which minimizes f(x) subject to gj (x) ≥ 0, j =1,2,---,J, and 
hl(x) = 0, l = 1,2,---,L is given hereunder. 
Step-1: Choose two termination parameters ε1, ε2, an initial solution x(0), a penalty term Ω and an initial penalty 
parameter R(0). Chose a parameter c to update R such that 0 < c < 1 is used for interior penalty terms and c>1 is 
used for exterior penalty terms. Set t = 0. 
Step-2: Form the penalty function P[x(t), R(t)] =f(x(t))+Ω[ R(t), g(x(t)), h(x(t))]. 
Step-3: Starting with a solution x(t), find x(t+1) such that P[x(t+1), R(t)] is minimum for a fixed value of R(t). Use ε1 
to terminate the unconstrained search. 
Step-4: Is | P [x (t+1), R (t)] – P[x (t), R (t-1)] | ≤ ε2?  
             If yes, set x (t) = x (t+1) and terminate; 
              Else go to step-5. 
Step-5: Choose R (t+1) = cR (t). Set t = (t + 1) and go to step-2. 
 
The optimum solution to the numerical problem is found by using a computer program that incorporates a 
bracket operator penalty term [Ω = R (g(x))2] in the penalty function. It uses steepest descent method for 
multivariable function optimization which uses a combination of the bounding phase and the golden section 
search to achieve a uni-directional search.  
 
 



Proceedings of the National Conference on 
Trends and Advances in Mechanical Engineering, 

YMCA Institute of Engineering, Faridabad, Haryana.., Dec 9-10, 2006 
 

 359

4.0 Sequential Quadratic Programming 
Sequential quadratic programming (SQP) methods have received a lot of attention in recent years owing to their 
superior rate of convergence. The method has a theoretical basis that is related to (a) the solution of a set of non-
linear equations using Newton’s method, and (b) the derivation of a non-linear equation s using Kuhn-Tucker 
conditions to the lagrangian of the constrained optimization problem. 
As with all gradient methods, there are two tasks: direction finding in the design space, and step size selection 
[1].  
 
Consider a non linear optimization problem: 
Find X which minimizes f(x) 
Subject to:  gi (x) ≤ 0,     I = 1,2, 3 ….m 
                   hi(x)   =  0       j = 1,2,3 ….. l  
Then the QP sub-problem to find the direction vector dk is given by: 
                    Minimize     ½ dTd + fT d                           ------ (1) 
                    Subject to     gi

Td + gi
k <= 0,  i ε I1             ------(2) 

                                                               hi
Td + hi

k <= 0, i ε I2            ------- (3) 
                                           xL<= d+xk <=xU 
Note that di, i=1, 2 …., n are variables in this QP. We will denote the solution to this QP as dk.The gradient 
vectors f, g, and h are evaluated at Xk. The sets I1, and I2 are active sets – not all constraints in the 
original problem enter into the QP sub-problem. Specifically, the active sets are defined as: 
                  I1 = {j: gj(Xk) ≥ V(Xk) – δ, j = 1,2, …,m}   
 
                  I2 = {j: ׀hj (Xk) ׀   ≥ V (Xk) – δ, j = 1, 2,…….,m}   
 Where δ is a small number specified by the user and V represents the maximum violation as defined by 
                  V(Xk) = max { ׀  hj(Xk)׀ , gi(Xk)}, j = 1,2,…l; i = 1,2,…,m 
Further no active set strategy is to be used for the bounds. Thus the solution dk must satisfy KKT conditions to 
the problem: 
                     Minimize:     ½ dTd + fT d 
                     Subject to:     [A]d + ĝ = 0                                                                                                              

Where the rows of matrix A are the gradients of the constraints in I  and ĝ   value of the constraints in the set. 
Assuming rows are linearly independent, we have: 
Lagrangian,   L=1/2 (dTd+ fT d+μT (Ad+gˆ).       Where μ=set of Lagrange multipliers. 
For minimizing L, setting ∂L/ ∂d= 0, 
We get    d =-( f +ATμ) 
  And      μ = (AAT)-1(-A f+Agˆ ) ……………………………………………………..(11) 
This allows us to write:  d=d1+d2. 
Where d1 = projection of steepest descent direction. 
                = - [P] f where [P] = I-AT[AAT]-1 A 
           d2 = corrective step towards constraint region                                 
               = AT[AAT]-1gˆ  
Since d is a combination of cost reduction step d1 and constraint violation reduction step d2, we can expect the 
function: 
θ(x) = f(x)+R V(x) ……………………………………………………………….(12) 
To reduce along d provided the penalty parameter R is sufficiently large. Now the procedure to find the step α is 
based on approximate line search strategy as follows. 
 The step α is chosen equal to (0.5)j, where j is the first of the integers q=0,1,2………… for which the 
following inequality holds:  
θ (Xk+ (0.5)qdk)≤ θ(Xk)-γ(0.5)q ׀׀d2׀׀………………………………………… 
Once the step αkis determined, a new point obtained from Xk+1=Xk+αkdk. We reset Xk=Xk+1 and again solve the 
QP equations (2) for a new direction vector. 
 
Stopping criteria: 
If dk=0 is the solution to the QP in equations (2), then we can show that Xk is a KKT point [i.e.,׀׀d׀׀<TOLkkt]. In 
addition, the iterative process is terminated if there is no change in f for three consecutive iterations (with V≤ 
TOLG). 
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Algorithm: 
1. Choose a starting point X0 which satisfies the bounds XL≤X0≤XU. select scalars δ,R,γ. 
2. Determine the active set, evaluate gradients of active constraints and solve the QP in equations (2) to obtain 

dk. 
3. Check for convergence. 
4. Determine the step size αk  from equation (12) update the design point as Xk+1=Xk+αkdk. we reset Xk=Xk+1 

and return to step(2). 
 

5.0 Results   
In the first stage, the optimum solution is found by two methods, viz., SQP method and penalty function 
method. The input parameters to run the computer program of penalty function method are: 
Parameter ‘C’ to update R = 10 for this problem. 
Initial value of Penalty parameter R= 0.001  
Initial vector = [75 1 3] T for this problem.                                                                              
 
In SQP method, the solution is obtained by solving simulation equations derived from Kuhn-Tucker conditions. 
The scalars used to run the computer program are: Delta (δ) =0.01, penalty parameter (R) = 100.0, Gamma (γ) = 
0.1. The optimum solutions (convergence-KKT points) are obtained after the no. of iterations varying from 142 
to 269. 
 
The optimal solutions obtained by C-program written for Penalty function and SQP methods are given in table-1 
and table-2. Figure.1 shows the Pareto optimal front [ (w*B) versus (1-w)*T] obtained for both methods  
(table.2).     
 
In the second stage, the feed and diameter are determined by a computer program of general method of iterative 
technique. The results are shown in table.1. 
 

Table.1 Results by penalty function and sequential quadratic programming methods 
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Table.2 Comparison between penalty method and sequential quadratic programming 
 

 
 
 

 
 
6.0 Conclusions 
The multi objective optimization problem solved for optimum step parameters (step angle, step size, and step 
length) of HSS step drills shows that, to get minimum burr height and thrust force, step diameter should be 
approximately 70% of drill diameter and step length should be about 60 % of drill diameter. It is better to have 
reasonably large step angle of the order of 750. These studies revealed that minimum burr height and thrust force 
can be obtained even for large diameter step drills by using optimized step parameters. These drill bits can be 
run at reasonably high feeds to give minimum burr height and thrust force at which conventional drill bits can’t 
be run. 
 
In this work, we have taken limited range of parameters only. Regression models developed can be applicable 
within this range only and more studies have to be conducted to properly understand the relationships between 
the responses and variables. Also in this work, only two objective functions consisting of three variables are 
taken without any constraints. However, Burr formation also depends on other variables such as torque, 
temperature generated during drilling, point angle, helix angle, work material properties, work material 
geometry…etc. These should also be considered to have the clear picture of burr formation. 
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Abstract  
The paper reports on an investigation into the various aspects of bar forging between two open flat dies solid 
powder preforms, which have been compacted and sintered from atomized powder. The deformation pattern during 
the operation is influenced by many factors, which interact with each other in a complex manner. The relative 
velocity between the work piece material and the die surface together with high interfacial pressure and/or 
deformation modes will create the conditions essential for adhesion in addition to sliding. The decisive factors are 
the interfacial conditions, initial relative density of the preform and the geometry of the preform. An attempt has 
been made for the determination of the die pressures developed during the bar forging of sintered powder preform 
by using an upper bound approach. The results so obtained are discussed critically to illustrate the interaction of 
various process parameters involved and are presented graphically.  
 
Key Words.  Preform, Sintering, Bar Forging, Interfacial Friction Law. 
 
1.0 Introduction 
During the last few years’ metal-powder components have assumed an important position in industry, as they are 
being used successfully in a wide range of applications. Both the mechanical and the metallurgical properties of the 
metal powder components compare favorably with those of wrought materials[1]. Bulk processing of metal powder 
preforms is a convenient method of reducing or eliminating the porosity from the conventional powder metallurgy 
products. Process is attractive because it avoids large number of operations, high scrap losses and high-energy 
consumption associated with the conventional manufacturing processes such as casting, machining etc. In this new 
technology sintered porous powder preforms are used as starting materials in metal forming processes. Metal 
powder products manufactured by this new technology are comparable and in some cases even superior to those of 
cast and wrought products. 
 
Although a considerable amount of work has been reported recently as the various technological aspects of the 
industrial processing of metal-powder preforms[2-4], no systematic attempt has been made so far to study the 
processing load and deformation characteristics of bar forging of solid powder preforms between two flat open dies. 
 
Baraya and Johnson[5] have made an analysis of bar forging with the help of triangular velocity field. In their 
solution it is assumed, besides the discontinuity in velocity field, that straight boundaries remain straight after 
compression. Also the non-uniformity of flow, which results in barreling and bulging of specimen have not been 
taken into account. In the forging of bars the material of which is plastically deformed by two rigid (non-deforming) 
end regions, which move outwards but the material that is getting deformed does not move across these two end 
portions. However, the material spreads freely normal to the other two non-contacting surfaces. This spread is 
externally visible on these two non-contacting surfaces.  
 
When the reductions are large cracks appear on the boundary of the specimen. This mechanism of failure due to 
high reductions has been studied by Razestiev[6]. He found that formation of cracks could be prevented if the bars 
were forged under conditions of plane strain, thus preventing the spread that causes the cracks. 
 
It is expected that the present work will be of great importance for the assessment of die load during the forging of 
metal powder preforms. 
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2.0 Interfacial Friction Law and Plastic Deformation of Sintered Preform 
In an investigation of the plastic deformation of metal-powder preforms, it is evident that with the application of 
compressive hydrostatic stress the pores will close and the relative density will increase, whereas the application of 
tensile hydrostatic stress the pores will grow and the relative density will decrease. The density distribution also 
does not seem to be uniform throughout, being high in the central region and low at the edges. The density 
distribution will be more uniform for smaller coefficient of friction μ and for a greater initial density[7].  
 
Friction condition between deforming tool and work piece in metal forming are of the greatest importance 
concerning a number of factors such as force and mode of deformation, properties of the finished specimen and 
resulting surface roughness. During the sinter forging process it is very important to keep special consideration on 
the interfacial friction, as this will determine the success or failure of the operation. The relative velocity between 
the work piece material and the die surface, together with high interfacial pressure and or deformation modes, create 
a condition of composite friction, which is due to adhesion and sliding[8]. The shear equation becomes: 

[ ]φρ+μ=τ 00mp                                          (1) 

The first term μpm being due to sliding and second term μρ0φ0 being due to adhesion, which later arises from change 
of the relative density of the preform during the process. 
In an investigation of the plastic deformation of sintered deformation of sintered metal powder preforms it is clear 
that change in volume occurs due to porosity. A preform with a high relative density yields at a relative high stress 
whereas a low relative density preform yields at a relatively low stress. Even hydrostatic stress can cause the 
sintered metal powder preforms to yield, as the yield surface is closed on the hydrostatic stress axis. The density 
distribution also does not seem to be uniform throughout, being high in the central region and low at the edges. The 
density distribution will be more uniform for a smaller coefficient of friction and for a higher initial-density preform. 
Tabata and Masaki[9] proposed the following yield criterion for porous metal powder preforms: 

ση±=ρ m3'23Jk            (2) 

The negative sign is taken for 0m ≤σ  and the positive sign is taken for 0m >σ . 
The values of η and k were determined experimentally from simple compression and tension test of sintered copper-
powder preforms[9]  as 

( ) 2.1154.0 ρ−=η  for  0≤σm  

( ) 83.0155.0 ρ−=η   for  0>σm  and k=2 
The compctibility equation for plane strain condition is given by 
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       (Appendix A) 

 
2.1 Velocity field strain rate 
The velocity field in the triangular region BOF (Fig. 1) expressed in the cylindrical co-ordinate system with origin at 
O can be written as 

( )
( ) ⎥⎦

⎤
⎢⎣
⎡ θ−

η+
η−

= 2cosBrr
t2

U
12

21
Ur           (3) 

( )
( ) θ

η+
η−

=θ 2sinBr
12

21
U            (4) 

t
Uz

Uz −=                           (5) 

Where r is the radial distance of a generic point P and θ the angular position of point P inside the rectangular portion 
ABCD. The angle θ is positive when the rotation about the vertical axis is counter-clockwise. 
Velocity in XX direction 
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θ−θ= θsincos UUrUx  
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= cosrB
t
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12
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Ux  

At θ = 0, r = x = L 
( )
( ) LB

t
U
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=                         (6) 

 
Hence, velocity in XX direction is uniform. Similarly, it can be shown that velocity in YY direction is also uniform. 
The velocity discontinuities on the die metal can be written as, 
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 UrU <θ  

So,  ( )UUrv θ+=Δ               (7) 

Velocity discontinuities on surface Γ1, Γ2 are given by Uy and Uz. 
 
2.2 Strain rate 
Let ε r , ε θ

and ε z denote the strain rates in radial, angular and vertical directions respectively. 
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The normal-strain components must satisfy the following compressibility equation for porous materials[10] : 

( )
( ) 0
12
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=ε
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+ε+ε θ zr                             (11) 

The shear component of strain rate is given by 
( )
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2.3 Die load 

For plastic deformation of a metal powder the external power 
∗

J supplied by the platens is given as- 

W tWaW fWiJ +++=
∗

                                     (13) 
The first term on the right hand side denotes the rate of internal energy dissipation Wi, the second term denotes the 
frictional shear energy losses Wf, the third term denotes the energy dissipation due to inertia forces Wa, and the last 
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term covers power supplied by predetermined body tractions Wt. In this case forces due to inertia is negligibly small 
and no external surface traction is stipulated. Therefore,  Wa = Wt = 0. 

Now the external power 
∗
J supplied by the top and bottom dies is given by – 

( )Uw2LX22 pm=
∗
J =Wi+Wf+WΓ1+ WΓ2;                                   (14) 

Where WΓ1 and WΓ2 are the rate of energy dissipation due to velocity discontinuity. 
 
Rate of Dissipation of Deformation Energy (Wi) 
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and dv = 8wLt 
Simplification of yield criterion for axisymmetric condition gives:  

( )η−
=σ

σρ∗

21
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k
0  

After putting the value of strain rates from equations (8), (9), (10) and (12), we can get, 
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Frictional Energy Dissipation (Wf) 
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On integration, 
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Energy Dissipation due to Velocity Discontinuity (WΓ1 and WΓ2) 
Consider the rectangle FOSB on face Γ1. The rate of energy dissipation due to velocity discontinuity is given by 
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The angular portion FO’SB is one of the four rectangular portion of the total area of the surface Γ1. Similarly, for the 
surface Γ2, the rate of energy dissipation due to velocity discontinuity can be found and the values on Γ1 and Γ2 are 
the same. 
So, 
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The total rate of energy dissipation is given by from equation (14), (16), (18) and (22)- 
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The arbitrary parameter K is chosen so that the above expression for 
∗
J  is minimum. 

0
K
J
=

∂
∂
∗

  where 
U
BtK =  

So,  

14
1

21

1
212

K

s2

2

−⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
η+
η−

⎪⎭

⎪
⎬
⎫

⎪⎩

⎪
⎨
⎧

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
η+
η−

+

±=                     (23) 



 368

Where ( ) ( ) ( ){ } ⎥⎦
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One of the two values of K satisfies the condition that all three terms on the right hand side of equation (22) are 
separately positive. 
 

Now putting the value of 
∗
J = 8wLU from equations (14) into equation (22), we get 
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3.0 Results and Discussion 
During compression of bars having t/L more than one, there is curving along height called barreling. In the bar 
having t/L equal to one, there is uniform deformation and the die loads were calculated theoretically for this type of 
deformation. In the bars having t/L less than one, the curving of lateral sides is more prominent and this is called 
building. 
 
The right side of equation (24) contains terms, which depend for their values on the geometrical parameters that is, 
length of the die, width of the bar and thickness of the bar and on the conditions of lubrication between the 
contacting surfaces. The result is presented in the dimensionless parameters, namely, L/t, w/L, L/w, t/L etc. 
Fig. 2 and Fig. 3 show the variation of relative average pressure at different value of percentage reduction in the 
height of the preform. Initially, the average forging pressure varies slowly. It is due to the fact that at early stage 
compaction dominates. After getting sufficient densification deformation of preform dominates and the relative 
average forging pressure increases more and more. Fig. 4 shows the effect of coefficient of friction on relative 
average forging pressure at different value of percentage reduction in the height of the preform. Relative average 
forging pressure increases with increasing value of coefficient of friction. The relative average pressure increases 
with increase in the value of L/t ratio, Fig. 5. Fig. 6 shows the effect of adhesion constant (x) on relative average 
forging pressure. The relative average forging pressure increases with increasing the value of x. 
 
3.0 Conclusion 
During forging of powder preforms, the mode of deformation is quite different from wrought materials and it is 
function of both density and hydrostatic stress. In powder forging, mass constancy is to be assumed. During forging 
of metal powder preforms through closed dies, it is seen that compaction and compression both take place 
simultaneously. Initially the closing of pores dominates the compression process. The larger amount of applied load 
is utilized in densification and lesser amount is consumed for compression.  
 
A composite interfacial friction law has been taken for studying the deformation characteristics of the sintered 
porous materials. The relative average forging pressure increases with increasing percentage reduction of height of 
the preform, coefficient of friction and L/t ratio. 
The work will found to be effective for the determination of die loads during the forging of porous metal bars by 
using Upper Bound approach. 
 
Appendix A 
According to Tabata and Masaki [9], the principal strain increments are given as  
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Where ( ) ( ) ( ) 2
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                  = a positive constant 
The volumetric strain increment vdε  is given as 
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Considering xd1d ε=ε , yd2d ε=ε  and zd3d ε=ε in equation (3A). 

For plane strain condition 0zd =ε . Thus equation (3A) becomes 
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Nomenclature 
B =  constant 

 J2'  =  Second invariant of deviatoric stress 
k  =  Constant equal to 2 in yield criterion  

2L, 2t, 2w  =  length of die, thickness and width of bar respectively 
pm =  average die pressure 

 r =  Radius of the sticking zone 
U=  velocity of the die   

V =  volume of zone of plastic deformation  r, θ, z  =  Cylindrical co-ordinates zr ,, εεε θ  =  Principal 
strain increment 

μ  =  Coefficient of friction 
           η  =  Constant and a function of ρ only 

ρ  =  Relative density of the preform 
τ  =  Shear stress 

          σ0  =  Yield stress of the non-work hardening matrix metal 
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Captions of Figures 
Fig.1 - Velocity Field 
Fig.2 – Variation of Relative average Pressure with respect to Percentage Reduction in Height of the Preform (θ = 
300). 
Fig.3 – Variation of Relative average Pressure with respect to Percentage Reduction in Height of the Preform (θ = 
400). 
Fig.4 – Variation of Relative Average Forging Pressure at Different Value of Coefficient Friction. 
Fig.5 – Effect of L/t Ration on Relative Average Forging Pressure. 
Fig.6 - Effect of x (a constant) on Relative Average Forging Pressure. 
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Abstract 
This paper deals with analysis of Aluminium in Electromagnetic (EM) Forming Process based on simulation 
results of Electromagnetic forming numerical model. Electromagnetic forming process consists of a die, electric 
coil, capacitor bank, transformer and diodes. A numerical method for modeling the high rate deformation and 
impact that occurs during the electromagnetic forming process is presented .The transient forming software 
package Altair HyperWorks 6.0, LS-DYNA is used to analyze the model. The body forces generated by 
electromagnetic induction are then used as the loading condition to model the high rate deformation of the work 
piece using an explicit dynamic finite element code (LS-DYNA). The analysis focuses on stresses and strain 
generation between tool and sheet interaction, thinning and necking at different points, failure and buckling 
criterion to improve the formability and reduce the failure of Aluminium. 
 
Key Words: Electromagnetic, High Velocity, Forming, Aluminium. 
 
1.0 Introduction 

 
Figure 1. Equivalent Electromagnetic Forming Circuit 

. 
Recent interest in light weight vehicle production has led to increased use and consideration of aluminum as an 
automotive manufacturing material. Aluminum alloys offer the possibility of reduced car weight; which in turn 
leads to reduced fuel consumption. Unfortunately, aluminum has poor forming characteristics  which when 
combined with its relatively high cost, put it at a disadvantage relative to steel, the traditional material of choice 
in the automotive industry. One way of overcoming aluminum’s poor formability has been through the use of 
high velocity forming techniques like explosive forming, electrohydraulic forming and electromagnetic forming 
(EM Forming). The current study focus on EM Forming, since it has the greatest potential of these high rate 
processes for application in the automotive industry.  
 
This process utilizes the energy of the magnetic field to deform the metal. The capacitor bank is discharged 
across the forming coil through the discharge circuit Fig. (1). This causes a rapidly changing current, say I1(t) to 
flow through the forming coil. This current has a transient magnetic field associated with it. The transient 
magnetic field induces a current, say I2(t) in the workpiece. By Lenzís law, the direction of I2 (t)is such that it 
opposes the magnetic field that produced it. In other words, I2(t) is opposite in direction to I1(t). Lorentz force 
acts between the two current carrying conductors. Since the currents are opposing, a repulsive force is 
developed between the coil and the workpiece. When this magnetic pressure exerted by the coil on the 
workpiece exceeds the yield stress of the workpiece material, the workpiece is thrown away from the coil i.e. it 
plastically deforms and expands. 
 
Balanethiram et al. 1994, p.595-600 [9] outlined three different mechanisms that may account for increased 
formability: (i) the material constitutive behaviour changes at high-strain rates, leading to an increase in the rate 
of strain hardening and/or rate sensitivity; (ii) it may be possible that inertial effects promote more diffuse neck 
development, hence leading to higher ductility; and (iii) the impact with the die wall at high velocity causes the 
material to plastically spread radially in a process that may be thought of as “inertial ironing”. Imbert, 2005, [6] 
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examined the effect of tool/sheet interaction on damage evolution in EM forming through free-form and conical 
die experiments using 1mm ALU5754MF sheet. In that study, they utilized a damage-based material model to 
demonstrate that the tool/sheet interaction had a significant effect in suppressing necking and damage evolution. 
 
Jablonski Winkler, 1977, p. 315-325 [9] made one of the earliest attempts to develop an analytical method by 
which EM forming may be investigated through establishing basic equations that describe the physical 
phenomena.  
 
2.0 EM-Forming Parameters 
 
2.1 Tooling details 
 

 

Figure 2. EM-forming die considered for numerical 
simulation. 

 
Figure 3. Pressure distribution along section of 

pancake coil 

Die cavity corresponds to the dimensions as shown in Fig.(2). The die cavity is of diameter 106mm, with a entry 
radius of 10mm. Cavity height is taken variable as 30 mm, 33 mm, 36 mm. A flat spiral pancake coil Fig. (3) is 
considered   that   locates  the  “dead spot”   (region of low magnetic pressure) that occurs at the center of the 
winding of a spiral coil. The coil is wound from copper wire with a gauge of 10. 
 
2.2 Electrical parameters for EM-forming system 
Table 1 summarizes the relevant EM Forming parameters and their values for the numerical results described 
herein. The energy levels used in the simulations range from 4 to 6.25 kJ, with a current-discharge frequency 
44.721 kHz 
 
The material properties measured along the rolling direction are presented in Table 2. These materials were 
investigated, since they are candidates for automotive structural applications. Thickness of the sheet varied in 
numerical simulations as 1 mm and 1.5 mm of both the sheets. 

Table1. EM forming quantities taken for numerical solution 

 

 EM forming parameters Values 
Charge voltage 4 – 5 KV 

System capacitance 500µF 
Total system inductance 1 µH  

energy levels 4 – 6.25 kJ 
Frequency 44.721kHz 

Coil resistivity 1.7e-8 m/Ω  
Aluminum resistivity 2.77e-8 m/Ω  

Air gap 4mm 
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Table 2. Material properties of the samples selected. 

    

     
3.0 Numerical Modelling 
Simultaneous solution of the electromagnetic, structural and thermal equations is required for numerical 
modeling of the electromagnetic-forming process. In the current modeling efforts, thermal-conduction effects 
were neglected, since the process was assumed to be adiabatic. 

 
Figure 4.Finite -element mesh of half section die and sheet 

In order to simulate the structural behaviour in EM forming, Altair HyperWorks 6.0 (HyperMesh, HyperForm, 
HyperView), LS-DYNA, an explicit dynamic finite element Program is used.  Fig. (4) is an exploded view of the 
finite-element mesh used to model the EM-forming system. The mesh is used for structural domains. The rigid 
tooling surfaces are considered in the structural calculation. For simplicity, the coil and die are treated as rigid 
bodies, while the workpiece is modeled with deformable brick elements. An isotropic, linear plasticity model is 
adopted for the workpiece. The electromagnetic pressures Eq.(1) [1] are applied at each node of the workpiece. 
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where I = current in Amperes, N= number of turns in coil, g = distance from the coil to the workpiece in meters, 

1a = distance from the center of the coil to the first wind of the coil in meters,  2a = distance from the center of 
the coil to the last wind of the coil in meters and r = radius in meters. 
 
Pressure calculated according to Eq.(1) is peak value at radial distance ‘r’ from centre. According to first order 
analysis of EM forming process the pressure at each such point also varies with respect to time given by  Eq.(2). 

Pr = Prmax e-α Sin (ωt)                                                                                                                                

     Eq.(2) 
where exponential decay term , α, can be expressed as  

L
R

2
=α                                                                                                                                                           

Eq.(3) 
where R= resistivity of sheet and L = inductance of total system. 
 
 
 
 
 

Material Yield 
Strength 

(MPa) 

Ultimate Tensile 
Strength 

(MPa) 

Poisson’
s ratio 

ALU5754MF 123 224 0.22 

ALU5182MF 133 281 0.29 



Proceedings of the National Conference on 
Trends and Advances in Mechanical Engineering, 

YMCA Institute of Engineering, Faridabad, Haryana.., Dec 9-10, 2006 
 

 375

4.0 Numerical Results 
  

Table3. Summary of Numerical simulations carried with 7 turn pancake coil and 500 µF capacitor bank. 
 

Material Thickness 
(mm) 

Charge voltage 
(KV) 

Peak current 
(KA) 

Depth of cavity 
(mm) Remark (Failure/Safe) 

ALU5754MF 1 4.0 89.44 30 Safe 
ALU5754MF 1 4.0 89.44 33 Safe 
ALU5754MF 1 4.0 89.44 36 Safe 
ALU5754MF 1 4.5 100.6 30 Failure 
ALU5754MF 1 4.5 100.6 33 Safe 
ALU5754MF 1 4.5 100.6 36 Safe 
ALU5754MF 1 5.0 111.8 30 Failure 
ALU5754MF 1 5.0 111.8 33 Failure 
ALU5754MF 1 5.0 111.8 36 Safe 
ALU5754MF 1.5 4.0 89.44 30 Failure 
ALU5754MF 1.5 4.0 89.44 33 Safe 
ALU5754MF 1.5 4.0 89.44 36 Failure 
ALU5754MF 1.5 4.5 100.6 30 Safe 
ALU5754MF 1.5 4.5 100.6 33 Safe 
ALU5754MF 1.5 4.5 100.6 36 Failure 
ALU5754MF 1.5 5.0 111.8 30 Failure 
ALU5754MF 1.5 5.0 111.8 33 Safe 
ALU5754MF 1.5 5.0 111.8 36 Safe 
ALU5182MF 1 4.0 89.44 30 Safe 
ALU5182MF 1 4.0 89.44 33 Failure 
ALU5182MF 1 4.0 89.44 36 Failure 
ALU5182MF 1 4.5 100.6 30 Safe 
ALU5182MF 1 4.5 100.6 33 Safe 
ALU5182MF 1 4.5 100.6 36 Failure 
ALU5182MF 1 5.0 111.8 30 Failure 
ALU5182MF 1 5.0 111.8 33 Failure 
ALU5182MF 1 5.0 111.8 36 Safe 
ALU5182MF 1.5 4.0 89.44 30 Failure 
ALU5182MF 1.5 4.0 89.44 33 Failure 
ALU5182MF 1.5 4.0 89.44 36 Failure 
ALU5182MF 1.5 4.5 100.6 30 Failure 
ALU5182MF 1.5 4.5 100.6 33 Safe 
ALU5182MF 1.5 4.5 100.6 36 Safe 
ALU5182MF 1.5 5.0 111.8 30 Failure 
ALU5182MF 1.5 5.0 111.8 33 Safe 

ALU5182MF 1.5 5.0 111.8 36 Failure 

  
Successive iterations were performed at increasing energy levels until the energy level associated with the “point 
of failure” based on thinning. After this, samples were formed at two or three lower energy levels and one at a 
higher level. This sequence provides information about the extent of deformation-strain and most importantly 
thinning history in the samples leading up to the point of failure. The depth and geometry of the die cavity was 
also varied.  
 
Table3 lists the entire cone insert cavity fill simulations performed and summarizes the process conditions. 
Failure in the cone occurs along the point of tangency between the sheet and cone surface. The failure in this 
location is considered on the basis of thinning results. In conventional forming, the friction between the punch 
and workpiece leads to non-uniform strain distributions. The distributed body forces in EM-forming eliminate 
frictional contact and promote comparatively uniform major strain distributions and very good cone heights. 
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Figure 5. Stress (VonMises) image 
 

Figure 6. Effective  plastic strain image 

 
 

Figure 7. Image of thickness 

 

Figure 8.  Percentage thickness reduction image 

  

Figure 9. Stress (VonMises) image Figure 10. Effective  plastic strain image. 

Figs.(5-8) shows images of stress (VonMises), effective plastic strain, thickness and % thickness reduction  
obtained through simulation result on ALU5754MF 1mm thick sheet carried with conventional low velocity 5 
m/s respectively whereas  Figs.(9-12) also  shows images of stress (VonMises), effective plastic strain, thickness 
and % thickness reduction  obtained through simulation result on ALU5754MF 1mm thick sheet carried with 
typical high velocity of EM forming 100 m/s respectively. 
 
From both set of results better control over thickness of deformed sheet with high velocity can be observed. 
 



Proceedings of the National Conference on 
Trends and Advances in Mechanical Engineering, 

YMCA Institute of Engineering, Faridabad, Haryana.., Dec 9-10, 2006 
 

 377

 

  
                Figure 11. Image of thickness    Figure 12.  Percentage thickness reduction image 
 
5.0 Numerical Predictions 
High plastic strains occur in the regions of the workpiece that come into contact with the conical protrusion, with 
the highest strains at the tangency point of the sheet-tooling contact. The model predicts that the mode of 
deformation at the center of the dome is that of a biaxial stretching. The over-prediction of strain over the cone 
region is attributed to excessive rebound that causes the workpiece to loose contact with the cone. In the actual 
sample, deformation of the material over the cone is limited by friction; however, this frictional effect is lost 
during rebound. An issue that needs to be resolved in these models is the improvement or “tuning” of contact 
algorithms for conditions of high-velocity collisions. The impact velocity between the workpiece and die in this 
model varies from 75 to 150 m/s. 
One improvement in the current die  design that should be considered is to increase the die-entry radius in order 
to prevent tearing at this location. This modification may result in higher “safe strains”. A larger cavity size 
would also be beneficial. 
 
6.0 Conclusions 
The current simulations provide reasonable prediction of workpiece deformation and strain distribution. The 
models were able to predict the areas in workpiece that would experience thinning. Thus it can be concluded that 
EM forming is better forming process when compared to low speed forming process for aluminium alloys as 
superior cone heights and better control over thinning can be obtained through the elimination of punch-friction. 
Improved instrumentation to measure transient displacement and/or high-speed photography would considerably 
aid validation of these simulation models. 
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Abstract 
The repair and refurbishing of the steam turbine components is discussed from the perspective of repair welding 
philosophy including applicable codes and regulations. 
Some case histories of repair welding of steam generator components are discussed with special emphasis on 
details of repair welding of cracked steam turbine blades and shrouds in some of the commercial nuclear power 
plants using procedures developed. 
 
1.0 Introduction 
Reliability of an engineering component requires that quality or fitness-for-purpose aspects be adequately 
addressed at various stages of its design and fabrication. Both economic and    safety considerations influence 
the quality, and hence the reliability of a system. Economics dictate the competitiveness of the product, while 
safety requires the smooth functioning of the component without hazard to personnel and property. It is possible 
to build a highly reliable engineering system but it may not be economically competitive. On the other hand, if 
reliability is poor the component may violate safety standards. Therefore, features are specified to incorporate 
fitness-for-service attributes at the design stage. This means that each component should be (a) designed to meet 
the service requirements for the required life, (b) fabricated with specified materials, conforming to design 
concepts and inspection standards, and (c) operated and maintained properly. .      
 
The term failure, as applied to engineering systems, can be described as non-performance of components or 
systems due to some deficiency that limits their service life. Failures are not uncommon in industry and can 
occur at any of the various stages such as fabrication, testing, transportation and service. Failures can be broadly 
classified as end-of-life, failures that are predictable and for which proper preventive actions could be taken in 
advance, and premature failures that are unpredictable and occur without sufficient warning.  
 
Welding is an important and reliable joining process; all joints introduce discontinuities                             
and gradients and affect safe operation of components. It is for this reason that welds are considered weak links. 
A large number of failures in industry are either directly or indirectly attributed to welds. Moreover, a vast 
majority of repairs of failed components is carried out using one of the welding processes. Since repair of each 
failure requires a different strategy, codes and standards provide only general guidelines, and it is essential to 
consult a competent Welding Technology Group to carry out successful repairs. 
 
Once a component fails, it is important to take “time-critical” decisions to put back the system in operation 
without much delay. One of the options is to replace the damaged or failed component. Often, this is a very 
expensive and time-consuming option. Repair rather than replacement can achieve substantial reduction in 
downtime and cost. Repair welding is one of the most common methods employed in industry to salvage 
defective, damaged or failed components. However, success of repair-welding operations depends on many 
factors such as weldability of the material, type of damage, availability of a suitable welding technique and 
welding consumable, possibility of carrying out preheating and post-weld heat treatment (PWHT), post-repair 
inspection by non-destructive testing (NDT) techniques etc. 

                                                                
Occasionally, the welding process and/or welding consumable for repair may be different from those used for 
the original fabrication. A typical example is the repair of a submerged arc weld using the shielded metal arc 
welding process. Care should be taken that the differences in the heat input employed and the composition of the 
welding consumables do not introduce defects during repair. Weld repair of components failed in service is 
more complex than repair carried out to remove defects noticed during fabrication. Proper analysis of the failure 
should be carried out before attempting a repair. Failure might have occurred because of faults in design, 
fabrication or manufacturing, wrong selection of material or operational mistakes. Unless the real cause of the 
failure is identified and removed, the repair might prove to be only a temporary solution. 
 
Depending on the specific application any of the common welding processes like shielded  metal arc welding 
(SMAW), gas metal arc welding (GMAW), gas tungsten arc welding (GTAW), submerged arc welding (SAW) 
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etc. may be used. For very high quality welds, the GTAW process finds the widest application. SAW and 
GMAW may be advantageous for long weld runs or when large amount of weld metal has to be deposited, and 
where mechanization  is feasible. 
 
When one thinks about welding repairs, the first reaction is to deal with the type of repair, in other words, to 
concentrate on welding engineering aspects which need to be fixed and checked. This reaction is 
understandable, but is usually wrong. One has to differentiate between manufacturing-related and operation-
related failures. With manufacturing-related failures one always has the design plan to refer back to as a 
benchmark, and these failures are Repair of steam turbine components usually due to inadmissible pores or slag 
inclusions, misalignment, forced ruptures, relaxation cracks, hydrogen-induced cracking, lamellar tearing etc. 
On the other hand, with operation related failures, solution by change in the design is usually not possible as this 
type of failure is not normally linked to welding, but is caused by wear, corrosion, cavitations etc. There are 
varying repair strategies that can be adopted depending on the type of defect and its possible cause. 
 
2.0 Repair Philosophy 
There are certain guidelines and rules available for repair of large components and structures. These are: 
1. Repair of a large component is typically of an urgent and critical nature since the failure of 
      the component may have a devastating effect on industrial or financial activity, jeopardize 
      human safety, and have serious economic impact. 
2. In most cases, the only alternative to repair is the replacement of a substantial portion of the component or 

even the entire component. This is usually associated with considerable replacement cost, prolonged 
schedule disruption and, therefore, considerable financial burden. 

3. Repair is typically required to be performed in the field under unfavorable conditions in a very  compressed 
time frame, which demands much subjective on-the-spot human intervention            (in contrast to 
fabrication of a new component). 

4. Many large components can only be repaired once without facing the risk of significant damage to the 
component. Repair welding, in actual implementation, involves three basic stages: analysis, development 
and performance. Analysis may include the determination of the possible cause of failure and the assessment 
of a stress situation in the area to be repaired. The development stage may include an evaluation of the 
component design and the amenability of that design for repair welding and development of repair approach, 
as also the main requirements and detailed specification for assembling, welding and inspection. The 
performance stage includes all repair activities at a shop and/or in the field. The objective of repair welding 
is to extend the service life of failed components. In practice, there are two typical approaches to meeting 
this objective, research-oriented and repair-oriented. 
 

In the former, the main emphasis is on failure and/or stress analysis, which sometimes accounts for a 
disproportionately large portion of the repair budget. Study of the probable cause of failure turns into extensive 
failure and metallurgical analyses, and the determination of stresses in a failed area can become an elaborate 
stress analysis exercise. 
 
Unfortunately, the data obtained will rarely find their way into a repair approach or a welding procedure. There 
is, however, a danger in the process as the focus of such analysis, viz. to provide support for repairs, may be 
lost. Considering the high cost and time of such an analysis, the main objective should be to generate adequate 
input data to support the development of a comprehensive and realistic approach and welding procedure. In 
contrast, the repair-oriented approach is more typical of fabrication and repair shops. The main emphasis here is 
on the performance stage of repair, while the analysis stage is (almost) neglected. Unfortunately, in both 
approaches the developmental stage and thus the welding engineering aspects of a repair are not given adequate 
attention. A Welding Technology expertise, and a fabricator relying only on the collective experience of the shop 
personnel. In fact, industrial practice shows that the probability of successful repair depends mainly on how 
closely the analysis and performance stages of repair are linked together by welding engineering developmental 
efforts. 
 
The approach that proved to be most efficient and successful in repair welding of large components is a 
balanced approach in which:                                                      
• the scope and nature of analysis is dictated by the requirements of repair welding;  
• the Welding Technology Group is in the centre of the developmental effort; and 
• the performance stage of repair is carried out, under the supervision of the Welding 
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Technology Group, strictly according to a detailed welding procedure with no room for improvisation by shop 
personnel. 
 
A very similar approach was used for repair welding of cracked steam turbine components in some of the 
commercial nuclear power plants in India using in-house developed procedures of which is given in a later 
section of the paper. Before that, it is appropriate that we consider the role of repair welding in the repair and 
refurbishing of steam turbine components. 
 
3.0 Codes and Regulations on Repair Welding 
Among the various codes and regulations that have been used to lay down guidelines and procedures for repair 
welding, those from the US Nuclear Regulatory Commission are the most comprehensive and adopt a defence-
in depth philosophy. For steam turbines and other power plant components, in these codes, conservatism in 
design and material selection, stringent quality assurance, non-destructive examination during component 
fabrication, and hydrostatic pressure testing are required. Inspection, repair or replacement, assessment of 
structural integrity and pressure testing of components for power plants are required under an alternate set of 
rules. For example, in Section XI of the ASME Pressure Vessels and Piping Code, Article IWA-4000 is devoted 
to “Repair and Replacement” (ASME 1989; Hedden & McDonald 1991; Mathews 1991). For similar materials, 
repair of specific base materials and associated weld may be made without post-weld heat treatment (PWHT). 
For repair welding by the shielded metal arc welding (SMAW) or automatic gas tungsten arc welding (GTAW) 
process, the temper-bead weld repair procedures as given in figures 1 and 2 respectively, can be adopted. 
Similar weld repair procedures can be adopted for repairs of specific dissimilar material combinations as well 
(ASME 1989). Similarly, ANSI/AWS has specifications for modification and repair of welds and base metal 
defects, e.g. the “Specification for Welding of Rotating Elements of Equipment” (AWS 1981). 
 
4.0 Some Case Histories of Repair Welding 
 
4.1 Weld build-up repair of turbine rotors 
Through careful development and testing, it is possible to use the process of weld overlays for weld build-up 
repair of turbine rotors (Morin et al 1991). Thus many rotors that would have been condemned or derated  just a 
few years ago, can today be restored to full operating potential. Though any of the popular welding processes is 
in principle suited for build-up Repair of steam turbine components welding , the submerged arc welding 
(SAW) process is the most recommended because of its high deposition rates and trouble-free execution. When 
a proper combination of SAW wire and flux is selected and used in conjunction with appropriate welding 
parameters and PWHT, the resulting weld metal properties, including creep notch sensitivity, can be nearly 
identical to their wrought steel counterparts. In a case where a low-pressure (LP) rotor of a CrMoV steel was 
successfully repaired using the SAW process (Morin et al 1991), an intermediate layer of 5%CrMoV weld metal 
was initially deposited to inhibit carbon diffusion and to give a gradual variation in coefficient of thermal 
expansion. 
 
The balance of the weld metal was of 12%CrMoV weld material. With the resulting deposit the same creep 
rupture strength in the weld build-up deposit was achieved as in the original CrMoV material, in addition to 
substantial corrosion resistance and reduced susceptibility to stress corrosion cracking. The tensile strength 
could also be adjusted over a wide range by varying the heat treatment.                                                                                                
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Welding, the submerged arc welding (SAW) process is the most recommended because of its high deposition 
rates and trouble-free execution. When a proper combination of SAW wire and flux is selected and used in 
conjunction with appropriate welding parameters and PWHT, the resulting weld metal properties, including 
creep notch sensitivity, can be nearly identical to their wrought steel counterparts. In a case where a low-
pressure (LP) rotor of a CrMoV steel was successfully repaired using the SAW process (Morin et al 1991), an 
intermediate layer of 5%CrMoV weld metal was initially deposited to inhibit carbon diffusion and to give a 
gradual variation in coefficient of thermal expansion. 
                                                                              
 The balance of the weld metal was of 12%CrMoV weld material. With the resulting deposit the same creep 
rupture strength in the weld build-up deposit was achieved as in the original CrMoV material, in addition to 
substantial corrosion resistance and reduced susceptibility to stress corrosion cracking. The tensile strength 
could also be adjusted over a wide range by varying the heat treatment.       
                                                                                                                        

                           
 
 
 
In another case, weld repair on the blade attachment of a high-pressure (HP) impulse wheel was accomplished 
(Morin et al 1991) using a similar procedure as in the preceding case. Here 12%CrMoV was selected to achieve 
adequate high-temperature creep resistance as well as high high-temperature strength. As before, an 
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intermediate layer of 5%CrMoV was applied to the base metal in the area to be repair-welded, and then the 
12%CrMoV was applied to cover the 5%CrMoV. Gas turbine rotors that had a damage resulting from corrosion 
or mechanical impact were also repaired in this way (Morin et al 1991) 

. 
4.2 Repair welding of cast steel casings 
Cracks in the steam inlets of turbine casings made of CrMoV cast steel were successfully repair-welded using 
austenitic filler metals (Geissler 1992). Preheating at 423K was required when nickel-base ENiCr19Nb 
austenitic filler metal was used, while preheating was dispensed with when iron-base 0.10%C–16Cr–25Ni–6Mo 
filler metal was used. The turbine operated satisfactorily after the repair. Cracks in the casing of a pump turbine 
made of DIN 14315 standard cast material was also successfully repaired (Geissler 1992) using build-up 
welding under inductive preheating at 423K using E515 B11020 (H) electrodes 

           
This filler metal was selected on the basis of its good toughness values. As a substitute for PWHT, which was 
not possible at site, three additional annealing passes were applied to the completely build-up weld which were 
later ground away. The pump turbine was in operation for more than 15 years after it was repaired. 

 
5.0 Repair Welding of Steam Turbine Components in Nuclear Plants 
A steam turbine is the one of the most critical components in a power plant. As steam expands through the 
turbine, its condition changes, requiring a spectrum of different blades between the turbine inlet and exhaust. In 
this regard, the LP steam turbines are the most interesting with the materials used belonging to the following 
alloy classes: 
 Martensitic stainless steel (SS), precipitation-hardened (PH) SS, duplex SS and titanium alloys (e.g. Ti–6Al–
4V). The most popular alloy used for the blades is the 12Cr–1Mo–V martensitic SS. The failure statistics of 
blade-related turbine outages based on an Electrical Power Research Institute (EPRI) of USA survey of power 
utilities between the years 1971 and 1981  is shown in figure 3. The estimated cost of 207 of these turbine 
outages in terms of the lost power production is shown in figure 4, and it averaged $140 million annually during 
1970 to 1981. The location of the turbine blades causing problems is given in figure 5, which shows that there 
are problems associated with the first stages of the HP and the intermediate-pressure (IP) turbines and the last 
stages of the LP turbines. The LP turbine blade failure locations (figure 6) can be summarized as 46% occurring 
in the shroud and damping element, 40% in the airfoil region and 14% in the blade attachment area. The 
mechanisms reported to have caused the turbine blade failures are shown in figure 7. This shows that over 50% 
of the incidents are 
 

Repair of steam turbine components 
 

 
 
related to corrosion or fatigue, which include stress-corrosion cracking, high-cycle fatigue, corrosion-fatigue 
cracking, low-cycle fatigue and corrosion. Weld repairs were carried out on some of the steam turbines of a few 
commercial nuclear power plants in India using in-house developed repair-welding procedures (Albert et al 
1999, 2002; Gill et al 2000; Rodriguez et al 2000; Bhaduri et al 2001). The important steps and considerations 
for successful repair strategies include: (a) selection of filler metal and welding parameters; (b) type of weld 
preparation; (c) preheating conditions; (d) PWHT temperatures; (e) non-destructive testing; and (f) residual 
stresses. Procedures for repair welding of cracked turbine shrouds and blades made of material similar to AISI 
410 martensitic SS have been developed using the GTAW process. Weld-repair procedures were developed 
using ER316L (austenitic SS) and ER410 (martensitic SS) filler metals for both shrouds and blades.   
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The repair welding procedure with the austenitic SS filler metal was developed to avoid preheating of the shroud 
or blade as also hydrogen-induced cold cracking, and involved evaluation of three different austenitic filler 
metals, namely ER309L, E316L and ERNiCr-3 (Inconel 82). The overall development of the repair welding 
procedures included selection of welding consumable (for austenitic filler metal), optimisation of PWHT 
parameters, selection of suitable method for localised preheating and PWHT, determination of mechanical 
properties of the weldments in the as-welded and PWHT conditions, and microstructural examination. After 
various trials using different procedures, the procedure for localised PWHT (and preheating, when using ER410 
filler metal) by electrical resistance heating on the top surface of the weldment and monitoring the temperature 
by placing a thermocouple at the bottom of the weld (figure 8), was found to give the most satisfactory results as 
exemplified by the on-site record of time-temperature measurements given in figure 9. Mechanical testing of the 
laboratory weldments before and after PWHT involved tensile tests at ambient temperature, face and root-bend 
tests and microhardness measurements across the fusion line and heat-affected zone (HAZ). During procedure 
qualifications, mock-up trials 
 

 
and actual repair-welding, liquid-penetrant testing (LPT) was used at different stages, and  radiography was 
carried out wherever possible.  
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These procedures have so far been successfully used in some of the commercial nuclear  power plants for repair 
welding of 6 cracked shrouds in the III-stage of LP turbines, 3 cracked shrouds in the III-stage of HP turbines, 6 
cracked blades in the IV-stage of LP turbines, and for re-welding of the shroud after replacement of a root-
cracked blade in the III-stage of a HP turbine. All these repairs were carried out using ER316L austenitic SS 
filler metal, except for one of the cracks in the III-stage of a HP turbine that was carried out using ER410 
martensitic SS filler metal. Photographs during LPT of the shroud crack in the III-stage of an LP turbine before 
repair and after successful repair welding using ER316L filler metal are shown in figures 10a and b respectively.  
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6.0 Conclusion 
Repair welding plays a very important role in the economic management of steam generator components. The 
underlying philosophy of repair welding is not to repair components that have reached the end of their design 
lifetime; it is to put back in service those components that have prematurely failed due to design or manufacture-
related defects. Further, these welding repairs should, as far as practicable, be within the scope of the prevailing 
codes and regulations. As most of the repair-welding strategies are closely guarded information with component 
manufacturers, there is a growing necessity for in-house development of repair welding procedures by power 
utilities in close liaison with their Welding Technology Group. 
 
 A typical example in this regard is the synergistic approach adopted in the successful in-house procedure 
development and execution of repair-welding of cracked shrouds and blades in steam turbines of the commercial 
nuclear power plants. 
 
Further, in these as well as the other case studies of repair welding undertaken for reducing plant outage and 
financial loss, a very pragmatic approach was adopted to bring the plants back into operation by expeditiously 
executing weld repairs.  
However, there still remains a need for welding technology groups to look carefully into the causes for the 
failures in the steam turbine components and to study the available case histories of failure analysis. This would 
enable them to discern the root cause for a generic class of failures at different locations of the steam turbines, 
and to evolve appropriate remedies related to the structure of the material, design of the component, fabrication 
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practice, quality assurance procedures, periodicity of in-service inspection, online monitoring, preventive 
maintenance strategy etc. so that repair and refurbishment itself can be avoided. 
 
In this regard, there is also a growing necessity for developing and using knowledge-based expert systems for 
failure analysis and for suggesting, wherever feasible, 
repair and refurbishing strategies. 

 
References 
1. R Viswanathan (Warley, UK: Eng. Mat. Adv. Services) pp 863–872 
2. Albert S K, Das C R, Ramasubbu V, Bhaduri A K, Ray S K, Baldev Raj, 2002 In-situ repair welding 
      of steam turbine shroud for replacing a cracked blade. J. Mater. Engng. Perform. 11: 243–249 
3. ASME 1989 American Society of Mechanical Engineers Repair and replacement. Boiler and pressure 
      vessels code, Section XI, Division I (NewYork: Am. Soc. Mech. Engrs.) Article IWA–4000 
4. AWS 1981 American Welding Society Specification for welding of rotating elements of equipment, 
      ANSI/AWS D14.6-81 (Miami, FL: Am.Welding Soc.) 
5. Artens A, Meyer H, Faber G, Schneider K, 1984, Steam turbine blades. Corrosion in power generating 
       equipment (eds.) M O Spiedel, A Artens (NewYork: Plenum) pp 299–330 
6. BhaduriA K, Gill T P S, Albert S K, Shanmugam K, Iyer D R ,2001, Repair welding of cracked steam 
       turbine blades using austenitic and martensitic stainless steel consumables. Nucl. Eng. Design 206: 
      249–259 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

 



 388

APPLICATIONS OF ARTIFICIAL NEURAL NETWORKS IN 
MANUFACTURING: AN OVERVIEW 

Rajendra Kumar Shukla 
Department of Manufacturing Technology,  JSS Academy of Technical Education, C20/1, Sect-62, Noida       
 Email: rkshukla135@yahoo.com 
                                                                          
Abstract 
The potential of the artificial neural networks in the field of wear and manufacturing processes is presented in 
this paper. There properties of learning and nonlinear behavior make them useful to model complex nonlinear 
processes, better than analytical methods. The applications found in the referenced papers mainly consist of 
prediction and classification. They present some common points, specific to the field: wear processes and 
particles, manufacturing processes, friction parameters, fault in mechanical structures. The results obtained by 
the quoted authors, in their interdisciplinary research are described, proving that neural networks are an useful 
tool during the design stage as well as the running or operation stage.  
 
KeyWords: Artificial Neural Networks, Wear, Manufacturing, Prediction, Classification. 
 
1.0 Introduction 
In wear and manufacturing processes in wear and manufacturing processes, very complex and highly nonlinear 
phenomena are involved. Consequently, analytical models are difficult or impossible to obtain. However the 
improvement of performances and reliability of manufacturing tools requires accurate modeling and prediction 
of this phenomenon. For this purpose, Artificial Neural Networks (ANN) posses a number of properties for 
modeling processes or systems: universal function approximation capability, learning from experimental data, 
tolerance to missing data, and good generalization capability. 
Two main functions of ANN are useful in tribological applications: 
− the continuous approximation of a multivariable function, used for modeling of processes; 
− classification, that is a discrete approximation of functions, used for recognition of the operation conditions of 
machinery. 
 
The former function is usually obtainable by feed-forward neural network (NN, called Multi Layer Perceptron 
(MLP). The latter may be obtained using self-organizing NN, as Kohonen and Adaptive Resonance Theory 
(ART).  
Tool wear is an important factor directly affecting the surface quality of the machined parts The prediction and 
detection of tool wear before the tool cause any damage on machined surface becomes highly valuable in order 
to avoid loss of product, damage to the machine tool and associated loss in productivity. 
 
In a manufacturing system, in order to improve efficiency, it is necessary to select the most appropriate one 
from a collection of cutting tools, each with their own history of use. At the time of making this selection, one of 
the most important tasks is to estimate as accurately as possible the rest of life under given conditions. A 
multitude of total information, such as tool wear and cutting conditions is proposed to predict tool life. Tool life 
is affected by the tool materials, cutting conditions and work materials involved, and depends on machine tool 
used. Thus, the prediction of tool life is a kind of all ill structured problems. One avenue of research in artificial 
neural network has taken on interest in applying these networks to problems of this nature. Neural networks are 
composed of highly interconnected, simple processing units, which are inspired by neural process observed in 
human brain, successful applications can be found in areas such as process. Engineering, process control and 
estimation pattern recognition, fault detection and image analysis. A common theme of these applications is the 
ability of the ANN to learn complex input-output relationships. They require no clearly defined algorithm or 
theory: rather they have property of acquiring knowledge through the presentation of faced with Incomplete or 
novel data. This work aims at evaluating the usefulness of ANN in such applications, as it is reflected in some 
relevant papers. 
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2.0 Description of Artificial Neural Network Structures 
         
2.1. Multi layer Perceptron  
The basic structure is composed of layers, namely the input layer, hidden layers and output layer. The input 
layer accepts data from the external world; the output layer generates outputs to the external world. There may 
be one or more hidden layers. Each layer consists of a number of nodes (neurons, cells, processing elements). 
each processing element may have several input paths but only one output. The inputs of a neuron may come 
from the external world (in the input layer) or from the outputs of other neurons (in the hidden and output layer). 
Each neuron sums its input signals, modified by the interconnection weights. The sum, modified by an 
activation function (frequently a sigmoidal function), is the output of the neuron. The information propagates 
from the input layer to the output layer, through connections existing only between elements in adjacent layers. 
In order to prevent saturation of the activation function the data used for train the NN are generally normalized. 

 
                                              Figure 1: A Basic Artificial Neuron computation 
 
The learning procedure starts with computing of each output, for a specified input vector, then the error between 
the computed output and the desired one, is used to modify the weights of the neurons in order to decrease this 
error. The procedure is repeatedly applied for all input vector sets, in order to minimize the global 
approximation error of the network. This is the back-propagation learning algorithm. It has many versions, 
aiming at minimizing the learning time and at a good convergence. Because all artificial neural networks are 
based on the concept of neurons, connections and transfer functions, there is a similarity between the different 
structures or architectures or neural networks. The majority of variations stem from the various learning rules 
and how those rules modify a network's typical topology. Basically, most applications of neural networks fall 
into the following five categories: Prediction, Classification, Data association, Data conceptualization, Data 
filtering. 
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Figure 2:Multi Layer Perceptron 

 
2.2. Kohonen self-organizing neural network 
The network consists of output units, typically arranged in a two-dimensional plane, with weights between each 
unit and input units. When an input vector is fed to the network, only one output unit, which has the best-
matching weight. i.e. the weight vector is the closest to the input vector, is selected as a 'winner'. After learning, 
units in the network have modified weights such that neighboring units have similar weight vectors. Hence 
similar inputs are linked with winner units that are located close to each other, while winner units for different 
inputs are located far away in the network. Thus the feature map is created and inputs to the network are 
automatically classified on the map. The advantage of the feature map is that the weight of each output unit 
directly shows a corresponding input vector itself. The main property of the Kohonen network is the 
unsupervised learning. That permits to divide the input vectors set in clusters without prior knowledge about 
their similarities. 
 
2.3. Adaptive resonance theory network (art) 
The ART network has two layers: the first is the input/comparison layer and the second is the output/recognition 
layer. These layers are connected together with extensive use of feedback from the output layer to the input 
layer along with the feed forward connections. Associated with each connection, the ART network has feed 
forward weights (wjis) from the input layer to the output layer and feed back weights (tijs), from the output 
layer to the input layer. Between the input and output layers there is also a reset circuit. This circuit is actually 
responsible for comparing the evaluated Euclidean distance (making use of the current inputs and the most 
recent weights) to a vigilance threshold that determines whether the pattern under consideration pertains to one 
of the already generated clusters or a new cluster must be created. Although the structure is different with 
respect to the Kohonen network, their main functions are similar: unsupervised clustering of the input space, 
based on experimental data. They are useful in pattern classification applications. 
 
3.0 Modeling and Prediction 
The MLP network is suitable for modeling of the processes. It offers a continuous approximation of a 
multivariable function, that is not analytically obtainable, but it is properly described by the experimental data 
set. Usually, the purpose of the model is the one-step ahead prediction, i.e. to determine the value of the output 
function at the moment t+1, knowing the present and the previous values of the output and inputs (t is integer). 
This ability is used in applications such as tool wear or lubricant wear prediction. There are also applications 
where the current time is not one of the variables, such as the model of the pressure distribution in a rectangular 
gas bearing. 
4.0 Recognition of Faults In Bearings, Machinery And Material Structure 
Classification is the oldest application of the neural networks. This ability is useful in a mechanical 
environment, mainly to recognize the faults, as part of a diagnose effort. The networks containing neurons with 
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threshold activation function in the output layer are suitable for classification problems. However, linear or 
sigmoidal activation functions are also suitable for this purpose, if the output value is considered as a probability 
density function, subject of further threshold discrimination. The training of the network may be supervised or 
unsupervised (clustering). As a consequence, both MLP and self-organizing maps may be used in a 
classification problem. Aiordachioaie and co-authors [1] present the ability of a Kohonen network to classify 4 
types of bearing faults and their combinations. They are: outer bearing race defect, inner bearing race defect, 
ball defect and train defect. The source of information is the vibration transducer. At each sampling moment, a 
narrow horizon Fourier analysis provides the spectral components, which are fed as inputs of the network. This 
one recognizes the bearing vibration signatures. The training is supervised, requiring short time. 
 
Paper [2], published by Subrahmanyam and Sujatha, contains a very complex and rigorous analysis of the 
classification of faults, localized in ball bearings. It uses both MLP and self-organizing network (ART2) to 
recognize two main faults. The process information, provided by piezo-electric accelerometers, is subject of the 
Fourier analysis, which computes the spectrum components. These are then compressed in 8 significant 
descriptors, fed as inputs of the network. The meaning of the output, normalized between 0.1 and 0.9, is that of a 
scalar description of the possible defects of the bearing. The value 0.1 corresponds to a normal bearing, 0.6 to a 
ball defect and 0.9 to an outer race defect. The MLP is trained in a supervised procedure, whereas the ART 
network performs a clustering process. Both networks performed a 100% reliable recognition of the defect 
bearings (on the presented data sets). MLP distinguished the possible states of the defect bearings, for diagnose 
purposes, with a rate of success of 95%. The ART2 network was less accurate in recognizing different defects, 
but it was 100 times faster in training. 
 
Vyas and Satishkumar [3] introduce an application of MLP to fault classification of a rotor bearing system. The 
inputs still are spectral components of the vibration signals, whereas the meaning of the outputs of the MLP is 
that of probability density function of the fault signatures. The outputs are used to discriminate four faults (rotor 
with mass unbalance, rotor with bearing cap loose, rotor with misalignment and play in spider coupling). The 
network does not offer a quantification of the fault, once it is recognized, but manages to recognize even 
combinations of faults. The author’s mention that the influence of the training parameters (in a back propagation 
procedure) on the classification abilities has to be investigated further. 
 
A different approach of a diagnosis problem is presented by Dey and Stori [4]; the purpose is the classification 
of the root causes of the variations of the sequential machining operations and to provide a probabilistic 
confidence level of the diagnosis. The information is provided by multiple sensors and processed by a Bayesian 
neural network. This is a different kind of network, which evaluates conditional probabilities and whose 
structure is that of a cyclic graph. 
 
In papers [5] and [6], Xu and co-authors present MLP networks that classify wear particles, in terms of wear 
mode. The authors created powerful software for managing the classification possibilities of the networks. The 
inputs are Fourier descriptors in one example, to classify the shape of the particles, or elements of the co-
occurrence matrix of the gray image (the texture), in other example, to discriminate the worn surfaces in 
"smooth" and "rough". Other examples of MLP networks that classify wear particles, based on image analysis 
and Fourier descriptors, appear in Hundal’s paper [7]. 
 
5.0 Conclusion 
The purpose of this study was to assess the potential of using neural networks to predict the performance and 
life of mechanical systems. The mentioned papers, as well as many others, not listed here, succeeded to model 
tribological processes, making use of ANN. In general, their conclusions indicate ANN as a good modeling 
method, due to the learning, generalization and nonlinear behavior properties. 
 
The purpose of this study was to assess the potential of using neural networks to predict the performance and 
life of mechanical systems. The mentioned papers, as well as many others, not listed here, succeeded to model 
tribological processes, making use of ANN. In general, their conclusions indicate ANN as a good modeling 
method, due to the learning, generalization and nonlinear behavior properties. 
 
The most popular ANNs are MLP – for prediction and classification, and self-organizing maps - Kohonen, 
ART, for classification. Their properties and the diversity of the difficult mechanical processes suggest that new 
applications of the ANN in tribology will appear in the near future. 
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Abstract 
The determination of material properties is of importance for optimum design, quality control and damage 
detection.   An experimental investigation was conducted to study the effect of fiber content on reinforced 
polymer hybrid composite laminates subjected to flexural test. The hybrid composite laminates were fabricated 
using three materials; epoxy resin, plain-woven S2 glass fabric, and textile satin fabric. The symmetric hybrid 
bi-directional composite specimen with embedded ply was fabricated at room temperature and under constant 
pressure in the shape of a rectangular plate by hand lay-up technique. Specimen preparation includes selection 
of different volume fractions of the glass/satin fabric with 0/900 orientation. Specimen dimensions are in 
accordance with ASTM standards, the test ready specimens were subjected to flexural loads under controlled 
conditions. The variations of flexural strength and flexural modulus of polymer based satin/glass fabric hybrid 
composites with fiber content have been studied. The hybrid composites showed an increase in flexural 
properties with glass fiber loading. 
 
KeyWords: Textile Satin, Glass Fabric, Hybrid Composites, Epoxy, Flexural Properties. 
 
1.0 Introduction 
The introduction of advanced composite materials, particularly fiber reinforced polymers (FRP), in structural 
engineering industries, as a second generation of externally bonded retrofit materials, has offered numerous 
benefits such as corrosion-resistance, excellent weight to strength ratio, good fatigue resistance, flexibility to 
conform to any shape, broad applications, and easy manipulations. Retrofit of structures using Glass-FRP 
(GFRP) and Carbon-FRP (CFRP) has been studied extensively over the past decade based on the literature by  
Meier(1995), Neale(2000),  Bakis et.al(2002). Although the applications of FRPs are becoming wider and 
popular, the cost of material is still relatively high. Recently, textile composites are becoming popular as they 
provide good structural materials at higher strengths, hence nowadays more research on these materials. 
 
The performance of textile composites depends on the selection of the constituent materials that is the 
reinforcing material or the fiber or the fabric is one of them. Incorporation of fibers into a polymer is known to 
cause substantial changes in the mechanical properties of composites. Composite materials comprising of two or 
more families of fibers have been attracting the attention of researchers. This is because the use of one type of 
fiber alone has proved to be inadequate in satisfactorily tackling all the technical and economic problems 
involved in making fiber-reinforced composites. A combination of a high performance fiber with a low-
performance fiber provides versatility in the performance of the product. To take advantage of both fibers, they 
can be combined in the same matrix to produce hybrid composites that take full advantage of the best properties 
of the constituents and thereby a superior but economical composite can be obtained. At the same time various 
reports on hybrid composites reveal reduction in the material cost due to the low cost of the fibers used as 
illustrated by Yang(1996), Kalaprasad91997) and Kalaprasad(1996). 
 
In the present study, hybrid composites with bidirectional fiber orientation using textile satin fabric and glass 
fabric have been developed. Epoxy being the polymer resin was used as the matrix for these composites. The 
effect of fiber content on the flexural properties has been studied for these hybrid composites. 
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2.0 Experimental 
 
2.1 Materials and sample preparation 
The present investigation has been carried out on three materials; epoxy resin, plain-woven S2 glass fabric, and 
textile satin fabric. The matrix material was medium viscosity epoxy resin (LY556) with a room temperature 
curing hardener (HY951). The plain-woven S2 glass and textile satin fabric were the reinforcements, all the 
fibres in the fabric have diameters less than 30 µm, so they can be classified as micro-diameter fibres. The 
symmetric hybrid bi-directional composite specimen with embedded ply was fabricated at room temperature and 
under a constant pressure in the shape of a rectangular plate by hand lay-up technique. Ample precaution was 
taken to minimize voids in the material and maintain homogeneity. Specimen preparation includes selection of 
different volume fractions for constituents; matrix material 40% for all samples, volume fraction of glass fabric 
was between 15-45% in steps of 15% and corresponding volume of satin fabric is estimated. The specimen 
preparation is in accordance with ASTM D 790 dimensions, with 0/900 fiber orientation. The test ready 
composite laminate specimens were subjected to flexural loads to determine the parameter of interest. 
 
2.2 Flexural test 
The flexural test was conducted on the matrix and composite samples to determine the stiffness. The specimens 
were made as per ASTM D710 specifications. The flexural strength (σf) and flexural modulus (Ef) of the 
composites measured using three-point bending test are calculated as given by Flanagan(1993); 

Flexural Strength (σf) = 3PL/2bd2    (1) 
Flexural Modulus (Ef) = L3ΔP/4bd3Δm        (2) 

 
Where P is the applied fracture force, L is the distance between the supports, b is the width of the specimen, d is 
the thickness of the specimen, ΔP is the change in fracture force in the linear portion of the load–deflection 
curve, and Δm is the change in deflection corresponding to ΔP. 
 
3.0 Results and Discussion 
The variation of flexural strength and flexural modulus with fiber content are presented in Table 1. It is observed 
from the table that the flexural strength and flexural modulus increase with fiber percentage. Figure 1 shows the 
variation of flexural strength of the samples with respect to the variation of glass fiber content, more the 
percentage of glass fabric higher will be the flexural strength. Similarly, Figure 2 shows the variation of flexural 
modulus with glass content. From these figures, it is observed that the flexural strength and flexural modulus of 
the samples increase linearly with the increase in glass volume fraction. It is observed that the flexural 
properties of these hybrid fiber-reinforced composite were considerably lower than those observed the glass 
fiber-reinforced composite alone based on details provided by Kalaprasad(1996) and hence, as the glass fiber is 
added to the hybrid composite, a positive hybrid effect has been observed. 
 

Table 1. Flexural properties of hybrid composites as a function of fiber content with 40 Volume % Epoxy. 
 
 

Volume percentage of Fiber 
Glass Fabric Textile Satin 

Flexural Strength 
(MPa) 

Flexural Modulus 
(MPa) 

15 45 22.26 659.55 
30 30 25.56 668.23 
45 15 30.44 676.44 
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Figure 1. The variation of the flexural strength with the glass fiber content in the 2D hybrid composites. 
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Figure 2. The variation of the flexural Modulus with the glass fiber content in the 2D hybrid composites. 
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Figure 3. The comparison of variation of the flexural strength and Modulus with change in the glass fiber 

content in the 2D hybrid composites. 
 
The same result has been observed but with increased values for the samples with a higher glass content. From 
Table 1, however, a decrease in flexural strength and flexural modulus of the reinforced samples is observed 
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when compared to those samples with higher textile satin content. This fall is due to the lowest glass fiber 
content and lower strength of the satin under flexural loading. The comparative study of the effect of fiber 
content on the flexural strength and flexural modulus of 2D woven hybrid composites have been shown in 
Figures 3. From the figure, it is observed that the increase has linear relation for the increase in glass content. At 
the same time it can also be noticed that the margin of increase in strength is quite significant with respect to 
increase in glass content whereas increase in modulus is marginal, this difference is due to the fact that as glass 
content increases the specimen experiences higher deflection, hence marginal increase in modulus. 
 
4.0 Conclusion 
The variations of flexural strength and flexural modulus of polymer-based satin/glass hybrid composites have 
been studied as a function of fiber content. It is observed that there has been an enhancement in these flexural 
properties with increased. But these hybrid composites showed lower flexural properties than the composites 
made of glass fibers alone in epoxy matrix. 
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Abstract 
Rapid prototyping is an automated process that quickly builds physical prototypes from 3D CAD files composed 
of surface quality or solid models. In the manufacturing arena, productivity is achieved by guiding a product 
from concept to market quickly and inexpensively. Rapid prototyping technology aids this process. These 
processes produce objects by addition of material on a layer-by-layer basis while in case of conventional 
methods which do so by removal of materials. This paper includes the various methods of rapid prototyping 
processes, their discussion, advantages and areas of application. This paper is intended to provide a means to 
discern the differences in the many rapid prototyping systems available and emerging today. 
 
1.0 Introduction 
The past decade has witnessed the emergence of new manufacturing technologies that build parts on a layer-by-
layer basis. Using these technologies, manufacturing time for parts of virtually any complexity is measured in 
hours instead of days, weeks, or months; in other words, it is rapid. . It automates the fabrication of a prototype 
part from a three-dimensional (3-D) CAD drawing. This physical model conveys more complete information 
about the product earlier in the development cycle. The turnaround time for a typical rapid prototype part can 
take a few days. Conventional prototyping may take weeks or even months, depending on the method used. 
Rapid prototyping can be a quicker, more cost-effective means of building prototypes as opposed to 
conventional methods. This review will refer to the new technology as "rapid prototyping." 
 
"Fabrication processes fall into three categories: subtractive, additive, and compressive. In a subtractive process, 
a block of material is carved out to produce the desired shape. An additive process builds an object by joining 
particles or layers of raw material. A compressive process forces a semi-solid or liquid material into the desired 
shape, in which it is then induced to harden or solidify." Most conventional prototyping processes fall into the 
subtractive category. These would include machining processes such as milling, turning, and grinding. 
Machining methods are difficult to use on parts with very small internal cavities or complex geometries. 
Compressive processes, also conventional, include casting and molding.[1] 
 
2.0 What is Rapid Prototyping? 
The new rapid prototyping technologies are additive processes. They can be categorized by material: 
photopolymer, thermoplastic, and adhesives. Photopolymer systems start with a liquid resin, which is then 
solidified by discriminating exposure to a specific wavelength of light. Thermoplastic systems begin with a solid 
material, which is then melted and fuses upon cooling. The adhesive systems use a binder to connect the 
primary construction material. Rapid prototyping systems are capable of creating parts with small internal 
cavities and complex geometries. Also, the integration of rapid prototyping and compressive processes has 
resulted in the quicker generation of patterns from which molds are made. 
 
The first commercial process was presented at the AUTOFACT show in Detroit (US) in November 1987, by a 
company called 3D Systems, Inc. At that time, the process was very inaccurate and the choice of materials was 
limited. Therefore, the parts obtained where considered prototypes. Like in software engineering, a prototype is 
something to look at, serves as a basis for discussion but cannot be used for anything ``serious'', i.e. in a 
production environment.  
 
Since then, Rapid Prototyping Technologies (RPT) has taken enormous strides. Nowadays, there are over 30 
processes some of which are commercial, while others are under development in research laboratories. The 
accuracy has improved significantly, and the choice of materials is relatively large, to the extent that the term 
prototype is becoming misleading; the parts are more and more frequently being used for functional testing or to 
derive tools for pre-production testing. It is very likely that a new term, or one of the numerous other 
expressions that are floating around, will replace it in the future.  
 
It is true that rapid prototyping at the beginning (in the past) can be achieved using conventional methods such 
as NC milling and hand carving. However, the term RP is normally reserved for the new technologies that build 
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parts by adding material instead of removing it. In order to regard RP in the right perspective, one would need to 
compare it with the conventional methods. Unfortunately, this is beyond the scope of the present work. [2] 
 
3.0 Basic Processes 
Visualization refers to the utilization of computer graphics and imaging to convert numerical data into pictures. 
Prototypes can be categorized into two areas: soft and hard. Hard prototypes refer to the actual physical models 
that can be touched. Soft prototypes are the computer-generated renderings of a design. Visualization tools 
integrate CAD-based systems with animation to obtain a more detailed view of the model. Its capabilities 
include production simulation and finite element analysis. Visualization can also be a marketing tool. Soft 
prototypes generated by visualization tools cannot be touched, but can provide another method of 
communicating product design specifications. Future developments in the areas of holograms and virtual reality 
will aid visualization tools in generating three- dimensional renderings.[3] 
 
A hard prototype requires the same processes at the beginning of the manufacturing. The basic steps of this 
process are given below:  
1. Create a CAD model of the design 
2. Convert the CAD model to STL format 
3. Divide the STL file into thin cross-sectional layers 
4. Manufacture the model layer to layer 
5. Remove the model after finishing 
 
4.0 Types of Rapid Prototyping 
All the processes described in this Section take as input a 3D model and a set of parameters that are process-
dependent. The model to be manufactured is sliced by a set of parallel planes. The space between two adjacent 
slices is called a layer. The component of the process where the part is built is called the workspace. Although 
the processes described here can differ significantly, e.g. by the use of materials other than photopolymers, the 
underlying theme is the same; they all build parts on a layer-by-layer basis. Such processes are generally known 
as Layered Manufacturing Techniques (LMT). These technologies are changing at a quick pace, and the 
information contained herein may become quickly outdated.[7] 
 
4.1 Stereo lithography 
In StereoLithography, a laser generates an ultraviolet beam that solidifies focused surface areas of a 
photopolymer in a vat. This process continues, slice by slice, until the system completes the part. Figure 1 
illustrates the concept. 3D Systems offers three models of the SLA.  

 
 

Fig. 1 A Schematic drawing of an SLA 
 

The process begins with the vat filled with the photopolymer liquid and the elevator table set just below the 
surface of the liquid. The operator loads a three-dimensional CAD solid model file into the system. If needed, 
supports are designed to stabilize the part during building and post-curing. The translator converts the drawing 
into the .STL file. The control unit slices the model and supports into a series of cross sections from 0.001 to 
0.07 mm. thick. The computer-controlled optical scanning system directs and focuses the laser beam so that it 
solidifies a two-dimensional cross section on the surface of the photopolymer. The elevator table then drops 
enough to cover the solid polymer with another layer of the liquid. A leveling wiper moves across the surface of 
the polymer. The laser then draws the next layer. This process continues, building the part from the bottom up, 
until the system completes the product. The part is then raised out of the vat and cleaned of excess polymer. It 
then proceeds to the Post Curing Apparatus for the final cure. 



 Proceedings of the National Conference on 
Trends and Advances in Mechanical Engineering, 

YMCA Institute of Engineering, Faridabad, Haryana.., Dec 9-10, 2006. 
 

 399

 
Scanning time depends on the geometry of the contours, hatch patterns, the speed of the laser, and the recoating 
time (i.e. the time taken to place a layer of photopolymer over the last solidified layer).  

 
4.2. Selective laser sintering 
Selective Laser Sintering (SLS) is a process that employs a powdered material approach to rapid prototyping. 
The process begins with the deposition of a thin layer of powder, which is heated to just below its melting point. 
A laser selectively traces the surface of the powder and sinters the material together. This process continues 
layer by layer until a final product is complete. Carl Deckard developed SLS at the University of Texas at 
Austin in 1986. 

 
  

Fig. 2 a schematic drawing of SLS system 
 
The SLS process begins with the atmosphere preparation in the process chamber, which is heated to the 
operating temperature. One powder feed piston rises to distribute a layer of material. At the same time, the part-
building cylinder lowers to the desired layer thickness. The other powder feed piston also lowers to 
accommodate any surplus material, which the leveling roller transfers across the build area. The deposited 
powder is heated to a temperature just below its melting point. Using a raster scanning pattern, the laser draws 
one cross section of the desired part to sinter the powder particles. Unsintered powder remains to support the 
next layer, which is then distributed, leveled, and sintered.  
 
A laser sinters selected areas causing the particles to melt and then solidify. Unlike the processes mentioned 
above where there is only one phase transition, in sintering there are two: from solid to fluid, back to solid again. 
Processes that behave in this way are generally known as selective laser sintering (SLS) processes. The 
materials being used or investigated include plastics, wax, metals, and coated ceramics.  
 
An advantage to this system is its ability to provide supported building. The unsintered powder surrounding the 
part in the build cylinder acts as a natural support for the next layer. No elaborate supports need to be built such 
as in some photopolymer systems. Also, the excess powder material can be returned to the powder feed 
cartridges for reuse. 
 
4.3 Laminated object manufacturing 
Laminated Object Manufacturing (LOM) is a system developed In 1989 by Helisys, Inc., Torrance, CA. LOM 
differs from the systems previously reviewed in that, rather than building up a part by adding materials to a 
stack through a forming process, layers of sheet materials such as paper, plastics, or composites are attached to a 
stack, and the laser cuts away the unused portions. 
 

  
 

Fig. 3 a schematic drawing of LOM 
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A winding and an unwinding roll provide a ribbon of the material. A stepper motor positions the material onto 
the building platform. A heated roller moves across the surface of the material, bonding it to the stack. An x-y 
positioning table with mirrors and optics reflects and focuses the CO2 laser beam, which cuts a profile of the 
part. The area of material surrounding the part profile is cut in a crosshatch pattern to facilitate its removal later. 
The excess material left in the building block acts as a support structure for the next layer. 
 
This process can be considerably fast. Because the laser is cutting around the periphery of the object, building a 
thick-walled part takes no longer than a thin-walled one. A great advantage with this process is that it is not 
limited by the complexity of the part. Since there are virtually no internal stresses, the part has no deformation 
or shrinkage commonly associated with photopolymer systems. 
 
4.4 Solid ground curings 
The SGC method was developed and commercialized by Cubital Ltd. (Israel). The production machine uses 
these data to cure an entire layer of photopolymer in a solid environment. An ultraviolet light completely cures 
the material through a photomask. No post-curing is required. The SGC process is illustrated in Figure 4.  
 

 
  

Fig. 4 a schematic drawing of SGC 
 
It begins with the input of the three- dimensional CAD data of the part and selection of layer thickness. The 
computer then generates the cross-sectional slice data of the model. An image representing the cross- sectional 
layer is sent to the mask plotter, where a glass plate is charged with ions, and electrostatic toner develops the 
negative image of the layer. At the same time, the workpiece carriage is at the resin application station. 
 
The carriage and mask meet at the exposure cell, where a shutter opens for 3 seconds exposing the resin to 
ultraviolet light through the transparent areas of the mask. All exposed areas are completely cured. The mask 
moves back to the plotting station where it is physically and electrostatically erased in preparation for the next 
layer. The part is again exposed to ultraviolet light without a mask. This solidifies the residual resin that the 
wiper could not pick up. The carriage then moves to the wax applicator station, which deposits a layer of wax 
0.2 mm thick to fill in all voids and cavities. The wax is solidified by a cold plate at the cooling station. The 
workpiece then moves to the milling station where a fly cutter mills the layer down to the desired thickness. A 
vacuum collects any chips produced during this process. The workpiece carriage lowers to accommodate the 
spreading of resin for the next layer, and the process continues until the part is complete. The water-soluble wax 
is melted in a microwave oven, and the part is cleaned in warm water. 
 
This method cures each layer separately as it is built. This minimizes shrinkage and eliminates the need for post-
curing. Also, the solid polymer and wax environment eliminates the need for elaborate support structures. This 
significantly made easier to build parts of geometric complexity. A problem with this method is that it produces 
a lot of material waste. The resin picked up by the wiper and vacuum during the milling process cannot be used 
again. Uncured resin is hazardous material. 
 
4.5 Fused deposition modeling 
The process is less similar to SLA. A polymer filament is fed into the head, melted, and deposited. It cools to 
form the part. It's similar to MIG (metal inert gas) welding, but on a smaller scale.  
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5.0 Why Use of Rapid Prototyping? 
Most people know that using prototypes of product designs can dramatically speed up their design approval and 
manufacturing processes. Unfortunately, many haven't heard of or used RP. As mentioned earlier, speed is one 
of the most distinguishing features of RPT when compared to conventional methods. In fact, in many cases, the 
use of RPT can only be justified if the part can be obtained quickly. Quite often, though, the limiting factor is 
the time spent preparing the data. Once the data is correct, manufacturing time is known and relatively fast. 
 
Using rapid prototyping, we can improve our ability to get the right product to market faster and thus improve 
our profits through increased revenues. This is made possible by catching mistakes and making changes earlier 
in the product development cycle. Physical prototypes are helpful to just about everyone involved in developing 
products. 
 

 
 
 

Fig. 6 Engine block castings 
 
Figure shows DaimlerChrysler uses stereo-lithography part (right) as a pattern for the tooling of the actual 
engine block casting (left).[5] 
 
6.0 Application of RPT 
Rapid prototyping technology is applicable to all industries. The various scenario of it is described below: 
RPT in manufacturing : 
RPT can be useful to anyone who manufactures a product or needs a physical object. To illustrate the strategic 
importance of RPT, we will use, as an example, the manufacturing industries. 
 

 
 

Fig.7 Changes in the requirement of manufacturing industry 
 
 One company markets product in 12 countries. The same product family may have 8 different motors and 5 
different technical features. The different technical features can be simple such as different materials, processes, 
or complex such as differences in the internal housing. These differences are needed in order to attend to 
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specific needs of users or to differenciate oneself from the competition. In addition, product lifetimes are 
becoming shorter, forcing a design group to develop new products within a shorter time. [4] 
 
This scenario requires changes on how a product is developed. Different groups-design, engineering, marketing, 
production-must cooperate more closely towards a common goal and work concurrently. RPT can be an 
effective means for evaluating a design before costly committments are made, commitments that affect 
manufacturing costs and, ultimately, the final cost of the product.  
Using RPT, if product is developed then it can saves 60% of cost and 80%of time then convention 
manufacturing with good dimension accuracy and engineering qualities. 
 
6.1 Other areas of application  
Audi performance racing used RP to create mold masters that in turn produced turbocharger intakes and 
exhausts. An architectural project in Phoenix, Arizona, used RP to produce scale versions of 80- to 90-story 
buildings to demonstrate how the buildings' appearance mimicked the area's mountain ranges. Recent dental 
devices have met with uncharacteristic wide-ranging acceptance in the medical community partially because RP 
models enabled better feedback and assistance in production. RP has also been used in forensic analysis. A 
murder victim's skull was prototyped to preserve the original as evidence.[6] 
 
6.2 RPT in medical application 
Applying RPT in the medicine is a new and exciting field. Many applications have become possible due to the 
convergence of three distinct technologies, like Medical Imaging, Computer Graphics and CAD, and RPT. 
Computer-Assisted Tomography (CT) and Magnetic Resonance Imaging (MRI) provide high resolution images 
of internal structures of the human body, e.g. bone structures and organs. Once these images have been 
processed by suitable software tools, it is possible to transfer the result to a RP process and obtain a physical 
part, called a medical model. 

 
These technologies provide doctors and surgeons with new tool-physical models of human internal structures-to 
better plan and prepare complex surgeries. Thus the process is useful in addition to reduced risks, reduced 
patient suffering, and improvements in the quality of the results.  
 
7.0 Advantages of RPT 
The rpt is a technology of future. The technology is leading in all aspects due to following advantages:  
1. Reduced lead times and costs 
2. Improved quality of product 
3. Better visualization of the product 
 

8.0 Disadvantages of RPT 
There is another side of coin also i.e. it has certain disadvantages which can be described below: 
1. Size of the prototype is limited. 
2. Limited material properties 
3. Varying accuracy in x-y planes & z plane 
4. Surface finish 
 
9.0 Conclusion 
Rapid prototyping technology is impact the industry by its versatile advantages. With wide-ranging benefits and 
fairly low costs, RP can provide major returns via increased innovation and reduced production costs. Still, RP 
doesn't fit every application. They have to use their engineering skills to evaluate if the limitations in material 
properties, part size, and cost are applicable to their project and product. Globalization is demanding the 
manufacturers for reduction in cost and improvement in quality of the products which can be fulfilled by RPT. 
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Abstract 
Deep Cryogenic tempering, an irreversible, one time, and durable treatment that affects the entire structure of the 
part, providing increased stress relief, dimensional stability and durability. Cold treating of ferrous alloys is widely 
accepted within the metallurgical profession as a supplemental treatment that can be used to enhance the 
transformation of austenite to martensite and to improve stress relief of castings and machined parts. Common 
practice identifies –84 °C as the optimum temperature for cold treatment. There is evidence, however, that 
cryogenic treatment of ferrous alloys, in which material is brought to a temperature of the order of –196 °C, 
improves certain properties beyond the improvement attained at cold-treatment temperatures. This discussion will 
explain the practices employed in the cold treatment of steel and will present some of the experimental results of 
using cryogenic treatment to enhance ferrous alloys properties. 
 
1.0 Introduction 
 
1.1 Cold treating of steel 
The cycle for Cold treatment is shown in fig.1. Cold treatment of steel consists of exposing the ferrous material to 
subzero temperatures to either impart or enhance specific conditions or properties of the material. The retained 
austenite present in the material will be unstable and will be trying to reach more stable state of martensite by 
loosing kinetic energy at the atomic level. The benefits of the cold treatment of ferrous alloys are increased strength, 
greater dimensional or micro-structural stability, improved wear resistance, and relief of residual stress. Generally, 1 
hour of cold treatment for each inch of cross section is adequate to achieve the desired results. All hardened steels 
are improved by a proper subzero treatment to the extent that there will be less tendency to develop gindi9ng crack 
and therefore they will grind much more easily after the elimination of the retained austenite and the un tempered 
martensite. (1) 

 

 First, steel parts are placed in exclusive Stealth processor at room temperature and are then cooled at one degree per 
minute until -196° C is reached. This temperature is then maintained for 24 to 36 hours. Upon completion of the 
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cooling process, the parts are returned to room temperature at one degree per minute. The final step is a triple heat 
temper to +200° C, for one hour cycles with a one hour cool down in between. Yet another version of the process 
has been practiced. Parts are pre-cooled in a wire basket suspended above the liquid nitrogen bath prior to complete 
immersion in the bath for up to 10 hours. (2) 

2.0 Cryogenic Treatment of Steels 
The value of cryogenic treatment of steel and other materials has been debated for many years. It is the intent of this 
discussion to review some of the current literature and practices of those who believe that cryogenic treatment 
enhances steel properties 
 
The process completes the austenite to martensite transformation that occurs during heat treat in steel alloys.  Heat 
treating increases hardness in tooling, while post-heat treat cryo processing with a mild draw increases hardness by 
an additional 1% - 2%. The process uses Liquid nitrogen to cool parts from room temperature to –1960C at a rate of 
½ to 10 C per minute for maximum stress relief.  Then, maintaining the parts at –1960 C for 18 to 36 hours 
completes the austenite transformation (3). The more carbon in the material, the colder and longer the parts are kept 
at low temperature, according to the customer’s specific needs.  After the “cold soak,” the parts are returned to room 
temperature at ½ to 10C/minute rate.  Usually, three heating and cooling stages (called a “triple draw”) are included, 
depending on the material, with a one-hour hold at the temperature extremes.  
 
Cutting tools are the largest market for the process, including drill bits, end mills, slitter knives, punches and dies.  
Cryo processing also is used to treat TiN coated tooling; HSS (high-speed steel) saw blades, band saws, circular 
saws, jig saws, M-series blades – and carbide-tipped saws (C-2, C-3 and C-4).  In the 1995 ASM heat treater's guide, 
67 out of 77 tool steels listed have cryogenic stabilizing specified as the only method to increase dimensional 
stability after heat treat.  
 
Cryo processing also is used to stabilize aluminum and titanium, since they are often hard to handle during 
machining.  In aerospace applications, cryogenic tempering conditions the metal in aluminum optical benches, so 
that large temperature variations can be tolerated with minimal distortion.  Once a part has been cryo treated, 
additional cryogenic processing will not usually make any difference.  When a tooling manufacturer has included 
cryogenic treatment as part of the process, additional treatment by the end user will usually have no effect.  
 
Multifaceted tools or materials need to be separated into it individual components for cryo processing, since the 
rates of cooling may vary slightly between different grades of metal.  Smaller items and more intricate tooling 
process better if disassembled.  It is less critical on the larger items; for example, processing is not a problem for a 
cast iron or aluminum engine block with steel sleeves without disassembly (4).    
 
Gears in heavy equipment or transmissions, cast iron or forged items also can benefit from processing.  When the 
military tested cryo treating helicopter gears in the 70’s, they found that the process improved durability and reduced 
noise, which turned out to solve several problems in combat.  Noisy working environments are improved through 
cryo treatment by providing greater longevity and safety for gears and moving parts.  
 
In an experiment, golf balls were dropped from 8’, before and after cryo treatment.  The balls rebounded 2” higher 
(about 2%) after treatment.  In another test, cryo treated golf balls showed a 3% to 5%  
improvement over untreated balls.  Also, One Cryo is offering its own special line of softball bats, tempered with 
cryo treatment (5). 
 
3.0 Claims Reported For Cryogenic Processing  
Although claims are being made for cryogenic processing in an increasing number of areas, the majority of claims 
apply to hardened-steel cutting and forming tools.  Examples of tools that have been subjected to cryogenic 
treatment in the United States, the United Kingdom, and the Soviet Union include:  drills, broaches, milling cutters, 
taps and dies, saw blades, files, cutting pliers, scissors, knives, trimmers, slitters, woodworking tools, chain saw 
blades, gear cutters, drawing dies, stamping dies, and punch and die sets (6) .  
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The extent of reported service life improvement varies over wide ranges, from perhaps a 10 percent increase to as 
much as 20 times improvement.  A typical figure would be a doubling of tool life from cryogenic processing.  
Additionally, it is claimed that cryogenically treated cutting tools, unlike coated cutting tools, continue to 
outperform untreated tools after re-sharpening and that less material needs to be removed in the re-sharpening 
process. Furthermore, the cost of cryogenic treatment is said to be less than the cost of coating, which is currently a 
popular method for improving tool life.  
 
Most of the claims made for cryogenic processing have not included estimates for monetary benefits.  One exception 
is the estimate of a major aerospace company that was based on in-plant experience with the use of cryogenically 
treated M7 high-speed steel drill bits for drilling holes in titanium alloys.  The estimated annual savings was 
$350,000 based on $1,000,000 annual expenditures  for drill bits.  Part (7) of the cost savings comes from reduced 
purchases of new tools, but a significant part also can come from reduced downtime and reduced reconditioning 
costs.  The latter cost saving item is especially important in complex cutting tools.  
 
A major concern in cryogenic processing is the inconsistency in benefits observed among different types of tools 
and different steels.  For example, in a comparison study to the one reported, in which cryogenic treatment produced 
significant benefits in M7 high-speed steel drill bits, no benefits can be illustrated further by a survey conducted in 
the Soviet Union in the late 1970’s.  That survey, conducted among 204 manufacturing plants that used cryogenic 
treatments (shock cooling) on steel tools, found the following: 
 

Cryogenic Tempering - Remarkable Savings For All Types Of  Tools 

D-2 High carbon/chromium die steel 316% 817% 
A-2 Chromium cold work die steel 204% 560% 
S-7 Silicon tool steel 241% 503% 

52100 Bearing steel 195% 420% 
O-1 Oil hardening cold work die steel 221% 418% 

A-10 Graphite tool steel 230% 264% 

M-1 Molybdenum high speed steel 145% 225% 
H-13 Chromium/moly hot die steel 164% 209% 
M-2 Tungsten/moly high speed steel 117% 203% 

T-1 Tungsten high steel steel 141% 176% 

P-20 Mold steel 123% 130% 

440 Martensitic stainless 128% 121% 
430 Ferritic stainless 116% 119% 
303 Austenitic stainless 105% 110% 

8620 Nickel-chromium-moly steel 112% 104% 
C1020 Carbon steel 97% 98% 
AQS Graphitic cast iron 96% 97% 

A-6 Manganese air work cold die steel 73% 97% 

T-2 Tungsten high speed steel 72% 92% 
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It is seen that about 70 percent of the plants observed tool life improvements; however, the improvements were 
inconsistent and, further, it was reported that improvements did not result for all types of tools.  
 
A second survey of Soviet industry was far less complimentary to shock cooling as a method for improving tool life.  
Smol’nikov and Kossovich concluded on the basis of a survey of 47 companies that tool life was increased, only 
about 10 to 40 percent by shock cooling.  Furthermore, those improvements occurred only when the tools were 
improperly heat treated initially (8).  
 
Although no surveys have been conducted among users of cryogenic processing in the United States or the United 
Kingdom, where thermal shock is avoided and where cryogenic exposure times are longer, a mixture of results 
similar to those found in the Soviet Union would be expected. Sorting through all of the claims for steel tools, it 
appears certain that tool life can be improved significantly by cryogenic processing.  However, efficient utilization 
of the process to produce optimum results consistently points to the need for a clearer understanding of what is 
happening to the steel as it is exposed to very low temperatures and returned to room temperature.  
 
Another more recent claim of cryogenic processing that was mentioned earlier related to copper alloy electrodes for 
resistance welding (9).  Typically, 3 to 5 times improvements in life between re-dressings are being claimed.  No 
reasonable explanation of why cold treatment should be beneficial to copper alloys has yet been offered.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 

4.0 Conclusions 
Cryogenic treatment increases wear resistance dramatically, especially at high sliding speed. The specimens after 
cryogenic treatment show a minimum of wear rate. Unlike cold treatment; cryogenic treatment promotes preferential 
precipitation of fine h-carbides. The formation mechanism of h-carbide is supposed to be as follows: iron or 
substitutional atoms expand and contract, and carbon atoms shift slightly due to lattice deformation as a result of 
cryogenic treatment. The mechanism that cryogenic treatment contributes to wear resistance is through the 
precipitation of fine h-carbide, which enhances strength and toughness of martensite matrix, rather than the removal 
of the retained austenite (10). 
 
Researchers have found that the effects of shallow cryogenic tempering (-84°C) is minimal unless it is performed as 
part of the initial heat treat cycle. Heat treating is what gives steel its hardness as well as its toughness, wear 
resistance and ductility. Even performed properly, heat treating cannot remove all of the retained austenite (large, 
unstable particles of carbon carbide) from steel. Proper heat treating is a key part in increasing a parts toughness, 
durability, wear resistance, strength and Rockwell hardness (11). 
 
The beneficial changes that occur as a result of the heat treat process do not actually take place during the heating, 
but, rather from the cooling or "quenching" from the high temperature. (The benefits of the quench do not stop at 
room temperature, as many alloys will continue to show significant improvements as the quench temperature nears 
absolute zero.) While it is impossible to actually achieve -1960C, (a molecular zero movement state that eliminates 
all stress), deep cryogenic tempering temperatures are very efficient and cost effective in increasing dimensional 
stability, increasing wear resistance and performance of most alloys (12) . 
  

Results in Cryogenic Treatment Percent of Plants 

Life increased 2x or greater (up to 10x)  50 

Life increased in some cases but was Not unaffected in others 18 

Life increased in some cases but decreased In others 3 

No Effect  24 

Negative results   5 
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Though the concept of cryo strengthening is few decades old, the mechanism of cryo strengthening of metals and 
alloys is yet to understand in depth and more clearly. 
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Abstract 
The composite materials are being developed to replace conventional materials for competitive reasons such as 
high specific strength, higher fracture toughness, good resistance to heat, cold and moisture, ease of 
fabrication, etc. With the emergence of composites, the conventional materials being replaced in field such as 
automotive, aircraft and aerospace industries, marine industries, etc. because of the large values of specific 
strength and these can be tailored through the variation of fiber orientation to obtain an efficient design. Hybrid 
composites are susceptible to accidental low energy impacts from hazards such as tools dropping during 
maintenance, transportation debris and hailstones. These impacts can cause significant strength reduction and 
localized damage which is potentially a source of mechanical weakness in polymer hybrid composites. An 
experimental investigation was conducted to study the effect of fiber orientation on steel/nylon/polyester hybrid 
composite specimen which was subjected to impact loading. For this purpose the hybrid composite laminated 
specimens were fabricated from stainless steel and nylon mesh as reinforcements and polyester as the binder 
according to ASTM standards. From the investigations it was revealed that the impact toughness is superior for 
higher nylon percentage and also in the case of 0/900 oriented specimens. 
 
KeyWords: Fiber Orientation, Impact Load, Steel, Nylon, Polyester. 
 
1.0 Introduction 
Fiber reinforced polymer matrix composites have been widely used in aerospace, marine and automotive 
structures due to their high specific strength, light weight, stiffness corrosion resistance and near-net shapes. The 
concept and technology of fiber reinforced polymer composites have undergone a sea change with better 
understanding of the basics like the bonding mechanism between the matrix and fiber reinforcement, fiber 
orientation, fiber reinforcement size and distribution, morphological features etc. Fiber reinforced polymer 
composites have steadily gained in popularity over the past four decades for use in fields ranging from 
aerospace to piping to sports equipment. This appeal is due primarily to their high strength-to-weight ratio, 
tailorable mechanical properties and fatigue resistance. All structures from aircraft fuselages to chemical storage 
tanks will inevitably be subjected to impacts of some type be it a dropped tool or bomb blast. Traditional 
laminated composites, however, perform very poorly when subjected to transverse impacts. It is therefore 
essential to understand the impact behavior of composites in order to properly design them. The subject of 
composite impact behavior is one of enormous complexity. A single impact event can produce several different 
damage modes simultaneously. These damage modes are affected by the properties of both the impactor and the 
laminate. The multitude of impactor and laminate variable combinations coupled with the complexity of the 
impact behavior has led to the vast amount of research devoted to the analysis and improvement of FRP impact 
performance. [3] 
 
Impact damage in metal was easily detected as damage starts at the impacted surface; however, damage in 
composites often begins on the non-impacted surface or in the form of an internal delamination. The behavior of 
fiber reinforced composites when impacted by a solid object was the subject of much numerical, analytical and 
experimental research. The penetration and perforation of targets by projectile involve highly complex 
processes, which have been investigated experimentally for more than two centuries and analytically during the 
last two decades [1, 2]. In the case of composite structures, damage mechanisms can occur to absorb the impact 
energy, because the elastic fibers restrain the plastic deformation of the matrix material to a large extent. This 
leads to a variety of cracks in the material within the impact damage zone. The impact damage in composites 
can dramatically reduce the residual strength of the structures; therefore, impact damage problems have received 
considerable attention from many researchers over the past two decades [4, 5]. 
 
Damage of composite structures through impact events is perhaps one of the most important aspects of 
mechanical behaviour which limit the wide applications of this materials.Whilst high-energy impact loading 
causes complete penetration or damage which may be detectable on the surface, low-energy impact can produce 
extensive sub-surface delamination with little visible surface damage. The presence of internal damage was 
found to cause degradation in important mechanical properties. Damage due to impact substantially reduces the 
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residual strength after impact of composite structure [6, 7]. The principal mechanism of compressive strength 
reduction is local buckling of the sub-laminates formed in the delaminated area [8]. In tensile loading the 
strength reduction mechanism is dominated by fiber fracture. For these reasons, impact damage is generally 
recognized as the most severe threat to composite structures.  
 
Hence in these contexts, the experimental investigation is focused on the characterization of impact strength of 
steel/nylon reinforced polyester hybrid composites. The preparation of specimen was according to ASTM 
standards for different volume fractions. 
 
2.0 Materials  
Polyester Resin is used for a wide variety of industrial and consumer applications. Typical Polyester reinforced 
applications are boats, cars, shower stalls, building panels, and corrosion- resistant tanks and pipes. Polyester 
resin composites are cost effective because they require minimal setup costs and the physical properties can be 
tailored to specific applications. Another advantage of polyester resin composites is that they can be cured in a 
variety of ways without altering the physical properties of the finished part [9].   To make the composite 
material reduce in its weight, light weight reinforcement like nylon mesh which is freely available and stainless 
steel mesh to improve the stiffness and In the present investigation the materials selected for the preparation of 
the hybrid composite specimen are polyester with suitable catalyst and accelerator, stainless steel mesh and 
nylon mesh strength were selected. 
 
3.0 Specimen Preparation 
The symmetric hybrid bi-directional composite specimen with embedded ply was fabricated at room 
temperature and under a constant pressure in the shape of a rectangular plate by hand lay-up technique. Ample 
precaution was taken to minimizevoids in the material and maintains homogeneity. Specimen preparation 
includes selection of different volume fractions for constituents; matrix material 40% for all samples, volume 
fraction of glass fabric was between 15-45% in steps of 5% and corresponding volume of satin fabric is 
estimated. The specimen of each laminate family i.e., bidirectional fiber orientations 00/900, 300/600 and +450/-
450   were considered as three laminate family in the preparation of specimens for the above mentioned volume 
fractions. The specimen preparation is in accordance with ASTM D 256 dimensions, with a centrally located 
notch.  
 
4. 0 Experimentation 
Among the different testing devices such as Hopkinson pressure bar and drop weight, the instrumented Charpy 
test is very attractive since it is one of the most commonly used testing procedures. ASTM standards define test 
conditions in order to decrease dynamic effects so that a quasi static loading situation may be assumed. The test 
specimens of size conforming ASTM specification for impact testing were cleaned, dried and conditioned 
before testing. The specimens were tested for different bidirectional fiber orientations and volume fractions 
under freezing temperature (below 00C) and room temperature (320C) in a low velocity impact tester (Model IT-
30). The prepared specimen was mounted and it was such that the pendulum strikes at the opposite end of the 
notch. For ease of understanding the specimen composition and percentage of steel content, all the specimen are 
coded which are as shown in Table 1. 
      Table 1: Specimen Codes 

 
Code Composition and other Details 

PSN-1 Polyester 40%, Steel mat 15% and Nylon mat 45% 

PSN-2 Polyester 40%, Steel mat 30% and Nylon mat 30% 

PSN-3 Polyester 40%, Steel mat 45% and Nylon mat 15% 

5. 0 Results and Discussions 
The influence of fiber content and orientation for composite specimen under freezing and room temperatures 
subjected to impact loads can be studied by categorizing the analysis into the following sections: 
• Influence of Fiber orientation on Impact Strength. 
• Influence of Steel Content on Impact Strength. 
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Effect of Orientation for PSN-1
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5.1 Influence of fiber orientation on impact strength 
The analysis for the effect of fiber orientation on impact strength can be done from Figure 1. Certainly the effect 
of steel content can be noticed and it can be observed that except for the specimen PSN-3, with the increase in 
orientation angle the impact energy has reduced. In case of specimen PSN-1 the effect of freezing temperature is 
almost negligible, whereas in case of PSN-2 and PSN-3 the effect of freezing temperature is significant. The 
impact toughness is not only dependent on fiber content, but it is also dependent on the working temperature and 
this effect be clearly seen from the graph for PSN-2 and PSN-3. Effect of temperature has less impact in the case 
of PSN-1, it may be due to the reason that polymers have better impact absorbing capability and for specimen 
with higher steel percentages, the characters of steel will dominate and hence trends are different. Form Fig.1. it 
is also evident that the impact energy is superior in the case of 0/900 oriented specimen as compared to other 
specimen orientations except for PSN-3 specimen under room temperature. 
 

Effect of Orientation for PSN-2
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(a) Specimen with 15% Steel Content            (b) Specimen with 30% Steel Content 

 

Effect of Orientation for PSN-3
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    (c) Specimen with 45% Steel Content  
 

Figure 1 Influence of Fiber Orientation on Impact Energy under Freezing and Room Temperatures. 
 
5.2 Influence of steel content on impact strength 
In the present investigation, extensive studies have been carried out to find the effect of fiber content on impact 
strength of steel reinforced hybrid composite specimen. This effect can be in detail analyzed by considering 
Figure 2, it is very much clear that the impact toughness is less in most of the cases at 45% steel content and it is 
true for both freezing and room temperatures. For small percentage of steel ie.15%, the toughness is higher, and 
this trend of reduction can be seen for 45% steel content. The trends indicate that irrespective of orientation the 
impact strength is less for specimen subjected to freezing temperature, this is mainly due to the reason that steel 
will lose its toughness when it is exposed to lower temperatures and hence the dominating constituent will 
exhibit its characteristic.  
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Effect of Steel Content for 0/900 Fiber Orientation
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Effect of Steel Content for 30/600 Fiber Orientation
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(a) Specimen with 0/900 Orientation           (b) Specimen with 30/600 Orientation 

 
Effect of Steel Content for ±450 Fiber Orientation
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           (c) Specimen with ±450 Orientation 
Figure 2 Influence of steel content on Impact Toughness for various Fiber orientations. 

 
6.0 Conclusions 
The results of the investigation have shown that, as the steel volume increases, the impact toughness will 
decrease. But the major difference in impact toughness can be seen in the case of specimen with volume fraction 
of 15% steel. Hence it can be concluded that the influence of steel fiber content has significant effect on impact 
toughness. For each combination of the specimen the working temperature has considerable effect on impact 
strength and this effect is more for specimen with higher steel percentage, and effect is on impact strength 
except for the specimen with 15% steel content, this is because specimen behaves as pure plastic as steel content 
is less. The impact toughness is superior in the specimen where nylon percentage is higher, this is due to plastics 
have better shock absorbing properties. It can also be concluded that the impact energy is superior in the case of 
0/900 oriented specimen as compared to other specimen orientations except for PSN-3 specimen under room 
temperature. 
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Abstract 
The paper deals with Condition Monitoring Techniques (C.M.T.) and their applications in a fertilizer plant. 
Condition Monitoring is infact a method of indicating and measuring the condition of components of plant 
equipment. It requires the regular monitoring of the critical equipment and predicts the failures before they 
occur. So, it ensures that right maintenance work is done at the right time using Condition Monitoring 
Techniques. The various Condition Monitoring Techniques viz. optical, thermal, vibration and performance 
monitoring etc. are commonly used for this purpose. 
 
The present paper discusses the importance of Condition Monitoring strategy for the maintenance of various 
equipment in a fertilizer plant. Here, Condition Monitoring is most frequently used as a predictive maintenance 
strategy. Besides, the applications of Condition Monitoring Techniques at N.F.L. Panipat have also been 
discussed. So, the advanced Condition Monitoring Techniques mainly vibration monitoring have been applied 
successfully to various plant equipment. For this purpose, an effort has been made to incorporate Condition 
Monitoring as an effective strategy for the maintenance of various equipment of fertilizer plant (N.F.L.) Panipat. 
 
KeyWords: Condition Monitoring, Predictive Maintenance and Maintenance Strategy.   
  
1.0 Introduction 
The present paper deals with the Applications of Condition Monitoring Techniques at N.F.L (Fertilizer Plant) 
Panipat. Condition monitoring is infact, a method of indicating and measuring the condition of components of 
plant equipment. It is concerned with extracting the information from the machines to indicate what their 
condition is and determine if any, maintenance should be carried out. The various condition monitoring 
techniques viz. optical, thermal, vibration and performance monitoring etc. are commonly used for this purpose 
Capital-intensive plants, involving considerable amount of down time costs, will have to a greater extent, rely 
on Condition Based Maintenance to realize greater values on investments. At present, there are a number of 
instruments and technologies available in support of Condition Based Maintenance in industries. With the 
thrust given to industrialization, a large number of industries are adopting the Condition Based Maintenance 
(C.B.M.) practices for the efficient and profitable operations. Different industries have evolved their own 
management culture and systems for C.B.M. During the last few years various changes have been brought in 
the general economic scene of the country. The liberalization policy of the government has generated a stiff 
competition in the domestic market resulting in the erosion of profit margin. In addition, the Indian products 
have to compete with the imported one, which has started flooding the Indian market recently. Under these 
circumstances the Indian industries have no option other than maximizing the plant productivity and reliability 
of plant equipment and the full capacity utilization of plant. All these must be achieved at minimum cost. It is 
therefore important that the availability and reliability of the plant equipment must be of the higher order [1]. 
Also the efficiency of the production related equipment must be maintained at the desired level to ensure 
higher productivity and more consistent quality of the work. 
 
Many of the engineering industries are in large-scale sector, which are by nature capital intensive as well as 
labor intensive. Once we step into large-scale sector, a variety of processes are involved which are carried out 
in individual shops. Infact, Condition Based Maintenance is taken to mean the use of advanced technologies in 
order to determine the equipment condition and potentially predict the failure. Condition Monitoring is most 
frequently used as a predictive or Condition Based Maintenance Technique. Condition Based Maintenance 
requires the regular monitoring of critical plant equipment and predicts the problems before they occur. It 
ensures that right maintenance is done at right time. It will also help in identifying the causes of problems and 
the possible solutions.  
 
In order to survive and to perform highly in this competitive market, the Indian industries have to change 
themselves for maximizing capacity utilization, reducing losses, and maximizing operating efficiency and 
approach towards human resource development. It has to ensure that proper maintenance schedule is available 
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and well implemented. Also the new maintenance techniques are to be followed in the right earnest[2]. 
Condition Monitoring (C.M.) helps to reduce both emergency maintenance as well as unplanned interruptive 
costs. C.M. represents the leading edge of maintenance and its applications in a large engineering industry like 
N.F.L. will mean very real and significant gains to those who incorporate the C.M. into their maintenance 
programmes.  
 
2. 0 Condition Monitoring Techniques (CMT) 
The maintenance technique undertaken for quantitative measurement of deterioration of equipment due to 
wear, tear, corrosion, erosion or any other defect, is called as condition monitoring technique. Since the 
technique involves prediction of a failure, it is also called as predictive maintenance. Condition based 
monitoring is the set of maintenance actions based on the real time or near real time assessment of equipment 
condition, which is obtained from embedded sensors or external tests and measurements taken by portable 
equipment. It eliminates inefficiencies by monitoring the actual condition of machinery and alerting the user to 
when the service points is being approached. This allows users to optimize maintenance only servicing 
equipment when needed [3]. The implementation of CMT translates into enormous gains: eliminating 
unnecessary servicing, reducing equipment downtime, extending the life of machinery, reducing maintenance 
costs and personnel, increasing equipment productivity and in many cases reducing hazardous waste disposal 
costs. With such enormous potential to reduce operating costs, CMT is the inevitable future for maintaining 
high value industrial machinery. Condition Based Maintenance (CBM) is an investment area, which holds 
great promise for significant reductions in routine maintenance costs and increased operational safety for many 
aerospace systems. The basic concepts underlying CBM are that by directly monitoring system’s components 
and reasoning with computer algorithms to make diagnostic inferences, it is possible to calculate reliable 
estimates of “remaining useful life.” Depending on the specifics, real-time decisions would then made to 
shorten or extend the time between expensive system overhauls, or to modify the real-time use of the system to 
minimize human or equipment damage[1].  
 
CBM uses integrated multi-sensor system to detect and diagnose emerging equipment problems and to predict 
how long the equipment can effectively serve its operational purpose. The systems collect, fuse and evaluate 
real- time data using algorithms that corresponds the unique signals to their causes (e.g. vibrations created by a 
developing fault). The system alerts maintenance activities to be scheduled and performed, as needed, before 
operational effectiveness is compromised. 
 
CBM represents one of the most promising developments in evolution of maintenance practices. As 
organizations are increasingly acted with demands to lower maintenance costs, increase product quality and 
hasten organizational responsiveness/ operational readiness, CBM has emerged as a viable alternative to 
traditional planned maintenance, run-to-failure operation and the various maintenance approaches between those 
two extremes. A successful means of performing condition monitoring could greatly reduce the costs associated 
with maintenance, as the condition of equipment will be better understood, perhaps easing the conservative part 
lifecycles estimated on equipment today.  
 
2.1 The Purposes of Systematic Condition Monitoring 
1. To avoid unnecessary overhauls of machines  
        in good working order. 
2. To avoid routine replacements of serviceable  
        bearings. 
3. To improves the life expectancy of rolling bearings by optimizing their lubrication. 
4. To detect trouble spots in time for planned repairs and replacements avoiding both breakdowns and 

unnecessary production stops. 
5. The condition monitoring functions of the Shock Pulse Analysis (A 2010) are based in two widely used 

measuring techniques: 
6. SPM’s patented Shock Pulse Method for bearing monitoring. 
7. Broad band vibration velocity measurement. 
 
The A2010 requires few input data and allows an instant interpretation of machine condition by supplying the 
following [3]: 
1. A direct indication of machine vibration and Bearing condition in terms of good-reduced- badly.  
2. A digital display of lubrication condition data (LUB no.) and damage severity readings (COND no.) for 

bearings. 
3. Vibration severity readings in mm/s RMS. 
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4. Contact and non-contact measurement of RPM and peripheral speed. 
5. As a vibration meter and tachometer, the A2010 is comparable with SPM’s two portable instruments VIB-

10 and TAC-10. 
 
3.0 Applications of C.M.T. at N.F.L. Panipat 
At N.F.L. plant Condition Monitoring Techniques (Shock Pulse Analysis) have been applied in Ammonia 
Plant. Shock Pulse Method (SPM) has developed a large a range of accessories and installation components, 
which enable the customer, reach bearings in almost in any applications. 
 
The Shock Pulse Analyzer (A 2010) offers three alternatives ways of measuring shock pulses: 
1. A hand held probe is pressed against the bearing housing. 
2. An adapter is permanently installed on the bearing housing. Readings are taken by attaching a transducer 

with quick connector to the adapter. 
3. A shock pulse transducer is permanently installed on the bearing housing and via coaxial cable connected 

to the measuring terminal. Readings are taken by connecting A2010 to the terminal.  
 

Shock pulse analyzer A2010 is based on two quite different methods for condition monitoring: 
1. Bearing condition monitoring according to shock pulse method (SPM). 
2. Vibration severity measurement according to ISO recommendation. 

 
At the moment of impact, the colliding molecule will cause a pressure wave to spread through both bodies and 
the magnitude of this wave is a function of the speed of colliding bodies. It is independent of their masses and 
shapes. The SPM method analyses the “shock pulse” traveling through the material of the bar. The impact will 
then cause the bar to vibrate. This vibration is the function of the speed, mass, and shape of the bodies. 
Vibration measurement is used to measure the movement of the bar [1]. 
 
When hit by the shock wave, a shock pulse transducer responds at its own response frequency of 32 kHz. It 
magnifies the high frequency shock signal, while all machine vibration is filtered out. The output of the shock 
pulse transducer is a rapid sequence of electric pulses that is proportional to the amplitude of the shock waves; 
shock pulses are measured on a decibel scale (dBsv = decibel shock value) 
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3.1 Summary of condition monitoring techniques used in ammonia plant  
 

PARTS CAUSES OF 
FAILURE 

CONDITIONED 
MONITORING 

TECHNIQUE TO BE 
USED 

COMMENTS/ 
SUGGESTION 

HEAD BOX 

• Noise 
• Gear damage 

due to 
shifting 

• Lubrication 

• Sound 
monitoring 

• Thermal 
techniques 

• Lubrication 
measurement 

• the level of 
lubricant 
should be 
adapted 

WIRE MESH 
• Noise 

• Vibration 
• Misalignment 

• Sound 
monitoring 

• Vibration 
monitoring 

• The wire 
mesh should 
be properly 

aligned 

PRESS PART 

• Bearing 
damaged 

• Temperature 
• Noise 

• Lubrication 

• Thermal 
techniques 

• Spectrometric 
analysis of sound 
• Lubricant 

monitoring 

• Temperature 
rise 

indicates the 
decrease in 

load 
carrying 

capacity of 
spindle 

bearing and 
due to this 
the bearing 

will be 
damage, so 

it is 
necessary to 

keep 
attention on 

it. 

ROLLER 
BEARING 

• Bearing 
damaged 

• Roller worn 
out 

• Inner and 
outer casing 

leakage 
• Cage or 

separator 
misalignment 

• Vibration 

• Shock pulse 
analysis 

• Lubrication 
condition and 
wear debris 
monitoring 

• Replacement 
• Vibration 

monitoring 
• Alignment 

system smart 
scanner 

• Noise and 
vibration 

parameters 
should be 
checked 
using the 

listed 
instrument 

        
 4.0 Conclusions      
Any production system should be kept failure free (as far as possible) under the given operating conditions to 
achieve the set goals of economical production and long run reliability. A highly reliable system tends to increase the 
efficiency of production. A large number of failures occur, mainly due to improper design and overstressing of 
subsystems / equipment which can be avoided by introducing the properly designed sub systems of high in-built 
reliability. Therefore, advanced Condition Monitoring Techniques should be applied to Ammonia unit at 
N.F.L.Panipat in order to avoid unnecessary delays in the execution of preventive and corrective maintenance 
actions. For this purpose, an effort has been made to incorporate Condition Based Maintenance for N.F.L. The 
applications of Condition Monitoring Techniques to the Ammonia unit are also discussed in detail. To implement the 
proposed maintenance techniques i.e. Condition-Based Maintenance, first of all the repair and maintenance data for 
the last three years have been studied. On the basis of this data, the critical units and equipment were isolated. Then 
the best suitable Condition Monitoring Techniques i.e. Vibration Monitoring using Shock Pulse Analyzer (A 2010) 
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was selected and applied to Ammonia unit. It has been concluded from this case study that the Condition Monitoring 
is an effective tool for reducing the down time cost and increasing productivity and availability of the plant 
concerned. 
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Abstract 
In addition to prototypes, RP techniques can also be used to make tooling and even production-quality parts 
(rapid manufacturing). For small production runs and complicated objects, rapid prototyping is often the best 
manufacturing process available. Of course, "rapid" is a relative term. Most prototypes require from three to 
seventy-two hours to build, depending on the size and complexity of the object. This may seem slow, but it is 
much faster than the weeks or months required to make a prototype by traditional means such as machining. 
These dramatic time savings allow manufacturers to bring products to market faster and more cheaply. 
 
KeyWords: Rapid Prototyping (RP),Rapid Tooling (RT), Rapid Manufacturing (RM) 
 
1.0 Introduction  
The term rapid prototyping (RP) refers to a class of technologies that can automatically construct physical 
models from Computer-Aided Design (CAD) data. These "three dimensional printers" allow designers to 
quickly create tangible prototypes of their designs, rather than just two-dimensional pictures. Such models have 
numerous uses. They make excellent visual aids for communicating ideas with co-workers or customers. In 
addition, prototypes can be used for design testing. For example, an aerospace engineer might mount a model 
airfoil in a wind tunnel to measure lift and drag forces. Designers have always utilized prototypes; RP allows 
them to be made faster and less expensively.. In 1994, Pratt & Whitney achieved "an order of magnitude [cost] 
reduction [and] . . . time savings of 70 to 90 % by incorporating rapid prototyping into their investment casting 
process. [1] 
 
The RP process chain is represented below: 
 
 
        
  
 
 
Basically, most RP processes can be described as layer-by layer building technology with the exception of the 
holographic techniques. Solid or surface models created by a CAD system are converted to a .STL file [2, 3]. 
The STL file is a list of triangular facets representing the surfaces of an object to be built, together with a unit 
normal vector associated with the outer surface of each triangle. Facets are created by a process called 
"tessellation"; generating triangles that approximate to the object surface described in the CAD solid model. 
That facets file is passed to an RP system to build the model. The RP system computer will analyze the .STL 
file, slice the model into cross-sections and, depending on the system used, create the support for the building 
process. The cross-sections are recreated through the solidification of either liquids or powders, or fusing of 
solids, layer by layer to form the 3D model. Finally, after the model is built, depending on the system, post-
processing will be required for cleaning, removal of supports, landing, painting, post-curing, etc.    
 
Different rapid prototyping techniques are commercially available, each with unique strengths. Because RP 
technologies are being increasingly used in non-prototyping applications, the techniques are often collectively 
referred to as solid free-form fabrication; computer automated manufacturing, or layered manufacturing. The 
latter term is particularly descriptive of the manufacturing process used by all commercial techniques. A 
software package "slices" the CAD model into a number of thin (~0.1 mm) layers, which are then built up one 
atop another. Rapid prototyping is an "additive" process, combining layers of paper, wax, or plastic to create a 
solid object. In contrast, most machining processes (milling, drilling, grinding, etc.) are "subtractive" processes 
that remove material from a solid block. RP’s additive nature allows it to create objects with complicated 
internal features that cannot be manufactured by other means. Of course, rapid prototyping is not perfect. Part 
volume is generally limited to 0.125 cubic meters or less, depending on the RP machine. Metal prototypes are 
difficult to make, though this should change in the near future. For metal parts, large production runs, or simple 

CAD 
3-D Modeling 

RP System 
Computer 

RP 
Fabrication 

Post-
Processing 

3-D Physical 
Part 
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objects, conventional manufacturing techniques are usually more economical. These limitations aside, rapid 
prototyping is a remarkable technology that is revolutionizing the manufacturing process. 
 
2.0   Applications of Rapid Prototyping 
Rapid prototyping is widely used in the automotive, aerospace, medical, and consumer products industries. 
Although the possible applications are virtually limitless, nearly all fall into one of the following categories: 
prototyping, rapid tooling, or rapid manufacturing. 
 
2.1 Prototyping 
As its name suggests, the primary use of rapid prototyping is to quickly make prototypes for communication and 
testing purposes. Prototypes dramatically improve communication because most people, including engineers, 
find three-dimensional objects easier to understand than two-dimensional drawings. Such improved 
understanding leads to substantial cost and time savings. As Pratt & Whitney executive Robert P. DeLisle noted: 
"We’ve seen an estimate on a complex product drop by $100,000 because people who had to figure out the 
nature of the object from 50 blueprints could now see it." [4] Effective communication is especially important in 
this era of concurrent engineering. By exchanging prototypes early in the design stage, manufacturing can start 
tooling up for production while the art division starts planning the packaging, all before the design is finalized. 
 
Prototypes are also useful for testing a design, to see if it performs as desired or needs improvement. Engineers 
have always tested prototypes, but RP expands their capabilities. First, it is now easy to perform iterative 
testing: build a prototype, test it, redesign, build and test, etc. Such an approach would be far too time-
consuming using traditional prototyping techniques, but it is easy using RP. 
 
In addition to being fast, RP models can do a few things metal prototypes cannot. For example, Porsche used a 
transparent stereolithography model of the 911 GTI transmission housing to visually study oil flow. [5]  Snecma 
,  a French turbo machinery producer, performed photo elastic stress analysis on a SLA model of a fan wheel to 
determine stresses in the blades. [6] 
 
2.2 Rapid Tooling 
A much-anticipated application of rapid prototyping is rapid tooling, the automatic fabrication of production 
quality machine tools. Tooling is one of the slowest and most expensive steps in the manufacturing process, 
because of the extremely high quality required. Tools often have complex geometries, yet must be 
dimensionally accurate to within a hundredth of a millimeter. In addition, tools must be hard, wear-resistant, and 
have very low surface roughness (about 0.5 micrometers root mean square). To meet these requirements, molds 
and dies are traditionally made by CNC-machining, electro-discharge machining, or by hand. All are expensive 
and time consuming, so manufacturers would like to incorporate rapid prototyping techniques to speed the 
process. Peter Hilton, president of Technology Strategy Consulting in Concord, MA, believes that "tooling costs 
and development times can be reduced by 75 percent or more" by using rapid tooling and related technologies. 
[7]Rapid tooling can be divided into two categories, indirect and direct. 
 
2.2.1 Indirect tooling 
 RP parts are used as patterns for making molds and dies. RP models can be indirectly used in a number of 
manufacturing processes 
 
1. Vacuum Casting 
 In the simplest and oldest rapid tooling technique, a RP positive pattern is suspended in a vat of liquid silicone 
or room temperature vulcanizing (RTV) rubber. When the rubber hardens, it is cut into two halves and the RP 
pattern is removed. The resulting rubber mold can be used to cast up to 20 polyurethane replicas of the original 
RP pattern. A more useful variant, known as the Keltool powder metal sintering process, uses the rubber molds 
to produce metal tools. [8] Developed by 3M and now owned by 3D Systems, the Keltool process involves 
filling the rubber molds with powdered tool steel and epoxy binder. When the binder cures, the "green" metal 
tool is removed from the rubber mold and then sintered. At this stage the metal is only 70% dense, so it is 
infiltrated with copper to bring it close to its theoretical maximum density. The tools have fairly good accuracy, 
but their size is limited to less than 25 centimeters. 
 
2. Sand Casting 
 A RP model is used as the positive pattern around which the sand mold is built. LOM models, which resemble 
the wooden models traditionally used for this purpose, are often used. If sealed and finished, a LOM pattern can 
produce about 100 sand molds. 
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3. Investment Casting 
 Some RP prototypes can be used as investment casting patterns. The pattern must not expand when heated, or it 
will crack the ceramic shell during autoclaving. Both Stratasys and Cubital make investment casting wax for 
their machines. Paper LOM prototypes may also be used, as they are dimensionally stable with temperature. The 
paper shells burn out, leaving some ash to be removed. To counter thermal expansion in stereolithography parts, 
3D Systems introduced Quick Cast, a build style featuring a solid outer skin and mostly hollow inner structure. 
The part collapses inward when heated. Likewise, DTM sells True form polymer, a porous substance that 
expands little with temperature rise, for use in its SLS machines. 
 
4. Injection molding 
CEMCOM Research Associates, Inc. has developed the NCC Tooling System to make metal/ceramic composite 
molds for the injection molding of plastics. First, a stereolithography machine is used to make a match-plate 
positive pattern of the desired molding. To form the mold, the SLA pattern is plated with nickel, which is then 
reinforced with a stiff ceramic material. The two mold halves are separated to remove the pattern, leaving a 
matched die set that can produce tens of thousands of injection moldings. 
 
5. Sand Molding  
At least two RP techniques can construct sand molds directly from CAD data. DTM sells sand-like material that 
can be sintered into molds. Soligen uses 3DP to produce ceramic molds and cores for investment casting, 
(Direct Shell Production Casting).  
 
6. Spin Casting with Vulcanized Rubber Moulds 
 Using vulcanized rubber in much the same manner as opaque silicon rubber, it is possible to make moulds for 
casting poly-urethane or zinc-based alloys [9]. The vulcanized rubber technique allows several moulds to be 
combined in a single, disk-shaped tool, which is rotated so that centrifugal force assists the filling of the cavity. 
The process is particularly suitable for making prototypes or short runs of small zinc castings that will ultimately 
be manufactured by die-casting. 
 
7. Castable Resin Moulds 
As with opaque silicone rubber, the master is mounted in mould box with the parting line marked out in 
plasticize [10]. Resin is painted or poured over the master until there is sufficient material for one half of the 
mould. The process is then repeated. Different tooling resins provide different mechanical and thermal 
properties, and they may be loaded with aluminum powder or pellets which improve thermal conductivity and 
also reduce the amount of expensive resin required. These tools are usually suitable for runs of 100–200 parts 
made by injection molding. 
 
8. Plaster Moulds 
 Plaster mould castings can be used for creating prototypes which are ultimately produced by die casting [11]. A 
silicon rubber mould is first created from the master pattern, and then a silicon rubber pattern is created from 
this mould and a plaster mould is then made from this silicon rubber pattern. Molten metal is poured into the 
plaster mould which is broken away once the metal has solidified. The intermediate stage of a silicon rubber 
pattern is required because the pattern can be easily separated from the plaster mould. Epoxy can also be used 
and reused more frequently than silicon rubber. 
 
 
 
 
2.2.2 Direct Tooling 
To directly make hard tooling from CAD data is the Holy Grail of rapid tooling. Realization of this objective is 
still several years away, but some strong strides are being made 
 
1. Rapid Tool 
A DTM process that selectively sinters polymer-coated steel pellets together to produce a metal mold. The mold 
is then placed in a furnace where the polymer binder is burned off and the part is infiltrated with copper (as in 
the Keltool process). The resulting mold can produce up to 50,000 injection moldings. In 1996 Rubbermaid 
produced 30,000 plastic desk organizers from a SLS-built mold. This was the first widely sold consumer 
product to be produced from direct rapid tooling. Extrude Hone, in Irwin PA, will soon sell a machine, based on 
MIT’s 3D Printing process, that produces bronze-infiltrated PM tools and products. [12] 
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2. Laser-Engineered Net Shaping (LENS) 
 is a process developed at Sandia National Laboratories and Stanford University that can create metal tools from 
CAD data. 21 Materials include 316 stainless steel, Inconel 625, H13 tool steel, tungsten, and titanium carbide 
cermets. A laser beam melts the top layer of the part in areas where material is to be added. Powder metal is 
injected into the molten pool, which then solidifies. Layer after layer is added until the part is complete. Unlike 
traditional powder metal processing, LENS produces fully dense parts, since the metal is melted, not merely 
sintered. LENS produces fully dense parts, since the metal is melted, not merely sintered. 
  
3. Direct AIM (ACES Injection Molding) 
A technique from 3D Systems in which stereo lithography polyethylene, polystyrene, polypropylene and ABS 
plastic. [13] Very good accuracy is achieved for fewer than 200 moldings. Long cycle times (~ five minutes) are 
required to allow the molding to cool enough that it will not stick to the SLA core .In another variation, cores 
are made from thin SLA shells filled with epoxy and aluminum shot. Aluminum’s high conductivity helps the 
molding cool faster, thus shortening cycle time. The outer surface produced cores are used with traditional metal 
molds for injection molding of high and low density can also be plated with metal to improve wear resistance. 
Production runs of 100 moldings are envisioned to make the process economically viable. 
 
4. LOM Composite 
 Helysis and the University of Dayton are working to develop ceramic composite materials for Laminated 
Object Manufacturing. LOM Composite parts would be very strong and durable, and could be used as tooling in 
a variety of manufacturing processes. 
 
5. Laminated Metal Tooling 
 Another technique which may prove promising for RT applications lies in the possibility of using metal sheets 
in conjunction with LOM for RT. Steel or any other sheet material can be cut by suitable means (e.g. CO2 laser, 
water jet, milling) in a similar way to the LOM process [14]. The sheets are cut in accordance with the 
computer-derived layer information. However, instead of bonding each layer as it is cut, the layers are all 
assembled after cutting and either bolted or bonded together in some way. 
 
2.2.3 Benefits of RT 
Although it is now possible to make prototype models very quickly using the various RP systems, these are still 
not produced in the final product material and by the final production process. Both designers and management, 
prior to commencing mass production still often require this kind of verification. A prototype in the purest 
definition of the word, must include the manufacturing process, for example, the injection moulding process. 
This type of evaluation and analysis was not practical until the application of RP to tooling. Conventional 
tooling for injection moulding requires a substantial time and cost investment. Nowadays, owing to the 
globalization of consumer markets and the consequent increase in the numbers of competitors facing any 
individual manufacturer, it is becoming more important for manufacturers to be first into the market with their 
products. With RT, successful case studies have proved that it is possible to reduce the product development 
time by at least half [13]. RT is most suitable for pre-series production.  
 
This involves manufacturing the product in its final material and by the intended manufacturing process, but in 
small numbers (about 500 pieces). Pre-series production is usually to test production equipment and tools and to 
test the market introduction of a product. The mechanical performance of an injection-moulded part is a function 
of its design, material properties and the manufacturing process [14]. For example, the molecular orientation and 
the internal stress of the plastic part are determined by the certain production variables, such as the gating 
locations, fill patterns, corner radii and wall thickness. Part geometry also plays an important part in the 
designing of a plastic part. Sometimes wall sections might seem adequate for the form, and fit the requirements, 
but may not be mouldable. The wall sections may be too thin to allow proper flow of the plastics, or, in the case 
of thick sections, the plastic may distort during the cooling process. Also, sink marks might appear on the plastic 
parts. This occurs when the outer surface of the moulding solidifies but contraction of the internal material 
causes the skin to be depressed below its intended profile. 
 
 These types of issues underscore the importance of considering the part geometry, material and the moulding 
process when prototyping a product. Despite significant advances in RP, the material available for the 
production of prototype parts is still limited to those materials that the various RP processes can use to build the 
parts. In many cases, designers want to build prototypes in the materials that will ultimately be used in full 
production. These may be metal, glass or various types of thermosets and thermoplastics. To address this 
problem, more research has concentrated on adapting RT to produce the moulds and tooling necessary for cast 
prototype parts. 
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2.3 Rapid Manufacturing 
A natural extension of RP is rapid manufacturing (RM), the automated production of salable products directly 
from CAD data. Currently only a few final products are produced by RP machines, but the number will increase 
as metals and other materials become more widely available. RM will never completely replace other 
manufacturing techniques, especially in large production runs where mass-production is more economical. For 
short production runs, however, RM is much cheaper, since it does not require tooling. RM is also ideal for 
producing custom parts tailored to the user’s exact specifications. A University of Delaware research project 
uses a digitized 3-D model of a person’s head to construct a custom-fitted helmet. [15] NASA is experimenting 
with using RP machines to produce spacesuit gloves fitted to each astronaut’s hands. [16] From tailored golf 
club grips to custom dinnerware, the possibilities are endless.The other major use of RM is for products that 
simply cannot be made by subtractive (machining, grinding) or compressive (forging, etc.) processes. This 
includes objects with complex features, internal voids, and layered structures. Specific Surface of Franklin, MA 
uses RP to manufacture complicated ceramic filters that have eight times the interior surface area of older types. 
The filters remove particles from the gas emissions of coal-fired power plants. Therics, Inc. of NYC is using 
RP’s layered build style to develop "pills that release measured drug doses at specified times during the day" 
and other medical products. [16] 
 
3.0 Future Developments 
Rapid prototyping is starting to change the way companies design and build products. On the horizon, though, 
are several developments that will help to revolutionize manufacturing as we know it. 
One such improvement is increased speed. "Rapid" prototyping machines are still slow by some standards. By 
using faster computers, more complex control systems, and improved materials, RP manufacturers are 
dramatically reducing build time. For example, Stratasys recently (January 1998) introduced its FDM Quantum 
machine, which can produce ABS plastic models 2.5-5 times faster than previous FDM machines. [17] 
Continued reductions in build time will make rapid manufacturing economical for a wider variety of products. 
 
Another future development is improved accuracy and surface finish. Today’s commercially available machines 
are accurate to ~0.08 millimeters in the x-y plane, but less in the z (vertical) direction. Improvements in laser 
optics and motor control should increase accuracy in all three directions. In addition, RP companies are 
developing new polymers that will be less prone to 0-5000 curing and temperature-induced warpage. 
 
The introduction of non-polymeric materials, including metals, ceramics, and composites, represents another 
much anticipated development. These materials would allow RP users to produce functional parts. Today’s 
plastic prototypes work well for visualization and fit tests, but they are often too weak for function testing. More 
rugged materials would yield prototypes that could be subjected to actual service conditions. In addition, metal 
and composite materials will greatly expand the range of products that can be made by rapid manufacturing. 
 
Many RP companies and research labs are working to develop new materials. For example, the University of 
Dayton is working with Helisys to produce ceramic matrix composites by laminated object manufacturing. [18] 
An Advanced Research Projects Agency / Office of Naval Research sponsored project is investigating ways to 
make ceramics using fused deposition modeling. [19 As mentioned earlier, Sandia/Stanford’s LENS system can 
create solid metal parts. These three groups are just a few of the many working on new RP materials.Another 
important development is increased size capacity. Currently most RP machines are limited to objects 0.125 
cubic meters or less. Larger parts must be built in sections and joined by hand. To remedy this situation, several 
"large prototype" techniques are in the works. The most fully developed is Topographic Shell Fabrication from 
Formus in San Jose, CA. In this process, a temporary mold is built from layers of silica powder (high quality 
sand) bound together with paraffin wax. The mold is then used to produce fiberglass, epoxy, foam, or concrete 
models up to 3.3 m x 2 m x 1.2 m in size. At the University of Utah, Professor Charles Thomas is developing 
systems to cut intricate shapes into 1.2 m x 2.4 m sections of foam or paper. Researchers at Penn State’s Applied 
Research Lab (ARL) are aiming even higher: to directly build large metal parts such as tank turrets using 
robotically guided lasers. Group leader Henry Watson states that product size is limited only by the size of the 
robot holding the laser. [20] All the above improvements will help the rapid prototyping industry continue to 
grow, both worldwide and at home. The United States currently dominates the field, but Germany, Japan, and 
Israel are making inroads. In time RP will spread to less technologically developed countries as well. With more 
people and countries in the field, Rapid Prototyping’s growth will accelerate further. One future application is 
Distance Manufacturing on Demand, a combination of Rapid Prototyping and the Internet that will allow 
designers to remotely submit designs for immediate manufacture. Researchers at UC-Berkeley, among others, 
are developing such a system. [11] RP enthusiasts believe that RP will even spread to the home, lending new 
meaning to the term "cottage industry." Three-dimensional home printers may seem far-fetched, but the same 
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could be said for color laser printing just fifteen years ago.Finally, Sthe rise of rapid prototyping has spurred 
progress in traditional subtractive methods as well. Advances in computerized path planning, numeric control, 
and machine dynamics are increasing the speed and accuracy of machining. Modern CNC machining centers 
can have spindle speeds of up to 100,000 RPM, with correspondingly fast feed rates. [20] Such high material 
removal rates translate into short build times. For certain applications, particularly metals, machining will 
continue to be a useful manufacturing process.  
Rapid prototyping will not make machining obsolete, but rather complement it. 
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Abstract 
In recent years, Metal Matrix Composites (MMC) are gaining more popularity when compared with the 
conventional alloys especially in aerospace sectors, because MMCs posses higher hardness, better wear 
resistance, high strength and lower weight. Aluminium and its alloys are widely used as matrix material, in 
which several reinforced like Silicon carbide, glass, etc. Beryl (Be3Al2 (SiO3)6) has been selected as 
reinforcement in Aluminium alloy matrix because of its high hardness, low density (which is same as 
aluminium) and naturally available as a gem stone in powdered form. Al-356 has been chosen as matrix 
material because of its high strength, relatively good formability and it is used in aerospace, automobile 
industries, truck frames and structures. The present investigation is an attempt made to disperse beryl particles 
in Al-356 base alloy by liquid metallurgy technique and to study its effect on Al alloy wear and mechanical 
properties. Percentage of beryl particulate reinforcement has been varied from 2% to 10% by weight of base 
alloy. Beryl of particle size of around 20micron was successfully dispersed in Al-356 alloy and properties are 
tested, the composite with 6% beryl showed peak increase in tensile strength over its base matrix and composite 
with 10% beryl showed maximum increase in wear resistance and hardness over its base matrix. 
 
1.0 Introduction 
A composite material can be defined as a macroscopic combination of two or more distinct materials, having 
recognizable interface between them. However, because composite are generally used for their structural 
properties the definition can be restricted to include only those materials that contain a reinforcement supported 
by a binder (matrix) material. Thus, composite typically have a discontinuous fiber or particle phase that is 
stiffer and stronger than the continuous matrix phase. Composites can be dived into different class. One simple 
classification scheme is to separate them according to reinforcement forms.  
 
Reinforcement is considered to be a “particle” if all of its dimensions are roughly equal. Thus, particulate-
reinforced composites include those reinforced by spheres, rods, flakes and other irregular shapes of roughly 
equal axes.  
Fiber-reinforced composites contain reinforcements having length much greater than their cross-sectional 
dimensions. Such a composite is considered to be a discontinuous fiber or short fiber composite if its properties 
vary with fiber length. On the other hand, when the length of the fiber is such that any further increase in length 
does not increase the elastic modulus of the composite, the composite is considered to be continuous fiber 
reinforced [1]. 
 
2.0 Metals-Matrix Composites 
Metal-matrix composites (MMCs) are engineered combinations of two are more materials where tailored 
properties is achieved by systematic combinations of different constituents. Conventional monolithic materials 
have limitations in respect of achievable combinations of strength, stiffness and density. Engineered MMCs 
consisting of continuous or discontinuous fibers, whiskers or particles in a metal achieve combinations of very 
high specific strength and specific modulus. Furthermore, systematic design and synthesis procedures allow 
unique combinations of engineering properties in composites like elevated temperature, strength, damping 
property, electrical and thermal conductivities and friction coefficient.  
By carefully controlling the relative amounts and distribution of ingredients constituting a composite, as well as 
the processing conditions, MMCs can be imparted with a tailored set of useful engineering properties, which can 
be realized with conventional monolithic materials [2]. 
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 3.0 Matrix Materials  
The metals commonly used as matrix materials are Aluminium, Copper, Magnesium, Zinc, Lead and Titanium. 
Aluminium is being the most extensively utilized matrix metal because of its, lightweight, availability and ease 
of fabrication and fairly high mechanical properties [3]. The Aluminium alloys used as matrix are Aluminium-
Silicon, Aluminium-Copper, Aluminium-Silicon-Magnesium, Aluminium-Zinc, and Aluminium-Copper- Zinc-
magnesium. 
 
4.0   Properties of the Base Matrix 
 
4.1 Physical properties 
Density, g/cc: 2.68 
Brinell hardness: 40-60; 500kg load, 10mm ball estimated from Brinell hardness 
 
4.2 Mechanical properties 
Tensile strength: 152MPa 
Elongation (%): 3 in 50mm 
 
4.3 Thermal properties 
Melting point: 557 degree centigrade 
Solidius: 557 degree centigrade 
Liquidius: 613 degree centigrade 
 
4.4 Chemical composition of Aluminium-356 
Aluminum (Al): 91.85% 
Copper (Cu): 0.2% 
Iron (Fe): 0.4% 
Magnesium (Mg): 0.35% 
Manganese (Mn): 0.25% 
Silicon (Si): 6.5% 
Titanium (Ti): 0.2% 
Zinc (Zn): 0.25% 
 
4.5 Chemical composition of Beryl 
Silicon dioxide (SiO2 ): 61.95% 
Alumina (Al2 O3) : 18.42% 
Beryl oxide (BeO): 10.10% 
Iron oxide (Fe2 O3): 6.38% 
Calcium oxide (CaO): 2.02% 
Magnesium oxide (MgO): 0.32% 
Sodium oxide (Na2 O): 0.65% 
Potassium oxide (K2 O): 0.13% 
Manganese oxide (MnO): 0.04% 
 
5.0 Experimental Details 
 
5.1 Preparation of composite material 
The composites can be prepared either by powder metallurgy technique or foundry technique. In the present 
study, the Aluminium metal matrix composites with varying weight percentage of particulates were prepared 
through foundry route. The composites were tested by varying sliding duration under different normal loads. 
 
1. Melting of alloy  

• Required amount of aluminium alloy is taken in a graphite crucible and placed in an electrical 
resistance furnace of 4KW rating with a temperature control unit, having variation tolerance of 
±2degree centigrade. A schematic diagram of stir casting technique using melting furnace is shown in 
Fig 1. 
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• The furnace is switched on; the temperature controller is set to furnace temperature of 760 degree 
centigrade. The temperature was regularly monitored by a chromel / alumel handled thermocouple with 
temperature indicator. 

• The liquid melt was degassed to remove gas absorbed. Inert gas flushing was adopted for this purpose. 
Pure and dry nitrogen gas was flushed through the melt. The nitrogen gas from the cylinder is made to 
pass through three flasks. The flask was an empty bottle where the pressure of the incoming gas was 
stabilized. The second flask contains concentrated sulphuric acid, which absorbs impurities if any in 
the gas. Further the gas was passed through the third flask containing calcium carbonate wherein the 
moisture if present is absorbed. Thus the pure and dry nitrogen is flushed through the liquid metal at a 
rate of four liters per minute for ten minutes. 

• To counter the effects of degassing, the melt was modified by addition of Al-Ti master alloy, which 
also helps to accomplish the grain refining. 

• The reinforcement material is preheated to temperature of 900 degree centigrade to improve 
wettability. The melt was stirred to obtain a well-defined vortex. Particulates heated to 900 degree 
centigrade were dispersed in to melt through this vortex at a rate of 10grams per minute. The stirring 
was continues for some more time and its speed of rotation is controlled using a dimmer-stat. 

• The melt particle slurry was poured in to the preheated (300 degree centigrade) metallic moulds. 
• The mould is allowed to solidify. 

 
 

 
2. Evaluation of mechanical properties 
Tensile strength 
Tensile test was conducted on SHIMATZU Dynamic testing machine. The test was carried as per A.S.T.M 
standard. All the samples were tested for strength. The reported values are an average of two tests.  
 
Hardness test 
Hardness was determined on hardness specimen. The test was carried out three different locations on specimen 
to negate the possible effect of indenter resting on the order particle. 
 
Wear properties 
Wear test was carried out on all samples by Pin on disc method. The computer-backed pin on disc machine 
consists of EN steel disc (case hardened to 80 RHN to a depth of 3mm) and a pin holder above it. The specimen 
is fixed to pin holder so as that flat surface of the specimen makes full contact with the disc. The speed of the 
disc, the diameter of the rotation and the load can be varied. A pre-set timer switches off the disc motor to the 
set time. The weight loss is measured after each trial using an electronic balance with an accuracy of 0.0001gms. 
The test was carried out at four sliding distances under varying normal loads of 5N, 10N, 15N & 20N. 
 

       Fig. 1 schematic view of melting furnace 
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3. Specimen preparation for microphotography 
A 20mm diameter and 20mm thick piece is cut from the casting for microphotography. One face of the 
specimen was well finished by scrubbing it against emery papers of size 200,400,600 and 800 rotating it through 
90 degrees at equal intervals. Then it was polished using polishing machine. Then the specimens were observed 
through the optical microscope and microphotographs were taken and it is shown in Fig (6, 7, 8 & 9). 
 
6.0 Results and Discussion 
 
Strength 
The addition of beryl particles do not deteriorate the tensile strength of the matrix material but enhance its 
tensile strength as can be seen in Fig 2. The peak tensile strength can be observed for addition of six percent by 
weight of beryl particles. The presence of hard particles may be responsible for improvement in strength.  
 
Hardness 
The results of the hardness test are shown in Fig 3. It is clear that the hardness increases with different 
percentages of ceramic particles as against the base matrix. The increase in hardness may be attributed to the 
presence of hard ceramic particles in the matrix. 
The hardness of beryl is 7.5-8 on Mho’s scale. The particulates are harder than the base matrix, hence the 
overall  
hardness of the composite increases. 
 
Wear 
The wear resistance in terms of weight loss is shown in Fig (4 & 5). The weight loss is taken as the measure of 
wear resistance as the higher weight loss implies lesser wear resistance. It is observed that the base matrix has 
higher weight loss as compared to composites. Composite with 10% beryl shows minimal weight loss 
The decrement in the weight loss is due to the increment in the hardness of the composite. The experiment was 
carried for different loads to see the effect of the normal load. As the load increases, the weight loss also 
increases which is due to the increase in normal load acting on the contact area, which is true irrespective of 
quantity of beryl particle addition as can be seen in Fig 5.    
 
Typical microphotograph of matrix material and the composite is shown in Fig (6 & 7). It can be seen for the 
latter that the particle being embedded in the matrix. 
 
The weight loss of the composite also increases as the sliding duration increases and this may be due to the fact 
that the wear debris may get adhered to the sliding surfaces, leading to three body abrasion between the 
contacting surfaces as can be seen from microphotograph in Fig (8 & 9). 
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Fig. 2 Tensile strength of aluminium beryl 
composite for different weight percent of 
beryl particles 

Fig. 3 Hardness of aluminium beryl composite 
for different weight percent of beryl particles 
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7.0  Conclusions 
• Beryl particles can be used as reinforced material. 
• The additions of Beryl as particulate do not deteriorate the properties.  
• Tensile strength of the material is high for addition of 6 percent by weight of Beryl particles.  
• The increase in addition of Beryl particles in terms of weight percentage increases the hardness of the 

matrix material.  
• Wear resistance of the composites increases with increase in hardness.  
• The weight loss of the 10% composite at 20N and for 5 minutes duration is 34% less when compared to the 

base matrix. 
 
 

Fig. 4 Effect of addition of Beryl on wear 
for normal load of 10Newtons 

Fig. 5 Effect of addition of various percentages 
(in terms of weight loss) of Beryl on wear rate 

Fig 2 Microphotograph of base matrix Fig. 7 Microphotograph of Aluminium beryl   
composite                         

Fig. 8 Microphotograph of base matrix after   
wear  

Fig. 6 Microphotograph of base matrix

Fig. 9 Microphotograph of Aluminium beryl   
composite after wear                        
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Abstract 
The epoxy matrix can absorb moisture up to a level determined by the relative humidity of the environment. 
Therefore high humidity exposure can create high levels of diffused moisture in the matrix and degrade 
mechanical properties such as Impact strength. The current study addresses these issues, as well as explores 
effect of freezing environment of hybrid composites under Impact loads and hence on fracture toughness. In this 
article experimentation is carried out on three materials; epoxy resin, plain-woven S2 glass fabric, and textile 
satin fabric. The symmetric hybrid bi-directional composite specimen with embedded ply was fabricated at room 
temperature and under constant pressure in the shape of a rectangular plate by hand lay-up technique. 
Specimen preparation includes selection of different volume fractions of the glass/satin fabric with 0/900 
orientation. Specimen dimensions are in accordance with ASTM standards, the test ready specimens were 
exposed to freezing environment for five different durations and experimentation is done by using Pendulum 
type impact testing machine. From the experimental results, the influence of duration exposed and its effects on 
strength degradation, fracture toughness, density and weight gain were analyzed. 
 
KeyWords: Epoxy, Freezing Environment, Volume Fraction, Hybrid, Impact Energy, Fracture Toughness. 
 
1.0 Introduction 
In practice, many of the raw materials required to manufacture a high-tech composite are relatively expensive. 
Therefore, their use as a structural material to replace metals is limited to applications where it is necessary to 
combine high strength and low weight, for example in the aerospace and advanced transportation industries. 
Here, composites offer superior specific strength and stiffness characteristics, reduced maintenance costs, due to 
the absence of corrosion problems, a simplified design and lower energy consumption as presented by Roger 
Vodicka and Fernand Ellyin et. all (2003). One of the main problems in the design of composites for structural 
applications is to obtain a mechanical response that is as close as possible to isotropic conditions. To achieve 
this goal, most laminates are manufactured with plies oriented in different directions. Typically, single fibres are 
grouped in bundles to increase the overall strength of the material. The extent of impact damage depends on the 
ply-stacking sequence and delamination occurs only at the interfaces between two plies with different 
orientation given by the authors Vodicka et. All, Mayes(2000) and Avery(1990). 
 
An attempt to reduce delamination and through-the-thickness damage has been made by developing stitched 
laminates by introducing through-the-thickness reinforcement in prepregs or preforms given by 
Dransfield(1994). Stitching fibres are intended to arrest delamination during impact loading and to prevent its 
growth during subsequent post impact compression loading. The main advantages of weaving composites are 
improved impact resistance, virtually constant in-plane properties and a manufacturing process that is simpler 
than that required for stitched laminates stated by the authors Chou(1989),  Naik(1994) and Mouritz(1999). In 
woven composites, fibres are grouped in bundles and these bundles are woven in different ways. In woven 
fabric composites, bundles are woven in a two-dimensional plane, most frequently as a plain weave. Fabric 
reinforced hybrid composites are popular for various structural applications in the automotive, aerospace, and 
other industrial sectors, particular applications of fabric-reinforced composites are in thin-walled structures. 
Apart from their use in the advanced transportation sector, these are the most commonly used reinforced plastic 
materials in the construction industry and also areas such as light-transmitting panels, cladding on other 
structural materials or as an integral part of panels and generally in modular constructions illustrated by 
Blaga(1978). Woven fabric composites have also found widespread use as plane laminates and sandwich facings 
(boats, surfboards) in marine constructions. Therefore, the behaviour of these materials in freezing environments 
has gained importance given by Manning(1993). Understanding of the behaviour of the FRPC under different 
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loading conditions is steadily increasing, and manufacturing costs are decreasing, there are still certain issues 
which impede their wider acceptance. For example, one major issue is the durability of FRPCs under natural 
environmental exposure such as frozen moisture, which is known to cause degradation of strength and ductility.   
The freezing environment causes change in the polymer through diffusion of the water, engendering a 
distribution of swelling stresses, hydrolysis and physical aging. While swelling and plasticizing are reversible, 
an excess amount of moisture absorption may lead to microcracking, which is an irreversible process. Finally, 
exposure to freezing environment decreases the effective interfacial strength. The mechanism of degradation of 
a glass fabric reinforced polymer composite is more complex, since each of the above mentioned components 
has the capability of being the weak-link in the structure at different stages. Also, the rate of degradation of the 
mechanical properties of a composite laminate could be higher than that of the individual components due to the 
synergy among the different degradation mechanisms, hence the effect of environment is dependent on specific 
material system. Hence the objective of this investigation is to study the effect of freezing environment on 
impact strength  and hence on fracture toughness degradation. This work also focuses on the development of 
hybrid woven composite laminates using glass/satin fabric/Epoxy with varied volume fractions. To evaluate the 
extent of impact strength degradation, the test ready laminates were subjected to freezing environment for 
different durations and then subjected to impact loads. 
 
2.0 Specimen Preparation 
The present investigation has been carried out on three materials; epoxy resin, plain-woven S2 glass fabric, and 
textile satin fabric. The matrix material was medium viscosity epoxy resin (LY556) with a room temperature 
curing hardener (HY951). The plain-woven S2 glass and textile satin fabric were the reinforcements, all the 
fibres in the fabric have diameters less than 30 µm, so they can be classified as micro-diameter fibres. The 
symmetric hybrid bi-directional composite specimen with embedded ply was fabricated at room temperature and 
under a constant pressure in the shape of a rectangular plate by hand lay-up technique. Ample precaution was 
taken to minimize voids in the material and maintain homogeneity. Specimen preparation includes selection of 
different volume fractions for constituents; matrix material 40% for all samples, volume fraction of glass fabric 
was between 15-45% in steps of 15% and corresponding volume of satin fabric is estimated. The specimen 
preparation is in accordance with ASTM D 256 dimensions, with 0/900 fiber orientation. The test ready 
composite laminate specimen has a notch of depth 2mm located centrally in all the specimens. 
 
3.0 Testing Procedures 
 
3.1 Environmental exposure 
The uptake of water when exposed to freezing environment was measured through mass gain of specimens 
weighed periodically by an electronic balance with ±0.001 g precision. The initial mass of the specimens were 
recorded and mass gain in percent of the initial mass or increase in moisture content versus time were plotted to 
observe the water uptake process. Specimens in a group exposed in freezing environment for a fixed duration, 
which was kept as 50-h, 100-h, 150-h, 200-h and 250-h. The rate of environmental effect has been calculated for 
each exposed specimen in the form of percentage of weight gain. 
 
3.2 Experimental setup 
Among the different testing devices, the instrumented Charpy test is very attractive since it is one of the most 
commonly used testing procedures. ASTM standards define test conditions in order to decrease dynamic effects 
so that a quasi static loading situation may be assumed. A series of medium velocity impact tests were 
performed on the composite specimen using single-blow pendulum type impact setup. The specimen, which was 
prepared earlier, was mounted and it is such that the pendulum strikes at the opposite end of the notch. 
 
4.0 Results and Discussion 
The test ready specimens were exposed to freezing environment for different durations and then subjected to 
impact loads. The impact behaviour of woven hybrid composite specimens exposed to freezing environment 
will be better understood by examining the effect of duration exposed and moisture uptake on various elements 
as listed; 
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4.1 Volume of Composite 

 

 

 

 

 

 

 

 

 
 

Figure 1. Effect of Freezing Environment on the Volume of the Woven Hybrid composite. 
 

The specimen when exposed to freezing environment at different durations show change in volume as 
dimensions of the coupon changes. The relative change in volume with respect to virgin composite laminate is 
measured as percentage change and plotted as in Figure 1. From the plots it is evident that the change in volume 
is largely dependent on the duration of exposure to freezing environment, higher the duration of exposure more 
will be the change in volume, it is true upto 150hrs of exposure and the percentage of change in volume is more 
or less same after 150hrs of exposure as the specimen start reaching the level of saturation. On the other hand 
the percentage change in volume is almost same with approximately 3% change for specimen with 15% and 
45% glass content, whereas for the 30% glass content specimen the volume change is too large. 
 
4.2 Weight gain of composite 
 

 

Figure 2. Effect of Freezing Environment on the Weight Gain and Moisture uptake. 
The specimens when exposed to freezing environment, show gain in the weight and this gain has certainly 
responsible for the impact strength degradation. From the Figure 2(a) it can be noticed that the percentage of 
weight gain is large when glass fabric is less and satin fabric is more. Textile satin fabric has the capability of 
absorbing large quantity of moisture in comparison to the glass fabric, hence weight gain is large when satin 
fabric is more. The percentage of weight gain due to freezing environment is large upto 150 hrs of exposure, as 
the specimen moisture absorbing capacity start reducing and it will saturate after some time. The behaviour of 
composite laminates is contradictory if the comparison is with respect to change in volume and weight gain. 
This type of behaviour is mainly due to the fact that both the fabrics are more sensitive to moisture, glass with 
respect to change in volume whereas satin with respect to moisture absorbing capacity. From the Figure 2(b) it 
is quite clear that the moisture uptake of hybrid Composite laminates is directly proportional to the duration 
exposed and inversely proportional to glass fabric content. From the above plot it is also found that maximum 
moisture uptake is in the specimen with 15% glass content and minimum in coupons with 45% glass content. 
 
 

Duration Exposed / Weight Gain

0.00

0.10

0.20

0.30

0.40

0.50

0.60

0 50 100 150 200 250 300

Exposed Duration, Hrs

P
er

ce
nt

ag
e 

of
 W

ei
gh

t G
ai
n,

 %

Glass 15% Glass 30% Glass 45%

Moisture Uptake / Duration Exposed

0
0.005
0.01

0.015
0.02

0.025
0.03

0.035
0.04

0.045

50 100 150 200 250

Duration Exposed, Hrs

M
oi

st
ur

e 
U

pt
ak

e,
 g

m
s

Glass 15% Glass 30% Glass 45%

2(a) 2(b) 



Proceedings of the National Conference on 
Trends and Advances in Mechanical Engineering, 

YMCA Institute of Engineering, Faridabad, Haryana.., Dec 9-10, 2006 
 

 
 

433
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4.3 Density of composite 
 
 
 
 
 
 
 
 
 
 
 

Figure 3.  Effect of Freezing Environment on the Density of the Woven Hybrid composites. 
 
Density of any material is directly related with its volume and weight. The test coupons have also responded in 
the same direction, which can be clearly seen from the Figure 3. The freezing environment has negligible effect 
on the density, but there is a small change in the composite laminates with 30% glass content. It can also be seen 
that the margin of change in density is approximately same for all the specimens. Whereas the density of 
composite laminates is largely dependent on the percent of glass content, higher the glass percentage more will 
be the density and it is due to the fact that glass has higher density in comparison to epoxy and satin. 
 
4.4 Impact strength of composite 
 
 
 
 
 
 
 
 
 
 

Figure 4.  Impact Strength Degradation due to Freezing Environment. 
 

Polymer composites are more susceptible to strength degradation due to moisture absorption, and hence their 
behaviour is complex when subjected to freezing environments. Characterization of Impact behaviour is highly 
complex and essential for materials used in structures. From the Figure 4 it can be seen that impact toughness of 
composite laminates get degraded when exposed to freezing environment, the level of degradation is large after 
100hrs of exposure. The trend of higher impact toughness with specimen having higher glass content is true 
even in the case of exposed specimens. The margin of strength degradation is approximately same for all the 
combinations and volumes of glass fabric. Majority of specimen subjected to impact loads fail due to 
delamination and such types of failures is rare in virgin specimens. Impact strength degradation is mainly 
effected by the duration of exposure as degradation is large after 100 hrs of exposure and it is true for all the 
specimens irrespective of glass or satin content.  
 
4.5 Specific strength of composite 
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Figure 5. Effect of Freezing Environment on the Specific Impact Strength of the Woven Hybrid Composites. 

 
The effect of duration exposed on Specific Strength of Composite can be better understood from the Figure 5. 
Again it is evident that the initial duration of exposure upto 100hrs is critical, as degradation is severe after 
100hrs of exposure. Based on the specific impact strength trends from the plot it can be said that specific Impact 
strengths are effected after 100hrs of exposure, but on inspection the specimen show the porosity in its structure 
and at some point the effect of delamination can also be observed. Because of these reasons it can be stated that 
more strength degradation due to increased exposure make the composite loose its practical applications. 
 
4.6 Fracture toughness of the composite laminates 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 6. Effect of Freezing Environment on the Fracture Toughness of the Woven Hybrid Composites. 
 

From the above discussions the effect of moisture absorption on different parameters were analyzed and to 
analyze the fracture behaviour of the laminates, specimens were subjected to impact loads. The results of the 
impact test interms of the energy are used to determine the fracture toughness of all the coupons, and hence the 
Fig.6 is plotted to study the effect of the environments and the duration of exposure. From the plots it is evident 
that the behaviour of almost all the test coupons is approximately same however the fracture toughness of 
individual coupons is dependent on the percentage of glass content. When exposed to freezing environment, the 
margin of variation in fracture toughness with respect to the duration exposed is quite negligible, this is due to 
the reason that the ice is in crystalline form and does not permit the moisture to enter the coupons easily. On the 
other hand fracture toughness degradation is severe after 100 hrs of exposure and this is due to continuous 
exposure of laminates under freezing environment make the aqueous vapors and water mist can easily rush 
through the coupons and damage the layups, hence degradation is severe. For all the percentages of the glass the 
toughness degrade and thereafter it starts picking up marginally, hence critical duration of exposure is 100 hrs. 
Even after the recovery of the toughness the specimen loose its practical importance as the coupons show the 
porosity in its structure and at some point the effect of delamination can also be observed.  
 
On close observation it is found that majority of specimens subjected to impact loads fail due to delamination 
and such types of failures are rare in the case of virgin specimens, hence it is evident that the exposure to 
corrosive environments make the laminates loose its bonding strength. The failure due to delamination is due to 
debonding of layups which is very high in case of laminates with higher satin content, as it absorbs higher 
percentage of moisture. 
 
5. Conclusions 
The effect of immersion in freezing environment is investigated, in this manner the interaction between different 
parameters such as volume, moisture uptake, density, specific strength, etc., can be studied. To make the 
investigation as general as possible, three laminate configurations were chosen to represent lay-ups with 
different percentage of glass/satin content. From the results obtained, the following conclusions are drawn. 
• Glass/Satin/epoxy resin composite laminates immersed in distilled water absorb moisture and swell. The 

amount of moisture absorption depends on the percentage of glass content and duration of exposure. At 
freezing temperature the moisture up-take reaches approximate equilibrium state after 100hrs of exposure, 
hence volume change is almost negligible after 100hrs. 
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• Percentage of weight gain is large when glass fabric is less and satin fabric is more. Textile satin fabric has the 
capability of absorbing large quantity of moisture in comparison to the glass fabric, hence weight gain is large 
when satin fabric is more. 

• The change in density of all the laminate coupons is approximately negligible when exposed to freezing 
environment for different durations. 

• The exposure to freezing environments has a deleterious effect on the behaviour of fabric-reinforced polymer 
matrix composites. It reduces the Impact strength to a great extent, if the comparison is with respect to the dry 
virgin specimens. 

• The initial duration of exposure upto 100hrs is critical, as degradation is severe after 100hrs. Based on the plot 
it can be said that specific Impact strengths has less influence of exposure after 100hrs, but on inspection the 
specimen show the porosity in its structure and at some point the effect of delamination can also be observed. 

• Fracture toughness degradation is severe after 100 hrs of exposure and this is due to continuous exposure of 
laminates under freezing environment make the aqueous vapors and water mist can easily rush through the 
coupons and damage the layups, hence degradation is severe. 
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Abstract 
The optimal machining parameters for multi-pass operations on cast steel material with carbide tool (P-40) 
have been investigated. The modified tool life equations for machining processes for rough cutting, semi-finish 
and finish operations have been developed by conducting experiments on the double column heavy vertical 
boring and turning machines in various industries. Using modified tool life equations by considering unit cost 
and unit time has optimized the numbers of multi-passes. 
 
1.0 Introduction 
In a machining process, roughing operation plays an important role in reducing a particular workpiece from the 
original stock to the desired shape and size. In order to achieve the economic objectives of this process, reliable 
mathematical models need to be established for optimal machining conditions. To ensure the effectiveness of 
the model, the design of experimental technique should be used to plan the experiments on machining 
operations efficiently and statistical tools to be used for the particular work-tool combination for machining data 
collected for specific machine. The main objectives of the present investigation are: (a) to study the effects of 
depth of cut, feed rate and cutting speed on the tool life and power consumption using cemented carbide tools 
for cast steel material using design of experiments; (b) to develop mathematical models to predict tool life 
equations as a function of depth of cut, feed rate and cutting speed within the operating region; and (c) to 
demonstrate the use of mathematical models for finding optimal cutting conditions using optimization 
techniques. 
 
Many researchers work on multiple/multi-pass machining conditions such as Crookall and Venkatramani 
[1971]; Iwata, Murotsu and Oba [1972]; Lambert and Walvekar [1978]; Ermer and Kromodihardjo [1981]; 
Yellowley [1983]; Reddy, Shunmugam and Narendran [1998]; Onwudolu and Kumalo [2001]; Zuperl, Cus, 
Mursec, and Ploj [2004] etc. The researchers till date have worked on machining up to 5 mm depth of cut in 
single pass.  
 
This paper mainly deals with depth of cut beyond 5 mm and up to 15 mm and feed up to 3.0 mm/rev. in single 
pass for faster material removal rate or minimum unit time or minimum unit cost. The diameter of the job is 
varying from 1.0 to 10.0m with weight of workpiece varying from 1.0 to 40.0 tonnes.  
 
2.0 Experimental Details 
The experiment was performed on double column heavy vertical boring and turning machines equipped with a 
125 and 150 hp motor. The cutting tool used was a P-40 uncoated carbide insert (SNMA 25 07 24) with tool 
holder (PSBN 50 50 T 25). The work piece material was cast steel. 

 
3.0 Design of Experiments 
The mathematical modeling of tool life, unit cost, unit time and material removal rate models for a particular 
work and tool material involved lots of other factors, such as ways of holding the workpiece, the geometry of 
the cutting tool, etc. However, to facilitate the experimental data collection, only three dominant factors were 
considered in the planning of the experiment. The experimental program was planned for machining parameters 
such as depth of cut, feed rate and cutting speed. The ranges of cutting parameters are shown in Table 1. Based 
on this, 175 experiments for rough turning, 200 experiments for semi-finish turning and 213 experiments for 
finish turning have been carried out and response of tool life was measured for all these experiments. 
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Table 1 
 

Variables Rough pass Semi-finish pass Finish pass 
Depth of cut (mm) d 5.0 – 15.0 1.0 – 5.0 0.5 – 1.0 
Feed (mm/rev.) f 1.0 – 3.0 0.5 – 1.0 0.1 - 0.5 
Cutting speed (m/min.) V 20 - 100 40 - 200 60 - 300 

 
 
4.0 Mathematical Model for Tool Life Equations 
The mathematical model commonly used is represented as: 

Y = ψ ( V, f, d )          (1) 
 
Where Y is the machining response, ψ is the response function, and V, f, d are machining variables. Expressed 
in the non-linear form equation (1) and for extended Taylor’s Tool Life equation the response function is given 
as: 

kd f V T 21 nnn =         (2) 
 
To facilitate the determination of the constant and parameters, performing a logarithm transformation linearized 
the mathematical model. The logarithmic transformed mathematical model is given as: 
  

d log n - f log n - V logn  -k  log T log 21=       (3) 
  
The constant and parameters k, n, n1 and n2 solved by using statistical method (multiple regression analysis) 
 
  
Tool Life equation for Rough Turning: 
                (4) 

 
 

Tool Life equation for Semi-Finish Turning: 
     
 

               (5) 
 

  
Tool Life equation for Finish Turning: 

                        
 
                                                                                                                                                         (6) 
 
 
5.0 Mathematical Model for Single-Pass Turning Operation 
 
Based on the optimum unit cost criterion, the objective function for turning operation can be given by the 
equation 

hotco
m

rmou  tC)C t(C
T
t)t(t CC ∗++∗∗++∗=     (7) 

Similarly, the objective function for the optimum unit time per component criterion is 

hr
m

cmu t t
T
tttT ++∗+=        (8) 

The production rate (Q) can be expressed as  

uT
1Q =          (9) 

 
We noted that, the machining cost of operating time, rupees per minute, (Co), and the tool cost, rupees per 
cutting edge, (Ct), are minimized and constant due to good management and purchasing policies. Hence, the 

0.79130.51282.4213 d*f*V
2452660T =

0.64760.58232.8695 d*f*V
28270500T =

0.51380.63473.1364 d*f*V
137030200T =
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characteristics and strategies for minimizing unit cost (Cu) and unit time (Tu) are similar although the optimum 
feed and speed for the two criteria are not necessarily the same for the same constraint conditions. Thus, the 
analyses for the minimum cost per component (Cu) and machining time per component (Tu) will be presented in 
this paper. 
 
The machining time tm is the time taken by the tool for the cutting of work piece. For a constant depth of cut 

f V 1000
L D  πt m =         (10) 

 
The unit cost can be expressed as: 

hotco

n1n1n
o

u  tC)C t(C
k 1000

d f V L D π
f V 1000
L D  πC

C
21

+++=
−−

   (11) 

 
Hence, the minimum unit cost (Cu) can be derived by partial derivatives of Eq. (11) with respect to the cutting 
speed and feed is zero [9], i.e. 

0
V
Cu =
∂
∂

         (12) 

 

0
f

Cu =
∂
∂

         (13) 

 
Eqs. (12) and (13) will give the economic tool-life equations with respect to the cutting speed and feed, 
respectively,  
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where  

o

t
ce C

C
tt +=         (16) 

 
To satisfy Equations (14) and (15) requires n = n1. For common tool-work material combinations, n ≥ n1, so that 
V and f for a minimum time per component does not exist. Therefore, it is necessary to study the unit cost and 
time characteristics in order to establish a strategy for selecting the V and f such that the production cost and 
time per component is minimized. 
  
6.0 Mathematical Model For Multi-Pass Turning Operation 
Optimum unit cost criterion, the objective function for turning operation can be given by following expression  
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   (17)  

 
Similarly, the objective function for the optimum unit time criterion can be represented in the following form 
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The production rate (Qm) can be expressed as  
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um
m T

1Q =         (19) 

 
Hence, the characteristics and strategies for minimizing objective functions (Cum and Tum) are not same, for 
optimum f and V due to variable range therefore, the analyses for both minimum cost and time per component 
have been investigated in this paper. As in the usual practice single pass machining optimization, only the 
cutting speed (V) and feed (f) need to be optimized, since it is expected that the loading/unloading time (th), tool 
resetting time (tr) and tool replacement time (tc) have to be minimized using work study techniques with well-
designed handling devices. In usual practice, the cutting speed (V) and feed per revolution (f) should be selected 
to minimize Cum and Tum in Eq. (17) and (18) without violating any of the constraints [1, 4]. These constraints 
in fact limit the feasible domain of speed (V) and feed (f) and result in a constrained optimum Cum and Tum. In 
the present investigation rough turning operation using double column heavy duty turning and boring machine, 
the machine tool limiting force, spindle torque, maximum power, as well as the feed and speed are considered. 
In addition, the minimum and maximum tool-life limits imposed by the production systems have been 
considered.  
 
7.0 Constraints Involved In Machining Operations 
Practical limitations of the actual cutting conditions always exist for the optimization of the objective function. 
For a given pass in a multipass operation, an optimum cutting speed and feed is chosen, thus balancing the 
conflict between metal removal rate and tool life, as well as the available horsepower. Additional limitations 
must be set with regard to the stability of the cutting process and quality specifications of the machined part. 
 
7.1 Bounds on the Cutting Speed  
The lower and upper bounds on the cutting speed are taken as 
Vmin ≤ V ≤ Vmax        (20) 
 
Here the lower bound (Vmin) is provided avoid the formation of built up edge, whereas the upper bound (Vmax) is 
provided for the safety of the operator. 
 
7.2 Bounds on the Feed 
The feed is restricted as 
f min ≤ f ≤  f max        (21) 
 
7.3 Bounds on the Depth of Cut 
 The bounds on the depth of cut are taken as  
d min ≤ d ≤ d max        (22)   

 
7.4 Restriction on the Cutting force 
 
 It is necessary to put a restriction on the force because a higher value of force may produce excessive deflection 
of the work piece and require a larger power for the cutting operation and the constraint on Fc can be expressed 
as 
 
Fc  ≤  (Fc) max        (23) 
 

321 ααα
c d*f*V*α F =       (24) 

 
 
7.5 Constraint on Power 
 The cutting power required is  
 
 
          (25) 
 This cutting power should not exceed the available power and constraint becomes 

Pc  ≤ ηm ∗  MHP        (26) 
 

( )
60*75
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c
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7.6 Temperature Constraint 
 Even though various tool wear mechanisms do exist, it is generally known that the gradual tool wear is 
produced by temperature dependent mechanisms. The constraint on temperature are taken as 
TEMPmin ≤ TEMP ≤ TEMPmax       (27)  
 

321 βββ d*f*V*β =TEMP       (28) 

 
7.7 Bound On The Surface Roughness 
 The bound on the surface roughness are taken as 

321 d f V Ra γγγγ=        (29) 
 
7.8  Bound on the Tool Life 
 The bound on the tool life are taken as  
 

Tmin ≤ T ≤ Tmax        (30) 
 
8.0 Formulation of Multi-Pass Optimization Problem 
The procedure evaluates the objective function at each pass independently and determines the optimum number 
of passes by considering a pre-defined number of sections for the total depth of cut to be removed from the work 
piece. The optimum cutting speed and feed are defined during the determination of the objective function for 
each pass.  
The optimum number of passes are determined based on the available constraints: 
 (1) Tool material and geometry which determine the maximum allowable tool force, 
 (2) The cutting force which affects the rigidity dimensional accuracy of the part, 
 (3) The stability of the tool-work-machine system, 
 (4) Available machine horsepower, 
 (5) Surface finish requirements.  
 
The constraint of speed, feed, and depth of cut for the particular tool-work piece combination should be used in 
order to proceed with the optimization of the cutting conditions for each pass. The approach is then to subdivide 
total depth of cut based on the maximum allowable depth of cut for roughing, semi-finish, and finish operations 
accordingly. 
 
The analysis for a multi-pass operation is generally more complex than that of a single-pass operation. The 
following assumptions are considered: depth of cut is divided into different sections of different sizes. The depth 
of cut for each pass is an integer number of the pre-defined sections.  
 
9.0 Optimization Methodology 
The machining optimization problem of a multipass process, particularly multi-pass turning application, can be 
represented as: 
 
9.1 Given 
Outside diameter of the work piece, work piece length to be machined, total depth of cut, number of sections, 
terms involved in the objective function and constraints. 
 
9.2 Find 
Optimal number of passes and the corresponding speed, feed (output parameter) and depth of cut (decision 
variable). 
 
9.3 Minimize 
 Cum and Tum of Eq. 17 and 18. The decision variable and the output parameters represent the outcome obtained 
as a result of making the decision. 
 
9.4 Subject to Constraints 
The decision variables cutting speed, feed and depth of cut are the constraints of the problem. 
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10.0 Optimization Techniques 
In general, the optimum value of the number of passes and the corresponding speed, feed and depth of cut for 
each pass is obtained in a multi-pass process. A schematic representation of the total depth of cut for multi-pass 
turning operation procedure is given in Fig 1. It is a four variable problem, where the number of passes, depth of 
cut, feed and cutting speed for each pass is determined. 
 

 
Fig.1 Schematic representation of total depth of cut of multi-pass turning operation 

 
Assumption 
Co = Rs.10/min, Ct = Rs.150/edge, tc = 5min. /edge, tr = 5min., th = 30min., α=1282.9212, α1=-0.2, α2=0.6677, 
α3=0.8303, β =131.4317 β1=0.4002, β2=0.1949, β3=0.1083, γ=142.2656, γ1=-0.7859, γ2=0.2818, γ3=-0.4834 and 
TEMPmax =1000 oC. 
 
Investigation 
The experiments were conducted in the industry situated in the Maya Puri, Delhi, INDIA for the economical 
numbers of passes are determined for making the job with carbide tool (P-40) using double column heavy duty 
turning and boring machine and following observations have been recorded: Diameter of the job = 2910mm, 
Axial length of the job = 290mm, Weight of the job = 4950kg, Machine horsepower = 125hp, Efficiency of 
machine = 80%, Total depth of cut = 23.25mm in radius, Surface roughness= 20 μm. 
 
After using all-possible combinations to get the optimum cutting conditions for each pass in turning operation, 
the results given in the Table 2 are the optimum condition for reducing the radius 23.25mm for achieving the 
optimum unit cost and time for the prescribed constraints and number of passes combinations. 
 
11.0 Conclusions 
Multi-pass machining optimization procedure based on the objective function that incorporates the criteria of 
unit cost and time per component while allowing for practical constraints of heavy machining operations has 
been established. The results show that the minimum number of passes should be selected for removing the 
materials from the work piece to obtain total optimum unit cost or time.  
 
The observations were made from tables 5 and 6 are as:  
(1) The material removed from the work piece in rough pass, the depth of cut and feed should be maximized at 
optimum cutting speed,  
(2) The material removed from the work piece in subsequent rough passes, depth of cut and feed should be 
maximized at optimum cutting speed, 
 (3) One of the pass to be selected for semi-finish cut with maximum feed and appropriate depth of cut 
(minimum depth of cut), 
 (4) The final pass is to be selected for finish cut with appropriate feed (maximum feed) and minimum depth of 
cut for achieving the required surface finish on the work piece.  
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Table 2 Result of Investigation 
 

Test 
Number 

Pass 
Number 

d 
(mm) 

Vopc 
(m/min) 

f 
(mm/rev) 

Cu 
(Rs.) 

Vopt 
(m/rev) 

f 
(mm/rev) 

Q Tu 
(min.) 

I 15 24 3 517.01 25 2.9 0.022609 44.23 
II 6.75 41 3 374.59 41 3.0 0.034352 29.11 
III 1 89 1 424.90 89 1.0 0.027488 36.38 
IV 0.5 96 0.5 652.72 96 0.5 0.016434 60.85 

1 

M = 4 Total Cost, CuM 1969.22 
+ 300 

Total Time, TuM 170.57 
+ 30 

I 11.75 29 3 461.30 29 3.0 0.026219 38.14 
II 5 47 3 343.29 47 3.0 0.037994 26.32 
III 5 48 3 341.64 48 3.0 0.038551 25.94 
IV 1 89 1 424.90 89 1.0 0.027488 36.38 
V 0.5 96 0.5 652.72 96 0.5 0.016434 60.85 

2 

M = 5 Total Cost, CuM 2223.85 
+ 300 

Total Time, TuM 187.63 
+ 30 

I 6.75 40 3 379.48 40 3.0 0.033546 29.81 
II 5 47 3 344.31 47 3.0 0.037893 26.39 
III 5 47 3 343.29 47 3.0 0.037994 26.32 
IV 5 48 3 341.64 48 3.0 0.038551 25.94 
V 1 89 1 424.90 89 1.0 0.027488 36.38 
VI 0.5 96 0.5 652.72 96 0.5 0.016434 60.85 

3 

M = 6 Total Cost, CuM 2486.34 
+ 300 

Total Time, TuM 205.69 
+ 30 

Surface roughness = 4.53μm 
 
Nomenclature 
Co – cost of operating time, Rs. /min 
Ct – cost of tool, Rs. /cutting edge 
Cu – total unit cost, Rs. /pc 
Cum – total unit cost at multi-pass, Rs. /pc 
d – Depth of cut, mm 
D–outside diameter of work piece, mm 
f – Feed, mm/rev 
Fc – cutting force 
k – tool life constant 
L – work piece length to be machined, mm 
M – total number of passes 
MHP – machine horsepower 
n,  n1, n2 - empirical constants for tool life equation 
N – total number of sections 
Pc – cutting power 
tc – tool-changing time, min. /cutting edge 
th – handling time, min. /pc 
tr – tool resetting time, min 
tm – machining time, min. /pc 
T – tool-life, min. /cutting edge 
TEMP - cutting temperature at tool-chip interface 
TEMPallowable- maximum allowable temperature 
Tf  – time with respect to feed, min 
TV–time with respect to cutting speed, min 
V – Cutting speed, m/min 
W – weight of job 
ηm - mechanical efficiency of the drive 
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Subscripts 
opc – optimum value under unit cost 
opt – optimum value under unit time 
min – indicates minimum value 
max - indicates maximum value 
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Abstract 
Mathematical model for predicting the surface roughness for a particular work-tool combination was developed 
for finish turning in heavy machining operation. The development of such mathematical model requires detailed 
planning and proper analysis of experiments. In this paper, the mathematical model for tungsten carbide tools 
and cast steel material in finish turning were developed based on the design and analysis of machining 
experiments. 
 
1.0  Introduction 
Machining operations are used to produce a desired shape and size by removing excess stock from a blank in the 
form of chips. New surfaces are generated through a process of plastic deformation and crack propagation. The 
workpiece is subjected to intense mechanical stress and localized heating by the tools having one or more 
shaped cutting edges. Each cutting edge leaves its own mark on the machined surface. Also the workpiece and 
tool, together with the machine on which they are mounted form a vibratory system liable to random, forced or 
induced vibration. Due to these reasons, the surface of the machined component is more or less damaged. 
Surface finish is described the degree of such damage, and the geometrical and micro-structural quality of a 
machined surface. 
 
Surface finish is influenced by several machining parameters including cutting tool geometry, workpiece 
geometry, machine tool rigidity, workpiece material, cutting conditions and tool material, etc. The roughness is 
small (or finish is better) when deflections on account of cutting loads or vibration are small. The tool is not 
sharply pointed, the cut is light, and the tool and work are properly fixed to avoid wobbling. The work material 
is inherently sound and free from defects such as cracks, blowholes and inclusions. Machine spindle is correctly 
aligned and the guide ways are unworn, the cutting edge is unbroken and chip formation is free of built-up edge. 
The main objectives of this work are:  
(a) to study the effects of depth of cut, feed rate and cutting speed on the surface finish for cemented carbide 
tools and cast steel material using design of experimental technique;  
(b) to develop mathematical models to predict surface roughness equations as a function of depth of cut, feed 
rate and cutting speed within the operating region. 
 
Many researchers work on surface roughness such as Iwata et al [1971]; Taraman and Lambert [1974]; Taraman 
[1974]; Mitsui and Sato [1978]; Sundaram and Lambert [1981]; and Sundaram and Lambert [1981] and 
Choudhury and Bartarya [2003] worked on surface roughness model. 
 
2.0 Experimental Details 
The experiment was performed on double column heavy vertical boring and turning machines equipped with a 
125 hp motor. The cutting tool used was a P-40 uncoated carbide insert (SNMA 25 07 24) with tool holder 
(PSBN 50 50 T 25). The workpiece material was cast steel. 

 
3.0 Design of Experiments 
The mathematical modeling of surface roughness models for a particular work and tool material involved lots of 
other factors, such as ways of holding the workpiece, the cutting tool geometry, workpiece geometry, machine 
tool rigidity, workpiece material, cutting conditions and tool material, etc. However, to facilitate the 
experimental data collection, only three dominant factors were considered in the planning of the experiment. 
The experimental program was planned for machining parameters such as depth of cut, feed rate and cutting 
speed. The ranges of cutting parameters are shown in Table 1. Based on this setting, 21 experiments for finish 
turning were carried out. The response of surface roughness was measured for all the experiments. 
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Table 1 
 

Variables Finish Turning 
Depth of cut (mm) d 0.5 – 1.0 
Feed (mm/rev.) f 0.1 - 0.5 
Cutting speed (m/min.) V 60 - 300 

 
4.0 Mathematical Model for Surface Roughness Equation 
The purpose of developing the mathematical models relating the machining responses and their machining 
factors was to facilitate the optimization of the machining process. Using these mathematical models, the 
objective function and process constraints were formulated, and using regression analysis as shown in Fig.1 then 
solved the optimization problem. 

 
The mathematical models commonly used are represented as: 

( )df,V,φY =          (1) 
where Y is the machining response, ϕ  is the response function, and V, f, d are machining variables.  
Expressed in the non-linear form, equation 4.14 becomes 

γβα dfVCY =          (2) 
The mathematical model used for surface roughness equation is represented as: 

21 nnn d f kV Ra =          (3) 
To facilitate the determination of the constant and parameters, performing a logarithm transformation linearized 
the mathematical model. The logarithmic transformed mathematical model is given as: 

d log n  f log n  V logn  k  log Ra log 21 +++=       (4) 
 
5.0  Experimental Results and Analysis 
The experimental results are presented in Table 2. For the purpose of developing the mathematical model, the 
data for the machining responses and factors were logarithmically transformed. Using these sets of data, the 
parameters for the mathematical models were determined using the multiple regression method and the 
significance of the models and the parameters were analyzed using analysis of variance. In this work, statistical 
analysis software was used for the computation of regression and statistical analysis of the constants and 
parameter.  

 
 
 

Roughness Cutting speed Feed Depth of cut 

Raw machinability data 

Logarithmic transformation 

Data set 

Procedure 

Output 

Fig.1 Program data vector for processing in regression analysis 
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Table 2 

 
S.No. Diameter (mm) RPM V (m/min) f (mm/rev) d (mm) Ra (μm) 

1 1530.0 15.0 72.10 0.30 1.00 3.52 
2 1530.0 15.0 72.10 0.40 0.80 4.25 
3 1530.0 15.0 72.10 0.50 0.60 5.18 
4 1530.0 18.0 86.52 0.30 1.00 3.02 
5 1530.0 18.0 86.52 0.40 0.80 3.69 
6 1530.0 18.0 86.52 0.50 0.60 4.49 
7 1530.0 21.0 100.94 0.30 1.00 2.71 
8 1530.0 21.0 100.94 0.40 0.80 3.28 
9 1530.0 21.0 100.94 0.50 0.60 4.01 

10 1530.0 24.0 115.36 0.30 1.00 2.42 
11 1530.0 24.0 115.36 0.40 0.80 2.91 
12 1530.0 24.0 115.36 0.50 0.60 3.57 
13 1530.0 27.0 129.78 0.30 1.00 2.23 
14 1530.0 27.0 129.78 0.40 0.80 2.69 
15 1530.0 27.0 129.78 0.50 0.60 3.27 
16 1530.0 30.0 144.20 0.30 1.00 2.01 
17 1530.0 30.0 144.20 0.40 0.80 2.44 
18 1530.0 30.0 144.20 0.50 0.60 3.01 
19 1530.0 33.0 158.62 0.30 1.00 1.91 
20 1530.0 33.0 158.62 0.40 0.80 2.28 
21 1530.0 33.0 158.62 0.50 0.60 2.81 

 
The data of analysis of variance of the surface roughness model are shown in Table 3. 
 

Table 3 Analysis of variance for surface roughness model 
 

R2  0.9994     
Adjusted R2  0.9993     

SE 0.0030     

      
Term Coefficient SE p 95% CI of Coefficient 

Intercept  2.1531 0.0278 <0.0001 2.0946 to 2.2117 
log v  -0.7859 0.0057 <0.0001 -0.7979 to -0.7739 
log f  0.2818 0.0491 <0.0001 0.1782 to 0.3854 
log d  -0.4834 0.0491 <0.0001 -0.5870 to -0.3798 

      
Source of 
variation SSq DF MSq F p 

Due to regression 0.268 3 0.089 10168.72 <0.0001 
About regression 0.000 17 0.000   

Total 0.268 20    
 
The surface roughness model developed was given as: 

d log 4834 - f log 0.2859  V log 0.7859 - 1531.2 Ra log +=    (5) 
or  

-0.48340.2859-0.7859 d f V 142.2656 Ra =       (6) 
or 
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0.48340.7859

0.2859

d V
f  142.2656 Ra =         (7) 

The R-square value 0.9994 indicated that 99.94% of the variability in the surface roughness was explained by 
the model with factors V, f and d. Based on the mathematical model, it can be concluded that the surface 
roughness affected with the cutting speed as the dominant factor.  
 
6.0  Conclusion 
In this work, surface roughness model relating to the cutting conditions for tungsten carbide tool and cast steel 
material were developed using multiple regression analysis by design of experiment. Based on the analysis of 
variance of model, it is found that the surface roughness model was dependent on the cutting speed, feed and 
depth of cut. It was also found that the model developed were approximately 95% representative of this cutting 
process and the estimated parameters of the model was highly significant at the 99.94% level of significant 
within the operating range.  
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Abstract 
Machine vision technologies have been focus of research in the fields of industrial robotics and automation for 
more than two decades now. Over the years these, these technologies have revolutionized the manufacturing 
and inspection processes industries with the help of sophisticated vision based robotics systems which can 
gauge the location of desired object in 3-dimesional space, ascertain its orientation relative to surrounding and 
perform the task accordingly. A basic machine vision system has a single stationery camera mounted over the 
workspace for task of image acquisition. With this form of active sensing the position, orientation, identity and 
the condition of each part in the scene can be obtained. This high level information can be used to plan the 
robotic motion such as determining how to grasp a part and how to avoid collisions with obstacles. 
 
The objective of this paper is to perform pattern matching operation & Blob Analysis on Image processing 
Inspector. An overhead CCD camera performs the task of image acquisition. 
 
KeyWords: Machine Vision, View Flex, Matrox Inspector 3.0, Pattern Matching, Blob Analysis 
 
1.0 Introduction 
The study and development of robot mechanisms can be traced to mid 1940’s when master slave manipulators 
were designed and fabricated at Oak Ridge and Argonne National Laboratories for handling radioactive 
materials. The first commercial computer controlled robot was introduced in late 1950’s by Unimation Inc.,and 
number of Industrial experimental devices suit during next 15years[1].  
 A Robot can be defined as[2]: 
 “A Robot is defined as reprogrammable device designed to both manipulate and transport parts , tools or 
specified manufacturing implements through variable programmed motion for the performance of specific 
manufacturing task” (British Robot Association, 1984) 
 
As true in humans, vision capabilities endow a robot with a sophisticated sensing mechanism that allows the 
machine to respond to its environment in an intelligent and flexible manner. The use of vision and other sensing 
element are motivated by the continuing need to increase the flexibility and cope of application of robotic 
system[6]. While proximity, touch and force sensing play a significant role in improvement of robot 
performance, vision is considered as most powerful of robot sensory capabilities. Robot vision is defined as 
process of extracting, characterizing and interpreting information from images of three dimensional 
world[5].This process is commonly known s computer vision or machine vision and comprises of six principle 
areas: sensing, pre-processing, segmentation, description, recognition, and interpretation. 
 
To achieve the results, The View Flex 2.8 version is used as Machine Vision software with Matrox Inspector 
version 3.0 being used as Image Processing Tool. The View Flex is provided with Intel Camera which grabs the 
image.  Before capturing the image and performing any analysis, the environment is to be calibrated using 
Calibration icon in View Flex. The robot used is SCORBOT ER-4u which is equipped with SCORBASE 
software and PID controller. The sorting is performed for three match stick boxes using Pattern Matching 
feature of View Flex.  
 
2.0 Theoretical Background 
The View Flex an interactive vision software is based on the Matrox Inspector Image Processing Engine. The 
system also includes a USB digital color camera that provides both still and video images. The advanced 
features of View Flex allow users to implement scientific and industrial applications. View Flex software offers 
an extensive set of optimized functions for image processing and enhancement, blob analysis, gauging and 
measurement, and pattern matching. The system supports applications such as precision measurement, flaw 
detection and assembly inspection to enable compliance with exacting quality requirements. 
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Matrox Inspector 3.0  is a hardware independent application designed to work interactively with images for 
image capture, storage and processing application. Inspector is 32 bit Window Based package, giving full 
potential and ease of use of a graphical interface. It is capable of running on any system that runs Windows 
95/98 or Windows NT 4.0  
 
2.1 Image processing capabilities 
 Inspector includes a variety of point to point, statistical, spatial filtering, Fourier transform and morphological 
operations. These operations can be used to smooth, accentuate or qualify images. Inspector supports geometric 
operations including interpolated resizing, rotation, and distortion correction , as well as polar to rectangular 
unwrapping. Processing can be restricted to rectangula5r or non-rectangular ROI (region of interest). Processing 
can also be restricted to a selected component of color image.  
 
2.2 Pattern matching capabilities 
 This allows to find a pattern (referred as model) in an image, with sub pixel accuracy. Pattern matching can 
help solve machine vision problems, such as alignment and inspection of objects.  
 
2.3 Pattern matching 
1. automatic or manual model creation. 
2. edit model , rotate model , make/load mask, change hotspot  values 
3. apply “don’t care” pixel mask to model 
4. preprocess model to optimize search speed(circular over scan) 
5. modify default search parameters : model center, search area, positional accuracy, number of matches, 

acceptance threshold, speed, spacing 
6. search results: model position and angle, number of model matches in target, match scores 
 
2.4 Blob analysis capabilities 
 Inspector’s blob analysis capabilities allow finding and measure connected regions of pixels (normally called as 
blobs) within a gray scale image. Once these regions are identified, features for these regions can be 
automatically calculated, discard the regions that are not of the interest, and classify the remaining regions 
according to the values of the features. The identification is done by process of segmentation. The applications 
of Blob analysis are: 
• Presence detection 
• Inspection of mechanical parts 
• Tissue and material analysis 
• Sequence Analysis 
The value of different features of blob can be calculated and the image can be analyzed. 
 
3.0 Problem Statement 
The following experiments are to be conducted with the machine vision software: 
I. To perform Pattern Matching with and without application of filter (all objects same) in View Flex Software 
using Matrox Inspector as Image Processing Tool. Also see the effect of changing the acceptance level. 
Description of the objects Taken: Three similar match stick boxes were taken for analysis purpose. The boxes 
were of similar color, size and brand.  
 II. To perform blob analysis on the image and compare the variations in Area, Compactness and Roughness in 
View Flex Machine Vision Software in conjunction with Matrox Inspector.  
 
Description of the objects Taken: The object is Mild Steel Bar prepared on Lathe Machine with Taper Turning 
area and Thread Cutting area into consideration.  
The above features of these parts are to be calculated and compared. 
 
4.0 Experimental Procedure 
1. Execute the home routine and calibrate the robot with vision software. 
2. Define ROI and click Pattern Matching Icon.  A model window appears 
3. Click the Search Button to search for the three occurrences of the model in image. 
4. Change the Acceptance Level to 60% and 40% in model window and apply the Search. 
5. Apply Smooth Filter using Image Processing Filters/ Smooth Filters. The following Dialog box appears 

and apply smooth filters. 
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6. Apply Pattern matching process again with 70 % acceptance level.. A measurement table is displayed 
listing match score. 

7. Apply Blob Analysis:  A blob window appears. Select the compactness and roughness feature from feature 
tab. Apply segmentation so that regions to be identified as blobs are in some logical pixels state foreground 
state. Apply count and Result window appears. 

 
5.0 Results and Observations 
For Pattern Analysis: The search window giving the occurrences of three boxes is given in figure 1The 
measurement table as result of pattern matching is shown in figure 2 .The results can be summarized in Table 1 
& 2.  
 

 
 

Figure 1: Objects Selected 
 

 
 
 
 
 
 
 
 
 

Figure 2:  Measurement Table 
 

Table 1: Pattern Pos 1 to Pattern Pos 7: Without Applying Filters 
 

Pattern Pos No Acceptance Level No of objects Selected 
1 & 2 70 % 1 
3 & 4 60 % 2 

5 , 6, & 7 40% 3 
 
 

Table 2: Pattern Pos 1 to Pattern Pos 3: With Smooth Filters 
 

Pattern Pos No Acceptance Level No of objects Selected 

1 , 2 & 3 70 % 3 
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The following observations were made while performing Pattern Matching   
The products are successfully sorted by View flex software. Small discrepancies are taken care by the software.  
It is noted that  
• Decreasing the acceptance level is increasing the number of matches.  
• With application of smooth filters: 
i. Percentage acceptance is increasing  

ii. Objects are sorted at once and at one acceptance level. 
iii. The match score is increased. 

 
For Blob Analysis: Following are the result of Blob Analysis on the two areas. The result table clearly gives the 
values of feature selected and their trend charts which are used for making inferences. 
 
Area 1: Taper Turning Zone. 
After applying Blob Analysis , four blobs are detected are clear from figure 3 
 

 
 

Figure 3: Blobs for Taper turning Zone 
 

The result table in figure 4 gives the value of area, compactness and roughness. 
 

 
 

Figure 4 Result window for Taper turning 
  
Using Statistics Tab of Result window, the statistics of all features can be studied. The trend and statistics of 
three features are clear from figure 5, 6 and 7 
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                             Figure 5: Statistics & trend chart for Area for taper turning 
 

 
 

Figure 6 Statistics & trend chart for Compactness for taper turning 
 

 
 

Figure 7: Statistics & trend chart for Roughness for taper turning 
Area 2: Thread Cutting Zone 
As above, the following results are given below for thread cutting zone 
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Figure 8:Blobs for Thread Cutting 
 

 
 

Figure 9: Result table for thread cutting 
 

 
 

Figure 10: Statistics & trend chart for Compactness for thread cutting 
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Figure 11 Statistics & trend chart for Area for thread cutting 
 

 
 

Figure.12: Statistics & trend chart for Roughness for thread cutting 
 

The statistics can be summarized in Table 3 and 4 
 

Table 3: Features for taper turning 
 

Taper Turning Minimum Maximum Mean Standard 
deviation Variance 

Peak to 
valley 
value 

Roughness 1.059 1.181 1.101 0.04705 0.002213 0.122 

Compactness 2.47 6.157 3.721 1.499 2.248 3.687 

Area 20 205 86 70.64 4990 185 
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Table 4: Features for thread cutting 
 

Thread Cutting Minimum Maximum Mean Standard 
deviation Variance 

Peak to 
valley 
value 

Roughness 1.037 1.201 1.11 0.0510 0.002662 0.164 

Compactness 3.209 5.897 4.437 1.1132 1.282 2.688 

Area 39 68 52.75 9.744 94.44 29 
 
The following points can be concluded from the above experiment: 

i. There variation is more in values of compactness and area for taper turning zone.  
ii. The trend of roughness for both zones is almost similar but the thread cutting zone is rougher than taper 

turning  zone 
 

This type of analysis will be helpful to identify faulty parts by comparing blob features calculated with the set of 
expected feature values.  
 
7.0 Conclusion 
Machine Vision and Robotics are multidisciplinary in the sense that these fields uses knowledge of traditional 
engineering and computer programming for different parts of the process. The image processing with Matrox 
Inspector was successfully done. The Pattern Matching Operation and Blob Analysis made with the inspector 
were successfully done. Pattern Matching helped in sorting the objects of same and different types. The effect of 
applying filter to the image and changing the acceptance level was studied in correct way. Blob Analysis helped 
to find out comparison of two surfaces with roughness and compactness which can be given to the robot for 
different application. Blob analysis helps to find out the areas which are not of interest, classify them and then 
discard them.  
 
8.0 Scope of Future Work 
The pattern matching analysis can be extended for PCB board for determining if correct numbers of diodes are 
placed and whether they are structurally intact. The FFT analysis is also proposed to identify consistent spatial 
patterns in an image which can be caused by systematic noise. The blob analysis can be applied to compare the 
features of surfaces made by different cutting & forming processes. The vision & the robotics system can be 
used for complex pick and place operations with utilization of blob analysis and pattern matching. 
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Abstract 
Manufacturing industry worldwide has been facing unprecedented challenges brought by ever changing, global 
and competitive market conditions as well as changing social demands, regional, governmental and 
environmental regulations. e-commerce and Internet technologies have injected ‘‘velocity’’ into the front 
business activities and enabled companies to shift their manufacturing room, the traditional factory integration 
philosophy to a supply chain-based e-factory philosophy. It transforms companies from a local factory focus to 
a global enterprise and business focus. 
 
This paper introduces e-manufacturing as a new concept to answer the above mentioned needs of business 
strategies for complete integration of all business elements including suppliers, customer service network and 
manufacturing units by leveraging the Internet, web-enabling, tether-free technologies and computational tools. 
Remote condition monitoring and control of manufacturing system is introduced to support e -manufacturing 
includes the ability to monitor the plant floor assets, and predict the variation and performance loss for dynamic 
rescheduling of production and maintenance operations, and synchronize with other related business actions to 
achieve a complete integration and control of manufacturing systems and upper-level enterprise applications. 
 
KeyWords: e-Manufacturing, Manufacturing System, Infotronics Technology. 
 
1.0 Introduction  
e-manufacturing is concerned with the use of the Internet and e-business technologies in manufacturing 
industries. It covers all aspects of manufacturing like sales, marketing, customer service, new product 
development, procurement, supplier relationships, logistics, manufacturing, strategy development and so on. 
The Internet also affects products as well since it is possible to use Internet technologies to add new product 
functions and to provide new services. 
 
Manufacturing companies are using the Internet successfully for many different purposes. The scope of 
applications is large. Certain applications such as supply chain management, procurement, trade exchanges, and 
of course on-line sales have attracted a lot of attention in the press. However, this should not blind people to the 
fact that the Internet and e-business technologies can be used to support all aspects of manufacturing enterprises 
activities. The challenge is to find the right application at the right time. 
 
Application of the Internet is not a one-off project, but a journey that involves dealing with technologies, 
strategies, business processes, organization and people. Success will come to those firms adopting an integrated 
approach driven by business needs and opportunities. 
 
2.0 e-Manufacturing Fundamentals 
 
2.1 Internet enabled technologies 
 - HTML 
 - Java programming 
 - XML 
 - Client/server architecture 
 - Java database connectivity 

 
2.2 Advanced technologies for e-manufacturing 

 - Agent technology 
 - Multi-agent systems 
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 - Data mining and knowledge discovery 
 - Grid computing 

 
2.3 Internet and manufacturing knowledge management 

 - Internet characteristics  
 - Design agility and the Internet  
 - Manufacturing responsiveness and the Internet  
 - CBR and web-based computational intelligence 
 

2.4 Computing infrastructure for e-manufacturing 
 - Software tools 
 - Hardware 
 - Networking 
        -Implementation 
 

3.0 Development of e-Manufacturing Technologies 
 
Manufacturing is a process of converting raw material into goods. It is a gradual process which takes some time 
to prepare finished goods. Presently to improve quality of production, reduce time of response, reduce 
requirement of high skill and to cope with market scenario. It is required to involve the advance technology in 
manufacturing. Fig.1. shows the development of manufacturing technology. Earlier, the basic production system 
was mass production system involving production line and automation. Gradually many concepts changed and 
flexible manufacturing system was developed which involve group technology and CNC , robotics for better 
control and time saving, computer integrated manufacturing system is being involved in manufacturing which 
consists of CAD ,CAM ,DNC and robotics. 
  
Now-a-days, lean manufacturing is being popularized with TQM, manufacturing resource planning and 
engineering tools. A new concept is also coming called as simultaneous engineering or concurrent engineering 
and agile manufacturing. The e-manufacturing concept is a recent development and part of agile manufacturing 
which leads us into a new era of manufacturing.  
 
 

                     
Fig: 1. Development of e-manufacturing Technologies8 

 
4.0 Manufacturing Systems and System Integrations 
e-manufacturing is a system methodology that enables the manufacturing operations to successfully integrate 
with the functional objectives of an enterprise through the use of Internet, tether-free (i.e. wireless, web, etc.) 
and predictive technologies. A typical manufacturing system consists of many processes. Materials will advance 
through some or all the processes on the plant floor before they are transformed to products. Normally a process 
plan or routing logic is given for a product, which is the guideline for all peoples involved in its management 
and production as shown in Fig. 2. 
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Fig: 2.e-Manufacturing System and System Integration 

 
It also provides efficient configurable information exchanges among manufacturing units, CRM systems and 
SCM systems. The major functions and objectives of e-manufacturing are: (i) to provide a transparent, seamless 
and automated information exchange process to enable an only handle information once (OHIO) environment; 
(ii) improve the utilization of plant floor assets using a holistic approach combining the tools of predictive 
maintenance techniques; (iii) links entire SCM operation and asset optimization; and (iv) deliver customer 
services utilizing the attest predictive intelligence methods and tether-free technologies.3 

 
Remote Condition Monitoring and Control of Manufacturing System 
e-Manufacturing along with artificial intelligence would permit the use of stimulating tools and/or parts feeding 
mechanisms on-line. The appropriate robot commands will then be easily coordinated with the action of other 
device operating with-in the work cell it self. In this way, the manufacturing process can be automized with 
respect to cycle time and through output. Fig.3. explain remote conditioning monitoring and control of 
manufacturing system. 
 

 
Fig: 3.Remote Condition Monitoring and Control of Manufacturing System8 
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5.0 Future e-Manufacturing Transformation and Infotronics Technologies  
With the further advancement of next-generation, web-enabled tether-free infotronics agent integrated under an 
e-manufacturing system. The massive data bottle-necks between the plant floor and business systems can be 
eliminated by converting the raw machine health data, product quality data and process capability data into 
information and knowledge for dynamic decision-making. Fig. 4. shows transformation of different technologies 
into an advanced form. 
 

 
                          

Fig: 4. Transformation of Manufacturing Technologies8 

 
The embedded infotronics technologies intertwine the hashing, sensor fusion and wireless communications in 
one integrated module valuation of the data will be performed locally, and hence transferred through the 
wireless Internet/ Intranet network. For instance, reduction of data into useable health information through smart 
prognostics agent would definitely eliminate hurdles regarding the transmission of large data on a given 
bandwidth capability. Information regarding (i) degradation modes, (ii) degradation sections of the machine, 
(iii) degradation frequency, (iv) degradation time and place, (v) time required to prevent, (vi) cost required to 
prevent, (vii) suggested and/or applied maintenance practices, etc. will be recorded and stored in a database. 
This information will be used for behavior learning and rule extraction purposes as a part of intelligent expert 
maintenance system. Hence, a knowledge base system will be achieved through intelligent conversion of data 
into information and information into knowledge, which leads to better implementation of e-manufacturing 
technologies. 
 
6.0 e-Manufacturing Case Studies 

To understand that how tangible benefits can be derived from application of e-manufacturing and for better 
understanding of implementation of e-manufacturing, five case studies have been selected from various 
companies which are as follows:  
 
6.1 Agilent technologies 
 
6.1.1 Application 
Agilent Technologies was formed in 1999 from the former Hewlett-Packard test and measurement, chemical 
analysis, semiconductor components and medical products businesses. Agilent Technologies uses an Intranet 
and the Internet to support its product development teams. Teams located in different parts of the world share 
data and information and practice design reuse to save development time. The collaborative environment is also 
used to help in achieving a cross-functional perspective, with marketing, design and manufacturing sharing data 
and information. The application helps to save time and money as a result of less travel and improved 
communications leading to fewer misunderstandings and the resulting rework. 9 

 
6.1.2 Findings 
 The use of the Internet and to improve communications between geographically distributed teams engaged in 
product development, and also to improve cross-functional working. 
 

        Mass production 

         Long pipe line 

         Sale from stock 

        Sequential processes 

        Cost of inventory 

          Wait in line 

     Mass customization 

      Shrinking supply chain 

      Make to order 

      Simultaneous processes  

      Capital working 

      First available slot 
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6.2 Clyde blowers 
 
6.2.1 Application 
Clyde Blowers, an engineering company, manufactures products such as the tools used to clean the insides of 
coal-fired power station boilers. It has manufacturing plants in Europe, the US, China and India. The company 
has been using the Internet for a number of purposes. Document exchange and e-mail are used based on Lotus 
Notes (a widely used group working software tool) and video conferencing software is used to enable face to 
face meetings, thus helping to reduce travel costs. Also, the firm uses Lotus Notes to track customer enquires, so 
that firms throughout the group can see what is going on thus helping to avoid the situation where firms within 
the group are competing with each other for the same business. 9 

 
6.2.2 Findings 
The use of the Internet to improve communications between geographically distributed parts of the firm and to 
increase co-ordination of activities. 
 
6.3 Frigomechanica 
 
6.3.1 Application 
Frigomechanica is a small Italian company that designs, assembles, installs and maintains freezing and 
defrosting machines, drying cells and other in-process and post-process treatment cells for the food industry 
(ham, salami, meat, cheese, etc.). Frigomechanica's markets, clients and network of sales agents are 
geographically distributed all over the world. It is common for clients to demand customized machines as well 
as continuous, cost-effective and efficient support during the entire working life of the machine, from pre-sales 
assistance, to installation and post-sales support. Frigomechanica's equipment is always tailor-made to meet the 
needs of each individual customer. Many unforeseen problems have to be faced at the machine installation stage 
and during the initial period of use at the customer sites. Huge costs are usually incurred to assist customers on-
site during these phases. Here, the problem solving process is based heavily on the skills and knowledge of a 
small number of very experienced technicians, who are forced to rush around the world in order to ensure the 
necessary customer support, and their expertise represents a scarce and critical resource. Hence modern 
communication technologies such as desktop video conferencing operating over the Internet are being 
investigated and piloted to support pre and post sales support without increasing the price to the customer. 9 

 
6.3.2 Findings 
Using the Internet to increase the productivity of skilled employees by making their expertise more accessible 
without the need for expensive and time consuming journeys. 
 
6.4 GKN 
 
6.4.1 Application 
GKN, a British engineering company that manufactures among other things automotive components, is using its 
Intranet as a knowledge management tool. The objective is to enable knowledge about manufacturing 
techniques, normally communicated within a single plant, to be made available throughout the group, thus 
reducing duplication of problem solving and also unnecessary capital expenditure on eliminating problems that 
may have a simpler solution discovered elsewhere but not communicated company wide. In addition to sharing 
explicit knowledge such new ideas generated at each of its plants, GKN is also expecting that tacit knowledge 
will be shared.9 

 
6.4.2 Fndings 
Knowledge sharing between geographically separated parts of a large firm using the Internet as the prime means 
of communication. 
 
6.5 GE 
 
6.5.1 Application 
General Electric (GE) is another example of an industrial company reporting benefits from use of the Internet. 
GE expects savings from its efforts to total US$1.6 billion pre-tax in 2001. Savings will come from conducting 
nearly US$14 billion in web-based auctions and from digitising GE work processes. In addition to these cost 
savings, GE expects sales over the Internet to accelerate to more than US$15 billion in 2001. GE has identified 
20 to 30 per cent cost-out opportunities by e-enabling its manufacturing operations. 
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GE expects e-business to contribute 10 cents in earnings-per-share growth in 2001. In 2001, GE also expects to 
realise US$1 billion in operating margin as a result of its e-business efforts. 
 
6.5.2 Findings 
Use of Internet leads cost-benefits and improved sales hence tangible benefits can be derived from business. 
 
7.0 Key Applications and Benefits of e-Manufacturing 
 
7.1 Key applications  
When fully implemented, e-manufacturing uses electronically transmitted knowledge, which can be utilized to: 

1. Design products 
2. Transmit orders 
3. Procure components 
4. Schedule production machines 

 
Additionally, e-manufacturing aids in finest use of mechanizing plant facilities while maintaining quality and 
meeting promised delivery dates. Moreover, it makes plausible the organization of production scheduling, in-
plant sequencing and creating delivery loads. A serious component of e-manufacturing is the use of sensors to 
scrutinize function of in-plant machines and propel information to the software that controls machine procedure 
during the manufacturing course. 
 
Further on, e-manufacturing also links factories to one another and links to their supply as:  

1. Connects customers to dealers Responds to customer demands so as to mass customize items in quantities 
as small as one. 

2. Deliver the product faster than ever with the highest possible quality. 
3. Increase flexibility. 
4. Pace up the growth of machine and process control systems. 
5. Balances workloads among employees. 

 
E-manufacturing is not intended to replace humans in the manufacturing process, but to empower them to be 
much more productive and effective than they currently are. The tools of e-manufacturing can eliminate 
obstacles and extend human capabilities to swift and accurate accomplishment of work. This, further on, enables 
the workers to focus on the innovation and creativity that are the precepts of the competitive edge.7 

 
7.2 Benefits of e-manufacturing 
E-manufacturing is a demand of the present market scenario. With the availability of the new and better 
technology, better options are available in production sectors. The e-manufacturing gives following benefits: 
• Improved speed of response;  
• Cost savings;  
• Improved communications, information and knowledge sharing;  
• Reductions in inventory;  
• Improved efficiency and productivity;  
• Harmonization and standardization of procedures;  
• Better transfer of best practices and  
• Acquisition of new customers, increased sales and improved customer service. 

 
8. Conclusion 
The manufacturing execution system has been improving the productivity of manufacturing systems since its 
emergence. A current manufacturing execution system can be evolutionarily promoted as an EMS by providing 
a plant-wide view of all the processes and products data with a much finer time resolution from the real-time 
perspective using the presented approach. Using current and accurate data (i.e., guaranteed and satisfied real-
time responses) EMS effectively initiates and guides the entire plant floor manufacturing activities, optimally 
responds to and reports on them as they occur. As a result, EMS has successfully bridged the gap between the 
plant floor and office information systems EMS is undoubtedly the keystone for a plant-wide real-time 
information system. With the enhanced computational power available due to development of advanced 
technology, this approach likely to continue and utilized for larger and more complex system, because e-
Manufacturing does. 
• open up new strategic options due to 
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- reduction of process complexity and 
- number of know how levels 

• open up new business opportunities due to 
- cost efficient production of “small” batches 
- down to personalized products 
- with high functional integration 
- reduced risk 
- higher product value 
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Abstract 
With the Globalization and tremendous improvement in the Manufacturing Technology, the scope for 
improvement in the area of manufacturing (through process / technological up gradation) has been almost 
reduced to nothing. So, the manufacturing industries have been looking for other areas where they can improve 
to survive in this market full of cut throat competition. The IT Revolution, which has greatly affected the 
manufacturing industry since the late 90’s has again answered the questions posed by the current situation in 
the manufacturing domain.But,this time IT will not be implemented just as another part of manufacturing , but 
IT will integrate all the domains of manufacturing into a single  unit , thus forming an IT based integrated 
system. This technology is being called e-manufacturing. This paper presents some researches done is this area 
and also a new ( holistic) approach to the subject of e-manufacturing is ventured in this paper , in which all the 
major IT based tools in manufacturing are included as a part of the vast area of e-manufacturing.  .  
 
KeyWords:  Web technologies, Tether-free, PDM 
 
1.0 Introduction 
The invention of steam engine added power to the manufacturing capabilities, thus accelerating the progress of 
manufacturing, F. W. Taylor’s management science improved human efficiency, and the relatively latest being 
the invention of world wide web by Tim Berners-Lee which started the IT revolution, which has changed the 
way of working in the industries .The IT revolution has added pace to each and every domain of the various 
activities performed by the human being. Advances in IT ranging from the introduction of Electronic mail (e-
mail) to the implementation of Central Control of the CNC machines in the manufacturing industries (DNC), 
have all led to the minimization of the time lag between the dispatch and receipt of information. The 
implementation of many modules of IT in the manufacturing has led to the speeding up of product realization, 
manufacturing, delivery and costumer servicing. All these developments have brought us closer to the 
“Webbed” future i.e. the web based manufacturing. With globalization the costumer base has increased on one 
side whereas the market competition has increased on the other side, the social and political environment has 
also changed. All this has led the manufacturing industries to shift their focus from factory integration to the 
supply chain based e-factory philosophy.  
 
2.0 Basic Concept and Definition of e-Manufacturing 
Imagine that when a person wants to buy a car he visits a manufacturer's website rather than a showroom. 
Sitting at ones own desk a person decides on the model he want, selects the color, chooses the options, and 
agrees on the price, all without human intervention in the process. Then the person gives his mouse a final click 
that sends the instruction to start assembling your custom automobile directly to the manufacturing plant [12]. 
This is just what one can expect the future of manufacturing to be, and the technology that will make this 
possible has just arrived in the form of e-manufacturing. This concept mentioned above is shown in Fig. 1 
 
e-manufacturing is the recent concept developed as an to answer the aforementioned needs of e-business 
strategies and to meet the requirements for the complete integration of all the  business elements including all 
the suppliers , costumer services networks and the manufacturing units through the effective use of the web-
enabled computational tools and tether-free technologies [1]. In simple terms e-manufacturing can be termed as 
virtual handling of real enterprise, which is based on utilization of advanced Information Technology in the 
manufacturing unit. It is concerned with achieving concurrency, integration of human & Technical resources 
and transforming of useful information into useful knowledge [9].  
 
Koc et al. [2] have defined e-manufacturing in the following way : “E-manufacturing is a system methodology 
that enables the manufacturing operations to  successfully integrate with the functional objectives of an 
enterprise through the use of Internet, tether-free(i.e. wireless, web, etc.) and predictive technologies” 
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Fig.1 The concept of e-manufacturing [12] 
 

3.0 E-Manufacturing Includes 
Lee [1], and Crandell and Tomoyuki [11] have mention about some constitutes of e-manufacturing, which are 
mentioned below : 
- Ability to monitor the plant floor: its machines (machine tracking), man power, their relative interactions 

through web , and the ability to control the equipments i.e. – Control and monitoring , Advanced process 
control , Run to Run control , Engineering Analysis systems , Quality management & Test Systems [1]. 

- Automated WIP tracking and material handling spare parts management [1]. 
- Ability to automatically gather all the related information and transfer it to central data base (data ware 

housing) 
- Ability to predict variation from standards and judge the performance loss due to errors/variations (e-

diagnostics)  
- Fault detection and classification [1]. 
- Ability to prepare the production scheduling and ensuring the follow up without making a physical contact at 

the shop floor or even the plant area; automated dispatching [11]. 
- Rescheduling and maintenance of operations via web enabled technologies, [11]. 
 
4.0 E-Manufacturing Capabilities 
e-manufacturing is mostly based on IT. In order to perform all the fundamental functions of an e-based 
enterprise, as described by Lee [1], e-manufacturing should have the following capabilities: 
1. Development of intelligent agents for continuous, real time, remote and distributed monitoring and analysis of 

devices, machinery and items. 
2. Ability to develop remote distributed and web based quality control systems and their integration with 

intelligent predictive agents in order to identify the variations in the product quality and understand their 
causes in real time. 

3. Ability to develop a dependable and scalable information platform for complete transformation, optimization 
and synchronization of plant floor problems, issues and their solutions. 

4. Ability to develop a virtual design platform for collaborative pats, process, tool design among suppliers, 
design and process engineering and as well as costumer for fast validation and decision making. 

 
 5.0 Various Methodologies of e-Manufacturing 
 
5.1 Web based decision making 
With the advent of globalization the relative distances among the various departments and their personnel  has 
increased a lot, and this geographical limitation has hampered the decision making process. To overcome this 
limitation a web based group decision support system (GDDSS) has been proposed by Wang and Chien [2], to 
support various activities involved in decision making process of the members of a decision making group . 
These GDSSs can provide various levels of support, including idea generation, information sharing, decision 
analysis and alternative evaluation .The infrastructure of these GDSS is based on object-oriented and agent 
technology [2].GDSS is an interactive computer based system that facilitates a group of decision makers to 
solve unstructured or semi-structured problems. The web-based group decision support system as proposed by 
Wang and Chien [2], consists of two basic modules – an information classification and retrieval module, and a 
decision inference module that includes deterministic and probabilistic decision inference functions. These 
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modules guide the user to follow the systematic decision making processes to structure problems , collect 
information , develop a model , and analyze a decision step by step [2].  In addition to these modules the 
input/output interface modules provide an interactive mechanism for the communication among the clients 
(user) and the other components of the system.  
 
 
 
 

 
 

Fig.2 System architecture of the GDSS [2] 
 
5.2 Web based product designing, development / process development 
With engineering design being one of the central processes in manufacturing, an efficient Engineering Design 
process is likely to enhance the performance of the production and ultimately the manufacturing processes [6]. 
The product / process development phase requires cooperation, coordination, and unrestricted information flow 
from people of different disciplines (Designers, Production Engineers, Marketing Executives, Materials 
Managers, and Service Engineers, Industrial Engineers …) , located at different geographical locations ; so as to 
enable them to specify and design the product. These requirements can be best achieved through the integration 
of ERP/SAP and CAD/CAM as suggested by Soliman and Clegg [6]. The model of CAD/CAM integration with 
ERP is shown in Fig.3 .The main objective of this model is to prevent wastage of work due to unnecessary 
duplication, thus eliminating waste of efforts and eliminating non-value added activity.  
 
An additional feature that aids in e-design / e-development is the New Generation PDM (A Web enabled 
Product Data Management system) system as suggested by Xu and Lui [4].  
 
PDM integrates many different areas of product development, which ensures that the right information is 
available at the right time, at the right place and to the right person through out the business enterprise [4]. The 
new generation PDM can support the entire life cycle of the product from the beginning i.e. from the idea 
generation phase to the final manufacturing of the product. One of the main features of the PDM system is its 
potential to include multiple users (with different design soft wares) in the product development process in a 
much open environment. And the existence of the many similarities between Web and PDM Technologies leads 
to better collaboration between the participants in the design/development process. 
 
Xu and Lui [4], have proposed three tier architecture for the Web enabled PDM system using web and its 
technologies .In which a distributed Web serves maintains product data and information, and these can be 
accessed and used by the domestic users or the remote clients. The Fig. 4 shows the detailed PDM system 
architecture. 

Decision 
makers/Clients 

K
now

ledge 
A

cquisition

Inform
ation 

C
lassification             

Decision 
Inference 
module 

Database & 
Knowledge 

base 

Internet based Input/O
utput Interface

Interface 

Agent-based 
system Design 
and Analysis



 

 466

 
Fig.3 Integration of CAD/CAM with ERP [6] 

 
 

Fig. 4 Model of Web enabled PDM system in collaborative design environment [4] 
With the use of these technologies many problems related may be solved and also development process of a 
product will result more results with the input from each area of manufacturing and that too at a global platform.  
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5.3 Online manufacturing (CIM, DNC, Adaptive Control, FMS) 
Today’s machining shop floor characterized by large variety of products in small batches require dynamic 
control and real-time monitoring capabilities that are responsive and adaptive to rapid changes of the production 
capability and functionality [8] . So, there is the need to integrate all the automated equipments together. Till 
now modern manufacturing technologies such as CIM , FMS , DNC etc. have provided partial solutions to the 
manufacturing needs but now there is a need to integrate all these under a single platform , for which Wang et 
al. [8], have suggested frame work named wise shop floor (Web – based integrated sensor driven e-shop floor), 
which is shown in Fig.5. 
 
The wise shop floor has been designed to provide a real time monitoring and remote control to the users through 
web based and sensor driven intituitive shop floor environment. This concept makes use of latest Java 
technologies, like Java 3D and Java Servlets, as the enabling tools for its implementation .The wise shop floor 
combines the real devices with the virtual reality through synchronized real time data communications, it aids 
the shop floor engineer/manager to be assured of normal shop floor operations , and enables web based trouble 
shooting .  
 

 
 

Fig.5 Concept of wise shop Floor [8] 
 
In addition to this concept, a new concept of Tele operation of CNC Turning centre through internet has been 
suggested by A´ lvares and Ferreira [7] .This concept implies continuous and direct control of CNC machine 
placed in a remote location, and allows exercising force and accomplishing movements through visual, resonant 
or tactile data.  
 
In Teleportation, control and supervision of the system is done by the operator through a graphic station called 
system console, from which the operator controls and supervises the remote system by the aid of man machine 
interface. Internet enables the creation of graphic environments relatively easily, which facilitates the interface 
with the user, besides having a low cost with regard to the tele operated equipment [7].Through the 
communication network of the system the information can be sent and received , which enables the execution of 
the commands through some device like robots connected to the network. 
 
As , depicted in the Fig.6, on the next page the operator can directly visualize the progress on the computer 
screen provided through web and control the operation without being present near the machining operation . 
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Fig.6. WebTurning—teleoperation and remote monitoring of the CNC turning center [7] 
 
5.4 e-business/ e-marketing /e-procurement (Supply Chain Management, e-commerce) 
E-business includes use of internet as a tool for marketing and information distribution & collection, extra net / 
email for inter/intra net communication, and provision for services and products; it enables electronic interaction 
among the modern day manufacturers and the consumers [5]. 
 
E-manufacturing provides web based strategies and systems that facilitate co-ordination between manufacturers 
and the suppliers & costumers for more efficient procurement, production and distribution.  
 
Zhang et al., (2006) have proposed an approach towards the supply chain integration based on the concept of 
DIMS (Dynamically integrated manufacturing), which has three main domains: strategic, operational and 
technological domain. While in the strategic domain DIMS is concerned with development and integration of 
business capabilities, Operation domain of DIMS deals with the dynamic configuration and integration of 
physical resources (People, machinery and equipment and materials) .The Technological domain of DIMS is 
concerned with the modularized manufacturing hardware and software technologies that support the dynamic 
integration of manufacturing system (Zhang et al., 2006).  

 
6.0 Conclusion 
e-manufacturing is a system that has a potential to answer most of the questions which the Globalization brings 
with it. So, there is requirement for the major manufacturing corporations and the technical institutions, to work 
towards research in this area and also promote the research in this area .As time progresses there will be the 
need to transfer from the relatively conventional methods of manufacturing to the holistic approach towards web 

Fig.18 DIMS integral approach (Zhang et al., 2006) 
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based manufacturing that will include most of the areas of the current working of the manufacturing industries. 
In the years to come e- manufacturing will not only provide an edge to a company against its competitor but it 
will also become a necessity in the time to come. So, it can be definitely said that the day is not far away when 
the costumer will take up the job of : a designer who selects the design of his own, a production engineering 
who gives the command to start the manufacturing operation when required , and then in the end ensures the 
dispatching and transportation of the product after its packaging while performing the work of a logistics 
engineer . 
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Abstract 
Austenitic stainless steel cannot be hardened by any form of heat treatment, infact quenching from 10000 C 
merely softens them. They are usually annealed and cold worked. 
 
The trend is towards shot peening of austenitic stainless steel to increase hardness and improve other 
mechanical properties such as fatigue strength, tensile strength, etc. 
 
Recent advances have found that the fatigue properties of austenitic stainless steel can be improved by using 
high nitrogen stainless steel .The high nitrogen steel has many beneficial affects, e.g. better mechanical 
properties and corrosion resistance. The nickel induced allergy in the human body can be decreased by using 
shot peened nitrogen austenitic stainless steel for medical applications. 
 
Key Words: High nitrogen steel, Fatigue, Shot peening. 
 
1.0 Introduction  
High carbon content in the austenitic stainless steel may cause Cr-rich carbide precipitation and the Cr content 
in the vicinity of grain boundaries decreases and causes intergranular corrosion cracking in the corrosive 
environments. If the Carbon content is reduced then this short of problem decreases significantly. However, 
lower Carbon content; in austenitic stainless steel reduces the yield strength and consequently limits their 
applications. To short out this problem the trend is towards use of shot peened nitrogen induced austenitic 
stainless steel. 
 
2.0 Trends in Austenitic Stainless Steel 
These are the Chromium–Nickel and Chromium–Nickel-Manganese stainless steel. These types are austenitic, 
are essentially non–magnetic in the annealed condition ,and don’t harden by heat –treatment. The total content 
of steel and chromium is at least 23%.They are extremely shock resistant and difficult to machine unless they 
contain sulphur and selenium. The corrosion resistance of the austenitic stainless steel is usually better than that 
of martentisitic or ferritic steels. 
 
Addition of Nitrogen increases the yield and tensile strength of  austenitic stainless steels without decreasing the 
ductility and toughness. Addition of Nitrogen also improves the fatigue life of stainless steel arrays. It has been 
found that the fatigue strength of steel is directly proportional to the difficulty of the cross slip of dislocations. 
The planar dislocations in the nitrogen bearing steel cause coarse slip bands and large particle zones at the crack 
tip before the initiation of micro-crack .Moreover ,during cyclic loading, hardening is promoted by the 
formation of dislocation sub cell structures providing prolonged number of cycles to rupture. So the addition of 
nitrogen increases the fatigue life of the steel . 
 
An inordinate increase in hardness (From 90 to 400 Brinell) occurs when this alloy is subjected to cold 
deformation. 
 
3.0 Advances in Austenitic Stainless Steel 
Cold working develops a wide range of mechanical properties, and the steel in this condition becomes slightly 
magnetic .Shot peening has been used for many years as a most versatile pre –stressing process for 
strengthening metal machine parts against stress corrosion and fatigue failure by producing compressive residual 
stress field in near surfaces. Shot peening is a cold-work process in which the surface of a component is 
bombarded with small spherical media called shot. Each piece of shot, on striking the surface, imparts a small 
indentation or dimples, all of which plastically deform the surface in tension. The surrounding elastic material, 
on attempting to return the yielded surface to its initial shape, creates a residual compressive stress field within 
the cold work-hardened surface layer. The compressive residual stress is considered the most essential 
parameter by majority of researchers in controlling fatigue strength of shot peened components. Various 
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methods have so far been employed in order to improve the fatigue strength, including optimization of 
geometric design, stronger materials and surface processing such as shot peening. Among them, shot peening 
has long been widely used as a low cost and simple method for increasing the fatigue strength of a component.  
The following surface properties are improved by shot peening(1-6). 
 
1.  Hardness  
2.  Depth Of Deformed Layer 
3.  Compressive Residual Stress Field 
4.  Surface Roughness 
5.  Damping Factor 
6.  Corrosion Resistance. 
 
After shot peening, high nitrogen steel showed better fatigue limit and corrosion resistance to that austenitic 
stainless steel .The surface roughness generated due to shot peening can be reduced by polishing or double shot 
peening. This treatment will increase the fatigue life and corrosion resistance. For double shot peening micro 
shots can be used. 
 
Nitrogen induced shot peened austenitic stainless steel is a cheaper steel as compare to commercially available 
austenitic stainless steel in the market .It also posses better mechanical properties as compared to austenitic 
stainless steel. The shot peening modified hardness from 255 HV to 400 HV the depth of deformed layer was 
approximately 0.5 mm and compressive residual stresses were developed in this depth. The fatigue strength was 
increased about 20% after shot peening. The micro hardness of surface increases with peening intensity due to 
work hardening. For an optimum depth of hardened layer, the initiation of fatigue crack over the surface can be 
delayed or prevented. 
 
4.0 Conclusion  
Addition of nitrogen significantly improves the fatigue lives at all stress levels used in the present investigation 
and also changes the fatigue fracture mechanism. In the case of high nitrogen shot peened component the fatigue 
limit and mechanical properties are further improved .Shot peening causes changes in fatigue fracture 
behaviour.Shot peened specimen should be polished to get better fatigue and corrosion resistance. 
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Abstract 
This paper discusses about Testing of the mechanical behavior of Optical Glass Fiber used in Optical Fiber 
Cables. This is an original work. The testing of the samples was done on commercially manufactured fiber. 
Samples and testing facility was provided by Sterlite Optical Technologies Aurangabad. Samples of optical 
glass fiber of diameter 125µm coated with two types of UV curable coating were placed through zero- stress 
aging. The values of the tensile strength, primary coating diameter and secondary coating diameter were 
measured. The results were analyzed using MATLAB-7.The results obtained indicate a decrease in coating 
diameter with time. Also tensile strength increases with time. 
 
KeyWords: Zero-Stress Aging, Optical Glass Fiber, Tensile Strength, Primary Coating, Secondary Coating 
 
1.0 Introduction 
Silica optical fiber is widely used in long-haul telecommunication systems. In these applications the fibers are 
frequently exposed to corrosive environments that can cause strength loss. 
Sudipta Bhaumik (2005) has explained that Optical fiber consists silica glass fiber of diameter 125µm coated 
with two types of UV curable acrylate coatings namely inner and outer coating. The inner coating, which is 
softer, protects the glass for improved bend sensitivity. The outer coating, which is harder, helps reduce the 
handling damage on the fiber. Another function of this protective dual polymer coating applied to the fiber 
during the drawing process should be to protect against such corrosion. 
 
As said by I. Severin (2005) due to the huge fiber applications emerging in other fields than telecommunications 
and, on the other hand, the complexity of phenomena and mechanisms related to the optical fibers reliability and 
overall characterization, a lot of testing are still required in current and harsh conditions. 
Zero-stress aging is defined as the process of fiber strength degradation in the absence of stress. In this respect, 
aging differs from fatigue which is defined as moisture-assisted crack growth under stress. As optical fibers are 
used increasingly in specialty applications, the effect of aging on the long-term reliability of fibers has similarly 
grown in importance. 
 
Zero stress aging of optical fiber has been of interest in understanding the mechanical behavior during the 
fiber’s lifetime. The aged fiber performance is measured by testing dynamic strength and fatigue measurements 
after exposure to various environments for a period of time. But the fiber’s lifetime can be very long so an 
accurate predictability is needed. The ability of a fiber to withstand the environments in which it is exposed and 
maintain its pristine strength is of importance to insure continued functionality and handle ability in the field. To 
maintain the long-term mechanical strength of the optical fiber, the optical fiber coated by polymeric layer 
during the fabrication process. 
 
Several studies have examined the effect of aging on fiber strength. The strength of optical fibers is highly 
depending on the UV-curable polymeric coatings. As suggested by Young-Seok Kim et al (2003) the long-term 
maintenance of fiber strength can be understood in terms of the evolution of coating cure or adhesion between 
the coating and the glass. If the coating cure is not complete, the strength decreases. However, it was reported 
that the fiber strength increase with aging time for bulk silica glass. In spite of several researches, the strength of 
optical fiber caused by coating shrinkage and time aging is unclear. 
 
This paper describes the relation of the tensile strength of commercially manufactured optical fiber and coating 
diameter with time aging. 
 
2.0 Theory 
An optical fiber is constructed of a glass fiber coated with two polymeric layers. The optical fiber is assumed 
infinite along the axial direction. Because the physical properties of the glass and polymeric coatings are 
different, assuming the glass fiber is rigid compared with the polymeric coatings and the viscoelastic behavior of 
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polymeric coating is not considered. M.H.Aly (1998) et all gave an expression based on the Lame formula. They 
considered optical glass fiber to be equivalent to a coaxial cylindrical vessel radial stress σr and the tangential 
stress σ θin the ith coating is given respectively by  

 

 
where  ri and  pi are radius and pressure in the ith layer, respectively. 
 

 
where E, α, ΔT , εz , and υ are Young’s modulus, coefficient of thermal expansion, temperature variation, the 
axial strain, and Poisson’s ratio, respectively. 
 
 The optical glass fiber can be treated equivalent to a system of three coaxial cylinders. The inner most cylinder 
corresponding to the glass core, followed by a coating of polymer coating corresponding to primary coating followed by a 
layer corresponding to the secondary coating. 
 
3.0 Experimental Procedure 
Single mode silica optical fibers (125µm) were drawn with dual coating application (wet on wet) system. 
Commercially available coating materials were used. All the samples were drawn with same coating thickness. After 
draw and proof test process, all specimens were exposed in fluorescent light and stored in a controlled 23±2℃/50±5% R.H. 
environment.  
 
The fiber strength of aged fiber was measured with Universal Tensile Test machine at different time intervals. The 
variation of the diameter of the primary and the secondary coatings were measured by a Geometry Analyzer by ray traced 
side view method as per International Telecommunication Union standards (ITUG.650). Through these studies an effort 
was made to understand the variation in tensile strength and coating diameter of optical glass fiber. Study of the 
effect of aging on the Tensile strength of optical glass fiber was done under (23±2ºC and 50±5% RH). 
 
4.0 Results and Discussion 
The results of all tests were analyzed using tensile test machine was analyzed using MATLAB Curve Fitting 
Tool. 
Change in the diameter of with time after draw was measured using Coating Geometry Analyzer. The changes in the coating 
diameter with time were plotted using MATLAB Fig1 and Fig.2, respectively. All coating diameter decreased with time, but 
the decreasing rate of primary and secondary are different. We consider coating shrinkage in the glass fiber dominantly 
affects strength. Considering the optical fiber to be equivalent to coaxial cylinders we have that the radial stress tangential 
stress σz to apply to optical fiber for any radius primary coating shrinkage is given respectively by 

  
 

 
where the  r0 and r1 are the radius of glass fiber cladding and primary coating, respectively, and the  p1 and  p2 
are the compressive lateral pressure of primary and secondary. As the coating shrinkage of primary is much 
lager than that of secondary, the term contains r2 to be omitted. Here, if the optical fiber is elastic body, the 
elastic force on coating shrinkage will be applied in the optical fiber then it can assume the form of Hooke’s 
law. From (3), the elastic force in the optical fiber for primary coating is given by 
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where the κ, ν , E ,  εz, and α  are a constant, Poisson’s ratio, Young’s modulus, axial strain, and coefficient 
of thermal expansion, respectively. Because temperature variation is a constant, T . is zero. From (6), the 
following equation can be obtained for the function   r1. 

 
From Fig.1, we obtained the r1 equation for the function time (t) by fitting and the axial stress with time aging 
was calculated by substituting the equation (7).The relationship between time after draw and tensile strength 
was shown from Fig.3. All strength of fiber samples increased with time aging.  
At that time some of polymer gels are not completely cured. The remaining uncured polymer cures slowly with 
time aging. Thus these behaviors of remained un-cured the coating materials induce change in the dimensions of 
the fiber as also the mechanical strength with time aging. This phenomenon does not occur after draw process 
and it takes a long time before strength is balanced to the normal level.  
 

 
 

Figure 1 Variation of Primary Coating Diameter 
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Figure 2 Variation of Secondary Coating Diameter with Time 
 

 
 

Figure 3 Variation of Tensile Strength with Time 
 

5.0 Conclusion 
The results of the test indicate that the Coating Diameters decrease with time. This is due curing of the uncured 
polymers in the coating. As the degree of curing of fiber increases the coating diameters change. Also the 
Tensile Strength of fiber increases with time. Since optical fiber cables are laid for a long life time the strength 
variation is of high importance. Therefore studies are needed to be carried out to understand the aging behavior 
of fiber under varied environmental conditions. 
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Abstract 
Combining high specific strength with good corrosion resistance, metal matrix composites (MMCs) are 
materials that are attractive for a large range of engineering applications. Given the factors of reinforcement 
type, form, and quantity, which can be varied, in addition to matrix characteristics, the composites have a huge 
potential for being tailored for particular applications. One factor that, to date, has restricted the widespread 
use of MMCs has been their relatively high cost. In recent years, Metal-matrix composites (MMC) have 
emerged as a promising class of materials. Especially, Aluminum composites with their unique thermal 
properties have enormous space and avionics prospects. Al-matrix composites like Al/SiC have the potential of 
achieving significant weight and cost savings on aircraft structures. In this paper, the fabrication and properties 
of the recently developed Al-matrix composites and their scopes in aerospace industries will. 
 
KeyWords:  MMc’s, AMC’s 
 
1.0 Introduction 
The key to the successful development of next-generation aerospace propulsion and power systems is advanced 
materials. These materials must not only be resistant to high temperatures, but they must also provide significant 
improvements in weight specific mechanical and/or thermal properties. Metal-matrix composites (MMCs) are 
one such class of materials which are certain to play a significant role in the development of future aerospace 
components. MMCs are particularly interesting for space structures applications because of their excellent 
specific mechanical properties, high thermal and electrical conductivity, low coefficient of thermal expansion 
and the absence of out-gassing. Metal-matrix composites, in general, consist of at-least two components, one is 
the metal matrix and the second component is reinforcement. The matrix is defined as a metal in all cases, but a 
pure metal is rarely used as the matrix, it is generally an alloy. In the production of the composite, the matrix 
and the reinforcement are mixed together.  
 
Aluminum is the most attractive non-ferrous matrix material used particularly in the aerospace industry where 
weight of structural components is crucial. The unique thermal properties of aluminum composites, such as 
metallic conductivity with co-efficients of expansion that can be tailored down to zero, add to their prospects in 
aerospace and avionics 
 
2.0 Classification of Aluminum Based MMCs  
Several types of aluminum based MMCs have been developed for applications in aerospace. The main reasons 
for adding reinforcements to aluminum and aluminum alloys are to increase the strength, stiffness or wear 
resistance but this is usually achieved at the expense of other properties such as ductility. The reinforcements 
can be in the form of continuous fibers (e.g. Carbon), discontinuous fibers, particulates or whiskers. The last 
three are usually inorganic ( ceramic ) materials such as alumina, silicon carbide or silicon nitride.  
 
The choice of Silicon carbide as the reinforcement in aluminum composites is primarily due to its excellent 
combination of physical properties, availability and cost. The following are some important properties of the 
Al/SiC particle composite.  
1. The thermal expansion co-efficient can be tailored to adjoining components by adjusting the volume of 

reinforcement.  
2. The composite has high dimensional stability or resistance to deformation under load known as creep. The 

smaller the reinforcement particles the greater the strength and creep resistance.  

The composite has been used in missile guidance systems replacing certain beryllium components because 
structural performance is better without special handling in fabrication demanded by the latter's toxicity. [1], [9]  
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2.1 Silicon-carbide (sic) whiskers  
Aluminum-matrix composites are reinforced with SiC whiskers, which are more costly than particles due to the 
following advantages.  
1. Single crystal whiskers have high tensile strength than other discontinuous reinforcements such as particles, 

polycrystalline flakes and chopped fibers.  
2. Standard metal working methods can orient whiskers in the metal-matrix. 3. Extrusion, rolling, forging and 

super plastic forming can impart directional strength.  
 
Longitudinal tensile strength increases when the aluminum composite is extruded, since whisker tends to align 
along the die's axis as the material moves through. Sheet rolling can import directional strength and cross rolling 
makes properties more uniform.Superplastically formed horseshoes have been used where lightness and wear 
are a competitive edge. [3],[9]  
 
2.2 Boron-reinforced aluminum composites  
Boron-reinforced aluminum MMC combines the outstanding strength, stiffness and low density of the boron 
fiber with fabrication and engineering reliability of an aluminum alloy. The overall improvement in modulus to 
density ratio of the boron fiber is almost six times that of any of the standard engineering materials, including 
steel, aluminum, molybdenum, and magnesium. This is advantageous in the prevention of microbuckling of the 
fibers in the matrix under compression. Other important physical and mechanical properties of Boron/aluminum 
composites include high electrical and thermal conductivity, ductility, and toughness, nonflammability and the 
ability to be coated, formed and heat treated, and joined. [7],[8]  
 The Gr/Al composites are very attractive because the composite can be designed with the coefficient of thermal 
expansion approaching zero. The extremely high stiffness of the graphite fibers makes possible a composite that 
is ideal for applications where precise pointing and tracking are required. These are well suited for strut 
assemblies, especially in space structures that are subject to a wide temperature range across them. Graphite 
aluminum is also applicable for stable instrument platforms, electronics, and thermal control devices such as 
heat pipes. Stiffness to weight is high since the material is 30 percent stiffer than aluminum with no thermal 
expansion. [9]  
 
3.0 Fabrication of Al based MMCs  
The fabrication of metal matrix materials may be considered in two stages: the fabrication of the composite 
material from base metal and fibre reinforcement, and the subsequent fabrication of laminates from the 
composite material. In some cases, the two steps occur simultaneously depending on the final material product 
desired and the method of fabrication used in the process. The choice of methods used to fabricate a composite 
material depends on the mechanical and chemical properties of the fiber and matrix, the fiber length and size, 
the fiber packing, and the desired fiber configuration. Furthermore, it is necessary to know the thermodynamics 
and kinematics of possible fiber matrix reactions and service temperatures to which the composites are 
subjected. A short overview of some of the methods used to fabricate aluminum matrix composites (AMCs) are 
discussed below. [6]  
 
3.1 Solid state processing  
Incorporation of reinforcing fibres in the metal matrix by solid state bonding is achieved through diffusion 
bonding at high pressures and elevated temperatures. However, the degree of diffusion must be limited or 
unwanted brittle phases may be grown at the interfaces. One means of limiting the diffusion time is by extrusion 
of a sandwich of fibres and matrix through a die. Hot rolling may also be used but, in this case, the deformation 
of the matrix must be limited to minimize the displacement of the reinforcing fibres to avoid damage. Elevated 
temperatures are used to facilitate matrix flow but care must be taken to avoid excessive heating that would 
promote chemical attack of the fibres. A disadvantage of this process is the need for very clean surfaces before 
bonding is attempted. This usually requires precleaning of the constituent materials and operation in a vacuum. 
B/Al and Borsic/Al composites are consolidated using this method. [5]  
 
3.2 Liquid state processing  
In attempting to bond the metal matrix to the fibres, it is desirable to have the liquid from the matrix flow into 
the interstices of the fibre tows to provide complete coating of the fibres. Such a process, utilizing a dip bath, 
can facilitate production considerably and is currently used by the industry to produce wire pre-forms. The 
disparity between the need to wet the fibres and the avoidance of excessive chemical reaction between the fibre 
and the matrix necessitates the pre-treatment of fibres by coating them with a compound of titanium dibromide. 
The coated fibres are then drawn through a bath of molten aluminum in a continuous process. Liquid infiltration 
of molten aluminum into the fibre tow provides a means of separating the fibres as well as providing a bonding 
interface between matrix and fibre. Fibre coating such as titanium dibromide aid wetting as well as protecting 
the fibre from chemical attack at elevated temperatures. [5] 
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3.3 Powder metallurgy  
Powder Metallurgy involves the blending of rapidly solidified powders with particulates, platelets or whiskers, 
through a series of steps. The sequence of steps includes:  

1. Sieving of rapidly solidified particles  
2. Blending of the particles with the reinforcement phase(s)  
3. Compressing the reinforcement and the matrix mixture to about 75 percent density  
4. Degassing and final consolidation by extrusion, forging, rolling or any other hot working method.  
 

3.4 Physical vapour processing (PVD)  
This type of processing represents a range of methods including electron beam evaporation}, Magnetron 
sputtering and electro-deposition methods where composites are fabricated by deposition of successive layers of 
matrix being deposited on fibre reinforcements. Physical Vapor Deposition (PVD) techniques involve much less 
heating of the fibres than liquid infiltration. The surface temperatures are typically maintained below 200 C. 
This technique is widely used to produce Gr/Al composites. [5]  
 
3.5 Direct processing/spray deposition  
In this method, finely divided molten droplets allowed to impinge on a substance before they completely 
solidify allowing direct formation of near net shapes rather than having to go through the intermediate steps of 
P/M. One such commercial process is the Ospery Process. Though this process does not exhibit solidification 
rates as high as the rapid solidification, it offers two advantages: direct production of performs shapes and direct 
inclusion of reinforcing materials into the parent matrix ("Co-spray deposition"). Billet and disk performs are 
being evaluated using materials such as aluminum -matrix composites (AMCs) and super alloys. Direct 
production/Spray deposition allows effective use of material and elimination of various processing steps. [12]  
 
3.6 Two -step stir casting technique 
Take Aluminium alloy as matrix material and is reinforced by 5% SiC.  Aluminium alloy was obtained in as 
such condition and EDS spectra and quantitative analysis shows predominantly zinc element (28%) other 
element being Fe. The manufacturing of composite was following gravity casting. All the melting was carried 
out in a clay-graphite crucible in a resistance furnace Scraps of alloy were preheated at 450 degree Centigrade 
for 3 to 4 hours before melting and before mixing the SiC particles were preheated at 1100 degree Centigrade 
for 1 to 3 hours to make their surfaces oxidized. 
 
The furnace temperature was first raised above the liquidus to melt the alloy scraps completely and was then 
cooled down just below the liquidus to keep the slurry in a semi-solid state . At this stage the preheated SiC 
particles were added and mixed manually .Manual mixing was used because it was very difficult to mix using 
automatic device when the alloy was in a semi-solid state. After sufficient manual mixing was done ,the 
composite slurry was reheated to a fully liquid state and then automatic mechanical mixing was carried out for 
about 20 minutes at an average stirring rate of 150-200rpm.In the final mixing processes, the furnace 
temperature was controlled within 730 ± 10 degree Centigrade. A mould in the form of cuboids is prepared. The 
preheating temp. of mould was either 50  
degree Centigrade for fast cooling and 350 degree Centigrade for slow cooling. 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

Figure 1. Schematic diagram of setup for fabrication of Composite 
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4.0 Testing Methods  
 
4.1 Non-destructive evaluation (NDE)  
An essential aspect of cost effective manufacture is reliable quality control. This is of particular importance with 
composite materials where consistent quality is essential in maximizing benefits. MMCs are becoming 
commercially viable engineering materials, but the application of state-of-the-art composites is often limited by 
the lack of reliable material qualification techniques. Specifically, MMCs provide a significant challenge for 
conventional non-destructive evaluation methods because of their complex micro structural characteristics. A 
particularly important aspect of NDE for MMCs involves material fabrication and the option for process 
interactive control. Because of the large number of processing parameters associated with the fabrication of 
MMCs, the possibility for detrimental discontinuities is high. In-process NDE can be a useful, cost-effective 
means of reducing those discontinuities. The NDE technique is studied for the system silicon carbide particulate 
-reinforced aluminum fabricated by P/M. [10]. 
 
4.2 Ultrasonic tests  
Ultrasonic tests of the consolidated MMC billet were performed in an immersion tank equipped with an 
automated X-Y-Z transducer positioner and a rotating turn-table. A personal computer (PC) based data 
acquisition system was utilized throughout the experiments. Signal amplitude and time-of-flight data were 
recorded for both data processing and display. Ultrasonic methods are used to identify SiC clusters in large 
scale. They can also be used to determine the anisotropic stiffness constants of composite extrusions.  
 
4.3 Eddy current tests  
Eddy current tests were conducted on the circumferential surface of the bottom section of the billet. A PC-based 
data acquisition system was used. The eddy current instrument was used as the frequency generator and 
impedance detector, and the output was digitized by a converter installed in the PC system. The eddy current 
measurements are effective in direct measuring and mapping the near surface consolidation density. The various 
measurements are graphically represented below.  
Finally, multiple NDE techniques are required to assess micro structural features important to the quality and 
long term serviceability of MMCs. With further development, NDE techniques can be incorporated into specific 
fabrication processes to provide on-line, closed loop control of manufacturing.  
 
5.0 Conclusion 
MMCs present some unique challenges for designers and materials engineers in the aerospace industry. From 
the materials stand point; they require an understanding of the interaction of two chemically different materials 
under extreme processing and operating conditions. From the design stand point, they require reconsideration in 
terms of component design, fabrication, and quality assurance in order to obtain the most benefits from these 
materials.  
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Abstract 
The composite materials are being developed to replace conventional materials for competitive reasons such as 
high specific strength, higher fracture toughness, good resistance to heat, cold and moisture, ease of 
fabrication, etc. But the mechanical properties of composite materials may suffer when the material is exposed 
to high humidity environments as well as low and high temperature. Therefore, in order to utilize the full 
potential of composite materials, their performance at low and high temperature must be known. The objective 
of this investigation was to evaluate the changes in the ultimate tensile strengths of composite materials exposed 
to different temperatures. The hybrid composite laminated specimens were fabricated from stainless steel and 
nylon bidirectional mesh as reinforcements and polyester as the matrix with suitable catalyst and accelerator 
according to ASTM standards. The results of the investigations revealed that there will be tensile strength 
degradation due to change in working temperature. 
 
1.0 Introduction 
Fiber reinforced polymer composites have steadily gained applications in the fields ranging from aerospace to 
piping to sports equipment. This appeal is due primarily to their high strength-to-weight ratio, tailorable 
mechanical properties and fatigue resistance. In order to improve the properties of existing composites, a newer 
trend is towards the development of Hybrid Composites. Generally Hybrid applies to advanced composites and 
refers to use of various combinations of fibers or particulate in either thermoset or thermoplastic matrices. 
Hybrids have unique feature that can be used to meet the diverse and competing design requirements in a more 
cost effective way than either advanced or conventional composites. 
 
In this regard the Coir/Glass Polyester hybrid composite was studied for the enhancement of properties by C. 
Pavithran et.al.[1]. Mohan and Kishore[2,3] have reported that in jute-glass hybrid composites, jute can be used 
as a reasonable core material. They evaluated flextural properties of jute-glass reinforced epoxy laminates 
fabricated from filament winding technique. Four different hybrid combinations were studied for different 
percentage of glass and the results compared with the jute reinforced plastic. They found substantial increase in 
flextural properties due to hybridization. Mishra et.al. [4] Studied the effect of glass fiber addition on tensile and 
flextural strength and izod impact strength of pineapple leaf fiber along with sisal fiber reinforced polyester 
composites.  
 
Polymer matrix composite materials are increasingly being used for low and high temperature applications. 
These applications do not have extreme temperature requirements, but still involve service temperatures well 
above the capabilities of typical epoxy matrices in current aerospace use.  Advanced polyimide matrices have 
been formulated for service at these temperatures, and composites employing these matrices are already in use 
in engine cowls, ducts, thrust reversers, and such. These composites have been identified as an enabling 
technology for advancements in turbine engines, hot aircraft structures, and high-speed aircraft structures. How-
ever, a critical problem preventing more widespread use of these materials is the aging and degradation of the 
matrix. Continuous exposure to high temperatures has been shown to cause mass loss, degradation of properties, 
shrinkage, and cracking. Our inability to quantify matrix degradation and its effect on composite properties and 
behavior is a limiting factor in the application of composite materials to these problems. 
 
Hence better understanding of the degradation of low and high temperature polymeric composite materials is 
essential. Obviously, degradation is a complex and coupled process: heat, moisture, and oxygen are transported 
into the material; the matrix material changes chemically; the changes in the matrix affect the behavior of the 
composite material at the ply and laminate level; and this behavior sometimes leads to cracking or other 
failures. Failures such as matrix cracks may in turn lead to greatly enhanced oxygen ingress, greater material 
changes, and more cracking—clearly a coupled, and potentially unstable, situation [5,6,7].  
 
Exposure to elevated temperature can result in degradation of mechanical properties, cracking, chalking and 
flaking of polymers. The first form of damage in laminated composite is usually matrix microcracks. These 
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micro cracks are transverse to the loading direction and are thus called transverse cracks. Matrix microcracks 
cause degradation in properties in composite laminates and also act as precursors to other forms of damage 
leading to laminate failure [8]. 
  
The present study involves the effect of hybridization of steel/nylon/ polyester hybrid composite and change in 
behavior of the bending strength due to elevated temperatures for different volume fractions in accordance with 
the ASTM standards. 

 
2.0 Materials 
The different materials selected for this study are Isopthalic Polyester Resin, steel and nylon meshes. Polyester 
Resin is used for a wide variety of industrial and consumer applications. Typical Polyester reinforced 
applications are boats, cars, shower stalls, building panels, and corrosion- resistant tanks and pipes. Polyester 
resin composites are cost effective because they require minimal setup costs and the physical properties can be 
tailored to specific applications. Another advantage of polyester resin composites is that they can be cured in a 
variety of ways without altering the physical properties of the finished part. Hence in the present investigation 
in order to make the composite material reduce in its weight, light weight reinforcement like nylon mesh which 
is freely available and steel mesh to improve the stiffness and strength were selected as reinforcements for 
hybridization along with Isopthalic Polyester as resin with suitable catalyst and accelerator.   

 
3.0 Specimen Preparation 
The symmetric bidirectional ply hybrid composite specimen was fabricated at room temperature under constant 
pressure in rectangular plate shape using hand lay-up method. The preparation of specimen includes selection of 
different volume fraction for ingredients in which the polyester matrix was 40% for all specimens, the 
percentage of steel was varied from 15-45% in steps 15% and the corresponding percentage of nylon was 
estimated. The bidirectional fiber orientation of 00/900 was maintained constant for all the test specimens in the 
study. The hybrid composite specimens were evaluated by bending tests according to the ASTM D790 
standards.  

 
4.0 Experimentation 
The bending test specimen prepared in accordance with ASTM standards were loaded on computer controlled 
Universal Testing Machine (Model-UTM/E-40). The specimens with bidirectional fiber orientation 00/900   for 
different volume fractions and temperatures were subjected to three point bending test conducted at room 
temperature. The weight of the samples before and after testing was recorded to find rate of temperature effect 
in the form of percentage of weight loss.  The tests were conducted at room temperature. The test ready tensile 
specimens were kept under 500 C and 700C for 2hours respectively before testing.   
 
 
 
 
 
 
 
 
 
 

                                                                                     
                                                 

Figure 1. Experimental Set-up of 3 Point Bending Test 
 
 
5.0 Results and Discussions 
The behavior of steel reinforced polyester hybrid composite specimen under bending loads for different 
temperatures can be studied by categorizing the analysis into the following sections: 
• Change in weight gain or loss due to change in working temperature. 
• Change in density due to change in working temperature. 
• Effect of working temperature on bending strength for 00/900 bidirectional fiber orientation. 
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5.1 Change in weight gain or loss due to change in working temperature. 
The hybrid composite specimens were prepared as per ASTM standards for tensile loading. The test ready 
specimens were exposed to high temperatures of 50°C and 70°C for a fixed duration of 2hours prior to the 
testing. As the polyester composites are quite temperature sensitive, the initial volume and weight of the 
specimens was recorded to study the effect of temperature. The change in weight due to change in working 
temperature is plotted in Figure 2. 
       
It is evident from the figure that, the temperature has significant effect on change in weight i.e. there is loss of 
weight at higher temperatures. This reduction in weight may be due to several reasons. One of the important 
reasons is that when they are exposed to higher temperatures the moisture start evaporating resulting in loss of 
weight. Also from the figure, it can be noticed that the trend of weight reduction is true for all volumes of steel 
percentage but the margin of reduction is different and it is due to the fact that moisture absorption is more in 
specimens with less steel percentage. Hence it can be seen that weight loss is higher in specimens with 15% 
steel content compared to 30% and 45% steel content specimens. 
 

 
 
 
 
 
 
 
 
 
 

 
 
 
 
 

 
Figure 2. Percentage of Weight Loss Due   To Change in Working Temperature 

 
5.2 Change in density due to change in working temperature 
From figure 3, it can be seen that the specimen have higher density when the percentage of steel content is 
higher because of the reason that the density of steel is comparatively more than that of nylon and polyester. 
The effect of working temperature on density is not that significant as change in temperature makes the 
specimen loose both its weight and volume. The density change is quite marginal or even it is negligible. But 
the specimen with higher steel content has shown a marginal increase in density. This marginal increase is 
mainly due to the fact that weight loss due to temperature is less in these specimens and at the same time the 
steel fibers swell microscopically due to change in temperature.   
                     

                               

FIG2 Change in Density v/s Temperature
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Figure 3: Change in Density Due To Change in Working Temperature 
 
5.3 Effect of working temperature and fiber percentage on bending strength  
The specimens prepared for the evaluation of bending strength were grouped into three categories, i.e., based on 
the temperature to which these specimens were exposed to before testing. The three different temperatures 
selected for the study were room temperature and elevated temperatures of 50 °C and 70°C. The room 
temperature cured specimens were subjected to elevated temperatures mentioned above for duration of 2hours 
before testing. The results of 3-point bending test were plotted as shown in Figure 3 to analyze the effect of 
temperature on the bending strength. From Figure 4, it is quite clear that the specimen in room temperature have 
superior bending strength when compared to the specimens 50°C and 70°C. The specimens at room temperature 
exhibit superior bending strength. This is mainly due to the reason that the specimens are cured at room 
temperature helps to keep the interface between the matrix and fiber intact. At the same time, the specimens at 
70°C withstand greater bending load compared to 50°C specimens. This increased in bending strength  at 70°C 
is due to that the polyester at 70°C starts gaining ductility and hence an increase in the strength. 
          
The influence of bending strength and steel fiber percentage is as shown in Figure 5. It can be seen from the 
figure that as steel fiber content increases, the bending strength will also increase. This is due to the reason that 
steel is the only material in the composite ingredients which has higher ductility, strength and durability.  
 

Fig 3 Bending Strength v/s Temperature for 00/900 
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Fig4 Bending Strength v/s Fiber Content for 00/900 

Orientation

0
50

100
150
200
250
300
350
400
450
500
550

0 10 20 30 40 50
Steel Fiber Content in percentage

B
en

di
ng

 S
tr

en
gt

h 
in

 
M

Pa

32deg 50deg 70deg
 

 
Figure 4. Variation of Bending Strength Due             Figure 5. Effect of Fiber Percentage on Bending                
                 To Change in Working Temperature.                          Strength 
6.0 Conclusions 
The results of the investigation, it can be concluded that the temperature has significant effect on change in 
weight loss  at elevated temperatures and the effect of working temperature on the change in density is 
marginal. The results of the investigation has revealed that the specimens at room temperature exhibit superior 
bending strength and it also strength increases with the increase in the percentage of steel content. . It can also 
be said that as the temperature is increased from 50°C to70°C, the bending strength increases due to gain of 
ductility. 
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Abstract 
The composite materials in the form of laminates are more popular in recent era as the laminates are having 
good finish and aesthetic look out to replace conventional materials. The present work involves experimental 
work towards the formation of composite laminated beam from Acrylic and Poly propylene using Epoxy as 
binder between both the materials. The characteristics of cantilever beam for its deflection was observed for 
laminated beam under varying load at free end keeping another end fixed. The FEM analysis was carried out of 
the same problem with maintaining same boundary condition in the environment of FEM package ANSYS. The 
simulated results obtained by available specific element which can configure the properties of lamina, their 
sequence and properties with orientation. The results obtained by experiments and simulation are quiet logical 
and in tune with each other 
 
KeyWords: Acrylic, Poly propylene, Composite, FEM 
 
1.0 Introduction 
A Composite material is combination of materials differing in composition or form on a macroscope for the 
purpose of obtaining specific characteristics and properties. The constituents retains their identity such that they 
can be physically identified and they exhibit an interface between one another. Not only monolithic materials 
but almost any composite materials can be used as a layer to form a composite laminate. The use of plastic 
laminate bonded to other materials is a solution to many material problems. The use of multifunctional laminate 
is very effective for insulating system. The use of layers of graphite, asbestos reinforced phenolic laminates are 
extremely useful for wall of large missile [ 1] 
 
Composite structures are more likely to be in the form of laminates consisting of multiple laminas, or plies, 
oriented in the desired direction and bonded together in a structural unit. The virtually limitless combination of 
ply materials, ply orientation and ply stacking sequences offered by laminated construction considerable 
enhance the design flexibility in composite structure . Due to large no of availibity of fiber, matrix and endless 
variety of laminates configuration use of computer software exists [2]. The use of orthotropic transformation 
equation can give variation in properties for orientation angle of reinforcing fiber. The information so obtained 
is normally used together with lamination theory or finite element method [3]. The prediction of properties of 
composite using 1D FEM approach has been reported in the literature with different assumption pertaining to 
assigning the properties to the elements.    [4] The use of equivalent properties can also be done to assume 
isotropy for composite material  [5] The properties of composite can be derived using laminated plate approach 
[6]  
 
2.0 Experimental 
The present work considers the selection of two thermoplastics Acrylic and Polypropylene as a constituent 
lamina to form laminate specimen. Both the materials are obtained from commercially available sheet. 

 
2.1 Tensile test of lamina materials 
To observe the tensile characteristics of each lamina the specimens of Acrylic, Polypropylene and Composite 
strip with binder (“Epoxy” Commercially available Araldite) are prepared. The thickness of binder was 
observed of the order of 0.6 to 0.7 mm. All the three specimens were tested for tensile testing. The testing was 
carried out to measure load and displacement on Tensometer of Make: Kudale having minimum load measuring 
capacity as 1 Kg and displacement measuring capacity of 0.1mm.  

 
2.2 Specimen preparation 
The strips of Acrylic and Polypropylene were cut of width 25 mm and length 300 mm from the sheet of 
thickness 3 mm. The laminate was prepared by sticking 3 layers of Acrylic and 2 layer of Polypropylene. The 
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thickness of binder “Epoxy” was observed to be of the order of 0.6 to 0.7 mm. It is important to note here that 
all the strips bonded together were pressed using dead weight of 25 Kg for their curing of 24 hours at room 
temperature. 

 
2.3 Experimental set up 
To measure the deflection of laminated cantilever beam a simple setup is fabricated. The setup is made of “L” 
shape frame from C channel of 100x100x6 mm of length 600 mm. The mechanical clamping system was 
employed to clamp the laminate specimen from one side to fix the one end. On the frame reference flat with slot 
was welded to measure relative deflection at different location from fix end to the free end of laminated beam. 
The slot in the reference flat was kept to insert the measuring aid for deflection measurement. The deflection 
was measured using digital vernier of make: Mitutoyo of L.C. 0.01mm. The prepared laminates were subjected 
to dead weight loading of 1 kg, 1.5 kg, 2kg and 3 kg at a distance of 20 mm from free end while 20 mm length 
of laminated beam was fixed in to the clamping unit of setup to observe the condition of cantilever beam. The 
Figure.1 shows schematic diagram of experimental setup. 
 

 
Reference

Laminate 

Clamp 
Frame 

                    
                                                                            Figure 1 

 
 
 
3.0 Simulation Methodology 
To simulate deformation of laminated cantilever beam ANSYS FEM package is used. ANSYS package contains 
library of various elements and layered element is selected to solve the present problem of composite laminate. 
The present work consists of all the three layers of isotropic materials. The properties of Acrylic, Polypropylene 
and Epoxy considered for the analysis is as: 
Acrylic: 
Young’s Modulus: 3.2 GPa 
Density: 1200 Kg/m3  
Polypropylene: 
Young’s Modulus: 2.1 GPa 
Density: 910 Kg/m3  
 
Epoxy: 
Young’s Modulus: 6.3 GPa 
Density: 1400 Kg/m3  
Poisson’s ratio: 0.3 
 
In order to solve the problem the condition of perfect bonding between the materials is maintained by 
incorporating the layer of “Epoxy” between the layers of Acrylic and Polypropylene. Thus total nine layers are 
used to make a composite lamina of 3 layers Acrylic and 2 layers of polypropylene. The display of all layers 
stacking sequence can also be viewed by layplot. P method is opted for solution to get highly accurate results. 
The boundary conditions of restricting all degree of freedom of nodes at one end gripped in clamp and down 
word load force as applied load at other end were employed. The solutions were carried out to observe 
displacement in downward direction.  
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4. Results and Discussion 
 
4.1 Tensile characteristics of material  
Tensile characteristics of Acrylic, Polypropylene and Composite strip of Acrylic- Polypropylene bonded with 
“Epoxy” are depicted in Fig. 2 The max load for Acrylic, Polypropylene and Composite strip is observed as 36, 
136 and 75 Kg respectively. While max displacement for Acrylic Polypropylene and Composite strip is 
observed as 5.7, 96.9 and 7.8 mm and respectively 

 
 

 
 

Figure 2 
 

4.2 Deflection of laminated beam 
The experimental and simulated results of deflection due to bending of laminated beam under loading of 1 kg 
are shown in Fig 3. While the results of 1.5 kg, 2 kg and 3 kg loading are shown in Fig 4, Fig 5 and Fig 6 
respectively. The range of deflection observed for 1 kg loading is 0.06 to 3.31mm from experiments and 0.032 
to 3.575 mm from simulation. The range of deflection observed for 1.5 kg loading is 0.3 to 4.8mm from 
experiments and 0.049 to 5.36 mm from simulation. The range of deflection observed for 2 kg loading is 0.17 to 
6.41mm from experiments and 0.0655 to 7.15 mm from simulation. The range of deflection observed for 3 kg 
loading is 0.28 to 10.53 mm from experiments and 0.09 to 10.76 mm from simulation. The pattern of simulated 
deflection is quite logical and a very narrow closeness is obtained with the experimental results. 
 
 
 

 

 
                           

Figure. 3                                                                                       Figure. 4 
 
 
 
 
 
 
 
 



Proceedings of National Conference On  
Trends and Advances in Mechanical Engineering, 

YMCA Institute Of Engineering, Haryana., Dec9-10,2006, 
 

 489

 
 

          
                                  
                                Figure.5                                                                                  Figure.6                                                                    
 
 
4.3 Deviation of simulated results 
The deviation of simulated results using ANSYS with reference to experimental results is shown in Fig 7. The 
average deviation observed for 1 kg, 1.5 kg, 2kg and 3 kg loading are as    respectively. However the deviation 
obtained may be due to little experimental deficiency for maintaining perfect bonding condition and variation of 
procured commercially available material. 
 
 
 
 
 

 
 

Figure. 7                                                                                        
 
5.0 Conclusion 
The combination of materials selected is Acrylic and Polypropylene is having variation in their ductile 
properties. The failure strain of PP is high as compare to Acrylic which tremendously affects the composite 
lamina characteristics. The deflection pattern from fix end to free end is quiet logical with theoretical belief. The 
average deviation observed for simulated results using ANSYS is  -9.97 %, -15.96%, -7.02% and -13.26% for 1 
kg, 1.5 kg, 2 Kg and 3 kg loading respectively as compare to experimental results. The average deviation 
observed for experimental results of ANSYS is -11.55 % as compare to simulated results. It is important to note 
the result pattern that towards fix end experimental results give more deflection as compare to simulated results 
due to the more bonding effect at clamping end in addition to actual binding which is also a over all 
characteristics. However at the free end little reverse case is observed may be due to debonding of layer or 
ineffectiveness in bonding over a certain span of laminated beam. 
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Abstract 
Engineering is the profession involved in designing, manufacturing, constructing and maintaining systems, 
structures and products. At the highest level there are two types of engineering namely Forward Engineering 
and Reverse Engineering. The process of duplicating an existing component, subassembly or product without 
the aid of drawings, documentation or computer model is known as Reverse Engineering. In its simplest form it 
can be described as the Discovery or Obvious. Growing global competition requires 
manufacturers to deliver more competitive products with better quality and lower prices. One of the most 
important challenging tasks faced by manufacturing industry is to provide low cost solution which substantially 
reduces the product development time. The traditional methods for making pattern and moulds with complex 
surfaces are inefficient and error-prone. This limitation brings the use of reverse engineering in the 
manufacturing industries. Also in India where less attention is provided to the direct 
government support in terms of technological solution it is vital to develop low cost technology. India has over 
800 Indian toys and games manufacturers, exporters and suppliers. The Indian toy industry today faces stiff 
competition from toy manufacturers in china due to the unorganized efforts and lake of technical knowledge. 
Keeping these facts in a mind present paper attempt to develop low cost in house co-ordinate 
measuring setup for reverse engineering for toy car die making. 
 
KeyWords: Forward engineering, Reverse engineering, 
 
1.0 Introduction 
Advances in CAD/CAM related technologies have helped to reduce product introduction costs & lead times. In 
many practical situations an existing physical part often needs to be reproduced without its engineering 
drawings. The process of reconstructing an existing part without detailed drawings is called reverse engineering 
(RE).It provides a powerful tool for creating or modifying CAD models from the scanned point data of a part. In 
particular, under following circumstances RE technology is crucial, [1-3]. 
- CAD systems were not applied in the original design. 
- Original CAD models are unavailable & must be reproduced. 
- Existing parts are modified owing to manufacturing limits or design change. 
- Documentation on the original design would not be enough to support further modification. 
- A worn or broken part that is no longer available from the original supplier must be replaced by new one. 
 
In the above mentioned situation, the engineer must employ a 3D scanner to measure a given physical part first, 
then reconstruct the CAD model of the part from the resulting scanned data, and finally, manufacture a replica 
of the original part using the CAD model. Growing global competition requires manufactures to deliver more 
competitive products with better quality & lower prices. One of the most important challenging tasks faced by 
manufacturing industry is substantial reduction of product development time. The traditional methods for 
making pattern and moulds with complex surfaces are inefficient & error-prone. This limitation brings the use of 
reverse engineering in the manufacturing industries. In the present work an attempt has been made to develop 
low cost in house coordinate measuring set-up for reverse engineering of toy car. Although, this work is focused 
on the die making of toy car using RE, but same methodology can be successfully adopted for other geometrical 
parts.  
 
Reverse engineering of mechanical parts involves acquiring three-dimensional position data in the point cloud 
using co-ordinate measuring m/c or 3D-scanners. CMMs are mechanical systems designed to move a measuring 
probe to determine co-ordinates of points on a work piece surface. In the present work small scale co-ordinate 
measuring set up is fabricated. And the point cloud is capture with the help of this setup, which is the transferred 
to the I-DEAS solid modeling package. Details regarding to the Experimental setup & methodology is described 
in the following section. 
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2. Methodology 
 
2.1 Fabrication of mechanical small scale co-ordinate measuring setup 
As described earlier present study is focused on the toy car model, dimensions required to be in X, Y and Z are 
of 158, 74, 50 mm respectively. Dimensions in all three axis were essentials to get coordinate in 3-D to prepare 
a point cloud of car model for toy car. For that mechanical small scale coordinate measuring setup is prepared 
with X, Y, & Z ranges as 200mm, 100mm & 50mm respectively. The CMS prepared is basically a vertical 
CMM type setup, in which movement along X & Y directions are controlled with the help of screw. The setup 
consists of two parallel screws, screw-B and screw-A for movement along X direction and one screw for 
movement along Y direction respectively. For the Z direction measurement digital depth gauge with accuracy of 
0.01mm is used. By rotating screw-B will advance the cross rail an amount equal to pitch of the screw-B. 
Similarly rotating screw-A will advance the dial gauge fixture an amount equal to the pitch of the screw-A. 
Besides these the entire setup is consists of chain & sprocket mechanism for providing equal feed to both end of 
sliding mechanism in y direction, special attachment for holding the digital depth gauge in vertical plane, 
locating pins for restricting the movement of the toy car model. Photographic view of the assembly of the 
fabricated set-up is shown in the Figure.1. 
 
2.2 Experiments on co-ordinates measurement 
To carry out co-ordinate measurement process, with the car model the reference position was selected, taking x 
direction as length, y direction as width & z direction as height. The reference plane along x direction : 158, 
along y-direction : 74 was taken & the height of the model was measured in the XY plane for difference value of 
Z. Total 11692 readings co-ordinate point were obtained & then they were transported to Microsoft excel to 
prepare the data-sheet. These readings were then transferred to I-deas solid modeling package for surface 
development.  

 
 
 

Figure.1 Co-ordinate Measuring Setup 
 

2.3 Creating 2-d curves from point cloud 
To create the 2D curves the Functional Spline command is used. Function Spline can be used to create, modify 
or delete splines with functions. It can create splines using data tables. That is quite suitable for the present case. 
This command defines a function from a set of data points. Points can either be added or picked from the exiting 
geometry. Points captured previously and stored in the Excel files are transferred manually in to the data table. 
After entering the points, curves are seen as shown in the following Figure.2. 
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Figure.2 Curves representing co-ordinate points of the toy car model 

 
 
 

3.0 Creating 3-D Model from Point Cloud 
After that all the curves were closed using the 3D lines option. And then using a loft command all the closed 
curves were transfer to close surface. After the execution of the loft command the model takes the shape as 
shown in the following Figure.3 
 
4.0 Creating a Die Halves from 3-D Cad Model for Toy Car 
Once the real model of the toy car is captured as solid model with the help of the I-deas solid modeling package, 
Next step is to prepare the die halve for the same. For that rectangular is created which confines the entire solid 
models of the car by using extrude command. Extrude command projects wire-frame along a vector at a distance 
define by the user, after that entire model is cut in to two pieces as shown in the Figure.-4, 5.  Theses two pieces 
are then used to produce two halves of the dies as shown in the Figure.-6, 7. Finally both the 3D models of the 
dies are converted into IGES (Initial Graphics Exchange Specification) file by exporting in IGES format. This is 
done with ideas data translator. The 3D IGES data translator transfers part definitions, portions of part 
definitions, and assemblies to and from I-deas 
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Figure.3 Surface representing co-ordinate points of the toy car model 
 

 
 

Figure.4 Upper half of the toy car model 
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Figure.5 Lower half of the toy car model 
 

 
 

Figure.6 Upper half of the die for toy car model 
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Figure.7  Lower half of the die for toy car model. 
 

5.0 Conclusion 
The present work described the use of reverse engineering technology for the die making of the toy car. For that 
co-ordinate measuring setup is fabricated whose measuring accuracy is 1mm in translation along X& Y axis, 
while in Z axis it is measured in 0.01mm using digital depth gauge. Reverse engineering tool is powerful tool to 
replicate the object with highest accuracy as of measuring equipment with the help of CAD/CAM package. 
Even though the present work is confined with the toy car but it can be established for other geometry too. 
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Abstract 
Combining high specific strength with good corrosion resistance, metal matrix composites (MMCs) are 
materials that are attractive for a large range of engineering applications. Given the factors of reinforcement 
type, form, and quantity, which can be varied, in addition to matrix characteristics, the composites have a huge 
potential for being tailored for particular applications. One factor that, to date, has restricted the widespread 
use of MMCs has been their relatively high cost. This is mostly related to the expensive processing techniques 
used currently to produce high quality composites. In this paper, the relatively low cost stir casting technique is 
evaluated for use in the production of silicon carbide/aluminium MMCs & then followed impact strength & 
hardness of the  of the MMC’s produced using different weight % SiC. 
 

1.0 Definition of composite material 
“Composite materials form a material system composed of a mixture or a combination of two or more 
macroconstituents that differ in form and chemical composition and are insoluble in each other.” 
“Composite materials are macroscopic combinations of two or more distinct materials having a discrete and 
recognisable interface separating them.” 
 

2.0 Constituents of composite materials  
a) Matrix 
b) Reinforcements 
c) Filler materials  
 
2.1 Metal matrix composites (MMC) 
Metal matrix composite (MMC) is engineered combination of the metal (Matrix) and hard particle/ceramic 
(Reinforcement) to get tailored properties. MMCs are either in use or prototyping for the space shuttle, 
commercial airliners, electronic substrates, bicycles, automobiles, golf clubs, and a variety of other applications. 
While the vast majorities are aluminum matrix composites, a growing number of applications require the matrix 
properties of super alloys, titanium, copper, magnesium, or iron. 
Like all composites, aluminum-matrix composites are not a single material but a family of materials whose 
stiffness, strength, density, thermal and electrical properties can be tailored. The matrix alloy, reinforcement 
material, volume and shape of the reinforcement, location of the reinforcement and fabrication method can all 
be varied to achieve required properties. Regardless of the variations, however, aluminum composites offer the 
advantage of low cost over most other MMCs. In addition, they offer excellent thermal conductivity, high shear 
strength, excellent abrasion resistance, high-temperature operation, inflammability, minimal attack by fuels and 
solvents and the ability to be formed and treated on conventional equipment. 
 

Table 1 Comparison between Different processes of fabrication of MMC’s. 
Method Range of shape & 

size 
Metal yield Range of vol. 

fraction 
Damage to 

reinforcement 
Cost 

Liquid 
metallurgy 

Wide range of 
shapes; larger size 
upto 500kg 

Very high > 90% Upto 0.3 No damage Least expensive 

Squeeze casting Limited by 
perform shape; 
upto 2cm height 

Low  Upto 0.45 Severe damage Moderately 
expensive 

Powder 
metallurgy 

Wide range; 
restricted size 

high  Reinforcement 
fracture 

Expensive  

Spray casting Limited shape; 
large size 

medium 0.3-0.7 -- Expensive 
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Table 2: Comparison between Properties of Al & SiC 
 

PROPERTY ALUMINIUM SiC 
Purity 98.4% C.P        ------- 
Melting Point 660.2 oC 2730 oC 
Density 2.68 g/cm3 3.1 g/cm3 
Color  Silvery white Greyish Black 
Poisson’s Ratio 0.34 0.14 
Yield Strength 70 GPa 400 GPa 
Hardness  28.5 BHN 2800 BHN 
Impact Strength (Charpy) 10.3 N-m      ------ 
Young’s modulus 70 GPa 400 GPa 
Thermal Conductivity 152.0 W/mK 83.6 W/mK 
Size 2"x1.5"x2" Cuboids 320 grit 

 
3.0 Experimental 
Design of Stirrer  
35 % of  molten metal should be below the stirrer & 65% should be above the stirrer [ S. Ray] as shown in 
figure. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1: Schematic view of stirrer in furnace 
D/T = 0.6    C/T = 0.8 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
      Figure 2: Schematic view of stirrer         Figure 3: Pictorial view of stirring system 

arrangement 
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3.1 Fabrication of Al-SiC MMC 
First of all stirring system has been developed as per design considerations given by Ray [1]. All the melting 
was carried out in a graphite crucible in an oil-fired furnace. Scraps of aluminium were preheated at 4500C for 3 
to 4 hours before melting and mixing the Si particles were preheated at 11000C for 1 to 3 hours to make their 
surfaces oxidized. 
The furnace temperature was first raised above the liquidus to melt the alloy scraps completely and was then 
cooled down just below the liquidus to keep the slurry in a semi-solid state. At this stage the preheated SiC 
particles were added and mixed manually. Manual mixing was used because it was very difficult to mix using 
automatic device when the alloy was in a semi-solid state.  
After sufficient manual mixing was done, the composite slurry was reheated to a fully liquid state and then 
automatic mechanical mixing was carried out for about 10 minutes at a normal stirring rate of 600 rpm[2]. 
In the final mixing process, the furnace temperature was controlled within 730 ± 100C. Pouring of the composite 
slurry has been carried out in the sand mould prepared according to the specifications for hardness & impact test 
specimens [3]. 
 
4.0 Test Methods 
The testing techniques for mechanical properties of the resultant MMC has been given as 
following [4, 5, and 6]:  
 
4.1 Impact test 
Toughness of a material was measured by means of impact test, where a notch bar prepared as per standard from 
the test material, was held in a vice and a weight has been allowed to swung from a known height in such a way 
that it hits the notch bar in its way and breaks it.  Since the material has absorbed some amount of energy during 
its fracture, the swinging mass loses part of its energy and therefore has not been able to reach the same height 
from where it started.  The loss in height multiplied by the weight represents the energy absorbed by the 
specimen during fracture, which can be directly measured from the indicator on the tester. Impact test was 
carried out on a standard charpy impact-testing machine. It measures the impact strength and was expressed in 
N-m.  
 
4.2 Hardness test 
Hardness is the resistance offered by a material to indentation.  It can generally be measured by the indentation 
made by the harder material. The indentation made depends on the applied load, the sharpness of the indenter 
and the time for which the applied load has been maintained. These usually involved a ball, a cone or a pyramid 
of a harder material, which was indented into the material under test with a specified load. The permanent 
indentation thus made was measured to give an indentation of the hardness on the given scale for the tests. The 
hardness was measured on brinell hardness testing machine using a 5 mm steel ball indenter and 250 N load was 
applied for 30 seconds. The diameter of impression has been measured with the help of brinnel microscope. The 
BHN was calculated from standard formula. The averages of four readings have been reported in the results. 
  
BHN   =      2F   

   Π D (D – √D2 –d2 ) 
Where  F is the load applied in Newton’s. 

D is the diameter of indenter in mm. 
d is the diameter of impression in mm 

 
5.0 Results 
Experiments have been conducted by varying weight fraction of SiC (5%, 10%, 15%, 20%, 25%, and 30%). 
Hardness and impact strength were recorded and tabulated. Hardness test has been conducted on each specimen 
using a load of 250 N and a steel ball of diameter 5 mm as indenter. Diameter of impression made by indenter 
has been predicted by Brinnel microscope. The corresponding values of hardness (BHN) were calculated from 
the standard formula and were shown in table 3. 
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Table 3: Details of hardness test 
 

Material Hardness 
(BHN) 

Al (98.4% C.P) 28.5 
Al+5% SiC 40.2 
Al+10% SiC 41.1 
Al+15% SiC 43.7 
Al+20% SiC 44.4 
Al+25% SiC 45.5 
Al+30% SiC 41.9 

 
The results as indicated in figures 5 and 6 shows the increasing trend of hardness and impact strength with 
increase in weight percentage of SiC up to 25% weight fraction. Beyond this weight fraction the hardness trend 
started decreasing as SiC particles interact with each other leading to clustering of particles and consequently 
settling down. Eventually the density of SiC particles in the melt started decreasing thereby lowering the 
hardness. 
The best value of hardness and toughness comes out to be of sample containing 25% SiC i.e. 45.5 BHN 
(Hardness) and 36 N-m (Impact Strength) 
 
 

 
 

        Figure 4: Comparative bar chart (Hardness)          Figure 5 : Comparative bar chart (Impact Strength) 
 
 
 
6.0 Discussions 
In the present study, the breaking of particle– surface gas layers has been emphasized.  When the gas layers 
were broken and the particles have been wetted, the particles will tend to sink to the bottom (due to higher 
specific weight) rather than float to the surface. However, this does not ensure a uniform particle distribution.   
To improve the particle distribution, the second mixing step is needed, i.e., to heat the slurry to a temperature 
above the liquidus and then to stir the melts using an automatic device for 10 minutes at 300 rpm..  
As observed from figure 4 & 5, the hardness & impact strength  value increases up to 25% weight fraction of 
SiC and beyond this weight fraction the hardness & impact stregth trend started decreasing. The hardness  value 
increases due to local increase in particle concentration associated with indentation up to 25% weight fraction of 
SiC. Beyond this weight fraction the hardness trend started decreasing as SiC particles interact with each other 
leading to clustering of particles and consequently settling down. Eventually the density of SiC particles started 
decreasing locally thereby lowering the hardness. 
 
7.0 Conclusions 
The experimental study reveals following conclusions: 
• The results of study suggest that with increase in composition of SiC, an increase in hardness, impact 

strength and normalized displacement have been observed. The best results has been obtained at 25% 

weight fraction of 320 grit size SiC particles. Maximum Hardness = 45.5 BHN & Maximum Impact 
Strength = 36 N-m using stir casting technique. 
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• The results obtained were in agreement with the experimental observations made by other investigators.  
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Abstract 
In this paper, Mathematical model was developed for predicting the Linear Cutting Speed for Smooth Surface, 
Linear Cutting Speed for Rough Surface and Cutting Power for stainless steel by Abrasive water jet machining. 
The development of such mathematical model requires detailed planning and proper analysis of experiments. In 
this paper, the mathematical models were developed based on the design and analysis of machining 
experiments. 
 
1.0 Introduction 
An abrasive water jet is a jet of water which contains abrasive material. Usually the water exits a nozzle at a 
high speed and the abrasive material is injected into the jet stream. However a high speed jet of a pre mixture of 
the abrasive and the water would also be defined as an abrasive water jet. The purpose of the abrasive water jet 
is to perform some machining or finishing operation such as cutting, boring, turning, etc. 
 
The use of the abrasive water jet for machining purposes is based on the principle of erosion of the material 
upon which the jet hits [1]. Each of the two components of the jet, i.e. the water and the abrasive material has 
both a separate purpose and a supportive purpose. It is the primary purpose of the abrasive material within the 
jet stream to provide the erosive forces [2]. It is the primary purpose of the jet to deliver the Abrasive material to 
the work piece for the purpose of erosion. However the jet also accelerates the abrasive material to a speed such 
that the impact and change in momentum of the abrasive material can perform its function [3]. In addition it is 
an additional purpose of the water to carry both the abrasive material and the eroded material clear of the work 
area so that additional processing can be performed.  
 
2.0 Design of Experiments 
The experiment was performed on Abrasive Water jet machine. The abrasive used aluminium oxide (Al2O3) [2]. 
The work piece material was stainless steel. 

 
The mathematical modeling of Linear Cutting Speed for Smooth Surface, Linear Cutting Speed for Rough 
Surface , Cutting Power models for a particular work material involved the factors, such as   Thickness, 
Pressure, Abrasive Flow, Orifice Diameter, Mixing tube diameter, etc. However, to facilitate the experimental 
data collection, only five dominant factors were considered in the planning of the experiment. The experimental 
program was planned for machining parameters and ranges of cutting parameters are shown in Table 1. Based 
on this setting, 504 experiments were carried out. The responses of Linear Cutting Speed for Smooth Surface, 
Linear Cutting Speed for Rough Surface and Cutting Power were measured for all the experiments. 

 
Table: 1 

 
Parameters Ranges 
Thickness 1-100mm 
Pressure 1500-4000bar 
Abrasive Flow 0.125-1kg/min. 
Orifice Diameter 0.15-0.4mm 
Mixing tube diameter 0.254-1.524mm 
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3.0 Mathematical Model for Cutting Speed and Power Equations 
The purpose of developing the mathematical models relating the machining responses and their machining 
factors was to facilitate the machining process. Using these mathematical models, the objective function and 
process constraints were formulated and using regression analysis for solving the problem [4]. 
 
 
The mathematical models commonly used are represented as: 

( ), , , ,Y T P AF OD MTφ=        (1) 
Where Y is the machining response, Ø is the response function and T, P, AF, OD, MT are machining variables. 
Expressed in the non-linear form, equation 1 becomes 

1 2 3 4n n n n nY kT P AF OD MT=        (2) 
The mathematical model used for Linear Cutting Speed for Smooth Surface, Linear Cutting Speed for Rough 
Surface and Cutting Power equations [5]. To facilitate the determination of the constant and parameters, 
performing a logarithm transformation linearized the mathematical model [6]. The logarithmic transformed 
mathematical model is given as: 
 1 2 3 4log log log log log log logY k n T n P n AF n OD n MT= + + + + +  (3) 
 
4.0 Experimental Results and Analysis 
The experimental results are used for the development of the mathematical model, the data for the machining 
responses and factors were logarithmically transformed. Using these sets of data, the parameters for the 
mathematical models were determined using the multiple regression method and the significance of the models 
and the parameters were analyzed using analysis of variance. In this work, statistical analysis software was used 
for the computation of regression and statistical analysis of the constants and parameter.  
 
The Linear Cutting Speed for Smooth Surface model developed was given as: 

log 2.29860 1.1652 log 1.8392 log 0.4115log 1.627 0.6832CSS T P AF OD MT= − − + + + −   (4) 
 

1.8392 0.4115 1.627

1.1652 0.6832

2.29860P AF ODCSS
T MT

−
=      (5) 

The data of analysis of variance of Linear Cutting Speed for Smooth Surface model are shown in Table 2. 
 

Table 2 Analysis of variance for Linear Cutting Speed for Smooth Surface model 
 

n 504     
R2 0.9977     

Adjusted R2 0.9977     
SE 0.0464     

      
Term Coefficient SE p 95% CI of Coefficient 

Intercept -2.2986 0.0556 <0.0001 -2.4078 to -2.1894 
log T -1.1652 0.0028 <0.0001 -1.1708 to -1.1597 
log p 1.8392 0.0154 <0.0001 1.8090 to 1.8695 

log AF 0.4115 0.0081 <0.0001 0.3956 to 0.4274 
log OD 1.6270 0.0171 <0.0001 1.5933 to 1.6607 
log MT -0.6832 0.0084 <0.0001 -0.6997 to -0.6666 

      
Source of variation SSq DF MSq F p 
Due to regression 462.236 5 92.447 42923.83 <0.0001 
About regression 1.073 498 0.002   

Total 463.308 503    
 
The R-square value 0.9977 indicated that 99.77% of the variability in the Linear Cutting Speed for Smooth 
Surface was explained by the model with factors T, P, AF, OD and MT. Based on the mathematical model, it 
can be concluded that the Linear Cutting Speed for Smooth Surface affected with the dominant factor.  
The Linear Cutting Speed for Rough Surface model developed was given as: 

log 2.02800 1.1602log 1.8663log 0.3963log 1.588log 0.7301logCSR T P AF OD MT= − − + + + −  
(6) 



 504

 
1.8663 0.3963 1.588

1.1602 0.7301

2.02800P AF ODCSR
T MT

−
=      (7) 

The data of analysis of variance of Linear Cutting Speed for Rough Surface model are shown in Table 3. 
 

Table 3 Analysis of variance for Linear Cutting Speed for Rough Surface model 
 

n 504     
R2 0.9994     

Adjusted R2 0.9994     
SE 0.0244     

      
Term Coefficient SE p 95% CI of Coefficient 

Intercept -2.0280 0.0292 <0.0001 -2.0853 to -1.9706 
log T -1.1602 0.0015 <0.0001 -1.1631 to -1.1573 
log p 1.8663 0.0081 <0.0001 1.8504 to 1.8822 

log AF 0.3963 0.0043 <0.0001 0.3879 to 0.4046 
log OD 1.5881 0.0090 <0.0001 1.5704 to 1.6058 
log MT -0.7301 0.0044 <0.0001 -0.7388 to -0.7214 

      
Source of variation SSq DF MSq F p 
Due to regression 462.112 5 92.422 155585.38 <0.0001 
About regression 0.296 498 0.001   

Total 462.408 503    
 

 
The R-square value 0.9994 indicated that 99.94% of the variability in the Linear Cutting Speed for Rough 
Surface was explained by the model with factors T, P, AF, OD and MT. Based on the mathematical model, it 
can be concluded that the Linear Cutting Speed for Rough Surface affected with the dominant factor.  
 
The Cutting Power model developed was given as: 

log 3.253303 0.0003log 1.5414log 0.0010log 2.0050log 0.0008logCP T P AF OD MT= − − + − + −   
(8) 

 
1.5414 2.0050

0.0003 0.0010 0.0008

3.253303P ODCP
T AF MT
−

=       (9) 
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The data of analysis of variance of the Cutting Power model are shown in Table 4. 
 

Table 4 Analysis of variance for Cutting Power model 
 

n 504     
R2 0.997     

Adjusted R2 0.997     
SE 0.0192     

      
Term Coefficient SE p 95% CI of Coefficient 

Intercept -3.2533 0.0230 <0.0001 -3.2985 to -3.2081 
log T -0.0003 0.0012 0.8126 -0.0026 to 0.0020 
log p 1.5414 0.0064 <0.0001 1.5289 to 1.5539 

log AF -0.0010 0.0033 0.7700 -0.0076 to 0.0056 
log OD 2.0050 0.0071 <0.0001 1.9911 to 2.0189 
log MT -0.0008 0.0035 0.8206 -0.0076 to 0.0061 

      
Source of variation SSq DF MSq F p 
Due to regression 60.004 5 12.001 32557.39 <0.0001 
About regression 0.184 498 0.000   

Total 60.188 503    
 
The R-square value 0.997 indicated that 99.7% of the variability in the Cutting Power was explained by the 
model with factors T, P, AF, OD and MT. Based on the mathematical model, it can be concluded that the 
Cutting Power affected with the dominant factor.  
 
5.0 Result and Conclusions 
In this work, Linear Cutting Speed for Smooth Surface, Linear Cutting Speed for Rough Surface and Cutting 
Power models were developed using multiple regression analysis by design of experiment It was also found that 
the model developed were approximately 99.77%, 99.94% and 99.7% representative of this  process and the 
estimated parameters of the model was highly significant within the operating range.  
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Abstract 
The cooling phenomenon had been known and used by man since time immemorial. The effects of cooling had 
been understood and utilized by man to his advantage from time to time. This paper throws light on the growth 
and development of this science of cooling from a temporal perspective. We will review major methods of 
cooling discovered or developed by man over the years. The major emphasis of this paper will be to provide an 
overview of the available technologies for cooling and to provide a glimpse of some of the new methods of 
cooling under research. This review will make us familiar and conversant with the overall developments in the 
field of refrigeration till date, like Ice Harvesting, Evaporative cooling, cooling of air through architectural 
designs, cooling through vapour absorption, cooling through mechanical compression of vapours, generation of 
low temperature through thermocouple joints and will also brief about the future probable technologies of 
refrigeration and air conditioning. On the whole, it will help us to look upon all the major conventional methods 
of cooling along with other alternates of refrigeration, and provide us the base for future innovations and 
development in the field of refrigeration.   
  
Key Words: Refrigeration, Air conditioning, Technology, Developments. 
 
1.0 Introduction    
Refrigeration is the method of removing heat, with the help of a heat conducting medium (or refrigerant), from 
an enclosed space (or material) and then rejecting it to its surroundings, with the sole purpose of lowering the 
Temperature of that enclosed space and maintaining it for longer periods of time. It is classified into Natural 
Refrigeration & Artificial Refrigeration.  
 
Natural cooling is achieved by using any natural medium to lower the temperature of the space (or material). 
Most commonly used natural mediums (or refrigerants) are as follows:  

(A) Natural snow  
(B) Spring water  
(C) Caves  
(D) Holes dug in ground  
(E) Through Evaporative cooling in a clear sky night  

Artificial cooling was discovered only few centuries back, when scientists learnt to make use of the properties of 
various refrigerants through mechanical compression and absorption methods. Man learnt the art of cooling 
through his encounter with natural forces; initially he thought of it as a divine phenomenon and a pristine gift of 
God, but he soon realised the effects of lower temperatures or cool conditions on different aspects of his life. He 
observed that cool conditions are more suitable for long term food and drink preservation. Man took advantage 
of Natural Refrigeration to meet his need of food during scarce time through food preservation. Chilled drinks 
soon became a Royal Insignia and a celebrated dish thus providing this art with royal patronage. Gradually, as 
the human civilization developed into a more scientific society, the art of natural refrigeration evolved into a 
comprehensive science known as the Science of low temperatures or ‘Refrigeration’. 

 
In this paper we will try to explain the growth and development of Refrigeration in accordance with the 
evolution of human civilization, from a naïve & simple pre-historic society into a complex & scientific society. 
We will also review our future needs in the field of refrigeration. 
 
2.0 Gradual Development of Methods of Cooling  
Man had his first encounter with the cooling phenomenon even before he discovered ‘Fire’. Initially he enjoyed 
the soothing & relaxing coolness of Snow against the hard heat of the Sun, and then he soon learnt the most 
important technique known as Ice Harvesting for food preservation under low temperatures. 

 



Proceedings of National conference on  
Trends and Advances in Mechanical Engineering, 

YMCA Institute Of Engineering, Haryana., Dec9-10,2006, 
 

 507

Records, as old as 2000 B.C, indicate that people knew about the preserving effects that the lower temperatures 
had on food. The low temperature and humidity in caves & holes maintained the freshness of seeds and grains 
while preventing losses from fungus and insects. So he learnt to preserve seasonal food (like fish & fruits) 
during winter season for future consumption. This knowledge took the man, a step closer towards becoming a 
hoarding society from a hunting one. Thus man gained useful knowledge of fundamental principals of natural 
refrigeration during the early stages of development of human civilization. It is this knowledge that provided a 
platform for the future generations to be actively involved in the quest for new methods and modes of cooling. 
But, during this era of development, man ascribed the cooling effect produced by snow, clear night sky or any 
other method to be as a Divine phenomenon. This lack of scientific temper in humans marked the first phase of 
development of refrigeration.  

 
As time passed and humans became more and more civilized and complex society, the method of cooling 
became an Art. This was the time of new innovations in the field of refrigeration, not only for food preservation 
but also new methods of cooling, like evaporative cooling and chemical refrigeration were discovered. Chilled 
drinks and frozen food became a sign of richness and a dish of special occasions. Ice Harvesting became 
common and natural ice was either shipped from colder climates to distant areas or was collected and stored in 
cold houses. It is said that as far back as 755 A.D. natural snow was transported across the desert of Arabia. The 
storage houses were made of various insulating materials, such as straw dirt, and even manure. By 2500 B.C. 
Evaporative cooling became prominent in Egypt and other parts of the world. Fanning of the porous jars, by 
slaves, for producing evaporative cooling has been depicted in various paintings of this era suggesting that cold 
drinks were out of common man’s reach and rather became an Art of Royal Insignia. Chemical refrigeration by 
using salt peter, snow and sodium nitrate etc was also known.2 

 
Around 750 A.D. began the period of dissolution and invasion known as medieval period. This era marks major 
geographical changes on the map of earth, but at the same time this period gave one of the finest breed of 
engineers and architects to the world. These skilled professional learnt the laws of nature and tried to put them 
in practice through their work. They designed forts, palaces and other buildings with great thought and 
consideration about air cooling. Persian and Mughal architecture in India are fine examples of these great 
talents. This was done through the articulate designs of architecture. The buildings were provided with 
basements having continuous flow of water or sometimes the windows or other air circulation passages were 
given deep bents along spaces walls of the fort. These methods helped in reducing the temperature of the 
incoming air to comfortable levels. Sometimes the incoming air was even made to pass through a fine stream of 
water and thus producing evaporative cooling. Thus the focus of refrigeration began to shift from mere food 
preservation to newer applications, like air cooling, later on which came to be known as Air Conditioning. 1 

 
By the end of 15th century AD, the fundamental rules governing the process of cooling were well formulated. 
But the only limitation was that most of the cooling was still produced through natural methods, like ice 
harvesting or flowing water. Though evaporative cooling gained some advances, but it still lacked the precision 
and control which was achieved in the coming centuries of scientific revolution, which saw great advances in 
every field of science. So was the case with cooling technology, but before mechanical refrigeration became 
practical, the first half of the nineteenth century saw the rise of the natural ice industry. Norway was a major 
exporter of ice, sending large quantities to Europe and England. In the United States Frederic Tudor (1783-
1864) built a business that eventually shipped ice to every major port in South America, Asia, and Australia. But 
soon artificial ice began to overtake natural ice, as water near cities became polluted an unusually warm winter 
in 1890 emphasized the unreliability of natural ice, thus ushering artificial refrigeration. The field of 
refrigeration became more systematic and advanced with the application of scientific laws.1 Natural 
refrigeration gave way to mechanical refrigeration. The hybrid of mechanics and chemical refrigerants brought 
about unprecedented turn around in the history of cooling technology, though the basic governing principals of 
refrigeration remained the same.  

 
William Cullen (1710-1790), a professor of medicine in Scotland, found that evaporative cooling increases in a 
vacuum and that volatile liquid like ether produce even lower temperatures. Edward Nairne (1726-1806) and 
John Leslie (1766-1832) discovered that sulphuric acid absorbs water vapour, an effect that produces cold. John 
Dalton (1766-1844) observed that air cools or heats its surroundings depending on whether it is expanding or 
contracting. As experimentation with chemical refrigeration continued during the eighteenth century, the 
invention of the mechanical pump and thermometer provided the technology for new areas of research. These 
innovations allowed man to produce large amount of cooling with more compact and more controlled setup and 
laid the foundation of mechanical refrigeration in the nineteenth century. Robert Boyle (1627-1691), one of the 
founders of thermodynamics, also studied various salts as freezing agents and the effect of cold on animals, 
vegetables, and minerals. His Experimental History of Cold was the first scientific study of refrigeration. 
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Two major types of refrigeration machines evolved during in the 
nineteenth century. The first was a Vapour Compression 
System (Figure 1) which worked by compressing either air or a 
vapor such as ammonia. When the air or vapor expanded again, 
it produced cooling. The first vapor-compression system was 
invented by Oliver Evans (1755-1819), who published a 
theoretical description of a closed vapor-compression machine 
in 1805.4 In 1834 Jacob Perkins (1766-1849) took out an 
English patent on Evans's design, which was used to build the 
first ice-making machine. Then an American engineer, 
Alexander Twining (1801-1884) began experimenting with 
ether evaporation and condensation in 1848. He built a 
prototype freezing machine in 1850 and opened the first 
commercial ice-making plant using vapor refrigeration.5 

      Figure-1.Vapour-compression refrigerator 
 
The second type of refrigeration, Vapour absorption refrigeration System, (Figure-2)  grew out of 
experiments by Edward Nairne (1726-1806), John Leslie (1766-1832), and John Vallance (1801-1850) in which 
they used sulfuric acid to absorb water. Edmund Carré (1822-1890?), the first to commercialize the absorption 
method of cooling.7 
 
 
                                             
 
   
         
 
 
 
 
 
 
 
 
 
 
 

Figure-2. Absorption refrigeration machine           
 
For long time these two methods of cooling were used commercially, but there are still other methods, though at 
a smaller or at research level, which can be used to produce low temperatures. One such method was developed 
by Ranque in which cold is produced by the expansion of a gas through the vortex tube or Ranque Tube. It 
was based on the principal, already discovered during 18th century A.D. that a reduction in pressure would 
provide a drop in the temperature of air. Richard Trevithik, in 1828, was the first to propose the use of this 
phenomenon in refrigeration applications. In 1834, Jean Peltier noticed that, if current was passed through a 
junction of dissimilar metals, the junction would either become cooler or hotter, depending on the direction of 
the current across the junction. The thermoelectric effect is best between alloys, most pure substances provides 
weak results. To reach even lower temperatures (cryogenics) of around 0.01 K (in research settings) other 
methods, like demagnetization of the isothermally magnetized material can be used. 5 
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4.0 Conclusion 
On the above note we can say that the technical developments in past centuries have contributed to an expansion 
of the refrigeration industry. Mechanical refrigeration is very important today for its large applications beyond 
food preservation-for example, air conditioning, storage of medical supplies and drugs, medical and surgical 
techniques, and manufacturing and industrial processes of all kinds, etc. But, at the same time, the increasing 
number of applications of refrigeration and air conditioning had imposed limitations on the conventional 
methods of cooling. The most important limitation being the use of Chloro Fluro Carbons (CFC’s)6 and other 
harmful refrigerants, and secondly the high energy demand for cooling application under the present situation of 
energy crisis. So the need of the hour is to develop more efficient and eco friendly technology for refrigeration. 
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Abstract 
When carried to the extreme, today's emphasis on automobile mass reduction has significant implications for 
vehicle ride and suspension design. Value Engineering is a systematic method to improve the "Value" of goods 
and services by using an examination of function. Value, as defined, is the ratio of Function to Cost. Value can 
therefore be increased by either improving the Function or reducing the cost. In this project attempt is made to 
develop the anti roll bar with hollow cross-section (replacing the solid cross section) by tube hydro forming 
technique thereby reducing the cost without any change in the performance of anti roll bar.Stabilizer bars, also 
known as anti-roll or anti-sway bars, play a significant role in the modern day suspension systems by providing 
additional roll stiffness during sharp cornering and other rolled-over conditions 
 
1.0 Tube Hydro-Forming Manufacturing Technique For Anti – Roll Bar 
Tube hydro forming is a manufacturing process that uses water or hydraulic fluid to change a metal tube into the 
desired final shape. In hydro forming, a metal tube is bent to a rough shape before hydro forming; the tube is 
then put into the hydro forming die. The die is closed and hydraulic pressure is applied. The tube expands into 
the die and takes its final shape. 
 
Tube hydro-forming is relatively inexpensive, although an expensive press is required because often the number 
of manufacturing steps for a component, material used for the part as well as the amount of scrap metal can be 
reduced. Also, due to the lower number of manufacturing steps required, the labor-requirements are decreased 
as well. 
 
Although much research still needs to be done to increase the confidence of engineers in this shaping process, it 
is already being implemented in new designs and is being increasingly used for critical components. Tube-
hydro-forming is generally considered one of the most important manufacturing techniques in decreasing weight 
and therefore fuel-consumption of cars in the future. 
 
Tube hydroforming was invented approximately 40 years ago but has only recently Gained popularity and is 
moving from being a pure research activity to an applied manufacturing process. Tube hydroforming is 
especially popular in the automotive industry. Hydroforming can be used for both tubes and sheets. Also, 
hydroforming can be classified as low-pressure and high-pressure hydroforming. 
 
One major area where tube hydroforming is applied is in automotive structures and not only can stiffness of a 
car be achieved through design using tube hydroforming, but the part count can also be reduced and the 
assembly can be simplified especially form the tooling requirements. Automotive applications include radiator 
enclosures, space frames, dash assemblies, frame rails, engine cradles and other sub-assemblies. Production 
numbers of tube-hydro formed applications have increased dramatically over the years; they are currently being 
used on sports cars that are produced at low production rates as well as pick- up trucks and sport utility vehicles 
that are produced at much higher production rates. 
 
Automobile manufacturer General Motors claims that the GM Siverado frames is “the most intelligently 
engineered frame GM has ever produced.” The front frame is made of tube hydro formed rails. In the Silverado 
frame, over 20 kg (44 lb) of material were saved and the amount of scrap was reduced. 
 
2.0 Tube Hydroforming Process 
Tube hydroforming is a process that pressurizes water or hydraulic fluids inside a tube to produce a tubular 
component with added features that were not possible or very complicated to manufacture with other more 
traditional techniques. A prebent and pre-cut section of seam-welded, cold-rolled steel tubing is placed in a 
closed die set where the pressurized fluid is introduced into the ends of the tube (see Figure 1). The tube is 
therefore reshaped to the contours of the cavity. Components range from approximately 1 to 3 meters (3 to 10 ft) 
in length and 25 to 150 mm (1 to 6 in) in diameter. Generally the aim is to produce components that are lighter, 
stronger, and require fewer pieces than traditional stamp-and-weld components. To date, one of the largest 
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hydroforming presses is located at Schuler SMG GmbH & Co. KG in Wilmsdorf, Germany. The press has a 
nominal press force of 100000 KN and can form tubes up to 6 meters in length.  

 
 

 
                                                                                                                

                                                          
 
In conventional hydro forming, the part needs to be annealed and extensively lubricated. In the Vary-Form 
process, the part does not need to be annealed nor does it need to be lubricated. The prepared part is then placed 
inside the die. In some processes, a low hydraulic pressure is applied as the die is being closed (see Figure 2). 
This low pressure reduces die friction; assuring uniform wall thickness and better calibration of the process for 
the high-pressure stage (see Figure 3). When the die is closed, the high pressure is applied. The tube expands to 
completely fill the sides of the tubes. During the high pressure stage of the Vary- Form process, punches located 
in the die. This reduces stretching and other unwanted deformations. Also, slides can be inserted into the die at 
this point to provide indented surfaces in the tube walls (see Figure 4). 
 
There are two established pressure regimes, known as low-pressure and high-pressure hydroforming. According 
to the Tube and Pipe Fabricators Association, up to and including 83 MPa (12000 psi) hydroforming is known 
as low-pressure and above this point it is known as high-pressure hydroforming. The pressure required is 
determined by the complexity of the part. Generally, the more complex the shape, the higher the required 
pressure will be. If less than 5% constant pressure expansion is required to shape the part, low-pressure tube-
hydroforming will accomplish the shape change desired. If 5% to 25% constant pressure expansion is required, 
or wrinkles must be removed, high-pressure tube hydroforming becomes necessary. 
 
Equipment for the process is expensive and needs to be calibrated. Also, many presses are very large. This has 
hindered hydroforming from being used on a larger scale than it currently is. According to Automotive Design 
and production, “The CHF (short for Compact Hydro Forming) from AP&T Tangent is much like a standard 
hydroforming press, except that it's much smaller—about 60% smaller than conventional machines, says 
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AT&T’s CHF developers.” Although this is a small die, users are not limited to small parts. If the dies are 
reengineered and a forming sequence is decided, large parts can be formed. 
 
Another problem that stopped hydroforming form being more popular is the thinning and wrinkling that can 
occur when hydroforming complex parts. The process is slowly being refined to deal with this problem. One 
company (Vary-Form in Warren, MI), uses a two-stage sequential pressure process. Both water and die pressure 
are varied to slowly reshape the metal to its final form. According to Vary-Form, “by employing this varying 
pressure method, pressures overall are lower, causing less stress to the metal.” Also, with this method, outside 
corner radii of two times the metal thickness can be achieved. To better control the reaction of the part to the 
hydraulic pressure, the work piece can also be compressed. 
 

 
 
Besides this experimental use, Vary-Form produces various components for current automotive applications 
(see Figure 5). In the future many cars may employ a space frame design. A space frame is a series of structural 
members that are assembled and support all interior and exterior components of a vehicle. There are several 
problems associated with this structure, which have prevented it from being more widely used: it has proven 
difficult to mass-produce cost-effectively. The major problems can be summed up into three components: 
dimensional instability, design inflexibility and manufacturing cost. As previously discussed, tube-hydroforming 
is a manufacturing technique that can help on all three problems. One current production mass-model (70000 
cars/year) that uses the space frame design is used on the Audi A2. Eleven tube-hydro formed components are 
built into this structure. 
 
3.0 Problems Preventing Wide-Spread Use 
One of the major problems that prevent wide spread use of hydroforming are plain and simple resistance to 
change. Engineers are more comfortable to keep using methods (in this case stamping and welding) that they are 
familiar with. Also, the tooling already is installed at the factories to manufacture using the old techniques. 
 
Another major problem that must be overcome is the lack of a knowledge base for manufacturers to use. 
Tremendous strides have been made in recent years to increase knowledge. To overcome these hurdles two 
methods are suggested: more biaxial stress testing and modeling using numerical methods. 

 
Until today, many researchers use unaxial tensile tests to determine the properties of tube material for 
hydroforming. Since tubes are pre-bent (thereby introducing axial stresses) and then hydro formed (mostly 
circumferential stresses) there is a large variation in strain path from the uniaxial tensile tests. The Engineering 
Research Center for Net Shape Manufacturing (ERC/NSM) at the Ohio State University has developed a biaxial 
bulge test. The original test can be used with many metals but requires expensive tooling. More recently, the 
ERC/NSM has come up with a more inexpensive test. This test may be used in the future to collect more 
information for hydroforming purposes. It is even inexpensive enough, that it could be used to control the 
quality of incoming parts from a subcontractor. Numerical simulation can be used to gain knowledge in 
simulating hydroforming and hydro formed material properties. To gain confidence in the system, designers 
must compare the numerical and experimental results. When enough testing and fine-tuning has been done, the 
manufacturability and performance could be predicted using a numerical approach. This would cut down costs 
and increase performance and manufacturability of tube-hydro formed components. 
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4.0 Special Attention during Manufacture 
Because of torsion member’s being heavily dependent on the outside diameter, constant geometric shape is 
required. This can be harder to achieve in tube materials than in solid materials. Usually requiring the use of a 
filler material so not to crush the tube while in the bending process. Reliable hand manufacture of these types of 
Anti- Roll bar is next to impossible; the use of mandrels to bend the tube becomes essential. The tube- 
hydroforming process is capable of forming parts that are not easily made using traditional forming techniques. 
In the tube-hydroforming process, pre-bent parts are placed into dies. The dies are closed and water or hydraulic 
fluid is introduced into the tube under pressure. The pressure bulges the tube outwards against the die. Holes can 
be punched in this stage as well. 

 
By using hydroforming, the number of parts for many assemblies can be reduced, and therefore also the stiffness 
of the assembly. Also, hydroforming has reduced tooling costs compared to traditional manufacturing methods, 
better part integration, eliminates pinch weld flanges, reduced die wear, less scrap because dimensional 
repeatability is increased and less mass because by using less parts the same stiffness can be achieved with less 
material. 
 
Traditional tube-hydroforming can be done with a limited number of steels and aluminum alloys. More recently 
techniques have even been developed to make better use of less-expensive materials, including low carbon hot 
rolled steel, cold rolled steel, high strength low alloy steels, galvaneal and aluminum alloys for hydroforming 
purposes. 
 
As a result of the reductions in tooling and material requirements, the tube-hydroforming process has the 
potential to reduce production costs and increase performance of components at the same time. This 
combination of possibilities is leading to an increased number of components in automobile structures being 
produced out of tube-hydroforming. According to one estimate, by 2004 50% of all vehicles produced will 
contain some hydro formed parts. Before tube-hydroforming can gain universal and wide-spread use, it must be 
researched to increase knowledge and confidence in the process. 
 
5.0 Comparision with Different Diameters (By Bending Equation)  

Strength Comparison By Bending Equation
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Strength Comparision By Torsional Equation
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6.0 Conclusion 
It can be stated that weight reduction of anti roll bar can be done without change in strength by using 
hydroforming technique. Thus a 55 mm dia antiroll bar can be replaced by corresponding hollow tube with outer 
dia 70mm and thickness 5 mm thereby reducing weight by 60 %.Case study for hydro forming technique is done 
for 5 mm tube and maximum pressure required to achieve the bending is found to be 15 Mpa. 
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Abstract 

Ergonomic is a vast field. In our daily life, ergonomics is used everywhere i.e. in cars, in bikes, in an 
aeroplanes, in computer workstation design etc. These ergonomically fit and designed things make the lifestyle 
better and comfortable. Growing environment of fashion, styles of clothing etc, demands greater expectation 
from the sewing machine operator. Several studies are shown that there is a need of ergonomically fit sewing 
machine workstation so that sewing machine operators can perform their fiddy tasks comfortably. The 
objectives of this paper are to find out worker’s perceptions about the problems occurred during sewing work 
and to find out those human body parts which require more attention for ergonomic design. 
 
The present study was initiated where worker’s perceptions were measured by preparing questionnaire to find 
out difficulties during sewing work. Questionnaires were filled up by 100 sewing machine operators from 
different parts of the region. The questionnaire include different modules; 1) Perceived posture 2) localized 
postural discomfort 3) estimated endurance time. Worker’s perceptions were analyzed by finding their 
criticality values. Criticality index of questionnaire was calculated for concluding the most critical areas. 
 
The results were concluded with the help of criticality index. It has been found from the obtained results of 
questionnaire modules, the major critical areas are posture of neck, posture of left lower leg, posture of right 
lower leg, discomfort of whole body. In relation to these critical areas, the recommended parameters of treadle 
sewing machine workstation are desk slope, pedal position and desk height. 
 
KeyWords: Ergonomic Parameter Design, Localized Postural Discomfort, Perceived Posture, Sewing Machine 
Workstation, Worker’s Perceptions 

 
1.0 Introduction 
In our daily life, ergonomics is used everywhere i.e. in cars, in bikes, in an aeroplanes, in computer workstation 
design etc. These ergonomically fit and designed things make the lifestyle better. With the increasing awareness 
of ergonomics, the emphasis shifted from the generally accepted policy of ‘fitting man to his machine by means 
of selection and training’ to ‘fitting the machine to the majority of men who work with them’. The modern 
approach, however, is of compromising nature; ‘fit man and machine together’. 
 
Growing environment of fashion, styles of clothing etc, demands greater expectation from the sewing machine 
operator. In return for the operator to work efficiently, the sewing machine operator must have an ergonomically 
fit sewing machine workstation. The efforts were made to make the sewing machine workstation ergonomically 
fit to create or to provide a healthy and comfortable working environment. The introduction of sewing machine 
in the workplace has led to numerous reports of health disorders from its use. Workers involved in sewing 
machine activities, such as manufacturing garments, shoes and airplane or car upholstery, may be at risk of 
developing musculoskeletal disorders. Musculoskeletal disorders may be characterized by pain, number ness 
and a lack of mobility in the affected area, usually the hands, shoulders and backs. Sewing related injuries have 
been documented in the areas of sewing station, performing fine work or scissor work and material handling, 
among others. Employees encounter several risk factors at sewing workstations, such as awkward arm, neck and 
leg postures. These are influenced by the size of the worker and the design of the workstation. Workers often 
maintain awkward shoulder, elbow and wrist postures while sewing because improper chair height or position. 
A typical treadle sewing machine workstation includes work surfaces, space for all activities and components of 
the task, seating for operator, desk for sewing operation, and pedal for operating foot. A treadle sewing machine 
is operated by the sewing operator, by using the foot pedal 
Several studies have shown that operator of sewing machines report discomfort in the left shoulder, the neck, the 
back and the lower extremities(e.g. VIHMA et al., 1982; Wick and Drury, 1986; Blader et al., 1991). These 
complaints may be caused or aggravated by the seated working posture which is characterized by an elevated 
left upper arm posture, a forward inclined posture of the head and trunk and non optimum(i.e. relatively 
unfavourable) ankle and knee angles, respectively. Vihma et.al, (1982) reported that sewing machine operator’s 
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work was more static. Musculoskeletal complaints occurred more frequently among sewing machine operators 
especially in neck, shoulders and lower limbs. 
 
Wright, Susan., (2001) found that a well-designed, convenient sewing area large or small saves time and energy. 
It does not have to be whole room dedicated just to sewing. It can be seldom-used closet, an out-of-way corner 
or a cabinet especially designed for sewing. Theresa Chan, L.K., (2002) developed an ergo-work seat with 
ergonomic considerations for sewing operators. Poor ergonomic design of sewing machine systems can lead to 
many health problems for all users, although users with disabilities can encounter additional problems. 
 
Keeping this into mind, the present study was initiated where worker’s perceptions were measured by preparing 
questionnaire to find out difficulties during sewing work. This paper demonstrates the important determinants of 
working postures and its criticality. This is based on the workers perceptions regarding the different postures of 
the body while doing the work. There are following objectives of the study: 
a) To find out worker’s perceptions about the problems occurred during sewing work. 
b) To find out those human body parts where the study is to be concentrated. 
c) To co-relate the problems with recommended parameters of the sewing machine. 
 
2.0 Methodology 
This study is purely based on worker’s perceptions. A survey instrument was developed to examine work 
postures during sewing machine working. A questionnaire was prepared and was filled by the different tailors 
from the different parts of the country (north India). Questionnaire was structured based i.e. there were definite, 
concrete and predetermined questions. These questionnaires were filled up by sewing operators directly by 
approaching to them. The sample of 100 tailors on random basis from villages, towns and cities of north India 
are taken for filling the questionnaires. The Likert scale was used to analyze the questions for further 
conclusions and results. Scaling describes the procedures of assigning numbers to various degrees of opinion, 
attitude and other concepts. Worker’s perceptions were recorded by questionnaire, containing different 
questionnaire modules. These modules are Perceived postures, Localized postural discomfort and Estimated 
endurance limit. Criticality index was calculated in each of the module of the questionnaire to find out critical 
postures. Based on the critical postures, the workstation characteristics were recommended to make sewing 
machine workstation ergonomically fit. The general profile of the respondents is as follows: 
a) Age: The minimum age of the workers was 30 years and maximum age was 67 years. The average age was 

44 years. 
b) Height: The range of height of the workers was 162cms-172cms. The average height of the worker was 

165cms. 
c) Weight: The average weight of the worker was 74 kgs. 
The following three modules are discussed to identify the critical parameters: 
 
2.1 Perceived Posture 
The operator was asked to rate his perception of the posture of the neck, back, left shoulder, right shoulder, left 
upper arm, right upper arm, left lower leg, right lower leg, left foot and right foot. This written response was 
based on seven-point scale (1= very favourable, 3= favourable, 5= unfavourable, 7= very unfavourable. Scores 
of 2, 4 and 6 were available for intermediate responses). The operators were asked to rate as per the favorable or 
unfavorable condition of the different postures of the human body. 
 
2.2 Localized Postural Discomfort 
The operator was asked to rate his posture discomfort in different parts of the body using a scale ranging from 0 
(no discomfort) to 5 (very severe discomfort). 
 
 

    2.3 Estimated Endurance Time 
The operator was asked to estimate how long he could operate at the experimental workstation adjustment 
without difficulty during a regular working day. Operator was asked to rate on a five-point scale (1= more than 
8 hours, 2= 6-8 hours, 3= 4-6 hours, 4=2-4 hours, 5=less than 2 hours). 
 
3.0 Results and Discussion 
The data on the working postures and their perceptions were collected and analyzed for further 
recommendations. The results for different modules are discussed below: 
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3.1 Perceived posture  
The response of 100 tailors for different postures of the body parts are given in table 1. The observations are 
written for each category and criticality index was calculated. Criticality index for all these observations were 
calculated to find out the important and significant postures. These most critical postures are recommending the 
parameters of sewing machine workstation. Criticality index was calculated by using the given formula: 

Criticality index  =      ∑ XiYi  
                           

                                   ∑ Xi 
Where Yi = perceptions of the workers in specific category 

     Xi = weightage given to each point scale 
As shown in table 1 and Figure1, the critical postures are postures of back (Criticality index = 10.35), posture of 
neck (Criticality index = 8.78), posture of left lower leg (Criticality index = 8.42), posture of right lower leg 
(Criticality index = 8.39). Hence there is a need to ergonomically design a sewing machine workstation by 
considering above . 
*1= very favourable, 2= intermediate response b/w 1 and 3, 3= favourable, 4= intermediate response b/w 3 and 5,  
5= unfavourable, 6= intermediate response b/w 5 and 7, 7= very unfavourable. 
 

Table 1. Response rate of workers for Perceived posture 
 

 
 
 
3.2 Localized Postural Discomfort 
The operator was asked to rate his postural discomfort in the different parts of a human body using scale ranging 
from 0 (no discomfort) to 5 (very severe discomfort). After getting response, criticality index for all these 
discomfort regions were calculated. Criticality index versus discomfort in different body parts of sewing 
machine operators is shown in figure 2. It has been found that most critical parts which are having high degree 
of discomfort are discomfort of back (Criticality index = 5.46), discomfort of whole body (Criticality index = 
4.13), discomfort of left leg (Criticality index = 1.93), discomfort of right leg (Criticality index = 1.73), 
discomfort of right leg (Criticality index = 1.73), discomfort of upper neck/back (Criticality index = 1.66). There 
is a need to give attention on these discomfort body parts. 
 
 
 

 
 
 
 
 
 
 
 
 

Parameter* Posture 
 of neck 
 
   (A) 

Posture  
of back 
 
 
  (B) 

Posture of 
left 
shoulder 
(C) 

Posture of 
right 
shoulder 
(D) 

Posture of 
left upper 
arm 
(E) 

Posture of 
right upper 
arm 
(F) 

Posture 
of left 
lower leg 
(G) 

Posture 
of right 
lower leg 
(H) 

Posture 
of left 
foot 
(I) 

Posture 
of right 
foot 
(J) 

1 32 23 47 46 49 49 40 40 50 50 
2 06 08 05 05 06 06 06 06 02 02 
3 54 46 46 47 43 43 41 41 39 39 
4 02 05 02 02 02 02 04 05 02 03 
5 05 16 00 00 00 00 09 08 05 05 
6 00 01 00 00 00 00 00 00 02 01 
7 01 01 00 00 00 00 00 00 00 00 
Criticality 
index 

 
8.78 

 
10.35 

 
7.25 

 
7.32 

 
7.07 

 
7.07 

 
8.42 

 
8.39 

 
7.71 

 
7.64 
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Table 2. shows the perception of operators about localized postural discomfort 
 

No. of operators rated their perception 
 

 
#Description of parameters: A= Discomfort of neck, B= Discomfort of neck/upper back, C= Discomfort of back, 
D= Discomfort of upper neck/back, E= Discomfort of neck/back, F= Discomfort of left shoulder/neck, G= Discomfort of right 
shoulder/neck, 
H= Discomfort of left leg, I= Discomfort of right leg, J= discomfort of whole body. 
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Fig. 1 shows the criticality index of the perceived postures
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Fig.2 shows the criticality index of discomfortness

 
 
 
3.3 Estimated endurance time 
The operator was asked to estimate, on the basis of his perceptions, how long he could operate at the 
experimental workstation adjustment without difficulty during a regular, working day. The estimated endurance 
time is shown in figure 3. 42% workers said that they can do the work for 6-8 hours without any difficulty and 
there are only 5% workers who can work only less than 4 hours. 

 

Parameters A B C D E F G H I J 
No discomfort 91 94 58 86 90 99 97 81 81 40 
Some discomfort 07 03 25 07 05 00 02 13 14 42 
Minor discomfort 01 01 14 03 03 01 01 03 03 15 
Major discomfort 01 02 03 04 02 00 00 02 02 02 
Severe discomfort 00 00 00 00 00 00 00 01 00 01 
Very severe discomfort 00 00 00 00 00 00 00 00 00 00 
Criticality index 0.8 0.73 4.13 1.66 1.13 0.13 0.26 1.93 1.73 5.46 
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Fig. 3 shows endurance time of sewing machine operators

Between 2-4
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42%

More than 8
39%

 
 
3.4 Parameters for Sewing Machine Workstation Design 
It has been found that the critical perceived postures are posture of back, posture of neck, posture of left 
lower leg, posture of right lower leg. In localized postural discomfort portion, the critical points are 
discomfort in whole body, discomfort of back, discomfort of left leg, discomfort of right leg. There is a 
need to design a sewing machine workstation to make it more comfortable. Parameters for sewing machine 
workstation are recommended by considering all above factors (shown in table 3). 
 

Table 3 shows recommended Parameters corresponds to critical areas 
 

 
 
 
 
 
 

 
4.0 Conclusion 
It has been concluded that there is a need of ergonomically fit sewing machine workstation for the workers. 
The worker’s perceptions suggest critical areas which need more attention. The study shows the critical 
perceived postures are posture of back, posture of neck, posture of left lower leg and posture of right lower 
leg. In localized postural discomfort portion, the critical points are discomfort in whole body, discomfort of 
back, discomfort of left leg and discomfort of right leg. By considering these above factors, parameters for 
sewing machine workstation design are recommended. These determinants are desk height, desk slope and 
pedal position. 
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Abstract 

This paper presents the challenges and opportunities plywood and block board industry is facing today. A 
SWOT (Strengths, weaknesses, opportunities and threats) analysis of the industry is carried out.  These are 
analyzed by conducting a survey of the randomly selected plywood and block board industries. Most of the 
plywood and block board making units are facing problems of low productivity, low wood utilization, use of 
obsolete technologies, and ignorance of latest industrial engineering techniques. Concept of proper work 
method is missed in most of the units. Most of the units are not conscious about the low productivity and 
utilization of resources and related factors.  On the basis of survey analysis we come to know that plywood and 
board industry is facing a serious problem of poor quality and low productivity. Need of the hour is to deliver 
high quality products through continuous improvements in product features, bring new products to the market, 
and make product changes faster and more manageable. It is also necessary to improve forecasting accuracy of 
the product demands, reduce costs, improve employee training, improve information systems and networks to 
achieve greater flexibility of manufacturing functions. The major threat to the industry is the Supreme Court 
directive (SCD) of stopping addition of fresh capacity after 28th Oct., 2002. 
 
KeyWords: Plywood and Block Board, Strengths, Weaknesses, Opportunities, Threats. 
 
1.0 Introduction 

The industry desperately warrants a revitalization dose to enable them not only to survive the bad weather, but 
also to improve it to raise it to the coveted role it is supposed to play in the construction activity of India and 
abroad. Attempts have miserably failed in the international market because of the lack of value the Indian 
plywood got in the international market than for plywood / wood products from Brazil, Malaysia, Indonesia, and 
China in that order, and the industry’s specific export attempts have suffered miserable losses. China has 
become a serious competitor in the global plywood market, especially in East Asia (Adams Mike, 2002). 
 
 What has ailed the grant of due product value to Indian plywood is mainly because of poor quality in terms of 
variability and inaccuracy in dimensioning, thickness and density. The Indian ply and block boards are subjected 
to aberrations in intra-product variation and waviness in thickness and is hence rendered poor quality rating. The 
overlap and opening in grains are phenomenal, and the industry increasingly resorts to filling of inter layer 
crevices at the ends rather than controlling the menace in the production stage. There is a general lack-of-
concern on product quality as has always happened in the industry in general witnessed before the TQM (Total 
Quality Management) movement. The plywood industries increasingly deserve to adopt TQM as a panacea for 
revival because of its role in building the country (Thareja, 2005). 
 
2.0 Indian plywood and board manufacturing industry 

Today India is one of the six fastest growing economies of the world. The construction sector accounts for about 
6 % GDP and its contribution is likely to increase with passage of time. It employs 31 million workmen, and is 
the second largest sector employing skilled and semi-skilled labor after agriculture sector in India. The annual 
turnover of Indian plywood industry is approx. 6000 crores. Out of which unorganized sector share is 90% and 
organized sector is only limited to 10 % e.g. Green ply, Century, Kit ply, Duro ply, Uni ply and Virgo ply 
etc.(Ply Reporter,2005).  
 
 India has emerged as one of the biggest consumer of the tropical timber (wood used for making of face veneer) 
in the world, with sizeable imports from Malaysia, Myanmar, Indonesia, New Zealand etc. India has 16 % of the 
world’s population, but only one percent of the world’s forests. So Annual industrial round wood imports have 
tripled in the last five years to over 2 million cubic meters and estimated that by the year 2012 this round wood 
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import may touch 10 million cubic meters. And export of plywood from India was only 89, 13,700 sq. meter 
during 2002 – 2003 and 84, 65,232 sq. meters in the year 2003 – 2004. (Ply Digest, 2005). 
 
One of the most consumed natural resources for various domestic and industrial requirements is wood. It has 
wide applications such as fuel, raw material for various construction, fitting purposes, furniture, paper, 
cardboard etc. as a result of which our natural resources of wood i. e. forests are fastly being cut and are getting 
depleted. The net direction it takes is very vital because that can not only mar the future sustainability of the 
industry but also the very future of India or of the issues, which are linked with global warming. This has raised 
a worldwide awareness of forests conservation. One of the major steps taken towards it is the introduction of 
AGRO – FORESTRY i. e. agriculture of wood e.g. Poplar and Eucalyptus trees; to fulfill the various Industrial 
and domestic consumption and needs. 
 
2.1 Importance of plywood and board industry 
 Main products of these industries are plywood of different grades and block boards of different types and sizes. 
Most of the plywood and board manufacturing industries are registered under the act of small scale 
manufacturing industries (SSMI). Major advantage of these industries is their very low capital-output and 
capital-labor ratios. This means that capital investment required per unit of output and per unit of employment is 
very low. This is of particular importance to a labor abundant and capital scarce economy like India. SSMI 
contributes almost 40% of the gross industrial value added in the Indian economy. On the other hand these also 
discourages deforestation by enabling availability of wood based construction materials abundantly and cheaply 
in standardize forms especially supporting modular construction methods. 
 

3.0 Case Study 

The study was carried out in the selected plywood and board industry in the twin city of Yamunanagar and 
Jagadhri (Haryana). A pilot survey of plywood and block board industry was carried out by using a 
questionnaire. The data was collected by filling the questionnaire and conducting personal interviews with the 
concerned workers, officials, supervisors and entrepreneurs. For this a questionnaire was designed to collect the 
data on different factors related to productivity and quality. 20 units were randomly selected to assess the 
productivity and quality related problems and out of these only 16 units responded. 12 units were complete 
integrated whereas one each was only peeling, only saw mill, only pressing and combined peeling and pressing 
units. 
 
3.1 Process character & significance 
The complete process of plywood and block board making is explained with the help of a flow process diagram. 
The different stages in the process of plywood and block board making are shown in Figure 1. For the sake of 
brevity only process of plywood and block board making is discussed while limiting the scope of this paper. 
Reproduced below is an extract of a typical process of plywood and block board making. 
 
3.2 Industrial SWOT Analysis 
Plywood industry is at crossroads today. A SWOT analysis (Strength, Weakness, Opportunities and Threats) 
quickly precipitates out the issues, which are largely misdoings of the industry itself. The industry has sprouted 
largely inductively and intuitively, merely looking at short term gains, and even flouting the restrictions imposed 
by Supreme Court of India. Some of such SWOT points are briefed in Table 1. Major issue is revival of 
technology, processes and practices so as to improve technological competence and a part of competitiveness 
limited only to the terms of process governance. 
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Figure1.  Process Flow Diagram 
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Table I. SWOT analysis (strength, weakness, opportunities and threats) of plywood Industry 
 
Sr.No.                              Factor                                                                            Aspects/Significance 
 

 
 

STRENGTH 
 

 
1 

 
A well developed network and acceptability of 
product category in general. 

 
It involves transport system, dealers, and retailers, 
resin and auxiliary suppliers, carpenters etc. 

2 A well developed down stream industry, having 
developed an assured market. 

Even rejected plywood scrap is sold by recyclers 
namely furniture industry. 

3 Productive semi / skilled workforce ready to exploit 
opportunities in existing competence. 

Productive in terms of employment, but may not 
be in results, (which need to be benchmarked?) 
Further productive but not resources wise 
efficient. 

4 There is no conceptual wastage. All components of 
system are usable, reusable or recyclable. 

Except for a reported 4 - 8% losses in timber most 
of the raw materials recycled. 

 
 
 

WEAKNESSES 
 

 
1 

 
Poor management commitment 

 
Many claim that at the root of disinterest /lack of 
commitment is the supreme court decision. But it 
could be vice versa. 

2 High dependence for face veneer on imports, and 
difficult land shipping from importers. 

Because special woods are not available in India; 
However there is a potential of developing 
alternative paper based products for which R&D 
should be initiated. 

3   Poor national awareness and inaction on forestry. Endeavors on forestry development are rather on 
papers. 

4 Very poor housekeeping and safety awareness. Due to poor planning, poor work styles, poor 
material handling, poor disposal systems and poor 
provisioning and maintenance of environment 
control systems, house keeping standards are 
absent. 

5 Low awareness and wherewithal to use solar and non 
conventional energy resources. 

When there is fuel all around, the need to optimize 
energy consumption is generally never a pressure. 

6 Poor educational input because of lack of concern and 
ownership. 

Essentially because there is no ownership; by 
management of the workforce and by operators of 
the equipment, because the workforce essentially 
belongs to the contractor. 

7  Poor in general storage facilities for face veneer and 
lack of awareness for its handling and upkeep. 

High breakage rate, even after relevant repairs. 
Repair of the same is considered normal / routine. 
The degradation in quality never warrants analysis. 

8 Larger provision of allowances in process and raw 
material design, and consequently resource wastage 
and increased in competitiveness.  

The panel processing practicing, standards and 
schedules to be improved. 

9 Specifications and quality commitment in general are 
of poor standard. 

Better and world standard specifications to be 
incorporated. 
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OPPORTUNITIES 
 
 

 
1 

 
Cheap Semiskilled manpower. 

 
Training in TQM to be popularized. 

2 Use of suitability designed jigs and fixtures. To obviate frequent stapling practice. These 
increases weight and additionally use of brass 
pins. 

3 Awareness and need to explore foreign markets and 
intention to launch a bid for competing them. 

Improvement in quality and competence to help 
build confidence. 

4 Possibility of introducing more value added products. To improve percentage utilization of wood also. 
5 Import of superior machines/technology and 

corresponding benefits in productivity and quality. 
Not withstanding energy intensive imports. Use 
of solar energy to be made popular. 

 
 
 
 

THREATS 
 

 
1 

 
Languishing forest area. 

 
Lowering forest area not only threatens reduced 
raw material availability but also mount societal 
pressure against the industry. 

2 Increasing gap between technological developments 
and product specifications abroad and in India. 

Technological superiority and world scale 
capacities are much bigger in our nearest rival 
say China. 

3 Threat of supreme court to close capacities appearing 
after Oct. 2002. 

 

4 Poor mechanization and excessive dependence on 
contractual and migratory labor. 

Discipline, quality and productivity are rather 
more pressing issues. 

5 Provisioning of residential facility in campus to control 
the labor turnover, who engineer fire safety threats. 

They tend to cook outside their cottages, well 
with in the boundary of plywood industry, 
threatening fire safety standards. 

 
 
 
3.3 Data Collection & Analysis 
The analysis of the data collected by taking the response in the questionnaire and personnel interviews showed 
revealing results. Concept of proper work method was missing in most of the units. Maximum of the units are 
not conscious about the low productivity and utilization of resources and related factors. Most of the units are 
ISO: 9000 certified and their products are also ISI certified. But the ISI graded production is very low 
percentage (less than 65%) of the total production volume. There could be business reasons to accept the non ISI 
products and sell it as 2nd graded in the market. In most of the units manual material handling system is adopted. 
No unit is aware of energy conservation methods and even today 92.85 % of the units are using low efficient 
steam boilers.  Even the units are not serious about improvement in wood utilization which results in high 
wastage of wood (to the extent of 45% - 50%). Different causes of low productivity in plywood and board 
making is explained in Table 2. 
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Table 2. Causes of low productivity in plywood and board industry: 
 

• Lack of industrial engineering approach. 
• No labor welfare. 
• Lack of R & D. 
• Poor quality of product. 
• Very low capacity utilization. 
• Lack of standardization. 
• Bad layouts increase man-material movements. 
• Manual material handling. 
• No proper wood utilization awareness. 
• Bad planning of works, adds idle time of men & machines. 
• No planning for inventory control. 
• Poor working conditions. 
• Lack of energy conservation. 
• Use of obsolete technology. 
• Lack of proper marketing strategy. 
• Lack of automation / mechanization in plywood industry. 

 
4.0 Conclusion 

Wood utilization is not taken care of as they feel that the waste wood is not lost and is used as fuel. In the real 
sense this is a big loss as the raw materials cost is more than five times the cost of fuel wood. On the basis of 
survey analysis we come to know that plywood and board industry is facing a serious problem of poor quality 
and low productivity. The major threat of the industry is the Supreme Court directive (SCD) of stopping 
addition of fresh capacity after 28th Oct., 2002. More than 500 plywood and wood-based units are facing closure 
in Haryana which started without prior permission from Central Empowered Committee, (The Tribune, 2005).  
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INTEGRATED IMPLEMENTATION OF BLITZ QFD, FAST & ON 
LINE SPC IN A STEEL BALL MANUFACTURING PLANT 

Mr.Ashok Patole Prof. N.M joshi 

Department of Production Engineering, Fr. Conceicao Rodrigues College of Engineering, Fr. Agnel Ashram, Bandra 
(W), Mumbai-400 050, India. 
Phone: 26423841, Fax: 26516831, Email: agnelt@bom2.vsnl.net.in 
 
Abstract  
This Project is a real-time demonstration on - Integration of Blitz QFD, the derivative of Quality Function 
Deployment strategy with F.A.S.T., which is the robust cousin of Value Analysis / Value Engineering, in a Steel Ball 
Manufacturing Plant. A systematic study of set of matrices, using above techniques has given rise to an extremely 
effective Continual Improvement Project (C.I.P.), with simultaneous application of the On-Line SPC tool for process 
capability.  

Key Words: APQP (Advanced Product Quality Planning), HOQ (House Of Quality), Blitz QFD, TECHNICAL 
F.A.S.T,(Function Analysis System Technique), V.A.M.(Value Analysis Matrix),C.I.P.(Continual Improvement 
Project, On-Line SPC, A.H.P.(Analytic Hierarchy Process), Ishikawa diagram 
 
1.0 Need of QFD Matrix in Steel Ball Manufacturing Plant 
This Plant is certified to ISO/TS 16949:2002 quality management systems and supplying primarily to Auto O.E.’s . 
Even though it is not responsible for Product Design (drawings & specifications are provided by the Customer), still 
Process Design is to be done in advance to fulfill the Customer Specific Requirements.At present, the plant uses 
APQP Workbook (APQP : Advance Product Quality Planning), AIAG Manual of APQP & AIAG Checklist 
(Automotive Industries Action Group), for this purpose.Correlation between Customer Requirements & Technical 
Descriptors is defined in a live document called as “Characteristic Matrix”. X, A, NE, NA are used for Generating 
Descriptors, Affecting Descriptors, Not Effecting Descriptors & Not Applicable Descriptors respectively. Use of 
this characteristic matrix is limited to building Cause Effect Diagrams & Potential Failure Mode & Effects Analysis  
(Process FMEA’s). QFD Matrix (House Of Quality) is modified version of characteristic matrix, multiplying it’s 
uses many times! 

1.1 QFD Matrix (Fig 2) offers following advantages over the characteristic matrix 
[1] Quantification of correlation between “Whats” & “Hows” i.e. Voice Of Customer & Voice Of Process. 
[2] Assessment of fulfilling the Customer Requirements, by this plant & it’s competitors. 
[3] Targets level setting in weak areas compared to the competitors. 
[4] Sales Point & Scale Up Factor are defined establishing linkage to Sales & Marketing. 
[5] Absolute Weight of each Customer Attribute (VOC), is calculated by prioritizing importance of Whats. 
[6] Voice Of Processes of the plant & it’s competitors are evaluated. 
[7] Degree of Technical Difficulty in achieving Process Specifications is examined. 
[8] Relative Weight of each Technical Descriptor is calculated. 
 
Project Objective is achieved by identifying CIP (Continual Improvement Project) on the highest relative weight 
technical descriptors & thereby reducing internal rejections. Thus QFD acts as a handy torch for finding CIP areas in 
manufacturing. 
 
Blitz QFD is used for Concept Selection Matrix (Fig 1 ) & for Phase 3 & Phase 4 QFD matrices (Fig 3 &4), for 
reducing complexities of interrelation matrix between ‘How’s & Competitive Assessments. 
Technical F.A.S.T. diagram (Fig 6) (Function Analysis System Technique - the derivative of Value Engineering) & 
Value Analysis Matrix (fig 7) are used in Hard Grinding process, for Validation of Continual Improvement Project 
identified through QFD.On Line SPC tool is employed to assess “Degree of Technical Difficulty”, which is a vital 
part of main QFD matrix, fig 2. 
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2.0 Basic Terms 
2.1 Quality function deployment (QFD):  
Quality function deployment (QFD) is a set of powerful product development tools and procedures originated in 
Japan to take the concepts of quality control from manufacturing and transfer them to the new product development 
process. Mr.Yoji Akao first began to develop the concepts of QFD in the mid-1960s and this led to the first 
recognized implementation of the approach in1972 at the Mitsubishi Heavy Industries Kobe Shipyard. The house of 
quality (HOQ) matrix is the central construct of QFD and is its most recognized form, described by Hauser and 
Clausing .The house of quality is a kind of conceptual map that provides the means for inter functional planning and 
communications. 
2.2 Concept Selection Matrix 
Through the literature review & Brainstorming technique, the CFT compared it’s existing manufacturing process 
(cold forging – heat treatment – grinding) with an alternative process of steel ball manufacturing viz. metal spinning 
– heat treatment. It was concluded that, the existing process is preferred over metal spinning due to it’s more 
absolute weight, as seen in concept selection matrix (fig 1). In fact, the exact tool used for concept 
selection matrix is BLITZ QFD, as discussed ahead.Fig.2 (Phase 2), illustrates the general method used for 
constructing the HOQ matrix, which is constructed using below mentioned six main steps: 
Steps in QFD 
[1] Cross Functional Team (CFT) collects Voice Of Customer (VOC) from Customer Drawings, Specifications, 
and Specific Requirements & enters in Left Side Wall. 
[2] Voice Of Process (VOP) is divided into “Grade Selection” & “Manufacturing Process Sequence”, which are 
inter related in Planning Matrix at the Roof. 
[3] Weightages are given to interrelationships between VOC & VOP on 9 – 3 – 1 scale, which are in alignment of 
original Characteristic Matrix.  
[4] Customer Requirements are prioritized at Right Wall as follows: - 
For our product & our sister concern product (named A & B), competitive assessment is done on 1 to 5 scale (1 for 
worst & 5 for best). 
[5] Importance to Customer are ranked on 9-3-1 scale in their decreasing order. 
[6] Target Values i.e. where our product should reach are decided by consensus within the team. 
[7] Scale – Up – Factor is the ratio of “Target Value” to “Our Product Assessment”. The higher SUF means, the 
higher efforts required for improvement. 
[8] Sales Point are ranked as 1 or 2 by Marketing department, based on value expected against those particular 
Whats, from Customer’s Perception. 
[9] Absolute Weight is product of  b),d) & e). 
[10] Technical Descriptors are prioritized at Floor as follows :-Comparison / Assessment of  our product with A & B 
is done for all How’s.At present, the degree of technical difficulty is decided by CFT, based on past experience, but 
a full-fledged separate project is undertaken for On-Line SPC to serve the purpose.Target Values are decided by 
consensus for each descriptor. 
 
2.3CFT Consensus 
 Even though highest relative weight is found for Lapping Process (1350), still considering 
present process problems, hard grinding process, which has scored 1249 as relative weight (2nd in rank compared to 
Lapping Process ) is selected for further analysis i.e. for  phase 3 analysis 
 
3.0 Blitz QFD 
Mr.Richard Zultner developed Blitz QFD for his clients in the  in the 1990s. The purpose was that the house of  
quality and other large QFD matrices required too much time & resources, for construction during actual 
application, where speed of development was a critical customer need. The Blitz Qfd is one type of QFD developed 
by Dr. Yoji Akao, which can be subsequently revised with little efforts. 
Unlike other attempts to shorten QFD, such as cutting the breadth of the analysis by using just one matrix such as 
the House of Quality, Blitz QFD runs through all phases of new product development (Customer Specific 
Requirement) analysis, Product & Process design, & development, and implementation, but only on a few 
threads,based on the top critical customer needs. Since this requires extremely sharp focus from the beginning, 
several new tools were added to QFD. Blitz QFD is now a core process used in some implementations of QFD 
Green Belt training (e.g., the QFD Institute). 
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The essential elements of the method consists of the basic elements of the QFD method, except that the matrices 
usually employed are replaced by 2 to 3 elements at each level of analysis, which represent the top-weighted 
elements in the traditional House of Quality. Typical techniques used to identify these top-level elements include 
some comparison method such as analytical hierarchy process  AHP . Another way to view this approach is to think 
of these elements as the major "Causes" identified in an  (Cause & Effect Diagram), carrying only these few 
elements forward using QFD transformation techniques.  
  
These few elements are then carried through the regular standard QFD transformation process to convert customer 
needs into product characteristics, project tasks, FMEA risks, etc.A simplifid form of the HOQ matrix was utilised 
in this work. The Technical Correlations and Planning matrices were removed and only the prioritized requirements 
row included at the base.The resulting matrix format is referred to as a prioritization matrixIn a prioritization matrix, 
as in the HOQ, the interrelationships expressed in individual cells are assigned a value. Numbers or symbols are 
commonly used in QFD to represent the strength of such an inter relationship. Weightings are also used to illustrate 
the relative importance of items within the list of customer requirements. An overall value for the importance of the 
strength of a particular interrelationship can then be numerically  calculated. This involves multiplying the 
weighting in each matrix cell by the relative importance of the row item with which it is associated (see Fig.3 & 4 – 
Phase 3 & Phase 4).  

 
QUALITY FUNCTION DEPLOYMENT MATRIX FOR HARD GRINDING DEPT.:-  

PHASE 4 :- PROCESS CHARACTERISTICS V/S SIX M's 
Rank REL. 

WT. 
6 M'S 

9-strong positive

 

3 - positive

FR
O

M
 

PH
A

SE
  

3 V
IS

U
A

L 

A
M

P
E

R
E

M
E

TE
R

 

R
E

FR
A

C
TO

M
E

TE
R

 

V
IS

U
A

L 
&

 B
Y

 T
O

U
C

H
 

V
IS

U
A

L 
&

 B
Y

 T
O

U
R

C
H

 

D
E

P
TH

 D
IA

L 
G

A
U

G
E 

S
P

E
C

IF
IC

A
IT

O
N

S
 

S
A

M
P

LE
 S

IZ
E

 

S
A

M
P

LE
 F

R
E

Q
U

E
N

C
Y

 

R
E

C
O

R
D

IN
G

 M
E

TH
O

D
 

Q
U

A
LI

FI
C

A
TI

O
N

 

E
X

P
E

R
IE

N
C

E
 

TR
A

IN
IN

G
 

TY
P

E
 :-

 M
P

B
 

TY
P

E
 :-

 M
R

B
 

M
A

TE
R

IA
L 

(M
IX

 U
P

) 

W
O

R
K

 E
N

V
IR

O
N

M
E

N
T 

  

1 - weak  MESUREMENT METHOD MAN MACHINEMA 
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  C C1 C2 C3 C4 C5 C6 C7 C8 C9 C10 C11 C12 C13 C14 C15 C16 C17 C18
PROCESS 

CHARACTERISTIC
                                      

Uniform feeding. 14 3 0 0 0 0 0 0 0 0 0 0 3 3 0 0 0 3 0 
Punja condition 8 3 0 0 0 0 0 0 0 0 0 0 3 3 0 0 0 3 0 

Stopper condition 8 3 0 0 0 0 0 0 0 0 0 0 3 3 0 0 0 3 0 
SP & GP Plate groove

condition
11 0 0 0 0 9 0 0 0 0 0 0 3 3 9 3 3 3 0 

Diamond Tools setting. 8 0 0 0 9 0 0 0 0 0 0 0 3 3 0 0 0 3 0 
SP & GP Groove depth 12 0 0 0 0 0 9 3 0 0 0 0 0 0 9 3 3 0 0 

Coolant Strength. 12 0 0 9 0 0 0 3 9 3 0 0 0 0 0 0 0 0 0 

Pressure 21 0 9 0 0 0 0 3 0 0 0 0 0 0 0 0 0 0 0 
Pocketing 5 3 0 0 0 0 0 0 0 0 0 0 3 3 0 0 3 3 0 

ABSOLUTE WEIGHT 1860 105 189 108 99 99 108 135 108 36 0 0 171 171 207 69 84 171 0 

RELATIVE WEIGHT 100 6 10 6 5 5 6 7 6 2 0 0 9 9 11 4 5 9 0 

 
FIG 4  

 
 
 
 



 530

Concept Selection Matrix 
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 Technical Descriptors 

(HOWs)                
[ VOICE OF PROCESS ] 

 
    

       
    Material Manufacturin

g 
 

    
       

    Selectio
n  

Process   
    

   
  

  
Inter-relationship between     Inter-relationship bet. 

 
     Customer Requirements &  technical descriptor's & 

 
     technical descriptor's   technical descriptor's  

 
     9 STRONG POSITIVE    STRONG POSITIVE 

 
     3 POSITIVE      

POSITIVE  
     1 WEAK     WEAK  
     0 NEGATIVE  IM

P
O

R
TA

N
C

E 
TO

 C
U

S
TO

M
E

R
 

C
O

P
P

E
R

 / 
B

R
A

S
S

 

S
TE

E
L 

M
E

TA
L 

S
P

IN
N

IN
G

 - 
H

E
A

T 
TR

EA
TM

EN
T 

C
O

LD
 F

O
R

G
IN

G
 - 

H
E

A
T 

TR
EA

TM
EN

T 
- G

R
IN

D
IN

G
 

   NEGATIVE  
             c1 c2 c3 c4 9*c1 9*c2 9*c3 9*c4  

  i Nominal Ball Size  9  3 9 9 9 27 81 81 81  
  Dimen ii Size Variation  9  3 9 3 9 27 81 27 81  
  sional iii Ovality  9  3 9 3 9 27 81 27 81  
    iv Roughness  9  3 9 3 9 27 81 27 81  
  Physical I Hardness  9  3 9 3 9 27 81 27 81  

    II Crushing Strength  9  0 9 0 9 0 81 0 81  

    III Corrosion Resistance  9  9 9 9 9 81 81 81 81  

    IV Case Depth  9  9 3 9 9 81 27 81 81  

    V Polish  9  9 9 9 9 81 81 81 81  

  Chemical 1 Chemical Composition  9  9 9 9 9 81 81 81 81  

  A Micro-structure  9  0 9 0 9 0 81 0 81  

  

Metallurgical B Grain Structure  9  0 9 0 9 0 81 0 81  

  Defect - a Free from Outheading  9  0 9 0 9 0 81 0 81  

  free b Free from Pinmark  9  0 9 0 9 0 81 0 81  

  Surface  c Free from Eccentric Ring 9  0 9 0 9 0 81 0 81  

    d Free from Overlap  9  0 9 0 9 0 81 0 81  

    e Free from Ringless  9  0 9 0 9 0 81 0 81  

    f Free from Chipmark  9  0 9 0 9 0 81 0 81  

    g Free from Knife/Tongue Mark 9  0 9 0 9 0 81 0 81  

    h Free from Cutmark  9  3 9 3 9 27 81 27 81  

    I Free from Burning/Rough s/f 9  3 9 3 9 27 81 27 81  

    j Free from Rust  9  0 9 0 9 0 81 0 81  

    k Free from Pits  9  0 9 0 9 0 81 0 81  

    l Free from Scratches  9  9 9 9 9 81 81 81 81  

    m Free from Caustic Mark 9  0 9 0 9 0 81 0 81  

    n Free from Dent Mark  9  3 9 3 9 27 81 27 81  

    o Free from Crack  9  9 9 9 9 81 81 81 81  

    p Free from Grinding Mark 9  0 9 0 9 0 81 0 81  

    q Free from Deep Line  9  9 9 9 9 81 81 81 81  

    r Free from Mix up  9  9 9 9 9 81 81 81 81  
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  s Free from Flat Mark  9  9 9 9 9 81 81 81 81  
                        945 2457 999 2511

 
CONCLUSION :- ABSOLUTE WEIGHT OF STEEL (2457) IS GREATER THAN ABSOLUTE WEIGHT OF COPPER / BRASS (945);   

 
ABSOLUTE WEIGHT OF COLD FORGING-HEAT TREATMENT (2511) IS GREATER THAN ABSOLUTE WEIGHT OF COPPER / BRASS (999). 

HENCE, STEEL BALL MAKING BY "COLD FORGING-HEAT TREATMENT-GRINDING" IS PREFERRED OVER METAL SPINNING.   
 

STEEL BALL  
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INTER-RELATIONSHIP BETWEEN CUST 
REQUIREMENTS & TECH DESCRIPTORS 

 

Dimensional i Nominal Ball 
Size 

9 9 9 9 3 3 9 0 9 9 4 5 3 9 5 1.25 2 22.5 

  ii Size Variation 9 9 9 9 0 9 3 0 9 9 4 5 3 9 5 1.25 2 22.5 

  iii Ovality 9 9 9 3 0 9 3 0 9 9 4 5 3 9 5 1.25 2 22.5 

  iv Roughness 9 9 3 0 0 0 9 0 0 9 4 5 3 9 5 1.25 2 22.5 

Physical I Hardness 9 9 9 9 0 0 0 9 0 0 4 5 3 9 5 1.25 2 22.5 

  II Crushing 
Strength 

9 9 9 3 0 0 0 9 0 0 4 5 3 9 5 1.25 2 22.5 

  III Corrosion 
Resitance 

9 9 9 9 0 0 0 0 0 0 4 4 3 9 5 1.25 2 22.5 

  IV Case Depth 3 3 9 9 0 0 0 9 0 0 4 4 3 9 5 1.25 2 22.5 

  V Polish 9 9 9 9 0 0 9 0 0 0 4 4 3 9 5 1.25 2 22.5 

Chemical 1 Chem.Compos
ition 

9 9 9 9 0 0 0 0 0 0 5 5 5 9 5 1 2 18 

A Micro-structure 9 0 0 0 0 0 0 9 0 0 4 5 3 9 5 1.25 1 11.25 Metallur 
gical 
  

B 
Grain Structure 9 0 0 0 0 0 0 3 0 0 4 5 3 9 5 1.25 1 11.25 

Surface  a Outheading 9 9 9 0 9 0 0 0 0 0 4 5 3 9 5 1.25 1 11.25 

Defects b Pinmark 9 9 9 0 3 0 0 0 0 0 4 5 3 9 5 1.25 1 11.25 

  c Eccentric Ring 9 9 9 0 1 0 0 0 0 0 4 5 3 9 5 1.25 1 11.25 

  d Overlap 9 9 9 0 9 0 0 0 0 0 4 5 3 9 5 1.25 1 11.25 

  e Ringless 9 9 9 0 3 0 0 0 0 0 4 5 3 9 5 1.25 1 11.25 

  f Chipmark 9 9 9 0 3 0 0 0 0 0 4 5 3 9 5 1.25 1 11.25 

  g Knife Mark 9 9 9 0 9 0 0 0 0 0 4 5 3 9 5 1.25 1 11.25 

  h Cutmark 9 9 9 3 0 9 0 0 9 9 4 5 3 9 5 1.25 1 11.25 

  I Burning/ 
Rough s/f 

9 9 9 0 0 9 0 0 9 0 4 5 3 9 5 1.25 1 11.25 

  j Rust 9 9 9 3 0 9 9 9 9 9 4 5 3 9 5 1.25 1 11.25 

  k Pits 9 9 9 0 0 0 9 0 0 0 4 5 3 9 5 1.25 1 11.25 

  l Scratches 9 9 9 0 0 0 0 0 9 9 4 5 3 9 5 1.25 1 11.25 

  m Caustic Mark 9 9 9 0 0 0 9 0 0 0 4 5 3 9 5 1.25 1 11.25 

  n Dent Mark 9 9 9 0 0 0 0 9 0 0 4 5 3 9 5 1.25 1 11.25 

  o Crack 9 9 9 9 0 0 0 9 0 0 4 5 3 9 5 1.25 1 11.25 

  p Grinding Mark 9 9 9 0 0 0 0 0 9 0 4 5 3 9 5 1.25 1 11.25 

  q Deep Line 9 9 9 0 0 0 0 0 0 9 4 5 3 9 5 1.25 1 11.25 

  r Mix up 9 9 9 9 3 3 3 3 3 3 4 5 3 9 5 1.25 1 11.25 
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  s Flat Mark 9 9 9 0 0 0 0 0 9 9 4 5 3 9 5 1.25 1 11.25 
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Technical  Our Product 4 5 5 5 4 4 4 4 4 4 
Competitive  A's Product 5 3 3 3 4 4 4 4 4 5 
Assessment (TCA) B's Product 3 4 4 3 4 4 4 4 4 4 
Degree of Technical Difficulty 5 0 0 0 1 1 1 1 1 2 
Target Value 5 5 5 5 5 5 5 5 5 5 
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PHASE 3 :- PRODUCT CHARACTERISTICS (CUSTOMER 
REQUIREMENTS) V/S PROCESS CHARACTERISTICS                     

GRADE     PROCESS CHARACTERISTIC    QUALITY FUNCTION DEPLOYMENT MATRIX  FOR HARD 
GRINDING DEPT. BG    
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A ISO 3290 SPECIFIED :-  C C1 C2 C3 C4 C5 C6 C7 C8 C9    

R1 SIZE         9 1 1 1 1 1 1 1 9 1    

R2 QUALITY OF I Variation of ball diameter /Deviation from 
spherical form / Ovality. 9 1 1 1 1 3 9 1 9 

1    
R3 GEOMETRY ii Surface roughness 9 0 0 0 0 0 0 0 0 0    
R4 AND iii Surface appearance (polish)    3 0 0 0 0 0 0 0 0 0    
R5 SURFACE iv Defectfree a Outheading 0 0 0 0 0 0 0 0 0 0    
R6     Surface b Pinmark 0 0 0 0 0 0 0 0 0 0    
R7       c Eccentric Ring 0 0 0 0 0 0 0 0 0 0    
R8       d Overlap 0 0 0 0 0 0 0 0 0 0    
R9       e Ringless 0 0 0 0 0 0 0 0 0 0    

R10       f Chipmark 0 0 0 0 0 0 0 0 0 0    
R11       g Knife/tongue mark 0 0 0 0 0 0 0 0 0 0    
R12       h Cutmark 9 3 9 9 9 3 1 1 1 1    
R13       I Burning / Roughsurface 9 9 1 1 1 1 1 9 9 1    
R14       j Rust 9 1 1 1 1 1 1 9 1 1    
R15       k Pits 0 0 0 0 0 0 0 0 0 0    
R16       l Scratches 3 0 0 0 0 0 0 0 0 0    
R17       m Caustic mark 0 0 0 0 0 0 0 0 0 0    
R18       n Dent mark (above 18MM) 0 0 0 0 0 0 0 0 0 0    
R19       o Crack 0 0 0 0 0 0 0 0 0 0    
R20       p Grinding mark 3 1 1 1 9 3 1 1 1 1    
R21       q Deep line (Plate mark) 0 0 0 0 0 0 0 0 0 0    
R22       r Mix up 9 1 1 1 1 1 1 1 1 3    
R23       s Flat mark 3 3 1 1 9 1 1 1 1 1    
R24 SORTING I Variation of ball lot diameter(Size variation) 9 9 1 1 1 3 9 1 9 1    
R25 ACCURACY ii Gauge Inverval 0 1 1 1 1 1 1 1 9 1    
R26 AND iii Preferred Gauges 0 1 1 1 1 1 1 1 9 1    
R27 GAUGES iv Subgauge Interval 0 1 1 1 1 1 1 1 9 1    
R28   v Subgauges   0 1 1 1 1 1 1 1 9 1    
R29 HARDNESS      0 0 0 0 0 0 0 0 0 0    
R30 CRUSHING STRENGTH (SAE 52100 & EN 31) 0 0 0 0 0 0 0 0 0 0    
R31 DEMAGNETIZATION (AISI 302,304,316,316L) 0 0 0 0 0 0 0 0 0 0    
R32 CASEDEPTH (LC)     0 0 0 0 0 0 0 0 0 0    
R33 MICRO-STRUCTURE (SAE 52100 & EN 31) 10 to 24/Cust.spec. requirement) 0 0 0 0 0 0 0 0 0 0    
R34 GRAIN STRUCTURE (EN 9 & HC)   0 0 0 0 0 0 0 0 0 0    
R35 CORROSION RESISTANCE ( SS mat ) 0 0 0 0 0 0 0 0 0 0    
R36 CHEMICAL I SAE 52100 HIGH CARBON CHROMIUM STEEL 0 0 0 0 0 0 0 0 0 0    
R37 COMPO- II LOW CARBON, MEDIUM CARBON & HICH CARBON STEEL 0 0 0 0 0 0 0 0 0 0    
R38 SITION III STAINLESS STEEL   0 0 0 0 0 0 0 0 0 0    
R39   IV EN 31 HIGH CARBON CHROMIUM STEEL 0 0 0 0 0 0 0 0 0 0    

  ABSOLUTE WEIGHT         0 0 0 0 0 0 0 0 0 0    
  RELATIVE WEIGHT          100 0 0 0 0 0 0 0 0 0    

FIG 3                   
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Fig 6 
F.A.S.T.MODEL FOR  GRINDING  OF HEAT TREATED STEEL BALLS 
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  VALUE ANALYSIS MATRIX 
$ PROCESS 

CHARACTERISTICS 
Uniform 
feeding. 

Punja 
condition 

Stopper 
condition

SP & GP 
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groove 
condition
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setting. 
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depth 

Coolant 
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Pressure Pocketing ROW 
WEIGHT 

% 
WEIGHT
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KG 
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PHASE 3 14 8 8 11 8 12 12 21 5   

  

LOAD HARDENED 
BALLS THROUGH 
SIEVE INTO 
CONVEYOR 

3    3     9 120 5.04 1.01

START LUB PUMP          3   63 2.64 0.53

START HYDRAULIC 
UNIT          9   189 7.93 1.59

START COOLENT 
MOTOR 9           126 5.29 1.06

START CONVEYOR 
MOTOR 9           126 5.29 1.06

CHECK MATERIAL 
ENTRY & EXIT 3 9 9 3       219 9.19 1.84

MAINTAIN 
PRESSURE      3 3 9  9   354 14.86 2.97

ADJUST 
CONVEYOR SPEED 9 3  3  3     219 9.19 1.84
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CONDITION FOR 
MUD LEVEL 
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RATE      3 3 3 3 9   318 13.35 2.67

CHECK COOLENT 
STRENGTH         9 3   171 7.18 1.44
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VALUE  
ANALYSIS :-  

 
 CONTINUAL IMPROVEMENT PROJECT (C.I.P.) VIZ."MODIFICATION OF DIAMOND DRESSER LINKAGE FOR 
CONTROLLING PRESSURE", IS IDENTIFIED THROUGH PHASE 3 & 4 QFD MATRICES.SINCE,HIGHEST COST 
IS OBSERVED AS RS./KG IS 2.97, WHICH IS DUE TO MAINTAINING PRESSURE, THE C.I.P.UNDERTAKEN IS 
VALIDATED THROUGH F.A.S.T. & THIS V.A.MATRIX. 



Proceedings of the National Conference on 
Trends and Advances in Mechanical Engineering, 

YMCA Institute of Engineering, Faridabad, Haryana.., Dec 9-10, 2006. 
 

 535

10.0 Conclusion 
Application of  Conventional QFD & Blitz QFD, for identification of  the Continual Improvement 
Project (C.I.P.) was the central idea behind this project. Implementation of these strategic tools, in the 
Steel Ball manufacturing plant has supported the importance of the  extremely effective tools. 
Moreover, F.A.S.T. has used for validating the benefits of this implementation in Cost - Function terms 
(approx.8% to10 % saving in the cost has observed!). 
 
This case study is very useful for the purpose of implementation in batch type industry. Future scope of 
this project lies in further mathematical treatment & use of softwares available in this area. 
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Abstract  
Six Sigma concentrates on measuring product/service quality, reducing variation, driving improvements and 
saving the cost. The original application was to eliminate assembly line defects, but since then it has expanded 
into almost every corporate operation. Six Sigma is described as a philosophy, methodology and breakthrough 
strategy to solve problems. Six Sigma implementation is spreading to many organizations the world over and 
success stories are increasing every day. In several cases, impressive financial benefits have been recorded, 
whereas in a few organizations, the implementation of this methodology has not given the expected benefits. In 
this paper, the authors discuss various hurdles faced by the organizations from their experiences, and explain 
the application of Six Sigma DMAIC methodology in industries, which shows how the goals for Six Sigma in 
industries can be achieved and surpassed through the complimentary usage of Six Sigma methodology. 
 
Key Words: Six Sigma, DMAIC, PPM, CTQ. 
 
1.0 History and Development of Six Sigma 
In today’s fast paced global economy market constraints are demanding that companies produce their product 
more quickly and with a better quality. The fast changing economic conditions such as global competition, 
customer’s demand for high quality products and reduced consumption rate has had a major impact on 
organizations. Highest quality products and services must be offered at the lowest possible costs for maximizing 
customer satisfaction. Developers need to create innovative products in less time; even though the product may 
be complex. A Six Sigma approach can directly affect the needs if it is conducted wisely. Six Sigma as a 
measurement standard in product variation can be traced back to the 1920 when Walter Shewhart showed that 
three sigma from the mean is the point where a process requires correction (Pande et al., 2000). According to 
Thawani (2004), Motorola originally developed Six Sigma in the 1980’s and its implementation helped the 
company to win the 1988 Malcolm Baldrige Quality award. Lahiri (1999) has described that Six Sigma genesis 
lies in a classic stretch – target set in 1980 by Motorola’s CEO, Bob Galvin, to his people: effect a ten fold 
improvement in product – failure levels over a 5- year period. As per him, Bill Smith, an engineer at the 
company, realized that such results could not be achieved without going into the core of what caused defects in 
the first place. So, Bill Smith conducted a statistical correlation between the field-life of a product and the 
number of flaws that had been spotted - and corrected - while the product was being manufactured. The 
correlations, arrived at in 1985, turned out to be positive. Does et al. (2002) consider Michel Harry as the father 
of Six Sigma as he introduced the concept of Six Sigma to Motorola when question arose, how could Motorola 
minimize and ideally, eliminate defects from the manufacturing process? 
 
According to De Feo (2002), until 1994, Six Sigma remained a closely – guarded secret at Motorola. The 
outside world knew about it, but not how to use it. In 1995, however, CEO Gary L. Tooker decided to throw 
open the source – code. One of the earliest to pick it up was Allied Signal, where CEO Lawrence Bossidy led 
the conversion. But it wasn’t until GE’s CEO, Jack Welch introduced Six Sigma across the length and breadth 
of his organization that the tool grabbed the limelight-and stayed put. Four year after ‘Neutron’ Jack pushed Six 
sigma hard into the innards at GE, it contributed 20 per cent to the conglomerate’s earnings. That has spurred 
many others to follow suit. Pandey and Neuman (2000) have described that Six Sigma was originally developed 
by Motorola in 1980’s and has since been implemented by a number of world class organization such as GE, 
Honeywell, ABB, Sony, Ford etc with the purpose of reducing quality cost, improving process capability and 
enhancing process yield.   
 
2.0 What is Six Sigma? 

Sigma (σ) is a letter in the Greek alphabet that has become the statistical symbol, which is used in mathematics 
and statistics to define standard deviation. The sigma scale of measurement is perfectly correlated to such 
characteristics as defects-per-unit, parts-per-million defective, and the probability of a failure. Six is the number 
of sigma measured in a process, when the variation around the target is such that only 3.4 outputs out of one 
million are defects. Coronado & Antony (2000) pointed out that Six Sigma methodologies have recently gained 
wide popularity because it has proved to be successful not only at improving quality but also at producing large 
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cost savings along with those improvements. So, an organization needs to give smarter Six Sigma solutions that 
are linked to bottom line benefits. Park (2000) has stated that Six Sigma is a statistical measurement, which 
provides the opportunity and discipline to eliminate mistakes, improve morale, and save money. Doing things 
rightly and keeping them consistent are the basic ideas behind Six Sigma. A fundamental objective of Six Sigma 
is to achieve customer satisfaction with continuous improvement in processes. According to Harry (2001) CEO 
of Six Sigma Academy Phoenix, USA, Six Sigma is a well structured, disciplined, data driven methodology for 
eliminating defects, waste, or quality control problems of all kinds in manufacturing, service delivery, 
management and other business activities. O’Neill & Duvall (2004) described that Six Sigma (6σ) is a 
disciplined quality improvement methodology that focuses on moving every process that touches the customers 
- every product and service - towards near perfect quality. It is measure of the company’s quality.  
 
3.0 Six Sigma Goals 
Six Sigma is a disciplined, data driven approach and methodology for eliminating defects (driving towards six 
standard deviation between the mean and the nearest specification limit) in any process - from manufacturing to 
process industry and from product to service (Mahanti & Antony, 2005). The statistical representation of Six 
Sigma describes quantitatively how a process is performing. Six Sigma’s goal is the near elimination of defects 
from any process, product or service-far beyond where virtually all companies are currently operating. Six 
Sigma focuses all function on “processes”. Every process/procedure has an expected outcome/measurement 
called a “mean”. Every outcome/measurement has some variability. The measure of that variability is called 
sigma. Thus, the focus of Six Sigma methodology in manufacturing/process is to reduce variability as shown in 
figure 1. 
 
 
 
 
 
 
 
 
 
  

 
 
 
 
 
 
 
 
 
 
 
 

Figure 1. Reducing Variation- Reducing Defects 
 
The numerical goal of Six Sigma is reducing defects less than 3.4 parts per million (PPM), also know as Defects 
Per Million Opportunities (DPMO), reducing cycle time and reducing costs dramatically which impact the 
bottom line. Reducing variability and mean is the essence of Six Sigma and a Six Sigma defect is defined as 
anything outside the customer specification (Maleyeff & Krayenvenger, 2004). The parts per million defective 
with respect to various sigmas are given in table 1. 
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Table1: Sigma and Corresponding PPM 

Sig ma Percent Yie ld PPM  

6 99.9997% 3.4 

5 99.98% 233 

4 99.4% 6,210 

3 93.3% 66,807 

2 69.1% 308,537 

1 30.9% 691,462 

 
 
4.0 Six Sigma DMAIC Methodology  
The fundamental objective of the Six Sigma methodology is the implementation of a measurement-based 
strategy that focuses on process improvement and variation reduction through the application of Six Sigma 
projects ( Kumar, 2002). The business case can be solved using Six Sigma DMAIC approach, which stands for 
Define, Measure, Analyze, Improve and Control. These are further described as under. 
 
4.1 Define 
Define the problem and what the customer requires (Henderson & Evan, 2000). The define phase sets the 
expectation of the improvement of project and maintenance of focus of Six Sigma strategy on customers 
requirement. There are many tools used in Six Sigma methodology for defining the problem like- QFD-Quality 
Function Deployment, FMEA –Failure model effect analysis, Process mapping 
 
4.2 Measure 
The measure phase identifies the defects in the product, gathers valid baseline information about the process, 
and establishes improvement goals. 
 
4.3 Analysis  
The analyze phase examines the data collected in order to generate a prioritized list of source of variation 
(Kapur & Feng, 2005). It is the key component of any defect-reducing program. This is the stage at which new 
goals are set and route maps created for closing the gap between current and target performance level. Statistical 
tools as well as conventional quality techniques like Brainstorming, Root-cause analysis, Normality analysis, 
Process capability, Fish bone Diagram, Pareto Analysis etc may be used for carrying out the analysis. 
 
4.4 Improve 
The optimal solution for reducing variation or mean is determined and confirmed in the improve phase. The 
objective of this phase is: 

• To confirm the key process variables  
• Quantify their effects on critical to quality (CTQ) 
• Test for improvement in Centering 
• Use of Brainstorming and Action workouts 

This phase helps to identify and quantity the key process variables and their influence on CTQs and determine 
acceptable limits to reduce the number of defects in the process. This step may involve the use of a variety of 
statistical methods and tools to determine high priority attrition variables and need to develop and/or redesign 
functions that impart product performance and success. 
 
4.5 Control  
The final stage of Six Sigma implementation is to hold the gains that have been obtained from the improve 
stage. Hence in this stage the new process considerations are documented and frozen into systems so that the 
gains are permanent.This phase emphasizes in determining process capability and implementing various process 
controls to make sure the modified process stay within acceptable limits.  
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5.0 Six Sigma Appreciation 
Critics have already started labeling Six Sigma with such phrases as ‘sick sigma, program of the month or an old 
wine in the new bottle’. All five senses are required to appreciate the wine. These five senses are seeing, smell, 
touch, hear and taste. Six Sigma applications can only be appreciated when all the five senses are applied. These 
five senses play a key vital role in selling the Six Sigma programme to the management. 
 
5.1 Seeing or observing with eyes 
Eyes do the function of seeing and observing and thus providing evidence to support the claim. A criminal is 
innocent until proven guilty with evidence from witnesses. ISO 9000 standard requires supporting evidence for 
the observed non-conformity. Six Sigma applications are appreciated when noticing the benefits received from 
the Six Sigma project. These benefits come in the form of a cycle time reduction, cost reduction, savings in 
resources, yield increase, defect reduction, increase in the profits, space savings, etc. 
 
5.2 Smelling with the nose 
A pleasant smell is always enjoyable and creates a thought-provoking environment. An event becomes 
memorable with a fragrance of a rose or an essence or an aroma of a wine. An organization’s environment 
remains happy and cheerful from the success of Six Sigma project and the resulting cost savings. 
 
5.3 Touching with hands 
Touching gives a sense about the usefulness of an object and characterizes the surface as rough, smooth, hard or 
soft. Statistical, analytical and management tools are used to tackle a clearly defined problem. 
 
5.4 Hearing with ears 
People like to hear sweet words and a sweet voice. Hearing excellent results from the Six Sigma project is as 
sweet as a song. 
 
5.5 Tasting with the tongue 
Food can only be tested when put in the mouth. When an application of Six Sigma tools and techniques bear the 
desired results, its value is known. 
 
6.0 Six Sigma Success 
Six Sigma is not like a laser-guided smart bomb, but, rather, a statistically heavy regimen of analysing problems 
that has saved corporations billions of dollars. Numerous large and well-known corporations such as Motorola, 
General Electric, American Express, Ford Motor Company, and Allied Signal all have ambitiously applied the 
Six Sigma methodologies n their operations. Impressive results have been obtained by the companies applying a 
Six Sigma project in their organizations, as evidenced by: 
(1) Motorola Legal Department took two years for the patent application. Bob Galvin wanted the patent 
department to figure out how to make the application time less than 90 days. Using Six Sigma tools, the patent 
department reduced time to somewhat less than that and the shortest time was 17 days. Motorola generated 
savings of $1.5 billion in a 11 year period. 
(2) A Japanese patent system’s application process cost was reduced from $48,000 to $1200 for each filing. 
(3) General Electric (GE) increased communication satellites’ usage from 63% to 97% realizing a revenue 
increase of $1.3 million/year. GE changed the original Motorola Six Sigma model to a project based approach 
that had executive buy-in. GE saved $2 billion during 1999. 
(4) The Ames Rubber Corporation (1993 recipient of the Malcolm Baldrige National Quality Award in Small 
Business Category) uses the Baldrige criteria, ISO 9000 Quality Management System and Six Sigma tools for 
continuous improvement activities. 
(5) The National Science Foundation achieved a reduction of sick people evacuation from Antarctica to 22% 
with help from Raytheon Corporation on ways to prescreening scientists prior to engaging them. 
(6) A hospital in Milwaukee, Wisconsin, used Six Sigma process to reduce prescription errors. 
(7) Samsung Electronics Co. (SEC) of Seoul, Korea, uses Six Sigma tool for innovation, Efficiency and quality. 
SEC completed 3,290 Six Sigma projects during 2000 and 2001. 
Companies save an average of $100,000 to $200,000 per implemented improvement project. Companies that 
have produced good results, have invested adequate resources, provided extensive training and involved many 
individuals. 
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7.0 Six Sigma Benefits 
A number of benefits are realized when the Six Sigma process is applied in a systematic way. A huge financial 
payoff is realized within a short period of time. Some of these benefits are: 
(1) Decreased work-in-progress 
Bottlenecks are removed and work flows smoothly in the line, thereby reducing in process inventory. Equipment 
and tools are utilized efficiently with decreased workin- progress. There is no wait in line. 
(2) Improved capacity and output 
Due to decreased work-in-process, more can be produced and shipped. 
(3) Improved customer satisfaction and process flow 
On-time shipping and on-time delivery of goods will make customers happy. 
(4) Improved inventory turns 
With decreased work-in-progress and improved output, product will move faster out the door. There will be less 
inventory of raw material and finished product. 
(5) Increased productivity 
Productivity increase is realized when equipment and tools are running at capacity and wastage is reduced. 
(6) Reduced cycle time 
From start to finish, the job can be done within the prescribed time. Waiting is removed from the operation. 
 
8.0 Hurdles in Implementation of Six Sigma 
 
8.1 Improper project selection criteria 
Organizations try to implement a Six Sigma approach in anticipation of market penetration and organizational 
speed, while simultaneously reducing the cost of doing business. In other words, the projects must be selected in 
line with the organization’s goals and objectives. Some organizations fail to have SMART (Specific, 
Measurable, Achievable, Relevant and Time-Bound) goals and objectives and few others might not be able to 
link their projects to their goals and objectives. Recently, the authors came across a project, selected in an area 
in which none of the team members, leaders (belts) had any authority and responsibility, which in turn led to no 
proper data collection and failure of the project. Some organizations make it worse by placing rigid expectations 
on belts, thus forcing them into considering everything as a Six Sigma project, even though it is a ‘task’. In 
some cases, the project scope is too large and the project cannot be completed within the stipulated time frame. 
 
8.2 Lack of Resources 
Some organizations are unable to spare their people in the mandatory training of Six Sigma methodology and 
the equipment for trials, such as pilot runs, due to the usual production pressures, like month-end and year-end 
pressures. At times, the project requires a lot of data gathering and analysis, requiring the availability of proper 
software and computational facilities. Inadequate training facilities, such as improper training halls, may also 
hamper the progress of successful implementation. 
 
8.3 Lack of Coordination between Functions 
Often, Six Sigma projects are cross-functional and require a large amount of coordination between different 
departments or functions. Lack of proper coordination may lead to improper selection of their Critical-to-
Quality (CTQ) characteristics, incorrect data, analysis and solutions. Further, this may lead to resistance to 
implement solutions. 
 
8.4 Short Closure of Projects 
Sometimes the projects may have been discontinued due to organizational restructuring. In a few cases, the 
achievement of goals of the team change due to changes in statutory, regulatory requirements, taxation policies, 
telephone tariffs, and fuel prices. In other words, the improvements are given by God or the Government, but 
not by the efforts of the team. 
 
8.5 Non-availability of data 
Six Sigma is a data-driven approach and it is mandatory to support any conclusion by correct data gathering and 
its analysis. In some cases, the relevant data are hard to collect and may be expensive. Some processes, such as 
strategic planning and target setting, require more cycle time, therefore process cycling is very slow and the 
quantity of data may be small. The fear and frustration of people to collect data may also hamper the progress of 
a Six Sigma project. 
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8.6 Impatience to get Results 
To observe the effectiveness of any methodology requires time. Some organizations are impatient to get the 
results, thereby losing faith and confidence in the methodology. This may lead to closure of the projects by 
short-cut methods, and the implementation may slow down or may even stop. 
 
9.0 Conclusion 
The purpose of this paper is to provide a sound discussion on Six Sigma DMAIC methodology and see how it 
fits in with quality and operational excellence initiatives in industries. This paper reviews the implications of 
applying Six Sigma methodology over the industries. The strategic implementation of Six Sigma in steps 
(DMAIC) leads to an optimisation of some selected process parameters, thus resulting in substantial saving in 
overall operational costs of industry. Through critical investigation of Six Sigma and its statistical tools, the 
study illustrates certain hurdles in implementation of Six Sigma, which are requires to be considered before 
starting such an exercise with same kind of tools. It shall provide useful information to practitioners and 
researchers planning to practice Six Sigma methodology in industries to understand its pros and cons. Industries 
that wish to accelerate development of their own quality program can utilize the evolutionary approach 
explained in this paper to understand their current level of evolution and to implement focused action that can 
quickly strengthen them to sustain market competition.  
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Abstract 

In every organization, effective quality management must be a total, company-wide effect that is aimed at the 
avoidance of problems through the planning and engineering of products, processes and methods, the 
identification of problems that inevitably will arise and continuous improvement of quality performance. TQM is 
a total management system that sets the direction of the company and allows it to identify and develop an 
interaction among corporate problems and solutions, local problems and solutions, policy management efforts, 
daily management efforts, team activities, employee evolvement, and the role of education and training in 
quality improvements. This paper finds important factors, which helps to implement TQM in Indian industries 
and check their importance in Indian industries through survey. 
 
Key Words:   Total Quality Management, Important Factors, Likert Scale. 
 

1.0 Introduction 

Today’s total quality management (TQM) practices, encompassing the structure of organizations, company 
policies, procedures, managerial behavior and other manifestations of organizational cultures, are legacies of 
many thinkers and quality experts [1]. The underlying philosophy behind the current total quality management 
practices evolved slowly over a period of eighty years. It started from the concept of quality control, was 
transformed into quality assurance and, finally, to total quality control before assuming its present form – Total 
Quality Management. 
 
Many Indian organizations have started realizing the importance of Total Quality Management (TQM) and new 
quality system improvement standards [2]. According to a report from World Bank on global economy, 
developing by nearly 5 percent a year compared with a rate of 2.7 percent in the rich industrial world and by 
2020 India should be the 4th largest economy in the world. India ranks number 45 in global competitiveness 
among 49 countries [6]. Historically Indian industries developed management practices which suited the 
restrictive industrial policies of the past till the early 1980’s the demand was for mass supply. Consequently 
Indian manufacturers preferred to exploit the limited and yet adequate domestic market. Manufacturing 
excellence could be attained by a combination of several approaches to manufacturing such as value added 
manufacturing, continuous improvement, just in time and total quality control. 
 
TQM has emerged as a widely accepted management system. Its popularity has resulted in a diversity of 
definitions. In 1988, the United States, Department of Defense described total quality management as a series of 
“continuous improvement activities involving everyone in the organization – managers and workers - in a totally 
integrated effort toward improving performance at every level.” According to the US Department, this 
improvement satisfied cross functional goals, such as quality, cost, schedule, mission, need and suitability [3]. 
Total quality management was the integration of management techniques, current improvement efforts and 
technical tools towards continuous improvement, in order to increase customer/user satisfaction. 
 
TQM is a focused approach to increasing customer satisfaction and achieving business objectives. According to 
British Quality Association, “TQM” is a corporate business management philosophy, which recognizes that 
customer needs and business goals are inseparable. It is appropriate with in both industry and commerce [4]. 
Indian Statistical Institute, Hyderabad in its (unpublished) training document defined total quality management 
as an integrated organizational approach in delighting customer (Internal and external) by meeting their 
expectations on a continuous basis through everyone involved with the organization working on continuous 
improvement in all products, services and processes along with proper problem solving methodology. The 
definitions and statements by some researchers have been tabulated in Table 1. 
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Table 1  TQM Definitions / Descriptions / Statements 

 
Above discussion direct to locate: 
• What are basic factors of Total Quality Management which can play an important role in implementation in 

Indian industries? 
• What is the importance of these factors in Indian industries? 
 
Various important factors founded by researchers are  
1. Top management leadership  

and commitments   [TMLC]  
2. Continuous improvement  [CI] 
3. Seven management tools  [SMT] 
4. Working environment  [WE] 
5. Education and training  [ET] 
6. Total employee involvement  [TEI] 
7. Employee empowerment  [EE] 
8. Quality circle   [QC] 

Name of Author Definitions/ Descriptions/Statements 

Anderson, E. A. et al. 
[1] 

The primary emphasis of the TQM philosophy is total satisfaction for both 
internal and external customer, within the management environment that seeks 
continuous process improvement. 

Charantimath P. M. [2] TQM is an approach to business that looks critically not only at the products and 
services a company provides in relation to the process it employs to create them 
but also at the work force, to ensure that outputs fully satisfy customer 
requirements. 

Ho, S. K. M. [3] TQM provides the overall concept that fosters continuous improvement in on 
organization. It emphasizes use of all people, usually in multifunctional teams, to 
bring improvement from within the organization. 

Jawahar, L. et al. [4] Total Quality Management (TQM) is a structured approach for quality and 
productivity improvement that aims to address all aspects of a business including 
people methodology and technology. 

Khanna, V. K. et al. [5] TQM has been accepted by both service and manufacturing organizations 
globally, as a systematic management approach to meet the competitive and 
technological challenges. It defines the quality with emphasis on top management 
commitment and customer satisfaction. 

Krieter, C. [6] TQM is a way continuously improve performance at every level of operation, in 
every functional area of an organization, using all available human and capital 
resources. 

Krumwiede, 
D. W. et al. [7] 

TQM philosophy emphasizes quality achievement of products or services in a 
never ending process and primarily a management responsibility, not that of the 
worker. 

Mohanty, R. P. [8] TQM as an approach and as on organization wide effort is oriented towards 
maintaining customer satisfaction increasing productivity through waste reduction 
and improving the reliability of all work processes. 
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9. Team work    [TW] 
10. Small group activities  [SGA]  
11. Suggestions and schemes  [SS] 
12. Customer focus and satisfaction [CFS] 
13. Recognition and rewards  [RR] 
14. Feed back system   [FBS] 
15. Vendor development   [VD] 
16. Statistical process control  [SPC] 
17. Daily process management  [DPM] 
18. Zero defect    [ZD] 
19. Taguchi methods   [TM] 
20. Seven quality control tools  [SQC] 
21. Business process reengineering [BPR] 
22. Total productive maintenance  [TPM] 
23. Quality function development  [QFD] 
24. House Keeping  [HK] 
25. Just in time    [JIT] 
26. Bench marking   [BM] 
27. Cost of quality   [COQ] 
28. Quality processes planning  [QPP] 
29. Design of experiment   [DOE] 
30. Failure mode effect analysis  [FMEA] 
 
2.0 Survey of Indian Industries 
A survey has been carried out to understand the importance of various factors of total quality management in 
Indian industries. The Indian industries having ISO certification were the main source of data collection for the 
survey. For survey a questionnaire on Total Quality Management in industries was prepared (designed on the 
basis of five point likert scale) and mailed to 150 different industries covering the fields of automobile 
engineering, textile engineering, electrical and electronics engineering, light weight engineering and heavy 
weight engineering works in India and abroad. Seventy five responses (Response rate = 50%) to this 
questionnaire were obtained.  
 
3. 0 Results of Survey 
Within the last two decades, Total Quality Management (TQM) has evolved as a strategic approach in most 
manufacturing and service organizations to respond to the challenges posed by competitive business world [90]. 
Survey shows the importance of various factors founded out from literature review (Table2) and it was clear that 
overall 33 percent industries accept various factors as ‘very important’, 40 percent as ‘important’, 22 percent as 
‘less important’, 5 percent as ‘least important’ and no factor was found as ‘not important’.  

1. Senior management leadership and commitment is crucial for the TQM. Providing good leadership means 
having close involvement in implementation process to maintain the momentum. Seventy one percent 
industries confirm top management leadership and commitment as ‘very important’ factor of TQM. 

2. Continuous improvement has acquired a broad meaning, i.e., enduring efforts to act upon both chronic and 
sporadic problems and to make refinements to processes. Fifty nine percent industries confirm continuous 
improvement as ‘very important’ factor of TQM.  

3. Many tools and techniques are available to assist management in planning and implementation of solutions 
of problems of quality planning. Seven management tools are widely used for problem solving and quality 
planning by most of the organizations world over but use of these tools for quality improvement in Indian 
companies is still less. Twenty four percent industries confirm seven management tools as ‘very important’ 
factor of TQM. 

4. The importance of working environment cannot be under estimated in the context of bringing out total 
quality change through layout in company. Indian corporate sector has started recognising the significance 
of working environment improvement through methods – engineering and other techniques.Thirty three 
percent industries confirm working environment as ‘very important’ factor of TQM. 

5. TQM training, so vital to success of a TQM program, is usually a much neglected action item. Top 
management must first be educated and trained about the quality improvement process, before training 
starts for others. TQM training should be continuous throughout the TQM implementation phases. Fifty 
percent industries understand employees’ education and training is ‘very important’ factor of TQM. 

6. Employee involvement is one of several concepts of total quality management, one of the latest 
philosophies in business and industry. Employee involvement is a system that encourages employees to 
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participate in improvement of business by using their creative abilities to make suggestions for 
improvement and by sharing their expert knowledge regarding their immediate work areas. Fifty three 
percent industries confirm employees as ‘very important’ factor of TQM. 

7. A sense of autonomy for oneself and creating autonomy for others is the basic concept of empowerment. 
Empowerment means sharing responsibilities and power at all levels in organization, and helping people to 
develop, enabling them to innovate, take initiatives and make independent decisions to satisfy the needs of 
customers, which may be internal or external to organization. Forty percent respondent industries 
understand empowerment as ‘very important’ factor of TQM. 

8. A quality circle is a small group usually four to ten people who identify, analyze and solve their work 
related problems or improvements of their work environment, relations or even their personal problems 
inside their organizations. Thirty four percent industries understand quality circle is ‘very important’ factor 
of TQM. 

9. Most effective way to harness the ideas and talents of all employees is use of team force based problem 
solving. The team force focus on the progressiveness reduction of activities that add cost but no value to the 
end product no matter which area of business activity they look at. Thirty one percent industries understand 
team work is ‘very important’ factor of TQM. 

10. Small group activities have received widespread attention since the very beginning. Economies shattered by 
World War II adopted this approach for reconstruction on large scale, motivated by the instinct for 
themselves and their peoples and small groups have solved many problems related to customers and 
marketing in companies. Twenty nine percent industries understand small group activity as ‘very important’ 
factor of TQM. 

11. Suggestion schemes are the device to encourage employees to bring out their constructive ideas for total 
improvement of work operations and services. Cost reduction and quality / productivity improvements are 
the advantage resulting from such Suggestion schemes. Twenty nine percent industries understand 
suggestions from employees’ as ‘very important’ factor of TQM. 

12. In coming years word customer will take on a different meaning. The customer side of any business will be 
a major force in tomorrow’s global markets. Dealing with these forces will require a new approach to 
designing managerial actions. Fifty nine percent respondent industries consider customer focus and 
satisfaction ‘very important’.  

13. Recognition and rewards are vital in any TQM programme. They are the most important way of achieving 
the behaviour required for a successful implementation of TQM. Rewards encourage people to accept 
responsibility, put in their best efforts, be creative and exercise initiative. Twenty seven percent respondent 
industries consider recognition and reward ‘very important’.  

14. Upper managements have been designing and implementing motivational programmes by calculated 
employee – customer linkages at various levels in the organisational hierarchy. That is why it is important 
to communicate the TQM policy and policy intentions to everyone in organisation. Thirty one percent 
respondent industries consider communication system ‘very important’.  

15. Vendors have a strong and important impact on the products, services, work processes and distribution. 
They are at the beginning of the chain of process steps for product or service. The quality of the raw 
material will have an impact on the quality of the end product. The selection of the right source of supply is 
very important. Vendors can provide what is required only when he knows exactly what is wanted. Twenty 
nine percent respondent industries consider vendor development ‘very important’.  

16. Statistical process control (SPC) is a means of improving processes by reducing their variability. SPC offers 
two important insights in to manufacturing processes one improves the control of variation and the other is 
a distinction between the variation present in the process and the deviations which are allowed from the 
specifications. Thirty seven percent respondent industries consider statistical process control ‘very 
important’.  

17. Daily process management means identifying and monitoring a process, ensuring that it meets the target, 
discovering abnormalities, and preventing their recurrence. It provides means for making hundreds, if not 
thousand, of minor improvements that after accumulation can produce very significant results. These 
improvements, moreover, are of the kind that is often quickly noticed by customers. Twenty four percent 
respondent industries consider daily process management ‘very important’.  

18. The fact that in normal course, the parts had zero defect in terms of specification limits, did not by itself 
guarantee customer satisfaction. Parts produced to higher level of consistency brought about a new 
situation. Zero defects in the changed situation had more stringent acceptance limits, signalled by greater 
satisfaction to customers. Twenty two percent respondent industries consider Zero defects ‘very important’. 

19. Improvement in quality by reducing the number of defectives is a goal every organization likes to pursue. 
However, the reduction of defectives requires an additional investment in procuring suitable technology and 
training of employees. Taguchi technique is a simplified way to overcome this problem. Taguchi method is 
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creating its importance in Indian industries as twenty five percent respondent industries consider it ‘very 
important’. 

20. The seven quality control tools are born of principle of variability. No two things or human beings are 
identical in nature. Two very similar things are difficult to obtain. Mainly the causes for variation can be 
divided into chance cause and assignable cause and to check the type of causes, these seven quality control 
tool helps a lot. Twenty percent respondent industries consider seven quality control tools ‘very important’. 

21. Reengineering is the fundamental rethinking and radical redesign of business processes to achieve dramatic 
improvement in critical, contemporary measures of performance, such as cost, quality, service, and speed. 
Eighteen percent respondent industries consider business process reengineering ‘very important’. 

22. Total preventive maintenance can be defined as an activity encompassing various planned and unplanned 
maintenance tasks, routine and long term decisions and includes a continuous improvement approach for 
meeting customers’ requirements. It is a philosophy of maintenance designed to lower overall cost of 
production. Fifty two percent respondent industries consider total preventive maintenance ‘very important’. 

23. Quality function deployment is a tool which transforms customer requirement into product parameters. It is 
basically a matrix indicating ‘what is required’ on vertical axis and ‘how to achieve it’ on horizontal axis. 
Ten percent respondent industries consider quality function deployment ‘very important’. 

24. Housekeeping is a process wherein everyone is committed and involved in up keeps of the workplace and 
cleanliness of machines, materials, and information etc. such that only needed materials and information is 
kept and its fastest accessibility is ensured. Twenty eight percent respondent industries consider it very 
important.  

25. Indian industries have embarked on numerous prescriptions for catching up with Japanese. The concept of 
Just in Time (JIT) refers to an objective for the reduction and eventually elimination of inventory at all 
levels throughout the organization. It refers to a process that is capable of instant response to demand 
without any overstocking either in expectation of demand or as a result of inefficiencies in the process. 
Twenty nine percent respondent industries consider just in time ‘very important’. 

26. The strength to compete, once developed, may not last long as competitors will soon develop such strengths 
with them. So there is a need for continuous augmentation of such strengths by such magnitudes that will be 
significantly more than the competitors’ achievements. This is the reason for which western management 
have today recognized the need for an approach called ‘Benchmarking’. Twenty eight percent respondent 
industries consider bench marking ‘very important’. 

27. In order to understand the proper linkage of quality with costs, various costs such as prevention cost, 
appraisal cost, internal failure cost and external failure cost are to be introduced. The useful outcome of 
such an analysis of quality related costs like this is that it helps companies to assess the relationship 
between various cost categories. Nineteen percent respondent industries consider cost of quality ‘very 
important’. 

28. Quality Process Planning involves the planning and design of both the physical facilities and the 
information and control systems required manufacturing a good or delivering a service. The goal of quality 
process planning is to ensure that the product conforms to design specification and is produced in an 
economical and productive fashion. Twenty one percent respondent industries consider quality process 
planning ‘very important’. 

29. A designed experiment is a series of ordered tests in which purposeful changes are made to input variables 
of a process or system so that the reason for the changes in the output responses can be identified. DOE is a 
powerful technique introduce by R. A. Fisher in England to study the effect on the outcome of multi – 
variable simultaneously. Twenty four percent respondent industries consider design of experiment ‘very 
important’. 

 
Table 3 Importance of factors of Total Quality Management(N=75) 

 
Factors Very important Important Less important Least important 
TMLC 53 20 02 - 
CI 44 28 03 - 
SMT 18 25 22 10 
WE 25 31 16 03 
ET 37 29 06 03 
TEI 40 31 04 - 
EE 30 38 07 - 
QC 26 40 07 02 
TW 23 41 08 03 
SGA 22 42 10 01 
SS 22 31 16 06 
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CFS 44 27 04 - 
RR 20 36 17 02 
FBS 23 36 14 02 
VD 22 23 26 04 
SPC 28 36 08 03 
DPM 18 27 27 03 
ZD 17 32 18 08 
TM 19 26 23 07 
SQT 15 26 22 12 
BPR 14 26 31 04 
TPM 39 19 11 06 
QFD 8 31 25 11 
HK 22 26 24 3 
JIT 22 28 23 02 
BM 21 28 24 02 
COQ 14 28 26 07 
QPP 16 29 24 06 
DOE 18 22 26 09 
FMEA 15 32 22 06 
TOTAL 735         (32.67%) 894    (39.73%) 496      (22.04%) 125         (5.55%) 

 
N – Total number of respondent industries. 
No factor has been rated as ‘Not important’ by industries. 
 
30 Failure mode and effect analysis is a tool used for reviewing the design of any new product before it is 

product ionised. It can also be used for analysing the effect of failure of individual components on the 
system as a whole. Twenty percent respondent industries consider failure mode and effect analysis ‘very 
important’. 

 

 
 
 

53 

44 

18 

25 

37 
40 

30 
26

23 22 22

44

20
23 22

28

18 17
19

15 14

39

8

22 22 21 

14
16 

18

15

0 

10 

20 

30 

40 

50 

60 

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30

FACTORS
 

I
M
P
O
R
T
A
N
C
E 

Figure 1 Importance of Factors of TQM 



 548

4.0 Conclusion  
Although the definitions could differs but essentially TQM is based on the important considerations like 
understanding and fulfilment of needs of customer is must to business success, top management must feel 
responsible for leading the work towards quality, all functions at all levels of an organization must focus on 
continuous improvement and continuous learning, training and education are the responsibility of everyone in 
the organization. Based upon Importance of various factors industrialists can make an TQM implementation 
model suitable to their works. 
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Abstract 
Two basic approaches of concurrent engineering are: DFM- Design for Manufacture and DFA-Design for 
Assembly. While DFM is concerned with ease of manufacturing, DFA is concerned with ease of assembly. One 
of the main guidelines of DFA is to reduce the number of parts for easy assembly operation. But as the numbers 
of parts are reduced, their functionality level increases. This makes them more complex and so difficult to 
manufacture. This leads to violation of basic guideline of DFM and is the main reason of conflict between two 
approaches. 
 
Main goal of any business to have maximum profit, which can be achieved only by reducing the total cost. 
Manufacturing cost has a major share in the total cost of the product. It can be reduced by taking into 
consideration various factors like material selection, process design, quality, reliability etc. at the design stage. 
So cost modeling may act as a solution to DFM/DFA contradiction problem.  
 
Key Words: DFM, DFA, Contradiction, Solution, Design for Low Cost. 
 
1.0 Introduction 

There are two terms; DFM and DFA. The term DFM has different meanings. Sometimes it means design for 
manufacture. Other times, it means design for manufacturing. One other meaning is design for 
manufacturability. The term DFA means design for assembly or design for assemblability. So there are two key 
issues manufacturability and assemblability. Suppose we have a product and it is made of different parts. When 
we assemble these parts, we get the final product. Now if DFM means, manufacture of that product, it means 
DFA is a part of DFM because assembly operation is a part of manufacturing. On the other hand, suppose we 
concentrate on parts production. These parts can be manufactured easily if they are not complex. In that case 
DFM means design for manufacturability. When parts are not complex, it means they have fewer functions to 
perform. Therefore, we require a number of parts. When parts are more in number, they are difficult to 
assemble. So it violates the basic principle of DFA.  
 
Design for low cost or Design for minimum cost may act as a solution to this problem. The basic aim of both the 
approaches (DFM and DFA) is to reduce the overall cost. Major cost drains can arise from material 
procurement, part production, assembly or finished product delivery. DFM/DFA cost based redesign activity 
should be thought in terms of 80-20 rule. 80% of the cost reduction can occur in to 20% of relatively high cost 
drains within a product. One can attain 80% of the cost reduction through DFA simplification of few key 
systems, DFM redesign of few expensive components and adequate bidding on some expensive purchased OEM 
components.  
 
2.0 DFM and Its Guidelines 
 A definition of the DFM approach is the following (Venkatachalam et al. 1993): "Design for Manufacturing 
implies optimization of the product and process concepts during the design phase of a product in order to ensure 
ease of manufacture". Over the years, DFM guidelines have been developed by different researchers.  
 
These guidelines aim at designing the product for increasing its manufacturability. 
1. Understand manufacturing problems/issues of current/past products- This is important if previous engineering 

is being leveraged into new designs. 
2. Design for easy fabrication and processing-Problems in fabrication and processing can lead to increased costs, 

production delays and wastage of precious resources. 
3. Adhere to specific process guidelines-During manufacturing specific guidelines should be followed about the 

processes such as welding, forging, extruding, forming, stamping, turning, milling, grinding, sintering, plastic 
moulding etc. These guidelines form an important part of DFM. 

4. Design parts with symmetry-Symmetrical parts are often easy to fabricate. Symmetry reduces complexity and 
is very important for assembly. But sometimes-extra cost is involved in making the parts symmetrical.  
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5. Design for fixturing-The manufacturing process should be considered well enough to design parts and 
dimension them for fixturing. Parts designed for automation need registration features for fixturing. 

6. Minimize tooling complexity by concurrently designing tooling-Concurrent engineering of parts and tooling 
can be used to minimize tooling complexity, cost, delivery, lead time and maximize throughput, quality and 
flexibility. 

7. Specify optimal tolerances for robust design-Design of experiments can be used to determine the effect of 
variations in all tolerances on parts or system quality. The result is that all tolerances can be optimized to 
provide a robust design to provide high quality at low cost. 

8. Minimize setups-For machined parts ensure accuracy by designing parts and fixturing so that all key 
dimensions are cut in same setup. Removing the part to re-position for subsequent cutting lowers accuracy 
relative to cuts made in the original position. Single setup machining is less expansive. 

9. Minimize cutting tools-The number of cutting tools should be minimized to control cost and save time. 
10 Specify tolerances wisely-The type of process depends on the tolerance. Each process has a limit on the 

tolerance  it can give. As the tolerance limit gets closed, more expansive processes have to be used. So 
tolerance should be specified wisely. 

 
3.0 DFA Guidelines and Their Comparison to DFM  
These two methods (DFM and DFA) produce contradictory results as first considers ease of manufacturing, part 
simplicity and part variety whereas the second one is concerned with assembly time, performance and 
integration. Table 1 shows the nature of DFA guideline w.r.t. DFM. In the table each guideline has been 
assigned a symbol on the basis of whether it supports (Y), contradicts (N), irrelevant (I), self-contradicts or 
undecided (U). 
 
 
 

  
 
 
 

  
 

Figure 2.  Some examples of DFM guidelines (Drilling and Machining) 

Figure 1. Some examples of DFA guidelines
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4.0 Cost Modeling  
The basic approach for cost modeling of different manufacturing processes is to consider cost drivers. A cost 
driver is a configuration or process variable that largely determines the cost of the process. A cost model as a 
performance metric can be constructed in terms of the cost drivers. Here we have considered part cost in three 
categories: material cost, tooling cost and production costs. Material costs are the costs of the raw materials for 
the part, generally expressed in price per kg. A basic formula for material costs is, 
  Material cost per unit = Part weight × scrap × material cost/kg                                                (1) 
Tooling costs are the fixed costs to buy the equipment to convert the material into the finished part. The cost 
includes the cost to design and fabricate the tooling. A basic formula for tooling cost is, 

Tooling cost per unit = Equipment costs/parts per equip.                                                         (2) 

Sl.No.                    DFA guide lines Nature Comments 

1 Minimize part count by incorporating 
multiple parts into a single subassembly. 

N As the number of parts decreases, they become more complex and 
are very difficult to manufacture. This violates the basic principle 
of DFM. 

2 Modularize multiple parts into single sub 
assembly. 

N All the parts should have mating surfaces with respect to each 
other for making a sub assembly. This decreases the 
manufacturability and violates the guide lines of DFM.  

3 Assemble in open, never bury important 
components. 

N Adjustments are needed in the assembly sequences so that 
important parts can be taken out easily.  It means change of 
machined surfaces.  

4 Make parts to identify how to orient them 
for insertion. 

N It means there should be a specific sequence for assembly which 
is again an extra constraint to manufacturing processes. 

5 Standardize to reduce part variety. U It means number of parts of same type .On one hand, it supports 
DFM but on the other hand it requires changing the shape so that 
variety is minimum. Adjustments in all the parts are necessary. 

6 Maximise part symmetry. U When parts are symmetrical, they are easy to manufacture. But 
making them symmetrical without changing the neighboring parts 
is not an easy task. 

7 Design in geometric or weight polar 
properties if non symmetric. 

U Supports DFM but achieving this means adjustments in other 
parts. 

8 Eliminate tangy parts Y Supports DFM. 
9 Colour code parts that are different but 

shaped symmetry. 
I Irrelevant. 

10 Prevent nesting of parts. S It contradicts earlier rules of DFA itself. Nesting means branching 
one from other. If we decrease nesting that means there are more 
parts, so supports DFM. 

11 Provide orienting features on non-
symmetries 

N Adds problems to manufacturing people. 

12 Design the mating features for easy 
insertion 
 

N The mating features chosen are often not easy to manufacture, so 
violates DFM. 

13 Provide alignment features N More precision means more difficulty in manufacturing, close 
angular tolerances are required. So, it violates DFM. 

14 Insert new parts into assembly from 
above 

I Irrelevant but some times this types of design is difficult to 
produce as compared to the design when this guideline is not 
considered. 

15 Insert from the same direction, never 
require the assembly to overturn 

I  Irrelevant but can increase complexity. 

16 Eliminate fasteners I Depends on product, options sometimes make it more difficult, 
other wise easy, but it is opposite to the rule of design for  dis-
assembly. 

17 Place fasteners away from obstructions N Irrelevant, but holes can be in the intricate surfaces. 
18 Deep channels should be sufficiently 

wide to provide access to fastening tools 
Y Supports DFM but widening means removal of more materials, 

which can violate DFM 
19 Provide flats for uniform fastening and 

fastening ease 
N It increases difficulty in manufacturing. 

20 Proper spacing ensures allowance for a 
fastening tool 

N It requires more machining in deep surfaces. 

Table 1. Comparison of DFA and DFM
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 Set-up costs are the costs to set the machine up to began a batch of production.  Set-up costs are fixed costs. 
Processing costs are the labour and maintenance costs to keep the equipment running. The maintenance 
component is often estimated by either increasing the labour rate or by incorporating it into the final overhead. 
A basic formula for processing cost is; 

Processing cost per unit = Labour rate per hour × hours per unit                                              (3) 
Piece part costs can be reduced if features that require difficult tooling can be eliminated. If such changes do not 
affect the product performance, the economic success of the product can be increased by such design changes. 
Let us now consider assembly costs. Mechanical assembly is almost always done manually for quantities of less 
than several hundred thousand. A basic formula for manual assembly cost is, 

Assembly cost per unit = Labour rate per unit × hours per unit                                                (4) 
Mechanized assembly is similar, with the addition of the fixed tooling costs. For manual assembly, assembly 
costs are often dominant. All of these costs can be readily measured and accounted for. These costs are therefore 
often called direct costs; they can be directly identified. All other expenses a manufacturer has are indirect cost, 
or overhead. These include costs such as administration, insurance, very large equipment, and so on. The means 
to determine overhead costs are fuzzy; by definition, overhead is used to cover the quantities that assigning a 
direct cost to is too difficult to bother with. Usually, overhead is determined by an overhead rate, applied to 
direct overhead cost drivers of a product.  
 
5.0 Manufacturing Cost Analysis      
Cost analysis can be completed at different levels of detail. Here we have considered three categories of analysis 
(Meeker and Thornton 1996).  
A Level 1: Estimate is the first impression by a knowledgeable engineer of what a part, assembly, or system 
would cost, based on prior experience. This would involve less then ten minutes of work for a system of 50 parts 
and is generally accurate to within 20%. 
 
A Level 2: Analysis is an estimate based on a breakdown of costs and itemized cost data based on prior 
experience with similar products, budgetary estimates, vendor quotes, and expert opinion and experience. This 
would involve a day of work for a system of 50 parts and is generally accurate to within 5%.  
A Level 3: Cost Accounting applies a detailed costing of every part, accomplished by using material cost 
estimation data bases and time/motion studies. A high degree of accuracy is achieved by comparisons to 
industry standards and requests for vendor quotes. This would involve a week of work for a system of 50 parts 
and is generally accurate to within 1%. Many measure manufacturers have cost analysis teams that provide their 
product development teams with Level 3 cost analysis of their competitor’s product (Tsiantar, 1988). 
 
6.0 Basic DFM part cost method: Analogy Approach 

For piece part manufacturing, different cost models have been shown for different piece part production 
processes. Table 2 list typical material costs, Table 3 lists typical processing labor rates, Table 4 lists typical 
processing times. The data in these tables can be used in association with the previous formulas. That is, for any 
particular part, one can compare the part on material, processing, and tooling to those listed in the tables ad use 
an equivalent value. 
 
     Table 2. Typical Bulk Material Cost                                                       Table .3   Direct Labour Cost 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 
Process 

Processing 
Cost 

(Rs/Shift) 
Injection molding 200 
Die casting 150 
Machining 250 
Powder metal 200 
Sheet metal 125 
Manual assembly 130 
Electrical work (assembly, PCB) 150 
Finishing (paint, labeling) 100 

Material 
 Cost (Rs/kg) 

Plastics-Phenolic 90-100 
Polypropylene (PP) 70-90 
Polycarbonate (PC) 170-200 
Polystyrene (PS) 90-110 
Polyvinyl chloride (PVC) 80-90 
Acrylonitrile butadiene styrene (ABS) 100-150 
PolyethyleneTerephthalate (PET 90-130 
Nylon 170-200 
Rubber-Latex 75-80 
Metals-Carbon steel 25-30 
Aluminum 120-140 
Copper 350-380 
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Table 4   Processing Times, Rough Estimates 
 

Injection moulding                                     Die-casting 
 
Processing Time= (5 + th2 / ά)/ (# cavities)                
where 
* 5 is the mold open and pack Time (seconds)                       
* ά is the material thermal Diffusivity 
* th is the nominal part wall thickness and the result in seconds. 
Setup time per lot is 1 hour for 25-125 ton press, 2 hours for up to 
500-ton press, and 4 hours for over 600-ton press. 

 
Processing Time= (10 + 200th)/( # cores) 
 where 
* 10 is the die open and fill time (sec.)  
* 200 is a conduction rate factor 
* th is the nominal part wall thickness in (mm)  
and the result is in seconds. Setup time per lot is 
1-3 hours. 

 
 

 

 
 
 
Table 5   Material Tonnage Factors      Table 6   Tool Cost Increase With Number Of Cavities 

                                                                                                                       
Material  α (ton/ cm2) 
ABS 0.5 
Styrene 0.5 
Polycarbonate 0.8 
Nylon 0.8 
Sulfone  1.1 
PEI  1.1 
 
6.1 Injection-moulded parts:  
The cost per part can be determined by estimating the material, processing, and tooling costs. The material costs 
can be determined from Table 2. The processing time can be determined using Table 4, and a labour rate applied 
from Table 3. To estimate the tonnage machine, a reasonable estimate is a 100-ton or 200-ton machine, or for 
large manufacturers, larger 500-ton machines. An equation to determine an effective numbers of cavities for a 
mould compared to the press tonnage is: 
  N = T / αA                                                                                                   (5) 
where A is the projected area of the part along the mold parting line, α is a material factor (ton/cm2), and is 
given approximately by Table 5.The tool cost can be determined can be using Table 5 and 6 in conjunction with 
Eq. (5) above. 
 
6.2 Die cast parts 
The cost per part can be determined by estimating the material, processing, and tooling costs. The material costs 
can be determined from Table 2. The processing cost can be determined using Table 3 and Table 4.  
 
 
 

 
Operation 

 
Time 

Setup 
 

Turning 
down 

diameter 
 

0.3 min/cm 30 min 
 

Facing off 
end 0.3 min/cm 30 min 

Drilling 0.5 min/hole 30 min 
Tapping 0.5 min/hole 30 min 
Sawing 0.3 min/cm2 15 min 

Grinding 0.3min/cm2 30 min 
EDM 2.0 min/ cm2 1.0 hr. 

Powder metal 
 

t = tpack + 0.9 Tm (L oven Woven / L part Wpart ) + tfinish  
where 
* tpack is the time to pack the fill into a green compact (typically 
about 15 sec Per cycle, but factor by the no. of cavities).  
* Tm is the required time to fire a material 
* Lpack and Wpack are the Length and width of the part. 
* Loven and Woven are the length and width of the continuous belt-
driven firing oven. Typically ovens are 75 feet x 3 feet. 
* tfinish is for any deburring, machining, and coining operations. 
The result is in Sec. 
Setup time per lot is 2-6 hours. 
 

Part 
complexity 

Cavities Mould cost increase factor 

Simple 4, 12, 24, 48 2, 3, 4, 5 

Medium 2, 4, 8 2, 2.5, 3 

Complex 2, 4 1.5, 3 

CNC Operation 
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6.3 Powdered-metal parts:  
The cost per part can be determined by estimation of the material, processing, and tooling costs. The material 
costs can be determined as before. The processing cost is a combination of the green mould filling, an oven 
sintering operation, and then subsequent finishing operations. Table 4 gives the total processing time. 
 
7.0 Conclusion 

To address DFM/DFA contradiction problem, one must explore actual concept costing method. Numerical 
comparison can be made between designs with more complex assembly versus designs with more complex 
piece parts. Understanding the cost structure of a product is important for deciding what portion of design is 
appropriate for detailed cost-reducing design activities and for comparing different design concepts. Cost 
modeling, which includes both part cost and assembly cost may be used for final decision making.  
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Abstract  
Lean manufacturing can be symbolized by transparent ball- the spirit of challenge and the challenge of change. 
Avoiding waste is the theme. The essence of "lean" is to compress time from the receipt of an order all the way 
through to the receipt of payment.  Shortening cycle by properly aligning all steps in the activity reduces waste 
and brings improvement. As enterprises have reduced costs and improved quality, the primary competitive 
measure is the ability to respond to the customer. This directly makes the organization cost conscious.  It also 
helps in becoming customer focused. It is a team oriented approach. Effective communication, flexibility, 
standardization etc are the accrued benefits of lean manufacturing. 
 
The paper discusses the concept of lean as applied to Indian organization and the issues there off in lean 
manufacturing, This paper guides through Lean Manufacturing concepts and helps to  introduce methods and 
tools designed to put these concepts to work in a manufacturing environment ; after effect of this  strategy - 
down sizing  and its  effects are explained. The rules for success of lean and its improvements as experienced by 
authors are explained. 
           
The paper concludes by giving the details of the live case study in which authors have participated and their 
experiences about lean implementation. No doubt lean is a strategic tool for competitiveness and down sizing is 
the effect of strategy decision implementation. Essentially, effects of lean should be accompanied by trust and 
motivational leadership 
 
Key Words: Lean, Lean Organization, Down Sizing, Experiences With Lean Implementation, Areas For Lean 
Working . 
 
1.0 Introduction 
Organization size reduction strategy is an accepted practice for improving the performance and for bringing 
change. By eliminating unnecessary steps, aligning all steps in an activity in a continuous flow, recombining 
labour into cross functional team dedicated to that activity and continually striving for improvement , companies 
can develop, produce and distribute products half or less of the human effort, space, tools, time and overall 
expense. They have also become vastly more flexible and responsive to customer desires.  Avoiding waste is the 
theme. It is necessary to have the existing knowledge base if new organizational model is to be made-the model 
is “LEAN ENTERPRISE”. Lean production tightly integrates product design, supply and distribution, 
manufacturing accounting, marketing and management. An ideal lean manufacturing system consists of all the 
parties within the extended manufacturing enterprise sharing information and resources in team oriented 
,multifunctional, environment.(European automotive initiative group –EAIG) In short, a lean enterprise is an 
integrated entity which efficiently creates value for its multiple stakeholders by employing lean principles and 
practices(Lean Initiative Aerospace, MIT) If properly implemented, lean manufacturing leads to knowledge and 
not just information of numbers. It is an approach road to organizational learning. It leads to the best alternative 
under existing situation. It is reframing the existing set up and revalidating the business assumptions. It means 
training an employee to be employable. Of course, there is change in mind set and attitudes. It is necessary to 
accrue the benefits and effectively manage the negative consequences. In lean manufacturing, the process is that 
of “doing it right at the first time”. It is actually changing the way one thinks about manufacturing. That can be a 
tough shift to make. No wonder there is thinking and rethinking process leading to the path of simplification, 
standardization, relearning and unlearning. Lean is doing the thing with. CHANGE. Change is not easy. It takes 
lots of work, dedication, desire to change and above all commitment to change. Change means gaining in depth 
understanding of the dynamics. It is the effective management .It is an organizational learning. It is change 
management. It also offers knowledge base and understanding of the turbulence in the market place. It is not 
myopic research but a strategy for survival for gaining sustainable advantage. It is the accumulated knowledge 
churned out from experience Accumulated knowledge provides the basis for creating further knowledge, at the 
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core is the corporate renewal package rather than the isolated strategy on its own. It is like providing the fresh 
look at the traditional ways of conducting existing business. Often companies see bucks in rejuvenating and 
reinventing old products and gets through LEAN.  In principle, down sizing means reducing head count. This 
usually means managing the potential and negative consequences keeping in mind the expectations that 
organizations have from down sizing. Adopting the proper strategies for successful downsizing is essential.  
 
2.0 Understanding Lean 
James P Womack, Daniel T Jones and Roods D in their book” The Machine that Changed the World: The Story 
of Lean Production. New York: Harper Collins Publishers (1990) explained how companies can eliminate 
unnecessary steps and by continually striving for improvement can develop, produce and distribute products 
with half or less of human effort, space, tools and over all expense. Toyota implemented the system in true 
spirit. They have since built their reputation as quality leaders and boast one of the fastest growing market 
shares in the automotive industry. The theme that stands out is REDUCE CYCLE TIME. Commonly, 
understanding the concept of lean manufacturing leads to many more opportunities; no doubt the processing 
time is very small portion of the cycle time. Obviously, benefit of shorter cycle time is the reduced lead-time 
that gives the competitive edge and reduction in the cost.  
Companies need two systems: 
1) To run the business and  
2) To develop new ideas.  
Managers will have to concentrate on the performance of the enterprise rather than on the performance of the 
individual, functions and companies. Some organizational benefits expected from down sizing includes increase 
in productivity, improved quality, sustainable competitive advantage and above all standing firm in the future 
competition. Knowledge is the primary resource for individual and for organization overall. Specialized 
knowledge by itself produces nothing. It can become productive only when it is integrated into a task. The 
purpose and function of every organization business and non business alike, is the integration of specialized 
knowledge into a common task. 
 
The issues involved to become a world trend setter by lean manufacturing are: 
1.  Lean supply network 
2.  Lean organization 
3.  Lean distribution customer service 
4.  Lean product development 
5.  Lean accounting 
6.  Lean information management 
7.  Lean manufacturing 
8.  Lean quality management 
With Lean thinking at the core (Figure 1) 
 
These results in 
1.  Converting inventory into cash faster  
2.  Maintaining less inventory by producing the product faster 
3.  Less expediting due to proper inventory levels 
4.  Decreased order processing costs as fever orders are being tracked simultaneously 
5.  Decreased processing time due to altered focus of entire team 
6.  Removing non-value addition (waste) - the first step for reducing the cycle time. 
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Source: Lean Sigma institute   Figure 1 

 
In other words, it is the increase in the worth of the organization for sustainable advantage in competitive world. 
Obviously, there is a pride to boost about.  
 
3.0 Indian Scenario 
In India, the story of the revival of Indian manufacturing is unfolding. Latest data from IIP reveals, 
manufacturing grew 8.2% in last quarter and nearly 10% in April-August ’05 since then there is no back track. 
Indian manufacturing is gaining from a clear focus on key parameter like operating cost, efficiency and 
innovation. Fuel and power a critical and neglected input were among the first targets. Fuel and power expenses 
vis-a- vis sales of ten sectors within manufacturing between FY00 to FY05 shows that while sales have grown at 
a CAGR of 11.5%, power and fuel expenses have grown at 7.3% only. This is despite a substantial rise in fuel 
prices during this period but for which the results would have been even more pronounced. Chemicals and steel 
for which fuel costs are a significant part of total cost of production have brought down the fuel/sales ratio by 
4.2% and 2.8% respectively. Working capital hitherto not thought of as a cost cutting tool has gained 
prominence. For sample of 43 large companies with annual sales more than 1000 Crores the working 
capital/sales ratio has come down from 12.1% in 1995 to 5.6% in 2005. The total sales for these companies in 
FY05 was Rs. 6300 Crores .At a 10% interest rate for short term borrowing, this corresponds to a saving of 
more than Rs. 4000Crores annually. Indian manufacturing is also leveraging innovation using it to push the 
envelope on operational efficiencies. The greatest contribution of innovation to Indian manufacturing is faster 
products development ,smart supply chain, and deployment of lean manufacturing for dynamic production and 
supply of customized product- all these aided by deployment of IT applications.Reduction in lead time for new 
product development has come down by as much as 50% in last three years. As enterprises have reduced costs 
and improved quality, the primary competitive measure is the ability to respond to the customer. The essence of 
"lean" is to compress time from the receipt of an order all the way through to the receipt of payment. Down 
sizing is common for economically viable and financially sound organizations. Many Indian companies have 
down sized during the period of 1995-2000 and are again on the growth path at present.  
 
Some of the issues which were addressed for down sizing through lean were: 
1.  Organizational size for the product/s on International basis. 
2.  Employee compensation level for product realization in the competitive market 
3.  Employee – orientation and attitude towards the organization, Industrial relations  
4.  Vision of the leader of the group in the midst of competition 
5.   Product innovativeness and   knowledge update of the individual 
6.  Shift from manual to automation. 
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7.  Overall strategy for organizational renewal and developing culture of continuous monitoring, developing core    
competencies and analyzing fit with present reality 

8.  Correcting the errors in reading the market by the top management. 
 
4.0 Sharing Experience  
 
4.1 Downsizing 
Experience clearly indicates that technological advances coupled with globalization are the main reasons. It is 
the desire to survive in global competition.  The service sectors are fast moving forward and India is called the 
hub of service sector and global benchmarking with competitors in terms of overhead costs are some of the 
reasons for reorganization through lean. Lean is the cause and down sizing is the effect. It is not necessary the 
every time there is gain, financial in particular, giving advantage through down sizing but lean leads to survival 
strategy. They are different. Lean continues to be a tool for competitiveness while down sizing remains a 
strategy of reorganization. The negative consequences are basically demoralizing all employees but ones the 
mind set up is achieved, the ingenious human brain participates in the reorganization creatively. It is an 
experience by itself.  
 
4.2 Approaching lean implementation 
In Indian context, Lean enterprise is unified by shared logic, shared pains and gains. It is not the individual 
becoming lean but it is essential that all members of the value stream pull together to maintain the momentum. 
Thus team based culture promotes employees accountability and responsibility at work .It is a process of 
empowerment. This is the main step to start. Making every one to think in terms of value stream is critical step. 
This always runs into stiff resistance from almost every employee, as having minimum job is the requirement 
for the self respect and financial well being. Making any process lean creates large number of excess workers 
and then continually reduces the amount of effort needed, the job problem is the major obstacle confronting the 
enterprise to make a performance leap and then sustain momentum. The next stage is the career i.e. the courage 
to say that “we are developing our abilities and going somewhere”. Lean does not explicitly prescribe the 
culture and infrastructure needed to achieve and sustain results. Lean claims that process redesign is always 
required to some extent to eliminate non value added activity as cycle efficiency is usually low. Thus strong 
leadership is the pillar. It sets the standard for the organization and communication system that encourages on 
the spot decision making process to resolve the issues. (Figure2) 

Figure2 
 

 
 
5.0 Response of Indian Enterprises  
Some of the Indian companies have had pursued every option for preserving jobs of the employees as they 
created lean enterprises .They had drawn the code of conduct to keep the established culture by founders. Cold 
war like relations prevails in most of the value chain during initial stage. Lower morale, depression, lack of 
focus and loss of productivity are some of the negative effects. Increased stress, guilt feeling, fear of future and 
demotivation is always present for fairly long time amongst the survivors. It was also observed that there was no 
belief on the working system and always there was some thing on the back of the mind of many survivors. But 
there was another loyal group. Always ready for taking up the challenge and initiative. They were willing to 
have employee friendly strategies. They were customer focused. They exhibited the constructive attitude and 
were willing to accept and face the challenge. Their response was more active and progressive. Though it was 
perceived by some of them that they may have to leave tomorrow, they were found to be confident to get some 
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employability and were ready to craft their future. They had a belief that there can not be life time guarantee of 
any job. Thus create own value and love the job, develop the skills and be more pragmatic towards career. Be an 
entrepreneur in their own work function. Love thy job was the dictum. The Rules-In-Use or DNA differentiates 
total production system (TPS) in lean from other production systems. In short, there are three rules for Design 
and Operation, and for two rules for improvement which are the guiding tools. 
 
Rule 1: Design and perform each activity so that it is structured and self-diagnostic. Make every employee 
aware of the system. 
 Areas: IE Time and Motion Study; Standard work; Visual Aids; Value Stream Map 
Rule 2: Design and operate each customer-supplier connection so that it is direct, binary and self-diagnostic. Be 
customer focused. 
Areas: Kanban; Leveled Scheduling etc. 
Rule 3: Design and operate the flow-path for every goods and every order to  service and information to be give 
or generated so that it is simple, pre-specified, and self-diagnostic. Trouble shooting is built in with decision 
taking. 
Areas: U-shaped Cell, 5S, Visual Aids; Andon Signal 
 
Improvement issues  
Rule 4: Improve and solve problems regarding activities using scientific method, under the guidance of a 
teacher (Sensei), as the lowest possible level in the organization. 
 Activities: QCC, Kaizen Event; TPM 
Rule 5: Improve and solve problems regarding connections and flow-path using the scientific method, under the 
guidance of a teacher (Sensei), as the lowest possible level in the organization. 
 Areas: 5W; Ishikawa Diagram; Jidoka; Taguchi DOE 
 
The key is the line workers who are doing improvement work under the expert guidance of a Lean Sensei and 
being fully supported by top management. Besides that, scientific method such as hypothesis, test and verify the 
problems/results/improvement plans are an intrinsic part of TPS. Perfection is the ultimate goal of lean journey, 
starting from  
Customer Value >> the Value Stream >> Flow >> Pull >>Perfection 
 
6.0 Avoiding Negative Influence 
Negative reactions to psychological contract violation might be mitigated to some extent through good working 
relationship--the relationship between the boss, the co-worker, peers and the management as a whole. 
Transparency in the work and related explanation; clarity of expectations from every individual helps bring the 
cohesiveness. ”TRUST” is the solution. The value stream of leader, who follows the “walk your talk ‘is the star 
player and performer in this game. The true leadership lies in transparent working, sincere efforts and integrity 
to group. Involving the members in taking decisions also helps in gaining trust. But what is more important is to 
ensure the speed and effectiveness with which the adaptation of the survivors is made in new environment. The 
symptom –focused strategies which include social support have to be strictly adhered to. There should be no 
dispute between the decisions and action taken .This is one of the most bothering aspects and needs to be 
handled very critically in India. The employees who work on programme focused approach are usually 
supported by the top management. Over all, very careful planning is essential before launching lean in Indian 
industry.     
  
7.0 Lean Manufacturing Case Study 
 
7.1 Mechanical hydraulic component parts 
This implementation case study is a real company with real people. For confidentiality, it is called "Mechyd", 
though that is not their name. When Mechyd was founded ten years before around 1985, it was highly 
successful and made large volume orders with limited variety. Over the years, markets changed and the product 
mix became increasingly varied and with much smaller orders. The increasing variety demanded increasing 
overhead in terms of engineering, material handlers, salespeople, production control, and a host of other tasks. 
The traditional accounting allocations tended to assign too much overhead cost to high volume products and not 
enough to low volume. This had, in turn, led to more low-volume orders and fewer high-volume orders. But 
these effects were so slow in developing that they went unnoticed. Now, Mechyd was in trouble. Profit margins 
were low and market share declining. Delivery was not competitive. A task force was formed. They taught, 
learned, experimented. As always, paradigm changes are difficult and frustrating; Mechyd was no exception. 
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 In the end, five work cells were in place and a macro layout showed the locations of remaining cells. Training 
was well along and teams were developing. Supervisors were learning to deal with the cell 
environment. Mechyd carried on this work in the years that followed.  
 

The organization had internalized the lessons and spirit of Lean Manufacturing. 
 

Element Original Situation Changes 

Work cells 
& Flow 
Layout 

Products were built on long, high-speed 
assembly lines. Separate sub-assembly areas 
were allocated. Sub assemblies were built up 
prior to running the order on the line. 

Identified product families based on commonality of 
parts and tooling. Cells were then designed, each cell 
capable of operating with 1-5 workers. Almost all 
operations, including subassembly, are now internal to 
the cells. Raw material flow is controlled by cell. Kit 
issue system was established. 

Teams 

A hierarchy existed in the factory that was 
largely based on organization structure. At the 
very top were design engineers. Then Quality 
assurance, Inspectors, Process engineers, 
Machine Operators, and Assemblers in that 
order.   

 

Teams were formed for each work cell. They had 
training in SPC and problem-solving. Nevertheless, 
because of the cell design; the teams quickly bonded and 
generally work well together. Not all could be absorbed 
in team. Teams performance (DFM) design, 
manufacturing processes, Quality Assurance, and 
commercial purchasing from approved vendors and 
developing sub contractors functions. The team was 
totally dedicated to a specific process for the value 
stream to flow smoothly and efficiently. Cross functional 
team formation. Developed guidelines and the best 
practices .Packaging which had previously been in a 
different department no longer existed as it was the part 
of the team. The packers were shifted elsewhere and 
some were laid off. 

Lean 
Scheduling 

Scheduling was done on an MRP system. This 
was partly on software support. Moreover, the 
system was not trusted due to a lack of data 
integrity. 

Initially, the MRP system was simply bypassed. Kanban 
stock points were set up for repetitive components. Two 
bin system was also introduced for hardware. Some 
repetitive end-products were used at Kanban stock point 
in Finished Goods. Low volume or intermittent products 
were built to order. Proper documentation was done. 
Several months later, the MRP system was replaced. 
Because Mechyd now had the experience to know what 
was needed, the new MRPII was very Successful. The 
function had become the school for every one. Cross 
functional development and the production teams were 
empowered oversee routine production and inspection. 
Trouble shooting was a part of that.  

Rapid Setup 

To minimize major changeovers, orders were 
grouped by similarity and had to be run in 

sequence. This complicated scheduling created 
WIP, excess finished goods and introduced 

wide variability into the lead time. 

1) The work cell configuration limits the number of 
different fixtures within a cell and thus reduces the 
number of setups. The set up was fully modular.  

2) The firm's Tool & Die shop consolidated multiple 
operations onto a single die-set for some products. Other 
modifications helped in speed setups. 

3) Cell workers perform setup operations  
4) Poka-yoke was always followed. 
5) JIT was very strictly implemented. 

Six Sigma 

Quality consisted of a final inspection at the end 
of each high-speed line. By the time defects 
were caught, all of the subassembly work was 
complete and many items were in final 
assembly. Moreover, there were 1-5 people 

Cell teams inspect their own work after training in 
blueprint reading, SPC, and measurement. Former 
inspectors audit quality occasionally, setup SPC charts, 
and monitor SPC activities. In the first cell, quality 
improved by more than 90% within the first few days. 
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working on the line and stopping it to fix the 
quality problems was disastrous for 
productivity. 

5-S 

The plant was well laid WIP and tooling was 
accounted. Aisles were well marked.  

Following the initial re-arrangements, the firm spent 
some time in reorganizing work at the detail level. The 
disappearance of WIP and JIT introduction freed space. 
Floors were painted; teams clean their work areas every 
day. This factory looks and feels World-Class. The 
collaborator vanished from the scene but our unit 
survives today. 

 
8.0 Lean Indicators Where the Teams Worked  
1. House keeping 
2. Layout space utilization 
3. Visual work space 
4. Right size equipment 
5. Waste reduction 
6. Single piece flow 
7. Process mapping 
8. Tact time pace, set up time 
9. Pull system 
10. Team working 
11. Multi-skilling 
12. Improvement activities 
13. Reaction to errors 
14. Root cause analysis. 
 
 
 

.  
 

Source Harvard Business Review March-April 1994 Figure 3 
 
9.0 Conclusion 
A concerted effort is put by companies across the industrial landscape to embrace the lean enterprise. An 
economy dominated by lean enterprises continually trying to improve their overall productivity ,to increase 
market share, to improve speed to market  with new product - flexibility, to reduce manufacturing and 
engineering labor costs, to eliminate non value added operations and processes, and customer responsiveness. 
An enterprise also draws up a code of behavior to keep its member in line. Finally, an organization achieves the 
sustainable advantage.( Figure 3) It is the competitiveness which do not crumble to competition. As every 
company cannot preserve the job, the solution is a career path that alternates between concentration on a specific 
value stream (a family of products) and dedicated intense knowledge building within functions. These functions 
include a” new process management function” that instills a process perspective in every one from top to 
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bottom. This means continually integrating training i.e. learning into decision making system of the company. 
This also leads to employment stability 
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   Abstract 

Reducing time-to-market is a relentless demand of the companies and customers. Everybody is rushing to cut 
down the production time to enhance the productivity. Concurrent Engineering (CE) is one of the strong concepts 
to achieve. Since more than a decade CE has been the attraction for industries only and it has been found by a 
study done by American Society for Mechanical Engineers, USA that CE is encountered in top 10 best practices in 
industries whereas in academics it has not been involved in 20 best practices even. CE aims to break the barriers 
of stages of curricula and brings interdisciplinary teaching in the classroom. This paper focuses on scope of CE in 
academia and shows the future of its. 
 

1.0 Introduction 
Concurrent Engineering (CE) has attracted more attention in recent years regarding its reducing the time to market, 
cutting down the total cost, and improving quality. The implementation of CE in product design and development and 
manufacturing processes is still in its infancy. Some progressive industries in United States have applied CE technology 
into their product development processes and achieved significant benefits: 55% less time to market, 70% higher return 
on assets, and 350% higher overall quality on average [2]. 
 
As a new concept and methodology, CE has not been widely implemented in industry, research and engineering 
education yet. This is proposed here to describe a newly developed CE approach, which employs the method of 
concurrent education. Similar to CE, concurrent education aims to break the barriers of traditional sequential, or step-
by-step, isolated curricula. Concurrent education integrates multi stages of curricula and brings inter discipline 
teachings into classroom. 
 
However, in the classical problem of CE, once the needs are identified, a multi-functional team is formed that consider 
all the aspect of the product-life-cycle like manufacturability, assemblability, testability, reliability, serviceability, cost, 
user requirements, disposability etc. at the time of design itself as shown in Fig(1). All functionalities described above 
are integrated in a concurrent education system to improve the education quality. 

 
 

Fig 1. 
An important and intensive problem in education and research is the extent to which testing activities are carried out in 
parallel or in series. Technological changes are also highly uncertain and unpredictable. Parallel testing has the 
advantage proceeding more rapidly than serial testing but does not take advantage of the potential for learning between 
tests, thus resulting in a large number of tests.  
 
It is apparent form these results, that, to better prepare our engineers and to enhance global competitiveness of  
industries, the industry’s top 20 “Best Practices” skills should be taught at the universities. From Table 1, it can be seen 
that Concurrent Engineering was ranked as top 10 in the industry’s “Best Practices,” but it was not even included in 
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academia's top 20 lists. Most of the universities are not practicing CE due to either lack of knowledge and 
understanding or lack experience in applying the concept of CE in education [2].  

 
Table 1. Best practices for bachelor’s-level engineers 

 
Fig 2 and fig 3 show the comparative best practices in academia and in industries. 
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Fig 2 

 INDUSTRY % ACADEMIA % 
1. Teams/team work 94 Teams/team work 92 
2. Communication 89 Communication 92 
3. Design for manufacture 88 Creative thinking 87 
4. CAD systems 86 Design reviews 86 
5. Professional ethics 85 CAD systems 86 
6. Creative thinking 85 Sketching/drawing 83 
7. Design for performance 85 Professional ethics 82 
8. Design for reliability 82 Design for performance 82 
9. Design for safety 80 Design for safety 80 
10. Concurrent engineering 74 Manufacturing processes 79 
11. Sketching/drawing 74 Design for manufacture 74 
12. Design for cost 74 Design for cost 74 
13. Application of statistics 73 Finite-element analysis 71 
14. Reliability 73 Design for reliability 70 
15. Geometric tolerancing 71 Physical testing 70 
16. Value engineering 70 Design of experiments 69 
17. Design reviews 68 Test equipment 68 
18. Manufacturing processes 68 Systems perspective 67 
19. Systems perspective 67 Application of statistics 67 
20. Design for assembly 67 Design for assembly 65 
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ACADEMIA [1]
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Fig.  3 

2.0 Literature Review 
A survey conducted by ASME council on education has identified 20 “best practices” in product realization process 
and has found Concurrent Engineering is one of the 10 best practices. In a conference, Jack Zhou et al. [2] presented 
their paper and discussed the application of CE in academics. This paper shows the integration of CAD/CAM/CAE 
software and discusses about an advanced tool in CE i.e. I-DEAS. 
 
Loch et al [4] gave an analytical model of concurrent engineering, which combines the decisions of overlap and 
communication (before and during the overlap phase) in the presence of uncertainty and dependence between tasks, 
with the goal of minimizing time-to-market. Kopal P.V. et al. [3] presented an incremental approach to structural 
testing of concurrent programs that use synchronous communication. Incremental structural testing is carried out by 
representing program modules as ALTSs (Annotated Labeled Transition System). 
 
Dr Radha Balmuralikrishna et al. [8] explained the implementation of CE in Industrial technology programs and gave 
three T’s concept (Too, Training and Time) of CE in light of new innovation and discoveries. Effect of first year 
integrated engineering curriculum on graduation rates on student satisfaction was observed from a literature by Olds, 
Barbara M in 2004 [4]. This paper reports on the long term results of a two year experiment conducted in the 1994-
1995 and 1995-1996 academic years in which a group of average engineering students was recruited for a first year 
program that integrated curricula and fostered a learning community. Students who participated in the connections 
program graduated at a significantly  
 
Higher rate than their peers and reflected retrospectively that the program had a strong positive effect on their college 
careers. 
A partnership approach of CE was given by Smith R P et al. [7] in which they focused on the product development in 
CE. This paper describes the development of a new course in CE. Teaching concepts in product development benefits 
greatly from a hands-on approach. This paper discusses the curriculum of existing teaching materials and of specific 
methods and materials developed for the course.  
 
Ohland Mathew and Froyd J. [5], insisted to have integrated curricula in the engineering education. In engineering 
education, work on integrated curricula to help learners build connections between topics began with three programs in 
1988. integrated curricula have connections to a larger movement in higher education. Integrated engineering curricula 
provide concrete assessment data on retention and student performance to augment research on learning communities. 
It discusses the importance of integration, reviews accomplishments to date, draws conclusions by analyzing those 
accomplishments, and suggest future initiatives.  
  
3.0 Advanced Tools In Concurrent Education 
Computer aided engineering is the most significant example of implementation of CE. In every field of engineering, CE 
is upcoming concept and being applied everywhere. In mechanical engineering all CAD/CAM/CAE software are the 
best example of CE. Integrated Design Engineering Analysis Software (I-DEAS), Pro-Engineer, ANSYS or lot more 
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uses the concept of CE. By using computer aided engineering all facets of the product development process can access 
a same design and can innovate and improve the design from the different disciplines by using a common computer 
aided engineering database. Fig 1 shows the capabilities and major function of and integrated software. 
In every integrated software there are three main phases: CAD, Analysis and Simulation, and CAM. Under these 
categories there are many software packages which cover most of mechanical engineering applications. Any integrated 
software can be used by different teams such as design, analysis, simulation, testing, manufacturing, quality control and 
marketing simultaneously. 
 
 
 
 
 
  
            3-D Solid Modeling                        Finite Element Analysis                                               Manufacturing Simulation  
    
              Detailed Drafting                           System Dynamic Analysis                                            CNC Machine 
 
              Tolerancing                                         Thermal Modeling Analysis                                        Plastic Injection Molds 
 
            Assembly Modeling                             Optimization 
 
           Animation                                         Integrated Data Testing                                            
 
 

 
 

Fig 4 A typical CAD/CAM/CAE software for CE Applications 
 

4.0 Concurrent Education 
Concurrent education describes the practice of concurrent engineering in to academics. Multi disciplines technologies 
such as CAD, finite element analysis, CAM and CNC machining, automatic control, computer communication, and 
networking, computer aided inspection, and engineering economics are integrated to assist CE methodology and 
applications. All courses are taught on the track of CE to understand the concept of it.  
In 21st century engineering education is going to become concurrent education. A conventional model of education is 
based on the transmission of information and knowledge from the teacher to the students. A fundamentally new model 
of collaborative learning is beginning to emerge to replace the traditional model of sequential teaching by concurrent 
education.  A new model can be made for the concurrent education stating the difference between both. Table 2 below 
shows the difference between old traditional method of teaching and concurrent education. 
 

Table 2: difference between old method of teaching and concurrent education [1] 
 
Old Model New Model 
Classroom lectures Individual exploration 
Passive absorption Apprenticeship 
Individual work Team learning 
Stable content Fast changing content 
Homogeneity Diversity  
 
5.0 Concurrent Engineering Wheel for the Research Projects 

 

I-DEAS 
Integrated Design Engineering Analysis Software 

   CAD Analysis & Simulation CAM
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This CE wheel may be used for a research project for which product development centre will be the hub and all 
information will be gathered at this point. All other centres including FEA, CNC, CAM etc will work 
independently/simultaneously and one department may use information from other department as and when they 
want. The proposed curriculum is designed to enhance the agility, timeliness, and competitiveness of 
engineering graduates to rapidly realize products in today’s changing market. This wheel establishes the best 
example of team work and spirit. In the CE wheel, each team member will take care of several tasks. They need 
to communicate, collaborate, and coordinate with each other concurrently. 
 
6.0 Team Spirit, and Leadership 
In CE, team spirit and leadership is crucial to the whole product development processes. Different divisions or 
departments in a CE wheel need to communicate and collaborate with each other approximately. Individuals in a 
CE wheel should know that only when the whole project team reaches its final goals each individual will get 
one’s success. For doing this, leadership skills are very necessary. 
For learning and practicing team spirit and leadership, students will be formed as several teams. Each team 
having 4-5 people will pick up a comprehensive term project based on their interest and elect a team leader. 
Each team organized by the team leader needs to prepare a detail plan for project and have a regular group 
meeting to check their schedule and progress. In a team, not only members can communicate, discuss the project 
and share their knowledge simultaneously, but also each member needs to be in charge of a major task for the 
project such as design, analysis, manufacturing and economic analysis. At the end of the term, each team which 
consists of the members from curriculum development team and he experts from disciplines and industry.  
 
7.0 Conclusion 
Concurrent Engineering as a new methodology is being focused on academics as well. New paradigm of 
concurrent education has been set up and has been introduced in integrated curricula. Still concurrent 
engineering is a thrust area in education and we need to do a lot in this direction. Based on our finding 
integrated curricula or CE wheel plays an important role in concurrent education. The most significant long term 
outcome of integrated programs may be faculty development. Significant collaboration among faculty is 
required to implement a successful integrated program and may lead to the development of faculty learning 
communities through which faculty grow in their understanding of learning and teaching. 
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Abstract 
Total quality management (TQM) is one of the most popular modern management concept. It reefers to equality 
emphasis that entire organization , from supplier to customer. Total quality management (TQM) has been 
recognised and used during the last decades by organisations all over the world to develop a quality focus and 
improve organisational performance. In spite of this, TQM implementation is still problematic for many 
organisations.  
 
In this perspective important factors to succeed with the organisational change that TQM implementation 
implies will be discussed in this paper. Also presented is a multiple-case study of TQM implementation 
processes in small organisations with a focus on core value aspects. A model is presented based on the multiple-
case study analysis and the theoretical frame. This model implies that TQM implementation will start with core 
values committed leadership, everybody's commitment and customer orientation. 
 
Key Words: Total Quality Management, Implementation, Small Organizations, Core Values. 
 
1.0 Introduction 
The ability of organisations to adapt to new customer requirements on a global market is of most importance for 
a long-term success. During the last decades, this has influenced many organisations to work with quality issues 
on a strategic level and total quality management (TQM), has frequently been used as a management strategy to 
develop organisations' quality strategies and initiatives.  
 
Today, small organisations constitute a large part of the economy. However, small organisations have been slow 
to adopt and implement TQM. There are several reasons for this. One barrier for small organisations is lack of 
resources, which limits the feasible initiatives that a small organisation can implement, Askenas and Westelius 
[1]. Another one is that most advisers of TQM consider the concept as a fixed entity to be utilised by any 
organisation in any circumstance, Olszak and Zimba [2]. This tendency to adopt a universal approach to TQM 
indicates a need for adjustment of the TQM-work to a more customised approach for small organisations. Since 
larger companies have meet considerable difficulties, the prospect of adapting TQM must be daunting for small 
organisations, where lack of resources, if not the motivation, could easily implement the adoption of such 
fundamental change, Neergaard [3]. 
 
On the other hand, indicate that small organisations also have advantages compared to large ones when 
implementing TQM. Small  organisations have advantageswhen changing the organisational culture that 
management participation is more visible.From this perspective it is of great interest to study small 
organisations, which successfully have implemented TQM, in order to find common experiences, which can 
constitute the base of an implementation model for small organisations. In this paper important factors to 
succeeding with the organisational change that TQM implementation implies will be discussed. We will also 
present a multiple-case study of TQM implementation processes in small organisations with a focus on core 
value aspects. An implementation model is presented based on the study. 
 
2.0 Organizational Change and Implementation Of TQM 
One important experience from the accomplishment of TQM is that there is a need for an increasing awareness 
of the fact that TQM implementation also is a question of organisational development. TQM seen as a 
continuously evolving management system consisting of values, techniques and tools, the aim of which is to 
increase external and internal customer satisfaction with a reduced amount of resources.[Figure1] 
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They also argue for improved knowledge among leaders concerning change management. Organisational 
development is a discipline with many approaches, in which TQM is overlapping. In order to create a 
foundation for the case study and its analysis and the implementation model discussed in this paper, aspects 
from both the organizational development discipline and the TQM discipline will be briefly discussed from an 
implementation perspective. One necessity to achieve a successful implementation is that the managers present 
discuss and motivate why the TQM way of working is better than the present one,Lee and Zhou [4]. 

 

 
 

[Figure 1] Total quality management (TQM). 
 

The new way of working in the organisation has to be implemented by means of systematic procedures based on 
properly chosen methodologies that are understood and accepted by all parties involved.. Therefore, studying 
the process of implementation includes the setting of goals toward which the implementation is directed. 
Discusses one important quality of leadership, the ability of building a shared vision in the organisation. When 
there is a strong and common vision, and not only a desire in the top management, individuals are developing. 
 
The basis of TQM is the core values, which should establish the quality culture. Although the number of core 
values, and even the exact formulations.  
1.  Committed leadership focus on customers base decision on facts. 
2.  Improve continuously focus on processes let everybody be committed. 
3.  Focus on customers. 
4.  Focus on processes. 
5.  Base decisions on facts. 
6.  Let everybody be committed. 
 
A strategy for TQM in an organisation must be built on the management's continuous commitment for questions 
concerning quality. The management must establish a quality policy and support quality activities morally and 
by providing resources. But management also have to set a good example by actively taking part in the practical 
work. If the management does not show, in actions, that quality is at least as important as, for example, costs 
and delivery time the co-operators will not do it either. Successful work towards TQM must be built with the 
management's continuous involvement as a basis. The core values are important parts of this work. 
 
We want to mention that the use of core values for managing organisational change is not unquestioned. 
However, we are of the opinion that management can stimulate individual values by managing resources, 
supporting quality activities and working with techniques and tools that support the core values. Describe the 
results of a study performed by different small organisation. Despite different interpretations and descriptions, it 
is evident that they had, in fact, passed through the same basic stages, although under different names and in 
somewhat different sequences.  
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3.0 Implementation of TQM in Small Organizations 
There are many ways of defining small organisations. Some are based on sector, market share, owner type and 
independency. However, most definitions are based on the number of employees. In this study we defines small 
organisations as the ones with between 10 and 49 employees. Employment figures are easily available from data 
registers and furthermore, employment figures are frequently used for sample selection in other studies, which 
facilitates comparisons. The strategies and recommendations discussed earlier are mainly described from a large 
organisation's perspective. It is imperative that an implementation framework should be developed that "fits the 
purpose" of small organisations and the way for better TQM adoption in this particular sector. 
 
Small organisations are believed to have an advantage over larger ones in implementation of TQM, due to their 
flexible organisational structure, innovation ability, lack of hierarchical positions, and strong organisational 
culture. Since the work with TQM demands strong commitment of the management, the small organisation has 
the advantage that the management actions are very apparent, Magh and Curry [5]. In a large organisation it is 
more difficult to demonstrate management commitment to the entire workforce. The size of the workforce also 
affects the time it takes to introduce and establish the TQM system among the employees and also the costs for 
developing co-workers and implementing TQM. 
 
Furthermore, the manager and the owner of the organisation often is the same person. This means that the 
manager feels strong solidarity with the organisation, and that the manager's and the organisation's goals often 
correspond. Due to the manager's dominant position, the organisation strongly depends on the manager's interest 
and competence. 
 
Ten key steps for implementing TQM in small organisations based on case studies.[Table I]. One of their 
conclusions is that there is support for the hypothesis that small organisations can readily adopt the TQM 
principles, although the implementation process has some specific requirements.  

 
Table I. Steps for TQM implementation in small organisations. 

 
Sr.No. Steps for TQM implementation in small organisations. 

1. Recognition of the need for the introduction of TQM. 
2. Developing understanding among management and supervisors. 
3. Establish goals and objectives of the quality improvement process. 
4. Plan the TQM implementation. 
5. Educate and train all employees. 
6. Create a systematic procedure. 
7. Align organisation. 
8. Implement the TQM concepts. 
9. Monitor the implementation of the TQM concepts. 

10. Engage in continuous improvement by going back to step 3. 
 

3.1. Methodology 
The objective of the research project behind this paper was to investigate core value aspects of TQM 
implementation processes in small businesses. A case study of different small organisations was carried out in 
order to study their TQM implementation processes. The organisations studied are all organisations in 
Maharashtra with between 10 and 49 employees.  
 
Three different data collection methods have been chosen: interviews; documentation collection; and to a certain 
extent direct observations. The approach for each organisation consisted of interviews, one interview with the 
management group, and one interview with a co-worker representative. The questions asked during the 
interviews were related to the organisation's implementation process, from when the actual quality development 
work started to the point of receiving the award. The core values, techniques and tools, as described in the TQM 
definition, served as areas on which the questions were based. First a within-case analysis was performed in 
which the core values that were perceived as part of the culture and the problematic core values were analysed 
for the different management groups and the co-workers separately. Furthermore, the order in which the core 
values were recommended to be introduced, according to the two groups, was analysed.  
 
3.2 Empirical Findings and Analysis 
The comparison between the cases, referring to which core values the respondents considered permeating the 
organization, shows both similarities and differences. The major result is which of the six core values (Figure 1) 
that permeates the organizations, since it indicates both which core values the organizations mainly have been 
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working with and which core values that presumably are advantageous to focus on at the beginning of the 
implementation process. Two groups of core values could be identified in the analysis, one group considered 
permeating all organizations and one group permeating just some organizations. 
 

One significant similarity is that the three core values (committed leadership, everybody's commitment and 
customer orientation) are permeating all organizations at the time when they received the quality award. In a 
majority of the cases at least one of these three core values was partly permeating the organization even before 
the formal quality development work started. The fact that all organizations had implemented these core values 
implies that they are both necessary and suitable to start with when implementing TQM. 
 
During the implementation process, some of the core values were problematic to implement in the 
organizations. One similarity between the cases is the problems related to the core value process focus. All 
respondents in all cases, except one respondent in one organization, described process focus as problematic. The 
similarities between the nine cases can best be described for the core values committed leadership, everybody's 
commitment and customer orientation. In all cases the respondents stated that these three core values should be 
among the first to be implemented among the six available. For the remaining core values it is difficult to see 
any clear connection between the different cases. Table II illustrates the respondents' recommendations 
concerning the succession for introducing the core values in the different organizations. 
 

Table II The recommended succession for introducing the core values in the different cases 
 

 
 

 

Organization   Order suggested by management Order suggested by co-worker representative 
1.Committed leadership 1.    Committed leadership 
2.Everybody's commitment and customer orientation 2.    Everybody's commitment and customer  orientation 
3.Continuous improvement 3.    Continuous improvement 

 
Textile Industry. 

4.Process focus and fact-based decisions 4.    Process focus and fact-based decisions 
1.Customer orientation 1.    Committed leadership 
2.Committed leadership 2.    Everybody's commitment 
3.Everybody's commitment 3.    Continuous improvement 

 
Automobile Sector. 

4.Continuous improvement 4.    Customer orientation 
1.Committed leadership and customer  orientation 1.    Committed leadership 
2.Everybody's commitment 2.    Everybody's commitment 

 
Educational Based. 

 3.    Customer orientation 
1.Committed leadership 1.    Committed leadership and fact-based  decisions 
2.Customer orientation 2.    Everybody's commitment 
3.Process focus 3.    Customer orientation 
4. Everybody's commitment 4.    Process focus 
5.Fact-based decisions 5.    Continuous improvements 

 
Plastic Industry. 

6.Continuous improvements  
1.Committed leadership and everybody's commitment 1.    Committed leadership 
2.Customer orientation and process focus 2.    Everybody's commitment 
3.Fact-based decisions and continuous improvements 3.    Customer orientation 

 
Pharmaceutical 
Based. 

4.Process focus  
1.Committed leadership 1.    Everybody's commitment 
2.Everybody's commitment 2.    Committed leadership 
3.Customer orientation 3.    Customer orientation 
4.Process focus 4.    Fact-based decisions 
5.Continuous improvements 5.    Continuous improvements and process  focus 

 
Chemical Based. 

6.Fact-based decisions  
1.Committed leadership 1.    Committed leadership 
2.Everybody's commitment 2.    Everybody's commitment 
3.Customer orientation 3.    Customer orientation 

 
Sugar Factory. 

4.Fact-based decisions, continuous improvements 
process focus 

4.    Fact-based decisions, continuous improvements and   
       process focus 

1.Committed leadership and everybody's commitment 1.    Committed leadership and everybody's commitment 
2.Customer orientation 2.    Customer orientation 

 
Polymer Based. 

3.Fact-based decisions, process focus and    
   continuous improvements 

3.    Fact-based decisions, process focus and continuous  
       improvements 

1.Committed leadership 1.    Committed leadership 
2.Everybody's commitment 2.    Everybody's commitment 
3.Customer orientation and process focus 3.    Customer orientation 

 
Food Industry. 

4.Fact-based decisions and continuous improvements 4.    Continuous improvements, process focus and fact- 
based  decisions         
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3.3 The Suggested TQM Model for Small Organization 
Comparing the empirical findings concerning the implementation and permeation of the core values with the 
theoretical frame of reference one could interpret three discernible phases in the change process. By combining 
the empirical regularities with these steps, an overarching model structure is obtained. The model structure, 
depicted in Figure 2, describes the three phases where work with core values and activities interact and affect 
each other. This means that the extent to which the described core values permeate the organisation affects the 
work with the activities at the same time as the activities positively affect the permeation of the core values. The 
three phases of the model in Figure 2 are shortly discussed below. 
  

 
Figure 2 The recommended implementation model consisting of three different partly   overlapping phases . 
 
3.3.1 The First Phase 
When discussing the introduction of core values in relation to organisational change and TQM implementation 
in small organisations committed leadership is crucial. For most cases in this study committed leadership was a 
core value that to a great extent permeated the organisations even before the implementation process started. 
This emphasis’s that committed leadership should be the first core value that needs to be addressed in an effort 
to implement TQM. The main objective for the involvement of management in this phase is to establish a sense 
of urgency that the change is needed, i.e. a changed attitude among the staff concerning the necessary 
transformation. This has, in the different cases, been attained by information and by involving the employees at 
an early stage, which stresses the importance of developing the core value of everybody's commitment. The kind 
of information used has been dependent on the initial cause for the change. The management has in some way 
described the alarming situation that the organisation turned out to be in. In other cases, where an anticipated 
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need of change was present, seminars introducing the quality concept have been used. Another objective for the 
management in this phase is to create funds for carrying out the change process. It can be external funds or 
resources taken from the budget. Concerning investments based on budget means, the establishment of a 
"change attitude" among the staff is of importance. 
 
3.3.2 The Second Phase 
When a positive sense and attitude towards the change process is established among the staff and a joint view of 
how to change is created, the next proposed stage is to establish a structure to work towards the joint view. If 
this view includes starting to work with a quality award model, cross-functional teams for the different criteria 
with continuous follow-ups are recommended. Otherwise, cross-functional teams working with techniques and 
tools supporting customer orientation are proposed. Training must take place before and during the work within 
the groups. The core values that should be the main focus in this phase are everybody's commitment and 
customer orientation. Everybody's commitment was also pointed out in phase one as a condition for establishing 
a change attitude among the staff. In this phase this core value is mainly a part of the objective with the work 
with cross-functional teams, but also a necessary condition for that work to be fruitful. Since process focus has 
shown to be a complicated core value to embrace, the recommendation is also to begin some educational efforts 
with respect to this core value in this phase. 
 
3.3.3 The Third Phase 
In the third phase the organisation should continue to work according to the new structure. The different teams 
should work with the different assignments that involved different techniques and tools. Different tools and 
approaches that support the core values formally and informally. Training is also here an important investment 
for the accomplishment of these activities. It is also important that the activities in phases two and three result in 
apparent gains, such as increased customer satisfaction, and that the educational efforts have evident pay-offs. 
These gains should be visualised in order to keep the inclination to change and further development among the 
employees consistent. The three core values that are recommended to be in focus during this phase are process 
focus, fact-based decisions and continuous improvements. 

 
4.0 Conclusion 
The suggested model consisting of three phases [Figure2] describes how to implement TQM in a small 
organisation. Activities in combination with working with core values demonstrate successful implementation 
processes in small organisations compared and analysed with the theoretical base. The study also confirms the 
ideas that it is important that suitable techniques and tools support the core values in order to establish a quality 
culture. 
 
The theoretical frame of reference, together with the empirical findings, creates a knowledge foundation that 
hopefully will facilitate the understanding of small organisations implementation of TQM. We also want to say 
that although the study focused on small organisations, we strongly believe that the findings also are of value for 
larger organisations. 
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Abstract 
This paper includes introduction about the supply chain management and the Modern supply chains focus on 
customers. It also covers the useful concept of e – SCM along with the useful tips for evacuating an e – SCM 
initiative. It covers the supply chain decisions like location decisions, production decisions, inventory decisions 
and distribution decisions. Real problems concerned with supply chain management and its solution is given in 
this paper. A focus is given on RFID, which can change the face of supply chain management along with the 
benefits of RFID. Modern approaches for supply chain management are described along with the methods of 
SCM approaches. Conclusion includes the organizational approach for RFID.   
 
1.0 Introduction 
Any business organization irrespective of the field in which they operate will have a supply chain. This chain 
can be confined to a particular locality or can cross national borders. Supply chain starts from the procurement 
of the raw material till the final product reaches the ultimate consumer. In the traditional system, obviously, lot 
of paper works will be involved and the chain will also consume huge amount of money for its smooth 
functioning. Now with the advent of technology guided Supply Chain Management Systems, the scenario is 
gradually changing in favor of the business organizations. 

 
SCM refers coordinated set of techniques to plan and execute all steps in the global network used to acquire raw 
materials and distribution of products with an intention to improve a company's processes for product and 
service design, purchasing, invoicing, inventory management, distribution, customer satisfaction and other 
elements of the supply chain. SCM usually refers to an effort to redesign supply chain processes in order to 
achieve streamlining. 

 
SCM helps to maintain a systematic, strategic coordination of the traditional business functions and the tactics 
across these business functions. It will improve the long-term performance of the individual companies and in 
the long run the supply chain as a whole. 
 
2.0 What is SCM? 
A supply chain is a network of facilities and distribution options that performs the functions of procurement of 
materials, transformation of these materials into intermediate and finished products, and the distribution of these 
finished products to customers. Supply chains exist in both service and manufacturing organizations, although 
the complexity of the chain may vary greatly from industry to industry and firm to firm.  
 
Supply Chain Management means delivering the right product to the right place, at the right time and at the right 
price. It is one of the most powerful engines of business transformation. It is one of the leading cost saving and 
revenue enhancement strategies in use today. 

 
At the end of the continuum of trends that started off from Business Process Reengineering, Total Quality 
Management and ERP that have all addressed only the inner workings of an Organization, SCM aims at 
integrating the company's internal systems to those of its suppliers, partners and customers. 

 
Technologies such as the Internet, electronic data interchange, transportation and warehouse management 
software, including software that manages plant scheduling, demand forecasting, procurement, make SCM a 
versatile strategy to adopt. 

 
Traditionally, marketing, distribution, planning, manufacturing, and the purchasing organizations along the 
supply chain operated independently. These organizations have their own objectives and these are often 
conflicting. Marketing's objective of high customer service and maximum sales dollars conflict with 
manufacturing and distribution goals. Many manufacturing operations are designed to maximize throughput and 
lower costs with little consideration for the impact on inventory levels and distribution capabilities. Purchasing 
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contracts are often negotiated with very little information beyond historical buying patterns. The result of these 
factors is that there is not a single, integrated plan for the organization---there were as many plans as businesses. 
Clearly, there is a need for a mechanism through which these different functions can be integrated together. 
Supply chain management is a strategy through which such an integration can be achieved.  

 
Supply chain management is typically viewed to lie between fully vertically integrated firms, where the entire 
material flow is owned by a single firm, and those where each channel member operates independently. 
Therefore coordination between the various players in the chain is key in its effective management. Cooper and 
Ellram [1993] compare supply chain management to a well-balanced and well-practiced relay team. Such a team 
is more competitive when each player knows how to be positioned for the hand-off. The relationships are the 
strongest between players who directly pass the baton, but the entire team needs to make a coordinated effort to 
win the race. 
 
Advantages of SCM 

 Reduce overhead charges 
 Eliminates paperwork 
 Increase the speed of transactions 
 Facilitate Real-time data exchange 
 Increase revenue 
 Makes distribution more customer friendly 

 
Aufaits team has experience and expertise in designing and implementing result oriented Supply Chain 
Management System with a strong emphasis for return on investment (ROI). We follow proven methodologies 
for integrating all the aspects of a supply including planning, collaboration and maintenance into a single 
application system. 
 
3.0 Why E-SCM? 
Supply chain has been viewed as an inflexible series of events that somehow managed to get products out the 
door. It often involved questionable inventory forecasts, rigid manufacturing plans and hypothetical shipping 
schedules.  
 
The Internet has changed all that. It has transformed this old-fashioned process into something closer to an exact 
science. An Internet-enabled supply chain is useful  
• To avoid costly disasters  
• To reduce administrative overhead  
• To reduce unnecessary inventory (thereby increasing working capital)  
• To decrease the number of hands that touch goods on their way to the end customer  
• To eliminate obsolete business processes  
• To reap cost-cutting and revenue-producing benefits  
• To speed up production and responsiveness to consumers  
• To garner higher profit margins on finished goods 
 
4.0 Useful tips while evaluating an E-SCM initiative 
Get perspective -One should envision the business as a whole including its current strategy and where it wants 
to go. Supply chain strategy is increasingly being integrated with overall corporate strategy.  
• Don't underestimate learning costs - The cost of training people to use new software should not be 

underestimated. Sending information around the world takes lesser time than it takes to get into someone's 
mind!  

• Link to existing architecture - Supply chain applications must link to existing enterprise resource planning 
applications. ERP serves as the nerve center of the organization. Ideally, it should be a single point of 
visibility for inventory and order taking.  

• And last but not the least - Think Global, Start Local. 
 
5.0 Supply Chain Decisions 
The decisions for Supply Chain Management can be classified into two broad categories namely Strategic and 
Operational. As the term implies, Strategic Decisions are made typically over a longer time horizon. These are 
closely linked to the corporate strategy and guide supply chain policies from a design perspective. On the other 
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hand, Operational Decisions are short term and focus on activities over a day-to-day basis. The effort in this 
type of decisions is to manage the effective & efficient product flow in the "strategically" planned supply chain.  
There are four major decision areas in supply chain management having both Strategic & Operational elements. 
1) Location 
2) Production 
3) Inventory, and  
4) Transportation (Distribution) 
 
6.0 How to Manage Supply Chain 
In today’s dynamic world, companies in their quest for improvement are investing in tools and systems that 
optimize their processes and have made significant progress by employing various technologies for increasing 
efficiencies and reducing costs. The intense competitive landscape makes it imperative for all businesses to 
continuously evolve with an emphasis on optimizing all levels of the value chain. These factors led to the 
evolution of the concept of supply chain management, which in turn, provides the next logical stage in the 
evolution of competitiveness for the manufacturing organization. Supply chain management is essentially 
integrating suppliers to the end consumers and emphasizes the need for collaboration to optimize the whole 
system. The basic aim of any supply chain management function is to make the organization more agile and 
nimble footed to respond to drastically changing consumer preferences by capturing the data of material flow at 
all levels of the value chain. 
 
7.0 What Is The Reality? 
The supply chains are not working at 100% or even 90% expected levels. The reasons behind this are given 
below along with their impacts. 
PL 
The problem can be put in better perspective with respect to retail environment where there are almost lakhs of 
SKU’s to be handled. The problem of stock-outs has a high negative impact on the top-line as well as bottom-
line, according to a survey carried out by HBR. The survey had a sample size of 71,000 respondents in around 
29 countries. This survey vindicates some of the fears the retailers and companies managing different brands 
have with regards to consumer buying behavior. 
 
The survey was about what happens when consumers can’t find the precise product they’re looking for? The 
most important finding of the survey suggests that retailers could loose nearly half of intended purchases when 
faced with stock outs. For a company like Wal-Mart this could mean 4% of the sales. That’s a staggering 8.5 
Billions by Wal-Mart’s current size. 

 
Excess production seems to be the obvious solution but it may have some horrendous effects on any firm 
because of highly decreasing product life cycle where the factor of obsolesce is very high. 
 
8.0 How Do We Deal With This? 
According to Albert Einstein, “Problems cannot be solved by thinking within the framework in which the 
problems were created”. For this, an effective solution is needed for end to end visibility that places the right 
amount of goods at the right place and in the most cost effective manner. There is an urgent need for businesses 
to “Sense and respond” which in turn requires every vital part of the enterprise to be integrated with the IT 
infrastructure, and this has to include the physical assets (inventory, equipment, infrastructure etc.) but most 
importantly enable item-level tracking. This calls for the ability to give electronic identities to passive objects, 
bringing them on-line. One of the ways is with the help of Bar Codes. Bar codes are the most primitive form of 
tagging to bring the revolution in the era of 1980’s. Using barcodes, information about an item can be captured 
using optical barcode scanners. However barcodes have a number of limitations. 
 
8.1 Limitations of bar codes 
1. Damages: - Bar Codes are prone to damage because they have to be placed on the outside of a package they 

can easily be physically destroyed. 
2. Human Interaction and need for close line of sight: - Bar Codes require human intervention to operate the 

scanning device that reads the codes this introduces human errors and labor costs. 
3. Lack of information  
4. Speed and Scalability: - Bar Codes don’t offer high speed readability as bar codes read one at a time where 

as the real life requirement is to read hundreds of them one at a time. 
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9.0 Supply Chain Modeling Approaches 
Clearly, each of the above two levels of decisions require a different perspective. The strategic decisions are, for 
the most part, global or "all encompassing" in that they try to integrate various aspects of the supply chain. 
Consequently, the models that describe these decisions are huge, and require a considerable amount of data. 
Often due to the enormity of data requirements, and the broad scope of decisions, these models provide 
approximate solutions to the decisions they describe. The operational decisions, meanwhile, address the day-to-
day operation of the supply chain. Therefore the models that describe them are often very specific in nature. Due 
to their narrow perspective, these models often consider great detail and provide very good, if not optimal, 
solutions to the operational decisions.  
 
To facilitate a concise review of the literature, and at the same time attempting to accommodate the above 
polarity in modeling, we divide the modeling approaches into three areas namely Network Design Methods, 
“Rough Cut” Methods, and Simulation Based Methods. The network design method provides normative models 
for the more strategic decisions. These models typically cover the four major decision areas described earlier, 
and focus more on the design aspect of the supply chain, the establishment of the network and the associated 
flows on them. On the other hand, “Rough cut” method gives guiding policies for the operational decisions. 
These models typically assume a “single site” (ignoring the network) and add supply chain characteristics to it, 
such as explicitly considering the site's relation to the others in the network. Simulation method is a method by 
which a comprehensive supply chain model can be analyzed, considering both strategic and operational 
elements. However, with all simulation models, one can only evaluate the effectiveness of a pre-specified policy 
rather than develop new ones.  
 
9.1 Network design methods 
As the very name suggests, these methods determine the location of production, stocking, and sourcing 
facilities, and the paths, which the product(s) take through them. Such methods tend to be large scale, and used 
generally at the inception of the supply chain. The earliest work in this area, although the term "supply chain" 
was not in use, was by Geoffrion and Graves [1974]. They introduce a multicommodity logistics network design 
model for optimizing annualized finished product flows from plants to the Distributor counters to the final 
customers. Geoffrion and Powers [1993] later give a review of the evolution of distribution strategies over the 
past twenty years, describing how the descendants of the above model can accommodate more echelons and 
cross commodity detail.  

 
Breitman and Lucas [1987] attempt to provide a framework for a comprehensive model of a production-
distribution system, "PLANETS", which is used to decide which are the products to be produced, where and 
how to produce it, which markets to pursue and which resources are to be used. Parts of this ambitious project 
were successfully implemented at General Motors.  

 
Cohen and Lee [1985] developed a conceptual framework for manufacturing strategy analysis, where they 
described a series of stochastic sub-models, that considers annualized product flows from raw material vendors 
via intermediate plants and distribution echelons to the final customers. They use heuristic methods to link and 
optimize these sub-models. They later gave an integrated and readable exposition of their models and methods 
in Cohen and Lee [1988].  

 
Cohen and Lee [1989] presented a normative model for resource deployment in a global manufacturing and 
distribution network. Global after-tax profit (profit-local taxes) is maximized through the design of facility 
network and control of material flows within the network. The cost structure consists of variable and fixed costs 
for material procurement, production, distribution and transportation. They validated the model by applying it to 
analyze the global manufacturing strategies of a personal computer manufacturer.  

 
Finally, Arntzen, Brown, Harrison, and Trafton [1995] provided the most comprehensive deterministic model 
for supply chain management. The objective function minimizes a combination of cost and time elements. 
Examples of cost elements include purchasing, manufacturing, pipeline inventory, transportation costs between 
various sites, duties, and taxes. Time elements include manufacturing lead times and transit times. Unique to 
this model was the explicit consideration of duty and their recovery as the product flowed through different 
countries. Implementation of this model at the Digital Equipment Corporation has produced spectacular results -
-- savings in the order of $100 million dollars.  

 
Clearly, these network-design based methods add value to the firm in that they lay down the manufacturing and 
distribution strategies far into the future. It is imperative that firms at one time or another make such integrated 
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decisions, encompassing production, location, inventory, and transportation, and such models are therefore 
indispensable. Although the above review shows considerable potential for these models as strategic 
determinants in the future, they are not without their shortcomings. Their very nature forces these problems to 
be of a very large scale. They are often difficult to solve to optimality. Furthermore, most of the models in this 
category are largely deterministic and static in nature. Additionally, those that consider stochastic elements are 
very restrictive in nature. In sum, there does not seem to yet be a comprehensive model that is representative of 
the true nature of material flows in the supply chain.  
 
9.2 Rough cut methods 
These models form the bulk of the supply chain literature, and typically deal with the more operational or 
tactical decisions. Most of the integrative research (from a supply chain context) in the literature seem to take on 
an inventory management perspective. In fact, the term "Supply Chain" first appears in the literature as an 
inventory management approach. The thrust of the rough cut models is the development of inventory control 
policies, considering several levels or echelons together. These models have come to be known as "multi-level" 
or "multi-echelon" inventory control models. For a review the reader is directed to Vollman et al. [1992].  

 
Multi-echelon inventory theory has been very successfully used in industry. Cohen et al. [1990] describe 
"OPTIMIZER", one of the most complex models to date --- to manage IBM's spare parts inventory. They 
develop efficient algorithms and sophisticated data structures to achieve large scale systems integration.  
 
Although current research in multi-echelon based supply chain inventory problems shows considerable promise 
in reducing inventories with increased customer service, the studies have several notable limitations. First, these 
studies largely ignore the production side of the supply chain. Their starting point in most cases is a finished 
goods stockpile, and policies are given to manage these effectively. Since production is a natural part of the 
supply chain, there seems to be a need with models that include the production component in them. Second, 
even on the distribution side, almost all published research assumes an arborescence structure, i. e. each site 
receives re-supply from only one higher level site but can distribute to several lower levels. Third, researchers 
have largely focused on the inventory system only. In logistics-system theory, transportation and inventory are 
primary components of the order fulfillment process in terms of cost and service levels. Therefore, companies 
must consider important interrelationships among transportation, inventory and customer service in determining 
their policies. Fourth, most of the models under the "inventory theoretic" paradigm are very restrictive in nature, 
i.e., mostly they restrict themselves to certain well-known forms of demand or lead-time or both, often quite 
contrary to what is observed.  
 
10.0 Conclusion 
Supply chain efficiencies are being driven by improvements in information accuracy and availability. RFID tags 
represent a significant step forward from traditional bar code technology and offer highly reliable data capture 
without manual intervention. 
While standards for the capture and exchange of RFID information are being drafted and refined, it will take 
some time before widespread adoption. Moreover, companies are keen to leverage their existing signal capture 
capabilities, so it is highly likely that RFID implementations over the next few years will actually be a hybrid of 
legacy barcode systems working in concert with RFID equipment. In addition, these implementations are likely 
to include a mix of standards-based coding conventions like the EPC Global Electronic Product Code (EPC) and 
proprietary coding schemes working in ‘closed communities’ of trading partners. 
 
Organizations must realize that RFID automates data capture, but it is only by integrating that data capture 
process into core business processes and business systems that real improvements in efficiency, cost reduction 
and enhancements to customer relationships can be achieved. Organizations need to take a strategic look at the 
development of an information management structure that exploits the availability of real-time, accurate 
information and amend and develop business applications that drive business improvements. 
 
We believe that larger adoption of RFID by different industry segments is expected to lead to falling prices of 
RFID tags as a result of economies of scale. In the short to medium term, RFID tag costs will have dropped 
enough to apply the technology for item level tagging. At this level, RFID would find its way into supply chain 
applications involving container level tagging, warehouse automation etc. As the price points begin to dip down 
to a few cent levels, new market opportunities will open up, especially in sectors such as apparel, 
manufacturing, delivery and pharmaceuticals. 
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The penetration of RFID in supply chains will be driven by retail sector. But other industries, such as 
pharmaceutical or automotive will have to follow suit. In addition, security related industries will adopt RFID. 
Most notably, the US Department of Defense requires their suppliers to ship products with RFID tags from 2005 
onwards. Therefore, the broad adoption of RFID is on its way. By 2010, RFID should be ubiquitous throughout 
industries. 
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Abstract 
Bar Coding is an emerging technology used predominantly for automatic identification in grocery markets, 
retail stores and factory data collection. It enables fast ,accurate, legible and less laborious data collection in 
real time mode, thus enabling dynamic decision making. In a factory scenario it is often used in tracing the 
progress of the work flow along an assembly line. It is also found to be used for effective monitoring of the work 
force, the WIP inventory and the production output. The author is a post-graduation student doing a thesis on 
the applicability of Bar Code Technology in assembly line manufacturing. Currently he is doing his 
M.E.(Production)(Specialization in Manufacturing Engineering) dissertation work by way of a project 
assignment with Siemens Limited in it’s Switch Board factory’s Circuit Breaker unit. After making detailed 
observations of the assembly line, the author has recommended the applicability of Bar Code technology for 
monitoring the WIP of the assembly line in real time mode by scanning the bar coded assembly, work stations 
and the identity card of the person at each of the work station which would enable the company to improve the 
shop floor performance. The suggestion has been appreciated by the company and the company has decided to 
implement the same on top priority. The paper gives details of the above scheme and the benefits likely to be 
derived on full implementation. 
 
KeyWords: Bar Code, Shop Floor Data Collection, Work In Progress (WIP), Assembly Line, Real Time Mode. 
 
1.0 Introduction 
Different end users need data collected from the shop floor to meet their functional objectives. The actual data 
required and the time lapse between the generation of data and their use vary widely, depending not only on 
who needs them and what they need them for, but also how they have been generated. Collecting data is a non-
value adding activity. Manufacturing exists to create products, not data. For the data collecting activity to be 
worthwhile, the data must be acted upon to create value by improving the processes. Therefore data collection 
must ensure data value, the data must be shared and the data must be used. This paper identifies the applicability 
of bar code technology for collecting shop floor data in real time mode and use the same for monitoring the WIP 
in real time mode. 
 
2.0 Bar Code Technology 
The bar code itself consists of thick and narrow coloured bars separated by thick and narrow spaces separating 
the bars. The pattern of bars and spaces is coded to represent alphanumeric characters. Bar code readers interpret 
the code by scanning and decoding the sequence of bars. The reader consists of the scanner and decoder. The 
scanner emits a beam of light (which is reflected by the white bars and absorbed by the black bars of the bar 
code) that is swept past the bar code(either manually or automatically) and senses light reflections to distinguish 
between the bars and spaces as shown in Figure 1. The light reflections are sensed by a photodetector that 
converts the spaces into an electrical signal. The reflected pattern is converted into a fluctuating electrical 
current when it is picked up by a photo diode in the reader. This analogue signal is then converted into a binary 
digital signal by a circuit called as a wave shaper. The decoder then converts this into the ASCII characters 
determined by the particular symbology used. The width of the bars and spaces is indicated by the duration of 
the corresponding signals. The bar code reading process is depicted in the Figure 2. The decoder analyses the 
pulse train to validate and interpret the corresponding data. There are many bar code formats in commercial use 
today from which an appropriate choice must be made depending on the suitability of that bar code symbology 
for that application. 
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Figure 1 .Conversion of bar code into pulse train of electrical signals. 
 
 

 
 

Figure 2.  The bar code reading process 
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3.0 Components of a Bar Coded System 
1. Bar code generating software 
2. Database 
3. Labels 
4. Bar code label printer 
5. Bar code scanner and decoder 
6. A computer terminal 
7. Software specially made for running the bar coded system. 

 
The Figure 3. shows a bar coding cycle and the Figure 4. shows a bar code scanner connected to a USB port. 
 
 

 
 

Figure 3. The bar coding cycle 
 
 

 
 

Figure 4. A bar code scanner connected to USB port 
 
 

4.0 Observations Made Regarding the Current System 
These were the observations which were taken at the IVCB ( Indoor Vacuum Circuit Breaker ) assembly line of 
the MVS ( Medium Voltage Switchgear ) unit of the Switch Board Department of Siemens Limited, Kalwa. 
 
1. It takes 8 to 10 hours to manufacture and test the circuit breaker on the assembly line but the assembly is in a 

state of WIP for around four or more days. This is indicated by the readings shown in Table 1. 
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Table 1.  Readings showing start date and completion date of a few Circuit Breakers  

 

 
 

 
2. There are occasions of stoppage of work on the assembly line but there is no fool-proof way of quantifying, 

recording and reporting the same with precise details of the timings. 
 
3. Priority of work orders is given at the start of the assembly line but the assemblies are not completed in the 

order of priority. As a result, there are occasions when there are products produced but kept waiting for a 
prolonged time before actually delivering them to the client. 

 
 

4. The time for producing one circuit breaker inclusive of time spent at all the work stations was found to be  8 
hours and the circuit breakers produced during that month was found to be 453. It required 6120 man hours 
for producing this output. 

 
     Throughput efficiency = (Total processing time required ) x 100                                                                 (1) 
                                             ( Total processing time elapsed ) 
 
                                          = 453 x 8 x 100 
                                               6120   
 
                                          = 59.22  % 
 
This indicates that there is a scope of further improving the output. If a bar chart can be plotted in real time 
mode by  some means, then it will help in identifying the assemblies which are behind schedule or which are to 
be processed on priority. 

 
 

5. The production output is not consistent, which is an indicator of high WIP inventory. Table 2. is indicative 
of the non-consistent daily output. 

 
Table 2. Readings showing a non-consistent daily  
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5.0 Present System of Monitoring the WIP 
1. The production output is a measure of  the number of circuit breakers leaving the last work station of 

the assembly line. 
2. The output is measured at the end of the day’s work. 
3. There is no record of the progress made from one work station to the other in terms of the start time 

and stop time of the work done at that work station. So there is no fool proof way of collecting and 
analyzing the data as regards the work stations where the progress was slow during a particular time 
interval. 

4. There is no fool proof method of knowing the output between any two instants. 
5. To know the progress of work order, one has to go to the assembly line and read the fine prints on the 

instruction sheet tagged to the assembly. This becomes tedious and there is a possibility of mis-reading 
and hence mis-reporting the status of the progress of the work order. Most of the circuit breakers look 
identical and hence there is no way to identify a circuit breaker from amongst many similar looking 
ones. 

6. Since the shop floor is remotely located from the office area, several rounds to the shop floor have to be 
made to trace the movement of the circuit breaker and give an indication as to how much more time 
would be required to complete the assembly.  

 
6.0 The Proposed System of Monitoring the WIP 
The scanning thus done at various work stations of an assembly line to collect information about the Works 
Order, the operation performed at a particular work station, the identity of the person doing work at that work 
station and the date and time of  starting and ending work at that work station can be used to effectively monitor 
the WIP along the assembly line by means of a moving bar chart which shows the details of the progress of 
work in real time mode. If all the data mentioned above is stored in a database then over a period the data 
collected can be used to generate reports for doing various kinds of analysis for finding ways of improving the 
performance of the assembly line on the shop floor. 
The layout of the assembly line along with the bar code label scanning arrangement is shown in Figure 5. where 
w1, w2, w3, ….w11  represent distinct work groups present on the corresponding work stations of the assembly 
line. 
 
 

 
 

Figure. 5 .The arrangement of bar code scanners for monitoring the work in progress of the assembly line. 
 

7.0 Benefits Which Can Be Derived By Going For Bar Coding Of The Assembly Line 
1. High speed of data collection 
2. Accuracy of data collection 
3. Data integrity 
4. To automatically identify products as they pass a certain point on the assembly line 
5. To record utilization of equipment and personnel 
6. To accurately control inventory 
7. To speed up the manufacturing process 
8. A graphical picture of what is happening on the assembly line of the shop floor can be obtained in real 

time mode regarding work stations, workers, assemblies, order progress and the WIP. The times of start 
and stop of work at the work stations by the concerned workers can be obtained. 

9. Stocks and production are easy to retrieve due to the exact quantities being in the precise location 
expected. 

10. Reduction in operational inventory 
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8.0 Conclusion 
An attempt has been made to do automatic shop floor data collection and identification of a manufacturing  
assembly line by using bar code technology for monitoring the WIP in real time mode. This would be a starting 
point and also an eye opener for further improving the manufacturing performance. 
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Abstract 
The manufacturing environment is more competitive than ever and companies are searching for ways to gain an 
advantage over their competitors. Many organizations have come to realize that they must take action now or 
they will be left behind as their competitors eat up their market.  A proven way to gain that competitive edge is 
through the adoption and implementation of World class manufacturing principles and methods. World class 
manufacturing is possible when a company dedicates its resources to a never-ending improvement process of 
quality, cost, lead-time and customer service that enables them to effectively compete in their marketplace. 
World class manufacturing practices provide the foundation on which an organization can improve their profits, 
strengthen their competitive position, and grow their business. So it’s now a concept that has endured the test of 
time. Rather than defining it one way or the other, the most important thing is to adopt Just-in-time (JIT), Total 
quality management (TQM) and Total productive manufacturing (TPM) to achieve world class manufacturing. 
 
Key Words: World class Manufacturing, Just-In-Time, Total Quality Management, Total Productive 
Manufacturing and Stockless Production. 
 
1.0 Introduction 
World Class Manufacturers are those that demonstrate industry the best practice. To achieve this, industries 
should attempt to be best in the field at each of the competitive priorities (quality, price, delivery speed, delivery 
reliability, flexibility and innovation). Organisations should therefore aim to maximise performance in these 
areas in order to maximise competitiveness. However, as resources are unlikely to allow improvement in all 
areas, organisations should concentrate on maintaining performance in 'qualifying' factors and improving 
'competitive edge' factors. The priorities will change over time and must therefore be reviewed 
 
1.1 World class manufacturing 
World class manufacturing concept is of recent origin. The following attributes of the world-class 
manufacturing are aimed to fulfill the customer demands [1]. 
• Products with high quality 
• Products at competitive price 
• Products with several enhanced features 
• Products in a wider variety 
• Products delivered with shorter lead time 
• Products delivered on time 
• Flexibility in fulfilling product’s demand 
 
All these performance measures are external to the manufacturing system but highly essential for the industry. 
These can be measured internally. Industries must set up their performance measures in these lines so that the 
product will have a high level of acceptance at customer point.   
             
1.2. Key Attributes to achieve world class manufacturing 
World class manufacturing project can be defined as the structured implementation of a range of concepts 
generally referred to as Just in Time (JIT), Total Quality Management (TQM) and Total Productive 
Manufacturing (TPM) to achieve a substantial improvement in operational performance and to inculcate a 
permanent process of continuous improvement. 
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2.0 Just-In-Time Manufacturing 
Just-in-time is both a philosophy and a set of methods for manufacturing. Although it has no single, agreed-upon 
definition, JIT emphasizes waste reduction, total quality control, and devotion to the customer. 
Just-in-time is not a jargon term for a new concept. It represents a goal. That goal is the ultimate total 
elimination of inventory, minimal work-in-progress and is monitored by a constant reduction in so called 
working capital. It can be achieved only as a result of a fundamental change in management thinking and 
industrial cultural values [2]. 
 
2.1 Basic principles 
In JIT, the theme is to work without buffer stock/with minimal buffer stock. To achieve this objective, identify 
every point in the organization where buffer stocks normally occur. Then critically examine the reasons for such 
stock, if any. 
A set of possible reasons for maintaining high stock is listed below: 

• Unreliable or unpredictable deliveries 
• Poor quality from suppliers 
• Increased variety of materials 
• Machine breakdown 
• Labour absenteeism 
• Frequent machine setting 
• Variation in operator’s capabilities 
• Schedule changes 
• Changing product priorities 
• Product modification 

 
2.2 Eliminating waste and adding value 
Just-in-time requires a great deal of organizational discipline. As in the case of MRP, JIT requires not only 
changes in the way an industry handles its inventory but also changes in its culture. JIT also encompasses the 
Japanese managerial characteristics. JIT applies to all the functions of an industry, not just operation. 
By applying the JIT philosophy, many industries are improving their productivity. However, incorporating JIT 
requires a heavy commitment of time and imposes a rigorous discipline upon the organization. Shingo states that 
it took 20years for the Toyota Motor Company to implement the JIT system and it will take most other 
companies ten years to obtain similar results [3]. 
The definition of JIT that we adopt for our discussion is as follows: Just-in-time is a manufacturing system 
whose goal is to optimize process and procedures by continuously pursuing waste reduction. 
 
2.3 The seven wastes  
Shigeo Shingo, a recognized JIT authority and engineer at the Toyota Motor Company identifies seven wastes 
as being the targets of continuous improvement in production process. By attending to these wastes, 
improvement is achieved [5]. 
1. Waste of overproduction: Eliminate by reducing setup times, synchronizing quantities and timing between 

processes, compacting layout and visibility. Make only what is needed now. 
2. Waste of waiting: Eliminate through synchronizing work flow as much as possible, and balance uneven 

loads by flexible workers and equipment. 
3. Waste of transportation: Establish layouts and locations to make transport and handling unnecessary if 

possible. Then rationalize transport and material handling that cannot be eliminated 
4. Waste of processing itself: First question why this part or product should be made at all, then why each 

process is necessary. Extend thinking beyond economy of scale or speed. 
5. Waste of stocks: Reduce by shortening setup times and reducing lead times, by synchronizing work flows 

and improving work skills, and even by smoothing fluctuations in demand for the product. Reducing all 
other wastes reduces the waste of stocks. 

6. Waste of motion: Study motion for economy and consistency. Economy improves productivity, and 
consistency improves quality. First improve the motions, then mechanize or automate. Otherwise there is 
danger of automating waste. 

7. Waste of making defective product: Develop the production process to prevent defects from being made so 
as to eliminate inspection. At each   process, accept no defects and make no defects. Make processes 
failsafe to do this. From a quality process, comes a quality product-automatically. 
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2.4 Value-added manufacturing 
JIT’s seven wastes are at the root of what United States companies term value added manufacturing: Any step in 
the manufacturing process that does not add value to the product for the customer is wasteful. Examples of 
wasteful steps include process delays, materials transport, storages, work-in-process (WIP) inventories, finished 
goods inventories, excessive paper processing, and many other activities that do not add value to the product. 
Wasteful tasks increase costs and reduce competitiveness. To identify and delete wastes, each aspect of 
manufacturing is analyzed to conform or refute its value.  
   
2.5 Stockless production system 
A system of production that allows no (or as small as possible) inventories of raw materials, working process, or 
finished goods; goes hand with Just in time philosophy.  
 
In some leading Japanese manufacturing companies a key element is “stockless” production. Everything is made 
as ordered and delivered only as needed production is “just-in-time”. There is a necessary linkage between 
stockless production and quality-every item must be made correctly just in time and every time. There is no 
waste. Therefore labour, material and tools are all used productively. The concept of Zero inventories is very 
appealing, but we know that this approach is not always economically or practically feasible. It usually is 
feasible, however for firms to move closer to this goal. 
 
3.0 Total Quality Management 
TQM is a management approach for an organization, centered on quality, based on the participation of all its 
members and aiming at long-term success through customer satisfaction, and benefits to all members of the 
organization and to society." 
 
TQM requires that the company maintain this quality standard in all aspects of its business. This requires 
ensuring that things are done right the first time, every time and that defects and waste are eliminated from 
operations 
To be successful on implementing TQM, an organization must concentrate on the eight key elements:  

1. Ethics  
2. Integrity  
3. Trust  
4. Training  
5. Teamwork  
6. Leadership  
7. Communication 
8. Recognition  

 
3.1 Key elements 
TQM has been coined to describe a philosophy that makes quality the driving force behind leadership, design, 
planning, and improvement initiatives. For this, TQM requires the help of those eight key elements. These 
elements can be divided into four groups according to their function. The groups are: 
I. Foundation -This includes Ethics, Integrity and Trust. 
II. Building Bricks - This includes Training, Teamwork and Leadership. 
III. Binding Mortar – This includes Communication. 
IV. Roof – This includes Recognition. 
 
 
3.1.1Foundation 
TQM is built on a foundation of ethics, integrity and trust. It fosters openness, fairness and sincerity and allows 
involvement by everyone. This is the key to unlocking the ultimate potential of TQM. These three elements 
move together. However, each element offers something different to the TQM concept. 
 
Ethics - Ethics is the discipline concerned with good and bad in any situation. It is a two-faceted subject 
represented by organizational and individual ethics. Organizational ethics establish a business code of ethics that 
outlines guidelines that all employees are to adhere to in the performance of their work. Individual ethics 
include personal rights or wrongs. 
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Integrity - Integrity implies honesty, morals, values, fairness, and adherence to the facts and sincerity. The 
characteristic is what customers (internal or external) expect and deserve to receive. People see the opposite of 
integrity as duplicity. TQM will not work in an atmosphere of duplicity. 
 
Trust - Trust is a by-product of integrity and ethical conduct. Without trust, the framework of TQM cannot be 
built. Trust fosters full participation of all members. It allows empowerment that encourages pride ownership 
and it encourages commitment. It allows decision making at appropriate levels in the organization, fosters 
individual risk-taking for continuous improvement and helps to ensure that measurements focus on 
improvement of process and are not used to contend people. Trust is essential to ensure customer satisfaction. 
So, trust builds the cooperative environment essential for TQM. 
 
3.1.2 Bricks 
Based on the strong foundation of trust, ethics and integrity, bricks are placed to reach the roof of recognition. It 
includes: 
Training - Training is very important for employees to be highly productive. Supervisors are solely responsible 
for implementing TQM within their departments, and teaching their employees the philosophies of TQM. 
Training the employees requires interpersonal skills, the ability to function within teams, problem solving, 
decision making, job management performance analysis and improvement, business economics and technical 
skills. During the creation and formation of TQM, employees are trained so that they can become effective 
employees for the company. 
 
Teamwork - To become successful in business, teamwork is also a key element of TQM. With the use of teams, 
the business will receive quicker and better solutions to problems. Teams also provide more permanent 
improvements in processes and operations. In teams, people feel more comfortable bringing up problems that 
may occur, and can get help from other workers to find a solution and put into place. There are mainly three 
types of teams that TQM organizations adopt:  
• Quality Improvement Teams or Excellence Teams (QITS) - These are temporary teams for the purpose of 

dealing with specific problems that often re-occurs. These teams are set up for period of three to twelve 
months. 

• Problem Solving Teams (PSTs) - These are temporary teams to solve certain problems and also to identify 
and overcome causes of problems. They generally last from one week to three months. 

• Natural Work Teams (NWTs) - These teams consist of small groups of skilled workers who share tasks and 
responsibilities. These teams use concepts such as employee involvement teams, self-managing teams and 
quality circles. These teams generally work for one to two hours a week. 

• Leadership - It is possibly the most important element in TQM. It appears everywhere in organization. 
Leadership in TQM requires the manager to provide an inspiring vision, make strategic directions that are 
understood by all and to instill values that guide subordinates. For TQM to be successful in the business, the 
supervisor must be committed in leading his employees. A supervisor must understand TQM, believe in it 
and then demonstrate their belief and commitment through their daily practices of TQM. The supervisor 
makes sure that strategies, philosophies, values and goals are transmitted down through out the organization 
to provide focus, clarity and direction. A key point is that TQM has to be introduced and led by top 
management. Commitment and personal involvement is required from top management in creating and 
deploying clear quality values and goals consistent with the objectives of the company and in creating and 
deploying well  

           defined systems, methods and performance measures for achieving those goals. 
 
3.1.3Bindingmortar 
Communication - It binds everything together. Starting from foundation to roof of the TQM house, everything is 
bound by strong mortar of communication. It acts as a vital link between all elements of TQM. Communication 
means a common understanding of ideas between the sender and the receiver. The success of TQM demands 
communication with and among all the organization members, suppliers and customers. Supervisors must keep 
open airways where employees can send and receive information about the TQM process. Communication 
coupled with the sharing of correct information is vital. For communication to be credible the message must be 
clear and receiver must interpret in the way the sender intended. 
 
3.1.4Roof 
Recognition - Recognition is the last and final element in the entire system. It should be provided for both 
suggestions and achievements for teams as well as individuals. Employees strive to receive recognition for 
themselves and their teams. Detecting and recognizing contributors is the most important job of a supervisor. As 
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people are recognized, there can be huge changes in self-esteem, productivity, quality and the amount of effort 
exhorted to the task at hand. Recognition comes in its best form when it is immediately following an action that 
an employee has performed. Recognition comes in different ways, places and time such as,  
• Ways - It can be by way of personal letter from top management. Also by award banquets, plaques, trophies 

etc.  
• Places - Good performers can be recognized in front of departments, on performance boards and also in 

front of top management.  
• Time - Recognition can given at any time like in staff meeting, annual award banquets, etc 
 
4.0 Total Productive Manufacturing (TPM) 
 
4.1 What is TPM? 
To set a goal to maximize equipment efficiency by establishing a total system for Product manufacturing for the 
entire life of the equipment by participation of all departments, including equipment, planning, operating and 
maintenance departments involving all personnel, including top personnel to first – line operators. 
• Taking as a prime objective a company structure that pursues production efficiency to its ultimate limits. 

(=comprehensive efficiency) 
• Putting together a practical shop – floor system to prevent losses before they occur throughout the entire 

production system’s life cycle : Zero accidents, Zero defects, Zero breakdowns  
• Involving all function, including production, development, sales and management.   
• Having all employees participate, from top executives to front- line workers.  
• Achieving Zero losses through overlapping small groups. 
 
4.2 Why is TPM spreading rapidly? 
To restructures the corporate culture through improvement of Human Resources and Plant Equipment 
 
 
 
 
 

 
  
 
 
 
 
 
 
 
 
 
TPM – The major approach to create a plant in 21st century 
 
                                        
 
 
 
             
 
  
 
 
 
                         
                                          
                                      
 
 
 

 
TPM 

 
Improving Human Resources 

 
Improving Plant Equipment 

• Educate and foster employees  
   so that they can respond to the needs  
• Operator: Ability to perform  
• Maintenance man: Ability to perform high 

quality maintenance 
• Production engineer: Ability to execute 

• Attain efficiency through 
revamping of the existing 
equipment 

• Life cycle cost considered 
design of new equipment and 
minimizing their run up time  

Increased  
Productivity Reduction in Machine 

failure 

 
Improved product 
quality 

 
Cost reduction 

Increased 
profile 

 
Enhanced safety 
record 

Improved 
employee 
morale 

        Higher   
customer 

satisfaction 

Improving Corporate Culture
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Effects of TPM 
Production                                                   Delivery 
- Labour productivity increases                              -Meet customer requirements on time 
- Value addition per man increases                        every time 
- Reduction in breakdowns 
Quality                                                                 Safety 
- Drastic reduction in process defects                   -Assures zero accidents 
- Reduction in customer complaints                        -Provides a safe pollution & free working environment

                                
Cost                                                                                Morale 
-     Reduction in inventory                                           - Increases the improvement ideas 
- Reduction in manufacturing cost                           - Development of small group activities 
- Reduction in power cost     
 
5.0 Conclusion 
World class manufacturing techniques have been proven over and over, time and time again and offer 
alternatives to the traditional capacity-driven approaches of mass production and economic order quantities. Just 
like anything else, World Class manufacturing is no panacea, nor should it be embraced as a religion. It is an 
operational strategy that, if implemented properly, will provide a new dimension to competing: quickly 
introducing new customerized high quality products and delivering them with unprecedented lead times, swift 
decisions, and manufacturing products with high velocity. Most World class manufacturing techniques can be 
applied in most process and discrete product manufacturing companies. The best way to approach World class 
manufacturing is through adopting Just-in-time (JIT), Total quality management (TQM) and Total productive 
manufacturing (TPM). 
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Abstract 
Quality technical education is the need of the hour. With the opening of more and more engineering colleges in 
the country the quality of technical education has degraded up to a great extent. This paper aims to applying, 
Six Sigma DMAIC approach, to increase the passing rate of students of a technical institution. The curriculum, 
qualifications of the faculty, better infrastructure facilities and understanding level of the students play 
paramount importance in maintaining the high passing rate of engineering students. An attempt has been made 
to visualize these aspects by taking into account the student’s eye view of a technical institute.  Preliminary 
study shows that application of Six Sigma can prove to be a boon for such institutions.   
 
Key Words:  Six Sigma, DMAIC, DPMO, CTQ                                                                                                                                   
 
1.0 Introduction 
Technical education plays a significant role for economic progress and development of any country. The 
increasing demand for qualified technical man hour has led to an unplanned expansion of the technical 
education system with around 3000 and above institutions offering technical education in country today at 
different levels. Education being a service industry, service delivered at a cost, the definition of product and 
process has to be done carefully. The inferior quality of education being imparted in most of private technical 
institutes has drastically decreased the passing rate of students. The discouraging results have led many research 
scholars to suggest a possible methodology which can withstand the pressure of increasing the passing rate in 
such colleges. In this paper, serious attempt has been made to apply Six Sigma as a tool in a Technical Institute 
to increase the passing rate of the students. Contrary to previous studies the results are quite encouraging. The 
tools used in this case , are process oriented and examines attrition variables such as lack of financial aid, lack 
of tutoring support services, in conducive environment for learning, low peer and faculty expectations and 
inadequate preparation of engineering studies.  
 
2.0 Origin of Six Sigma 
Six Sigma originated as the quality improvement approach in 1980’s with a goal of improving quality of 
products, goods and services. It was pioneered by Bill Smith, CEO, Motorola in 1986. Further the concept 
bloomed when Motorola publicized the success of Six Sigma in 1995; Allied Signals was one of the first 
companies to grab the concept of Six Sigma. Allied Signal is reported to have saved $ 175 million in bottom 
line revenues in 1990 itself. However the final push to this movement was achieved when Mr. Jack Welch made 
Six Sigma a religion at GE. In India, Wipro was the pioneer in implementing Six Sigma. In 1998-99, in its first 
year of implementing Six Sigma, Wipro recorded savings of Rs 4.40 Crores. Other Indian companies soon 
joined the band wagon. Maruti Udyog started a Six Sigma pilot –project in its spare department in early 2000.  
 
3.0 What is Six Sigma? 
Sigma (the lower case Greek letter 6) is used to represent standard deviation (a measure of variation). Sigma is a 
high performance, data drawn method for improving quality by removing defects and there their causes in 
business process activities. Critically it concentrates on those outputs that are important to customers. It focuses 
on root cause of business problem to reduce variation (spread) of occurrences around the mean value of the 
process data. As the sigma level increases the variation of the process decreases and product reliability goes up, 
the need for testing and inspection diminishes, work in progress, cost and cycle time falls.Six is the number of 
sigma measured in the process, when the variation around the target is such that only 3.4 defects outputs of one 
million. 
 
According to Bill Smith, the father of Six Sigma defined that “Six Sigma is a business philosophy of driving 
behavior by making an organization’s value explicit in its compensating system and a business strategy of 
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cutting cost and boosting customer satisfaction.Tomkins (1997) defines Six Sigma as “a programme aimed at 
near-elimination of defects from every product, process and transaction”. Harry (1998) defines that Six Sigma is 
“a strategic initiative to boost profitability, increase market share and improve customer satisfaction through 
statistical tools that can lead to breakthrough quantum gains in quality”.   
 
4.0 Comparison between Six Sigma Professionals in Industries and Technical    

Education 
Six Sigma is not just about statistical tools and defect calculations. Nor is it just about having people work in 
teams. Teams alone cannot change corporate or educational structures. They must be part of an infrastructure 
designed to assist in the redesign of organizations, like scaffolding around a building being renovated. One way 
to understand this renovation structure is to review the role of people in the evolving Six Sigma organization. 
For this purpose Six Sigma professionals in an organization came into existence. These professionals have a 
single goal in mind from the inception of concept of Six Sigma- “to achieve the level of Six Sigma in minimum 
time span”. The comparison between the duties performed by various Six Sigma professionals in organizations 
as shown in table 1.  
 
5.0 Why Six Sigma? 
During the past half of the century more than 60 quality related activities have come into existence Statistical 
Process Control, Quality Circle, Total Quality Management (TQM), Quality Management System (QMS), ISO 
9000 quality management system standard and other such activities have created a visible impact in the world 
quality professionals. Six Sigma provides a scientific and statistical basis for quality assessment for all 
processes through measurement of quality level. The six sigma method allows comparison among all processes 
and tells how good the process is. Six Sigma is regarded as the fresh quality management strategy which can be 
replacing TQM, TQC, ISO and others. Six sigma is viewed as a systematic and scientific approach for 
management innovation by the integration various elements such as customer, process, manpower and strategy.  
The CEOs of many world class companies visualized and foresighted the flaws of almost all the management 
philosophies. Thus, they created an approach to fix all the issues related to all these methodologies. Ultimately, 
Six Sigma was born.  
Some of the advantages of Six Sigma which makes it a versatile approach are: 
 
• Six Sigma extends the use of the improvement tools to cost, cycle time, and business issues. 
• Six Sigma discards the majority of the quality toolkit. It keeps a subset of tools that range from the basic to 

the advanced. Six Sigma discards esoteric statistical tools and completely ignores such staples of the 
quality professionals as ISO 9000 and the Malcolm bladrige criteria. Training focuses on using the tools to 
achieve tangible business results, not on theory. 

• Six Sigma integrates the goals of organization as a whole into the improvement effort. Six Sigma creates 
top-level oversight to assure that the interests of the entire organization are considered.  

• Six sigma strives of world class performance. The six sigma standard is 3.4 PPM failures per million 
opportunities. Six Sigma creates an infrastructure of change agents who are not employed in the quality 
department. These people work full-time and part-time on projects in their areas or in other areas. Six 
Sigma for two years and then continue their careers elsewhere .Green belts work on Six Sigma projects 
while holding down other jobs .these subject matter experts are provided with training to give the skills 
they need to improve processes . Six Sigma “belts” are not certified unless they can demonstrate that they  

• have effectively used the approach to benefit customers, shareholders, and employees. 
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Table 1Comparison between Six Sigma professional in Industries and technical education  

 
6.0 Methodology Adopted 
The Six Sigma methodology employs various tools and techniques for its implementation. The various 
methodologies are DMAIC (Define-Measure-Analyze-Improve-Control), DMAC (Define-Measure-Analyze-
Control), DMADV (Define-Measure-Analyze-Design-Verify) etc. But, the most popular technique among all 
these methodologies is DMAIC due to its versatile approach. It is somewhat similar to PDCA (Plan-Do-Check-
Act) cycle. A team using DMAIC as shown in figure 1, which stands for define, measure, analyse, improve and 
control, undertakes the project. These are defined further as: 
 

 
PROFESSIONALS IN INDUSTRY 

 
PROFESSIONALS IN EDUCATION 

LEADERSHIP GROUP COUNCIL 
• Senior managers-they plan and execute 

Six Sigma plan  
• Their aim is to achieve Six Sigma in a 

planned way  
 

DEAN/MANAGEMENT EPRESENTATIVE 
• Member of Management / Management 

Committee, 
• Proposes the Six Sigma plan to 

management 
 

PROJECT SPONSOR AND CHAMPIONS 
• A senior manager with an experience in 

Six Sigma projects. Accountable to 
leadership. 

• Council for success of projects 
 

PRINCIPAL 
• Sets up a goal for improving project. 
• Coaches and approves changes in team 

charter 
• Finds resources for teams 
• Advocates for the team efforts in Mgmt. 

 
 

SIX SIGMA COACH(AKA MASTER BLACK 
BELT) 

• The Six Sigma coach provides expert 
advice to Six Sigma improvement teams  

• They act as a mentor and trainer 
 

HOD’S 
• Communicates with principal and 

management 
• Deals with resistance to implement Six 

Sigma 
• Helps to resolve team and other conflicts 
• Gather and analyzes data about team 

activities 
 

TEAM LEADER/PROJECT 
LEADER(AKABLACK BELT) 

• The team leader accepts primary 
responsibility of results of Six Sigma 
project 

• They are specified to one team only 
 

PROFESSOR INCHARGE/CHAIRPERSON 
• Reviews/revises/clarifies the project 
• Works with team members 
• Select the project team members 
• Identifies and finds resources for the team 
• Documents final project results 

 
TEAM MEMBERS(AKA GREEN BELTS) 
The team members bring the brain and measure for 
collection and analysis of data needed to improve 
the process 
 

STUDENT ADVISORY COMITTEE 
• Carries out instructions for data collection 

and analysis 
• Carries out assignments 
• Reviews the efforts of the team itself 
• Learns new data-driven ways to manage 

the operation 
 

PROCESS OWNER 
• The process owner is normally the 

manager of a part of a particular function.  
• They receive solution created by an 

improvement team and become the 
“owners” responsible for managing the 
improved process. 

 
 
 

PROCESS OWNER 
• All faculty members, HODs and staff of 

the technical institute 
• They are responsible for continuous 

improvement and    maintenance of the 
same 
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Fig (1): Shows continuous improvement of the process undergoing Six Sigma DMAIC technique. 
 
The whole concept of Six Sigma DMAIC is discussed in detail as under: 
 
6.1 Define 
This phase defines the project, and identifies critical customer requirements and links them with the business 
needs. It also defines the project charter and business processes to be undertaken for Six Sigma. In our case, the 
project is to improve the passing rate of the students in a technical institute.  
 
6.2 Measure 
Identify the critical to quality (CTQs) characteristics of the process. This phase requires us to determine the 
factors that contribute to student attrition. To solve the problem defined, the factors that contribute to student’s 
attrition are determined. Many retention studies indicate factors such as financial aid, faculty students relations, 
curriculum and academic services etc that influence the passing rate. Once the CTQs are identified, surveys and 
interviews can be used to measure their effects on passing rate. This phase also involves the analysis of the 
process to determine its present state and the future, as obtained. Data collection is the main emphasis of this 
phase. 
 
6.3 Analyze 
 In this phase, data is analysed and the causes of the problem are discovered. Here, course of action is created to 
close the “gap” between how things work and how they should work to meet improvement goals. All root 
causes are analyzed and the most critical ones are fixed for improvements. In this phase, process capability 
analysis is done to find out the actual state of the process. The existing DPMO (Defects per million 
opportunities) or PPM (Parts per million) level which is the way to calculate the sigma level or yield of a 
process is determine using process capability analysis. Minitab software is used for analysis the data and it 
generates a process capability report, which includes a capability histogram overlaid with normal curve and the 
complete tables of capability statistics. After knowing the DPMO and sigma level of the process using process 
capability analysis, a fishbone or cause and effect diagram is to be prepared. 
 In the present case, a survey will be conducted among the students on the basis of collection opinion method. 
This is the most appropriate way of finding the Key Critical Factors (KCF) of a technical institute which 
directly or indirectly affects the passing rate of the students.  
 
The procedure followed is enumerated: 

• As we have found the key critical factors of the institute so we are opting for the student system. Being 
students this would be most appropriate for us. 

• The student performance will be adjudged in the most important fields. 
• A survey will be conducted among the students to categorize the degree of importance of various 

fields. 
• Some key performance areas will be located in sub-systems and assigned weight age according to the 

importance. 
After this a Bar chart will be prepared, which is a pictorial representation of a data over a period or under 
different heads for a given period. Instantly, it gives the areas, which need immediate attention, and presents the 
relative comparison of the data between different heads. It is a simple and effective tool of data presentation, 
which helps to focus on the components of the problem that have the biggest impact. For making bar chart, 
actual weightage of each key performance area, assigned by the senior students during survey will be calculated 
and based upon these results, bar chart will be drawn.  
 
6.4 Improve 
 Improve the process to remove cause of defects. The optimal solution for reducing mean and variation is 
determined and confirmed in improve phase. The gains from the improve phase are immediate and are 
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corrective in nature. Specific problem identified during analysis are attended in improve phase. This phase 
involves improving process performance characteristics for achieving desired results and goals. In this 
particular case, the improvement state can be achieved if the passing rate of the students starts increasing in the 
forthcoming years with the application of Six Sigma. 
 
6.5 Control 
This phase requires the process conditions to be properly documented and monitored through statistical process 
control methods. After achieving the desired level of Sigma in the retention stage of DMAIRC cycle, there is a 
continuous control of the process. 
 
7.0 Conclusion 
The goal of Six Sigma has produced many positive results for many world class companies. The authors 
juxtapose a relationship between the applications of Six Sigma in corporations and in higher education. In 
industry, a company may look at defects in its final manufactured products. In engineering education, it can 
relate those defects as a loss of students. A higher passing rate of students in education will increase graduation 
rates and possibly more revenue for a college. With the increase of more engineering graduates, Six Sigma may 
provide a philosophy to meet the diversity needs of industry. With improved customer satisfaction, in 
academics a institute can have more involved alumni to help in recruiting more students. 
A simplified presentation of Six Sigma DMAIC methodology in technical institute is illustrated in this paper. 
The preliminary results from our environments reveal a need for better faculty, promising infrastructure, more 
financial aid, improvement in student faculty relationship and curricula. A faculty team plans to develop and 
implement further actions to address these issues over the next three years. Hence, the objective is to increase 
the passing rate of the students currently enrolled, increase graduation rates, and the result is a more efficient 
process of producing well-qualified engineers to meet the technological needs of our nation.   
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Abstract    
Beginning in the late 80's and continuing in the 90's, empowerment has been catching on because: management 
is being pressed by younger people who want more involvement in decision-making; employees have shown 
themselves to be more capable of decision-making when they're involved and risk-taking managers have agreed 
that empowerment can work if it's handled correctly and TQM have shown that empowerment can result in 
significant improvements in cost, productivity, quality and customer satisfaction. As competition in the 
Global/Local Markets getting harder and harder, smart marketing managers came up with a slogan to tell 
everyone whom they think was the boss. “Customer is the King” for the competitive world and in democratic 
world “People are the King”, they said. Profitable and loyal customers are still awfully hard to find. But there’s 
some one else feeling for more elusive these days: “a good employee”. People are what differentiate Toyota 
from a General Motors. Ideas, innovation and execution all come from the people and the culture of the 
organization. The US been free market internally, but it became vastly more competitive when Japanese and 
Chinese invaded their market. India too had closed markets until early 90s. Perhaps more fundamentally, 
employees become important when the nature of wealth creating industries changed. When manufacturing was 
the money spinner riding wages could be tackled by increasing productivity or automating processes. But when 
brain power is what drives an industry, it’s that much harder to find substitutes. The scramble for top notch 
techies in America’s Silicon Valley and India’s own IT industry proves that. So, employers had better get used 
to the idea of Employee First. Many organizations are earning reputations/goodwill for increasingly 
empowering their human resource like Allstate, AT&T Microelectronics, Chrysler, Harris Semiconductor, 
Infosys, Dr.Reddy, and list is end less. 
 
Key Words: Employees, Empowerment, Customer, Quality, Management, Motivation, Ego. 
 
1.0 Introduction 
The US has always been free market internally, but it became vastly more competitive when Japanese and 
Chinese starting invading their market. India too had closed markets until early 90s. Perhaps more 
fundamentally, employees become important when the nature of wealth creating industries changed. When 
manufacturing was the money spinner riding wages could be tackled by increasing productivity or automating 
processes. But when brain power is what drives an industry, it’s that much harder to find substitutes. The 
scramble for top notch techies in America’s Silicon Valley and India’s own IT industry proves that. Will the 
employer’s infatuation with the employees end? It will, when supply catches up with demand or slows down to 
match supply. The problem is, neither seems likely in the near term. So, employers had better get used to the 
idea of Employee First. 
 
Many organizations in most of the industries are earning reputations/goodwill for being part of this evolution 
and for increasingly empowering their human resource like Aid Association for Lutherans, Allstate, AT&T 
Microelectronics, Chrysler, Federal Express, Harris Semiconductor, Marriott, Martin Marietta Energy Systems, 
Monsanto Chemical, Motorola, PG&E, Saturn, Swedish American Hospital, United Services Automobile 
Association, and Zytec. 
Employee Empowerment is best known when compared with traditional management and involvement: 
 
Traditional Management – General Managers handle/solve most of the problems and make most of the 
decisions, issues, directions and instructions. 
 
Involvement -- Employees have the opportunity to help handle/solve problems and influence decisions. 
 
Empowerment – Both employees and managers handle/solve problems and make decisions jointly that were 
traditionally reserved to higher circles of the organization. 
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Table: The quality evolution is depicted graphically  
 

 
 
2.0 Maslow’s Hierarchy Needs (Motivation)  
 
2.1 Motivation 
Motivation is just not winning employees; it is also about driving employees towards higher levels of effort in 
any job in hand in the organization. Employees are organizations only sustainable competitive advantages. 
Motivate them you will surprise to see how fast motivated people (employee) can run (work), which leads to 
increase in productivity, efficiency, and cost reduction automatically. Quality of Motivated Person: Motivated 
persons are in constant state of functional stress. This has been explained through the figure 1 & 2. 
 

 
 
 
 
 
 
 
 
 
 
 
             Figure 2: How fast motivated people can run               Figure2: Motivated person in functional stress  
 
The most popular motivation theories were developed by Maslow’s to profile individual needs. He explained in 
five levels the hierarchy needs as explained through the figure. The five levels are: 

1. Survival 
2. Security 
3. Social  
4. Esteem 
5. Self-actualization 

These five levels move from bottom to top in the figure. Once the employees in the organization satisfy the 
given level, the organizations no longer motivate a person.  
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Figure 3: Maslow’s five levels of Motivation 
 

Still the hierarchy focuses the basic structure for understanding individual needs. 
 
3.0 How to Motivate Work Force? 
The following eight concepts are involved in the motivation of a work force: 

1. Know thyself.       
2. Know your employees. 
3. Establish a positive attitude. 
4. Share the goals. 
5. Monitor progress. 
6. Develop interesting work. 
7. Communicate effectively. 
8. Celebrate success.  

 
    Fig. 4 Motivated               Fig. 5 Demotivated  

 
4.0 Definition Empowerment 
 

   
 

Figure 6: Representing Symbols of Empowerment 
 
Before discussing about the definition of empowerment, one should know what Employer and Employee means. 
 Employer: Who buys others time? Utilizes others services. 
 Employee: Who spend time for others? Provides his own services to others. 

 “Empowerment helps organizations to gain more with less”. 
“Crush the Ego” (Maninder & Deeps) 

“Light is the task where many share the tail” (Homer) 
Definitions 
* The climate, culture, environment of an organization where individuals are given the responsibility of work 
done by them. They themselves are accountable for work. 
* Empowerment is the process that provides opening/opportunities to the creative instincts of staff. It helps 
employee’s motivation level. It gives the employees more power with delegation of authority. A chance to 

Self-actualization 

Esteem 

Social 

Security 

Survival 
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participate in the problem solving and handling, tackling in an atmosphere free from managerial intervention/ 
restrictions. The process makes the organizational structure less hierarchical and creating a supportive culture, 
enabled employees to make independent contributions in decision making. 
* Crush the ego, the biggest enemy of Empowerment.  
EGO stands for 
E means Empowerment 
GO means leave the organization where ego exists 
It is very important for the organizations growth that one should crush ones egos at the top management level as 
well as at the bottom level. So for employee’s empowerment one has to crush the ego. 

 
Ego employers are neither thankful nor praise the worth about anything neither feel sorry for anything wrong 
done by them either, same is true for the ego employees too.  
 
5.0 Objectives of Empowerment  
1. Making mangers facilitators rather than controllers. 
2. Encouraging participation in decision making, problem solving, tackling, overcoming the hardship and 

handle jointly. 
3. Creating self managed work teams, groups and associations. 
4. Removing bureaucracy/one ship, none is the boss. 
5. Encouraging self management. 
6. Increasing the motivation level of the individuals to participate at all levels. 
7. Not to make the employees feel like a loser.  
8. Sharing responsibilities jointly for the undone. 
9. Creating maturity amongst human resources. 
 
6.0 What Employee Wants? 
Employee empowerment puts one in the other person’s shoes and understands his part of bargain. In India, we 
deal with poor and less fortunate people working for us, it becomes, important, the rich have much, and the poor 
have only the feelings and self-respect 
 

Table 2: The table provides the employees wants and the manager’s perception of their wants. 
 

Factor Employee 
Ranking 

Manager 
Ranking 

Interesting nature of the work 1 5 
Appreciation/stroke 2 8 
Involvement/structural 3 10 
Job security 4 2 
Good pay/salary 5 1 
Promotion/growth 6 3 
Good working conditions 7 4 
Loyalty to employees/mutual trust 8 7 
Help with personal problems 9 9 
Tactful discipline 10 6 

 
It is clear from the table the manager’s view point and the employees view point has lot of differences in 
opinion and they have no relation. 
 
7.0 Empowerment Principles: How to Make It Work 
As with the definition of empowerment, the values that underlay the practice, the empowerment roles, 
behaviors, and the benefits to the organization and its managers. In addition, they are reinforced by what the 
experts say:  
1. There is no magic formula or standard recipe for empowerment; each implementation is unique to its 

situation.  
2. Empowerment serves a purpose. It's not a feel-good program. It's about accomplishing business objectives. 

It's a means to an end, not an end in itself. Empowerment helps employees help the organization and 
themselves; it gives them more meaningful jobs and a sense of accomplishment and pride. 

3. Empowerment needs to be managed--to make it happen and to make sure it's happening.  
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4. Empowerment works best when it's values-based. More energy is generated when employees believe in 
their managers and The Cause than when they feel they're just filling a slot or marking time.  

5. Trust and commitment are paramount; winning employees' hearts and minds leads to their willing 
contribution of ideas, loyalty, determination and extra effort.  

6. Managers and supervisors need to be empowered, too.  
7. Setting clear boundaries tells people what they're authorized to do; removing barriers makes it possible for 

them to do it.  
8. Communication and information are the lifeblood of empowerment. 
9. Empowerment training is more than remedial; it prepares people for collaboration and higher-level 

performance, and sends a message to employees: we are spending money on you because this is important 
to the organization's future. 

10. Facilitating and coaching are more effective than directing and controlling--when you want people to 
grow and contribute. 

11. Celebration and recognition for forward motion and accomplishment are needed, to express genuine 
thanks and to reinforce the kind of behavior that is wanted. 

 
8.0 Steps to Empowerment 
1. Compatibility with value and needs. 
2. Check your own attitude. 
3. Find out the barriers to empowerment. 
4. Create the write atmosphere. 
5. Set limits or boundaries to extra autonomy given to employees. 
6. Create awareness. 
7. Reassure who are to be affected by the change & win support of your employees. 
8. Evaluate work done by your staff and compare the results with standards. 
9. Provide initiative by creating self- managed teams. 
10. Develop and polish skills of individuals through proper training and education. 
11. Monitor developments through an active feedback process. 
12. Be prepared to live mistakes. 

 
9.0 Limitation of Empowerment 
1. More power & authority with employees incongruent with organization culture, i.e. rigid & 

unaccommodating structure. 
2. Managers with high power needs may show resentment. 
3. Fear amongst employees, which restrict them from taking an initiative- a fear that they will be punished if 

mistakes are made.  
4. It may lead to people innovating well beyond the normal control of their job.  
5. Lack of commitment amongst employees.  
6. Leads to expectations that cannot be fulfilled & so leads to frustration. 
 
10.0 Case Study 

Table 3 The top Companies of India where employees want to work for the last five years. 
 

Year/ 
Ranks 

2002 2003 2004 2005 2006 

1 Infosys P & G SASKEN Infosys Infosys 

2 P & G American 
Express 

INFOSYS Sasken Mind Tree 

3 HP NTPC THERMAX Genpact Satyam 

4 SKBCH J & J HCL COMNET HCL 
Comnet 

Dr Reddy’s 

5 Satyam GSKBCH HDFC NTPC Sapient 

6 Agilent Tata Steel NTPC HSBC Agient Tech. 

7 BHEL Colgate-
Palmolive 

DR REDDY’S Sapient J & J 

8 American 
Express 

Wipro SATYAM Covansys Conansys 

9 Colgate-
Palmolive 

IOC Patni Computers HDFC Bank HCL Comnet 

10 Gillette TCS Hughes Software Mind Tree HSBC 
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Abstract 
In a bid to cope with market instability, companies now look beyond cost and quality advantage. Speed, quality 
and flexibility are being emphasized as means of responding to the unique needs of customers and markets. A 
supply chain adapts the changes if it is agile in nature. Agility is all about creating that responsiveness and 
mastering the uncertainty. In this article, the enablers of agility have been identified and interpretive structural 
modeling has been used to evolve relationships among enablers. The aim of this paper is to understand the 
mutual influences so that those enablers which are at the root of few more enablers (called driving enablers) 
and those which are most influenced by others (called dependent enablers) are identified. The focus of the 
article on the role of agility for enhancing performance of supply chain. A key finding of this research is that 
organizational integration and willingness for improvement is the primary cause of the enhancing performance 
of supply chain. The study concludes with a discussion on these enablers and the managerial implications.  

  
Key Words: Agility; Supply Chain; Interpretive Structural Modeling (ISM).  

  
1.0 Introduction 
In markets, it is becoming impossible to remove or ignore sources of turbulence and volatility. Hence, supply 
chain managers must accept uncertainty, but still need to develop a strategy that enables them to match supply 
and demand at an acceptable cost. The ability to achieve this has been termed supply chain agility. Agility is 
being defined as the ability of an organization to respond rapidly to changes in demand, both in terms of 
volume and variety (Christopher, 2000). Supply chain agility is a key to inventory reduction, adapting to 
market variations more efficiently, enabling enterprises to respond to consumer demand more quickly, and 
integrating with suppliers more effectively. To improving supply chain performance, quality of service, quick 
response to customer demand, operational and delivery performance should be appropriate which can be 
achieved by adoption of agility. In this article our purpose is to study how the agility enabler’s relationships 
influence performance in supply chain. This paper propose Interpretive structural modeling (ISM) 
methodology for enablers of agility and suggests top management to give focus on improving the high driving 
power enabler variables such as organistaional integration and willingness for improvement, commitment and 
collaborative relationship among  partners. 
 
2.0 Literature Review 
Organisations in a diverse range of markets are facing the challenges of new product innovations, decreasing 
product lifecycles, product proliferation and customers who are becoming ever more demanding. This has 
resulted in markets that can be characterised as increasingly turbulent and volatile and has caused many 
organisations to seek to improve their supply chain through activity termed agility. The operation of an 
appropriate and effective supply chain is now a vital part of competitive performance in all types of markets. 
Enterprises are continuously paying attention in responding to the customer demand for maintaining a 
competitive advantage over their rivals. Supply chain management has gained attention as it focuses on 
material, information and cash flows from vendors to customers or vice-versa. A key feature of present day 
business is the idea that it is supply chains that compete, not companies (Christopher and Towill, 2001), and 
the success or failure of supply chains is ultimately determined in the marketplace by the end consumer. 
Getting the right product, at the right time to the consumer is not only the linchpin to competitive success, but 
also the key to survival. Hence, customer satisfaction and market place understanding are critical elements for 
consideration when attempting to establish a new supply chain strategy. Agility is a business-wide capability 
that embraces organizational structures, information systems, logistics processes and in particular, mindsets. 
Power et al. (2001) have identified some of the factors critical for successful agile organizations in managing 
their supply chains. Combining agility and leanness in one supply chain via the strategic use of a de-coupling 
point has been termed ‘‘le-agility’’ (Naylor et al., 1999). 
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3.0 Enablers of Agility  
From literature review and opinion of the experts from industry and academia ten, “enablers” and “results” 
have been identified. 
 
3.1 Organizational integration and willingness for improvement 
Organizations face a requirement to become more agile, the role and techniques of human resource 
management will also need to be reviewed. Agility will largely be a function of the ability of disparate 
functions to cooperate by working as teams with common goals. There is a need for a continuous 
improvement focus on issues i.e. flexible manufacturing cells (FMC) or flexible manufacturing systems 
(FMS), total quality management (TQM). 
 
3.2 Computer-based technologies 
The role of technology in facilitating agility has received significant support in theory. Agile companies 
compete through increased levels of knowledge and competency, allowing them to broadly implement 
information technology. Flexibility of both process and product are pre-requisites for being nimble and 
responsive to changing market requirements. Organizations have used many different methodologies to 
optimize the use of their resources e.g. radio frequency identification (RFID), smart card, electronic data 
interchange (EDI), enterprise resource planning (ERP) systems etc.  
 
3.3 Collaborative relationships 
In order to manage effectively in a supply chain, organizations are moving to adopt closer relationships with 
key suppliers. This collaboration leads to a high degree of interdependence along the supply chain. 
Collaborative supply chain partnerships support the development of flexibility, responsiveness, and low-
cost/low-volume manufacturing skills (Hoyt and Huq, 2000). Also collaboration among organizations on the 
management of various supply chain activities can lead to a competitive advantage over other supply chains.  
 
3.4 Just-in-time methodology 
The issues of leanness versus agility, as a business characteristic, have been argued to be two distinct concepts 
that should not be confused. Christopher (2000) makes the point that some organizations that are lean in their 
operations are far from agile in their supply chain. This does not, however, mean that the two concepts are 
mutually exclusive. In fact, some authors see the two models as needing to be balanced, rather than traded off, 
or that their relevance has more to do with the intensity of requirement for ongoing innovation.  
 
3.5 Information sharing and trust 
Mutual trust based information sharing between the partners is necessary not only for the continuance of the 
agreement but also for the continuous improvement of the service. Information sharing is crucial to successful 
partnerships. Unless the partner has complete information about a firm’s business, it cannot work effectively 
toward achieving the company’s goals. Trust is that intangible attitude that is widely recognized as a 
prerequisite to supply chain success. Hoyt and Huq (2000) describe that only those partnerships will survive 
economic recession that has a high level of trust. A framework presented by Agarwal and Shankar (2003) is 
helpful in establishing trust-building environment among the supply chain members.   
 
3.6 Flexibility in system 
Flexibility is the ability of a manufacturing system to cope with changes in the nature, mix, volume or timing of 
its activities. Flexibility in operations and delivery may enable the user to give customized service to its 
customers, particularly in special or non-routine requests. Flexibility becomes particularly relevant when the 
whole supply chain is considered, consisting of a network of supply, production, and delivering firms 
(Christopher and Towill, 2001). In this case, many sources of uncertainty have to be handled, such as market 
demand, supplier lead-time, product quality, and information delay.  
 
3.7 Customer sensitivity and responsiveness 
Customer sensitivity means that collaborative initiatives should be driven by quick response to customer 
requirements. High levels of logistics service have a significant impact on customer satisfaction. The primary 
relational requirement for improved responsiveness is the development of greater levels of trust between 
purchasing organizations and their suppliers.  
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3.8 Performance of supply chain 
The performance of a supply chain is characterized by its ability to remain market-sensitive without losing the 
integration through the chain. One of the difficulties in designing and analysing a supply chain is that its 
processes are governed by the strategic attributes of the supply chain. Christopher and Towill (2000) explained 
the issues related to the concepts of ’’market qualifier’’ and ’’market winner’’ in a supply chain and identified 
quality, cost, lead-time, and service level as four prime performance measures. For an agile supply chain, 
service level is the market winner, while the other factors are market qualifiers. In case of lean supply quality, 
lead-time and service level are market qualifiers and cost is the market winner. 
 
3.9 Commitments by top management 
Top management commitment is the dominant driver of corporate endeavors. Efficient leadership is needed to 
provide clear vision and value to supply chain. The top management should demonstrate commitment to the 
agile activities in supply chain on par with other organizational goals by integrating all the members of the 
supply chain. They should provide continuous support for agility in the strategic plans, action plans for 
successfully implementing them. 
 
3.10 Cost and quality of service  
It refers to the total cost of logistics outsourcing, which should be minimise. Agility helps an organization to 
concentrate on its core activities and thus may result in lower costs and better customer service. However, to 
achieve this, one must have proper mechanisms to measure, monitor and control quality of service. Quality of 
the provider includes many aspects such as on-time delivery, accuracy of order fulfillment, frequency and cost 
of loss and damage, promptness in attending customers’ complaints, commitment to continuous improvement, 
etc.  
 
4.0 ISM Methodology and Model Development 
The various steps involved in ISM modeling are as follows: 
(1) Identifying of the variables that are relevant to the problem or issue. This can be done by survey or group 

problem solving technique. 
(2) Establishing the contextual relationship among variables. This represents the relationship indicating 

whether or not one variable leads to another. 
(3) Developing a structural self-interaction matrix (SSIM) of variables, which indicates pair-wise relationship 

between variables of the system. 
(4) Developing a reachability matrix from the SSIM, and check the matrix for transitivity. The SSIM format is 

transformed in the format of reachability matrix by transforming the information in each entry of the 
SSIM into 1s and 0s in the reachability matrix. Transitivity of the contextual relation is a basic assumption 
in the ISM which states that if element A is related to B and B is related to C, then A is necessarily related 
to C. 

(5) Partitioning the reachability matrix into different levels. 
(6) Based on the relationships in the reachability matrix, removal of the transitive links. 
(7) Constructing the ISM model by replacing element nodes with statements. 
(8) Review of the ISM model to check for conceptual inconsistency, and make the necessary modifications. 
 
4.1 Structural self-interaction matrix (SSIM) 
ISM methodology suggests the use of the expert opinions based on various management techniques such as 
brain storming, nominal group technique etc in developing the contextual relationship among the variables. In 
this research, experts from the industry and academia were consulted in identifying the nature of contextual 
relationship among the variables of agility. In order to analyze the relationship among the agility variables, a 
contextual relationship of “lead to” type is chosen. Four symbols are used to denote the direction of 
relationship between the variables (i and j): 
V  = Variable i will help achieve variable j; 
A  = Variable j will be achieved by variable i; 
X  = Variable i and j will help achieve each other; and 
O = Variables i and j are unrelated. 
Based on the contextual relationships the SSIM is developed for the variables Identified to enable the agility 
shown in table 1.  
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Table 1.  Structural self-interaction matrix 

 
Variables 10 9 8 7 6 5 4 3 2 

1.  Organizational Integration and willingness for improvement V V V V V V V V V 
2.  Computer-based technologies V A V V O O V O  
3.  Collaborative relationships V A V V V V V   
4.  Just-in-time methodology V O V V O O    
5.  Information sharing and trust V A V V V     
6.  Flexibility in system V A V V      
7.  Customer sensitivity and responsiveness A A V       
8.  Performance of supply chain A A        
9.  Commitments by top management V         
10. Cost and quality of service          

      
  4.2 Reachability matrix 

The SSIM is transformed into a binary matrix, called the initial reachability matrix by substituting V, A, X, O 
by 1 and 0 as per the case. The rules for the substitution of 1s and 0s are as follows: 
. If the (i, j) entry in the SSIM is V, then the (i, j) entry in the reachability matrix becomes 1 and the   ( j, i) 
entry becomes 0. 
. If the (i, j) entry in the SSIM is A, then the (i, j) entry in the reachability matrix becomes 0 and the   ( j, i) 
entry becomes 1 
. If the (i, j) entry in the SSIM is X, then the (i, j) entry in the reachability matrix becomes 1 and the   ( j, i) 
entry becomes 1. 
. If the (i, j) entry in the SSIM is O, then the (i, j) entry in the reachability matrix becomes 0 and the   ( j, i) 
entry becomes 0. 
 
Following these rules, initial reachability matrix for the agility variables identified is shown in Table 2. The 
final reachability matrix is obtained by incorporating the transitivities as enumerated in Step 4 of the ISM 
methodology.              

Table 2.  Reachability matrix 
 

Variables 1 2 3 4 5 6 7 8 9 10 Driving 
Power 

1 Organizational Integration and 
willingness for improvement 

1 1 1 1 1 1 1 1 1 1 10 

2 Computer-based technologies 0 1 0 1 0 0 1 1 0 1 5 
3 Collaborative relationships 0 0 1 1 1 1 1 1 0 1 7 
4 Just-in-time methodology 0 0 0 1 0 0 1 1 0 1 4 
5 Information sharing and trust 0 0 0 0 1 1 1 1 0 1 5 
6 Flexibility in system 0 0 0 0 0 1 1 1 0 1 4 
7 Customer sensitivity  0 0 0 0 0 0 1 1 0 0 2 
8 Performance of supply chain 0 0 0 0 0 0 0 1 0 0 1 
9 Commitments by top management 0 1 1 0 1 1 1 1 1 1 8 
10 Cost and quality of service 0 0 0 0 0 0 1 1 0 1 3 

 Dependence 1 3 3 4 4 5 9 10 2 8  
 

4.3 Level partitions 
The reachability and antecedent set for each variable are obtained from final reachability matrix. The 
reachability set for a particular variable consists of the variable itself and the other variables, which it may help 
achieve. The antecedent set consists of the variable itself and the other variables, which may help in achieving 
them. Subsequently, the intersection of these sets is derived for all variables. The variable for which the 
reachability and the intersection sets are the same is assigned as the top-level variable in the ISM hierarchy as it 
would not help achieve any other variable above their own level. After the identification of the top-level 
element, it is discarded from the list of remaining variables. From Table 3, it is seen that the performance of 
supply chain (variable 8) is found at level I. Thus, it would be positioned at the top of the ISM hierarchy. This 
iteration is repeated till the levels of each variable are found out. The identified levels aids in building the 
digraph and the final model of ISM. 
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Table 3.  Iteration I 
 

Variables Reachability set Antecedent set Intersection set Level 
 

1 1, 2,3,4,5,6,7,8,9,10 1 1  
2 2,4,7,8,10 1,2,9 2  
3 3,4,5,6,7,8,10 1,3,9 3  
4 4,7,8,10 1,2,3,4 4  
5 5,6,7,8,10 1,3,5,9 5  
6 6,7,8,10 1,3,5,6,9 6  
7 7,8 1,2,3,4,5,6,7,9,10 7  
8 8 1,2,3,4,5,6,7,8,9,10 8 I 
9 2,3,5,6,7,8,9,10 1,9 9  
10 7,8,10 1,2,3,4,5,6,9,10 10  

 
Table 4.  Iteration II- VII 

 
Variables Reachability set Antecedent set Intersection set Level 

8     8 1,2,3,4,5,6,7,8,9,10 8 I 
7 7 1,2,3,4,5,6,7,9,10            7 II 
10 10 1,2,3,4,5,6,9,10 10 III 
4 4 1,2,3,4 4 IV 
6 6 1,3,5,6,9 6 IV 
2 2 1,2,9 2 V 
5 5 1,3,5,9 5 V 
3 3 1,3,9 3 VI 
9 9 1,9 9 VII 
1 1 1 1 VIII 

 
4.4 Formation of ISM-based model 
The structural model is generated from the final reachability matrix and the digraph is drawn. Removing the 
transitivities as described in the ISM methodology, the digraph is finally converted into the ISM as shown in 
Figure 1 It is observed from this figure that organizational integration and willingness for improvement 
(variable 1) is a very significant factor for the agility as it forms the base of the ISM hierarchy. Which lead 
to commitment by top management (Variable 9) and Computer based technologies (Variable 2). 
Commitment by top management lead to collaborative relationship among supply chain partners (Variable 3) 
and Computer based technologies (Variable 2). Collaborative relationship among supply chain partners lead 
to information sharing and trust among partners (Variable 5). Computer based technology and collaborative 
relationship both leads to just in time methodology (Variable 4). Information sharing and trust among 
partners lead to flexibility in the system (Variable 6). Flexibility in the system and just in time methodology 
both leads to cost and quality of service (Variable 10), which lead to customer sensitivity and responsiveness 
(Variable 7). Customer sensitivity and responsiveness lead to performance of supply chain (Variable 8). 
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Figure 1.   ISM based Model for enablers of agility in supply chain 
 

      5.0 MICMAC Analysis 
The objective of the MICMAC analysis is to analyze the driving power and the dependence of the variables 
(Mandal and Deshmukh, 1994). In this analysis, the agility variables described earlier are classified into four 
clusters (Figure 2).                                                   

                    
Driving  
Power                      
 
 
 
 
 
 
 
 
 
                                            1       2         3        4       5       6      7          8      9        10 

                                                                                         Dependence  
Figure  2.  Driving power and dependence diagram     

 
The first cluster consists of the “autonomous variables” that have weak driving power and weak dependence. 
These variables are relatively disconnected from the system, with which they have only few links, which 
may not be strong. The “dependent variables” constitute the second cluster which has weak driving power 
but strong dependence. Third cluster has the “linkage variables” that have strong driving power and strong 
dependence. These variables are unstable due to the fact that any change occurring to them will have an 
effect on others and also a feedback on themselves. Fourth cluster includes the “independent variables” 
having strong driving power but weak dependence.  

 
   6.0 Discussion and Conclusion 

The driver power-dependence matrix (Figure 2) indicates that computer based technology, just in time 
methodology, information sharing and trust and flexibility in system are autonomous variables of agility. 
These enabler variables appear as weak driver as well as weak dependent and do not have much influence on 
the other variables of the system. Performance of supply chain, customer sensitivity and responsiveness and 
cost and quality of service are weak drivers but strongly dependent on other variables. They are seen at the 
top of the ISM hierarchy (Figure 1). These Variables represent the desired objectives of supply chain 
management. No variable is seen as a linkage variable that has a strong driving power as well as strong 
dependence. Thus, it can be inferred that among all the ten variables chosen in this study, no variable is 
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unstable. The driver power dependence diagram indicates that independent variables of agility such as 
organization integration and willingness for improvement, collaborative relationship among partners and 
commitment by top management are at the bottom of the model having greater driving power. Thus the 
management needs to address these enabler variables more carefully in the supply chains. It can be seen that 
these variables help to achieve the desired result variables, which appear at the top of the ISM hierarchy. 
Therefore, it can be inferred that management should devise strategies to enhance the deployment of 
independent variables so that the agility in services are improved. 
In this research an interpretation of the variables of agility in terms of their driving and dependence powers 
has been carried out. Those variables possessing higher driving power in the ISM need to be taken care on 
priority basis because there are a few other dependent variables being affected by them. The variables with 
higher driving powers are more of the strategic orientation. Thus, performance of supply chain can be 
achieved by continuously improving the driving variables. Despite the fact that the ISM based model 
developed in this research is for the enhancement of performance in supply chains by agility, some 
generalizations of results of the model are still possible.  
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Abstract 
Growing competition and increasing demands from customers are forcing manufacturers to incorporate 
innovation in their business. In order to lower operating costs, increase efficiency and effectiveness and to 
respond to the increased requirements of their customers quickly, firms are making large investments in 
implementing advanced manufacturing technologies (AMTs).It is widely held that instead of rushing to invest in 
AMT, firms should see their specific requirements about need of adopting AMTs.  
This paper concentrates on the planning requirements for investment decision process in advanced 
manufacturing technology. This study provides following contributions to the AMT implementation literature. 
1. A technology investment decision process (factors affecting the decision process) is presented. The 

contributing factors have been further classified to provide more details about their importance in the 
overall decision making process. 

2.  A framework for technology investment and selection decision process is proposed. 
3. At the end a technology classification scheme is introduced that can be used by firms as a basis for 

technology selection. The scheme should be particularly useful to the firms that are contemplating to invest 
in AMT. 

 
Key Words: Advanced Manufacturing Technology; Investment Decision Process; Technology Classification. 
 
1.0 Introduction  
Organizations must develop new methods and perceptions to meet global competition, rapidly changing 
technology and shorter product life cycles in a timely and cost effective fashion. It is widely held that instead of 
rushing to invest in AMT, firms should see their specific requirements about need of adopting AMTs, reports 
Alberto Patroni (2002). 
 
The selection, evaluation and implementation of these technologies requires that the planning and 
implementation be conducted according to a structured approach by an interdisciplinary project team that 
consists of a variety of expertise including system selection, evaluation and justification. The ability to make 
rational choices among available AMTs and evaluate the inter-functional benefits is important for success in the 
competitive environment. If AMTs are appropriately selected to meet the business objectives, they can enhance 
companies’ operational efficiency and productivity, while providing technological leadership.  
 
Manufacturing companies are looking for directions to improve their performance by investing in AMTs. 
Improving performance of a company by achieving technological competitiveness is not a sufficient condition 
to ensure market competitiveness, but it has become a “necessary condition”. Competitiveness is derived from 
many factors including increased productivity, responsiveness, quality and flexibility as well as reduced 
inventory states Sev V. Naglingam (1998). 
 
Investment decision of AMTs to increase the competitiveness offers a unique challenge to manufacturing 
managers, since the investment decision process is complex because of many trade-offs among conflicting 
factors and it has strategic implications”. In addition, investment decision process should consider tangible and 
intangible factors associated with each AMT and the technical complexity of the equipment. Traditionally, the 
selection of equipment relied on assessing the financial return by the investment on that equipment and it is 
considered only as a stand-alone investment disregarding functional interrelationships and associated attributes. 
This traditional way of evaluation is not suitable for AMTs where multiple and often conflicting criteria 
confronts decision makers. This paper concentrates on the planning requirements for investment decision 
process in advanced manufacturing technology. Here a framework for technology investment decision process is 
proposed which can prove helpful for the firms that are contemplating to invest in AMT. 
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2.0 AMT Justification 
In the following paragraphs some of the objectives that justify AMT adoption are discussed. 
The prime motivation for the installation of AMT is to improve manufacturing operations and consequently to 
improve the competitiveness of the firm. Amoako-Gyampah and Maffei (1989) suggested three major objectives 
for the adoption of AMT: 
1 modernization – a commitment to the factory of the future; 
2 marketing – emphasizing superior products with high quality and relatively low costs; and  
3 operating – to meet technical and operating needs that are not adequately addressed by the firm’s existing 
technologies. 
 
Hence, adoption of AMT can bestow not only operational benefits, but marketing and strategic benefits as well. 
However, each technology offers its own basket of differentiated operational, strategic and marketing 
capabilities reports Demmel and Askin, 1996; Lefley, 1996; Primrose, 1991; Small and Chen, 1995. This 
realization prompted Primrose (1991) to suggest that firms should identify the benefits that they require from 
implementation of technology before they attempt to choose the technology. 
 
Findings in the literature indicate that design and engineering technologies, such as computer-aided design 
(CAD) and computer- assisted process planning (CAPP) are particularly beneficial to firms that manufacture 
products which are prone to rapid design and processing changes, or in industries with highly differentiated 
products. Machining / fabricating/assembly technologies such as numerical control machines, robots and 
materials working lasers help to improve the quality and consistency of manufactured  products in addition to 
offering the opportunity for reducing setup times and changeover times. Firms that are using integrated process 
technologies such as flexible manufacturing systems (FMS) and computer-integrated manufacturing (CIM) 
report improvements in both time-based and range-based flexibility combined with enhancements in processing 
and procedural efficiencies as well as improvements in integrating the firm’s operations confirms Lei et al., 
1996.  
 
All the above technologies have also been credited with the ability to improve worker and machine productivity 
while allowing for reductions in the workforce. However, while some firms still seek to justify AMT on the 
basis of labor cost savings, recent studies have found that the low morale that results from layoffs and the need 
to hire, train and retain more skilled workers results in, at best, only marginal labor cost savings. The 
information/logistics technologies of manufacturing resources planning (MRPII) and just-in-time (JIT) help to 
improve processing and procedural efficiencies along with encouraging stable production rates and balanced 
capacity. Automated inspection and testing systems help to assure product quality and consistency and to reduce 
scrap and reworking time and costs. 
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3.0 Classification of the Issues Impacting Technology Investment Decision Process  

 
Figure 1. Technology investment decision process 
 

4.0 Manufacturing Requirements 
 
4.1 Setting technical objectives 
Firms, which want to invest in AMT, must identify and set the technical objectives first, for e.g. manufacturing 
requirements, specifications, tolerances to be achieved etc. This requires an ongoing investigation of the 
performance of existing systems in relation to the firm’s ability to remain competitive in the external business 
environment (Michael small, 1990). Choice of AMT should reflect both the benefits that the organization 
expects to achieve and the quality of organizational preparation and support for the adoption of chosen system. 
Firms should assess various types of AMTs that can provide the strategic and operational benefits required to 
meet the firm’s competitive goals confirms Michael H. Small (1997).   
 
4.2 Identifying own manufacturing requirements  
Successful adoption of AMT requires that the system planners and designers fully understand the corporate 
strategic goals and objectives, and thereby direct factory automation projects to support these goals and 
objectives (3). Thus a key success factor is the need for a formal and programmed manufacturing strategy based 
on an understanding of the impact of technology on current operation and competitiveness reports Henry C.Co, 
(1998). 
 
To set meaningful and realistic goals for the automation project, it is important to evaluate the firms current 
manufacturing practices in terms of goals, needs and priorities and to identify those activities that inhibit the 
firms ability to reach these goals (Attaran, 1989a; 1989b). The firm must also understand what the new 
technologies can bring about so that expected improvements can be identified and to make sure that these 
improvements are consistent with the overall corporate objectives and strategies reports Henry C.Co, (1998).    
 
4.3 Flexibility 
A machine for a specific use has a higher potential obsolescence than a more flexible machine, which has 
various applications. When the level of economic and technical uncertainty is very high, the most flexible 
technologies will be adopted, since they increase the firm’s ability to respond to changes in comparison with 
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less flexible technologies which become obsolete if the environment for which they were designed is changed 
states Ramamurthy K.(1995).    
   
Beatty C. A. and Gordon J.R.M. (1998) reports that AMTs have to integrate with other technologies already 
present in the firm. The more radical a new technology is (i.e. more it differs from the traditional means of 
production), the greater will be the barriers to its adoption, both from the workers who are affected, and from the 
executives and middle managers.  
 
Also reports Sambasivarao K.V.and Deshmukh S.G. (1995) that as machine tools, material handling equipment, 
inspection equipment will have to be configured carefully by the technical experts. The selection, installation 
and integration of the hardware with the software as well as with other system procedures play a major role in 
implementing the automated projects. 
 
5.0 Strategic Issues  
Financial position 
Market position 
Technology position 
Government policies 
Human resource management 
 
Babbar and rai (1990) have reported that the problem lies not in the level of technology, but rather in its 
implementation. They also points that, instead of rushing to invest in AMT, a manufacturing firm must reassess 
its direction, strength and weaknesses, and then develop a strategy for successful implementation.  
 
Park et al. (1998) stated that implementation of automation technologies entails a large initial investment under 
a long term, uncertain environment. They also observed that the decision to implement AMT must be 
determined by expectations concerning factors of demand such as the breadth of the variety of products, the 
quantity of demand, and also the quality of products. 
 
Research also reports that AMT proposals and projects have to be evaluated strategically, not in simple cash 
flow terms. Beatty (1990) reports disappointment with AMT projects when short-term financial goals were set 
and that projects were more successful when evaluated strategically. Bromwich and Bhimani (1991) report the 
difficulty of ascertaining all costs and benefits relevant to AMT implementations. Lefley (1996) notes traditional 
financial appraisal techniques do not give sufficient emphasis to the long term benefits from AMT projects, such 
as improved quality and shorter production lead times. The evaluation and assessment of AMT projects often 
depends on intangible factors. AMT yields benefits such as flexibility, higher capacity, higher quality, variety, 
the ability to produce tailor-made products which suits customers’ requirements and lower variable costs states 
Upton (1995).  
There is also need for the companies to have a coherent technology strategy to capture the full potential of 
system integration, as small firms can not afford to have radical innovations.  
 
6.0 Competitive Requirements 
Operational cost  
Quality 
Flexibility 
Delivery time 
 
Globalization, shortening product life cycles, increasingly sophisticated consumers, increasing labor costs and 
volatility in input prices has created an environment where manufacturers must be flexible, adaptive, responsive 
and innovative Sohal, A.S., Burcher, P.G.and Lee, G.(1999).Also firms must compete simultaneously on variety 
of competitive priorities in order to respond quickly to market opportunities and threats Li, L.X.(2000).       
 
Customers now prefer a large variety of products. This phenomenon has inspired manufacturing firms to look 
for progressive computerized automation in various processes. Thus mass production is being replaced by low- 
volume high- variety production. Manufacturing firms have recognized the importance of flexibility in the 
manufacturing system to meet the challenges posed by market reports (Mohanty R.P. (1993). 
The concept of flexibility in manufacturing system has attained significant importance in meeting the challenges 
for a variety of products of shorter lead times, together with higher productivity and quality (19).   
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Flexibility is the underlying concept behind the transition from traditional methods of production to the more 
automated and integrated methods. Firms implementing automation projects should prioritize their needs for 
different flexibilities for long-range strategic perspective confirms Babbar S. and Rai A. (1990). 
  
Many small and medium-sized enterprises (SMEs) presently evolve in a complex business environment 
characterized by globalization the internationalization of markets and the need for greater efficiency 
effectiveness and competitiveness based on innovation and knowledge. This has put increasing pressure upon 
the management of these firms especially manufacturing and technological SMEs that must now compete 
globally (Mechling et al., 1995). In order to lower their operating costs increase productivity and quality and 
respond to the increased requirements of their customers and other business partners a number of these firms 
scan the technological environment and make sizable investments in adopting advanced manufacturing 
technologies such as, robotics and computer-aided manufacturing (CAM) reports Louis Raymond and Josee St-
Pierre(2005). 
 
7.0 Financial justification 
The decision process that organisations utilise when evaluating technology investment opportunities is a 
complex 
and even political one reports Nixon, 1995; however, the correct decision can provide the organisation with 
considerable operational and competitive benefits states Sohal, (1995) Torkkeli and Tuominen, (2002); Orr and 
Sohal, (1998). According to Olesen (1990), being willing and able to acquire technology and taking technology 
risks are two of the six characteristics of the most successful organisations. Advanced manufacturing 
technologies (AMTs) offer a wide range of benefits to the organisation (AMC, 1990), including improvements 
in quality, inventory control, customer lead times, machine use and efficiency, staff efficiency and morale, 
customer image, flexibility, and labour costs reports Swann and O’Keefe, (1990); Kumar et al., (1996); Brown, 
(2001).  
 
It is important to consider the whole process of investment decision-making, not just the theoretically well 
developed area of cash-flow analysis. It would appear that, to some extent, this need has already been identified 
by industry. For example, studies by (Wallace S.(1992), Mohanty R.P.and Deshmukh S.G.(1998), and (Carter 
W.K.(1992) found that the traditional, strictly financial assessment of technology performance is now being 
expanded by many companies to include such measures as: 
1.   Customer satisfaction, 
2.   Business-process competency, 
3.   The organisation’s ability to change and learn in a growing number of companies. 
 
Another approach that organizations can take when evaluating more innovative AMT investment proposals is to 
regard the investment as an R & D project, rather than a capital investment. The decision makers can then apply 
the proper mixture of cash-flow analysis and speculation to the analysis without the pressure to specifically 
quantify the outcome. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



Proceedings of the National Conference on 
Trends and Advances in Mechanical Engineering, 

YMCA Institute of Engineering, Faridabad, Haryana.., Dec 9-10, 2006. 
 

 615  

8.0 Proposed Framework for Technology Investment and Selection Decision 
 

 
 
8.1 Idea generation  
The need to adopt new technology is projected by: 
Production department 
Research and Development department 
Senior level management 
 
8.2 Assessment of the proposal 
The proposal forwarded by the departments is assessed on its ability to meet the organizational goals: 
Operational 
Strategic 
Economic 
 
8.3 Identification and selection of the appropriate technology (Technology classification) 
Various advanced manufacturing technologies can be classified as: 
Computer hardware: 
LAN, WAN, Graphics, Data collection 
Computer software:  
Design 
CAD (Computer aided design) 
CAPP (Computer aided process planning 
Manufacturing/ assembly related: 
NC (Numerical controlled)  
CNC (Computer numerical controlled) 
Robots 
Logistic related: 
Automated material handling  
MRP (Material requirement planning) 
ASRV (Automated storage and retrieval systems) 

Idea generation 

Assessing the proposal 

Identify the available 
technologies

Select the appropriate 
technology

Install the selected 
technology

Control technology/ system 

Evaluate the 
technology 

Adopt the technology/ system 
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Integrated systems: 
FMS (Flexible manufacturing system) 
CIM (Computer integrated manufacturing)  
An appropriate technology that meets the business goals should be selected from the above one.  
 
8.4 System installation   
After selecting an appropriate technology the next step is to install it under the supervision of experts. 
 
8.5 System evaluation 
After an appropriate period of operation the systems should be evaluated on their performance in relation to the 
original objectives. (20). As investment in AMT is heavy, any breakdown of equipment can cause serious 
damage to the production output as well as to the profit. Therefore a proper preventive maintenance schedule 
should be followed to avoid the breakdown.  
 
8.5.1 Technology consistency  
Track the operational efficiency and effectiveness of the implemented AMT systems. This tracking should be 
done at two levels. First, the system should be evaluated on its ability to meet the organizational goals that it 
was implemented to provide cost effectively. Second, an assessment of the ability of the system to meet revised 
organizational goals owing to unexpected changes in the external business environment is required. (20). 
 
9.0 Conclusion 
The present technology investment decision process and classification scheme have brought into focus 
following elements:  
1. The suggested technology investment decision process would benefit to the organizations contemplating 

investment in AMT as well as to the researchers studying the investment decision process. 
2. Proposed framework may prove helpful in terms of AMT investment decision as well as for technology 

selection. 
3. An appropriate technology selection would be possible by using technology selection scheme introduced at 

the end of the paper.  
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Abstract 
This paper covers a case study done at a tooth powder manufacturing unit at Aurangabad (M.S.). The name of 
the company the trade names of the products and the various machines are kept secret for the sake of copyright 
violations. This paper is written to understand Six Sigma concepts, methodologies, tool for quality and 
productivity promotion and its implementation plan for a problem. In this tooth powder manufacturing unit 
weight variation problem was observed in the filled cans of tooth powder. To avoid the less filling of the powder 
the cans were always over filled. The mean of the filled powder weight was set 2 to 3 grams above the standard 
value. This incurred a loss in the tune of 10 Lakhs per year. To reduce this loss a project was implemented. The 
findings of this project are presented here. 
 
Key Words: Six Sigma, Process Capability 
 
1.0 Introduction  
Six Sigma consists of two familiar words: Six and Sigma. The Greek letter SIGMA is a mathematical term that 
simply represents a measure of variation, the distribution or spread around the mean or average of any process 
or procedure in manufacturing, engineering services or transactions. It is represented by symbol ‘σ’.  As far as 
the corporate framework of Six Sigma is concerned, it embodies the five elements of top level management 
commitment, training schemes, project team activities, measurement system and stakeholder involvement. 
Stakeholders include employees, owners, suppliers and customers. At the core of the framework is a formalized 
improvement strategy with the following five steps: define, measure, analyze, improve and control (DMAIC).  
 
1.1 DMAIC process 
The most important methodology in Six Sigma management is perhaps the formalized improvement 
methodology characterized by DMAIC process. This DMAIC process works as a breakthrough strategy. Six 
Sigma companies everywhere apply this methodology as it enables real improvement and real results. The 
methodology works equally well on variation, cycle time, yield design and others. It is divided into five phases 
as shown in the Figure 1. 
 
1.1.1 Phases of DMAIC process 
Phase 0: Definition: This phase is concerned with the identification of the process or product that needs 
improvement. It is also concerned with benchmarking of key product or process characteristics of other better 
companies. 
Phase 1: Measurement: This process entails selecting product characteristics; i.e. dependant variables, mapping 
the respective processes, making the necessary measurements, recording the results and estimating the short-
term and long-term process capabilities. Quality Function Deployment (QFD) plays a major role in selecting 
critical product characteristics. 
Phase 2: Analyze: This phase is concerned with analyzing and benchmarking the key product/process 
performance matrices. Following this a gap analysis is often undertaken to identify the common factors of 
successful performance; i.e. what factors explain best-in-class performance? In some cases it is necessary to 
redefine the performance goal. In analyzing the product/process performance, various statistical and basic QC 
tools are used. 
Phase 3: Improvement: This phase is related to selecting those product performance characteristics, which must 
be improved to achieve the goal. Once this is done, the characteristics are diagnosed to reveal the major sources 
of variation. Next, the key process variables are identified usually by way of statistically designed experiments 
including Taguchi method and other Design of Experiments (DOE). The improved conditions of key process 
variables are verified. 
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Phase 4: Control: This last phase is initiated by ensuring that the new process conditions are documented and 
monitored via statistical process control (SPC) methods. After the ‘settling in’ period, the process capability is 
reassessed. Depending on the outcome of such follow-up analysis, it may be become necessary to revisit one or 
more of the preceding phases. 

 
Figure 1. The DMAIC Process 

 
1.2 Area for implementation of six sigma 
Problem of tooth powder weight variation observed on the filling machine in a tooth powder manufacturing 
company at Aurangabad (M.S.), resulted into excess powder filled in cans. Observations were made for 10 
months. In the table 1 the average excess per can are given. If this excess powder is given away for a year the 
loss is calculated in the table 1.  

Table 1. Weight study details 
 

Standard Can 
Units in 
grams 

Average excess give away 
per piece in 10 months 

Dozens produced in 10 months Total excess give away (Kgs) 

50 1 gm 3150722 37808.664 
100 1.3 gm 1347840 16174.08 
200 2 gm 429661 5155.932 

  Total 59138.676 
Cost of total giveaway in 10 months Rs. 887080.14 
Cost of total giveaway in 12 months Rs. 1064496.168 
 
2.0 Problem Solving by Six Sigma 
 
2.1 The powder manufacturing process 
The vendors supply the tooth powder raw material. The raw material is then mixed and processed in the silos 
and then filled into the cans on Vulcan machines. These filled packets are the supplied to the final customers. As 
the weight variation was to be studied the attention was concentrated on the Vulcan machine. The schematic 
diagram of the Vulcan machine is shown in figure 2. In the following sections the application of the DMAIC 
process to the problem stated earlier is given. 
 
2.2 Define 
The powder from the mixer silo is supplied to the Vulcan silo. From the Vulcan silo the powder goes to the 
Vulcan machine. The Vulcan machine dispenses this powder to the cans. This dispensing is done on volumetric 
principle. This filled can is then passed on to the weighing machine. The final weight reading is taken at this 
point. As the filling is done on volumetric basis the weight variation in the powder depends on the three main 
factors viz. density of powder, volume of powder in the tumbler, accuracy of weighing machine. 
 
2.2.1 Density of  powder 
The density of powder depends on the physical properties of powder before Vulcan machine and inside the 
Vulcan machine. The uniformity of the powder depends on the size of the grain, shape of the grain, compactness 
of the powder. The compactness in turn depends on the height of drop while the powder is filled in the top silo, 
powder column height, vibrations in the machine settling time and the stirrer design. The flowability and the 
bulk density depend on the shape and size of the grains, moisture content, which increases in the rainy season.  
 
  
 

Phase 0:
Definition

Phase 1:
Measurement

Phase 2:
Analysis

Characterization

Phase 3:
Improvement

Phase 4:
Control

Optimization

Improvement Strategy
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            Figure 2. Vulcan machine filler         Figure 3. Variation in powder sticking to auger 
 
2.2.2 Volume of powder in the tumbler 
The volume of powder in the tumbler depends on the spillages in the tumbler and the Vulcan machine 
characteristics. The spillages occur depending upon time for which the can stays below the nozzle, the time of 
powder filling synchronization of the above two nozzle and the transfer from can to tumbler. The Vulcan 
machine accuracy and consistency depends upon servomotor, nozzle surface finish and ramp motor speed. 
 
2.2.3 Accuracy of the weighing machine 
The weighing machine accuracy also contributes to the weight variation of the filled can. 
 
2.3 Measure 
After define step a gap analysis is done. From the gap analysis it was decided to measure the process capability 
of the Vulcan machine. For this readings were taken after each filling of the silo and in each shift. The X-bar 
and R charts were prepared. The charts are shown in the graph 1. It was observed that the average range for 100 
gm sample for Vulcan machine is 2.92 gm and the maximum range is found to be 5.2 gm. This concludes that 
the process capability is poor and the variation is very high and the average range is large. 
 
2.4 Analysis 
Observed variation on Vulcan machine was large, also the sigma level was less. Hence the process capability 
was to be revised and improvements in the related machine parameters were required. The parameters, which 
could affect the high range variation, are – range, powder sticking out at the end of auger, misalignment of the 
auger spindle. Above factors were studied broadly as below. 
  
2.4.1 Range 
The range could be affected by motor accuracy, bulk density of consecutive samples, spillages and powder 
uniformity at the beginning of the auger. The spillages could occur due to the time for which can stays below the 
nozzle, time of powder filling, synchronization of these two, auger and the nozzle diameter, transfer from can to 
tumbler. 
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Graph 1. X-bar and R chart for the Vulcan machine before improvement 

 
2.4.2 Observations on auger 
The variation in amount of powder extending out at the end of the auger is shown in figure 3. By considering the 
various machine parameters it is found that the powder has got stick at the auger end at an uneven quantity. This 
may be due to parameters like; grain size of powder, cohesiveness, adhesiveness, compactness, moisture 
content, can feeding time, auger and the nozzle design and the vibrations in the machine spindle. Amount of 
variation in powder sticking out of the auger lead to variation in weight up to 5 gm. The reasons for powder 
sticking out of the end of the auger were due to the adhesiveness and cohesiveness of the powder. The factors 
which affect these properties are shape of the grain, moisture content of the grain, compactness of the grain, 
head height and settling time, vibrations, auger and nozzle design accuracy. The standard solution suggested for 
least variation was to maintain a constant amount of powder sticking out at the auger end. This can be achieved 
by stopping the auger at one point i.e. avoid jerks. Another method is to devise a method for a single point 
cutoff in the nozzle. This can be achieved by providing an automatic lid or by providing a vibrator to shake the 
nozzle after each filling. This was done by tapping the nozzle after each filling so that no powder remains stuck 
to the nozzle. 
 
2.4.5 Attachment of retendor on auger 
After the brainstorming sessions it was concluded that the amount of powder sticking at the end of auger must 
be controlled with least variation. To find solution to this problem it was decided to study such similar filler 
machines in the market. It was found that one such machine has a retendor at the end of auger. Hence a retendor 
was attached at the end of auger and different readings were taken for process capability. The results are 
presented in the graph 2. 
 
2.5 Improvement 
From above trials and by considering the reasons of powder sticking out of the auger, it has been concluded that 
retendor gives a percentage improvement in the reduction of range variation in powder weight. It was found that 
standard deviation was reduced from 2.58 to 1.08. The average range was reduced from 4.29 to 0.88gm. Sigma 
level increased from 1.02 to 2.5 and Cp increased from 0.34 to 0.83. 
 
2.6 Control 
After referring to the various factors that could affect the weight variation it was decided to study the variation 
in each factor. The bulk density of the incoming raw material was recorded for a specific period and the charts 
were prepared. Then the studies with various powder column heights were undertaken. All these control 
measures were implemented after the completion of this study. The control is a continuous process; hence to 
improve the sigma level continuous improvements are necessary. 
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Graph 2. Improvements after attachment of retendor to the auger 

 
3.0 Conclusions 
Six sigma is not just a quality tool. It is a philosophy, which believes that the yardstick to assess errors should be 
common to all areas – manufacturing, purchase, accounts etc. Six sigma has a uniform standard measuring scale 
for manufacturing and non-manufacturing i.e. DMPO defects per million objectives. Six sigma is a vision, 
which envisages continuous and drastic changes in the customer improvements in the reduction in defects. It is 
the vision to achieve the defect level of 3.4 DMPO. 
In this case study the solution to the problem looks very simple. But the time and efforts taken by the various 
team members to come to the solution are not tangible. It was a solution obtained after a methodological efforts 
taken and coming to a possible solution to improve the solution. Hence six sigma is a very effective strategy for 
improving the quality and profit of any company.   
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Abstract 
In today’s highly dynamic market quality has became an imperative to withstand this competition. Quality of a 
commodity or service refers to those features which govern its usefulness for the intended purpose. Quality is 
the totality of features and characteristics of a product which govern its usefulness for the intended purpose. In 
general public’s perception is that a high quality product functions reliably and as expected over a long period 
of time. Product quality is one of the most important aspects of manufacturing because it directly influences the 
marketability of a product before its sale and customer satisfaction afterwards. 
This paper emphasis on a company which is engaged in the manufacturing has undertaken with a view of 
solving quality related problems. The problem faced by the company included high defect rates, Re-work, and 
low production rate. An attempt was made to study the present production practices in detail based on company 
visit with a view to improve production process. An attempt is made to analysis these problems using a 
systematic application of quality tool such as flow charts; cause & effect diagrams Based on this analysis a few 
recommendations are such as: 
 Installation of Flow Charts and Cause & Effect Diagrams in quality control department.  
1. Inclusion of Manufacturing Procedure. 
2. Inclusion of explicit production planning in the unit. 

 
Study has been performed in Air Cooled Heat Exchangers, Heat Recovery System manufacturing unit, which is 
situated at Bhopal (M.P.).The problems pertaining to quality and related aspects of an Air Cooled Heat 
Exchangers are being investigated in this study. After applying quality tools as mentioned earlier, 
recommendations for implementation are suggested in order to improve quality of the product and efficiency of 
production, and the company will also have to follow this in order to install a comprehensive quality system.  
 
Key Words: Quality, Flow Chart, Cause & Effect Diagram 
 
1.0 Introduction  
 
1.1 Definition of quality 
Despite being in use for nearly 50 years, the term TQM still poses problems of definition for writers on quality, 
and consequently often remain a rather abstract term. There are a number of well-known quality definitions. ISO 
8402 [ISO, 1986] defines quality as "the totality of features and characteristics of a product or service that bears 
on its ability to meet a stated or implied need". [Crosby, 1979] defines quality as "conformance to requirement". 
[Juran, 1988] defines quality as "fitness for use". Japanese companies found the old definition of quality "the 
degree of conformance to a standard" too narrow and consequently have started to use a new definition of 
quality as "user satisfaction" [Wayne, 1983]. 
 

1.2 Quality is a must-TQM approach 
Total Quality Management (TQM) is an approach to the art of management that has become steadily more 
popular in the West since the early 1980's. In a couple of sentences, Total Quality can be summarized as a 
description of the culture, attitude and organization of a company that aims to provide, and continue to provide, 
its customers with products and services that satisfy their needs. The culture requires quality in all aspects of the 
company's operations, with things being done right first time, and defects and waste eradicated from operations.  
The key points of TQM include:  
• customer-driven quality  
• TQM leadership from top management  
• continuous improvement  
• fast response to customer requirements  
• actions based on data and analysis  
• participation by all employees  
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• a TQM culture  
 
2.0 Literature Survey 
TQM is a management philosophy that seeks to integrate all organizational functions (marketing, finance, 
design, engineering, and production, customer service, etc.) to focus on meeting customer needs and 
organizational objectives.TQM views an organization as a collection of processes. It maintains that 
organizations must strive to continuously improve these processes by incorporating the knowledge and 
experiences of workers. The simple objective of TQM is "Do the right things, right the first time, every time". 
TQM is infinitely variable and adaptable. Although originally applied to manufacturing operations, and for a 
number of years only used in that area, TQM is now becoming recognized as a generic management tool, just as 
applicable in service and public sector organizations. There are a number of evolutionary strands, with different 
sectors creating their own versions from the common ancestor. TQM is the foundation for activities, which 
include:  
-Commitment by senior management and all employees  
-Meeting customer requirements  
-Reducing development cycle times  
-Just In Time/Demand Flow Manufacturing  
-Improvement teams  
-Reducing product and service costs  
-Systems to facilitate improvement  
-Line Management ownership  
-Employee involvement and empowerment  
-Recognition and celebration  
-Challenging quantified goals and benchmarking  
-Focus on processes / improvement plans  
-Specific incorporation in strategic planning 

 
2.1 TQM tools 
The basic set of Total Quality Management tools are 
-Pareto Principle 
-Control Charts 
-Flow Charts  
-Cause and Effect, Fishbone, Ishikawa Diagram 
-Histogram or Bar Graph  
-Check Lists 
-Check Sheets  

 
2.2 Flow charts 
Pictures, symbols or text coupled with lines, arrows on lines show direction of flow. Enables modelling of 
processes; problems/opportunities and decision point’s etc. evelops a common understanding of a process by 
those involved. No particular standardisation of symbology, so communication to a different audience may 
require considerable time and explanation. 
 
2.3 Cause and effect, fishbone, ishikawa diagram  
The cause-and-effect diagram is a method for analysing process dispersion. The diagram's purpose is to relate 
causes and effects. Three basic types: Dispersion analysis, Process classification and cause enumeration. Effect 
= problem to be resolved, opportunity to be grasped, result to be achieved. Excellent for capturing team 
brainstorming output and for filling in from the 'wide picture'. Helps organise and relate factors, providing a 
sequential view. Deals with time direction but not quantity. Can become very complex. Can be difficult to 
identify or demonstrate interrelationships. 
 
3.0 A Case Study in Company 
GEI Industries Limited established in the year 1970 is located in the central part of India in the capital city of 
Bhopal of the state of Madhya Pradesh. GEI Industries Limited is today known as a specialist in the Heat 
Transfer Technology. The Manufacturing Capabilities provided in the company to accomplish the operations are 
tabulated. 
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Table 1 Manufacturing Capabilities 
 

1 FLAME PLASMA CUTTING YARD   7MX10M                                    1 NO 
 CUTTING FLAME CUTTING                           
 CENTRE (INSIDE SHED)  4.5MX6M 1 NO 
  FLAME CUTTING                    4.5MX6M            1 NO 
  (OUT SIDE THE SHED)            5MX12M 1 NO 
                                                    5MX12M 1 NO 
2 EDGE 2.1 PLANOMILLE  BED SIZE 4 MATER 1 NO 
 PREPARATION 2.2 PLANNER        BED  SIZE 3 METER    1 NO 
  2.3 SHAPER                                                                  1 NO 
  2.4 MILLING                                                                  2 NO 
  2.5 PORTABLE EDGE PLANNER                                    1 NO 
3 DRILLING/    
 TAPPING M/C   9 NO/8 NO 
      
4 LATHE     
 MACHINE   5 NO 
5 GTAW M/C   5 NO 
      
6 SAW M/C   4 NO 
 SAW M/C  WITH BOOM FACALITY 2 NO 
7 SMAW M/C GENERATOR 8 NO 
  RECTIFIER 14NO 
  TRANSFORMER 9 NO 
8 MATERIAL  NEW BLOCK    10TON         3 NO 
 HANDLING   20 TON 1 NO 
    7.5 TON 1 NO 
       
  OLD  BLOCK 10 TON 2 NO 
     12.5 TON 1NO 
     30 TON 1 NO 
   5 TON(ZIB CRANE) 1 NO 
   3 TON(ZIB CRANE) 3 NO 
      
   UNIT II    GODREJ LIFTER 10 TON 3 NO 
     5 TON ONE NO 
     3 TON ONE NO 
   ELECTRIC HOIST HAND  
    OPERATED  2 TON 2 NO 
   MOBILE CRANE   15TON ONE NO 
9 PAINTING AREA 23MX16.5M 1 NO 
          

10 STAIN LESS STEEL 5MX10M 1 NO 
 FABRICATION     
 AREA CLEAN    
 ROOM    
          

11 NDT 11.1 Ir192 CAMERA 1 NO 
 FACALITIES 11.2 UT MACHINE 1 NO 
   11.3 MPI MACHINE 1 NO 
   11.4 DYE PENETRANT TESTING AVAILABLE 

12 STRESS   3.9M(H)X2.4M(W)X1.5M(H) 1 NO 
 RELIEVING        
 FURNACE          
          

13 HARDNESS          
 TESTER          1 NO 

14 HYDRO   HYDRAULIC PUMP 420KG 1 NO 
 PUMP    PNEUMATIC 75KG 1 NO 
     HAND OPERATED 10KG 2 NO 
          

15 FINNING G-TYPE 500 METER/DAY/MACHINE 5  NO 
 MACHINE  L-TYPE 600 METER/DAY/MACHINE 5  NO 
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4.0 Production Process 
The unit is one of the manufacturers of Air Cooled Heat Exchangers, Heat Recovery System. Following are the 
different shop in the company. 
1.  Header Shop. 
2.  Finning Shop. 
3.  Assembly Shop 
4.  Painting Shop. 

 
4.1 Manufacturing process of cover type header 
Following sequence is to be followed for the manufacturing of plug type header and bundle assembly 
• Layout marking on plates and get the stamping done. 
• Oxy cutting, Chipping, Grinding, and straightening of plates. 
• Edge preparation of all header plates. 
• Sand blasting of all header plates. 
• D.P test of the edges of all header plates. 
• Fitup of top & bottom plate with side plate. 
• Welding of top & bottom plate with side plate from inside. 
• Back gauging & DP test. 
• Fitup of Tube sheet with header box. 
• Welding of tube sheet from inside. 
• Back gauging & DP test. 
• Complete the welding of long seam from outside.  
• Complete the welding of side plate from outside.  
• Send for radiography. 
• Repair, if there is any radiography fault. 
• Fitup of Partition plate with header. 
• Welding of partition plate with header.  
• Fitup of Outer flange with header. 
• Welding of outer flange. 
• Fitup of nozzle flange with nozzle pipe. 
• Complete the welding of nozzle flange with pipe and send for NDT. 
• Marking & cutting of nozzle opening and grind the radius, carry out the DP test. 
• Fitup of nozzle and outer flange stiffeners with header & complete the welding. 
• Carry out the DP test of all welded seam of the header before sending to PWHT. 
• PWHT of headers. 
• After PWHT, check the hardness and carry out the DPT. 
• After ensuring hardness, send for Sand blasting. 
• Primer painting on header. 
• Final tube sheet hole drilling, outer flange drilling and cleaning of chips. 
• C-frame skeleton assembly 
• Header setting with C-frame, carry out the tube insertion. Check the tube projection from one side. 
• Carry out the tube to tube sheet welding / Expansion. 
• Tube Trimming from other side. 
• Carry out the tube to tube sheet welding / Expansion. 
• Header face lapping and fitting of gasket with cover. 
• Assembly & tightening of cover plate with header. 
• Hydro test of tube bundle assembly.  
• Check internally for any leakage & distortion. 
• Water draining & inside drying of tube bundle. 
• Sealing plate assembly. 
• Final Cleaning and painting of headers. 
• Nitrogen purging of tube bundle assembly. 
• Dispatch. 
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4.2 Manufacturing process of plug type header 
Following sequence is to be followed for manufacturing of plug type header and tube bundle assembly. 
o Layout marking on plates and get the stamping done. 
o Oxy cutting, Chipping, Grinding, and straightening of plates. 
o Edge preparation of all header plates. 
o Sand blasting of all header plates. 
o D.P test of the edges of all header plates. 
o Marking of partition plate on tube sheet and plug sheet. 
 
o Header manufacturing (case I: Outside welding) 
 Fitup of tube sheet, plug sheet and partition plate. 
 Welding of partition plate with tube sheet and plug sheet. 
 Fitup of Top & bottom plate with header. 
 Welding of top & bottom plate with header. 

 
o Header manufacturing (case II: Internal Boom welding) 
 Fitup of tube sheet, plug sheet, partition plate, top and bottom plate. 
 Welding of partition plate with tube sheet and plug sheet. 
 Welding of top & bottom plate with tube sheet and plug sheet. 
 Back gauging & DP test. 
 Complete the welding. 

 
o Pilot hole drilling on header and cleaning of the chips. 
o Send for radiography.  
o Fitup of end plate with header. 
o Complete the welding of end plate. 
o Send for radiography . 
o Fitup of nozzle flange with nozzle pipe. 
o Complete the welding of nozzle flange with pipe and send for NDT. 
o Marking & cutting of nozzle opening and grind the radius, carry out the DP test. 
o Fitup of nozzle with header & complete the welding. 
o Carry out the DP test of all welded seam of the header before sending to PWHT. 
o PWHT of headers.  
o After PWHT, check the hardness and carry out the DPT. 
o After ensuring hardness, send for Sand blasting. 
o Primer painting on header. 
o Final tube sheet hole drilling, plug sheet tapping and cleaning of chips. 
o C-frame skeleton assembly. 
o Header setting with C-frame and tube insertion, check the tube projection from one side. 
o Carry out the tube to tube sheet welding / Expansion.  
o Tube Trimming from other side. 
o Plug Tightening and hydro testing. 
o Check internally for any leakage & distortion. 
o Water draining & inside drying of tube bundle. 
o Sealing plate assembly. 
o Final Cleaning and painting of headers. 
o Nitrogen purging of tube bundle assembly. 
o Despatch. 
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4.3 Flow chart and cause & effect diagram  
A Flow Chart and Cause & Effect Diagram provides a convenient way of representing these manufacturing process, fig. 1 to 
7 depicts these diagrams These diagrams are shown so as to facilitate location of a problem during the manufacturing 
process. 
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5.0 Conclusion and Recommendation for Implementation 
The study was aimed at improving the quality of the product manufactured at company and to analyses the 
defects which were occurring at various stages in the product with a view to lower them. The factory was visited 
several times and was keenly observed. The activities of workers, supervisors, engineers and their participation 
in quality control and allied activities were observed. Since there is always a possibility of improvement in any 
concern, keeping this in view the following points are suggested in order to improve the quality of the product, 
efficiency of production and ultimately the productivity of the concern 
1.  In Flushing Oil Coolers Using Turbulators, Tubes received from the finning shop shall be cleaned from 

inside by mechanical wire brushing followed by air cleaning to remove dust particles and to be inspected. 
After flushing, the bundle shall be drained completely and dried with hot air.   

2.  Prior to the Magnetic Particle examination, the surface to be examined & all adjacent area within at least 1” 
shall be dry and free from all dirt, grease, scale, flux, spatters, oil & other foreign materials that could 
interfere with examination 

3.  During Liquid Penetration the surface shall be allowed to dry by normal evaporation at room temperature. 
The drying time shall be minimum 3 minutes. The application of developer shall be within 20 minute after 
drying the surface 

4.  Visual examination shall be conducted only by qualified Personnel .The personnel who conducts the 
examination shall have an annual vision examination by a MEDICAL OFFICER. 

5.  In Flame cutting Machine due to cutting from the same side, steel plates most of the time take concave shape 
to remove this problem half portion cut from one side and remaining half portion from other side. 

6.  In Submerged arc welding process at the end of the machine a wire mesh box is suggested for collecting 
extra flux. At present during inside welding of header box (also known as Boom welding) after each layer of 
welding extra flux is removed using air pressure from one side, and the other side is covered by another 
person with a steel plate so that the flux is not scattered and goes to the ground. 

7.  Stainless Steel fabricated items should be covered with polythene sheet/corrugated sheets to protect from 
dust, chips etc Stainless Steel plates and pipes should be stored on wooden planks and should not come in 
contact with carbon steel, carbon steel chips, dust etc. to avoid contamination. 

8.  In the factory, terms “Defectives”, “Defects”, “Rework” and “Scrap” must be clearly defined and should be 
known to operators all the floor level. Because these things may lead to false data at number of defectives. 

9.  Cross calibration of instruments is necessary after 6 months to ensure the quality of measuring products.   
Presently they are calibrated after one year. 
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Abstract 
After globalization Indian manufacturing industry is facing tough competition with neighboring countries. 
Introduction of World Trade Organisation (WTO) to globalise the several issues including technology, 
manufacturing, quality, marketing and trade policies had its impact on developing countries including India. It 
is inevitable for the countries to allow free trading and services for manufactured products. Globalisation has 
opened an opportunity (as well as threat) to improve their economy and living standards of human being. Small 
and medium scale industries are the backbone of Indian manufacturing, which have to compete by way of 
technology upgradation, quality improvement and better customer relationship by adopting computerised 
techniques and enhancing export ability in the local and international market. In this context, author emphasis 
on the Technology, Quality, Customer (TQC) model to challenge the needs of the WTO for better manufacturing 
environment and marketing. 
 
Key Words:  WTO, India, Technology, Quality, Customer, Small Scale Industry, Manufacturing 
 
1.0 Introduction 
After globalization Indian manufacturing industries are facing tough competition with other countries. 
Introduction of General Agreement on Trade and tariffs (GATT) and World Trade Organizations (WTO) on 
trade liberalization by the developed countries to globalize the several issues including technology, 
manufacturing, quality, marketing and other related matters had its impact on developing countries like India, 
China, Korea and Many countries across the globe.. It has fostered considerable liberalisation of trade in goods 
as well as services, as the GATT had done for goods in the earlier period. Besides envisaging periodic 
negotiations for further liberalisation of trade in future, the WTO provides a forum for considering the 
enlargement of the scope of multilateral disciplines to cover other areas of economic policy related to trade(1). It 
is inevitable for the countries to allow free trading and servicing for the manufactured goods. Globalization has 
opened an opportunity (as well as threat) to improve their economy and standards of living. 
 
India has long entrepreneurial tradition has more than 40 % of the gross turnover in manufacturing activities 
through industries. The Small and medium scale (SMI)  industries claims more than 30 lakhs units providing 
employment  over 17 million persons and producing goods worth over Rs. 470000 crores of which 39200 crores 
is from SMI. The small and medium scale industries account for 90-95 % of the firms, 60-70 % of the total 
employment and 50% of income and 35-40% exports. The development of SMI dependent on several factors 
like technology, quality, R & D,  training, infrastructure, power, road, communication, customer relationship 
and management. 
 
2.0 Present Scenario 
Indian SMI has survived in protected environment by the Govt of India by means of product reservation, 
quantitative restrictions, subsidies and concessions even though industries are quality conscious  but they are not 
grabing the global market  due to several reasons like product reservation, less variety, poor technology, large 
number of labour problems, delayed delivery schedules and higher cost. This problem is not overridden 
completely till today because of several reasons   like stringent Govt rules, Labour laws higher interest rates of 
banks etc. Following table gives the number of registered and unregistered small scale industries in India 
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Number Of Registered And Unregistered SSI Units - All India(7) 
 

No. of units (In lakhs Nos.) Year 
Regd. Un-Regd. Total 

1990-91 13.78 5.70 19.48 
1991-92 14.98 5.84 20.82        (6.88) 
1992-93 16.48 5.98 22.46        (7.98) 
1993-94 17.76 6.12 23.88        (6.14) 
1994-95 19.44 6.27 25.71        (7.66) 
1995-96 20.84 6.40 27.24        (5.95) 
1996-97 22.07 6.50 28.57        (4.88) 
1997-98 23.52 6.62 30.14        (5.5) 
1998-99 24.47 (P) 6.74 (P) 31.21(P)   (3.55) 

1999-2000 25.39 (Pj) 6.86 (Pj) 32.25(Pj)   (3.33) 

P-Provisional 
Pj-Projected (Note: Figures in brackets give percentage growth over previous year.) 
 
3.0 Technology Transfer and Up Gradation 
 Technology is nothing but collection of techniques to produce desired quantities of outputs specifying or using 
various inputs. It is also a production function related to economic issues. It increases the efficiency of labour, 
capital or both, and even quality of products. Technology changes the method of manufacturing, standardization 
of product, reduction in labour time and cost. . In low-tech industries, firms with high foreign stake are found to 
be performing better. The  R&D and efficiency of manpower are significant determinants of international 
competitiveness in technology-based sectors.(6) 
 
The technology has some characteristics for the growth of economy. It is dependent on labour, entrepreneur, 
product, market, methods and customer. If the labour learning level is high in understanding the technology then 
the skill problem is reduced. But situation in India is different that nearly 75% of Indians working age 
population is educated below middle school level. Hence, use of technology concept requires proper training in 
the use of relevant technology in the industries. The success of industries for expansion of exports of 
manufactured product is mainly on the technology and its utilization in the standardized way  or should keep eye 
on exploring of technology transfer and up gradation for strengthening the economy. 
 
The technology is not only borrowing and using of drawings of plant and machinery but it is a know how, 
procedures and standardized way of implementation of knowledge of technology for the equality output of 
industrial production to improve the economy. For mutual trade between the countries absolute technological 
superiority in terms of know how and labour both required. As mentioned by Vrnon theory of product cycle, the 
life of each product passed through three stages a) new product b) the maturing product and c) the standardized 
product. The new product is just an introduction of technology where maturing product is various alternative & 
obstacles overridden product. But the standardized product is the technologically standardized and which will be 
accepted without any querry by the customer. The product designed and produced in one country is exported to 
other as a part of technological gap trade to markets. 
 
In the globalised scenario, any country can export and import product within the rules and network of WTO and 
countries trade policy. To increase product demand, market location survey has to be conducted and analyzing 
pros and cons of it implementation of the same has to be done in technology originated place or labour intensive 
place. 
 
For the benefit of Small scale industries seeking to know about the latest technologies available all over the 
world Indian government has established twentyone Technology Resource Centres (TRCs)  with effect from 
October  2001. These TRCs will perform the following functions(7):  
• TRCs will help SSI units who want to upgrade and modernize their technology. Generators of technology 

may also avail this forum for dissemination of information about the technologies available with them 
• TRC will provide information about product groups, covering details of technology (including state of art 

technology, technology generally used and traditional technology) list of suppliers of machines and raw 
material, quality standards, availability of consultant. 
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• TRCs will have a highly computerized environment having a facility of networking with leading 
Organisations involved in technology upgradation. 

• TRCs will have a collection of technical books, catalogues, brochures etc. will be available in the institute’s 
library in a newly formed TRC section.  

• TRCs will provide latest and right technology for attaining global reach by SSI units. 
• TRCs will also provide information on "How to Seek Technology, Technology Transfer Mode, Leading 

Technology Transfer Agencies, International Exhibitions etc." 
• TRCs will also help in preparation of project reports, conducting/organizing special technical training 

programmes etc 
 
4.0 Quality 
The effective usable product by the customer with the standards is quality. If quality has to meet the customer, 
then organization structure, procedure, process and methods, resources must be good.  Quality product not only 
satisfiable  to local demand but also international standards. Therefore, it should be quality standard, so that it 
will promote trade and profit. 
To achieve quality standards for local demand various statistical tools are used. For globally acceptable product 
it should be zero defects. To achieve this skilled labour, Constant Monitoring, Procedures and Methods have to 
be used by implementing ISO 9000/14000 series which has stared in 1947 and effective in 1996 after 
globalization. Quality of a product is achieved by implementing several tools like Total Quality Management 
(TQM), Six Sigma Tools, Statistical process control tools Acceptance sampling,  Zero defects methods etc are 
used. 
 
5.0 Total Quality Management (TQM) 
TQM is a management approach for an organization, centered on quality, based on the participation of all its 
members and aiming at long-term success through customer satisfaction, and benefits to all members of the 
organization and to society."  
In Japanese, TQM comprises four process steps, namely: 
Kaizen  - Focuses on Continuous Process Improvement, to make processes visible, repeatable and measurable.  
Atarimae Hinshitsu  - Focuses on intangible effects on processes and ways to optimize and reduce their effects.  
Kansei  - Examining the way the user applies the product leads to improvement in the product itself.  
Miryokuteki Hinshitsu  -  Broadens management concern beyond the immediate product.  
 
5.1 Main Components of TQM 
For Six Sigma practitioners who may not be familiar with TQM, the program has three main components  
Just in Time (JIT)  - JIT exposes the cause of problems, and uses techniques similar to Lean 
Total Quality Control (TQC)  - TQC helps provide a solution to problems and TQC uses tools and                                           
techniques similar to Six Sigma tools 
Total Employee Involvement (TEI)  - TEI helps elicits this involvement. Employees are satisfied by the 
involvement. 
TQM requires that the company maintain this quality standard in all aspects of its business. This requires 
ensuring that things are done right the first time and that defects and waste are eliminated from operations. 
Total Quality is a culture, attitude an organization of a company that aims and continues to provide, its 
customers with products and services that satisfy their needs. The culture requires quality in all aspects with 
things being done right first and with zero defects and waste.  
 
Many companies have difficulties in implementing TQM. Surveys by consulting firms have found that only 20-
36% of companies that have undertaken TQM have achieved either significant or even tangible improvements in 
quality, productivity, competitiveness or financial return. When you look at successful companies you find a 
much higher percentage of successful in TQM implementation.  
 
Some useful messages from results of TQM implementations are:  
• If you want to be a first-rate company, look at the world-class companies that have adopted TQM  
• The most effective way to introduction of TQM is  by training top management people involved in new 

product development, and people involved with customers  
• It is much easier to introduce EDM/PDM in a company with a TQM culture than in one without TQM. 
Important aspects of TQM include customer-driven quality, top management leadership and commitment, 
continuous improvement, fast response, actions based on facts, employee participation, and a TQM culture.  
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1.  Customer-Oriented quality  
2.  TQM leadership from top management  
3.  Continuous improvement  
4.  Waste Reduction 
5.  Quick Response 
6   Facts Based Action 
7.  Employee participation  
8.  TQM culture  
9.  Product development in a TQM environment  
 
Awards for Quality achievement  
The Deming Prize has been awarded annually since 1951 by the Japanese Union of Scientists and Engineers in 
recognition of outstanding achievement in quality strategy, management and execution. Since 1988 a similar 
award (the Malcolm Baldrige National Quality Award) has been awarded in the US. Early winners of the 
Baldrige Award include AT&T (1992), IBM (1990), Milliken (1989), Motorola (1988), Texas Instruments 
(1992) and Xerox (1989).  
In India Best quality achiever award is given every year at state level and at national level. In India many 
organization/ companies have achived this like Maruthi Udyog Limited, TVS Group Of Companies , Wipro, 
Infosys etc.  
 
5.0 ISO 9000 and Its Implications 
To achieve desired quality implementation of ISO 9000 is must. It will satisfy both local and global market. But 
it requires lot of documentation to get certification and also fees are high for SMI are concerned. Some ISO 
9000 has yielded following benefits in many industries like 
• Interpersonal communication between employee and employer 
• Revolves political conflicts work procedures, formal and informal communication flow 
• Trains Management and employees while documentation 
• Creates documentation system and customer relationship 
• Provides the basis for a networked communication system 
• Foundation for information gathering from workers  
 
But Indian government has several schemes to SSI sectors to avail benefit of ISO 9000 and In order to enhance 
the competitive strength of the small scale sector, the Government introduced an incentive scheme for their 
technological upgradation/quality improvement and environment management.(10) which are listed below: 
1. Incentive Scheme for acquiring ISO-9000 Certification.  
2. Awareness and Motivational Programmes on ISO-9000 Quality Systems.  
3. ISO-9000 Reimbursement Scheme 
4. Technology Development and Modernization Fund Scheme 
5. Subsidy for obtaining ISO-9000 quality certification 
 
6.0 Customer Relationship 
Today’s market is dictated by customer as they are the buyer of industrial products. Before 1996 whatever the 
product industry was dumping to the market was  used by the customer. After the globalisation many MNC's 
have entered Indian Industrial market and shown their verities of products. The cost of the product is 
comparatively cheaper which is seen in many automobile sectors. This led SMI to revive their old technology, 
Quality concepts etc, to keep their customer in their fist. With use of computer concept like CAD / CAM / CAE 
and IT  enabled concepts many industries widened their customer network. 
 
Exports from the small scale sector over a period of time have acquired great significance in India's foreign 
trade. The SSI Sector today constitutes a very important segment of India's economy and it accounts for nearly 
40% of the gross value of output in the manufacturing sector and about 50% of the total exports from the 
country. Direct exports from the SSI Sector accounts for 35% of the total exports More number of customer 
network is essential to achieve this   target for long run.(9). To respond for the change large scale industries 
must help the SMI who are their under to meet their product quality. Any change occurs in the global scenario 
must take place at SMI level, then only industry can survive. 
 
In today's world, marketing is much more than mere selling. Small enterprises can hardly match the advertising 
support or distribution. In India, small units sell best in limited or neighborhood markets or when they are 
meeting a low volume specialised demand which no large player can effectively cater to. Increasingly, now, the 
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endeavour is to build the marketing activity of small units around their competitive advantage i.e., products 
which are labour intensive, items which cater to niche markets, low volume high margin products, sub assembly 
tasks, outsourcing jobs and ancilliarisation. sub contracting exchanges are being established through 
Government and Industry Associations to promote such a situation.. After sales service for imported products, 
maintenance service contract on electronic equipments, reverse engineering are the other areas being 
encouraged. 
 
Activities such as brand building, extension of product portfolio, nationwide advertising, huge sales force, 
competing with large scale imports are tasks left to the industrial  players. Small enterprises in India are 
realizing that the term "marketing" perhaps implies different things to different people. For new start up, head 
on competition with established giants makes little sense. Marketing strategy is costomer oriented in these days 
for which industry must response  
 
7.0 Competitiveness of SMI 
Competitiveness is participation of any sector whose output and inputs are efficient to meet the desired goal. 
This is based on various factors like unit labour cost, exchange rates, natural resources, technology, quality etc. 
Competitiveness of any industrial sector is based on export propensity, market shares, price protection etc  In the 
context of globalization, it is evident that competitiveness is a measure of international market share, quality, 
technically and low cost. 
 
A study by Accenture in 2002  says that competitiveness of Indian industries in the global scenario of 
developing countries is far beyond neighboring countries like china Malaysia, Korea etc . For the global or local 
market, it is necessary to have world class manufacturing by remaining various road blocks like infrastructure, 
power, water, road, communication. non supportive trade policies, higher over heads, higher interest rates which 
is more than neighbor countries industries. 
 
Similarly, Indian labour handling is a great task. To get rid of bad worker lot of procedures have to be  followed. 
Because of stringent rules Hire and fire policy which is supportive to industry  is lacking. Response for the up 
gradation of knowledge to meet the international standards is less by our labour. Recently, Indian Govt has 
introduced voluntary retirement scheme to its employees to cut down labour to enance productivity by job 
enlargement and by saving lot of money. Hence right labour is engaged for right jobs to do it in right way. 
 
Since SMI s are dependent on large scale industries as well as local service sector they have to be innovative. 
Growth curve of the industry should be upward trended and linear at least. SMI donot have provision for 
continuous improvement in product, information, efficiency, and quality that a large industry enjoys. Small 
industries cannot compete efficiently with large industries and changes. Therefore factors for competitiveness 
by limiting the exploitations of scale of economies, access to imported inputs, reduced competitive pressure 
within domestic industries and encouraged excessive vertical integration and product diversification, firm level 
factors like technology and management, domestic demand  
 

 
 
Neighboring countries products are low priced, qualitative and competitive because of the high labour 
productivity, low power tariff, low overheads,  hire And fire policy of labour, simple Govt. rules and procedures 
for product movement and speculated market demand, and opportunist attitude.  

Global 
Competitativeness of 

Quality Technology

Customer

Fig. 1.0 TQC Model
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8.0 TQC Model 
To meet the local and global standards of SMI every industry has to follow above three factors. As described 
above, technology is the prime factor by which we can attract market maintaining required quality. Recent 
quality tools like six sigma, p-chart, c-chart, SQC techniques, Kanban etc have to be used to manufacture the 
products to meet the global standards. Technology up gradation is necessary to meet the challenges by      Way 
of sales –cum-study tour, Participating in trade fairs/exhibitions, Participating in  Small Industry Cluster 
Development Program, analyzing of case study problems, etc. similarly wide customer network is necessary for 
any product survive in market. Customer service satisfaction is ultimatum to any industrial product for which 
they should ask “what customer want? How they want?” Variety of products, their reliability and customer taste 
has to be understood well in time. 

 
In the above triangles quality, technology and customers have strong base so that they can have assured return 
for any industry concerned. If the base of these three are stronger than competitiveness of SMI will be broader 
which is depicted as inverted triangle. Participation network of SMI increases locally and globally irrespective 
of the competitions in the market. 
 
9.0 Conclusion 
Indian SMI should be more active to response for the change taking place either in the local market or in the 
global market. It has to do lot of surveys and research in the above area so that it can compete with other 
industries. SMI has to spread its tentacles to use the opportunity of WTO and has increase its base and network 
everywhere. It is right to remember Charles Darwin theory of survival that” strongest of the species that survive 
nor the most intelligent but the ones responsive to change”. This is more relevant to our SMI sector. The 
industry will remain in the scene if it responds to the change. Industries must understand changing global 
scenario keeping their goals in mind. 
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Abstract 
Going lean is all about transformation. Management and employees must change the way they have been doing 
things for many years and embrace new and uncertain process changes. Suppliers must also adapt to new 
business practices and the changing requirements of their customers. The benefits of lean–waste reduction 
leading to increased levels of operational performance, improved quality and customer service, and better 
financial performance–are well noticed, but there can be considerable stress on the organization making the 
change. 
The paper discusses the concept of lean, their various tools and techniques that improve the productivity and 
quality. This paper also have a  introduction of various tools and technique like just in time (JIT), cellular 
manufacturing, 5-S, one piece flow etc that improve speed to market  with new product - flexibility, to reduce 
manufacturing and engineering labor costs, to eliminate non value added operations and processes, and 
customer responsiveness . The flow of materials and information from the time products are necessary 
requirement of the lean manufacturing. This paper has a explanations of various barriers to the lean 
manufacturing how to tackle them in according to Indian scenario. 
 
Key Words: Lean Manufacturing, Experiences with Lean Implementation, Areas For Lean Working. 
 
1.0 Introduction 
Lean production is based on the Toyota Production system (TPS) which was developed by Taiichi Ohno, a Toyota 
production executive, in response to tackle a number of problems that Japanese Industry faces. Lean 
manufacturing has been increasingly adopted as a potential solution for many organizations, within the 
automotive, service and manufacturing industries. Although a number of tools and principles are seems to 
integrated from JIT, cellular manufacturing and world-class manufacturing. 
 
Lean manufacturing emerged as relatively recently as an approach that integrate different tools to focus on the 
elimination of waste and produce product that meet customer requirement. Lean is philosophy of elimination all 
non-value added activity or waste from manufacturing and all other support functions [2]. Lean production has a 
philosophy of continually increasing the number of value added activities of business throughout the entire 
product life cycle. It sticks on the continuous improvement, inventory reduction quality improvement, and so on. 
Womack and Jones (1996) used the term lean thinking to rebel the thinking process of Taiichi Ohno and set of 
method describing the Toyota production system. James Moore and Gibbon define the key area of focus, each 
with associated principle, within the lean manufacturing approach – flexibility, waste elimination, optimization, 
process control and the people utilization. Area of focus that drives lean manufacturing /production is:  
• Quality  
• Safety 
• Delivery 
• Moral 
This area of focus and principles can be operationalised using specific tools and techniques a number of authors 
have been defined the various types of tools & techniques for implementation of lean manufacturing.    
                                                               
An effective implementation and mastering of the lean production system would lead to achieve the following 
benefits: - 
1. Reduction of inventory requirement by 80% while increasing customer service. 
2. Reduced manufacturing cycle time of process by 50%. 
3. Reduce waste due to waiting & movement etc. 
4. Labors reduction by 50% while maintaining or increasing through put. 
5. Production cost reduced by 50%. 
6. Reduction of the floor space area. 
7. Increase the capacity of plant by optimum utilization of the facility. 
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8. Higher quality. 
9. Higher system flexibility in reacting to change in requirement improved. 
10. Improve case flow through increasing shipping & billing frequencies. 
However, by continually focusing on waste reduction, In fact, there are no ends to the benefits that can be 
achieved. 
                                                            
The main objective of the lean manufacturing is to eliminate the wasteful activities and optimizes the activities. 
The process should be some form of standard format and have a particular approach in achieving those. There are 
some activities, which are value-added, meaning that customer willing to pay for these activities. So such type of 
activities should be added in the system while there are also such activities, which are non-value added, but still 
necessary to be maintain in the system. Now the objective only sticks to those activities that are illustrate the 
various objective of the lean manufacturing is cited below:  
1. Eliminating the wasteful activities in the organization. 
2. To reduce the requirement. 
3. To remove the defects i.e. ‘mistakes or errors’ from the system. 
4. To control the over production. 
5. To remove the unnecessary movement during processing. 
6. To increase the unnecessary movement during processing. 
7. To increase the process efficiency. 
8. To eliminate the ideal time of the resource. 
 
2.0 Enablers (Tools and Techniques) of Lean Manufacturing 
This section understand the role of the various tools and techniques which are foundation of the lean 
manufacturing .For many quality control and improvement practioner, the difference between tools and 
techniques of quality management are still not clear enough. A tool is very narrow in focus and has a clearly 
defined application to tackle a specific problem [2] e.g. 5-S is a tool for maintaining the organization neat and 
clean. A technique is broader in scope and requires creativity and specific skill and knowledge to tackle a practical 
problem [2] e.g. Statistical process control is a technique used for catch up special cause of variation in process. 
By utilizing lean tools and techniques, the waste can be reduced to a desirable level and a good quality product 
can be achieved by the various tool and technique used in the lean manufacturing. 
 
2.1 Tools 
 
2.1.1 Pull System (Kanban) 
Kanban system is kind of production system which based on the information contained in cards, called “Kanban” 
[7]. Kanban system can be divided into two categories:  
1. Withdraw Kanban.  
2. Production order Knaban (POK). 
 
To understand working of a Kanban system the production line is divided into two processes – Proceeding process 
(PP) and succeeding process (SP). Withdrawal Kanban emphasis on the information about how much material 
(raw materials / semi finished material) the succeeding process withdraws [7]. Production Kanban emphasis on 
the information how much quality the preceding process should produce [7]. Kanban system brings out any 
problem into the notice of the concern person so that a corrective action would take place, well design 
maintenance system and motivated workforce in required implementing the Kanban system in a company. 
 
2.1.2 5-S Practice 
Good housekeeping is the foundation for and first step towards quality achievement in a manufacturing 
organization .It boost up employee moral and increase customer confidence .5 S (Seiri, Seiton, Seiso, Seiketsu and 
Shitsuke) are considered in Japan the basis for any job. 5-S principle is implementing or practiced in Japan to 
established and maintain quality environment in the organization. Japanese are of the view that if the 
housekeeping in a plant is week, no further diagnosis is needed to know as to why that plant produces a poor 
quality product.5-S technique is defined as – 
 
“A systematic and rational approach to work place organization and methodological housekeeping with a sense of 
purpose.” [6] 5-S is actually five Japanese words: - Seiri, Seiton, Seiso, Seiketsu and Shitsuke. 
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2.1.3 Value Streaming Mapping 
Value stream mapping enables you to identify the wastage in your processes. If an activity is not adding value 
to your products it is waste and should be removed. When the value stream is analyzed most companies are 
shocked as to the amount of time that none Value adding activities are taking place. Building batches and 
keeping it as Work In Progress (WIP) is simply adding waste to the process and extending the total processing 
time.  
 
Value Stream Mapping is a visual method of mapping the flow of materials and information from the time 
products come in from goods inwards, through all the manufacturing processes and finally ready for dispatch. 
Value stream mapping is a key tool in Lean Manufacturing Principles. This tool can also make the organization to 
look at the effect of suppliers have on the complete supply chain. 
 
2.1.4 One-Piece Flow 
The transition from batch and queue to lean manufacturing involves converting to single piece flow, but it’s not 
an easy thing to do. The benefits of lean–waste reduction leading to increased levels of operational performance, 
improved quality and customer service, and better financial performance–are well known, but there can be 
considerable stress on the organization making the change. One of these stresses can be found on the shop floor 
as manufacturing begins the transition from batch and queue manufacturing to single or one-piece flow. 
 
One-piece flow has benefits which including the simplification of scheduling, a reduction in manufacturing 
space, and the associated reduction in buffer stock and redeployment of equipment. Transport, storage and 
queues are reduced, as is the propensity for overproduction. Employees are typically more productive and their 
skills more easily transferred. An increased amount of employee involvement is critical to the one-piece flow 
process. 
 
2.1.5 Waste Identification and Elimination (7 Element of Waste) 
Waste means anything (or any activity) which does not add value to product. There are mainly seven type of 
waste in manufacturing:  
1. Overproduction. 
2. Stock (inventory). 
3. Waiting. 
4. Transportation. 
5. Defects. 
6. Motion. 
7. Processing. 
Waste is the measure element of company product cost and must be continually identified and eliminate from its 
process (company) is to stay competitive.  
 
2.2 Techniques  
 
2.2.1  Single Minutes Exchange of Die (SMED) 
Traditional set up operation involves several kinds of waste and SMED technique was developed to eliminate 
waste and to reduce set up time from hours to minute. It was develop by Shigeo Shingo an industrial engineer 
with Toyota company .He came up with a brilliant idea that the set up for the press machine if perform the outside 
the press as a parallel operation and will taken the set up to the machine when require. When he does in this way. 
It reduce the set up time from 4 hours to 3 minutes so the concept came out by him is known as SMED which 
means” single minutes exchange of dies” meaning all die changes should be completed in a single digit number of 
minute (such as nine minutes, 5 minutes, 3minuts) [6]. 
 
2.2.2 Total productive maintenance (TPM) 
Total productive maintenance shortly term as TPM provides means to achieve and maintain high level of 
productivity. TPM cooperate the following meaning [6]: - 
 T (Total): - involvement of each and every employee of organization. 
P (Productive): -maximization of efficiency based on zero loss concepts i.e. zero losses, zero accident, zero 
defects and zero breakdowns. 
M (Maintenance): -management action to ensure availability of plant and equipment for production used for 
scheduled hours at minimum maintenance cost.  
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So TPM is a technique for keeping machine in a good working condition through systematic maintenance of 
equipment so that they fail less frequently and production process they support is develop through a unique 8 
pillar approach in an industry of any age. 
 
2.2.3 Poka-Yoka (mistake and error proofing) 
Yoka is combination of two Japanese words “Poka” meaning in “advertent error” and “Yoka” means “to avoid” 
and together they translate as “error / mistake proofing” or “fool proofing.” [6] A work process to eliminate to 
inadvertent error.  
It is powerful technique for identification, measurement and analysis of mistake/defects at the work place and the 
implementation of the measures that prevent the activity from being incorrectly performed, thereby it make sure 
about production of quality goods and service. 
 
2.2.4 Just in time (JIT) 
JIT i.e. just in time is the produce and deliver finish goods just in time, make sub-assembly just in time to 
assembled into finished goods, fabricate/purchase parts just in time to go into sub-assembly and procure raw 
material just in time to be transferred into fabricated parts [6]. Since JIT reduces the inventory at various stages 
yet is not just a way to reduce inventory rather it is a mean solving problem that block the building of an excellent 
manufacturing organization [7]. Hence JIT is a philosophy or in approach to productivity which is applicable to 
all the aspect of the manufacturing process including material. 
 
When JIT approach applied systematically reduce or eliminated waste from purchasing and product 
manufacturing cells and all other supportive activities of the manufacturing enterprise JIT manufacturing main 
goal is to achieve zero inventory within the organization and through out the entire supply chain. This can be 
achieved by considering each and every aspect of the stock at raw material stock, in process stock etc. 
 
JIT technique in manufacturing makes it easy to produce goods and service to the requirement of customer in 
terms of quality, delivery and competitive prize etc. to achieve its objectives. 
 
2.2.5 Kaizen (for continuous improvement) 
Kaizen means making a great no continuous lasting improvements by discovering small problems and eliminating 
them permanently (attacking root cause of the problems), thereby helping the organization (Narang, 2002). 
Kaizen process is a seven step basic procedure, which allows any individual or team to solve problem 
scientifically, rationally, effectively and efficiently [6]. 
These steps are:  
1. Define the problem 
2. Assessing the current status 
3. Find out the root cause 
4. Planning counter measures 
5. Implementing counter measures 
6. Verifying results 
7. Establishing new standard. 
Kaizen process does not stop here. If the new standard working well, even though we need to focus on the “how 
we do improve further” current new standard. 
 
2.2.6 Cellular Manufacturing 
Cellular manufacturing is also known as Autonomous Modules or cells. Cellular manufacturing is the way of 
producing in JIT manufacturing. In this small autonomous cell or models are generated and each cell is totally 
responsible for its own production and supply to succeeding cell. The design of the cell is so that material flow 
with in the cell and between the cells is minimized. For this purpose, part families of the product are created and 
then processed by dedicated group of the machine in a cell.  
 
The cell may consist of single machine or more arranged in a way that most suited to product manufactured. 
Following care should be taken while doing cellular manufacturing [6]:  
A. Flow should be one-at-a-time basis. 
B. Machine cell should be such that it has greater degree of the flexibility to accommodate with higher as well as 

lower customer requirement/demands. 
In the cellular manufacturing cells, one operator can hold the more than one machine at a time; operator took out 
the material, performs the operation at first time and moves the next, carried out next operation and this way 
moving up to the machine in the work cycle when the unit is put into the completed containers. 
  



 Proceedings of the National Conference on 
Trends and Advances in Mechanical Engineering, 

YMCA Institute of Engineering, Faridabad, Haryaana.., Dec 9-10, 2006. 
 

 641

3.0 Barriers in Implementation of Lean Manufacturing 
Caine Peter has described some barrier to lean manufacturing in the scenario of manufacturing industries viz. 
cultural change, training, management support and commitment. 
 
3.1 Cultural change 
A successful introduction of the lean approach require the change in the mindest of employees and strong 
leadership employee have to motivated and accept the ownership and responsibility of quality and productivity of 
their own work. The companies, which have managed the change, may go to the high level. The best of tackling 
the resistance to change is through the increase communication, motivation and education of the employee. 
 
3.2 Training 
Training is necessary for implementing lean manufacturing. As training guides the employees on “why”, ‘when” 
and “how” the lean approach helps in achieving the quality product and high productivity. The employee should 
be demonstrated with excellent examples during the training program so that they can easily understand the 
concept behind the implementing lean approach. 
 
3.3 Management support and commitment 
Implementation of lean manufacturing requires top management support and their commitment about the lean 
manufacturing. Top management person should be always ready to provide information and appropriate 
resources. They should have hand-to-hand coordination with their subordinate. 
 
3.4 Budget 
As implementation of lean approach require a huge amount of money as major portion of the money is require in 
changing of infrastructure and providing resources required to achieve the aim. So required budget for 
implementing lean approach should have on hand so that project for it runs smoothly without any interruption. 
 
3.5 Employment 
Now a day culture has already develop in the many company that whenever they require workforce, they hired 
those on contract base and after the completion of the contract they fired them. But the lean manufacturing require 
employee on the permanent basis so that a fixed and working environment can be developed which suit the lean 
approach most. 
 
3.6 Multifunctional teams 
As lean approach has a higher degree of flexibility means it can accommodate the changing demand/requirement 
of the customer. So that a worker required once at a place may not be required at the other time. That worker may 
be employed on the other place of requirement. So a worker should be multiple functional so that he can be fitted 
in all the situations. 
 
3.7 Motivational team 
High motivational team is required for the successful implementation of the lean manufacturing approach. The 
employee should be constantly motivated about the achieving the objective of lean approach. A highly motivated 
worker may give is best effort in implementation of lean manufacturing. 
 
3.8 Monitoring team 
A monitoring team is required which keep a watch over the activities, which are going in the manufacturing cell. 
When a disability is noticed, the corrective action taken at that movement so that the problem may not become 
severe. 
 
4.0 Conclusions 
Lean production not only the successfully challenged the acceptance of the mass production in the automotive 
sector but also have a step forwards in the direction of the improvement of the productivity and quality. It also 
rethinking of a wide range of manufacturing and service operation beyond the high volume repetitive 
manufacturing environment.  
 
Lean manufacturing can only be achieved through the time and it may not use for to solve short-term competitive 
problems. So the lean manufacturing is emerged as a strong weapon in the increasingly competitive markets. 
Adoption of the lean manufacturing in the Indian industry has been increase markedly from last few years. As 
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now industrialist is well familiar with the clear cut distinguish between the lean and JIT concept. Besides being 
the adoption of the lean approach in the industry/firms, it is widely been adopted in the academic, administrative 
sector, hospitals and the business sector. The positive results have been noticed from this sector after the adoption 
of the lean principles. 
 
Few years’ back, it was the problems of many organizations that what strategies will work best and fit with their 
culture. Now they have clear-cut strategies in their mind that suit their firms most in achieving the objective. It is 
only possible by the introduction of the concept the lean manufacturing. Due to this reason, list of companies that 
employ lean approach for achieving world-class performance are increasingly exponentially over the last few 
years. The aim of study of this project providing comprehensive lists of tools, technique and some fundamental 
principles associated with lean approach that helps to achieve higher productivity and high quality product.  
 
As the lean approach was first develop in the Japan so it most suited to companies of Japan. As work culture in 
Indian industry are totally different than that of Japanese companies. So Indian industry have to do a lot to have 
lean approach. But many factors suit to have lean approach in the Indian industry like educated work force, 
infrastructure, good working environment and climate etc. Besides this various tools and technique of lean 
approach also helps to implement the lean manufacturing in the Indian industries. 
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Abstract 
Market is moving toward diversification, which requires more product variety, generating demand uncertainty 
which leads to many managerial problems such as production, planning, forecasting, inventory management, 
production system, and timely distribution. To reduce the risk level due to demand uncertainty, from raw 
materials to final customers, should undergo innovative and revolutionary changes. Companies must 
increasingly focus on gaining competitive advantage through effective management of their supply chains. 
Inventory performance directly connects to the success of SCM. The level of inventory reduces and inventories 
turns increase when supply chain efficiently manage. Inventory models are appropriately not in use in small and 
medium scale industry because the inherent assumptions for the models do not reflect well the volatile and 
uncertain world of fashion products. This study work compare the various inventories policies on the basis on 
certain inventory parameters which has been abstracted from Literature with the help of a survey to generate a 
tailor made system so that new and existing industries can decide on relevant Inventory policy according to 
their type and level of inventory.  
  
Key Words: Vendor Managed Inventory (VMI), Economic Order Quantity (EOQ), Just In Time (JIT). 
 

1.0 Introduction 
Inventory is material that the firm obtains in advance of need, holds until it is needed, and then uses, consumes, 
incorporates into a product, sells, or otherwise disposes of. A business inventory is by its nature temporary; that 
is, the firm expects to hold an individual item as inventory for a relatively brief period. However, due to the 
ongoing nature of the firm's operation, aggregate or total inventory is continually being reordered and restocked. 
The net effect of these ongoing processes of usage and replenishment is that the firm retains a "permanent 
investment" in inventory. Inventory contributes to a greater part of total cost of a product or service and by 
efficient and effective Inventory Management, this cost can be reduced to a greater extent and customer 
satisfaction can/must be enhanced.  There is a high correlation between the inventory levels and service 
efficiency.  Inventory can be defined as any idle resource or tangible asset, which can be seen, weighed, and 
counted. This includes supplies, raw materials, work in process, and finished goods. Inventory turnover and fill 
rate is examples of popular indicators for measuring an organization's performance in inventory management. 
Inventory turnover is the velocity of inventory passing through an organization calculated by dividing the annual 
sales by the average on hand inventory. Fill rate is the percentage of units available when requested by the 
customer. 

 
A number of decisions make as companies implement inventory management. Issue includes decisions related 
to controlling inventory costs, determining order quantity and reorder point, and selecting techniques in 
forecasting or handling the inventory. Representative inventory costs include holding costs, setup costs, ordering 
costs, and shortage costs. Within inventory management, these decisions affect inventory performance. This 
research will focus on inventory performance as measured by level of inventory within the type in relation with 
raw material purchasing, production, and shipment. Inventory levels within the type closely connect to the 
volume and timing decisions of a company, which will be measured in this study. Inventory management has 
been a concern for academics as well as practitioners, in that overall investment in inventory accounts for 
relatively large part of a company's assets. Inventory may account for 20 to 40% of total assets. Inventories tie 
up money, and success or failure in inventory management affects a company's financial status. Having too 
many inventories can be as problematic as having too little inventory.  

 
1.1 Role of inventory 
Traditionally, a relatively high level of inventory has been kept in a company. The reasons for building 
inventory can be found in inventory's five functional roles:  

a) Economies of scale,  
b) Balance of supply and demand,  
c) Specialization in manufacturing,  
d) Protection from uncertainties, and  
e) Inventory as buffer 
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 First, purchasing or producing a bulk of items (i.e., economies of scale): enables a company to cut costs by 
allowing setup cost reduction, price discounts, and spreading the factory overhead expenses.  

 Second, inventory provides balance between supply and demand: Supply and demand does not always 
match at any given time for reasons such as seasonal demand pattern or seasonal supply pattern. To 
maintain a stable workforce and production scheduling, and to avoid problems due to capacity limits, 
production use to build inventory. Peak demand can be anticipated by building inventories in excess of 
current demand.  

 Third, inventory enables a manufacturer to specialize in the item by obtaining focused factory and learning 
curve effects. Fourth, inventory serves to protect uncertainties in demand and supply. Inventory is necessary 
in case demand for finished goods fluctuates or if the suppliers' ability to meet the buyers' demand is not 
reliable. Raw material inventory is required in case of supply shortage and price increases.  

 Lastly, inventory use as buffer in the supply chain. It takes time to transit inventory from one operation to 
another within a company or one node to another (i.e., supplier to manufacturer, manufacturer to distributor, 
distributor to customer). A certain amount of inventory throughout the chain ensures the independence of 
each operation team or channel member. Raw materials inventory isolates the supplier from the user, in-
process inventory isolates production departments from each other, and finished goods inventory isolates 
the customer from the manufacturer.  
 

2.0 Comparative Study of Various Inventory Policies 
 
2.1 Vendor managed inventory (VMI) 
Vendor managed inventory process can be 
defined as a mechanism where the supplier 
creates the purchase orders based on the demand 
information exchanged by the retailer/ customer. 
In simple terms, VMI is a backward 
replenishment model where the supplier does the 
demand creation and demand fulfillment. In this, 
instead of the customer managing his inventory 
and deciding how much to fulfill and when, the 
supplier does. A continuous replenishment 
program uses the exchange of information 
between the retailer and the supplier to allow the 
supplier to manage and replenish goods at the 
store or warehouse level. In this program, the 
retailer supplies the vendor with the information 
necessary to maintain just enough stock to meet 
customer. The VMI concept provides improved 
visibility across the supply-chain pipeline that 
helps manufacturers, suppliers and retailers 
improve production planning, reduce inventory, 
improve inventory turnover and improve stock 
availability. With information available at a more detailed level, it allows the manufacturer to be more customer-
specific in it is planning. Instead of putting more pressure on suppliers performance by requiring faster and more 
accurate deliveries, VMI gives the supplier both responsibility and authority to manage the entire replenishment 
process. The manufacturer/retailer provides the supplier access to inventory and demand information and sets the 
targets for availability. Thereafter, the supplier decides when and how much to deliver. The measure for the 
supplier’s performance is availability and inventory turnover. This fundamental change affects the operational 
mode both at the customer and at the supplier company. For the average item, the more frequent review in the 
VMI approach reduces the ordering delay in the information flow.  
 
 
 
 
 
 
 
 
 

Figure 1 vendor managed inventory process
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2.2. Economic order quantity (EOQ)  
In this fulfillment process, sales are typically forecasted using the historical sales data. Then, the retailer/customer 
approaches the sales information and inventory 
information (usually on-hand and available quantities) 
and forecasts the orders (amount) and timing of 
deliveries of each item needed from the supplier. The 
supplier’s task is to fulfill this as closely as possible. 
Exactly how this is done varies, depending on the 
industry and the company. On the supplier side, there 
are high levels of inventory because of the short 
delivery time and high service level requirements. 
Typically, there exists accurate information neither 
about retail sales nor about out-of stocks along the 
chain. This means that the real trade-off between 
providing a good logistics service level and cost level 
remains hidden from the supplier. The EOQ is 
calculated using the annual demand (from the previous 
year’s demand data), the contract purchase price, and 
the inventory-stocking price. The manufacturer 
observes incoming demand and fulfills the demand. If 
there are insufficient items in the inventory, a stock out 
is filed and items are ordered from the supplier at EOQ 
levels. The cycle continues until the end of the fiscal 
year. The flow of the conventional fulfillment process 
is depicted in the following figure:                                              Figure 2.  Conventional fulfillment process 
 
2.3. Monthly policy  
This policy involves deliveries at the first of every month. The previous year’s cumulative demand is divided 
into twelve equal monthly demands and this serves as the delivery amount every month. 
 
2.4. Just in time (JIT)  
There are great inventory management policies, rules and procedures that are a part of JIT. Six of the more 
commonly used of these can be characterized as JIT inventory management principles. These principles include: 

2.4.1. Cut lot sizes and increase frequency of order  
1. Cut buffer inventory 
2. Cut purchasing costs 
3. Improve material handling  
4. Seek zero inventory 
5. Seek reliable suppliers  
 
2.4.1 Cut Lot Sizes and Increase Frequency of Order  
All dependent demand inventory (i.e., raw materials, component parts, subassemblies, etc.) need to arrive just in 
time for their use. When lot sizes are cut, workers at work centers do not have as much idle inventory stored 
around them. Idle inventory involves a wasteful cost of capital investment; wastes costly space in the facility, and 
can become a physical obstacle reducing productivity at workstations. Cutting lot sizes while increasing the 
frequency of orders to balance the demand need, reduces costly waste and improves productivity.  
 
2.4.1 Cut Buffer Inventory 
Idle inventory in an inventory department or in WIP becomes a costly buffer stock that prevents problems from 
revealing themselves. Suppose a supplier sends substandard quality component parts to a company whose work 
centers have a week’s worth of inventory piled up around them. In this situation, it will take a week for the 
workers to work their way down to the sub quality parts and identify that they have a problem. In a JIT operation 
with the ideal lot, size of one and no buffer stock the defect would have been found in the next assembly of a part. 
The faster a problem is found, the faster it can be solved and inventory flow improved. Suppose a worker does 
not know how to assemble several parts together correctly. With a buffer stock at the workstation, workers will 
have the extra buffer stock to work from even if they have to scrap several parts to learn how to do the job right. 
In a JIT operation with no buffer stock to turn to, workers will have to bring the scrap work to the attention of 
management in order to complete their next assembly unit. The workers inability to complete their job can be 
identified and corrected, resulting in reduced scrap and rework.  
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2.4.2 Cut Purchasing Costs 
Increasing the frequency of orders can increase the fixed order charges and vendor requires customers to pay. 
Having smaller lot or order size reduces the possibility of taking quantity discounts and increasing product costs. 
In addition, JIT’s unitary use of inventory materials usually requires special unitary packaging that cans also 
increase-purchasing costs. JIT manufactures seek to cut number of supplier down to as few as possible.  They 
seek supplier whose business the JIT manufacturer will dominate, so pricing and service are strongly controlled 
by that manufacturer. Long term contracts are negotiated that will allow some flexibility. The long-term 
contractual nature and control by the manufacture can greatly reduce those purchasing cost factors that might 
increase when using JIT.  
 
2.4.3 Improve Material Handling 
Inventory items coming to a JIT operation from a supplier and vendor should be broken down into unit or lot size 
required by the operation. Any imbalance between arrival quantity at manufacturing plants and need at that 
facility will result unwanted waste.  Any imbalance between unit of inventory arriving at work centers and their 
use at work center will result in unwanted waste. Any imbalance between the shipments to customers and the 
demand required by customers will result in unwanted waste. The ideal goal in a JIT system is to have no 
handling by locating the feeder and user processes of materials next to one another.  
 
2.4.4 Zero Inventory 
Inventory anywhere is costly, waste of time, effort, and money. Idle inventory sitting in departments or on the 
shop floor should be eliminated. Inventory being transported is also wasteful in JIT principles. This leaves only 
one alternative; there should be zero inventories in a JIT operation.  
 
2.4.5 Reliable Supplier 
The key to making JIT work is having the inventory just in time for its use. If a supplier s delivery lead-time is 
not reliable, a JIT system will suffer wasteful delays and down time. In a JIT operation, fewer suppliers will be 
counted on for a greater job of supplying. While along-term contract and a larger proportion of business the 
manufacturer represents to a supplier will be helpful in controlling supplier behavior, it cannot always ensure 
their deliveries will be on time. Some supplier might have to move closer to their manufacturing customers on a 
geographic basis to ensure reliability. Other supplier might have to engage in dedicating a truck or two for just a 
specific JIT manufacturer. While these practices may seem costly to the supplier, they may be quite appropriate if 
the majority of the business a supplier does is with a single JIT manufacturer. 
 
3.0 Methodology 
The purpose of this study is to examine manufacturers' inventory performance by comparing the various 
inventory parameters. First various inventory parameters are identified from literature for the purpose of 
comparison. This chapter details the procedures for the study in the following sections:  
a) Research design,  
b) Instrument,  
c) Data collection, and  
d) Data analysis 

 
3.1 Research design 
This study employed non-experimental quantitative research. Specifically, the design involves mail survey 
method, which is the most frequently used descriptive research design. Some previous studies of similar subjects 
to this study used the same research design (Kincade, 1988; Ko, 1993; Jones, 1999). This research design 
requires one sample of respondents and quantitative data analyses. To increase the internal and external validity, 
the sampling procedure in this study applied the stratified random sampling technique.  
 
3.2 Instrument 
A survey was designed to document the comparison of the inventory policies. The survey consists of 
comparison based on following common parameters.  The Parameters are inventory availability, shipment 
quantities, the total number of shipments, fulfillment rate, total costs, inventory turns, the inventory days of 
supply and the service efficiency level. Survey was targeted to middle-size companies with approximately 30-
100 employees. The survey did not include larger organizations. However, there is evidence that smaller 
companies may not design their inventory policy in efficient and effective manner. Larger companies are more 
likely to have their own software development staff that may independently develop specialized inventory 
policies.  
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3.3 Data collection and analysis 
Data were collected following the self-administered mail survey method. Self-administered mail survey has the 
advantages of relatively low cost and easy access to widely dispersed samples (Fowler, 1993).  In data analysis, 
survey is compiled in the form of Pie chart and graphs to compare the policies based on parameters. Survey also 
provides weight age of each parameter as it is given organization based on their experience. This is significant 
end result which assist a new and existing organization in selecting the right Inventory policy. They identify the  
inventory parameters depending upon type and level of inventory. These policies are compared based on survey. 
Graphs show the percentage of organization and effect of parameters on the policies. It is given in following 
table: 

                                                                                                
Figure 3.                                                                                    Figure4. 

 
 
 

   

INVENTORY PARMETER WEIGHTAGE

0.1
0.088

0.038

0.064

0.092
0.084

0.058

0.091
0.13

0.034
0.045 0.036 0.067

0.014

0.031

Average Inventory Level Average Order Quantity Number of Order

Backlog Order Lead Time Inventory Carrying Cost

Order Fulfillment Rate Inventory Level Satisfaction level

Transportation/Shipment Quantities Number of Shipment Transportation Cost

Inventory Carrying Cost Ordering Cost Total Inventory Cost

 
Figure 5. 

 

AVERAGE INVENTORY LEVEL

0

40

7 00

29

12
1518

22

19 21

53

9

45 38

29

0
17 16

0%

10%

20%

30%

40%

50%

60%

70%

80%

90%

100%

(5) V HIGH 29 0 17 16

(4) HIGH 53 9 45 38

(3) M EDIUM 18 22 19 21

(2) LOW 0 29 12 15

(1) V LOW 0 40 7 0

JIT EOQ
M ON. 
POLIC

Y
VM I

AVERAGE ORDER QUANTITY

5 8 17
45

37
17

32
32

39

42

39
18

19
29

12

38

0 4 0
14

0%
10%
20%
30%
40%
50%
60%
70%
80%
90%

100%

(5) V HIGH 0 4 0 14

(4) HIGH 19 29 12 38

(3) MEDIUM 39 42 39 18

(2) LOW 37 17 32 32

(1) V LOW 5 8 17 45

JIT EOQ
MON. 

POLICY
VMI



 648

4.0 Conclusion 
There is no one single answer with respect to the development of a best alternative ordering policy. The EOQ 
based ordering policy is based on previous data. The monthly ordering policy provides high levels of service 
efficiency at the cost of high inventory carrying costs. Monthly ordering policies are useful only in situations 
where an organization needs service efficiency of close to 100% and it is worthwhile to carry high daily 
inventories to meet the service efficiency levels.  
 
The inventory reduction in JIT policies is merely the result of pushing inventory back into the distribution 
channels so that the supplier holds it. The current datasets illustrates that instead of proactively dealing with 
increasing demand, a JIT ordering policy continues to use weekly delivery schedules that lead to a large 
variance in shipment quantities. In the case of a sudden spike or decrease in demand, tremendous pressure is 
placed on the delivery carrier to maximize transportation capacity with minimal costs.  
 
Traditional distribution requirements planning tools are not up to today is planning challenge because it creates 
distribution plans without considering the costs and constraints that exist within logistics networks. It is 
important to note that there is no single correct answer. The aim of this work is to develop a tailor-made system 
so that new and exiting manufacturing industries can select best alternative ordering policy depending on their 
inventory level and inventory type.  
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Abstract 
The rule of business has undergone a paradigm shift. All manufacturing industries are striving to maintain at 
the edge of their international economic competition with each passing minute. Several manufacturing giants 
are no longer exist in the present manufacturing system. To regain or maintain the momentum in present 
manufacturing scenario of shorter lead-time to customer, quicker customer responsiveness, better product 
quality & more product features with the same cost. The industries have to be mastering all those business & 
manufacturing practices which results into the formation of their final product.  
 
All this requires line balancing with shorter cycle time for Sub-assemblies, Zero-defect in processing & better 
flow during manufacturing. This compel our team to work on the challenge, this paper verifies the 
implementation of pull system in the assembly line, mistake proofing in sub assembly operations and note down 
the results achieved after implementation of above tools. The most challenging task during this project was to 
make people to start journey whether they are operators or the shop floor supervisor, but they are amazed by 
the results & say to continue the journey on other lines also 
 
KeyWords : Lean Manufacturing , Cycle Time, Line Balancing, SMED, Waste Elimination 
 
1.0 Introduction 
Initially, the paper takes a short route to brief history lesson on lean start up and then take you through the case 
study done to relate the current manufacturing scenario. Finally, it will describe the techniques and methodology 
that have used in the assembly shop to achieved one piece flow & produce zero defect Sub-assemblies & 
assemblies. 
 
To do the study & line trials a manufacturing set up for Control & Transmission cables situated in Manesar 
(Haryana) was used so as to match our project with the real challenges in the manufacturing industries. 
 
Here the concept of lean manufacturing is transformed to achieve two main desired Objectives : 
 1) Increase in productivity through process improvements, & 
 2) Quality satisfaction through fool-proofing devices. 
This report addresses the application of lean manufacturing concepts to the continuous production with a focus 
on the transmission cables in automotive industry. The goal of this report is to investigate how lean 
manufacturing tools can be adopted in manufacturing environment & benefit can be get through efficient 
application. 
 
A transmission cable in itself is a different type of product which has characteristics different than normal part 
being produces. Due to long length & its flexibility, in past these are produced in batch mode & also involves 
very high processing & handling time. 
Also, because of usages & application of such product, quality requirement from performance of cable contains 
both operational & critical functional parameters.  
 
The term  "lean"  as Womack and Jones (1994) define it denotes a system that utilizes less, in terms of all inputs, 
to create the same  outputs  as  those  created  by  a  traditional  mass  production  system,.  
Lean is  to  manufacture  only  what  is  needed  by  the customer, when it is needed and in the quantities 
ordered.  
 
Tools including just in time (JIT), cellular manufacturing (CM), total productive maintenance (TPM), single-
minute exchange of dies (SMED), and production process smoothing (MOTION & METHOD STUDY) have 
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been widely used in discrete parts manufacturing sectors such as automotive, electronic and appliance 
manufacturing.  
 
The productivity which is a function of optimum & economical use of production resources can be very much 
increased to highest levels to make things possible in today’s very competitive market & even under fluctuation 
of demand & supplies a better hassle free services can be rendered using lean manufacturing techniques. 
 
To supply products as per customer satisfaction is very much necessary & it is desirable to produces parts with 
possible minimum defects to optimize for quality performance & overall process performance, & hence cut 
down in cost. Therefore, the focus is given on the same a simulation model of such study is analyzed & result 
were produced to know how beneficial these activities can be & what approach is correct. 
Applications of lean manufacturing to the small scale product industry have been far fewer. In part, it has been 
argued that this is because such industries are much dependent on their customer and relatively less need for 
such improvement activities.  
 
Managers have also been hesitant to adopt lean manufacturing tools and techniques to the small scale industry 
because of reasons such as varying volume and large variety of products, large manpower turnover and the un-
standardize & frequent setup times, that characterize the product industry. While it seems that some lean 
manufacturing tools are difficult to adapt in the some industry because of nature of product produced i,e, 
product industry, or process industry others are not. For example, Cook and Rogowski (1996) and Billesbach 
(1994) used just-in-time concepts at a process facility, and both reported  good results.  
 
2.0 Approach Used  
 
2.1 Line Balancing (Motion & Method Study) 
Line balancing is one of the important LMS tool which will impact the Manufacturing systems in terms of 
reducing cycle time, reducing manpower, reducing WIP inventories, this increases inventory turn ratio & allows 
the company to operate profitably at lower margins enabling price reductions increasing sales & market share.  
Fig (A). Shows the cycle time of operation involved for Assembly of a complete product of a manufacturing 
industry it is clear that there are variations in the cycle time which ultimately lead to inventory pile up in 
between the various work stations. 
 
"Lean" focuses on abolishing or reducing wastes (or "muda", the Japanese word for waste) and on maximizing 
or fully utilizing activities that add value from the customer's perspective.  
 
From the customer's perspective, value is equivalent to anything that the customer is willing to pay for in a 
product or the service that follows. So the elimination of waste is the basic principle of lean manufacturing. For 
industrial companies, this could involve any of the following: 
1. Material: Convert all raw materials into end products. Try to avoid excess raw material, sand scrap.  
2. Inventory: Keep constant flow to the customer and to not have idle material.  
3. Over production: Produce the exact quantity that customers need, and when they need it. Labor: Get rid of 

unwarranted movement of people.  
4. Complexity: Try to solve problems the uncomplicated way rather than the complex way. Complex solutions 

tend to produce more waste and are harder for people to manage..... 
5. Energy: Utilize equipment and people in the most productive ways. Avoid unproductive operations and 

excess power utilization..... 
6. Space: Reorganize equipment, people, and workstations to get a better space arrangement. Defects: Make 

every effort to eliminate defects.  
7. Transportation: Get rid of transportation of materials and information that does not add value to the product. 

Time: Avoid long setups, delays, and unexpected machine downtime.  
8. Unnecessary Motion:  Avoid excessive bending or stretching and frequently lost items. 
 
1. Idle time 
a) Work should be so distributed so that each line operator is 100% occupied 
b) Each surplus time element should be tried to be concentrated on a single operator so that by improving the 
cycle time that can be eliminate from the systems. 
2. Ineffective work arrangements 
 a) If the product is large, should work on different sides of it be done by the same operator, or should be split? 
b) How much unnecessary traveling and Material Handling is involved? 
3. Job itself 
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Does this operation add any value to the product? 
Is this work can be done in any other way to reduce time & sources? 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

2.2 Waste -Elimination 
Waste  is defined  as  anything  that  does  not  add  value to the  end  product  from the  customer's perspective.  
To decrease the prime cost through the aim of removal of waste.  The basic understanding of any process cycle 
which consists of small actual Productive work & large unproductive work, Requirement of necessary time to 
produce as per requirement. 
 
2.3 Mistake Proofing (Poka-Yoke) Devices & Setup Improvement (Smed) 
During the assembly process, many factors make Murphy's Law—which says that things that can go wrong, will 
go wrong—seem all the more inevitable. They range from operator fatigue to inattention to being in too much of 
a hurry. Most commonly, product defects result from not setting up work-pieces and equipment correctly, 
skipping processing steps, messing up processing, missing parts and selecting the wrong parts. And 
manufacturers pay dearly for such mistakes. A survey by Assembly Magazine on annual capital equipment 
spending found that 41% of assembly plants are planning to purchase equipment this year to lower the cost of 
scrap and rework, while another 22% will snap up equipment to reduce material costs. 
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To outwit Murphy's Law, U.S. manufacturers are relying on poka-yoke (pronounced POH-kah YOH-kay)—the 
Japanese approach to error-proofing. Poka-yoke mechanisms stop mistakes from happening or make them very 
conspicuous, thereby lessening the cost of scrap, rework and warranty claims. What's more, they let workers 
survey the whole assembly process and come up with ways to improve it. And most poka-yoke devices are 
simple and affordable. They include electronic devices that do not activate the assembly process until the right 
part has been installed in the right position as well as precautions such as changing the shape of the part or the 
fixture so that things could only fit together in the correct manner. 
 
‘1. Overall Productivity index is very low 31%.  
‘2. Setup time (which is non productive work) is higher 96 minutes (target was 30minutes per setup). 
‘3. Machine Breakdown time & Process skip (consists of process allowance also)  constitute 83 minutes (target 
was 60minutes per shift). 
‘4. Therefore to fulfill customer requirement which is higher than current capacity, 2nd shift is utilized 
    (means working 16 hours a day instead of 8 hours 
‘5. Cycle time is 65 & 78 sec respectively for each product (time actually required)  than tact-time to produce to 
meet customer requirement, in 1 shift. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
3.0 Case Study  
 
3.1 Gear Transmission Cable Line 
In order to evaluate our approach, we had conducted a initial study on the assembly line of Gear transmission 
cable assy and captured the information about the initial line performance. 
After study & analysis of data collected the facts which we found are as per expectations and we find a great 
opportunity to work with that. 
 
Now as per our approach we decide the priority on the basis of major contributing area. First of all, line 
Balancing is taken as most of the line operation were unbalanced which leads to frequent line stoppage, uneven 
& undistributed job pattern more cycle time & more idle time. 
For this time & motion study is carried out & following observation were derived :  
‘A) operators making stretched, cross & repeated hand & limbs movements for picking components & parts 
from bins which are placed outside normal reach which add up to time & causes fatigue to operators thereby 
reduces overall line efficiency 
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‘B) There are excessive movement of men & material on the line as sub assemblies stations are not aligned with 
main assembly line and are placed in a scattered also it leads to long production lead time 
‘C) The movement made & sequence followed by the operators on assembly line is not repeated one i,e the 
concept of standardization is missing, which  
 
Leads to errors in sub assemblies & Assemblies and Work-in-process (WIP) inventories on the substations. 
 
‘D) There are three types of cables being assembled on line, every time when there is change from one type to 
another the time approximately 80 min.( target 30 min.) 
Average change over per day  :3 nos 
Loss of time per changeover :3000 sec 
Total loss of time per day  :9000 sec 
The line was producing cables at a rate of 65 sec per cable. 
So total  no. of cable lossed per day: 138 nos 
Loss of revenue at a rate of Rs 600/cable =   Rs83,000 
 
The above facts show that a scientific model is to be designed to control men & material movements on the 
assembly line. Standardization is required to be done for conducting every operation and a written procedure is 
to be made. So accordingly we did following activity to design a working model for assembly line under study: 
‘a) All the material bins and racks are shifted from the present location to a location with a ergonomically reach 
of the operator. To reduce cycle time and operator fatigue.  
‘b) Whole assembly line layout & flow changed and redesign is done on shop floor in order to reduce men & 
material movement with in the line. 
‘c) A standard work procedure was made to each operation with the best way to do that operation comprising of 
lesser hands & limbs movements and operator are trained to flow that cycle repeatedly. 
 ‘d) Set up time is reduced by implementing locators, magnetic chucks & sliders arrangements. 
 
In the second phase we study the line with the objective to capture the problem leading to process rejection & 
quality problems at    customer’s end, which are as follow 
’a) Travel length out of specifications. 
‘b) Grommet insertion where direction gets reversed leading to rejections. 
‘c) Liner missing during assembly leading to rubbing & noise problems. 
‘d) Friction load out of specifications. 
 
In order to reduce the quality problems we had design and implement mistake proofing device for above 
mentioned problems prevention which are as follows 
‘a) Digital transducer based travel length inspection mechanism is installed . 
 ‘b) Grommet insertion jig has been provided with unidirectional insertion only. 
‘c) Through Beam sensor were provided at the liner picking bin to detect the removal of liner by sensing 
operator hand movement. 
‘d) Automated inner greasing & insertion has been installed  & friction length  checking frequency had been 
defined. 
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4.0 Results & Conclusion 
After completion of first phase the final results are as follows: 
‘a) Total time saved by the line improvements activities is 20 sec/ Cable from productivity index of 33% to 64%. 
‘b) Operator efficiency is increased and due to reduction in his fatigue level fluctuations are also reduced. 
‘c) Productivity increased. 
Fig (B) shows the outer assembly station which shows that all material is now in normal reach of the operator  
 
Setup time reduction is achieved by employing boltless & easy slider & locator jig based on SMED concepts. 
Before all a set of data is prepared of actual time taken to do certain type of setup and then desired changes were 
done by design & implementations of new concepts.  
Setup time achieved : 10 min./set up  from 96 min.  actual set up time  (which  is  revised tgt of 10 min.  from  
30 min). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig (B) 

 
Fig (C) shows the comparison of cycle time of each station, it is clear that after study all the operations cycle 
time is below the takt time. (Time required meeting customer requirements) 
Initially, the line is unbalanced due to uneven distribution of work load among operators which is much 
equalized after the improvements done on line. 
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Finally, this study concluded that lean manufacturing system is one of the best initiatives that focuses on cycle 
time reduction, cost reduction, better material flow by eliminating non-value added activities. These tools and 
techniques of lean manufacturing can be used in the discrete industries leading to overall increase in their 
performance and profitability and also better system compliance & process improvements can be done by 
employing ideas. 
One more important fact is that it is a need based activity which involves analysis of current system resources & 
what are the expectation & threats to that particular manufacturing process in view of desired customer 
satisfaction. 
 
After second phase implementation of our study the mistake proofing devices contributes a lot in reducing the 
process rejections & customer complaints. 
Initially, there was repeated problem of Liner missing from the customer end which reduces to zero in 
processing months. 
The process rejections percentage decrease to level of  0.23% from 3.5%. 
Hence the tools used are result giving in terms of productivity enhancement & reduction in quality problems. 
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Abstract 
Total quality management (TQM) is one of the key approaches towards realizing the goal of meeting customer 
satisfaction. Besides efforts for quality improvement by large companies, many small and medium-sized 
enterprises (SMEs) have also pursued their quality improvement effort, but mostly through the ISO 9000 
certification route. TQM is considered to be an important philosophy; which sustains the organization in there 
effort towards Quality improvement and satisfied customers. The fact that small and medium organization have 
been slow to implement TQM emphasizes the need for further investigation concerning why the small and 
medium organization have the problems with implementing the TQM in small and medium-sized enterprises 
particularly in developing countries is a significant research issue at present. The objective is to increase 
knowledge concerning (SMEs) work towards TQM implementation. The main focus of the research study   is to 
investigate the critical factors to implement of core values, which usually comprises the basis of TQM. The 
research methodology is based on Questioners on KEY factors, the influences the success of TQM 
implementation within the servicing, processing, & manufacturing   (SMEs) of North Karnataka. Some of the 
key finding will be present along with observations on the critical factors. The particular sector is chosen 
because it provides, especially TQM is to be sustained by the larger multinational organization. By improving 
the (SMEs), the result effect on the overall economy will be tremendous.   
 
Quite a number of organizations have implemented TQM with great success all over the world. In the context of 
TQM, it is essential that the organizations should identify a few key Critical Success Factors (CSFs), which 
should be given special attention for successful implementation of TQM. 
This paper is an attempt to highlight certain critical success factors for effective TQM implementation and 
execution. A comprehensive implementation model is also discussed in the paper. 
 
Key Words: Total Quality Management. Critical Success Factors, Small and Medium-sized Enterprises 

 
1.0 Introduction 
Quality management has been recognized and as an important area by organizations, as shown by the diverse 
publications found in the literature. Quality holds the key to competitiveness in today’s global market, 
regardless of the size of the company. Total quality management (TQM) programmes and practices are 
primarily embraced in large multinational organizations. Little has been written on how TQM has been applied 
in North Karnataka small and medium sized enterprises (SMEs). A better understanding is therefore required to 
investigate the current status of TQM implementation. The future works will be focused on (SMEs).  Attempts 
will be made to gauge how far this sector will moved towards implementing TQM. It is significant in attempting 
to discover the primary needs of local SMEs trying to adopt a quality philosophy in their business. With a better 
understanding of the process, it can be the basis for the development of an appropriate TQM framework for 
future practical implementation by the SMEs.  

 
Quality management is a key factor in gaining competitive advantage. Total quality Management is an 
integrative management philosophy aimed at continuously improving the performance of products, processes 
and services to achieve and exceed customer Expectations. Much of the literature on quality management 
focuses on following areas: Identifying and measuring the CSFs of quality management can be very useful to 
managers to:  
 To obtain a better understanding of quality management practices. 
 Determine the current quality position of an organization. 
 Assign responsibilities within an organization. 
 Monitor quality and improvement programmes. 
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These CSFs are identified after reviewing the philosophies of quality experts such as Deming, Juran, Crosby, 
Ishikawa and Feigenbaum. The need for an improved understanding of the CSFs for successful TQM 
implementation is becoming more important. One of the main difficulties in studying critical success factors is 
how to define and measure them before they become critical. A study of CSFs was pioneered by Saraph et.al 
(1989), in which they derived a set of eight critical factors of quality management, mainly from the literature 
published by the quality gurus. They defined CSFs as “critical areas of managerial planning and action that must 
be practiced to achieve effective quality management in a business unit”. The study of CSFs was later pursued 
by other authors who approached the problem using different methodologies for factor derivation (Black & 
Porter, Ahire et.al., Rao et. al. & Quazi et.al.). Kanji G.K. (1999) quotes the findings of a number of researchers 
that tend to point towards predictable CSFs of Institutional quality like training, top management commitment, 
good information etc. and try to identify those which are applicable to (SMEs) and how they can help in 
effective implementation of TQM. 

 
2.0 TQM Philosophy 
The TQM philosophy provides the overall concept that foster continuous improvement in an organization. This 
philosophy stresses a systematic, integrated, consistent, organization-wide perspective involving everyone and 
everything. It focuses primarily on total satisfaction for both internal and external customer, within a 
management environment that seeks continuous improvement of all system and processes. The TQM 
philosophy emphasizes the use of all people, usually in multifunctional teams, to bring about improvement from 
within the organization. It stresses optimal life cycle cost and use measurement within a disciplined 
methodology to target improvements. The prevention of defects and an emphasis on quality in design are key 
element of the philosophy. The elimination of losses and reduction of variability are important aims. Further it 
advocates the development of relationship -- employee, supplier, and customer. Finally, the philosophy is based 
on an intense desire to achieve excellence. 

 
3.0 The TQM Paradigm 
From traditional quality control, TQM is considered as a paradigm shift. Traditionally the emphasis was on tools 
and techniques, solutions were short-term, fire fighting and quick fix in nature. TQM is people oriented 
management, now a new way of life. The total customer satisfaction is the definition of quality here. It talks 
about vision, leadership and ownership. Quality is thought in terms of systems and processes. TQM transforms 
customer requirements, wants, and desires into a product and / or service that satisfy the customer’s needs and 
expectations. 

 
4.0 TQM Guiding Principles 
The TQM guiding principles are the fundamental rules required to achieve quality objectives. These principles 
involve continuously performing the following actions. 
• Provide a TQM environment.      
• Reward and recognize appropriate actions. 
• Involve everyone and everything. 
• Nurture supplier partnership and customer relationship. 
• Create and maintain a continuous improvement system. 
• Include quality as an element of design. 
• Provide training and education. 
• Lead long-term improvement efforts for error prevention. 
• Encourage cooperation and teamwork. 
• Satisfy the customer, both internal and external. 
 
5.0 People and Change Management: 
Successful implementation of Quality Management (QM) requires active participation of an organization’s 
entire work force. From the top of an organization comes the vision, from the bottom comes innovation and 
implementation, and from the middle comes practical direction on how to get the job done. The QM effort 
focuses on employee empowerment, teamwork, recognition, reward and motivation to instill a dedication to 
quality at every level. Innovative human resource management and effective communication are essential. QM 
also requires a highly skilled, knowledgeable workforce, well trained in its tools and methods. Therefore, 
continuous education and training are integral components of any QM process. 
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6.0 Why TQM is Failing? 
As learnt from the previous and ongoing researches that, Indian industry as a whole is not as benefiting from the 
TQM implementation as they should be. The reasons are wide sprayed, ranging from top management to 
employees and organizational systems to specific quality management system in force within the organization. 
As evident from the literature survey made above, there seem many factors common towards success or 
otherwise of the TQM programme in the organization. A close look at those factors will reveal the answer why 
TQM is quite often criticized as well as it will help to identify critical success factors for effective TQM 
implementation. Some critical hindrances responsible for lower success rate of TQM are illustrated in table 1. 
These issues are categorized under major aspects of, the basic concepts and approach of TQM itself, people 
concerned with TQM operation, that is, management and employees, and operating systems and procedure 
prevailing with in the organization where TQM has to function. 
 

 
 

7.0 Critical Success Factors for TQM 
Since TQM is a philosophy and not a technique, its core concept needs to be understood by the all, which are a 
part of the system where TQM has to work. It is quite obvious from the word, Total Quality Management, itself, 
where Total means everyone should be involved. And when can you get involvement? Only if you have 
understood the basic concept and importance of it. Based on the discussion so far, a list of prerequisites for 
successful TQM implementation is formed and illustrated as follows. These critical success factors are 
consolidated under four broad factors, management, employees, operating system of the origination and specific 
quality management system of the particular organization. 

 
7.1 Management factor  
Mentally prepared for continuous change. ǘVisible commitment in the form of leadership and involvement. 
ǘReliance and confidence in the employees. 

 
7.2 Employee factor 
Highly motivated and efficiency and effectiveness conscious. ǘHaving trust in management commitments. 
Adequately trained and educated in the area of quality tools and techniques, behavioral techniques, creativity, 
problem solving and tem work.  

 
7.3 Organizational system factor 
Clarity of objectives, procedures, policies and guidelines to everyone. ǘAvailability of enough infrastructures 
for processing change experiments. ǘEncouragement to cross-functional teamwork and networking. 
ǘPerformance appraisal system, individual and departmental, liked with TQM objectives. ǘContinuous 
monitoring to identify problems and their solutions. 
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7.4 Quality management system 
Creation of small projects, section/department wiz and/or process wiz and setting improvement targets. 
ǘ  Recognizing quality as a strategic entity and not merely a shop floor issue.  
ǘ  Clear demarcation between departmental and customer requirements.  
ǘ Understanding of customers’ needs and requirements and translation of the same into operational 

specifications.  
ǘ  Effective measurement system to gauge overall impacts of TQM on 

 
8.0 Critical Success Factors 
The following table shows the common CSFs discussed by various researchers in the literature. 
Common CSFs 

1) Saraph et.al (1989) 
1. Top management leadership 2. Role of the quality department     3. Training    4. Product design  
 5. Supplier quality management 6. Process management 7. Quality data reporting 8. Employee 

relations 
2) Motwani et.al (1994) 
 1. Management leadership 2. Role of quality department 3. Training 4. Product / service design  
5. Supplier quality management 6. Process management 7. Quality data and reporting  
8. Quality technology 9. Employee relations  
3) Black & Porter (1996) 
1. People and Customer management 2. Supplier partnership 3. Communication  4.Customer 

satisfaction orientation 5. External interface management  6. Strategic quality management 7. Team work 8. 
Operational quality planning  9. Quality improvement measurement system 10. Corporate quality culture. 

4) Ahire et.al. (1996) 
1. Top Management commitment  2. Customer focuses 3. Supplier quality management  4. Design 

quality management 5. Benchmarking 6. SPC usage 7. Internal quality information. 8. Employee empowerment    
9. Employee involvement 10. Training 11. Product quality 12. Supplier performance 

 
9.0 Making TQM Effective – Through Cost of Quality System 
Apart from various important success factors as derived above, one specific aspect need special attention and 
that is measurement of the success of TQM. To make TQM really effective, a quantitative measure needs to be 
in force, which can meticulously gauge the impacts of TQM efforts and represent them into some specific 
measurable figures. Strict adherence to all the issues as illustrated in table 2 will, no doubt, ensure effective 
implementation of TQM, but may not ensure consistent results and sustainable growth leading to continuous 
improvements. It is quite obvious that to make your efforts more and more effective, you need to measure the 
impacts of your efforts at some predefined intervals, regularly. Unless you measure something, how can you 
control it? So, specific measurement system for TQM impacts must be there to make TQM effective in real 
sense. 

 
Cost of Quality System (COQS) can prove to be the most effective technique which can measure impacts of 
TQM quantitatively. The basic concept of COQS is to bifurcate the total expenditure made to ensure quality of 
the product into four basic categories. These are Appraisal Cost, Prevention Cost, Internal Failure Cost and 
External Failure Cost. The crux is to allocate the total quality expenditure in such a way that overall cost is 
reduced and at the same time quality level is  improved, so to have dual benefits. Cost of Quality System is a 
technique which can reduce the overall expenditure vis-à-vis improves the quality level and productivity. The 
purpose of quality cost system is to provide a technique to management for facilitating quality programme and 
quality improvement activities. Quality cost reports can be used to point out strength and weaknesses of a 
quality system presently being adopted in the organization. This technique provides immediate results on the 
efforts expended on cost cutting and quality improvement fronts.  
 
The organization implementing TQM programme should link TQM outcomes with COQS figures. For example, 
overall cost of quality figure (summation of Appraisal Cost, Prevention Cost, Internal Failure Cost and External 
Failure Cost) is measured for current financial year and then, after making TQM tools and techniques 
operational, reduction of total Cost of Quality for the next financial year can be measured. If total COQ figures 
are declining and level of quality has improved, then you can claim that TQM programme is working effectively 
in your origination. Level of quality can be in terms of total numbers of customer complaints received per 
annum and/or annual internal rejection rate or scrape generated. 
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.  

10.0 Measuring TQM Impacts through Cost of Quality System 
Figure 1 schematically illustrates how TQM impacts can be measured by linking it with COQS.  

 
 11.0 Plan to Conduct Survey for the Following Units 
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12.0 TQM Implementation Roadmap 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 

 
13.0 Analysis 
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14.0 Conclusion 
TQM is the essence of all the quality engineering and management tools and techniques invented so far. It’s a 
philosophical approach, which is its strength and probably the major cause for its lower success rate too. The 
TQM programme aims for improvements in all directions, even in the culture of the workforce who have to 
practice it. Continuous improvement is the thrust line of TQM programme. But since it’s a philosophy, a 
concept, quite often in following it, the most important aspect of measurement is missed out. If results of TQM 
are measured specifically, and aligned with its implementation operation, TQM can be made one of the most 
effective improvement programmes. To make TQM effective, the critical success factors as discussed in this 
paper need to be considered by the concerns practicing TQM. The roadmap charted for effective implementation 
of TQM can be adopted by any organization helping them to improve their bottom-line and becoming globally 
competitive. 
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Abstract  
Six sigma is powerful business strategy which uses the statistical and non statistical tools integrated with 
methodology to bring down number of defects to 3.4 defects per million opportunities. six sigma is a disciplined 
and coordinated methodology for quality maintenance and improvement in an organization through 
systematically reducing variations in key processes and in critical to quality characteristics. The statistical 
objectives of six sigma are to center the process on target and reduce the variations. Lean manufacturing can be 
defined as adaptation of mass production in which workers and work cell are made more flexible and efficient 
by adapting methods that reduces waste in all forms. The paper presents comparative analysis of six sigma and 
lean manufacturing. It is stressed that integration of six sigma and lean Manufacturing would highlight the 
advantages of both techniques and eliminate the limitations of these methodologies. Criteria should be 
established for minimum process improvement speed and direct attention should be given to waste due to 
waiting, over processing, motion etc. Moreover focus should be there on attacking the work in process 
inventory. 
 
Keywords: Six sigma, Lean Manufacturing, Process variations, elimination of all wastes.                  
 

1.0 Introduction                                                                                                                                                   
 In today's highly competitive scenario the markets are becoming global & economic conditions are changing 
fast. Customers are more quality conscious & demand for high quality product at competitive prices with 
product variety and reduced lead-time. Companies are facing tough challenge to respond to the needs of 
customer while keeping manufacturing & other related costs down .The companies are striving for their very 
survival. Companies can cut down their costs by reducing the production of defective parts and elimination of 
all sorts of waste. Both six sigma and lean manufacturing are talked about methodologies now a day. Both aim 
at reduction in production cost but their ways are different.   

The six sigma method is a project-driven management approach to improve the organization’s products, 
services, and processes by continually reducing defects in the organization. It is a business strategy that focuses 
on improving customer requirements understanding, business systems, productivity, and financial performance 
[1]. Dating back to the mid 1980s, applications of the six sigma methods allowed many organizations to sustain 
their competitive advantage by integrating their knowledge of the process with statistics, engineering, and 
project Management. Numerous books and articles provide the basic concepts and benefits of the six sigma 
method. The challenges and realities in implementing the six sigma method successfully are immense. However, 
the benefits of applying the six sigma method to technology-driven, project-driven organizations are equally 
great.  

Lean manufacturing is a manufacturing philosophy, which focuses on delivering high quality products 
at the lowest price and at the right time. Lean manufacturing focuses on eliminating waste or non-value added 
activities. [2] Lean system emphasizes the prevention of waste; any extra time, labor or material spent producing 
a product or service that does not add value to it. Leans basic value proposition is that principles for improving 
workflow, decreasing setup time, eliminating waste, and conducting preventive maintenance will speed up 
business processes and return quick financial gains.  
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2.0 Six Sigma Methodology 
Six-sigma methodology improves any existing process by constantly reviewing and retuning the process. To 
achieve this six sigma uses a methodology DMAIC [12]: 
 
Phase I: Define  
The purpose of this phase is to clarify the goals and value of a project.  
Phase II: Measure  
The purpose of this phase is to gather data on the problem.  
Phase III: Analyze  
The purpose of this phase is to examine the data and process maps to characterize the nature and extent of the 
defect.  
Phase IV: Improve  
The purpose of this phase is to eliminate defects in both quality and process velocity.  
Phase V: Control  
The purpose of this phase is to lock in the benefits achieved by doing the previous phases.  
 
Six sigma methodology and tools used in these phases identify and reduce the variations in critical to quality 
characteristics e.g. in measurement phase it is found out how the process is performing and whether the 
variations are due to error in measurement or in actual process. Cause and effect diagram is drawn to find the 
variables that are affecting the process. In analyze phase the causes of variations are analyzed and tools like 
Design of experiments and Failure mode effects analysis are used to reduce and optimize the variables that 
critically affects the process. In improvement phase we may fix the process to remove the causes of defects. 
Maximum acceptable ranges of key variables are identified and process is modified to stay with in acceptable 
range. In control phase efforts are done to maintain these improvements. Tools like SPC and control charts are 
implemented to ensure that the modified process and key variables remains with in maximum acceptable range 
over the time. The Table-1 shows how the shifting of process mean increases the number of defects. The 
number of defects for a six sigma process at 1.5 sigma shift of process mean is 3.4 whereas the true value of 
defects corresponding to six sigma process at zero off-centering is 0.002. Six-sigma approach also tries to 
reduce variations in all the three phases of product life cycle namely manufacturing, usage and saturation phase. 
This is achieved by working on key strategies like process standardization, optimization, part standardization, 
supplier certification and design for manufacturability. For existing processes and products the DMAIC 
approach is used and for designing new products DFSS approach is employed.   
 

Six Sigma Process

With 1.5ρ shift
3.4 ppm

LSL USL
1.5 ρ

-6ρ -3ρ X         +3ρ +6ρ

When Process 
is on-target
0.002 ppm

Six Sigma is defined as 
Cp = 2.0, Cpk = 1.5 and PPM = 3.4
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Table 1. Process capability and number of defective part from 3 to 6 sigma. [6] Most US business level operates 
at 3-sigma level. Switching over from three to six sigma means 19600 time improvements.  

 
3.0 Lean Manufacturing 
Lean Manufacturing is a production strategy that aims at higher level of production using lesser effort, time and 
materials. It is an integrated business approach adopted to eliminate non-value added activities from customer 
delivery cycle in the operations. This approach enables companies to respond quickly and profitability to 
changes in customer demands. It is not only restricted to shop floor .Actually lean is a way of thinking , an 
attitude .the technique of lean Manufacturing can be applied to every situation in company to find out what 
customer wants, eliminating waste from processes and making flow continuously according to customer 
pull[18]. The four major components of lean Manufacturing are JIT, Flexible Manufacturing Systems, and 
Kaizen and supply chain integration. Following is a ten-step process to achieve lean production. [14]These ten 
steps were taken from hundreds of successful functional manufacturing systems conversions to lean 
manufacturing .The steps are numbered and the order of implementation should exactly follow the step order.  
 
The ten steps and a brief description are given below:  
 
Step 1: Reengineering the Manufacturing System  
Restructure/reorganize fabrication and assembly systems into cells that produce families of parts/products. The 
cells should have one-piece parts movement within cells and small-lot movement between cells, achieved by 
creating a linked-cell system.  
Step 2: Setup Reduction and Elimination  
Setup time for a cell should be less than manual time, or the time a worker needs to load, unload, inspect, debur 
etc.  
Step 3: Integrate Quality Control into Manufacturing  
The operation should be “Make-one, check-one, and move-on-one” type; and the quality of products output 
from the system should be 100%.  
Step 4: Integrate Preventive Maintenance into Manufacturing. 
There should be no equipment failure and the workers should be trained to perform routine low-level process 
maintenance.  
Step 5: Level, Balance, Sequence and Synchronize  
Fluctuations in final assembly should be eliminated, output from cells should be equal to the necessary demand 
for parts downstream and the cycle time should be equal to takt time for final assembly.  
Step 6: Integrate Production Control into Manufacturing  
Cells respond to demand by delivering parts and products only as they are needed, or just in time.  
Step 7: Reduce Work-In-Process (WIP)  
Minimize the necessary WIP between cells, and parts are handled one at a time within cells.  
Step 8: Integrate Suppliers  
Reduce the number of suppliers and cultivate a single source for each purchased component or subassembly.  
Step 9: Automation  
Inspection should become part of the production process (100% inspection) and there should be no 
overproduction.  
Step 10: Computer-Integrated Manufacturing  
Production system to be as free of waste as the manufacturing system  
These ten steps are used as the default methodology for lean implementation in this research.  

Process  Process 

capability 

Sigma rating Ppm defective 

with zero sigma 

off centering 

Ppm defectives 

with 1.5 sigma off 

centering 

Improvement over 

previous sigma level 

Not capable  ≤1 ± 3 sigma  2700 66807  

Capable  1.33 ± 4 sigma 63.5 6200 10.7 times  

Very capable  1.67 ± 5 sigma 0.6 233 26.6  

Six sigma  2 ± 6 sigma 0.002 3.4 68.5 
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4.0  Six Sigma Vs Lean Manufacturing 
Six Sigma does not directly address process speed and so the lack of improvement in lead-time in companies 
applying six sigma methods alone is understandable [7]. In a similar manner, those companies engaged in Lean 
methodology alone show-limited improvements across the organization due to the absence of six-sigma cultural 
infrastructure. Six sigma projects take months to finish, and they produce elite black belts who are disconnected 
from the shop floor, while, lean boost productivity but does not provide any tool to fix unseen quality issue[13]. 
Lean brings action and intuition to the table, quickly attacking low hanging fruit with kaizen events, while six 
sigma uses statistical tools to uncover root causes and provide metrics as mile markers. 
 
A pure six-sigma approach lacks three desirable lean Characteristics:  

1. No direct focus on improving the speed of a process  
2. No direct attention to reductions in the amount of inventory investment  
3. No quick financial gains due to the time required learning and applying its methods and tools for data 

collection and analysis. 
  
Shortcomings of a pure lean improvement effort:  

1. Processes are not brought under statistical control  
2. There is no focus on evaluating variations in measurement systems used for decisions  
3. No process improvement practices link quality and advanced mathematical tools to diagnose process 

problems that remain once the obvious waste has been removed. 

 
5.0  Synergic Effects of Six Sigma and Lean Manufacturing 
Lean Sigma is a methodology that maximizes shareholder value by achieving the fastest rate of improvement in 
customer satisfaction, cost, quality, process speed and invested capital. The integration of lean manufacturing 
and six sigma is required because lean cannot bring the process under control and six sigma alone cannot 
dramatically improve process speed or reduced invested capital [17]. 
 
Some people have described lean sigma as “doing quality quickly which may be counterintuitive. At first one 
may presume that faster we go more mistakes we make but in lean six sigma the process speed is not achieved 

S.No Issues/problems/objectives 
 Six Sigma Lean Manufacturing 

1. Process control planning and monitoring 
 Yes No 

2 
Focuses on reducing variation and achieve uniform process 

outputs 
 

Yes No 

3. 
Focuses heavily on the application of statistical tools and 

techniques 
 

Yes No 

4. 
Employs a structured, rigorous and well planned problem 

solving methodology 
 

Yes No 

5. Focuses on bringing the process in control Yes No 

6. 
Focuses on improving process speed or to reduce the 

invested capital 
 

No Yes 

7. 
Focuses on reducing the investment in inventory 

management 
 

No Yes 

8. 
Attacks waste due to waiting, over processing, motion, over 

production, etc. 
 

No Yes 

9. Attack work in process inventory No Yes 
10. Focuses on good house keeping No Yes 
11. Creates standard worksheets No Yes 
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by speeding up the worker or machine but by reducing the unproductive time in process and eliminating the no 
value added process.  
According to George, the principle of lean six sigma is that activities that cause the customer’s critical-to-quality 
issues and create the longest time delays in any process offer the greatest opportunity for improvement in cost, 
quality, capital, and lead time. In any lean enterprise “Team” is its major focal point. Keeping this in mind team 
formation is also emphasized throughout the methodology. The starting point in any step after the formation of a 
team is to identify the Critical to Quality (CTQ) characteristic, and the rest of the methodology centers around 
achieving this CTQ.  
Lean techniques prove to be an excellent tool for eliminating process “noise,” while Six Sigma and its highly 
ordered methods and statistical measures – the MAIC sequence of designing/measuring, analyzing, improving, 
and controlling – provide foresight into potential problems and solutions to chronic difficulties. Utilizing Six 
Sigma solely, however, fails to maximize potentials of an organization. Lean thinking “enables” Six Sigma. 
Lean Six Sigma methodologies used in the following case studies enhanced the efficiency and outputs of people, 
equipment, facilities, and capacities.  
 
6.0 Conclusion 
Critical factor affecting the successful implementation of six sigma and lean Manufacturing is the exact 
definition of problem and its customization. Problem should not be generalized as every problem has its own 
parameters and specific solution. Generalized six sigma approach lacks some quite desirable characteristics. For 
example there is an end point to the benefits that can be attained in the process and then is no loose point or 
slackness in the process and therefore no productivity is possible. Now should we try to squeeze yet more 
efficiency out of our past methods? It would be tragic to devote efforts and invest to improve a process that is 
about to become obsolete. To achieve quantum gains rather than incremental improvements in any process we 
should see that whether DMAIC approach should be followed or any other methodology like DFSS should be 
implemented [16]. 

We should also establish criteria for minimum process improvement speed and direct attention should be given 
to waste due to waiting, over processing, motion etc. Moreover focus should be their on attacking the work in 
process inventory. True and quantum gains can be achieved by customizing the problem and paying attention to 
each and every variable which is responsible for manufacturing the desired product at minimum possible cost. 
Pure Six sigma and lean manufacturing lack many desirable characteristics. The integration of six sigma, lean 
manufacturing and supply chain management along with innovative management techniques will be ideal 
solution for achieving maximum productivity. 

Six sigma and lean Manufacturing will be prevailing in industries as long as six sigma projects yield measurable 
or quantifiable bottom line results in financial or monetary terms. 
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Abstract 
Industrial Training is one of an important tool to sharpen knowledge, enhance analytical abilities and to improve 
skill of an individual. It helps the student to understand industrial atmosphere, its associated problems and 
solutions to overcome these problems. Present paper deals with modes affecting quality of technical education, 
importance of workshop training, structured industrial training, their effective duration and its impact on 
student’s employment.  
 
1.0 Introduction 
Quality of Technical Education is one of the major issues before Govt. institutions and Govt. sponsored 
agencies, responsible for managing and framing rules for effective education in the technical institutions. From 
number of years, this issue is very widely talked not only in India, but globally too. Quality of education is being 
questioned by public and business communities (Kashef and Izadi, 1997). The gap between employer’s needs 
and institute output is not in a mood to reduce. Institutes are not able to overcome this problem. It will not be 
wrong to mention that problem has further aggravated with mushrooming of institutes in every state. Mindless 
expansion of technical education without concern for quality would only lead to ill educated technical workforce 
misfit in the present age of competition (Pandey, 2003). Many of the institutions don’t have basic infrastructure 
and proper faculty. Employers are loosing faith in the institutions. Students are frustrated for not getting worth 
of their investment. 
 
2.0 Modes Affecting Quality of Education 
Academic performance of perspective employees is rated at the bottom of qualities; the employers seek in an 
employee (Garcha, 1995}. Over the years, efforts have been made to thrash the problem at various levels 
through conferences, workshops, seminars etc to improve the quality of education in technical institutions. 
Stress has been laid on technological innovation and to work together and forms clubs to sustain in the globalize 
world as competition is unavoidable (Chatterjee, 2003). Numbers of ways have been suggested by various 
researchers, technicians, and bureaucrats etc. to reform the system. Some of them are as such: 

• Bench Marking. 
• Updating of curriculum as per need of employers. 
• Computer Simulation and modernization of labs  
• Live Projects for students. 
• Frequent industrial visits. 
• Structured Industrial Training  
• Use of Charts/Models/Multimedia 
• Live demonstrations  
• Participation of Industrial Staff in teaching, particularly in industry oriented courses  
• Seminars. 
• Use of IT Tools. 
• Soft Skills.  
• Student Evaluation by Industrial Staff. 
• Self Assessment (SWOT Analysis) 
• Total freedom. 
• Participation in joint conferences 
• Joint Projects etc. 

It is unrealistic to expect all institutes to follow all modes. Each has to try only those schemes practicable 
keeping in to account local constraints and broad objective of the institute (Murthy, 2002).  
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Present paper deals with only one of the above aspects i.e. an Industrial Training and records its impacts on 
students’ employment in Mechanical Engineering. 
 
3.0 Types of Industrial Training 
Industrial Training is one of the curriculum requirements of every technical institute. Every student has to 
undergo training in an industry. To mould an engineering student to a full fledged engineer, providing industrial 
training and hands on experience is a must (Deshmukh and Kothari, 1999). Education and Training enhance 
human performance by improving competence, confidence and commitment (Bansal, et, al; 2006). Broadly 
speaking industrial training can be grouped in to two categories i.e. 

• Short Training  
• Long Training  

 
3.1 Short training 
Short training is normally of 6-8 weeks duration and is provided to students during summer vacations after 
completion of 2nd year and 3rd year of their course. Since the Training period is comparatively small, the 
industries generally are not prepared to come forward to accommodate such students on training. Also their 
opinion is that students have mainly theoretical background and most of them are non serious. They come only 
for sake of certificate, which is a mandatory requirement of their curriculum. In an indirect way, students also 
create hindrance in the industry productive work. It has been observed that many times companies are under 
pressure from various corners to accommodate these students and in such cases companies prefer to issue 
training certificate without actually providing training to them. This is the most common practice followed these 
days in various industries. Though many of the students in core engineering sectors are actually interested to 
work, but they are afraid to touch any equipment, as they are not trained in their institutes to work with their 
own hands. It may not be wrong to mention that in many institutions the instructor operates the machines to 
demonstrate the experiment, so that machine may not go out of order. Student’s job is only to watch and take 
down the readings.  Such type of education doesn’t contribute in the growth of students and industries feel 
student to be a liability instead of an asset to them. Industries feel any student who is to be inducted needs 
retraining and industries don’t have time to waste their productive time on this exercise. In such circumstances, 
it has been observed that short training doesn’t really contribute in the growth of students.   
 
3.2 Long training 
Long training usually varies from 4-6 months. Some of the industries come forward to take such students as they 
feel students are available to them for a larger period and certain projects can be assigned to them depending 
upon their capabilities. Only few institutions have such scheme. Few years back state of Punjab also introduced 
this scheme, after they scrapped two short trainings at the end of 2nd year and 3rd year of their course. It has been 
observed that those institutions which are providing extensive practical training in their workshops are able to 
place their students on training in various industries without much difficulty. Not only this, they are able to 
secure good amount of stipend for their students during training. It has been seen that   most of the students of 
these institutions don’t prefer to avail stipend under the Board of Apprenticeship Act (BOAT), wherever 
applicable, as the amount of stipend which actually a student gets in an industry, is much higher than what he 
gets under BOAT scheme. YMCA Institute of Engineering, Faridabad is one such institute.  The following 
features of YMCA Instt. of Engg. Faridabad has made its programme unique, successful and generated 
employment for almost all of its students.  

• Freedom to revise syllabus as per need. 
• curriculum based on Indo-German pattern i.e. teaching on sandwich pattern  
• Curriculum matching other renowned technical institutions. 
• Industrial / Project Training for one extended semester i.e. of 6-7 months duration.  
• Placement of students on training, mainly through training interviews. 
• Stipend to most of the students. 
• Workshop/Practical input in the institute to the level of 30%. 
 

It has been observed that if students are given sufficient exposure and allowed to work with their own hands, 
their analytical abilities, skill upgradation and understanding level enhances considerably. They become more 
sharp and confident to handle things in a better way. In such cases industries too show interest to offer training 
and employment to students. 
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4.0 Present Training Scenario 
 Training and Placement department of every institute works very hard to place its students on industrial 
training, but really they have to face an uphill task, as they don’t find its takers. It has been seen, that some of 
the institutions are collecting hefty amount form students in the name of providing industrial training and they 
tie up with software professionals/ industries to provide software training to their students. Many private players 
have also step in, in the field of industrial training, who claims to provide training on live projects and charge 
heavily for shorter duration of training. Frequently pamphlets/ information broachers of such players can be 
easily seen on institute notice boards. Institutes find this to be an easy way to complete the university program 
of an industrial training. In fact, what institutions are supposed to do for students is being done by the outside 
agencies. Students are left with no option except to bear the additional financial burden? A real industrial 
exposure is still lacking and a student is unaware of industrial atmosphere. 
 
4.1 Training status from 2005-07 of Y.M.C.A. institute of engineering, Faridabad 
YMCA Institute of Engineering Faridabad with its unique curriculum programme is able to thrash this problem 
to a greater extent. The Training and Placement cell of the institute is not only able to arrange industrial training 
for its students, but is also able to secure good amount of stipend for most of them to meet their daily expenses, 
in a sphere where large no of student are running from pillar to post to find an opening for training in an 
industry. Stipend increases student’s interest and prepare them mentally to work with more enthusiasm. 
However it has also been observed that students who have specific interests and want to take training in a 
selected industry of their choice, through their personal contact, normally don’t get any stipend as per the on 
going practice in the Indian industries. Training status of B.Tech. Mechanical Engg. students of YMCA institute 
of engineering, Faridabad from 2005 to 2007 is shown in Table-1 and in Fig. 1(a), 1(b) and 1(c). The statistics 
indicate that around 75% students are paid stipend during training. There is continuously an upward trend in an 
amount of stipend paid to students during 2005-07.  

Table-1 

Industrial  Training Stipend - 2007

5

14

14

28

19
1000-1500
1500-2500
2500-4000
4000-5000
NO STIPEND

    

Industrial  Training Stipend - 2006

6

13

23
14

20

1000-1500
1500-2500
2500-4000
4000-5000
NO STIPEND

  
 

Fig. 1(a)     Fig. 1(b) 

Monthly Stipend  

Passing 

Year 

No. of 

Students 
1000-

1500 

1500-

2500 

2500-

4000 

4000-

5000 

No 

Stipend 

Average Stipend per 

Month 

Rs. 

2007 80 05 14 14 28 19 3317=54 

2006 76 06 13 23 14 20 2817=85 

2005 79 06 11 23 13 26 2869=81 
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Industrial  Training Stipend - 2005

6

11

23

13

26

1000-1500
1500-2500
2500-4000
4000-5000
NO STIPEND

 
Fig. 1(c) 

 
5.0 Present Placement Scenario 
Placement is one of the key issues before any engineering institution. Students look for admission in those 
institutions whose placement graph and package is comparatively higher. There is no single attribute which 
decides the placement of students. In fact a student is required to possess a blend of consistently good academic 
record along with positive traits and good communication skills. Industrial training helps the students to acquire 
better knowledge through live projects and reform their mental attitudes. This helps in generating better 
employment avenues for them.  
 
5.1 Placement Status Of Y.M.C.A. Institute Of Engineering,Faridabad From 2005- 2007 
Placement graph of mechanical engineering students of Y.M.C.A. Institute of Engineering,        
Faridabad seems to be quite good. As per Table-2 and Fig. 2(a), 2(b) and 2(c) about 92% students got placement 
through placement cell of the institute and  remaining students either got placed at their own/ had liking to go 
for higher studies/ showed interest for administrative and  allied services or were not eligible for placement. 
 

Table-2 
 

Placement Status - 2007

33

47

Placed
Unplaced

   
     

Fig. 2(a)   Fig. 2(b) 

 
      Fig. 2(c) 

Passing 
Year 

No. of 
Students 

Placement 
Through 
Campus 

Placement 
Through 

Own 
Efforts 

Interested only 
in 

MBA/IAS/IES 
Ineligible 

2007 80 33 - - - 

2006 76 68 04 01 02 + 
01 < 60% 

2005 79 73 03 02 01 

Placement Status - 2006
 

68

4
1 3

 Through 
Campus 

 Through 
 Own Efforts 
 Interested in 
 Higher 
 Studies 
 Inelligible 

Placement Status 2005

73

3 2 1

Through Campus 

Through Own Efforts

Interested in Higher
Studies

Inelligible
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5.2 Placement packages 
 It is well known fact that package of software industries is better these days and all mechanical engineering 
companies are not in a position to offer software comparable salaries to their employees. The average package 
of Y.M.C.A. students indicate that their salaries are no in way less and are in fact quite reasonable as per the 
Indian market. Table-3 and Fig. 3(a), 3(b), 3(c) and 3(d) gives a sufficient idea about the average, highest and 
lowest salaries offered to the students for the period from 2005-2007. Data indicates consistent increase in the 
student’s salaries from 2005 to 2007.   

Table-3 
 

Passing Year Branch Highest Package 
(lacs) 

Lowest 
Package(lacs) 

Average Package 
(lacs) 

Mech. (MT) 3.0 2.36 2.59 
Mech. (WSM) 2.7 2.0 2.47 

2007 

Mech. (RAC) 2.7 2.0 2.29 
Mech. (MT) 2.4 1.08 1.99 
Mech. (WSM) 2.92 1.02 1.62 

2006 
 

Mech. (RAC) 2.11 1.35 1.92 
Mech. (MT) 2.2 0.88 1.39 
Mech. (WSM) 2.2 0.96 1.44 

2005 

Mech. (RAC) 2.2 0.84 1.35 
   

Average Packages 2005, 2006 & 2007
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5.3 Placement through training 
Student does always wish to have confirmed placement before they pass out of the institute. Industrial training 
keeps their hopes alive. Placed students look for better opportunities through training, where as unplaced student 
think of getting absorbed through training. Industrial training on one side enhances the attributes of a trainee and 
on other side provides opportunities to the employer to understand the positive traits of a trainee. Student who 
perform exceptionally well during training, the trainer employer is always interested to retain him provided 
there is a need of manpower in an industry. Fig. 4 provides information about number of students placed 
through training.  
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Fig. 4 

 
6.0 Conclusions 
On the basis of the study, following conclusions were drawn: 
• Freedom helps to keep track of latest technologies. 
• Curriculum based on sandwich pattern is quite effective. 
• Structured Industrial / Project Training of 6-7 months improve student’s employment.  
• Stipend enhances interest of the students. 
• Workshop input to the level of 30% makes them more practical oriented, improves students understanding 

level and generates self confidence in them. 
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