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ABSTRACT 

This paper presents conceptual designs for ten new 

experiments suitable for hydraulic laboratory instruction, 

summarizes experiments included in current laboratory 

instruction at the University of Arizona, and organizes 

both sets of experiments into two sequential laboratory 

courses. 

The new experiments are designed in the same spirit 

as those presently used, in that they explain physical 

phenomena associated with various subjects in fluid mechanics 

and hydraulics. For each experiment the theoretical con

cept, apparatus, and procedure are explained in detail. 

Experiments and equipment currently used in hy

draulic laboratory instruction in the Department of Civil 

Engineering and Engineering Mechanics at the University of 

Arizona are discussed briefly for a complete presentation 

of potential experiments to be included in the laboratory 

instruction. 

Finally, the new experiments and Arizona experiments 

are arranged in elementary and advanced courses which deal 

with the mechanics of fluids and problems in hydraulic 

engineering, respectively. 
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CHAPTER 1 

INTRODUCTION 

Hydraulics or fluid mechanics is the discipline 

which deals with behavior of all kinds of fluids in motion 

or at rest. The science of hydraulics is put to use for 

mankind's benefit through the art of hydraulic engineering. 

A logical conclusion from the previous statement 

is that hydraulics can never be an armchair science. In 

other words, it has to be a mixture of two principal ingre

dients : theory and practice. There are many concepts, 

general principles, and theories to explain the flow of 

fluids, but there are few exact detailed solutions. One 

can safely say that emphasis has been placed on experimen

tation for verification or completion of theories. 

Theories usually serve as the starting step toward profound 

results. 

Besides serving a function in the development of 

theories of fluid flow, experimentation is resorted to in 

the design of hydraulic structures of many kinds. Since 

general theories do not give a final precise answer to many 

specific hydraulic problems, hydraulic models are a standard 

design tool. Specific model studies are made for costly, 

1 
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important works; generalized model studies for classes of 

less costly, but more common works. 

Finally, the prime difficulty in teaching hydraulics, 

or fluid mechanics, is the difficulty the student has in 

visualizing what is happening in the various flows of 

interest. People in general, as well as students in par

ticular, cannot see much of what is happening when the wind 

blows or the river flows and cannot relate the various 

causes and effects to one another. 

It is of vital importance, therefore, for an engi

neer to have a knowledge of techniques in experimentation 

as well as of methods of interpretation to understand how 

fluids behave. A hydraulic laboratory must be part of the 

educational program for engineers who will be responsible 

for the design, construction, and operation of hydraulic 

works. Such a laboratory need not be magnificently equipped 

in order to facilitate experimentation so that students can 

acquire basic skills as preparation for future work in the 

field; but it does need adequate space and a number of items 

of equipment and instrumentation, many of which must be 

custom built, others of which can be purchased. 

In accordance with the foregoing ideas, the purpose 

of this thesis is to conceptually design a number of hydrau

lic experiments for hydraulic instruction. In designing 
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the experiments, simplicity of the apparatus as well as 

simplicity of construction, cost, and direct use of mathe

matical equations are taken into account. In addition, the 

experiments are intended for explanation of physical pheno

menon rather than for precise measurement. Finally, this 

thesis is a conceptual or preliminary study; more detailed 

designs and detailing will be required for actual construc

tion of the equipment. 

To this end, typical cases of flow and the means 

to solve these cases have been considered very carefully. 

Indeed, the experiments are designed to explain physical 

phenomena and to verify analytical solutions. However, in 

some experiments there are some physical variables which are 

not considered in the design, such as the effect of tempera

ture variation on viscosity in designing the viscometer. 

Also, some limitations for each experiment are discussed at 

the end of each experiment. 

The hydraulic laboratory course in the civil engi

neering program at the University of Arizona consists of 

eleven experiments designed to enhance the student's 

understanding of fluid flow behavior. The laboratory is a 

modification of the fluid mechanics instructional labora

tory of the University of Iowa, where Dr. Hunter Rouse 

developed a replacement for the usual "coefficient" labora



4 

tory of most engineering schools. The experiments and 

equipment of the Arizona laboratory are briefly outlined 

in the next chapter, and it is recommended that these 

experiments be incorporated in elementary and intermediate 

hydraulic laboratory courses, corequisite with the accom

panying lecture courses. The additional experiments and 

equipment suggested in this thesis are designed in the same 

spirit and for the same reason--to enhance the capability 

of the engineering student to visualize and understand 

fluid flow behavior in various situations. 

The additional experiments are arranged in three 

chapters, according to the theoretical concepts underlying 

each experiment. Chapter 3 contains experiments which deal 

with fluid properties and fluid mechanics. Chapter 4 con

sists of experiments which deal with flow in closed con

duits. Chapter 5 consists of experiments concerned with 

flow in open channels and hydraulic structures. These 

experiments could be classified in other ways since most 

of them have more than one application which are pertinent 

to other concepts. 

Most of the experiments in the present Arizona 

laboratory course are performed concurrently with introduc

tion of the topic in the civil engineering hydraulics (or 

fluid mechanics) course; a few would be more effective if 
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performed in parallel with the second, or hydraulic engi

neering course. Several of the additional experiments 

suggested in this thesis should be concurrent with the 

first course; however, most should be performed with the 

second course. Combining the Arizona laboratory equipment, 

or some modification thereof, with the additional equipment 

suggested herein should result in two excellent courses in 

the hydraulic laboratory that would be both worthwhile and 

inspirational to the student. 



CHAPTER 2 

THE PRESENT UNIVERSITY OF ARIZONA 
HYDRAULIC LABORATORY 

This chapter gives a brief outline of current 

Arizona laboratory experiments and equipment. It summar

izes eleven experiments which are arranged in the order in 

which they are conducted in the laboratory class. These 

experiments demonstrate various physical phenomena in fluid 

mechanics and hydraulic engineering. 

Experiment 2.1. 
Hydrostatics--The Pressure Problem 

This experiment is concerned with hydrostatic pres

sure and its relationship to unit weight. The apparatus for 

the experiment is shown in Figure 2.1. 

The purpose of the experiment is to: 

1. Observe heads and gauge readings indicated by vari

ous manometers and pipes for several flow rates. 

2. Plot calibration curves, which are the measured 

pressure against actual pressure, for each gage. 

Such calibration curves are vital if accurate data 

are to be taken by means of pressure gages. 

3. Determine the slope of the 14-in manometer. 

6 



Figure 2.1. Apparatus for determining the 
hydrostatics—the pressure 
problem. 



4. To determine the specific gravity of the fluid in 

the 24-in manometer. 

Experiment 2.2. 
Measurement of Liquid Flow 

This experiment deals with velocity and discharge 

in a 100-ft open channel. The apparatus of this experiment 

is shown in Figure 2.2. 

The purpose of the experiment is to measure the 

velocity and the discharge using: 

1. Sharp-crested weir. 

2. Elbowmeter. 

3. Price current meter. 

4. Floating object. 

5. Critical depth. 

6. Parshall flume. 

In each case the flow is estimated and compared with the 

flow measured with the sharp crested weir which is used as 

the standard for determining flow rates. Based on the 

continuity equation, the discharge should be the same using 

all methods. 

Experiment 2.3. 
Characteristics of a Submerged Jet 

This experiment explains characteristics of a sub

merged circular jet using air flow. The apparatus for the 

experiment, Figure 2.3, consists of: 



c. 

Figure 2.2. Apparatus for flow measurement. -- (a) 100-
foot flume; (b) Broad-crested weir; (c) Par-
shall flume. 
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1. A circular jet issuing from a 3-in-diameter opening 

in a tank wall. 

2. A stagnation tube which slides on rails to measure 

the velocity at any point. 

3. Manometer to measure the pressure head. 

The purpose of the experiment is to: 

1. Compute velocity characteristics where the jet 

issues from the tank and at distance 10 times the 

jet diameter from the outlet. 

2. Estimate the discharge at the jet and at a distance 

10 times the jet diameter from the outlet, then 

find the ratio of ^(x/d)=!Q . 
Q(x/d) = 0 

Experiment 2.4. 
Characteristics of a Free Jet 

This experiment explains free jet characteristics 

based on energy analysis. The apparatus, Figure 2.4, 

consists of: 

1. A 1/2-in-diameter jet opening in a 10-in pipe. The 

center line of the jet opening makes a 45-degree 

angle with the horizontal. 

2. A stand pipe to measure the head at the orifice. 

3. A point gate to determine the coordinates of points 

on the jet center line. 



Figure 2.3. Apparatus for submerged 
jet characteristics. 

Apparatus for free jet 
characteristics-energy 
analysis. 
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The purpose of the experiment is to: 

Determine coordinates of points on the jet center 

line and plot the trajectory of the jet. 

Determine the velocity at the vena contracta by 

2 solving the quadratic equation Z = ax + bx + c. 

Estimate the jet velocity from the head in the 

stand pipe and compare it with the velocity found 

in Step 2. 

Determine the contraction coefficient. 

Determine the maximum height the trajectory will 

reach above the orifice and the horizontal distance 

from the orifice at which the high point occurs. 

Experiment 2.5. 
Momentum Analysis 

This experiment deals with characteristics of a 

free jet based on momentum analysis. The apparatus for this 

experiment, Figure 2.5, consists of the same elements as in 

Experiment 2.4 and a pendulum suspended form in a horizontal 

steel bar in front of the orifice opening to measure the 

momentum force. 

The purpose of the experiment is to determine the 

momentum flux of the jet using the momentum analysis and 

pendulum analysis as follows: 

1. Determining the discharge using the weight-time 

method. 

1. 

2 .  

3. 

4. 

5. 
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Figure 2.5. Apparatus for free jet character
istics momentum analysis. 



14 

2. Determining the jet velocity, using the stand pipe 

reading at stagnation point. 

3. Computing the jet force using F = pQV 

4. Taking stand pipe readings along the radius of the 

pipe. 

2 5. Plotting the values h. versus r. where h. and r. 
° i I I i 

are the readings taken in Step 4. 

6. Computing the force using F = iryA where A is the 

area under the curve in Step 5. The force will be 

approximately the same as the force calculated in 

Step 3. 

7. Knowing the adjusting weight, W, to keep the pendu

lum in a vertical position. 

8. Lifting the pendulum by Ay and measuring the Ax 

for the rising and falling limbs. 

9. Plotting Ax against Ay and calculating the slope 

for both limbs. 

10. Calculating the force using F = slope xH and com

paring with the values in Steps 3 and 6. 

Experiment 2.6. 
Performance of 12-in Pelton Wheel 

This experiment demonstrates the performance of a 

Pelton wheel. The apparatus for the experiment, Figure 2.6, 

consists of: 



1. A venturixneter to measure flow rate. 

2. A drum of 0.49-ft diameter. 

3. A spring gage to measure torque. 

4. Strobotac to measure angular velocity. 

The purpose of the experiment is to: 

1. Estimate the volume flux. 

2. Compute power output and efficiency for each speed 

and prepare a graph of the performance of this 

wheel, showing the efficiency and torque against the 

speed in rpm. 

Experiment 2.7. 
Efficiency of a Centrifugal Pump 

This experiment is concerned with determining the 

efficiency of a small centrifugal pump as a function of 

flow rate, impeller speed, and cavitation conditions. The 

apparatus for the experiment, Figure 2.7, consists of: 

1. A circular tank of 22.25-in diameter. 

2. Centrifugal pump with runner of 8-in diameter. 

3. Pressure gage. 

The purpose of the experiment is to: 

1. Plot suction pressure and discharge pressure as a 

function of discharge for each run. 

2. Determine and plot the efficiency in percent against 



Figure 2.6. Apparatus for Pelton 
wheel performance. 

Figure 2.7. Apparatus for 
centrifugal pump 
efficiency. 
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discharge for the cavitating run and the noncavi-

tating run. 

3. Calculate specific speed at maximum efficiency. 

Experiment 2.8. 
Flow in Smooth Pipes 

This experiment is concerned with resistance to 

laminar and turbulent flow in a smooth pipe. The apparatus, 

Figure 2.8, consists of: 

1. An inlet tank containing oil with specific gravity 

0.865. 

2. A 0.5-in diameter and 20-ft-long metal pipe. 

3. 20 manometers connected to the pipe to measure 

pressure head. 

4. An outlet tank. 

The purpose of the experiment is to: 

1. Determine pressure along the pipe, prepare a graph 

showing pressure against distance for each run, and 

estimate the slope for each run. 

2. Determine the Darcy-Weisbach resistance factor f. 

3. Prepare a graph showing resistance factor against 

the Reynolds number and compare it with generally 

accepted smooth pipe curves for laminar and turbu

lent flow. 



Figure 2.8. Apparatus to explain resistance factor in 
smooth pipes. -- (a) Inlet tank; (b) Outlet 
tank. 
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Experiment 2.9. 
Head Loss in a Rough Pipe 

and at a Gate Valve 

This experiment deals with determining head loss 

in a rough pipe and at a gate valve. The apparatus for the 

experiment, Figure 2.9, consists of: 

1. A 4-in-diameter pipe. 

2. 7 manometers connected to the pipe at certain 

intervals. 

3. A gate valve at the mid-point of the length of the 

pipe to control the flow. 

4. A v-notch weir in an open channel to measure out

flow from the pipe. 

The purpose of the experiment is to: 

1. Determine discharge and velocity head for several 

runs with different discharge. 

2.- Plot the hydraulic grade line and the energy grade 

line for each run. 

3. Determine the loss coefficient for the valve as a 

function of the valve opening. 

4. Determine loss coefficient for the pipe system 

between the constant head tank and the upstream 

pressure gauge. 

5. Determine the Darcy-Weisbach resistance factor f 

for the pipe. 
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Figure 2.9. Apparatus to show head loss in a rough 
pipe and a gate valve. 
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Experiment 2.10a. 
Valve Calibration 

This experiment demonstrates the calibration of a 

gate valve as a flow-measuring device. The apparatus for 

the experiment, Figure 2.10, consists of: 

1. A 6-in glass-walled flume. 

2. A 7-in sharp crested weir. 

3. An inlet pipe with a control valve and differential 

manometer. 

4. A point gage to measure the water surface. 

The purpose of the experiment is to: 

1. Determine the discharge for several flow rates using 

the sharp crested weir. 

2. Plot a rating curve for the valve in terms of dis

charge against the differential head of the 

manometer. 

Experiment 2.10b. 
Head-Loss Coefficients 
for Entrance Forms 

This experiment illustrates energy loss coefficients 

for various entrance forms. The apparatus for the experi

ment, Figure 2.11, consists of: 

1. A 6-in glass-walled flume. 

2. A head wall placed in the flume. 

3. Various inlet forms which are inserted in the head 

wall. 



Figure 2.10. Apparatus to show valve calibration. --
(a) Glass-walled flume; (b) Differential 
manometer and the gate valve. 



Figure 2.11. Apparatus to show head ,loss coefficients 
for entrance forms. -- (a) Glass-walled 
flow; (b) Various entrance forms. 
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4. A point gage to measure the water level. 

5. A differential manometer with rating curve to 

determine rate of flow. 

The purpose of the experiment is to determine loss 

coefficients for various entrance forms, assuming the loss 

coefficient for a square inlet is 0.4, and to compare 

results with published data. 

Experiment 2.11. 
Hydraulic Jump 

This experiment demonstrates that the transition 

from rapid flow to tranquil flow is associated with the 

hydraulic jump with resultant energy loss and dissipation. 

The apparatus, Figure 2.12, consists of: 

1. An inlet pipe. 

2. A 6-in glass-walled flume. 

3. A head gate to control the flow upstream. 

4. A flow rate manometer. 

5. Tail water gate to control the flow depth downstream. 

6. A point gauge to measure the water level. 

7. A sharp crested weir placed in the flume. 

8. An inlet entrance inserted in the wall head and 

placed downstream from the weir. 

The purpose of the experiment is to: 

1. Calculate the flow rate from the calibration curves. 
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Figure 2.12. Apparatus to show the hydraulic 
jump. 
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2. Establish a jump in the flume and determine the 

head loss through the jump. 

3. Plot the Froude number for supercritical flow 
y2 

against the ratio — where y^ and 3^ are the flow 

depths upstream and downstream from the jump, 

respectively. 



CHAPTER 3 

FLUID PROPERTIES, CONTINUITY, AND MOMENTUM 

This chapter presents three experiments which deal 

with fluid properties and elementary mechanics of fluids. 

Theoretical concepts on which each experiment is designed, 

purpose of the experiment, the apparatus, the experimental 

procedure, and computation are discussed. 

Experiment 3.1 demonstrates the concepts of visco

sity. In this experiment the method to measure 

viscosity is based on Newton's definition of viscosity and 

the concept of parallel moving plates. Experiment 3.2 

illustrates the concept of hydrostatic pressure force on a 

submerged surface. Experiment 3.3 explains application of 

momentum principles and the momentum flux for a jet. 

Experiment 3.1. 
Viscosity Measurement 

Introduction 

The viscosity of a liquid is a measure of its 

resistance to tangential or shear stress. It arises from 

the interaction and cohesion of fluid molecules, and it 

can be defined as the ratio of the stress intensity to the 

accompanying rate of fluid deformation. Based on 

27 



viscosity, fluids may be classified as Newtonian fluids 

and non-Newtonian fluids. In Newtonian fluids, such as 

water, the shear stress is directly proportional to the 

rate of deformation. However, in non-Newtonian fluids, 

such as tooth paste, the shear stress is not directly pro

portional to the rate of deformation. The viscosity of 

fluids is affected by temperature and pressure. The vis

cosity of a liquid decreases as temperature increases, but 

the viscosity of a gas increases as temperature increases. 

Viscosity Measurements 

Viscosity can be measured in a number of ways: 

1. By use of Newton's definition of viscosity, 

T 
y = where all quantities except the viscosity 

can be measured. 

2. By use of the Hagen-Poiseuille equation Ap = 128yLO 
ttD 

which is derivable from the equation of motion and 

the definition of viscosity. 

3. By methods which require calibration with fluids of 

known viscosity where the flow is proportional to 

the viscosity of the fluid but in a geometry too 

complex to be mathematically formulated. 

By measuring the shear stress and the velocity 

gradient in Newton's definition of viscosity, the dynamic 

or absolute viscosity can be computed. This is the most 



basic method as it determines all other quantities in the 

defining equation for viscosity. Many kinds of viscometers 

are based on Newton's law of viscosity, such as the con

centric cylinder viscometer and the cone-plate viscometer. 

In both of these viscometers, motion is produced by rota

tional speed about a central axis. 

This experiment is based on the Newton definition 

of viscosity: 

* - (1> 

and for flow between two smooth plates, one moving and one 

stationary, where y is the viscosity, t is the shear stress, 

and is the change in velocity with respect to the change 

in depth from the stationary plate. According to the boun

dary layer concept, velocity is a function of depth y from 

the stationary plate. However, if we choose a very small 

depth, we can assume the velocity is uniformly distributed 

throughout the depth. Therefore, by denoting the small 

depth as y and considering the velocity difference as the 

velocity of the moving plate, because velocity of the bottom 

plate it zero, Newton's law can be written in this form: 

x - v? (2) 

If the velocity, depth, and shear stress can be 

measures, then the viscosity can be calculated by substi



tuting in the above equation. In this experiment the three 

values will be measured, and the viscosity will be calcu

lated by using the above equation. 

Purpose of the Experiment 

The purpose of this experiment is to make the 

definition of viscosity clear to student by applying, in 

a direct way, Newton's law of viscosity. Therefore, the 

experiment is designed in a way similar to the way in which 

which the definition is explained in theory. In addition, 

experimental apparatus can be used as a viscometer to 

measure viscosity of highly viscous fluids; however, the 

measured values are approximate and may not be very accu

rate. Since the objective of the apparatus is to demonstrate 

Newton's definition for viscosity determination, not to 

act as a viscometer giving accurate results, many factors, 

such as temperature variation and pressure, which may 

affect viscosity are not taken into account in the apparatus 

design. 

Apparatus 

The apparatus, Figure 3.1, consists of the 

following: 

1. An upper moving plate made of wood (white elm, 

sp. gr = 0.72) with 1.5' x 1.3' dimensions and 
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Moving Plate 

Stationary 
Plate 

Length Adjustment 

Load Carrier 

0 12 3' 

Figure 3.1. Viscometer. 
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0.20 in thickness. This plate is attached to a 

very thin wire which is superimposed on pulleys and 

connected to a load bearer. The first pulley can 

be set at any desired level on a vertical steel bar. 

2. A plastic stationary box with 4.5' x 1.6' x 0.3" 

dimensions forms the lower plate and the walls. 

The thickness of the plastic is 0.15 in. The box 

is mounted on a wooden support with four adjustable 

legs to level the apparatus and a bubble indicator 

to show when the apparatus is level. 

3. In addition to the apparatus, a stop watch, a meas-

measuring tape mounted on the stationary box, and 

a micrometer are needed during operation of the 

experiment. 

The depth of fluid between the plates can be selec

ted according to the load applied and the kind of fluid. 

The depth of fluid can be measured using the micrometer. 

To allow the upper plate to float freely and to eliminate 

the effect of shear drag, the width of the upper plate is 

designed to be less than the width of the lower plate. 

Procedure 

The experimental procedure to measure viscosity is 

conducted as follows: 



1. Adjusting the apparatus horizontally by using the 

leveling wheels and the bubble scale. 

2. Placing the fluid for which viscosity is to be 

determined in the plastic box to a desirable depth 

which can be measured by the micrometer. Place the 

upper plate accurately on the liquid. 

3. With the stop watch and the load ready, applying a 

certain load, start the watch as one point on the 

measuring tape is passed and stopping the watch when 

a second point is passed. 

Computation 

Knowing the distance the upper plate moves and the 

the time, the velocity can be calculated by using the 

equation: 

v - I (3) 

Also, knowing the load and the surface area of the moving 

plate T can be calculated by this equation: 

- W , / v  
T " A <4> 

Since the three quantities V, t, and y are known, the vis

cosity can be computer by using Equation (2). As illus

trated in Figure 3.1, the moving plate can be stopped at 
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any desired distance by adjusting the load bearer because 

the plate stops when the load bearer touches the base of 

the pulley carrier. 

Discussion 

In this experiment the dimensions of the apparatus 

are selected to give a suitable time for the moving plate 

to get to the end of the apparatus for fluids of high vis

cosity. In addition, the lower plate is three times the 

length of the moving plate to be close to the theoretical 

analysis in which the plates extend to infinity. 

Solving a Sample Problem 

In this problem, to find the viscosity and to check 

the time suitability, the work should be conducted in 

reverse order. Assume the velocity is known, then for any 

given load the time and velocity are computed for use of the 

apparatus. The same data are used to check the time re

quired for the velocity to accelerate to terminal velocity 

and to determine how far from the starting point this velo

city occurs. 

Assumptions: 

1. Fuel oil (Sp.gr. = 0.94), y = 4.5 x 10 ^ ̂  s*eC 
ft^ 

at 55°F. 

2. Depth of fluid (y) = 0.12 in. 



2 From the apparatus we know the surface area A = 1.95 ft . 

Then from Equations (1), (2), (3), and (4) we can compute 

the velocity and the time for various applied loads, as in 

Table 3.1. 

Table 3.1. Determination of the velocity and time for fuel oil. 

y 
lb-sec W A T Y V D t 

ft2 lb ft2 lb/ft2 in ft/sec ft sec 

4. 5xl0~2 0.2 1, .95 0. .1026 0. 12 0. 0228 3 .0 131. 58 

4. 5xl0~2 0.5 1, .95 0. ,2564 0. 12 0. 0570 3 .0 52. 63 

4. 5xl0~2 1.0 1, .95 0. ,5128 0. 12 0. 1140 3 .0 26. 32 

4. 5xl0~2 1.20 1, .95 0. ,6154 0. 12 0. 1368 3 .0 21. 93 

From the above, the time seems suitable using a load of 

either 1.0 and 1.2 lb; however, the time for a load of 0.2 

lb can be decreased by stopping the plate before it reaches 

the end of the box, and this can be done by elongating the 

wire using the adjustment. 

Using the same data, we can calculate the accelera

tion time required for the velocity to reach terminal 

velocity. Starting with the balance equation for the plate, 

we will derive time as a function of velocity. 

W - F = ma (5) 
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where F is the resistance force between the moving plate and 

the liquid, m is the mass of the moving plate, and a is the 

acceleration of the moving plate. Using Equations (1) and 

(4), Equation (5) can be written as: 

TT yAV _ m dV 
W • — " dt (6) 

If we use the above data at W = 0.5 lb, Equation (6) can 

be written as: 

n , 4.5xl0~2 x 1.95 x 12V _ n „ 0.2 45 ,dV 0.5 (1.95 x - x 

or 

0.5 - 8. 775V = 0.0454^ (7) 

dt = 11.0123 -V193.2819V 

Integrating Equation (8)to a certain value, say 0.99V at 

t = t, 

t 

dt 

0.99V dv 

11.0123 - 193.2819 V 
o 

t = 193 \819 (In (11.0123 - 193.2819V) - 2.399) 

(9) 

By substituting in Equation (9) and using values of V up to 

0.99 V, t can be calculated as in Table 2.3. The graph of 

Table 3.2 is shown in Figure 3.2. 

Calculated values of acceleration time required and 
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Figure 3.2. Time of acceleration. 



Table 3.2. Computation of the accelerated 
time. 
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V t 
ft/sec sec 

0.005 0.0005 

0.010 0.001 

0.015 0.0016 

0.020 0.0022 

0.025 0.003 

0.030 0.0039 

0.035 0.0049 

0.040 0.0063 

0.045 0.0081 

0.050 0.0109 

0.0564 0.0238 

distance from the starting point for a range of loads are 

shown in Table 3.3. 

Table 3.3. Determination of the accelera
tion distance. 

W V t D 
lb ft/sec sec ft 

0.20 0.0228 0.0238 0.0005 

0.5 0.0570 0.0238 0.0014 

1.0 0.1140 0.0238 0.0027 

1.2 0.1368 0.0238 0.0033 

1.5 0.1710 0.0238 0.0041 



Table 3.4 shows the same calculation as in the previous 

tables for a different fluid. The liquid is ASE 30 (sp. 

gr. = .93) ,y - 1.2 x 10-2 lb"s-ec at 55°F. 
ftZ 

Table 3.4. Calculation of time and distance for ASE 30. 

w 
lb 

V 
ft/sec 

D 
ft 

t 
sec 

t ac 
sec 

D ac 
ft 

0.10 0, .0427 3.0 70.26 0.0893 0 .0038 

0.20 0. .0855 3.0 35.09 0.0893 0 .0076 

0.50 0. .2137 3.0 14.04 0.0893 0 .0191 

0.80 0. .3419 3.0 9.53 0.0893 0 .0305 

1.0 0. ,4274 3.0 7.02 0.0893 0 .0382 

1.20 0. ,5129 3.0 5.85 0.0893 0 .0458 

1.50 0. ,6411 3.0 4.68 0.0893 0 .0573 

where t „ and D „ are the time and distance, respectively, ac ac 

for the velocity to reach terminal velocity. 

Conclusion 

From the foregoing calculations and tables, we can 

conclude the following. First, the distance required for 

the velocity to accelerate from zero velocity to terminal 

velocity is insignificant. Moreover, the acceleration time 

may be compensated for in starting and stopping the watch. 

Therefore the acceleration distance can be neglected. 
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Second, since the velocity if affected by the load, one 

should use a suitable load to get an accurate measurement. 

For example, it is impossible to measure time if a 2.0-lb 

load is used when the liquid is ASE 30, because of the fast 

movement of the plate. 

Experimental Limitations 

This experiment is designed to demonstrate to stu

dents the physical explanation of Newton's Law of viscosity 

as it is explained in the theoretical manner. However, 

this experiment is not intended to give accurate results. 

Stated differently, design of the experiment is much more 

important than the numerical outcome itself. For these 

reasons many factors which affect viscosity, such as tem

perature variation, are not considered. 

To measure the viscosity using this apparatus, the 

following limitation should be noted. 

1. This apparatus measures the viscosity at a constant 

temperature. 

2. It cannot be used for low-viscosity fluids such as 

water because movement of the plate would be so fast 

that the time could not be measured accurately 

enough. 

3. The acceleration of velocity from zero to the ter

minal velocity is ignored because it does not 

significantly affect the viscosity measurement. 
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4. The effect of drag due to pressure forces before 

and after the plate is also neglected. 

Finally, the above is not, in any way, an exhaus

tive list of limitations simply because this is only a 

preliminary study for the purpose of explaining the pheno

menon. In order to use the apparatus effectively as a 

viscometer, a more detailed study should be made to inves

tigate and control these limitations and to refine the 

workability of the apparatus. 

Experiment 3.2. 
Determination of Pressure Forces 

on a Submerged Surface 

Introduction 

Since pressure forces on a submerged surface are 

related to hydrostatic pressure, a brief discussion of 

hydrostatics and pressure intensity is essential before 

explaining determination of the pressure force on a sub

merged surface and its application. 

Hydrostatics is the branch of fluid mechanics which 

is concerned with fluids at rest; no tangential or shear 

stress exists between stationary fluid particles. Thus, in 

hydrostatics all forces act normally to a boundary surface 

and are independent of viscosity. As a result, analysis is 

based on a straightforward application of the mechanics 



principles of force and moment. Hydrostatic pressure, or 

more simply pressure intensity on a surface, is the force 

per unit area. In the case of an incompressible liquid in 

contact with the atmosphere, the gauge pressure p for a 

fluid of uniform density is given by: 

p = Yh (1) 

where y is the specific weight of the liquid and h is the 

depth below the free surface. The latter is referred to as 

the pressure head and is generally stated in feet of liquid. 

The form of the equation shows that pressure increases 

linearly with depth. 

Hydrostatic Force on a 
Submerged Surface 

Since pressure in a liquid varies linearly with 

elevation, both the magnitude and point of application of 

the resultant, or equivalent concentrated pressure force, 

on any plane surface may be explained by reference to Figure 

3.3. The direction of the resultant force is always per

pendicular to the plane surface. Let A designate the area 

of the submerged surface which is inclined at an angle a 

with the horizontal. Clearly, due to the linear increase 

of pressure intensity with depth, the point of application 

of the resultant, known as the center of pressure, must be 

situated below the centroid of the area; it is coincident 
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with it only when the surface is horizontal. The pressure 

force dF on an elemental horizontal strip of the surface 

area dA is given by: 

dF = pdA (2) 

where p is the pressure intensity. Substituting in Equa

tion (2) from Equation (1), Equation (2) can be written 

as: 

dF = yhdA (3) 

From Figure 3.3. h = y sina; therefore, 

dF = y y  sinadA (4) 

ysinadA = ysina ydA Then the total pressure force F=y 

or 

F = ysinaAy (5) 

ydA = Ay and y is the distance of the centroid of the 

area from the intersection point "0." 

Taking moments about "0" in order to determine the 

center of pressure: 

( 
where 

F y = ysina 
yV 

y2dA (6) 

( 2 
since y dA is the second moment of the area of the lamina 

about 0, IQ, and also 

= zg + Ay2 <7> 



Where Ig is the second moment of area (moment of inertia) 

about the centroid, Equation (6) can be written as: 

F yp = ysina(IG + Ay2) 

or 

_ Vsina(IG + Ay2) I- _ 
p ysinaAy Sy + ̂  <8) 

or 

yp  -  9 -  ys <9> 

In Equation (9) Iq is always positive; hence y^ - y is 

always positive, and the pressure center is always below the 

centroid of the surface. It should be emphasized that y 

andyp - y are distances on the plane of the submerged surface. 

Purpose of the Experiment 

The pressure force on a submerged surface is in

volved in many hydraulic designs, especially in hydraulic 

structures. For instance, it is an important factor in 

designing spillway gates such as Tainter gates and sluice 

gates. In addition, it is very important in determining 

the stability of concrete dams and retaining walls. Because 

of these applications involving use of the pressure force, 

it is very important to conduct an experiment which can 

explain the phenomenon and verify mathematical solution of 

the force exerted by hydrostatic pressure. The experiment 

is designed to give a direct measurement of the force 



created by hydrostatic pressure and to compare this force 

with the force calculated from Equation (5). 

Apparatus 

The apparatus for the experiment, Figure 3.4, 

consists of the following: 

1. A small inlet pipe to fill the tank. 

2. A plastic rectangular tank with 4' x 4' x 5' dimen

sions. The tank has a rectangular gate with 1' x 

1' dimensions at the center and bottom of one side 

as shown in Figure 3.4. The gate is hinged to the 

tank at the bottom end while the upper end and 

sides are free, with a clearance distance of 0.25 

in between the tank wall and the gate. The tank 

is equipped with a glass tube gauge with a vertical 

scale to measure the water level in the tank. The 

lowest point of the scale lies in the plane passing 

through the bottom of the tank. 

3. A force scale with accuracy of 0.01 lb is attached 

to a steel carrier by a screw and connected to the 

gate by a thin metal rod. 

4. A special rubber is required to seal the slots 

between the gate and the tank. This rubber should 

have the following properties. First, it should 

not be so stiff that it transmits forces on the gate 
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Figure 3.3. Derivation of pressure force. 

T 
4-
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Figure 3.4. An apparatus to measure pressure force. 
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to the tank wall and prevents movement of the gate. 

Second, it should not be so flexible that the seal 

will stretch and bind in the slots. In addition, 

it should not be soluble in water. A product called 

Latex rubber, manufactured by I.S.L.E. Laboratories, 

seems to serve the purpose. Tests using this rub

ber product indicate it will stop leakage and will 

not be too stiff or too flexible. Since this rubber 

comes as a liquid, the thickness of the seal, which 

governs the flexibility of the rubber," can be con

trolled. However, this rubber takes time to dry, 

and the drying time depends on the layer thickness 

and manner of drying. 

Procedure 

The procedure can be carried out easily by: 

1. Sealing the slots with suitable rubber to prevent 

leakage from the slots between the gate and the 

tank wall. If the latex rubber is used, the seal

ing should be done in sufficient time prior to 

starting the experiment so that it is dry when the 

experiment is started. This time depends on the 

thickness of the layer and the manner of drying. 

Generally it takes three hours to get a dry layer 

of 3 mm thickness in the sun, even when the coating 
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is done in very thin layers. This time can be 

reduced by using other heat sources. 

2. Opening the control valve to fill the tank to a 

certain depth. 

3. Using the gauge level to measure the water level in 

the tank. 

4. Reading the force measurement caused by gate deflec

tion from the force scale. 

5. Changing the water level in the tank and repeating 

Step 4. 

Computation 

If the slots at the gate are 1/4 in, then the gate 

should be, say, 11-3/4" wide x 11-7/8" high. Pressure on 

the rubber seal will be transmitted to the gate and wall 

equally. Therefore, care should be taken when the experi

ment is conducted so that the water level in the tank is 

never in the range of 1 ft + 1/8 in. 

Knowing the water level hQ in the tank from the 

gauge level, the average pressure on the gate for hQ less 

than 1 ft is 

When hQ is greater than 1 ft 

P = Y(ho - 1/2) 
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where y is the unit weight of water. 

If the connection to the scale is at a distance Z 
o 

above the bottom of the tank, the scale force•reading can 

be found by taking the moment about the hinge of the gate 

as : 

Scale force reading x ZQ = x hQ) x (-y-) 

if h < 1 ft o 

and 

Scale force reading x ZQ  = Y(hQ - 1) x 1/2 + 

j x 1 x 1/3 

if h > 1 ft o 

Apparatus Limitations 

The apparatus is designed to be as simple as poss

ible, and to explain in a simple way the phenomenon of 

hydrostatic pressure forces on submerged surfaces. For 

these purposes, the apparatus does not have any limitation. 

Secondary defects may appear when the experiment is carried 

out. However, it should be pointed out that this is a 

preliminary study and that a more detailed study, required 

before constructing the apparatus, may indicate some modifi

cations are needed, especially in the dimensions. Neverthe

less, the apparatus has some advantages such as simplicity 

and low cost. 
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Experiment 3.3. 
Momentum Principles 

Introduction 

The major advantage of the momentum equation that 

makes application of it useful in many hydraulic problems 

is that it is independent of internal energy changes and 

internal patterns of flow. Only in unsteady flow is the 

interior of the control volume of importance. In steady 

flow the body force (weight), the external shear and pres

sure forces on the control volume, and the flow through 

the boundaries of the control volume are sufficient. It 

is especially valuable in solving problems in which detailed 

information on the flow process is either scarce or rather 

difficult to evaluate; approximate evaluations are often 

good enough. For example, it is used in the analysis of 

the hydraulic jump as well as in other problems which 

involve a large change in flow velocity or direction. It 

is even used in describing forces exerted by a jet of water 

impinging on a rotating vane or vice versa (the turbine and 

the pump). 

Derivation of Momentum Equation 

Momentum (or momentum flux) is one of the ways used 

to describe flow. The impulse momentum equation for a fluid 

can be derived from the well-known Newton's second law of 

motion, based on the concept of a control volume. The 



control volume (cv) refers to a region in space and is 

useful in the analysis of situations where flow occurs into 

and out of the space. The boundary of a control volume is 

its control surface (cs). 

Newton's second law of motion for a system is usu

ally expressed as: 

where m is the constant mass of the system, EF refers to 

the resultant of all external forces acting on the system, 

including body forces such as gravity, and V is the velocity 

of the center of mass of the system. 

To convert laws and principles from system to 

control volume form, the following equation can be used: 

where ¥ is the control volume, N is the total amount of 

some property within the system at time t, and n is the 

amount of this property per unit mass throughout the fluid. 

In words, Equation (2) states that the time rate 

of increase of N within a system is just equal to the time 

rate of increase of the property N within the control 

volume plus the net rate of flux of N across the control 

volume boundary. 

SF = A (mV) (1) 

( 2 )  



Newton's second law for a system, Equation (1), is 

used as the basis for finding the linear momentum equation 

for a control volume by use of Equation (2). Let N be the 

linear momentum mv of the system and let n be the linear 

momentum per unit mass pV/p .  Then by use of Equations (1 )  

and (2) 

^  -  &  f c v
+  j  pW-dA (3) 

cs 

Equation (3) states that the resultant force acting on a 

control volume is equal to the time rate of increase of 

linear momentum within the control volume plus the net flux 

of linear momentum across the control volume boundary. 

Equation (3) is a vector equation and can be applied 

to any components, say in the x-direction, as 

lF = -5F x 3t x cv 
pV dV + pV V-dA (4) x cs 

In selecting the arbitrary control volume, it is generally 

advantageous to take the surface normal to the velocity, 

where it cuts across the flow. In addition, if the velo

city is constant over the surface, the surface integral 

can be ignored. Assuming a steady flow and a control sur

face as shown in Figure 3.5, the resultant force F acting 

on the control volume is given by Equation (4) as: 

Fx " P2A2V2VX2 - PlAlVlVx 



Figure 3.5. Control volume with uniform flow 
normal to control surface. 

Figure 3.6. Nonuniform flow through a control 
surface. 



or 

Fx = PQ(Vx2 - Vxl) (5) 

as the mass per second entering and leaving is pQ = = 

p2Q1-

In the case of non-uniform velocity over a plane 

cross-section of the control volume, by introducing a 

momentum correction factor g, the average velocity may be 

utilized, Figure 3.6. 

pv2dA = BpV2A (6) 

where $ is a dimensionless coefficient. Solving for $ 

yields 

e = I  (§)2dA (7) 
A v 

In applying Equation (3) or its components such as 

Equation (4), care should be taken to define the control 

volume and the forces acting on it clearly. In addition, 

the sign of the inflow or outflow term must be carefully 

evaluated. 

Purpose of the Experiment 

Since the momentum equation has such a wide range 

of application, it is very important to show students some 

of these applications. In addition, the experiment can be 
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used as complementary to theoretical analysis to achieve 

better understanding. Moreover, the experiment illustrates 

the phenomenon of jet flow. Finally, experimental solu

tions are needed to verify and illustrate mathematical 

solutions. 

Apparatus 

The apparatus, Figure 3.7, consists of: 

1. An inlet steel pipe 4-in in diameter. The pipe is 

supplied with an orifice flow meter to measure 

inlet discharge and a control valve to control 

discharge throughout the experiment. 

2. A plastic tank with 2' x 2' x 4' dimensions. At 

the top of two opposite sides of the tank a wire 

is attached to each in the central points. The 

two wires are connected into one wire, which is 

tied to a steel frame. The tank is thus suspended 

in such a way that it can swing in the longitudinal 

direction to enable measurement of the force re

quired to keep the tank in a certain position. The 

tank is supplied with a glass tube gauge with ver

tical scale to measure the water level in the tank. 

The lowest point of the scale lies in the plane 

passing through the center line of the outlet 

opening. The tank has an outlet opening of 1-in 
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Figure 3.7. Apparatus to measure momentum flux. 



diameter in the side at 0.3 ft from the bottom of 

the tank. 

3. A force scale with an accuracy of 0.01 lb is con

nected to the tank by a spring at the same level as 

the center line of the outlet opening. The scale 

is connected to the frame by a screw to keep it 

firm. 

4. An outlet trough, which has a horizontal screen to 

avoid splash and dissipate energy. 

The Procedure 

The procedure for the experiment is as follows. 

1. Opening the inlet valve to pass a specified 

discharge. 

2. Using the differential manometer at the orifice 

plate to read the pressure head difference (Ah). 

3. Waiting for steady state conditions; that is, when 

the level of water in the tank stays constant. 

4. Reading the force from the force scale and the 

water level in the tank from the gauge level. 

5. Changing the discharge and repeating Steps 2 

through 4. 

Computation 

Using the calibration curves of the orifice plate, 

the discharge can be calculated. Then, knowing the diameter 
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of the pipe, the entering velocity can be computed using 

Vxl = (S) 
irD 

Using a Pitot tube to measure the actual velocity of the 

jet at vena contracta, which is Vx2, the force of the 

momentum flux can be calculated using Equation (5), and 

compared with the force read from the scale. 

Discussion 

Another use of the experimental apparatus is to 

calculate the discharge, velocity, and contraction coeffi

cients of the jet. This can be accomplished by: 

1. Knowing the actual discharge from the orifice plate 

in the inlet pipe, then applying the equation: 

cd = —2— (9) 
d a/2gh 

where h is the water head from the center line of 

the outlet opening to the water surface in the tank, 

and a is the cross-sectional area of the outlet 

opening. 

2. Using the Pitot tube to measure the actual velocity 

at the vena contracta of the jet, and applying the 

equation: 

cv • S| 
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Since the discharge coefficient is known and the 

velocity coefficient Cv is known, the contraction 

coefficient Cc can be computed as: 

To avoid overfilling the tank it is recommended 

that the maximum discharge be determined as follows: 

1. Assuming the discharge coefficients = 0.62. 

2. The maximum height to be reached h = 3.7 ft from 

the center line of the orifice. 

3. Knowing the area of the outlet, the discharge can 

be calculated as: 

Qmax = Cda/̂  = (1/12) i 0.62/2 x 32.2 

x 3.7 = 0.522 cfs 

Limitations 

For the purpose for which the apparatus is designed, 

no limitations worth mentioning have been noted. On the 

contrary, one of its advantages is that it can be used for 

other purposes such as the determination of orifice coeffi

cients. However, since this is a preliminary design for an 

experiment, some modifications may be needed when carried 

out in practice. 



CHAPTER 4 

EXPERIMENTS RELATED TO FLOW 
IN CLOSED CONDUITS 

This chapter presents two experiments which deal 

with flow in closed conduits. Theoretical concepts on 

which the apparatus is designed, purpose of the experiment, 

the apparatus, the experimental procedure, and the compu

tation for each experiment are discussed. 

Experiment 4.1 illustrates major and minor losses 

in pipes. Experiment 4.2 demonstrates application of the 

energy equation to determine discharge, velocity, and con

traction coefficients of the orifice plate. The experiment 

is also used to demonstrate flow visualization in pipes 

using dye. 

Experiment 4.1. 
Enerpy Losses xn Smooth Pipes 

Introduction 

Flow through conduits may be laminar or turbulent. 

In laminar flow the energy loss, whether due to shear or 

section change, is a linear function of the velocity. In 

turbulent flow the energy loss is a more complex function 

of the velocity, approaching a quadratic function at large 

Reynolds numbers. Energy losses are usually expressed in 
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feet of piezometric head, which means in energy terms foot

pounds per pound of fluid flowing. 

There are two lines related to energy losses: the 

energy grade line and the hydraulic, or piezometric, grade 

line. The concept of these lines is useful in analyzing 

complex flow problems. The hydraulic grade line is the 

distance to which liquid would rise in vertical glass tubes 

connected to piezometer openings in the line. Elevation of 

the hydraulic grade line is found by: 

= ^ + z (1) 

The energy grade is a line joining a series of points 

describing total energy of the flow. It is higher than the 

V2 hydraulic grade line by a distance equal to • The loca

tion of the energy grade line is found by: 

? + z + Ii <2> 

Energy Loss Formulas 

Energy losses in pipe flow are related to many vari

ables. Energy losses classified as major losses are fric

tion losses in straight pipe sections; and losses classified 

as minor, or form losses, are losses at entrance, bends, 

enlargements, contractions, etc. 

In steady turbulent flow in a conduit of constant 

cross-section, the variation in wall shear stress is closely 



proportional to the square of the velocity. From the 

Darcy-Weisbach equation 

hf = f 5 Jg (3) 

Expressions for the resistance coefficient have been 

derived using velocity distribution equations. For turbu

lent flow in smooth pipes, Blasius derived an empirical 

formula to determine the coefficient (f) for smooth pipes: 

f = 0-316 (4) 

m1/4 

where3R is the Reynolds number. This equation gives good 

results for IR ranging from 2,000 to 100,000. Another expre 

sion for the resistance coefficient for turbulent flow in 

smooth pipes was derived by Karman and Prandtl: 

— = 2 loglR/f - 0.8 (5) 
/f 

This equation gives good results for a very wide range of 

Reynolds number. 

Minor losses in pipes, due to changes in cross-

section or flow direction, depend on the geometrical shape 

of the conduit. Any change in cross-section or flow direc 

tion disturbs the normal velocity distribution in the 

conduit. Because of these disturbances, additional mecha

nical energy is converted into heat through the action of 
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turbulence. All these losses are expressed as a function 

of the velocity head using the equation: 

H = (6) 

where the factor K depends on the kind of loss. Care must 

be taken in choice of velocity if more than one cross-

sectional area is involved. Any K value must have a de

fined velocity to be applied correctly. According to the 

dimensions, the K values for minor losses in the apparatus 

are shown in Table 4.1. 

Table 4.1. K values for minor 
losses. 

Kind of Loss K Value 

Entrance, ti 0.50 en 

Expansion, hexp 0.24 

Contraction, hcQn 0.28 

Bends, hg 0.13 

Purpose of the Experiment 

Understanding these two kinds of losses is of vital 

importance to students, because they occur in all fields of 

hydraulic engineering design, and hydraulic engineers must 

understand them very well to be successful. This experiment 
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is designed to make students appreciate losses in a prac

tical sense through measurement of the different types of 

losses in a pipeline system and locating the hydraulic and 

energy grade lines. 

The Apparatus 

The apparatus for the experiment, Figure 4.1, 

consists of: 

1. A metal water supply pipe of 4-in diameter that 

discharges water from a constant water level tank. 

The pipe is fitted with an orifice plate to measure 

the discharge and two control valves to control the 

discharge. The first valve is an ordinary valve 

to control the discharge through the system. The 

second valve controls the inlet discharge according 

to the water level in the tank. This control valve 

is designed to shut off when the water level in the 

tank reaches a certain level. It is useful to keep 

the water level in the tank constant at any desired 

level using the level adjustment. 

2. A perforated vertical metal sheet or mesh baffle 

which damps out turbulence and eddies. 

3. An open plastic tank with 3' x 3' x 5' dimensions. 

The tank is equipped with a glass tube gauge 

with vertical scale to measure the water level in 



Supply Pipe 

Level Adjustment 

1" D 

7 

1.4" D 1" D 

/ 

Figure 4.1. Apparatus to measure energy loss in smooth pipes. 
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the tank. The lowest point on the scale lies in 

the plane passing through the center line of the 

pipe system. 

4. A plastic pipe system which is connected to the tank 

with an entrance system. The system has three 

pipes, the first pipe of 1-in diameter is 4 ft long; 

the second pipe of 1.4-in diameter is 4 ft long; and 

the third pipe of 1-in diameter is 8 ft long and 

has a 90° bend at the middle. 

5. A series of manometers arranged as in Figure 3.1. 

6. A pitot tube installed in each pipe to measure 

velocity in the pipe. 

7. A graduated tape to measure the water level in the 

manometers. 

According to some investigations, the first mano

meter should be placed at a distance of ten or more times 

the pipe diameter downstream from the entrance because the 

energy loss due to the sudden entrance does not actually 

occur at the entrance itself. In this experiment, however, 

the first manometer is located at 0.3 feet from the tank, 

which is less than the suggested distance, while the second 

manometer is placed 1.0 feet from the tank which is approxi

mately the suggested distance, so that comparison can be 

made between the water levels in the two manometers. 



Procedure 

The procedure for the experiment is as follows: 

1. Opening the valve on the water supply pipe so that 

water flows out through the pipe system and rises 

in the tank since the inflow is greater than outflow. 

2. Using the water level adjustment, the water level can 

be adjusted at any desired height and stay constant 

at that level. 

3. Measuring the height of the water level in the 

manometer and pitot tubes using the graduated 

tape. 

4. Changing the discharge with the level adjustment 

or the control valve, and repeating Step 3. 

Several runs at different velocities can be made 

to show the influence of the Reynolds number. 

Computation 

1. Plot the hydraulic grade line and the total head 

line for each run. 

2. Extend the lines to the changes in pipe section. 

3. From the slopes of the total energy lines, find the 

f values from the Darcy-Weisbach equation. Com

pare the f values to the Darcy and Karman-Prandtl 

values. From the discrete differences in the total 



head lines at section changes, find the form loss 

coefficients using the customary definition of 

velocity for each particular case. Compare the K 

values to tabulated values. 

4. Using the differential water level in the pitot 

tube, which is equal to the velocity head, calcu

late the velocity in each pipe and compare the 

measured discharge with the discharge found by the 

equation 

Q = VA (6) 

where V is the velocity and A is the cross-sectional 

area of the pipe. 

Sample Problem 

To check performance of the apparatus using assumed 

dimensions and head loss values under a range of discharge, 

the work should be conducted in reverse order, assuming 

knowledge of the discharge. By applying the previous equa

tions, the Reynolds number and the f-values in the three 

pipes are computed for different discharges, as shown in 

Table 4.2. The kinematic viscosity (v = 1.20 x 10 ̂  
o 

ft /sec) in the Reynolds number is taken at 60°F, which is 

room temperature. The f-values are based on the Karman 

equation. 
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Table 4.2. f values and Reynolds number for various 
discharges. 

Vl,3 
Qcfs fps 

V2 
fps R1,3 R2 fl. 3 f2 

0. 02 3. 667 1. 8709 25,465 18,189 0. 0244 0. 0272 

0. 025 4. 584 2. 3386 31,831 22,736 0. 0232 0. 0257 

0. 03 5. 500 2. 8063 38,197 27,284 8. 0222 0. 0246 

0. 035 6. 417 3. 274 44,563 31,830 0. 02144 0. 0237 

0. 040 7. 374 3. 7418 50,930 36,378 0. 0208 0. 0229 

0. 045 8. 2506 4. 2095 57,296 40,926 0. 0203 0. 0222 

0. 05 9. 1673 4. 6772 63,662 45,473 0. 0198 0. 0213 

Friction losses and the minor losses can be calculated for 

various discharges. Table 4.3 shows the various pipe losses 

for different discharges. 

A graph depicting the hydraulic grade line and the 

energy grade line for Q = 0.045 cfs is shown in Figure 4.2. 

Limitation 

For the purpose for which the experiment is designed, 

the design is free from any obvious limitations. In fact, 

it should give excellent results without any restrictions 

or assumptions. In addition, this apparatus can be used for 

other purposes, such as demonstration of the Bernoulli 



Table 4.3. Pipe losses for various discharges. 

o V, 0 V0 h h.c, h h£0 h Q 1,3 2 en fl exp f2 con f3 *. 
cfs fps fps ft ft ft ft ft ft B T 

0. 02 3. 667 1. 8709 0. 1044 0. 2445 0. 0501 0. 0507 0. 0585 0. 489 0. 0564 1. 0536 

0. 025 4. 584 2. 3386 0. 1631 0. 3634 0. 0781 0. 0748 0. i 913 0. 7268 0. 0881 1. 5323 

0. 030 5. 5 2. 8063 0. 2349 0. 5005 0. 1157 0. 1031 0. 1315 1. 0010 0. 1268 2. 2105 

0. 035 6. 417 3. 274 0. 3197 0. 6581 0. 1535 0. 1353 0. 179 1. 3162 0. 1726 2. 9344 

0. 04 7. 334 3. 7418 0. 4176 0. 8339 0. 2004 0. 1707 0. 2338 1. 6678 0. 2255 3. 7497 

0. 045 8. 251 4. 2095 0. 5285 1. 030 0. 2537 0. 2094 0. 2960 2. 060 0. 2854 4. 633 
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Figure 4.2. Energy and hydraulic grade lines. 
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equation. However, some problems may not appear until the 

design is put to use. 

Experiment 4.2. 
Orifice Plate Coefficients 

and Flow Visualization 

Introduction 

The orifice plate consists of a plate diaphragm or 

plate, with circular aperture, fitted between two pipe 

flanges. Since its geometry is simple, it is low in cost 

and easy to install or replace. However, it has limited 

capacity and high lead loss. The ideal flow rate using 

the orifice plate can be related to the pressure drop by 

applying the continuity and Bernoulli equations. Then, 

empirical correction factor may be applied to obtain the 

actual flow rate. 

A Newtonian fluid flows through conduits with 

either laminar or turbulent motion. In laminar motion, 

the fluid particles move in a linear path parallel to the 

walls of the conduit. Laminar motion is unstable when the 

critical Reynolds number is exceeded, and flow becomes 

turbulent when a sufficiently large disturbance is present 

in the flow. In steady turbulent motion the fluid particles 

move in an irregular path although statistically the temp

oral mean velocity remains constant at a point. 
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Z 

(P + |)6A6S 

Figure 4.3. Derivation of Bernoulli equation. 



74 

Bernoulli Equation 

The Bernoulli equation is the basis for solution 

of a wide range of hydraulic problems. The equation states 

that the summation of the potential energy, pressure energy, 

and the kinetic energy is constant at all points in a flow 

section. Consider the cylindrical element of the stream 

tube shown in Figure 4.3. The length, the cross-sectional 

area, and the unit weight are 6S, 6A and y, respectively. 

The weight of the element = y6A6S. The pressure force 

acting on the rear face isP 6A and on the front face is 

(P+ (^)6S ) 6A. The normal forces acting on the side 

faces are in equilibrium. As the fluid is assumed to be 

nonviscous, there is no shear stress. Considering the 

longitudinal balance of forces , an expression for the 

accelerative force, which is caused by the variation of 

velocity along the stream line, may be obtained. 

-y6A6Scos0 + P6A - (P + ̂ 6S)6A = ^6S6A ~ (1) 

simplifying 

_YCOS0 _ = I dV 
YCOse ds g dt 

dz From Figure 3.3, cos0 = , and assuming the flow is a 

steady flow therefore 
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Then Equation (2) can be written as: 

dz , 1 d: 
3F y Hi II (3) 

or 

£ (z + E + | dV) - 0 (4) 

Integrating Equation (4) along the stream line, 

constant (5) 

Equation (5) is based on uniform velocity distribution; an 

energy coefficient may be used to correct for the overall 

effect of nonuniform velocity distribution. Therefore, all 

expression for the energy at any point in foot-pounds per 

pound is: 

where a is the energy coefficient. 

Equation (6) is called the Bernoulli equation or 

Bernoulli constant. Equation(6) gives the energy at any 

point in a flowing liquid. The law of conservation of 

energy is expressed by the Bernoulli equation as follows 

where Zh^ is the sum of the energy losses. This equation 

states that energy at an upstream point (point 1) in the 

( 6 )  

(7) 
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fluid is equal to the energy at any downstream location 

(point 2) plus intervening losses, Eh^. 

As mentioned before, the energy equation has numer

ous applications in hydraulics. Many devices for flow 

measurements are based on the energy equation, including 

siphons, Venturi meters, orifice plate meters, and weirs. 

Some devices for measuring velocity, such as the Pitot 

tube, are also based on the energy equation, and it is used 

for studies of cavitation. 

Purpose of the Experiment 

This experiment is designed to determine the dis

charge, velocity, and contraction coefficients of the ori

fice plate, and their variations with the Reynolds number 

based on the energy equation. In addition, the experiment 

can be used to illustrate the piezometric pressure distri

bution upstream and downstream of the orifice plate. The 

experiment is also designed to clarify laminar and turbu

lent flow and to show stream lines in pipes by using food 

coloring dye. 

Apparatus 

The apparatus, Figure 4.4, consists of: 

1. A steel inlet pipe of 4-in diameter. The pipe is 

supplied from a constant-water-level tank through 

an orifice plate flow meter and a control valve to 
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measure and control discharge through the system. 

2. Two plastic tanks with 2 ft x 2 ft x 4.5 ft dimen

sions. The inlet tank is equipped with a horizontal 

mesh baffle to damp out turbulence and eddies and 

a glass tube gauge with a vertical scale. The 

lowest point on the scale is in the plane passing 

through the center line of the orifice plate. A 

dye container is connected with the tank by two 

filament tubes, as shown in Figure 4.4. The outlet 

tank has an outlet at 0.8 ft from the bottom so 

that the pipe outlet is submerged and can run full 

at all discharges. 

3. A 2-in-diameter plastic pipe, 12 ft long. A 1.2-in 

orifice plate is inserted in the pipe at a distance 

of 5 ft from the inlet tank. A seris of mano

meters is installed in the pipe upstream and down

stream from the orifice plate to measure the piezo-

metric pressure distribution in the pipe around the 

orifice plate. The manometers closest to the 

orifice plate are 1.8 inch and 0.90 inch upstream 

and downstream, respectively. These dimensions 

were selected according to Troskolanski (1960), 

who suggested the distance from the orifice plate 

to the upstream manometer as D + ̂  and to the 
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Figure 4.4. Apparatus to measure coefficients of orifice plate 
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downstream manometer as D + ̂j, where D is the 

diameter of the pipe. The other manometers are 

located at 1-ft intervals. A Pitot tube is con

nected to the pipe to measure the actual velocity 

at the vena contracta at the orifice plate. In 

addition to the apparatus, a graduated vessel to 

measure the volume of water, a stop watch, and 

thermometer are required. 

Procedure 

The procedure to determine loss coefficients can be 

carried out as follows: 

1. Opening the inlet valve to pass a certain discharge, 

and waiting until the water surface in the tank 

stays at a constant level (steady state conditions). 

2. Using the water level gauge and vertical scale to measure 

the head from the pipe center line. 

3. Using the graduated vessel and stop watch to 

measure the actual discharge, or capturing and 

weighing the outflow to find the discharge. It can 

also be measured using the orifice plate in the 

inlet pipe. 

4. Using the Pitot tube, the actual velocity at the vena 

contracta can be determined. 

5. Using the manometers to determine peizometric 



pressure upstream and downstream of the orifice 

plate. 

6. Using the thermometer to measure the water tempera 

ture to find the kinematic viscosity of the water. 

7. Changing the inlet discharge and repeating steps 

1 through 5. 

Computation 

1. The actual discharge through the system can be 

found by dividing the measured volume by the meas

ured time, or by dividing the weight of the cap

tured outflow by the unit weight and the measured 

time. Also, it can be computed from the orifice 

plate in the inlet pipe. 

2. The actual velocity at the vena contracta can be 

calculated from Pitot tube measurements. The 

differential head of water in the pitot tube is 

equal to from which the velocity can be deter-
« 

mined. 

3. Knowing the actual velocity and the viscosity of 

the water, Reynolds number can be calculated using 

the equation: 

m = M (8) 

4. The discharge coefficient of the orifice plate can 

be derived by applying the energy equation and the 
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continuity equation just upstream and downstream 

from the orifice plate. 

Pl V2 P vf 
z l + 7 + 2 g " z 2 + Y + Z §  +  h L  < 9 >  

/ P 1 - P 2  
Since zx = z2 V2 - Cv J 26(-L-Z + jl) 

where Cv is the discharge coefficient which repre

sents the energy losses hL> using the continuity 

equation: 

Q = A1V1 = CcaV2 (11) 

From Equations (10) and (11) the actual discharge 

can be written as: 

Q = C C a 2gAh 

c V \/l-C 2C 2(f)2 v c v VA' 

or 

Q = Cda /2gAE (12) 

where is the discharge coefficient, a is the area 

of the orifice, and Ah is the difference in the 

manometer readings immediately upstream and down

stream of the orifice plate. 

From Equation (12) the discharge coefficient 

can be calculated since all the other quantities 



are known. The variation of for different 

discharges can be shown as a function of Reynolds 

number on log-log paper, and the results can be 

compared with published data. 

From Equation (10) the actual velocity at the vena 

contracta can be written as 

V2 = Cv/2gAh + Q/A (13) 

From this equation the velocity coefficient can be 

computed since all other values are known. 
» 

From the definition of discharge coefficient 

C C 
C, = c v 

d 2 2 a 2 
(l-crcr (f) z)  v c v^A' ' 

the contraction coefficient can be determined for 

each discharge, knowing all the other quantities 

Discussion 

The coefficient of discharge depends on the boundary 

geometry, as well as the Reynolds number. It also depends 

on which points Ah is measured between; in other words, how 

far the closest upstream and downstream manometers are located. 

Flow Visualization 

Flow visualization is one of many available tools 

in experimental fluid mechanics. In renders certain 



properties of a flow field directly accessible to visual 

perception. Insight into a physical process is always 

improved if a pattern produced by or related to this pro

cess can be observed by visual inspection. However, most 

fluids—gaseous or liquids — are transparant media; and their 

motion remains invisible to the human eye during direct 

observation. In order to be able to recognize the motion 

of the fluid, one must, therefore, use a technique by which 

the flow is made visible. Such methods are called flow 

visualization techniques, and they have always played an 

important role in understanding fluid mechanics problems. 

The methods of flow visualization can be classified 

into three groups: first, adding foreign material to the 

flow; second, using optical methods; and third, energy 

addition which is a combination of the two principles. 

Here a food coloring dye is used,which is from the first 

principle. The use of dye is a popular method for visualiz

ing filament lines and streamlines. 

As mentioned before, in laminar flow fluid particles 

are moving in linear paths, while in turbulent flow the 

fluid particles are moving in irregular paths. Therefore, 

dye is used to indicate laminar flow and the transition 

from laminar to turbulent flow. 

Turbulent and the laminar flow in pipes is a func

tion in the Reynolds number: 



For laminar flow 1R = — < 2000 (14) 
v 

For turbulent flow IR = — > 4000 (15) 
v v ' 

The apparatus can be used for flow visualization to illus

trate laminar and turbulent flow by: 

1. Opening the valve to pass a certain discharge, then 

opening the filament tubes to inject the dye in the 

tank. 

2. Increasing discharge gradually and watching the 

paths of dye particles in the pipe. 

3. Using the Pitot tube to measure the velocity when 

the paths start to deviate from straight paths. 

4. Knowing the kinematic viscosity of the water and 

the orifice diameter, the Reynolds number can be 

calculated and compared with the value given in 

Equation (14). For laminar flow, the paths of dye 

particles will be linear and parallel to the walls 

of the pipe at all discharges smaller than the above 

discharge, and they will be irregular for all dis

charges larger than that discharge. 

Limitations 

For the purpose for which the experiment is de

signed, the experiment will perform without limitations in 

determining the discharge, velocity, and contraction 



coefficients. In the case of flow visualization, the re

sults may not be very accurate because of the orifice plate 

and the mixing action of dye in the tank. However, it is 

not possible to predict shortcomings until the apparatus 

is put into use. More detailed studies may indicate 

modifications are needed. 



CHAPTER 5 

FLOW THROUGH HYDRAULIC STRUCTURES 

This chapter includes five epxeriments which deal 

with flow in open channels and through hydraulic structures. 

Theoretical concepts on which the apparatus is designed, 

purpose of the experiment, the apparatus, experimental 

procedure, and computation are discussed. 

Experiment 5.1 demonstrates routing techniques based 

on the hydrologic method of routing. Experiment 5.2 ex

plains the drag force on immersed or floating bodies in 

open channel flow. Experiment 5.3 demonstrates flow through 

culverts. Experiment 5.4 explains subcritical flow through 

various kinds of channel transitions. Experiment 5.5 illus

trates flow in sand bed channels, showing the critical 

tractive force, the bed configuration, and scour at bridge 

piers and abutments and in a long contraction. 

Experiment 5.1. 
Routing 

Introduction 

Routing is the technique used to compute the effect 

of channel or reservoir storage on the shape and movement 

of a flood wave. Various forms of routing technique are 

8 6  
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used in flood forecasting, reservoir design, watershed 

simulation, and formulation of comprehensive water resources 

projects. Routing can be used to predict the outflow hydro-

graph from a known amount of precipitation on a watershed, 

and it can be used to predict the temporal and spatial 

variation of a flood wave as it traverses a river reach 

or reservoir. 

Routing methods can be classified as either hydrau

lic or hydrologic. Hydraulic routing employs the equation 

of continuity and the equation of motion, generally the 

momentum equation, which utilizes differential equations for 

unsteady flow in open channels. Hydrologic routing, on the 

other hand, uses an analytic, or assumed relationship 

between discharge and storage within the system, in addition 

to the continuity equation. The hydrologic method, in 

general, is simpler but fails to give entirely satisfactory 

results for real problems other than determining the pro

gress of a flood. Applications of hydrologic routing 

techniques are numerous. Some form of this technique is 

used to predict flood stages for a major storm, and it is 

the method used to size spillways for dams. Additionally, 

it can be used to predict the synthetic runoff hydrograph 

from gauged and ungauged watersheds. 

Hydraulic routing techniques are used in solving 

river routing problems, overland flow or sheetflow problems, 
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and in systems simulation of a composite watershed. The 

disadvantage of hydraulic routing is that it is extremely 

complex and difficult; furthermore, it requires use of a 

high-speed digital computer. 

Theory of the Experiment 

Design of the experiment is based on the principle 

of the hydrologic method, because it is simple and is the 

method most used in practice. The experiment explains 

routing techniques for three different levels of flow com

plexity and two different levels of storage complexity, 

utilizing the continuity equation and a relationship between 

the discharge and head (or storage) of the system. The 

three different levels of flow complexity can be classified 

as: 

I. Constant inflow, constant outflow. 

II. Constant inflow, variable outflow. 

III. Variable inflow, variable outflow. 

The two different levels of storage complexity can be 

classified as: 

A. Constant area. 

B. Variable area. 

Applying the continuity equation, which states that 

the inflow minus the outflow is equal to the change in 

storage with respect to change in time: 
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(1) 

where I is the inflow, 0 is the outflow, As is change in 

storage, and At is change in time. Since the storage or 

volume is dependent on the geometry of the tank, the tank 

is designed to have two different geometries. First, the 

tank is designed as a cylindrical tank with a constant 

cross-sectional area. The change in volume or storage for 

this tank is a linear function of head only since the area 

is constant at every section, and Equation (1) can be writ

ten as: 

where A is the cross-sectional area. Figure 5.3 shows the 

relationship between storage and head in this case. 

in the cylindrical tank to give the geometry of a circular 

cone (Figure 5.2) for which both area and volume are 

functions of head. In this experiment, based on dimensions 

of the cone, the volume V can be written as a function of 

head, as follows: 

where a is the semi angle of the cone and h is the water 

level in the tank above the base. The graph of this equa

tion is shown in Figure 5.4. 

( 2 )  

Second, a truncated circular cone can be inserted 

V = 1/3 irtan2a(h3 + 7.5h2 + 17.85h) (3) 



In the first level of flow complexity, where the 

inflow and the outflow are kept constant, only the continu

ity equation is needed to calculate the change in storage 

which is a function of head with respect to time. The out

let discharge is kept constant by using a siphon pipe, as 

shown in Figure 5.1. The inlet of this pipe is attached to 

a piece of wood which floats on the water surface. The 

whole siphon rises and falls with the change in water sur

face elevation; therefore, the head between the water 

surface and the outlet is kept constant in spite of the 

change of the water surface. 

The outlet discharge can be computed by applying 

the Bernoulli equation between the water surface in the 

tank and the outlet of the pipe, as follows: 

Pl V* p2 vl 
Z1 + Y + 2g z2 + Y 

+ 2g + EhL 

where and z2 are the height of the water surface and 

the outlet above a fixed datum, respectively; p^ and p2 are 

atmospheric pressure at the water surface and the outlet; 

is the velocity of water in the tank (which can be neg

lected) ; V2 is the velocity of water at the outlet, and Eh^ 

is the summation of energy loss due to the entrance, bends, 

and friction. Equation (4) can be rewritten as: 

- V2 
h 2g + ZhL 
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where h = ~ Z2• Since all energy losses can be expressed 

in terms of the velocity by using the equation: 

hL - K|| (6) 

where the coefficient K depends on the kinds of losses. 

According to King (1963), the coefficient of en

trance loss for this case is K = 0.85 and the coefficient e 

for bend loss is = 0.13 for smooth pipe with R/d = 2 

where R = radius of the bend and D = diameter of the pipe. 

The friction loss can be determined by using the Darcy-

Weisbach formula 

hL - f 5 21 C> 

where the coefficient f depends on the Reynolds number for 

smooth pipes, L is the length of the pipe, and D is the 

diameter of the pipe. 

Equation (5) can be written as: 

fL 
h = ~ (2.11 + (8) 

which will be used to find the outlet discharge for the 

first level of flow complexity. 

At the second level of flow, complexity, the inflow 

is kept constant while the outflow is dependent on the head. 

A relationship between outflow and water level in the tank 



is used in addition to the continuity equation. This rela

tionship can be derived by applying the energy equation 

between the water surface in the tank and the outlet of the 

orifice at the bottom of the tank as follows: 

V,2 p, V 2 p2 
+ T ~ ~2fT + T + hL (9) 

where is the velocity of water in the tank which can be 

neglected, p^ is the water pressure in the tank and can be 

replaced by the height of water in the tank h, V2 is the 

velocity of the water at the vena contracta, P2 is atmos

pheric pressure, and h^ is the energy loss. Equation (9) 

can be rewritten as: 

V22 
h " ~T% + hL 

or 

V2 = Cv /ZgH (10) 

where C is the velocity coefficient which takes care of 

the energy losses. Discharge is the product of velocity 

and area at the vena contracta, as follows: 

Q = acV2 (11) 

The area of vena contracta can be related to the area of 

the orifice by the following equation: 
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where Cc is the contraction coefficient. Equation (11) 

can be written as: 

Q = CcCva /ZgK 

or 

Q = Cda /ZgK (12) 

where = Cc x Cv and is called the discharge coefficient. 

According to King (1963), the discharge coefficient 

is dependent on head. However, in this apparatus a value 

of = 0.606 can be used at all heads. The graph of Equa

tion (12) is shown in Figures 5.3 in case A and 5.4 in 

case B. 

The third level of flow complexity is different from 

the second level in that the inflow is unsteady; that is, 

inflow is variable with time. The same equations used in 

the second level can be used in this level of flow complex

ity to determine the change in storage and the outflow. 

The inflow and the outflow for this level, as well as the 

outflow in the second level, should be illustrated graphi

cally as a function in time. The difference between the 

ordinate of the inflow curve and the outflow curve gives the 

change in storage per unit time. In general, the area 

between the inflow curve and the outflow curve for a cer

tain times gives the change in storage during that time. 



Purpose of the Experiment 

Due to a wide range of application of routing tech

niques in practice, it is very important to include an 

experiment to explain these techniques in the hydraulic 

laboratory. This experiment gives the students a good 

knowledge of the concept. In addition, the experiment 

simplifies the subject for students and gives them better 

understanding of it, especially of the relationship between 

the head and the storage or discharge. 

Apparatus 

The apparatus used in the experiment, Figures 5.1 

and 5.2, consists of the following: 

1. A steel inlet pipe of 3-in diameter. The pipe is 

supplied with an orifice plate flow meter to measure 

the inlet discharge and a control valve to control 

discharge through the system. The control valve 

should be of special design, as explained later. 

2. A plastic cylindrical tank 5 ft high and 3 ft in 

diameter, covered by a horizontal mesh sheet baffle 

to damp out turbulence and dissipate energy. It 

has an outlet opening of 1-in diameter in the 

center of the bottom. A glass tube level gauge 

with a vertical scale is connected to the tank. 

The lowest point on the scale should be in the 
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Inlet 
Pipe 

Case IA. IB 

Outlet Channel 

Outlet for 
Other Cases 

Figure 5.1. Cylindrical tank to explain routing 
techniques. 

Figure 5.2, Trvincated circular cone tank. 
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plane passing through the outlet cross-section of 

the discharge constriction. 

3. A truncated circular cone 5 ft high with top and 

bottom ends 3 ft and 1 ft in diameter. The circu

lar cone is inserted in the cylindrical tank as 

shown in Figure 5.2. It has the same outlet dia

meter in the middle of its smaller base which is 

the bottom. Also, it has an opening which coincides 

with the opening for the glass tube in the cylin

drical tank to read the water level. 

4. A rigid plastic tube of 1-in diameter used as an 

outlet in cases la and lb. The tube is held in the 

correct position by a wooden carrier with holes for 

the tube and allowing vertical movement only. The 

inlet of the tube is attached to a piece of wood 

which floats on the water surface. With this 

arrangement, the head between the outlet of the 

tube and the water surface in the tank is always 

constant, giving a constant outflow. 

Procedure 

These paragraphs explain the procedure and the 

results of computations for all cases, starting with the 

simple one in which everything is constant except time and 

water level in the tank. The procedure can be carried out 
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almost as easily in all cases since the apparatus is de

signed to be simple and easy to use. In addition, measure

ments needed are limited to the inlet discharge, water 

level, and time. 

In case IA, the tank should have water to a certain 

level before starting the procedure. This water is used 

to float the inlet of the outlet tube and to start the 

discharge. The water level can be read using the gauge 

level and the scale, and the volume can be calculated. The 

procedure can be conducted easily by following these steps: 

1. Inserting the outlet tube into the tank, which 

already has water to a certain level, and drawing 

water into the tube by a vacuum pump to start the 

discharge. 

2. Immediately opening the control valve to pass a 

certain discharge into the tank. This discharge 

can be determined from the orifice flow meter. 

3. Using the level gauge and the stopwatch, the time 

required for the water surface to change from one 

level to another, either increasing or decreasing, 

can be computed. The outflow can be determined by 

measuring the volume of water for a certain time: 

the outflow is equal to volume of water divided by 

time; or if the length of the outlet pipe is known, 
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then Equation (8) can be applied to find the outlet 

discharge, or the outflow can be captured and 

weighed to find the outflow discharge. From Step 

3 above,the change in volume can be compared with 

the volume determined by substituting in Equation (1) . 

These measurements and computations can be carried 

out for case IB as well as for case IA. 

The procedure for case IIA and IIB can be carried 

out easily because only two measurements are required. The 

two measurements are time and head. In these cases, the 

orifice pipe at the bottom of the tank is used instead of 

the outlet tube used in the first level. The procedure can 

be conducted by: 

1. Passing a certain discharge into the tank from the 

inlet pipe. 

2. Taking the head measurements at certain time inter

vals using the stopwatch and the level gauge until 

the head reaches a certain level. 

3. Stopping the inlet discharge and measuring the 

decreasing head at the same time intervals. 

These procedures can be used for both cases. 

From the above measurements, inflow can be computed 

using the orifice flowmeter in the inlet pipe. The outflow 

can be calculated at each time interval using Equation (12) 



or Figures 5.3 or 5.4, or it can be calculated by adjusting 

the inflow so that the head in the tank is constant, then 

capturing and weighing the outflow. For this level of flow 

complexity, the height increases until it reaches steady 

state conditions (inflow equals outflow and the height 

stays constant). When it gets to this condition, the area 

between the inflow curve and the outflow curve is equal to 

the volume of water in the tank. Since the inflow is known 

and the outflow is known at each time interval, the change 

in storage can be calculated using the continuity equation. 

The computed value can be compared with the change in 

storage determined from the change in head. To prevent the 

tank from overfilling, the maximum inflow which can be used 

is: 

A = C^a/2gh = 0.606 x tt/4 (1/12)^/2 x 32.2 x 4.8 = 

0.074 ft2/sec 

The procedure in cases IIIA and IIIB is similar to 

the procedure in cases IIA and IIB except that the inflow 

discharge is variable with time instead of constant. The 

inflow should be increased at certain time intervals until 

it reaches a certain value, then decreased at the same rate, 

In these cases the inflow and the outflow are functions in 

time. The inflow hydrograph and the outflow hydrograph can 
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Figure 5.3. Head, outflow, and storage relationship for 
cylindrical tank. 
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Figure 5.4. Head, outflow, and storage relationship for 
circular cone. 
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be shown on graph paper. The net area between the 

hydrographs is equal to the volume of water in the tank. 

The change in volume, using the continuity equation, can be 

computed for each time interval and added algebraically to 

the initial storage to obtain the final storage. This 

computation should be done for all time intervals in a 

tabular form, and the final storage should be compared to 

the volume of water remaining in the tank. 

Design of the Inlet Valve 

To get a constant inlet discharge into the system, 

it is assumed that the inlet pipe discharges water from a 

constant water level tank. If this head is known, the con

trol valve can be designed to work as both a control valve 

and a flowmeter. Applying the energy equation between the 

valve and the water surface in the tank, discharge through 

the valve can be written as: 

Sin " Cd<13> 

where is the discharge coefficient, Av is the area of 

the valve, and h is the water head usptream from the valve. 

Knowing the head h and the width of the valve gate b, 

Equation (13) can be written as: 

Q = x b x a/2gh 

or 
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Q = Ca (14) 

where a is the valve opening. 

From Equation (14) the discharge can be found for 

any value of Z. For this apparatus and using Equation (14), 

valve openings can be calculated for selected inflow dis

charges to give a good bellmouth-shaped inflow hydrograph 

for a suitable time period. These discharges can be marked 

on the cam of the valve. For instance, when the position 

of the cam is turned to the 0.05 cfs mark, the valve 

has an opening which gives 0.05 cfs inlet discharge. 

When the control valve is designed in this way, it can func

tion as a flow meter. This valve can be used for study of 

all three levels of routing complexity. In the first and 

second levels, the valve can be adjusted to any desired 

discharge from the range of selected discharges. In the 

third level, the valve should gradually be changed from one 

discharge to the next after suitable time intervals until 

it reaches the maximum discharge marked on the cam; then 

it should be decreased in a similar manner. 

Limitations 

For the essential purpose for which the experiment 

is designed, the design does not have any limitations. 

However, some problems may not appear until the design is 

in operation. In addition, this is a preliminary study, and 
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a more detailed study might indicate if any modifications 

are needed before the apparatus is constructed. 

Experiment 5.2. 
Drag Force Measurement 

Introduction 

Drag is defined as the force component exerted by 

a moving fluid on an immersed body parallel to the direction 

of motion. The total drag can be divided into two parts: 

friction drag, which is related entirely to boundary layer 

shear, and pressure drag, which is related to the unbalanced 

normal pressure forces on the front and rear sides of the 

body. In general, knowledge of total drag, rather than its 

components, is required for design purposes. 

Factors Affecting Drag Force 

The usual mathematical expression for drag is 

written as: 

FD = CD A p T" ^ 

where F^ is the drag force, is the drag coefficient, A 

is the projected area of the immersed body, p is the fluid 

density, and V is the flow velocity. 

From the above equation fluid resistance on completely 

immersed objects depends on: 

1. The geometrical configuration of the body. 



2. Fluid density. 

3. Viscosity of the flow. 

4. Velocity of the fluid. 

5. At very high velocities, the elasticity of the 

fluid. 

Dimensional analysis indicates that the drag coeffi

cient is a function of the geometric configuration, the 

Reynolds number (H = —) , and the Mach number (M = —-—) 
v ^E/p 

where E is the bulk modulus of the fluid. The effect of 

the Mach number becomes important only when the velocity of 

flow approaches or exceeds sonic velocity, and the compres

sibility effects on the flow pattern changes the shear and 

pressure distribution. For incompressible flow, only the 

Reynolds number needs to be considered. Viscosity effects 

on the flow pattern are especially important at low veloci

ties, but can also be significant for non-bluff bodies in 

boundary layer development. 

Purpose of the Experiment 

The purpose of the experiment is to show students 

the drag phenomenon in practical situations. The drag 

coefficient for classic immersed bodies can be determined 

and compared to published results, and coefficients for odd, 

strange shapes can be determined. The experiment gives 
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students experience which can help them in the future to 

determine the drag coefficient for specially shaped bodies 

since drag coefficients are always determined experimentally 

in practice. Finally, by seeing the changes in drag force 

with changes in geometry and Reynolds number, students 

should feel more confident in using drag coefficients, in 

estimating drag coefficients, and in questioning how drag 

coefficients were determined. 

The Apparatus 

The apparatus, Figure 5.5, consists of: 

1. A metal inlet pipe of 4-in diameter. The pipe is 

fitted with an orifice plate flow meter and a 

control valve to measure and control discharge 

through the system. The pipe supplies water from 

a constant-level water tank into a flume. 

2. An inlet chamber with 3' x 3' x 1' dimensions. The 

bed level of the inlet chamber is lower than the 

channel bed by 0.5 ft to avoid splashing and the 

formation of bubbles. 

3. A series of perforated vertical sheet metal baffles 

with 1/4-in-diameter holes covering 50 percent of 

the surface area fitted into slots in the wall of 

the channel. These baffles are used to damp out 

turbulence and eddies. 
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Figure 5.5. An apparatus to measure drag force. 
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4. A rectangular horizontal channel with 6 ft x 2 ft x 

2 ft dimensions. To get a uniform outlet discharge 

with only a small length of channel affected by the 

exit, the outlet wall is specially designed, as 

discussed below. 

5. Immersed bodies of different shapes, such as spher

ical, streamlined, and rectangular, sharp-edged, 

plain, and round-edged disks, and other shapes. In 

addition, the surface of several bodies can be 

roughened to different degrees to show when shear 

is important and when it is not important. The 

bodies are connected to a scale to measure force 

with a rod enclosed in a cylinder to minimize its 

effect on the drag measurement. 

6. A scale to measure drag force on the immersed bodies. 

2 The bodies would have a projected area of 0.0314 ft 

which is small enough to not constrict the flow too 

much. The velocity would range from 2.4 ft/sec to 

24 ft/sec to measure the drag force at a wide range 

of Reynolds numbers. 

7. A point gauge to measure flow depth in the channel. 

The gauge slides on rails on the top of the channel 

and is designed to move in the lateral and longitu

dinal directions so that it can measure the depth 

at any desired point. 
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The outlet wall consists of two parts: a fixed wall 

and a slide wall. The fixed wall has five 2-in-diameter 

outlet holes at three levels located at 0.5 ft, 1.0 ft, and 

1.6 ft above the bottom. The slide wall is designed to 

have a different number of 2-in holes at the same three 

levels so that outflow at all three levels is equal. To 

determine the appropriateness of holes at each level, the 

apparatus is assumed to be operated at two specific depths 

of water: 1.90 ft and 1.4 ft. The outlet discharge from 

each level can be calculated using the equation: 

Q = nC^a/2gh (2) 

where n is the number of holes in the level. 

Therefore, to get uniform discharge, discharge from 

the three levels should be equal, or 

nlCda/2ghi = ̂ 0^/2 gt^ = n^C^at/^ghg (3) 

or 

n^/K^ = = n^/ET^ (4) 

n^/1.4 = ̂ /0.9 = n^/0. 3 (5) 

Assume there are 2 holes in the first level: n^ = 2. Then, 

using Equation (5) there are 3 holes in the second level and 

5 holes in the third level in the slide wall. These holes 

match the holes in the fixed wall. The slide wall is used 



to adjust the area of the holes to keep the head constant 

when the discharge is changed. 

To determine the required range of the scale for 

measuring drag forces, drag forces for various shapes can 

be calculated using Equation (1) and published values of 

drag coefficients as follows: 

For disk,FD = 0.1825 lb to 18.25 lb 

For sphere, F^ = 0.088 lb to 8.75 lb 

For streamlined foil, F^ = 0.0123 lb to 1.228 lb 

Therefore, the scale should measure from 0.01 lb to 20 lb 

with precision of 0.001 lb. 

Procedure 

The procedure for making a drag measurement is 

simple and can be carried out in the following steps: 

1. Connecting the body for which the drag coefficient 

is required to the scale. 

2. Opening the control valve to pass a certain dis

charge through the flume and reading the differen

tial head Ah of the orifice plate manometer. 

3. Using the point gauge to measure the flow depth in 

the channel, and adjusting the size to the exit 

holes to obtain the desired depth of water. 

4. Adjusting the scale to measure the drag force. 
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Steps 2 through* 4 can be repeated for different velocities 

and Steps 1 through 4 for different bodies. 

Computation 

After getting these measurements, the following 

calculation should be made and arranged in tabular form. 

Calculation of discharge is accomplished by using the mea

sured Ah and knowing the calibration curve of the orifice 

plate. Using the measured depth of water, the velocity of 

water in the channel can be computed by the equation 

Q = VA (6) 

Using the measured force and substituting in Equation (1), 

the drag coefficient can be calculated. 

The diameter or width (or other normal dimension) 

of the body and the kinematic viscosity of the water at the 

measured temperature being known, the Reynolds number can 

be calculated by using the equation 

* - v <7) 

The tests and calculations should be repeated for 

different discharges and different immersed bodies. The 

value of Reynolds number and the drag coefficient should be 

plotted on logarithmic paper to compare the difference in 

drag for the different shapes. 
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Discussion 

The drag coefficient can be determined for either 

air flow or water flow, and it can be determined in various 

ways such as by measuring the pressure and shear distribu

tion or measuring the force. However, measuring force to 

determine drag is easier than measuring the pressure and 

shear distribution, and it is a direct method that is more 

convincing. The reason for choosing water flow in design 

of the experiment is that it is easy to operate and has a 

much higher density than air, and therefore gives larger 

drag force. Because comparative rather than absolute 

values are sufficient to demonstrate principles, and because 

large rather than small effects are to be demonstrated, no 

limitations of achievement are expected; however, the 

dimensions of the bodies should be 0.1 times that of the 

channel, and the velocity range should result in linear 

laminar (Stoke's) flow at low velocity and should exceed 

the laminar boundary layer at high velocity. 

Depending on the number of geometries tested, this 

piece of apparatus can be used for more than one experiment. 

With slight adaptation the apparatus could also be used for 

testing ship and barge shapes with a free surface, even to 

show the effect of the relative size of channel and barge. 
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E xperimen t 5.3. 
Flow Through Culverts 

Introduction 

The term culvert is generally applied to any short 

conduit. Culverts meeting this definition are used for 

various purposes, such as filling and emptying conduits for 

lock chambers, outlet conduits for dams and tanks, drainage 

openings through highway and railway embankments, and in 

numerous other situations. 

Types of Flow Through 
the Culverts 

There are many factors which affect flow through 

culverts, including: 

1. The slope and the size of the culvert. 

2. Inlet and outlet geometry. 

3. Slope of the culvert. 

4. Capacity of the upstream and downstream channels. 

5. Smoothness of the culvert walls. 

Since flow through the culvert is controlled by 

such variables, the flow characteristics are very compli

cated. According to laboratory investigation, many kinds 

of flow phenomena can occur in a culvert, depending on the 

variables. A culvert may flow full whether or not the 

outlet is submerged on either mild or steep slopes. 
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If the slope and discharge are relatively small, 

flow may be entirely open channel flow through a constric

tion, with the control being the normal depth in the down

stream channel and the crown of the culvert not touched by 

the water surface. 

At higher discharge, critical depth may occur at 

either the exit of the culvert or at the vena contracta near 

the entrance to the culvert, or at both location. Whichever 

exists, or the vena contracta critical depth, if both exist, 

will then be the control. The exit critical depth may be 

the overall depth, which is less than the conventional, 

nominal critical depth if the tailwater in the downstream 

channel is low. In either case, the flow should go 

through critical to supercritical flow. If the culvert 

slope is steep, flow will continue through the culvert as 

supercritical and if the exit channel is steep will con

tinue on as supercritical. However, if the slope of the 

culvert and the exit channel is not steep, a hydraulic jump 

should occur. Because the Froude number becomes only a 

little greater than unity, the jump may not be well formed, 

and is then usually referred to as an undular jump. With 

low tailwater and an exit critical depth, the "supercritical 

flow" can be a jet plunging into the tailwater. 

If the water surface at the entrance becomes so 

high as to touch the crown of the culvert, the flow assumes 
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the pattern of flow under a sluice gate, contracting at the 

top and sides, but not at the bottom, and with approximately 

a hydrostatic pressure distribution at the vena contracta. 

Flow here will be supercritical, and if the water surface 

as it goes through the culvert does not rise to the crown, 

this pattern of flow will be maintained. A hydraulic jump 

in the culvert which does not rise to the crown, or in the 

exit channel, is possible. It is even to be expected if 

either slope is mild, and occurs in the culvert if the 

culvert is long. 

At high discharge, or a high tailwater in the exit 

channel, the water surface for one reason or another will 

rise to the crown of the culvert, and the flow regime will 

be full-pipe flow. In this event the control will be the 

normal depth of flow in the exit channel downstream or the 

exit section of the culvert. 

Purpose of the Experiment 

Showing the students flow regimes through culverts 

in the laboratory will let them actually observe the dif

ferent flow phenomena and understand them better. In addi

tion, using an experiment to explain flow characteristics 

will help the students to select the right solution of the 

culvert problems. Finally, the experiment is to help 

future engineers to choose the most economical solution for 

design flow in a culvert. 
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Apparatus 

The apparatus, Figure 5.6, consists of the 

following: 

1. A 4-in-diameter steel inlet pipe fitted with an 

orifice plate to measure the discharge and a control 

valve to control discharge passing through the cul

vert. The pipe discharges water from a constant-

level tank. 

2. A perforated vertical sheet metal or mesh baffle 

which damps out turbulence and eddies. The baffle 

is fitted into slots on each side of the approach 

channel. 

3. A plastic tank with 3 ft x 3 ft x 4 ft dimensions 

that serves as the approach channel. The tank is 

equipped with a glass tube gauge level with a 

vertical scale to measure the water in the tank. 

The tank is prsitioned on four adjustable wheels 

which can be used to raise or lower the level of 

the tank. 

4. A 4-in-diameter plastic pipe culvert fitted with 

various entrance conditions: 

a. A sharp-edged entrance in a vertical wall. 

b. A chamfered entrance in a vertical wall. 

c. A chamfered edge with a 45° wing wall. 
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d. Typical concrete pipe geometry in a vertical 

wall. 

e. A transition entrance from an ellipse to a 

circle in a vertical wall. 

f. A slanting cutoff to the fill shape with a 

chamfered edge. 

g. A bell-mouth entrance in a vertical wall. 

This gives a variety of entrances, from the worst 

to the best, including a number of geometries found 

in the field. The length of the culvert is 8 ft, 

and the slope is variable and can be adjusted using 

the adjustable wheels of the tank. The pipe is 

supplied with a Pitot tube to measure velocity in 

the pipe. The culvert is connected to the outlet 

tank by a piece of rubber so as to be flexible. 

5. A plastic tank with 3 ft x 3 ft x 4 ft dimensions. 

The culvert enters the outlet channel 0.6 ft from 

the bottom. To get submerged and unsubmerged outlet 

conditions, the outlet tank is supplied with two 

outlets of 5 in diameter, one at the bottom and the 

other 3.5 ft from the bottom. A glass tube gauge 

with vertical scale is attached to the tank to 

measure the water level in the channel. 
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Procedure 

The procedure to show the various flow regimes can 

be done as follows: 

1. Adjusting the culvert for a certain slope using the 

wheels of the upstream tank. 

2. Opening the inlet valve and closing the outlet 

opening at the bottom of the outlet tank. After a 

certain time, the water will flow out through the 

other outlet opening. Then the velocity of flow 

through the culvert is read using the Pitot tube. 

The discharge can be calculated and compared by the 

inlet discharge. 

3. Opening the valve at the bottom to change into 

unsubmerged condition. Measuring the head hQ and 

comparing it with culvert diameter and measuring the 

head H and comparing it with theH', where H' is a 

certain critical value below which the entrance of 

an ordinary culvert will not be submerged while the 

outlet is unsubmerged. H1 varies from 1.2 to 1.5 

times the height or the diameter of the culvert, 

Figure 5.7. 

4. Noticing the flow through the culvert and checking 

whether the culvert is flowing full or part full. 

5. Increasing the outlet discharge, until the head hQ 

becomes less than the critical depth of flow through 
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the culvert and watching the flow through the 

culvert. 

6. Changing the slope and repeating the same steps. 

To sum up, following the above procedure one may 

get the following: 

1. The culvert will flow full if it has a submerged 

outlet. 

2. When the outlet is unsubmerged, the culvert will 

flow full if the entrance is submerged and the 

culvert is long enough (hydraulically long), and 

it will flow part full if it is not long enough 

(hydraulically short) or if the entrance is unsub

merged. 

3. When the entrance is unsubmerged, the culvert will 

have a subcritical or supercritical flow, depending 

on critical depth or slope. 

Limitations 

The purpose of this experiment is to show students 

flow characteristics through a culvert and not to give 

precise measurements or descriptions of the flow phenomena. 

Consequently, the experiment is designed to be as simple as 

possible, and many factors which affect the flow phenomena 

are not considered in the design. As mentioned previously, 
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the flow regime is affected by many variables, such as the 

length, roughness, and shape and size of the culvert. To 

consider all these variables, one needs a great number of 

experiments with different shapes and sizes that cannot be 

conducted with this apparatus. Although this experiment 

does not clarify the effect of all possible variables, it 

may be safely said that most important effects will be very 

clearly shown. 

Experiment 5.4. 
Subcritical Flow in Rigid 
Boundary Open Channel 

Introduction 

Most problems in hydraulic engineering deal with 

the conveyance of water through natural or artificial open 

channels. Because of the different forces which affect the 

flow phenomenon and the variation of flow with time, the 

mechanics of open channel flow is very complex and often 

too difficult to analyze exactly. Turbulent flow is the 

most common phenomenon in open channel flow, and open chan

nel flow is seldom steady or uniform. However, many open 

channel flow problems can be solved approximately, based on 

an assumption of steady flow. 

Types of Flow According 
to Gravity Effect 

The effect of gravity on the state of flow is 
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represented by the ratio of inertial forces to gravity forces . 

This ratio is given by the Froude number: 

IF = (1) 
Sgy 

where V is the flow velocity and y is the flow depth. 

As indicated in the specific energy diagram, there 

are three types of flow: critical flow, subcritical flow, 

and supercritical flow. These flow regimes can be distin

guished by considering the Froude number. For critical 

flow the Froude number is unity. If the Froude number is 

greater than unity, the flow is supercritical; and if it is 

less than unity, the flow is subcritical. For this reason 

the Froude number is a very important and convenient para

meter in the manipulation of equations of open channel flow. 

Rapidly varied flow is found frequently in various 

open channel structures. Transitions in which the change 

of cross-sectional dimensions occurs in a relatively short 

distance induce rapidly varied flow. These transitions 

include sudden contractions and expansions horizontally, 

vertically, or both. 

Purpose of the Experiment 

It is of vital importance to have experiments in 

the hydraulic laboratory that deal with flow in open chan

nels, because such experiments help students understand 



123 

the subject better. Also, these experiments can be used to 

verify mathematical solutions of some open channel flow 

problems. 

This experiment with a rigid bed flume is designed 

to demonstrate the water surface configuration for channel 

contractions and expansions and rises and drops in the bed, 

in various combinations. The experiment can be used to 

illustrate energy loss in subcritical flow through transi

tions. This flume and the sand bed flume can be used toge

ther, with similar boundary geometry, to show how an 

erodible bed changes the water surface profile and back

water from that which occurs with..a rigid bed. 

Apparatus 

The apparatus for the experiment, Figure 5.8, con

sists of: 

1. A 5-in-diameter steel inlet pipe fitted with an 

orifice plate flowmeter to measure discharge and 

a control valve to control discharge through the 

system. The pipe discharges water from a constant-

level tank. 

2. An inlet chamber with 2' x 3' x 3.5' dimensions, 

with bottom lower than the channel bed to avoid 

splashing and formation of bubbles. 

3. A series of perforated vertical sheet metal baffles 

fitted into slots on each side of the channel wall 
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Pipe 
Inlet 

0 12 3 4' 

Figure 5.8. Apparatus to explain flow regimes in 
rigid boundary open channel. 



Table 5.1. Contraction and expansion plates. 

Horizontal Contraction Horizontal Expansion Vertical 

2:1 

2:1 

i 

2:1 2:1 

• . .• d 

2:1 4:1 
—' 

— . ^ — 

^ • 1 



to damp out large-scale turbulent eddies. The 

distance between baffles' is 0.4 ft, and the baffles 

have 1-in-diameter holes, with 92 holes per sq ft. 

A plastic rectangular channel with 15' x 3' x 2' 

dimensions. 

An outlet chamber with 3' x 3' x 3.5' dimensions. 

A point gauge which slides on rails superimposed on 

the channel. The gauge slides in both the lateral 

and longitudinal directions to measure the water 

level at any desired point in the channel. 

Steel plates of different shapes, as shown in Figure 

5.9, installed to form the horizontal contractions 

and expansions and the vertical contractions. In 

the case of horizontal contractions and expansions, 

the contractions can be from both sides or from 

one side of the channel. 

Procedure 

The procedure for conducting the experiment is as 

follows: 

1. Expanding or contracting the channel using the 

metal plates. 

2. Measuring the contracted width, in the case of 

horizontal contractions, and the contracted depth 

in the case of vertical contractions. 

4. 

5. 

6 .  
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3. Opening the control valve to pass a certain dis

charge which can be determined using the calibration 

curves. 

4. Measuring the water depth at sections before and 

after the transition section using the point gauge. 

5. Changing the discharge and repeating Step 4. 

6. Using other steel plates to make other contractions 

or expansions and repeating Steps 2 through 5. 

Observations and Computation 

While conducting this experiment, the following 

observations should be noted: the change in water depth in 

the case of contractions and expansions, and the change in 

water surface profile when using expansions and contractions 

having different geometries; also, the difference in water 

surface profiles using a vertical contraction and expansion 

and a horizontal contraction and expansion. 

In addition to these observations, measured quanti

ties can be used to determine the energy loss, and the data 

can be plotted and compared with published data. Knowing 

the discharge Q, the channel geometry, and the water depth 

in the two sections, the energy lines upstream and down

stream from the transition can be plotted using: 

E - y + ̂  (2) 
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where y is the water depth and V is the velocity of the 

water in the channel section. 

The vertical intercept between extensions upstream 

and downstream of energy lines at the transition section 

represents the energy loss, AE, or h^. Also, the Froude number 

upstream and downstream from the transition section can be 

computed using Equation (1). 
y2 2 

A set of curves can be plotted using — and |F for 
yl 

various discharges and different expansions and contrac

tions and the results compared with published data. 

Limitations 

The apparatus is designed to demonstrate subcritical 

flow through rigid open channel transitions, and for this 

purpose the apparatus does not have any limitation. This is 

a preliminary study, and some modifications may be indi

cated in a more detailed study before the apparatus is 

constructed. 

Experiment 5.5. 
Flow Regimes and Scour in 

Sand Bed Channels 

Introduction 

Most streams flow on a sand bed for at least a part 

of their length. In such streams, the interaction between 

flow of the water-sediment mixture and the sand bed creates 
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various bed configurations which have different flow resis

tances. The bed configurations can be listed in their 

order of occurrence as: plane bed without sediment move

ment, ripples, dunes, plane bed with sediment movement, 

antidunes, and chute sand pools. Formation of various bed 

configurations is related to variation in shear stress and 

stream power in the channel cross-section. Different dune 

geometry is common, and all the physical phenomena are not 

yet explained. 

Scour at Bridge Piers 
and Abutments 

When a bridge crosses a river in an alluvial reach, 

a careful study should be made of scour at piers and abut

ment foundations that may occur during the life of the 

bridge with the maximum probable flood. A bridge usually 

crosses a river at its narrowest part; therefore, there will 

be a scour in a long contraction in addition to scour around 

the bridge piers and at the abutments, all a function of 

flow parameters and pier and abutment geometry. 

Scour around bridge piers is the case in which the 

transport rate of the sediment out of the scour area is 

equal to the rate of supply to the scour area. In this 

case scour is caused by a very complex flow pattern so that 

the transport rate and, thus, the depth of scour for the 
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equilibrium state cannot be determined. Because of the 

complexity of both the flow pattern and the transport func

tion, it is often necessary to utilize model studies of 

specific structures so that the equilibrium scour can be 

measured directly. However, some investigators have 

derived empirical formulas to predict scour at bridge piers 

and abutments. 

Purpose of the Experiment 

Since in practice most artificial and natural chan

nels are sand bed channels, it is very important to have a 

flume with a sand bed in the hydraulic laboratory to 

demonstrate for the students various situations and flow 

characteristics in such channels. In addition, observation 

of flow regimes and sediment movement gives the students a 

better understanding of theoretical explanations. 

Therefore, this experiment is designed to demonstrate 

and measure critical tractive force, low and high rates of 

bed load transport, ripples, dunes, flat beds, and anti-

dunes. It is also designed to show pier scour; backwater, 

or lack of it with scour, and scour in long contractions 

for subcritical flow. Since most hydraulic structures are 

designed using data from model studies, this flume can be 

used to conduct model studies for small structures, with 

slight modification depending on the problem to be modeled. 



The apparatus for the experiment, Figure 5.10, 

ts of: 

A 5-in-diameter steel inlet pipe filled with an 

orifice plate flow meter and a control valve to 

measure and control flow through the apparatus. 

The pipe discharges water from a constant-level 

tank. 

An inlet chamber with 2' x 3' x 3.5' dimensions 

with bottom lower than the channel bed to avoid 

splashing and formation of bubbles. 

A series of perforated vertical sheet metal baffles 

fitted into slots on each side of the channel wall 

to damp out large-scale turbulent eddies. The 

baffles have 1-in-diameter holes, with 92 holes per 

sq ft, and the distance between the baffles is 0.4 

ft. 

A plastic rectangular channel with 20' x 3' x 2.8' 

dimensions. The bed of the channel is covered with 

an 0.8-ft layer of sand. 

An outlet chamber with 3' x 3' x 3.5' dimensions to 

trap the sediment. 

A point gauge which slides on rails superimposed on 

the channel to measure the flow depth at any de

sired point. 
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Figure 5.9. Apparatus to explain flow regimes and scour in sand bed 
channels. 



Table 5.2. Contraction and pier plates. 

Case Contraction Plates Pier Plates 

• 1 • 

/ 1 
2 Q 

o 3 o 

I 

0 1 2 3 4' 
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7. A wooden sand feed box having a truncated circular 

cone shape with 3-ft height and top and bottom ends 

which are 3 ft and 0.5 ft in diameter. The trun

cated cone has a 0.3-ft-diameter outlet in the 

base. The feed box is supported on a wooden plat

form which rests on the floor. 

8. A splitter plate superimposed on the channel under 

the sand box outlet to distribute the sand feed 

uniformly over the width of the channel. 

9. Different shapes of steel plates used to form a 

long contraction in the channel, as shown in Figure 

5.11. The contraction can be from one side or both 

sides of the channel. 

10. Steel piers with different geometries, as shown in 

Figure 5.11. 

Procedure 

The procedure to show critical tractive force and 

the bed configuration is as follows: 

1. Opening the control valve of the inlet pipe and 

gradually increasing the discharge until the most 

exposed bed particles start to move, then measuring 

the depth of water in the channel and determining 

the discharge using the calibration curves. 

2. Increasing the discharge and watching the change in 

bed configuration, taking discharge measurements 
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and depth measurements whenever the bed configura

tion changes. 

The procedure for measuring scour around bridge 

piers and in long contractions is as follows: 

1. Driving one of the steel piers which represents the 

bridge pier in the sand bed. 

2. Opening the control valve to pass a certain dis

charge in the channel that can be determined using 

the calibration curves. 

3. Opening the outlet of the sand feed box to pass a 

certain sediment discharge into the flow. 

4. Measuring the scour pattern after it becomes stable. 

5. Measuring the flow depth in the channel. 

6. Changing the discharge and repeating Steps 4 and 5. 

7. Using another pier with different geometry, and 

repeating the above steps. 

The procedure for measuring scour in a long contraction can 

be done in the same manner as the procedure for measuring 

scour around bridge piers except that the depth of water 

should be measured in both the approach channel and in the 

contraction channel. The depth of scour measured in Step 3 

for bridge piers and abutments and in the long contraction 

can be compared with the scour using empirical equations 

for scour prediction. 
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Observations and Computation 

When the bed material starts to move, the critical 

tractive force is equal to the total tractive force. There

fore, using the measured values, the total tractive force 

can be calculated using: 

, _ V2d 3̂ 

ioy1 
To - tTT73 <x> 

where is the particle tractive force, V is the flow 

velocity, y is the flow depth in the channel, and d is the 

mean diameter of the sand bed particles. Then, the value 

of total tractive force from Equation (1) can be compared to 

the value of critical tractive force in the equation: 

Tc = 4d (2) 

As the discharge is increased, the bed configura

tion will change. Experimental investigations indicate 

that ripples or dunes usually occur at a Froude number of 

0.3 to 0.5. If the discharge is increased, the dunes will be 

elongated and reduced in amplitude, finally making a plane 

bed with sediment movement. If the discharge is increased 

further, the plane bed will change into antidunes at a 

Froude number of 1.0 to 1.2. 

In case of bridge piers and long contractions, the 

flow situations can be noted and described. In the case 
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of the long contractions, the water surface profile should 

be examined to determine if there is backwater or not. 

Limitation 

Considering the essential purpose for which the 

apparatus is designed, the apparatus does not have any-

important defects which would restrict its performance. 

However, the apparatus may need slight modifications in 

dimensions or other minor changes, such as for measuring 

the suspended load, that can be determined in a more de

tailed study prior to construction of the apparatus. 



CHAPTER 6 

CONCLUSIONS 

From a combination of the experiments presently 

used by the University of Arizona Department of Civil Engi

neering and Engineering Mechanics and the additional experi

ments outlined in this thesis, two hydraulic laboratory 

courses could be formed, as outlined below in Tables 6.1 

and 6.2. 

Table 6.1. Elementary Fluid Mechanics Laboratory. 

Experi
ment 
Number 

Name of 
Reference* the Experiment 

Purpose of the 
Experiment 

1 A2.1 Hydrostatics--
the pressure 
problem 

Determining calibra
tion curves for 
pressure gauges 

2 G3.2 Hydrostatics--
the force 
problem 

Determining pressure 
forces on a submerged 
gate 

3 G3.1 Viscosity 
measurement 

Measuring the viscos
ity of highly viscous 
fluids 

4 A2.3 Characteristics Determining the velo-
of a submerged city distribution of 
jet an airjet at the ori

fice and at a distance 
ten times the jet 
diameter from the 
orifice 

138 
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Table 6.1. -- Continued 

Experi
ment 
Number Reference* 

Name of 
the Experiment 

Purpose of the 
Experiment 

A2.4 

A2.5 

G3.3 

G4.2 

A2.8 

10 

11 

G4.1 

A2.9 

Characteristics 
of a free jet 

Momentum 
analysis 

Momentum 
analysis 

Orifice plate 
coefficients 
and flow 

Flow in smooth 
pipes 

Energy losses 
in smooth pipes 

Head loss in a 
rough pipe and 
at a gate valve 

Determining the jet 
trajectory and the jet 
velocity at the vena 
contracta applying the 
energy analysis 

Determining the momen
tum flux of a jet on 
a pendulum 

Measuring the force 
that creates momentum 
in the jet and deter
mining coefficients of 
the jet 

Determining the dis
charge, velocity, and 
contraction coeffi
cients for an orifice 
plate and demonstrating 
the flow pattern in a 
smooth pipe 

Determining the Darcy-
Weisbach resistance 
factor (f) as a func
tion in the Reynolds 
number 

Determining the fric
tion loss and the 
other minor losses in 
a pipe system 

Determining the loss 
coefficient for the 
system and for the 
valve as a function 
of valve opening 

* A refers to Arizona experiments presented in Chapter 2; 
G refers to experiments suggested in Chapters 3, 4, and 5. 
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Table 6.2. Hydraulic Engineering Laboratory. 

Experi
ment Name of 
Number Reference* the Experiment 

Purpose of the 
Experiment 

5 

6 

7 

A2.2 

G5.4 

Measurement of 
liquid flow 

G5.2 

G5.1 

G5.3 

A2.6 

A2.7 

A2.10a 

Determining the flow 
velocity and discharge 
using different methods 

Subcritical flow Determining the water 
in rigid boun- surface profile for 
dary open subcritical flow through 
channels channel trausitions 

G5.5 Flow regimes and Demonstrating critical 
scour in sand 
bed channels 

Drag force 
measurement 

Routing 

Flow through 
culverts 

Performance of 
a 12-in Pelton 
wheel 

Efficiency of a 
centrifugal 
pump 

Valve calibra
tion 

tractive force, bed 
configurations, and 
scour around bridge 
piers and in long 
contraction 

Determining the drag 
force on immersed or 
surface bodies in open 
channel flow 

Demonstrating routing 
techniques 

Illustrating flow 
regimes through culverts 

Computing power output 
and efficiency of this 
Pelton wheel 

Determining the effi
ciency of a small 
centrifugal pump as a 
function of flow rate, 
impeller speed, and 
cavitation conditions 

Calibration of a gate 
valve as a flow-
measuring device 
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Table 6.2. -- Continued 

Experi
ment 
Number Reference* 

Name of 
the Experiment 

Purpose of the 
Experiment 

A2.10b Heat loss 
coefficients 
for entrance 
forms 

Determining the 
entrance loss coeffi
cients for various 
entrance forms 

10 A2.ll Hydraulic Jump Illustrating the tran
sition from rapid to 
tranquil flow and 
associated energy loss 
and dissipation 

* A refers to Arizona experiments presented in Chapter 2; 
G refers to experiments suggested in Chapters 3, 4, and 5. 

As in present practice in the University of Arizona 

Department of Civil Engineering and Engineering Mechanics, 

the laboratory sections should be limited to three, or at 

the most four students, so that everybody participates; 

and a simple written report should be required of each 

student. The first week of the regular fifteen-week term 

is needed for organization, and the last week should be 

free. Eleven experiments in a semester leaves time for two 

examinations during the term to help determine which stu

dents are actually and effectively participating and which 

need further guidance. 

The experiments, as designed, should aid the stu

dents markedly to: 
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1. Visualize the flow patterns and flow behavior in 

various situations and boundary geometries. 

2. Understand both the power and the limitations of 

fluid flow theory. 

3. Appreciate that observation was an absolute require

ment for formulation of these theories. 

4. Appreciate how specific and generalized laboratory 

model studies can be an invaluable tool for the 

designer of certain kinds of hydraulic works. 

Thus, hydraulic laboratory courses as herein sug

gested should be a required part of the program of under

graduate engineering instruction for all students whose 

responsibilities will include hydraulic works. 
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