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                                              EXPERIMENT-1                                                                              
 
                                         FLOW VISUALIZATION 
 
I OBJECTIVE OF THE EXPERIMENT: 
Visualization of flow pattern over or around immersed objects in open 
channel flow. 
II THEORY AND EQUATION:  
Open channel: 
An open channel is a passage in which liquid flows with its upper 
surface exposed to atmosphere. In comparison to pipe flow, where flow 
occurs in closed passages under pressure, the flow in open channels 
takes place under the influence of gravity in open channels. 
The primary purpose of this piece of apparatus is to demonstrate 
visually a wide range of hydraulic effects associated with flow in open 
channels. 
 
Velocity Distribution over Channel Cross Section: 
From typical velocity distribution curves in a straight reach of a 
rectangular channel  
 
It is clear that the velocity diminishes towards the sides and the base of 
the channel because of frictional resistance. Theoretically the velocity 
of flow should be maximum at the topmost point on the vertical centre 
line. However due to effect of surface tension and resistance offered by 
the air the velocity is reduced at the free water surface. 
Vertical velocity curve is a representation of velocity measured along a 
vertical line of channel cross section. Horizontal velocity curve is a 
representation measured along a horizontal line of channel cross 
section. 
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Reynolds Number: 
It is the ratio of inertia force to the viscous force acting in any flow 
phenomenon. 
Inertia force = mass X acceleration 
Viscous force = viscous shear stress X area of flow 
For open channel, 
Reynolds Number (Re) = ρVR/μ 
 
Where, V = avg. velocity of flow in channel 
R = Hydraulic radius (ratio of area of flow to wetted parameter) 
 
Reynolds number is very useful in predicting whether the flow is 
laminar or turbulent and for finding out the coefficient of friction in 
order to determine the frictional loss of head accurately. 
Laminar flow: 
When the fluid particle move in layers called lamina, then the flow is 
called laminar flow. Laminar flow occurs when velocity of flow is small 
and viscous forces are predominant. It is smooth and regular and thus 
also known as stream-line flow. There is practically no influence of fluid 
particles of one layer over those of the adjacent layer. Velocity at any 
point remains nearly constant in magnitude and direction. Flow 
through circular pipes with Reynolds number < 2000 is always 
laminar. In case of channel flow, if Reynolds number < 500, then the 
flow is laminar. 
 
Turbulent flow: 
When the velocity of flow reaches a certain limit the fluid particles no 
longer move in layers or lamina. Violent mixing of fluid particles takes 
place due to which they move in chaotic and random manner. As a 
result the velocity at any point varies both in magnitude and direction 
from instant to instant. Such a flow is known as turbulent flow. Flow 
through circular pipes with Reynolds number > 4000 is turbulent. In 
case of channel flow, flow with Reynolds number > 2000 is turbulent. 



 
 

3 
 

 
Steady and unsteady flow: 
If the condition of flow e.g. depth of flow, velocity etc. do not vary with 
respect to time, then the flow is said to be steady. Otherwise it is 
unsteady flow. 
Uniform and non-uniform flow: 
If the velocity, depth, cross-section area of flow remains constant over 
a given length of the channel, then the flow is said to be uniform flow. 
If the flow conditions change from section to section along the length 
of channel, then it is non uniform flow. 
Boundary Layer: 
When a real fluid flows past a solid surface, a fluid particle on the 
surface will have the same velocity as that of the surface because of the 
viscosity of the fluid. The fact is generally known as the no-slip 
condition at the boundary. If the boundary is static, the fluid particle on 
it will also have zero velocity. Further away from the boundary, the 
fluid velocity gradually increases. This gives rises to large shear stresses 
at the boundary. At the outer edge of boundary layer, the fluid velocity 
is very nearly the same as the local main stream velocity. In the region 
outside of the boundary layer, the velocity variation at any section is 
small and hence the shear stresses are practically negligible. Thus the 
flow in this region can be regarded as frictionless. 
 
Boundary layer thickness: 
The velocity u at any section approaches the local free stream velocity 
U asymptotically i.e. u → U, as y →∞. For practical purposes, however, 
the boundary layer thickness δ is defined as that 
distance from the plate at which u=0.99 U. 
Separation of boundary layer flow: 
When flow takes place over a curved body under adverse or positive 
pressure gradient i.e. pressure increasing in the direction of flow, then 
the flow near the boundary is retarded much and, very soon, a point is 
reached where it separates from the boundary. This is known as 
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separation point. The reason of this phenomenon is the adverse 
pressure gradient which tends to reduce the momentum of flow within 
the boundary layer due to higher viscous stresses. 
 
Forces on immersed body: 
Whenever there is relative motion between a real fluid and a body, the 
fluid exerts a force on a body and the body exerts equal and opposite 
force on the fluid. A body wholly immersed in a real fluid may be 
subjected to two kinds of forces. 
a) Drag force: The component of force in the direction of flow on a 
submerged body is called drag force (FD). 
b) Lift force: The component of force in the perpendicular to the flow is 
called the lift force (FL). 
 
FD =∫ pdAsinθ + ∫ τ₀ dAcosθ𝐴𝐴𝐴𝐴   
 
FL = ∫ τ₀dAsinθ𝐴𝐴 -∫ 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝐴𝐴  
Where P = Pressure 
Τ = Shear stress 
A = Cross sectional Area. 
The component due to pressure is known as pressure drag while the 
component due to shear stress is known as friction drag / shear drag. 
The relative contribution of pressure drag and friction drag to the total 
drag FD in any particular case depends upon the shape of the body. 
 
In the symmetrical body moving through an ideal fluid (no viscosity) at 
a uniform velocity, the pressure distribution around a body is 
symmetrical and hence the resultant force acting on the body is zero. 
However real fluids such as air, water, posses viscosity and if it is moved 
through these fluid at a uniform velocity, it is observed that the body 
does experience a resistance to motion.  
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For the body moving through a fluid density  at a uniform velocity U, 
the mathematical expression for the calculation of the drag and the lift 
forces are given by 
 

FD= CD A𝜌𝜌𝜌𝜌²
2

 

FL= CLA
𝜌𝜌𝜌𝜌²
2

 
 
Where, 
CD = coefficient of drag 
CL = coefficient of lift 
A = characteristics area 
= area projected on a plane perpendicular to the relative motion of the 
fluid, in the case 
of calculating FD. 
= area projected on a plane perpendicular to the direction of lift force, 
in the case of 
calculating FL. 
For the symmetrical body such as sphere and cylinder facing the flow is 
symmetrical, here is no lift force. The production of lift force requires 
asymmetry of flow, while drag force exists always. It is possible to 
create drag without lift but impossible to create lift without drag. The 
fluid viscosity affects the flow around the body causes the force on the 
body accordingly; at low Reynolds' Number the fluid is deformed in 
very wide zone around the body causing pressure force & friction 
force and as Reynolds' Number increases, viscous effects are confined 
to the boundary layer causes predominant the friction force on the 
boundary. 
In case of real fluid flowing past a sphere, the varying pressure 
distribution present due to viscosity creates drag force. In case of body 
with sharp corners set normal to the flow, the wake extends across the 
full projected width of the body resulting in the fairly constant value of 
CD. If the body has curved sides, it is laminar/turbulent boundary layer. 
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This determines the size of wake and in term the amount pressure 
drag. For very low Reynolds number (DV/v < 1) the flow about the 
sphere is completely viscous & the friction drag is given by strokes law: 
FD = 3𝜋𝜋𝜋𝜋 VD. 
The main objective of s streamline body is to move point of separation 
as back as possible to minimize size of turbulent wake. The optimization 
of SL is to minimize the sum of the friction and pressure drag 
 
III DESCRIPTION OF EQUIPMENT SET-UP: 

 
 
 
The inlet pipe (1) is connected direct to the Hydraulics Bench outlet by 
a quick release connector. The model is positioned on the side channels 
of the bench top, with the overshot weir adjacent to the volumetric 
tank. Adjustable feet (13) are provided for leveling the apparatus. 
Water is fed to the streamlined channel entry via a stilling tank which 
incorporates marbles ( 2) to reduce turbulence. The channel (8) consists 
of a Perspex working section of large depth to width ratio incorporating 
an undershot weir (7), and an overshot weir (10) at the Inlet and 
discharge ends respectively. Water discharging from the channel is 
collected in the volumetric tank of the Hydraulics Bench and returned 
to the sump for recirculation. A dye injection system, consisting of a 



 
 

7 
 

reservoir (5), flow control valve (4), manifold (3) and hypodermic A 
tubes (6), is incorporated at the inlet to the channel and permits flow 
visualization in conjunction with a graticule on the rear face of the 
channel. The overshot weir (10) is fully raised for low visualisation 
experiments, this is achieved by releasing thumb screw (11) and weir 
support (12), moving the weir to the desired position and locking the 
screws. Before use the packet dye supplied must be diluted with 1 liter 
of deionised/distilled water. Open the 3gm packet of Blue Dye and pour 
the contents along with 1 liter of deionised or distilled water into the 1 l 
k e bottle (supplied), "shake well". The 1 liter bottle can be used to 
store the unused 
Blue Dye. 
VI. OBSERVATION AND RESULT TABLE: 
The flow visualization technique involves the use of dye injected at the 
hypodermic tubes. In operation, the overshot weir should be raised 
fully and the undershot weir should be removed. With the overshot 
weir in the raised position, the channel run full of water enabling flow 
patterns around and over submerged objects to be demonstrated. 
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                                             EXPERIMENT-2 
                                        Study of Wind Tunnel  
Objectives                                          
•Understand the difference between lift and drag 
 • Understand how the angle of attack of an airfoil changes the amount 
of lift (L vs. α) 
 • Understand how lift is related to velocity (L vs. V) 
 Introduction  
In this experiment, we will use a wind tunnel to explore the effect of lift 
and drag on an airfoil. A fluid flowing past a body, in this case an airfoil 
has a force exerted on it. Lift is defined to be the component of this 
force that is perpendicular to the oncoming flow direction. The drag 
force is the opposite of lift, which is defined to be the component of the 
fluid-dynamic force parallel to the flow direction. We will explore how 
the angle of attack changes the amount of lift the airfoil experiences. 
The angle of attack (α) is the angle between flow and the chord line. 
The chord line is a straight line between the most forward point and 
most after point of the body. We will also study the effects of velocity 
on lift, if the angle of attack is kept constant and velocity increased we 
would expect an increase in lift. We will measure the airfoil lift as a 
function of velocity. The drag coefficient (CD) and lift coefficient (CL) are 
functions of dimensionless parameters such as Reynolds number (Re), 
Mach number (Ma), Froude number (Fr) and relative roughness of the 
surface (ε/l). The lift and drag coefficients are mostly dependent on the 
shape of the airfoil, NACA 0012 is a symmetrical airfoil and NACA 4412 
is a non-symmetrical airfoil. The shapes play a huge role on the amount 
of lift and drag generated and will be seen in this experiment. In order 
to be able to use equations (1),(2) and (3) the velocity needs to be 
known. This is done by using a pitot-static tube which will be able to 
make a pressure gradient measurement and then by using the 
Bernoulli's equation calculate velocity. 
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Notation  
V: Velocity  
CL: Coefficient of Lift  
CD: Coefficient of Drag 
 ρ: Density  
𝑝𝑝S: Surface Area 
 l: Span (Airfoil Width) 
 c: Chord (Airfoil Length)  
z: Height  
γ: Specific Weight  
The lift is a function of dynamic pressure, surface area and lift 
coefficient as shown in Equation (1). 
 𝐿𝐿 = 1

2
𝜌𝜌𝜌𝜌² ASCL                                                                                                                                           (1) 

The drag is a function of dynamic pressure, surface area and drag 
coefficient as shown in Equation (2).  
𝐷𝐷 =  1

2
𝜌𝜌 V2ASCD                                                                                           (2) 

Dynamic Pressure is shown in Equation (3) 
 𝑃𝑃𝑝𝑝 = 1

2
 𝜌𝜌𝜌𝜌2                                                                                                 (3) 

Surface Area (AS) is a function of the chord and span and is shown in 
Equation (4). 
 𝑝𝑝S = 𝑝𝑝𝑐𝑐                                                                                                        (4)  
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Bernoulli's Equation is a function of pressure, density, velocity and 
specific weight and is shown in Equation (5).  
𝑃𝑃1 + 1/2 𝜌𝜌V12 + 𝛾𝛾𝛾𝛾1 = 𝑃𝑃2 + 1/2 𝜌𝜌𝜌𝜌22 + 𝛾𝛾𝛾𝛾2                                                 (5) 
Assuming if 𝛾𝛾1 = 𝛾𝛾2, meaning the heights are at the same level then the 
equation can be written as Equation (6) which then can be rearranged 
into Equation (7) which is the velocity along the streamline.  
Δ𝑃𝑃 = 1

2
 𝜌𝜌𝜌𝜌2                                                                                                      (6) 

V = �2 ∆𝑃𝑃
𝜌𝜌

                                                                            (7) 

Equipment  
• 6” Open Circuit Wind Tunnel  
• 1/3 HP, ODP, 230/460 VAC Induction Motor 
 • Toshiba Model VFNC1S-1004P-W Variable Frequency Controller 
(Motor Controller)  
• NACA 0012 Airfoil 
 • NACA 4412 Airfoil  
• Weight Set  
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 Procedure  
Dynamometer Calibration 
 
 In order to use the Dynamometer it must be calibrated each time it is 
used. In order to calibrate the Dynamometer it must be calibrated for 
the lift and drag measurements. This is done by orientating the 
measuring device correctly to the calibration fixture and then hanging 
the  appropriate weights from the arm and comparing the meter 
measurements to the manufactures calibration curves.  
 
Lift Component Calibration 
  
1. Secure the dynamometer to the calibration fixture or clamp the unit 
to a bench so that the strut and shroud extend beyond the edge of the 
bench shown in Figure (3). 
 2. Monitor the output from the Lift readout. Adjust the lift LVDT Core 
Thumbwheel until the voltmeter display reads 0.000. (See Figure (2). 
Dynamometer Assembly) 
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 3. Load the LIFT beams with known weights equal to the maximum 
desired operating range (MAX RATING 8lbsf).  
4. Remove weights. Verify zero. If necessary adjust the LIFT 
thumbwheel so that the display reads 0.000. 
 5. Reload the weights used in step 3. If necessary adjust the “SPAN” 
potentiometer. Repeat steps 3 through 5 until “ZERO” is verified. 
 6. With “ZERO” verified lock the potentiometer setting using the black 
lock tab on the side of the potentiometer on the meter display.  
7. Determine the slope and intercept of the calibration curve by 
applying decreasing loads of known weights. Record and graphically 
plot the results of known weight versus digital display. Use the table 
below for both lift and drag calibration data. 
 
 Drag Component Calibration  
1. Remount the dynamometer on the calibration fixture so that the 
drag beams may be gravity loaded (i.e. so that the strut is horizontal) 
shown in Figure 3.  
2. Monitor the output from the DRAG readout. Adjust the DRAG LVDT 
thumbwheel until the display reads 0.000  
3. Load the dynamometer with known weights equal to the maximum 
desired operating range (MAX RATING 5lbsf).  
4. Remove weights. Verify zero. If necessary adjust the DRAG 
thumbwheel so that the display reads 0.000.  
5. Reload the weights used in step 3. If necessary adjust the “SPAN” 
potentiometer. Repeat steps 3 through 5 until “ZERO” is verified.  
6. With “ZERO” verified lock the potentiometer setting.  
7. Determine the slope and intercept of the calibration curve by 
applying decreasing loads of known weights. Record and graphically 
plot the results of known weight versus digital display. 
  
 After the dynamometer calibration has been completed it is time to 
conduct a few experiments. The airfoil must be attached to the 
dynamometer and the dynamometer must be remounted to the wind 
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tunnel. After the dynamometer is secured to the wind tunnel, the fan 
will then be turned on and set to a given operation frequency which 
corresponds to a calibrated velocity (TBD). The fan should be allowed to 
run for a few seconds to ensure a steady flow of air ensuring a more 
constant velocity. 
 Speed Control Instructions  
The test section speed is controlled by varying the fan RPM. The wind 
tunnel is designed to operate in an adjustable speed range from less 
than 5.0 fps (1.52 m/s) to greater than 50 fps (15.24 m/s). The VFD 
responds to control signals from the remote keypad.  
Operation of Motor (Remote Keypad)  
1. Apply power to the inverter (flip switch to on).  
2. Enter the desired frequency by using the up and down arrows or the 
potentiometer knob to scroll to specific frequency. 
3. Press the ENT button once the desired frequency is achieved. The 
display will flash between the frequency setting and “FC” indicating 
that the setting has been made.  
4. Press the RUN button. The acceleration or deceleration to the new 
set speed ME 318L Wind Tunnel Experiment 6 designated by “FC” will 
be shown on the inverters output. During operation the panel control 
lamp will flash. 
5. Repeat steps 3-5 to change the frequency setting during operation.  
6. To stop the motor drive, either enter an operation frequency of 0.0 
or press the stop button.  
 Experiment #1  
There will be two airfoils used in this experiment airfoil NACA 0012 and 
NACA 4412. The first experiment will be to change the angle of attack 
of the airfoil at constant velocity and record lift and drag 
measurements. The measurements need to be recorded and  which will 
be used for calculation later. The lift coefficient of an airfoil is directly 
related to the angle of attack. Increasing the angle of attack is 
associated with increasing the lift coefficient up to the maximum lift 
coefficient after which the coefficient decreases. The angle that 
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produces the maximum lift is called the “critical angle of attack” or 
“stall angle of attack” if the angle is increased past the stall angle then a 
decrease in the lift coefficient will occur. The critical angle of attack is 
typically around 15º for many airfoils. The VFD will be set at 35.0Hz for 
this experiment.  
 Experiment # 2  
The second experiment will be to change the velocity while keeping the 
angle of attack constant. The airfoil will be kept at an angle of attack of 
10° and velocity will be ramped from 1 m/s to 15 m/s  
Results & There will be a total of 4 plots generated. The two airfoils 
should be plotted on the same figure for comparison.  
Plot 1: Lift vs Angle of Attack (α),[(NACA 0012), (NACA 4412)] 
Plot 2: Drag vs Angle of Attack (α),[(NACA 0012), (NACA 4412)]  
Plot 3: Lift vs Velocity at fixed Angle of Attack (α), [(NACA 0012), (NACA 
4412)]  
Plot 4: Drag vs Velocity at fixed Angle of Attack (α), [(NACA 0012), 
(NACA 4412)]  
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                                               EXPERIMENT 3 
             
                              Boundary layer flow over a flat plate  
 
In high Reynolds number flow (Re >> 1), a thin boundary-layer is 
formed over a solid surface. Viscous effects are confined within this 
layer (of thickness δ) and potential flow prevails outside it. At any 
position x, the boundary-layer is thin in the sense that <<1 x δ The 
origin of flow separation in adverse pressure gradient and the 
phenomenon of turbulence can be traced to the existence of the 
boundary-layer. Hence it is of importance to measure velocity 
distribution in the neighborhood of the solid wall. In the present 
experiment, a flat plate boundary-layer is studied. Regimes of 
Boundary-layer Flow over a Flat Plate. Though a flat plate boundary-
layer does not separate, it undergoes transition to become turbulent. 
The following limits are usually observed in practice. Rex < 60000 
Laminar; Rex > 5 × 105 Turbulent 
 In the experiment, a hypodermic needle–type pitot tube and a digital 
manometer are used to measure velocity.  
The experimental procedure is as follows. (i) Traverse the pitot tube 
above the plate to estimate the boundary-layer thickness. This is easily 
done since u → U as y → δ, the outer edge of the layer. (ii) Divide the 
estimated thickness in 10 parts. The probe can be moved back towards 
the plate, in these increments, with the help of a micrometer 
arrangement. (iii) Repeat steps (i) and (ii) at for the laminar and 
turbulent portions of the boundarylayer. The state of flow as laminar or 
turbulent can be judged either based on the criterion of the local 
Reynolds number or by examining the shape of the velocity profile. 
Typical profiles in laminar and turbulent flow are shown in Figure 2. 
Figure 2: Laminar (L) and Turbulent (T) Velocity Profiles in a Flat Plate 
Boundary-layer. The experimentally determined profiles must be 
compared to the theoretical results. The digital manometer is 
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calibrated for velocity measurement at 18oC. At all other temperatures 
a correction factor must be applied. The required correction graph is 
available in the laboratory. 
 The above experiment can be repeated with a rough flat surface to 
observe the following: 
 (a) drastic increase in boundary-layer thickness δ and  
(b) near constancy of δ(x) with the streamwise coordinate. Interpret 
these results. 
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                                              EXPERIMENT 4 
 
                                        Flow Around an Airfoil 
 
 
1 Objective 
The objective of this experiment is to determine the aerodynamic drag 
forces, FD, experienced by an airfoil placed in a uniform free-stream 
velocity, U∞. Velocity profiles will be taken upstream and downstream 
from the airfoil at various angles of attack. Drag will then be 
approximated from these profiles. 
2 Background 
The total drag on any body consists of skin friction drag (FD,μ) and form 
drag (FD,p) as shown in equation 
1. Skin friction drag is a result of the viscous forces acting on the body 
while form drag is due to the unbalanced pressure on the body (high 
pressure on front and low pressure on rear). The sum of the two is 
the total or profile drag (FD). 
 
FD = FD,p+FD,μ                                                                                            (1) 
The airfoil used in this experiment is the NASA Energy Efficient 
Transport (EET) airfoil. This is a supercritical airfoil which is becoming a 
standard testing platform for experiments in transonic and supersonic 
regimes. The supercritical nature of this airfoil allows it to perform 
much better in these regimes, as it reduces the wave drag on the upper 
surface. Figure 1 illustrates the profile of the NASA EET airfoil. 
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3 Drag Measurements 
3.1 Prediction of Drag from Wake Measurements 
By measuring the velocity profiles in the wake of the airfoil and using 
conservation of linear momentum, the drag force on the airfoil can be 
determined, provided that the flow is steady. Figure 2 shows a control 
surface around the airfoil. Velocity profile is measured at one upstream 
and two downstream locations (Section I and II). Since the flow is 
incompressible the net mass flow entering the control volume should 
be equal to 
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the net mass flow exiting the control volume. The expression for 
conservation of mass is shown in Eq. 2. The width of the test-section 
which is also the span of the 2D airfoil is denoted by s. U∞ is the 
incoming free-stream velocity, u1(y) and u2(y) are the velocity profiles 
at sections I and section II, respectively. 
𝜌𝜌𝜌𝜌∞sdy = ∫𝜌𝜌𝑢𝑢₂ (𝑦𝑦)𝑠𝑠𝑠𝑠𝑦𝑦 = ∫𝜌𝜌𝑢𝑢₂(𝑦𝑦)𝑠𝑠𝑠𝑠𝑦𝑦                                           (2) 
 
The velocity at any location can be measured using a pitot-static probe. 
A brief description of the probe and the equation for calculating 
velocity is given in Sec. 3.1.1. The rate of change of flow-momentum 
between an upstream and any downstream location is equal to the 
reaction force applied by the wing-section on the flow. This reaction 
force in the x direction is the total drag force (FD). Equation 3 shows the 
conservation of linear momentum in the x direction between upstream 
and any downstream location. 
  ∫𝜌𝜌[𝜌𝜌∞]2𝑠𝑠𝑦𝑦 = 𝐹𝐹ᴅ + ∫𝜌𝜌�𝑢𝑢₁ (𝑦𝑦)�

2
𝑠𝑠𝑦𝑦 = 𝐹𝐹ᴅ [𝑢𝑢₂ (𝑦𝑦)]²𝑠𝑠𝑦𝑦 

                                                                                                           (3) 
Equations 2 and 3 can be used to obtain FD as shown in Eq. 4. 
 
FD = ρs∫𝑢𝑢₁ (𝑦𝑦)�𝜌𝜌∞− 𝑢𝑢₁(𝑦𝑦)�𝑠𝑠𝑦𝑦 == ρs∫𝑢𝑢₂ (𝑦𝑦) �𝜌𝜌∞− 𝑢𝑢₂ (𝑦𝑦)� 𝑠𝑠𝑦𝑦 
                                                                                                                         …(4) 
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The drag on a model is commonly presented in its non-dimensional 
form, also known as the coefficient of drag, Cᴅ. The drag coefficient is 
calculated as 
Cᴅ = Fᴅ

1
2𝜌𝜌𝜌𝜌∞²𝑠𝑠𝑠𝑠

                                                                                                  (5) 

 
 
where c is the chord length of the airfoil. 
3.1.1 Pitot-static Probe 
A pitot tube along with a static wall pressure tap can be used in the 
wind tunnel to measure the velocity. The assumption we have to make 
is that the static pressure is constant everywhere in a uniform free-
stream inside the wind tunnel. This is a reasonable assumption 
considering that there is no pressure loss, therefore, no pressure 
gradient, in the tunnel. 
However, the situation will be very different for measurements taken 
inside a wake behind a bluff body where a significant amount of 
pressure variation (both total and static) exists across the wake profile. 
In order to accurately determine the velocity profile in the wake, a 
pitot-static tube should be used to allow for the total and static 
pressure to be measured at each location. The pitot-static tube, a 
sketch of which is shown in figure 3, is a combination of the static tube 
and a pitot (total pressure) tube. 
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Figure 3: (a) Schematics of a pitot-static probe and (b) Photos of 
example pitot-static probes from Aerolab, LLC and United Sensor 
Corporation. 
The velocity at the point of measurement can be computed using Eq. 6. 
 

u =�2×(𝑝𝑝𝑝𝑝−𝑝𝑝𝑠𝑠)
𝜌𝜌

                                                                                         (6) 

It is usually more difficult to accurately measure the static pressure. The 
difference between the true and measured static pressure may be due 
to: misalignment of the tube axis and the flow velocity vector, finite 
tube diameter (streamlines next to the tube must be different from 
those in the undisturbed flow, hence the mere presence of the probe 
results in a static pressure value that is different from the actual 
pressure of the undisturbed flow), and/or influence of the tube support 
leading edge. 
 
4 Apparatus Used in Experiments 
 
1. Closed-circuit Wind Tunnel 
2. Pitot-static probe 
3. 3D Printed NASA EET Airfoil 
4. Analog output pressure transducer (PX138-0.5DV) 
5. Analog/Digital computer based DAQ system 
6. Linear traverses (x,y) with stepper motor (y) 
7. Motor controller 
 
5 Experimental Procedure 
 
NOTE: The Instructor will explain the procedure to operate the wind 
tunnel in a safe manner. Please follow the instructions carefully and do 
not use the wind tunnel prior to being instructed. Always start the 
wind tunnel at low speeds and vary the speeds slowly. 
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5.1 Wake Measurement 
1. Ensure the wind tunnel breaker is switched on and the cooling water 
is running. Slowly ramp the tunnel frequency drive to 20Hz. 
2. Ensure that the pitot-static tube is within the test section of the wind 
tunnel. Align the pitot-static tube such that it is in line with the quarter-
chord of the airfoil (point of rotation). The pitot-static tube can be 
traversed in the x-direction manually and in the y-direction via stepper 
motor. First, reach x/c=-1, then use the LabVIEW Compumotor Move VI 
to control the stepper motor to reach y/c=0, approximately. 
3. With the pitot-static tube properly centered, move it 45mm 
downwards using the LabVIEW Com- pumotor Move VI. 
4. Measure and record the upstream dynamic pressure by using the 
LabVIEW Airfoil Pressure Profile VI. Use the static pressure of the 
tunnel, p∞. Name the file [alpha_0_xbc_1 pt-pinf]. Record the pressure 
from LabVIEW on your data sheet for each vertical location. The 
program waits for an input to move to the next point. 
5. Change the static reference pressure to p2 and repeat Step 4. Name 
the file accordingly: [alpha 0 xbc -1 pt-p2]. 
6. To move downstream of the airfoil, the pitot-static tube must pass 
over the airfoil. Use the LabVIEW Compumotor Move VI to move 90mm 
upwards. Then manually traverse the system to x/c=1. Ensure 
downwards motion is unobstructed, then move downwards to the start 
location. 
7. Repeat Step 5 for x/c=1. Change the file names to the correct x/c 
location. 
8. Move to the x/c=1.5 location and repeat Step 5. Change the file 
names to the correct x/c location. 
9. Turn the tunnel off and change the airfoil’s angle of attack (α) to 8° 
10. Repeat Step 8 for α = 8° Change file names accordingly. 
11. Repeat Step 7 for α = 8◦. Change file names accordingly. 
12. Use previous knowledge from Step 6 to move the pitot-static tube 
upstream of the airfoil to x/c=-1. 
13. Repeat Steps 4 and 5 for α = 8◦. Change file names accordingly. 



 
 

23 
 

                                          EXPERIMENT-5 
  
                                        UNIFORM FLOW  
 
2.1 Introduction and Objective 
This experiment was designed to observe the characteristics of uniform 
flow in the teaching flume and to utilize the common uniform flow 
formulas to explain the conditions that were observed. The Manning’s 
roughness coefficient was calculated based on observations of flow 
width, flow depth, flow rate, channel slope, and channel surface 
material. This data was then used to calculate the Chezy’s C, and the 
Darcy-Weisbach friction factor, f. 
 
2.2 Theory and Background 
Uniform flow is a unique flow condition that is not extremely common 
in natural streams and channels. In order for uniform flow to exist, the 
depth, cross-sectional area, velocity, and flow at each section of a 
channel reach must be constant. In addition, the energy line, water 
surface, and channel bed must be parallel. Because uniform unsteady 
flow does not exist, it is always classified as steady uniform flow. For 
practical purposes uniform flow is often assumed in order to compute 
the discharge of a natural stream (Chow 1959). 
 
The two most common uniform flow formulas are Manning’s equation 
and Chezy’s equation. Of these two Manning’s is the most widely used 
to compute flow in open channels. 
V=1

𝑛𝑛
R2/3S1/2                                                                                                                                          (2-1) 

V is the velocity in m/s, R is the hydraulic radius in m, S is the slope, and 
n is the roughness coefficient called Manning’s n. The hydraulic radius 
is computed be dividing the cross-sectional area in m2 by the wetted 
perimeter in m. The Chezy equation was developed much earlier and is 
considered by most to be the first uniform flow equation. 
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V =𝐶𝐶√𝑅𝑅𝑅𝑅                                                                                              (2-2) 
V is the velocity in m/s, R is the hydraulic radius in m, S is the slope, and 
C is a flow resistance factor called Chezy’s C. By combining the two 
equations, the relationship between Chezy’s C and Manning’s n can be 
experessed in the following equation. 
 
C=1

𝑛𝑛
R1/6                                                                                                    (2-3) 

Even though the Darcy-Weisbach formula was developed primarily for 
pipe flow, it can be modified to compute the friction factor in open 
channels with uniform flow conditions. 
F=8𝑔𝑔𝑔𝑔𝑔𝑔

𝑉𝑉²
                                                                                                     (2-4) 

 
 f =8𝑔𝑔

𝐶𝐶²
                                                                                                        (2-5) 

 
2.3 Experimental Procedure 
For this experiment, the Mannings n, Chezy’s C and Darcy-Weisbach f 
were calculated for a smooth section and rough section of a channel. 
To simulate a rough channel section, a one-meter section of artificial 
turf was installed in the in the upstream bed of the teaching flume. It is 
important that each end is secured to the bottom of the flume bed with 
duct-tape. Figure 2-1 illustrates the correct installation of the turf. The 
next step was to place one vernier scale over a smooth section of the 
flume and place the other over a rough section as shown in figure 2-2. 
Both scales were then zeroed. 
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                  Figure 2-2 Zeroed vernier scales. 
 
A total of nine trials were performed for this experiment. To begin, the 
initial channel slope was measured. Refer to chapter I for the channel 
slope measurement procedure. The flume was then turned on and the 
flow rate was set on 1.0 L/s. The water depths for the rough and 
smooth sections of channel were recorded in millimeters. Then the 
exact flow rate was measured and recorded using the volumetric time 
method discussed in chapter I. This concluded trial one. This procedure 
was repeated for the remaining trials. 
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Of the nine trials recorded, there were three different slopes for each 
measured flow rate. The water depths were measured over the rough 
and smooth channel sections and recorded. This information was then 
tabulated and manipulated in order to calculate Manning’s n, Chezy’s C 
and Darcy-Weisbach’s friction factor f. 
 
2.4 Experimental Data and Results 
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2.5 Discussion of Results 
The determination of the Manning’s roughness coefficient, Chezy’s C, 
and the Darcy-Weisbach friction factor was completed upon analyzing 
the recorded data. Upon further inspection of these numbers in 
comparison with commonly utilized civil engineering structures and 
materials, several conclusions could be drawn. 
Based on the calculated values for the Manning’s roughness coefficient 
in the smooth channel, it was found that the comparable surfaces in 
real world applications were plastic or glass. Though the computed 
value was lower than the tabulated accepted value, this could be 
explained by the inherent experimental errors or variations in the real 
world application of such material including scaling and buildup that 
occurs in open channel flow. 
Furthermore, upon determination of the Manning’s coefficient for the 
rough channel surface, it was determined that a variety of materials 
could be utilized based on the values computed. These materials 
included asbestos cement, brass, new cast iron, copper, lead, new 
unlined steel, wood stave, galvanized iron pipe, and formed concrete 
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with either steel or wooden forms. Because the rough channel was a 
combination of a turf bottom and smooth plastic sides, the Manning’s n 
values were lower than the accepted values for short grass or turf. 
 
Some of the experimental error in this laboratory experiment included 
the possible variation in recordings from the measuring tape and 
vernier scales as well as the timing process for finding the flow rate. 
Human error is also a factor in any experiment and can be introduced 
from the possible reading error to recording errors to calculation 
 errors. Some variation may have been accrued as a result of flume 
irregularities in the surfaces themselves or mechanical reasons within 
the flume components as well. 
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                                   EXPERIMENT -6   
 
      VELOCITY DISTRIBUTION IN OPEN CHANNEL FLOW 

 
 General  
Velocity of flow is an important parameter in open channel flow. In 
order to find out the channel discharge, the velocity distribution needs 
to be known. In an open channel the velocity is not uniform over the 
cross-section. The velocity is zero at the channel boundary and 
maximum at or near the free surface. This experiment deals with the 
velocity distribution in an open channel and determination of the 
energy and momentum coefficients. Practically the energy and 
momentum coefficients are very useful, as the application of energy 
and momentum equations requires these coefficients.  
Theory   
The boundary layer 
 When water enters a channel the velocity distribution across the 
channel section will vary with distance due to the presence of boundary 
roughness as shown in Fig. 6.1.  
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       Fig.6.1 Development of boundary layer  
The effect on the velocity distribution due to boundary roughness is 
indicated by the line ABC. Outside the surface represented by ABC, the 
velocity distribution is practically uniform. Near the channel surface and 
within the region ABC, velocity varies according to distance from 
channel surface. The region inside ABC is known as boundary layer. At 
the beginning of the flow in the channel, the flow is entirely laminar 
and a laminar boundary layer is developed along the channel surface, 
as shown by the curve AB. The velocity distribution in this layer is 
approximately parabolic. As water travels further along the channel, 
the flow in the boundary layer will eventually change to turbulent (at 
point B). Downstream from B a turbulent boundary layer is developed, 
as shown by the curve BC. The velocity distribution in this layer is 
approximately logarithmic. The turbulent boundary layer intersects the 
free water surface at a distance where the flow is assumed to be fully 
developed.  
Even in a turbulent boundary layer, there is a very thin layer near the 
boundary in which the flow is laminar and is known as the laminar 
sublayer. The thickness of this layer is given by  
𝛿𝛿₀=11.6v/Vf (6.1) 

 Where, Vf  is the shear or friction velocity, given by  
Vf =√ gRS                                                               (6.2)  
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g is the acceleration due to gravity, R is the hydraulic radius, S is the 
slope of the energy line (taken to be equal to the slope of the channel 
bottom) and ν is the kinematic viscosity of water.  
 Surface roughness  
The surface of a channel is composed of irregular peaks and valleys. The 
effective height of the irregularities is called the roughness height k. If 
the roughness height is less than the thickness of the laminar sublayer, 
the surface irregularities will be so small that all roughness elements 
will be submerged in the laminar sublayer and have no effect upon the 
flow outside the layer. Then the channel is said to be hydraulically 
smooth. For hydraulically smooth channel  
0 ≤kVf /v ≤ 5 and k < δ0                                                                 (6.3)  
However, if the roughness height k is greater than the thickness of the 
laminar sublayer, the roughness elements extend their effects beyond 
the laminar sublayer and the channel is said to be hydraulically rough. 
For hydraulically rough channel  
kVf /v ≥ 70  and  k > δ0                                              (6.4)  
There exists a transition zone in which the channel is neither smooth 
nor rough. For this zone  
5 < kVf /v < 70                                                             (6.5)  
  
Velocity distribution in turbulent flow 
 The flow of water in open channel is turbulent and the bed is normally 
rough. On the basis of Prandtl-von Karman logarithmic velocity 
distribution law, the velocity distribution in an open channel having 
hydraulically rough surface is given by  
v = 5.75 𝑉𝑉f (30y/k)                                                 (6.6)  
Where, v is the velocity at any point at a vertical distance of y from the 
channel bottom.  
 Cross-sectional mean velocity  
The velocity varies in the vertical direction as well as in the lateral 
direction due to boundary friction. Cross-sectional mean velocity 
represents the average velocity over the cross-section. Using the 
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velocity distribution given by Eq.(6.6), the cross-sectional mean velocity 
V is given by  
V=Vf (6.25 +5.75 log(R/k) )                                               (6.7)  
 Velocity distribution coefficients 
 As a result of non-uniform distribution of velocity over a channel 
section, the actual kinetic energy and momentum of flow passing a 
given cross-section are normally greater than those calculated on the 
basis of average velocity given by Eq.(6.7). So, the energy coefficient α 
and the momentum coefficient β are introduced in the energy and the 
momentum equations, respectively. The numerical value of the energy 
coefficient varies from 1.03 to 1.36 and the numerical value of the 
momentum coefficient varies from 1.01 to 1.12. for fairly straight 
prismatic channels. The ratio (α-1)/(β-1) varies from 2.8 to 3.  
The energy and momentum coefficients are given respectively by 
𝛼𝛼 = ∫v3  dA/V3 A = ∑ v3 ∆A/ V3 A                                            (6.8)  
and  
𝛽𝛽 = ∫v2  dA/V2 A = ∑ v2 ∆A/ V2 A                                             (6.9)  
Where, V is the velocity of flow in an elementary area ∆A.  
For a rectangular channel we can write  
𝛼𝛼 = ∑ v3 ∆y/ V3 Y                                           (6.10)  
and  
𝛽𝛽= ∑ v2 ∆y/ V2 Y                                             (6.11) 
 
 Where, Y is the total depth of flow and V is the cross-sectional mean 
velocity.  
 Objectives of the experiment  

i) To determine the velocity distribution profile in the vertical.  
ii) To calculate the channel roughness height k. 
iii)  To calculate the cross-sectional mean velocity V.  
iv)  To calculate the velocity distribution coefficients αand β.  
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Experimental setup 
 The setup for the experiment is given below. The longitudinal slope 
of the flume is 1 in 840.  

 
       Fig.      Setup for velocity distribution in open channel 
  
 Procedure  
To determine the velocity distribution profile in the vertical  
i) Place the current meter at the middle of the flume. 
ii)   Measure the depth of flow Y.  
iii) Place the current meter at water surface, at 0.2Y, 0.4Y, 0.6Y 

and 0.8Y from the water surface and near the bottom in the 
vertical plane and take the reading of revolution of the current 
meter (N) and corresponding time (t) at each depth.  

iv)  Calculate the point velocities at each depth by using the 
formula, v = a(N/t)+b, where a and b are the current meter 
constants.  

v)  Plot the point velocity (v) against the distance from the 
channel bottom (y). To calculate the channel roughness height 
k 
i) For every set of point velocity (v) and distance from 

bottom (y), roughness height (k) can be determined by 
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using Eq.(6.6). ii) Channel roughness height is obtained 
by averaging all values of k. 
 To calculate the cross-sectional mean velocity V  
i) By using the average value of k, the cross-sectional 

mean velocity V is calculated using Eq.(6.7).  
To calculate the velocity distribution coefficients α and β 
i) Divide the width of the channel (flume) into 5 
horizontal strips of equal width ∆y.  
ii) Find the average velocity (v) in each strip. 
iii)  Calculate v3∆y and v2∆y for each strip and sum 

them up. 
iv)  Using the cross-sectional mean velocity V, calculate 

α and β using Eqs.(6.10) and (6.11).  
 Shape of depth vs velocity graph  
As the velocity distribution profile is logarithmic, the y vs 
v graph is logarithmic as shown in the following figure. 
For logarithmic velocity distribution, the maximum 
velocity occurs at the free surface. But in practice, the 
maximum velocity occurs below the free surface at a 
distance of 0.05 to 0.25 of the total depth.  
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                                         EXPERIMENT 7 
                                       VENTURI-FLUME 
 
AIM: To find Coefficient of discharge of venture flume 
 
 APPARATUS: A flume fitted with venture flume, point gauge, orifice 
meter, etc. 
 
 DESCRIPTION: A venturiflume is a critical-flow open flume with a 
constricted flow which causes a drop in the hydraulic grade line, 
creating a critical depth. It is used in flow measurement of very large 
flow rates, usually given in millions of cubic units. A venturimeter would 
normally measure in millimeters, whereas a venturiflume measures in 
meters. Measurement of discharge with venturiflumes requires two 
measurements, one upstream and one at the throat (narrowest cross-
section), if the flow passes in a subcritical state through the flume. If 
the flumes are designed so as to pass the flow from sub critical to 
supercritical state while passing through the flume, a single 
measurement at the throat (which in this case becomes a critical 
section) is sufficient for computation of discharge. To ensure the 
occurrence of critical depth at the throat, the flumes are usually 
designed in such way as to form a hydraulic jump on the downstream 
side of the structure. These flumes are called 'standing wave flumes' 
 
 PROCEDURE: • The slope of the flume is adjusted as required. 
 • The bed level reading of the point gauge is recorded.  
• A small quantity of water is allowed to flow through venturiflume .The 
water surface level readings at the entrance and throat of the flume are 
taken by point-gauge after steady conditions are reached. 
 • The manometer reading at the orifice meter is noted.  
• 6-8 readings of the orifice meter are noted. 



 
 

37 
 

 • By increasing the discharges, observe if the flume behaves as a 
standing wave flume. (Observation or demonstration only, if possible) 
 
 
OBSERVATION: 
 • Diameter of the orifice=4.8cm. 
 • Bed level of theflume:  
a) At inlet =S1= cm.  
b) At throat =S2= cm.  
• Width offlume 
 a) At inlet = b1 = 30cm.  
b) At throat = b2= 10cm 
 

 
 
SPECIMEN CALCULATIONS: 
 1. d1 = WSi - S1 (cm) 
 2. d2 = WSt - S2 (cm) 
 3. h=h' (13.6-1) = h' 12.6cms.  
4.Qact =Cd*a* (2g*h) cc sec. (Take Cd=0.611; g= 981 cm/s2 ) 
 Cd=Qact /Qth 
 Result: Coefficient of discharge of venture flume= 
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                                       EXPERIMENT 8 
                                Gradually Varied Flow  
1. Introduction  
In  the  majority of cases flow in an open channel is non-uniform and 
due to friction water  surface profile change gradually. When the flow is 
steady, non-uniform and the water surface  profile change gradually, it 
is called gradually varied flow.  As such determination of water  surface 
profile is necessary to complete the design of the channel dimensions.      
  
2. Objective  
Following the completion of this experiment, you should be able to 
establish various types of  water surface profiles, measure the position 
of water surface, and compare your results with  water surface profile 
estimated from gradually varied flow equation.    
  
3. Theory  
The equation for gradually varied flow is defined as:    

 𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

= 𝑆𝑆₀ −𝑆𝑆ₑ
1−𝐹𝐹𝐹𝐹²

 
Where y is depth at distance x along the channel, So is the channel 
slope, Se is the slope of  energy grade line which can be estimated using 
Manning’s equation, and Fr is Froude number.  
  
4.  Experimental Procedure  

• You are required to establish M1 and S1 profiles in the flume and 
measure the depth of flow at different positions along these 
profiles.    

• Adjust the slope and the flow rate to establish subcritical flow in 
the flume (mild slope).  

• Adjust the end valve to establish M1 profile  
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Adjust the slope and the flow rate to establish supercritical flow in the 
flume 

• Adjust the end valve to establish S1 profile  
Measure the water surface profiles along the flume where the M1 and 
S1 profiles are established and record these values  
When you finish your experiment, clean the tools you have used for 
your experiment and return them to where you collected from. 
 
Results and calculation  
 For each flow rate estimate normal depth, critical depth and Froude 
number.  
 For each profile calculate the  water surface profile using gradually 
varied flow equation. For this, a spreadsheet should be developed and 
submitted as part of your report.    
 Compare the measured and estimated water surface profiles  by 
plotting them in the same graph 
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                                          EXPERIMENT -9 

                                        HYDRAULIC JUMP 

 Jump Phenomenon 
 Specific energy and force 

 

I.        Introduction 

A schematic of a hydraulic jump in an open channel of small slope is 
shown below. In engineering applications, the hydraulic jump 
frequently appears downstream from spillways or sluice gates where 
flow velocities are high. It may be used as an effective dissipater of 
kinetic energy, and thus prevent scour of an alluvial river bottom, or 
can be induced as a mixing device in water or sewage treatment 
designs. In design applications, the engineer is concerned primarily with 
predicting the occurrence, size, and location of the jump 
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A hydraulic jump is formed when liquid at high velocity discharges into 
a zone of lower velocity, creating a rather abrupt rise in depth. The 
rapidly varying water surface is typically accompanied by violent 
turbulence, eddying, air entrainment, and surface undulations. The high 
velocity flow is known as supercritical, and occurs at depths below 
critical depth, whereas the low velocity flow is subcritical, and occurs at 
depths greater than critical depth. The critical depth, yc, is the depth 
associated with the point of minimum energy in the associated control 
volume and is an unstable depth that occurs within the jump. A 
parameter that further can be used to characterize critical flow is the 
Froude number, Fr, expressed as 

(i)  𝐹𝐹𝐹𝐹 = 𝑉𝑉
�𝑔𝑔𝑔𝑔

 

where V is the flow velocity, g is the gravitational acceleration, and D is 
the hydraulic depth, defined as a ratio of flow area to top width at a 
given location. For a channel of rectangular cross section, a discharge, 
Q, and constant width, b, the hydraulic depth is equivalent to depth of 
flow, y, and equation (i) can be rewritten as 

(ii) 

              Fr= 𝑞𝑞
𝑦𝑦 

1

√𝑔𝑔𝑦𝑦
 

where q = Q/b, the flowrate per unit width of the channel. Critical flow 
in open channels occurs when the Froude number equals unity. The 
Froude number further characterizes subcritical and supercritical flow 
as follows: 

Fr > 1 Supercritical Flow 

• Disturbances travel downstream 
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• Upstream water levels are unaffected by downstream controls 

Fr < 1 Subcritical Flow 

• Disturbances travel upstream and downstream 
• Upstream water levels are affected by downstream controls 

An equation relating the upstream and downstream depths of a 
hydraulic jump can be derived from the momentum equation, assuming 
a uniform velocity profile across the flow area, negligible boundary 
friction, and a small channel slope. This hydraulic jump equation can be 
expressed as 

(iii) 

y2=𝑦𝑦
1

2
(�1 + 8𝐹𝐹𝐹𝐹₁2 − 1) 

 

Equation (iii) demonstrates that y2/y1 >1 only when Fr1 > 1 and Fr2 < 1, 
thus proving the necessity of supercritical flow for the formation of a 
hydraulic jump. Another way to visualize this necessity is by using 
specific force, Fs, defined as 

 

(iv)   Fs=
𝑞𝑞²
𝑔𝑔𝑦𝑦

+ 𝑦𝑦²
2    

 

where the term q2/gy is the momentum of the flow passing through the 
channelsection per unit time per unit weight of water, and the term 
y2/2 is the force per unit weight of water. It becomes evident from a 
plot of Fs as a function of depth for a constant flowrate, or a specific 
force diagram, that the solution to equation (iii) occurs when Fs,1 = Fs,2. 
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The depths y1 and y2 at which Fs,1 and Fs,2 occur are called sequent 
depths. 

A stable hydraulic jump will form only if the three independent 
variables (y1, y2, Fr1) conform to the relationship given in (iii). The 
upstream depth, y1, and the Froude Number, Fr1, are controlled by an 
upstream headgate for a given discharge. The downstream depth is 
controlled by a downstream tailgate and not by the hydraulic jump. 
Denoting the actual measured downstream depth as y2, and the 
computed sequent depth as y2’, found from (iii), the following 
observations can be made; 

If y2 = y2’     a stable jump forms; 

If y2 > y2’     the downstream specific force is greater than that at the        

                    upstream end, and the jump tends to move upstream; 

If y2 < y2’     the downstream specific force is less than that at the        

                      Upstream end, and the jump tends to move downstream. 

 

Specific energy, E, in a channel section is defined as the energy per unit 
weight of water at any section of the channel measured with respect to 
the channel bottom. 

(v) E=𝑦𝑦²
2𝑔𝑔

 

 

For a rectangular channel of constant width and constant discharge, 
equation (v) becomes 
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(vi)  E=𝑦𝑦 + 1
2𝑔𝑔

𝑞𝑞²
𝑦𝑦²

 

 

A plot of E vs. y for a constant magnitude of q is called a specific energy 
curve. The depth of flow at which the specific energy is a minimum for 
a given discharge is the critical depth, yc. Applying equation (vi) both at 
the upstream depth, y1, and the downstream depth, y2, the energy loss 
through the jump may then be evaluated as 

 

(vii)     ∆𝐸𝐸 = 𝐸𝐸₁ − 𝐸𝐸₂ 

 

The figure below illustrates the relationships between the depths at the 
upstream and downstream ends of a jump and their corresponding 
specific force diagram and specific energy curve. 

 
II. Objective 

The objective is to investigate the validity of the specific force and 
specific energy equations for the hydraulic jump phenomenon. 

III. Procedure 

1. Measure the flume width, b , and confirm that the flume is in a 
horizontal position 



 
 

45 
 

2. Start the flow in the flume by turning on the pump. 

3. After the system reaches a steady state, record the discharge 

4. Position the upstream gate, or headgate, so that the upstream water 
level is near the top of the flume. 

5. Position the tailgate to create a hydraulic jump in the center of the 
flume 

6. After the jump stabilizes, measure and record the depth at a point 
immediately upstream of the jump and a point downstream of the 
undulating water surface caused by the jump. 

7. Repeat steps 4 – 6 for six headgate positions. 

IV. Results 

1. For the constant flowrate, compute the critical depth, yc, using 
equation (ii) for critical flow conditions. 

2. Compute the specific energy and specific force for each depth of 
each trial using the measured values of supercritical, y1, and subcritical, 
y2, depths. 

3. For each depth measured, compute the corresponding Froude 
number. 

4. For each jump, compute the sequent depth, y2’, for each measured 
value of y1. 

5. What can you infer about the stability of each jump based on the 
computed sequent depth and the laboratory data? 

6. Plot a specific energy curve and a specific force diagram for your 
laboratory data. Show all pertinent depths (y1, y2, and yc) and indicate 
the energy loss, 

∆E, for one hydraulic jump. 
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EXPERIMENT -10 
Flow Under A Sluice Gate 

Objective 

• Observe flow patterns under a sluice gate. 

• Determine the relationship between upstream head and flow rate. 

• Determine the discharge coefficient. 

• Analyze and discuss about the results. 
 
 Apparatus 
 

• Flow channel 

• Sluice gate 

• Two depth gauges 

• Restriction block for controlling the downstream flow 

• Stopwatch 
 

 Introduction 
 
 The sluice gate provides a convenient means of flow regulation. A       
gate is provided with a lifting mechanism so that the aperture beneath 
it may be set to any desired position. When closed, the aperture is 
sealed so that no flow can pass through the gate. 
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•   The sluice gate flow rate measurement is based on the Bernoulli 
Equation and can be expressed as: 

       1/2 ρ v12 + ρ g h1 = 1/2 ρ v22 + ρ g h2                                                      (1)  

    Where h = elevation height (m), ρ = density (kg/m3), v = flow velocity 
(m/s) 

• The pressure components in the equation are in general irrelevant 
since pressure upstream and downstream are the same (p1 - p2 = 
0). 

• Assuming uniform upstream and downstream velocity profiles - 
the Continuity Equation gives: 

      q = v1 A1= v2 A2                                                                          (2) 
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   Where q = flow rate (m3/s), A = flow area (m2) 

• (2) can be modified to: 

     q = v1 h1 b= v2 h2 b                                                                     (3) 

    Where b = width of the sluice (m), h1 = upstream height (m), h2 = 
downstream height (m) 

• Combining (1) and (3), gives the “ideal” equation: 
Q=h2b[2g(h1-h2)/(1-(h2/h1))]1/2                                         (4) 

 

• Assuming h1 >> h2 (4) can be modified to: 

       q = h2 b [2 g 
h1]1/2                                                                                                                                            (5) 

• This is approximately true when the depth ratio h1 / h2 is large, the 
kinetic energy upstream is negligible (v1 is small) and the fluid 
velocity after it has fallen the distance (h2 - h1) ≈ h1- is: 

     v2 = [2 g 
h1]1/2                                                                                                     (6) 

• The ideal equation (3) can be modified with a discharge coefficient: 

    q = cd h2 b [2 g h1]1/2                                                                      (7) 

     Where cd = discharge coefficient 

• The discharge coefficient depends on different parameters - such 
as upstream and tail-water depths, gate opening, contraction 
coefficient of the gate and the flow condition. 

• In practice the typical discharge coefficient is approximately 0.61 
for free flow conditions and depth ratios  ho / h1 < 0.2.  
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Procedure 
• Adjust the vertical position of the sluice gate so that the bottom 

of the gate is the desired distance b, above the channel bottom. 
• Measure the width, b, of the channel (which is equal to the width 

of the gate). 
• Turn on the pump and adjust the control valve to produce the 

desired water depth upstream of the sluice gate. 
• Insert a float into the water upstream of the gate and measure 

the water velocity, V 1 by recording the time t; it takes the float to 
travel a distance L. That is, use a point gauge to measure the 
water depth, upstream of the gate. 

• Adjust the control valve to produce various water depths 
upstream of the gate and repeat the measurements. 
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                                                EXPERIMENT -11 
                                           FLOW THROUGH PIPES 
Background and Theory 
Pipe flow under pressure is used for a lot of purposes. A fundamental 
understanding of fluid flow is essential to almost every industry related 
with chemical engineering. In the chemical and manufacturing 
industries, large flow networks are necessary to achieve continuous 
transport of products and raw materials from different processing 
units. This requires a detailed understanding of fluid flow in pipes. 
Energy input to the gas or liquid is needed to make it flow through the 
pipe. This energy input is needed because there is frictional energy loss 
(also called frictional head loss or frictional pressure drop) due to the 
friction between the fluid and the pipe wall and internal friction within 
the fluid. In pipe flow substantial energy is lost due to frictional 
resistances. 
One of the most common problem in fluid mechanics is the estimation 
of this pressure loss. Calculating pressure losses is necessary for 
determining the appropriate size pump. Knowledge of the magnitude 
of frictional losses is of great importance because it determines the 
power requirements of the pump forcing the fluid through the pipe. For 
example, in refining and petrochemical industries, these losses have to 
be calculated accurately to determine where booster pumps have to be 
placed when pumping crude oil or other fluids in pipes to distances 
thousands of kilometres away. 
Pipe losses in a piping system result from a number of system 
characteristics, which include among others; pipe friction, changes in 
direction of flow, obstructions in flow path, and sudden or gradual 
changes in the cross-section and shape of flow path. 
In this experiment, pressure loss measurements are made as a function 
of flowrate on different pipe components namely; a) straight pipe, 
(b)globe valve (c) o gate valve (d)an Expander (e)Reducer (f)standard 
elbow (g) 90 Bend. 
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There are in general three types of fluid flow in pipes 
laminar 
turbulent 
transient 
The flow is 
laminar when NRe< 2000 
transient when 2000 <  Re< 4000 
 turbulent when 4000 < Re 
 
Aim of the Experiment: 
To determine the frictional losses encountered in a hydraulically 
smooth pipe under laminar and turbulent flow situations. 
To determine the effect of Reynolds number on Fanning friction factor 
for laminar and turbulent flow situations in a hydraulically smooth pipe. 
Verify the correlations for laminar flow and turbulent flow (Blasius 
correlation and Nicurdse’s correlation) 
 
Apparatus required: CCL4,Hgmanometer. 
 
Procedure: 
Keep the valve leading to the smooth pipe open and valves leading to 
other lines closed. 
Keep the bypass valve completely open and the main valve completely 
closed. Switch on the pump. 
Connect a CCL4 manometer,to the pressure taps across the smooth 
pipe. Ensure that no air bubbles present and height in both the limbs of 
manometer are the same. 
Set a flow rate of water through the pipe by opening the main valve 
and throttling the bypass valve suitably using the rotameter. 
Note down the rotameter reading and manometer reading after a 
steady state is attained. 
Increase the flow rate of water by opening the main valve and 
throttling the bypass valve suitably and repeat step 4 and 5. 
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Use mercury manometer for higher flow rates. 
Take eight readings with CCL4 manometer as well as with Hg 
manometer. 
 
Data: 
Diameter of the pipe= D =        m 
Length of the pipe= L =        m 

 

 
Calculations: 
∆Hm is cm of manometric fluid 
Volumetric flow rate, Q = m3/s 
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Plot fexpt vs NRe on log-log graph. Compare them. 
To verify Nicurdse’s correlation:  
 on a semi log graph 
Find the slope and intercept. 
Compare with Nicurdse ’s correlation. 
Discuss on effect of Reynolds number on friction factor. 
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                                          EXPERIMENT -12 

                    Laminar and turbulent flow through pipes 

 INTRODUCTION 

In nature and in laboratory experiments, flow may occur under two very 
different regimes: laminar and turbulent. In laminar flows, fluid particles 
move in layers, sliding over each other, causing a small energy exchange 
to occur between layers. Laminar flow occurs in fluids with high 
viscosity, moving at slow velocity. The turbulent flow, on the other 
hand, is characterized by random movements and intermixing of fluid 
particles, with a great exchange of energy throughout the fluid. This type 
of flow occurs in fluids with low viscosity and high velocity. The 
dimensionless Reynolds number is used to classify the state of flow. 
The Reynolds Number Demonstration is a classic experiment, based on 
visualizing flow behavior by slowly and steadily injecting dye into a 
pipe. This experiment was first performed by Osborne Reynolds in the 
late nineteenth century. 

OBJECTIVE 

The objective of this lab experiment is to illustrate laminar, transitional, 
and fully turbulent flows in a pipe, and to determine under which 
conditions each flow regime occurs. 

EQUIPMENT 

The following equipment is required to perform the Reynolds number 
experiment: 

• F1-10 hydraulics bench, 
• The F1-20 Reynolds demonstration apparatus, 
• Cylinder for measuring flow, 
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• Stopwatch for timing the flow measurement, and 
• Thermometer. 

EXPERIMENTAL PROCEDURE 

Set up the equipment as follows: 

• Position the Reynolds apparatus on a fixed, vibration-free surface (not 
on the hydraulics bench), and ensure that the base is horizontal and the 
test section is vertical. 

• Connect the bench outflow to the head tank inlet pipe. 
• Place the head tank overflow tube in the volumetric tank of the 

hydraulics bench. 
• Attach a small tube to the apparatus flow control valve, and clamp it to a 

fixed position in a sink in the lab, allowing enough space below the end 
of the tube to insert a measuring cylinder. The outflow should not be 
returned to the volumetric tank since it contains dye and will taint the 
flow visualisation. 

• Note that any movement of the outflow tube during a test will cause 
changes in the flow rate, since it is driven by the height difference 
between the head tank surface and the outflow point. 

• Start the pump, slightly open the apparatus flow control valve and the 
bench valve, and allow the head tank to fill with water. Make sure that 
the flow visualisation pipe is properly filled. Once the water level in the 
head tank reaches the overflow tube, adjust the bench control valve to 
produce a low overflow rate. 

• Ensuring that the dye control valve is closed, add the blue dye to the dye 
reservoir until it is about 2/3 full. 

• Attach the needle, hold the dye assembly over a lab sink, and open the 
valve to ensure that there is a free flow of dye. 

• Close the dye control valve, then mount the dye injector on the head 
tank and lower the injector until the tip of the needle is slightly above 
the bellmouth and is centered on its axis. 
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• Adjust the bench valve and flow control valve to return the overflow rate 
to a small amount, and allow the apparatus to stand for at least five 
minutes 

• Adjust the flow control valve to reach a slow trickle outflow, then adjust 
the dye control valve until a slow flow with clear dye indication is 
achieved. 

• Measure the flow volumetric rate by timed water collection. 
• Observe the flow patterns, take pictures, or make hand sketches as 

needed to classify the flow regime. 
• Increase the flow rate by opening the flow control valve. Repeat the 

experiment to visualize transitional flow and then, at higher flow rates, 
turbulent flow, as characterized by continuous and very rapid mixing of 
the dye. Try to observe each flow regime two or three times, for a total 
of eight readings. 

• As the flow rate increases, adjust the bench valve to keep the water level 
constant in the head tank. 

Note that at intermediate flows, it is possible to have a laminar 
characteristic in the upper part of the test section, which develops into 
transitional flow lower down. This upper section behavior is described 
as an “inlet length flow,” which means that the boundary layer has not 
yet extended across the pipe radius. 

• Measure water temperature. 
• Return the remaining dye to the storage container. Rinse the dye 

reservoir thoroughly to ensure that no dye is left in the valve, injector, or 
needle. 

 RESULTS AND CALCULATIONS 

The following dimensions of the equipment are used in the appropriate 
calculations. If required, measure them to make sure that they are 
accurate  

• Diameter of test pipe: d = 0.010 m 
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• Cross-sectional area of test pipe: A =7.854×10-5 m2 

Calculate discharge, flow velocity, and Reynolds number ( Re). Classify 
the flow based on the Re of each experiment. Record your calculations 
in the following table. 

Result Table 
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                                  EXPERIMENT-13 

                                  MAJOR LOSS 

AIM 

 To determine Fluid friction factor for the given pipes.  

Introduction and Theory 

 the flow of liquid through a pipe is resisted by viscous shear stresses 
within the liquid and the turbulence that occurs along the internal 
walls of the pipe, created by the roughness of the pipe material. This 
resistance is usually known as pipe friction and is measured is meters 
head of the fluid, thus the term head loss is also used to express the 
resistance to flow. Many factors affect the head loss in pipes, the 
viscosity of the fluid being handled, the size of the pipes, the 
roughness of the internal surface of the pipes, the changes in 
elevations within the system and the length of travel of the fluid. The 
resistance through various valves and fittings will also contribute to 
the overall head loss. In a well-designed system the resistance 
through valves and fittings will be of minor significance to the overall 
head loss and thus are called Major losses in fluid flow. The Darcy-
Weisbach equation: Weisbachfirst proposed theequationwe 
nowknowasthe Darcy-Weisbachformulaor DarcyWeisbachequation: 
hf = f (L/D) x (v2 /2g) 

 hf = head loss (m) f= Darcy friction factor L = length of pipe work (m) 
d = inner diameter of pipe work (m), v = velocity of fluid (m/s) 
g=acceleration due to gravity (m/s²)  

The Darcy Friction factor used with Weisbach equation has now 
become the standard head loss equation for calculating head loss in 
pipes where the flow is turbulent. Apparatus Description The 
experimental set up consists of a large number of pipes of different 
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diameters. The pipes have tapping at certain distance so that a head 
loss can be measure with the help of a U - Tube manometer. The 
flow of water through a pipeline is regulated by operating a control 
valve which is provided in main supply line. Actual discharge through 
pipeline is calculated by collecting the water in measuring tank and 
by noting the time for collection. 10 TECHNICAL SPECIFICATION: 
Pipe: MOC = G.I./P.U. Test length = 1000 mm Pipe Diameter: Pipe 1: 
ID: Pipe 2: ID: Pipe 3: ID:  

Experimental Procedure 

 1) Fill the storage tank/sump with the water. 

 2) Switch on the pump and keep the control valve fully open and 
close the bypass valve to have maximum flow rate through the 
meter. 

 3) To find friction factor of pipe 1 open control valve of the same 
and close other to valves  

4) Open the vent cocks provided for the particular pipe 1 of the 
manometer. 

 5) Note down the difference of level of mercury in the manometer 
limbs. 

 6) Keep the drain valve of the measuring tank open until the start 
time of collecting the water. 

 7) Close the drain valve of the measuring tank and collect known 
quantity of water  

8) Note down the time required for the same. 
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 9) Change the flow rate of water through the meter with the help of 
control valve and repeat the above procedure. 

 10)Similarly for pipe 2 and 3 . Repeat the same procedure indicated 
in step 4-9  

11)Take about 2-3 readings for different flow rates.  

Observations Table: Pipe1 Length of test section (L) = 1000 mm = 1 m 
Internal Diameter of Pipe D= mm Cross Sectional Area of Pipe = m2 
Sr no Qty (liter) T sec h1-h2 (mm) V (m/s) 11 Pipe 2 Internal 
Diameter of Pipe D= mm Cross Sectional Area of Pipe = m2 Pipe3 
Internal Diameter of Pipe D= mm Cross Sectional Area of Pipe = m2 
Sr no Qty(liter) T sec h1-h2 (mm) V (m/s) Calculations Mean velocity 
of flow, V = Q/A m/s Where, Q = 0.01/time required for 10 lit in m3 
/sec According to Darcy- Weisbach Equation for frictional loss of 
head due to pipe friction:- In the above equation, everything is 
known to us except “f” Conversion Factor :- 1 mm of Hg = 0.0126 m 
of water Conclusion 1) The friction factor for pipe is as follows: 2) For 
same size pipe G.I./P.U. has more frictional loss compared to G.I./PU 
pipes 
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                                          EXPERIMENT 14 

                                 MINOR LOSS EXPERIMENT  

                                    • Loss Coefficient  

                                    • Minor Energy Losses 

I. Introduction 

 The losses of energy, or head, in full-flowing conduits can be 
classified into two components: (1) energy loss due to the frictional 
resistance of the conduit walls to flow, and (2) energy loss due to the 
pipe fittings and appurtenances (e.g., bends, contractions, and 
valves). The latter is referred to as minor, or form, loss and is 
associated with a change in magnitude and/or direction of the flow 
velocity. Generally, the more abrupt the change, the higher the 
associated energy loss.  

For a long pipeline (L/D > 2000), the energy loss is predominantly 
associated with friction and minor losses are small. However, minor 
losses would comprise a considerable part of the total energy loss 
for a system that is relatively short and has a large number of 
fittings. Therefore, it is important for a designer to carefully consider 
both types of losses in the design of distribution systems.  

To determine the head loss across a pipe appurtenance, consider the 
energy equation written between two sections: immediately before 
(1), and after (2) the pipe appurtenance, 

 (i)𝑝𝑝₁
𝛾𝛾

+ 𝑉𝑉₁²
2𝑔𝑔

+ 𝑧𝑧₁ = 𝑝𝑝₂
𝛾𝛾

+ 𝑉𝑉₂²
2𝑔𝑔

+ 𝑧𝑧₂ + ℎ₁ 

where z is the elevation of the centerline of the pipe relative to an 
arbitrary datum, V is flow velocity, g is the gravitational constant, p is 
pressure at the centerline of the pipe, γ is the specific gravity of the 
fluid, and hl is the head loss between sections 1 and 2. When only a 
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short distance separates sections 1 and 2, hl is a direct measure of 
minor loss. The velocities in equation (i) can be evaluated if the 
flowrate and pipe dimensions are known. If the pressure at sections 
1 and 2 can be measured, the energy equation can then be used to 
evaluate the unknown head loss through the pipe. 

 The energy loss that occurs through a pipe fitting, is commonly 
expressed in terms of velocity head in the form  

(ii)  ℎ₁ = 𝐾𝐾 𝑉𝑉²
2𝑔𝑔

 

 where K is the dimensionless minor loss coefficient for the pipe 
fitting, and V is the mean velocity of flow into the fitting.  

 Because of the complexity of flow through various fittings, K is 
usually determined by experiment. In this case, the head loss is 
calculated from two manometer readings, taken before and after 
each fitting, and K is then determined as 

 (iii)𝐾𝐾 = ∆ℎ
𝑉𝑉²
2𝑔𝑔

 

 For contractions and expansions, an additional change in static 
pressure is experienced due to the change in pipe cross-sectional 
area through the enlargement and contraction. This change can be 
calculated as  

(iv)   𝑉𝑉₁²
2𝑔𝑔
− 𝑉𝑉₂²

2𝑔𝑔
 

where V1 and V2 are the upstream and downstream velocities 
respectively. To eliminate the effects of this area change on the 
measured head losses, this value should be added to the head loss 
reading for an enlargement, and subtracted from the head loss 
reading for a contraction. For a gate valve, pressure difference 
before and after a valve can be measured directly using a pressure 
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gauge. This can be converted to an equivalent head loss using the 
equation 

 (v)                                 1 bar = 10.2 m water 

 II. Objective  

The objective is to determine the loss coefficients for flow through a 
range of pipe fittings including bends, a contraction, an enlargement, 
and a gate valve.  

III. Procedure  

1. Open the bench valve, the gate valve and the flow control valve 
and start the pump to fill the test rig with water. 

 2. Bleed air, if present, from the pressure tap points and the 
manometers by adjusting the bench and flow control valves and air 
bleed screw.  

3. Check that all the manometer levels lie within the scale when all 
the valves are fully opened. Adjust the levels, if necessary, using the 
air bleed screw and the hand pump.  

4. For a selected flow rate, record the reading from all the 
manometers (that are tapped before and after each appurtenance: 
enlargement, contraction, long bend, short bend, elbow, miter) after 
the water levels have steadied. 35  

5. Determine the flow rate by accumulating a fix volume of water in 
the volumetric tank with help of a stopper. Use a digital stopwatch 
to record time and the sight window of the bench to find the volume 
of water. 

 6. Repeat steps (4) and (5) for two more flow rates.  
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7. Clamp off the connecting tubes to the miter bend pressure 
tappings (to prevent air from being drawn into the system). Start 
with the gate valve fully closed and the bench valve and control 
valve fully open. Open the gate valve 50% of its total opening (after 
taking up any backlash). Record the gauge reading for the half open 
condition. 

 8. Adjust the flow rate with the control valve and measure pressure 
drop across the gate valve from the pressure gauge. Also, measure 
the volume flow rate by timed collection of water.  

9. Repeat the step (8) for two more flow rates.  

IV. Results  

1. Calculate head loss (hl) across the fittings for each flow rate in 
step (4) - (6).  

2. Calculate the velocity head for each flow rate. Then calculate K for 
each bend using equation (iii); for the contraction and the 
enlargement using equations (iii) and (iv); and for the gate valve 
using equations (iii) and (v). 

 3. For each pipe fitting, plot head loss (hl) vs. V 2 /2g, and K vs. 
volumetric flow rate, Q.  

4. Discuss your results. Specifically, comment on whether it is 
justifiable to treat the loss coefficient as a constant for a given 
fitting. 
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