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ABSTRACT

Much research activity is carried out to reduce water
consumption for domestic purposes. This leads to the
possibility of reducing the amount of water introduced
1into building drainage systems. However, an accurate es-
timation of the flow attenuation within building drainage

pipes is of great importance to prevent solid deposition
and subsequent blockage.

The research is focused on the field of subcritical flow
1n partially-filled pipes. Experimental and numerical
investigations have been carried out to study the wave

attenuation 1in the following configurations encountered
1n dralnage pipe syvstems:

1 A simple pipe.
11 A pipe subject to one concentrated lateral i1inflow.

iii1 A pipe with gate fixed at the downstream section,

generating an interaction between wave and backwater
profiles.

In the present study the Saint-Venant equations are
derived in their general and characteristic forms. A
number of numerical procedures for solution of the
Saint-Venant equations are reviewed, and the rectangular-
grid characteristics method, diffusing scheme and
Strelkoff’s implicit method are chosen to solve the equa-
tions. The stability of the finite-difference methods

used 1is 1nvestigated for free-outfall and controlled-
outfall boundary conditions.

An experimental 1nstallation consisting of 0.105 m
diameter uPVC pipe 1s used to investigate the charac-

teristics of the flow and to form test cases for the
numerical methods.

Comparisons between computed and observed depth

hydrographs, peak depths and depth variations along the

plpe are made for subcritical flow 1n a pipe of slope
1/300.

The rectangular-grid characteristics method and the dif-
fusing scheme are also applied to supercritical flow.
Flow tests are undertaken for supercritical flow 1in a

pipe of slope 1/200 to validate the use of these methods.

The 1nvestigation revealed that the attenuation rate of
peak depths 1s affected by the volume of the waves. The
implicit method 1s the most suitable method, dealing ef-
ficiently with most problems encountered in drainage pipe
systems of flat slope. The diffusing scheme can model

the attenuation of supercritical flow within building
drailnage pilpes.
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NOMENCLATURE

Cross-sectional area of flow, m?
Water surface width of channel, m
Positive characteristic

negative characteristic

Wave speed, m/sec

Specific energy of flow, m

Froude number

Acceleration due to gravity, m/sec?
Gate depth, m

Flow depth, m

Number of pipe length sections
Pipe length, m

Wetted perimeter of channel, m

Flow rate, m3d /sec

Lateral inflow or outflow per unit length,

Hydraulic mean radius, m
Pipe slope

Slope of energy grade line
Gate width, m

Time, sec

Local mean velocity, m/sec

Distance, positive in 1nitial flow direction,

Height above datum, m

The depth of the centroid of water

1X

section

mé¢ /sec

{1

below



the water surface at distance x at time t, m

a Pipe slope, So = sina

At Time increment, sec

A X Distance increment, m

0 At/DAx

0 Weighting factor, Chapter 5
P Fluid density, kg/m3

Y Unit weight of fluid, N/m3
To Wall shear stress, kN/m‘
Suffixes

A,B,C Calculated points in an x-t grid at time tJ

C Critical flow condition
n Normal flow condition
P Calculated point in an x-t grid at time titl

R,S,S Interpolated points in an x-t grid at time tjJ

Special Symbols

DIF Diffusing scheme

RGC Rectangular-grid characteristics method
SIM Strelkoff’s implicit method
Tfac Time factor



CHAPTER 1

INTRODUCTION

1.1 General Background

The extreme shortage of water in many parts of the world
and the occurrence of successive dry years 1ndicate that
water conservation i1is of paramount i1mportance. Thilis con-

cern has drawn attention to the large amount of water

consumed for domestic purposes, which 1n England and
Wales, according to Rump (1978), accounted for 50% of the
total water consumption. This fact focused attention on
the possibility of reducing domestic water use. There-
fore, serious efforts are being made to reduce water con-
sumption in buildings. For example, the Building Research

Establishment (BRE) has been engaged in many studies,



concerning development of spray-type showers for baths
and spray taps in commercial buildings, flush reduction
iln toilets, and other activities which could contribute
greatly to water conservation. In Brunel University, a
reduced flush toilet was developed; see Swaffield,
Wakelin and Bocarro (1986) and Bocarro (1987). These im-
proved designs could provide alternatives to the develop-
ment of additional water resources if applied on a large
scale. It is, however, quite clear that such innovations
would cause major flow reductions in drains, which 1in
turn would have deleterious effects on drain performance.
Therefore the hydraulic performance of drains i1s the cru-
cial factor which could 1limit any form of saving; yet so

far 1t has received limited investigation.

Observations of flow in long partially-filled drainage
pipes have shown that the shape of an input surge wave is

altered during its passage along the system. In the ab-
sence of any downstream inflow the surge 1s observed to
attenuate; that 1i1is, the depth of water in the pipe
decreases and the time taken for the surge to pass any
station 1s seen to 1ncrease, 1ndicating a reduced flow
rate at any downstream section, see figure 1.1. In the
design of drainage systems this flow attenuation can be
of great 1importance, particularly in the context of
reduced water consumption. For example, the removal of

waste solids discharged 1nto the drainage system is to a



large extent dependent on the maintenance of flow depth
behind the solid matter during 1ts transportation.
Therefore an accurate prediction technique for flow at-
tenuation, able to deal with random inflows along the

length of a drain pipe, would be useful 1n making design

decisions.

1.2 Flow Regime

Attenuation 1s a complex phenomenon and depends upon
channel parameters such as pipe size, material and slope.
Therefore it would be unrealistic to 1gnore the effect of
these factors on the drain performance. The degree of
flow attenuation depends also on the nature of the flow
regime within a drainage pipe, whether 1t 1s supercriti-
cal or subcritical flow. Subcritical flow may occur when
the pipe has to be laid very flat to satisfy design con-
straints. When the pipe 1s laid steeper, supercritical
flow may develop. The principal difference between the
two flow regimes is that 1n supercritical flow waves can-
not propagate upstream; whereas 1in subcritical flow they
propagate in both upstream and downstream directions.
(Subcritical and supercritical flow are described in
detail in Appendix A.) In addition, for subcritical flow
an increase in downstream depth, due to the presence of a

restrictive device, for example, will be transmitted for



a long distance upstream by a so-called backwater curve,

see figure 1.2. In supercritical flow, on the other hand,

the downstream condition cannot be spread upstream in
this way, but the backwater curve will end in a hydraulic
jump, as shown in figure 1.2. Thus the flow pattern in a
subcritical channel is affected by the downstream condi-

tions; while in a supercritical channel, the flow pattern

1s dependent fully upon the upstream conditions.

1.3 Attempts to Estimate Attenuation

Until recently, empirical techniques were used to es-

timate the attenuation effect along drainage pipes. Bur-
berry (1978), for example, studied the attenuation of
flushes along underground drainage single pipes and
developed an approximate empirical technique to estimate
the effect of attenuation at downstream sections. He
states that the attenuation of various flushes from a
large drainage system could be combined to give a flow
rate equal nearly to the mean rate of water delivered at
the time at which the flushes emerged. Burberry’s inves-
tigations revealed that the use of mean flow rate is un-
suitable for building drainage; and it would be unrealis-
tic to 1gnore the 1mportance of attenuation. Thus, ac-
cording to Burberry, 1t 1s important to develop a time-

dependent method of estimation to take the effect of



attenuation accurately 1nto account. This 1s essential
1f the attenuation rate 1s required to be quantified for

separate flushes.

Flow along drainage pipes, 1n most cases, is unsteady:
the flow parameters such as lﬂocal wave speed, velocity,
flow rate, and depth vary with time as a result of
changes 1n system boundary conditions. Hence, a numeri-
cal technique based on relatively small time increments

and capable of modelling the hydraulic properties of the

system would be the best method of estimation.

Flow within drain pipes may be analysed by two partial
differential equations which were developed by Saint-
Venant (1870) to describe unsteady one-dimensional flow.
Since the facility of the digital computer has been
available, the solution of the Saint-Venant equations has
been widely investigated by various numerical methods.
The literature records a large number of publications
dealing with flow 1n natural channels. In addition,
there are a few publications dealing with flows in storm
sewers of large diameter. In the present area of inter-
est the first publications using a numerical analysis
technique to predict the depth and flow rate along
horizontal sloping drainage-sized pipes were those of
Swaffield (1981) and (1982). Swaffield solved the

Saint-Venant equations by the rectangular-grid



teristics ’'RGC' method. A comparison made by Swafflield
between calculated and observed waves 1n a simple pipe of
slope corresponding to supercritical flow has suggested
that the technique developed 1s capable of providing data
on flow attenuation in long drainage pipes. But more
complicated test cases introducing different pipe slopes,

materials and diameters are needed to validate the tech-

nique 1n drainage networks.

The technique developed by Swaffield (1981) has been ex-
tended by Bridge (1984) to investigate unsteady wave at-
tenuation 1n supercritical flow within a single pipe of
gradient up to 1/200. Bridge studied also the effect of
different junction types on the flow attenuation in the
maln pipe. Under these cilrcumstances a hydraulic jump
may occur upstream of the junction. Bridge’; calcula-
tions indicated that the end of the water surface profile
upstream of the Junction decreased over time during the
input steady discharge, prior to the arrival of waves
generated at the upstream end of the main pilpe. There-
fore the hydraulic jump position could not be identified
accurately. When the RGC method is used to analyse such
a flow, the flow variables at a grid point such as P in
figure 1.3 will be functions of the flow variables at the
interpolation points R and S which are located between

grid points A and C and C and B at the previous time

step. When a linear 1nterpolation technique 1s used to



calculate conditions at R and S, lower depth values than
the actual are produced at these points, which underes-

timates the flow depth value at point P. Thus the depth

of the calculated water surface profile 1s decreased

over time.

An attempt has been made by Standing (1986) to improve
the RGC method by using a more complicated interpolation
technique for points R and S. This 1s called the LEverett
and Newton-Gregory technique and is described in Spencer
et al. (1977). A comparison made by Standing of an ob-
served depth hydrograph and calculated depth hydrographs
from both linear and Everett and Newton-Gregory inter-
polation techniques showed that the calculated depth
hydrograph using the Everett and Newton-Gregory inter-
polation technique has a drawdown of the dept‘h prior to
the arrival of the wave (this does not occur in practical
applications). This obvious error in the calculated flow
depth does not encourage one to adopt the Everett and

Newton-Gregory interpolation technique in the unsteady

flow calculation.

Unfortunately, there 1s no major study directed to the
attenuation of subcritical flow within building-sized
drainage p1lpes. Moreover the only numerical method ap-

plied to flow within such pipes 1s based upon the method'



of characteristics, which has failed 1n some applications

to provide a meaningful flow prediction.

1.4 Motivation and Objective of the Research

The present study was prompted by the need for an ac-
curate estimation of the attenuation effect 1n drailnage
system pilpes. From the considerations presented 1n the
previous sections, it can be seen that the subcritical
flow regime has not been fully documented. [t 1is also
quite clear that no attempt has been made to simulate the
effect of attenuation by various numerical methods to

identify that which provides the most accurate results.

The objective of the present study 1s therefore to make
some contribution to the understanding of the attenuation
of subcritical flow within building-drainage-sized plpes.
Hence three of the available numerical technigues were
adapted to solve the Saint-Venant equations, and a com-
puter program was developed for each approach. In addi-
tion, an experimental programme was carrilied out to reveal
the character of the flow and to form test cases for Lhe
numerical techniques. Thus, the depth hydrographs were
measured at four locations along the test pipe, and three
different configurations were chosen to satisfy the

research objgectives:



1-A simple pipe.
2-A pipe subject to one concentrated lateral inflow.
3-A pipe with gate fixed at the downstream section, gen-

erating an 1interaction between wave and backwater

profiles.

Moreover, some of the techniques developed were applied

also to the prediction of supercritical flow parameters.

1.5 Layout of the Thesis

The thesilis consists of eight chapters, the first of which
1s the present 1introduction. In Chapter 2 the test rig
and the experimental apparatus are described. Derivation
of the unsteady one-dimensional flow equations' and their

characteristic form 1s reported in Chapter 3. [n Chapter

4 free-outfall and controlled-outfall boundary conditions
are presented; also the calculation of the 1initial
(steady) flow parameters 1is described. The solution of
the Saint-Venant equations by three numerical methods,
with special attention to the effect of changing the grid
size, is reported in Chapter 5. Chapter 6 1ncludes a
comparison of the stability of the numerical methods,
determination of the Manning’s n, discussion of the

upstream boundary condition and the selection of the ob-



served plpe slopes. The main findings of the current

work are presented in Chapter 7, where the computed
results are discussed and compared with the experimental
data. Chapter 8 reports the conclusions of the present

work and suggests some aspects for future work.
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CHAPTER 2

EXPERIMENTAIL APPARATUS AND

INSTRUMENTATION

2.1 Introduction

The object of the experiments is to investigate the depth
variations at different sections along the test pipe, in
order to reveal the character of the flow, and to provide

the means of testing the theoretical predictions.

In the Building Technology Laboratory of Brunel Univer-
sity there existed equipment constructed for research
into free-surface flow 1n pipes. It was decided to use
essentially the same rig which had been used by several

previous researchers, and not to build anew. Basically

11



the rig consists of a single run of pipe. For different
applications a gate can be fixed at the downstream sec-
tion or a concentrated lateral inflow can be supplied.
The flow-depth variations can be recorded at four sta-
tions along the test pipe. Differential pressure
transducers have been used to measure the flow depth; a

description of the data collection system is 1included in

this chapter.

2.2 Test Facility

Figure 2.1 shows the general layout of the rig. The
primary test channel 1s a 13.34 m length of unplasticised
PVC transparent pipework of 110 mm nominal diameter (105
mm internal diameter). Some advantages of uPVC pipe are
high resistance to a wide range of chemicals, ease of
joining, light weight for handling and low cost; more in-
formation can be found in Twort et al. (1974) and Bur-
berry (1979). The test pipe diameter 1is that most often
found in domestic applications. The pipework was washed
and internally cleaned of any dust, dirt and grease which

might have remained from previous experiments.

The pipe is fixed along and below a horizontal light-

weight heavy-duty aluminium ladder hung on edge from a

dexion-angle framework which 1s clamped to the laboratory

12



roof truss for support. Rubber-lined pipe clamps are in-
troduced at regular intervals through the pipe length in
order to fix the pipe to the ladder. There are three
turnbuckles, at the pipe entry, middle and exit. The
first one is fixed and the other two can be used in al-

tering the pipe slope. A surveyor’'s level is used to set

the pipe slope.

The pipe-support system ensures that the pipe slope
remalns unchanged over long periods of time; this was
found to be true through the present course of study and

also by previous researchers such as Wakelin (1978) and

Bridge (1984).

During the present work 1t was observed that the pipe
oscillated 1n the horizontal plane under high discharge
values. Therefore additional pipe clamps were introduced

to hold the test pipe to vertical dexion-angle framework

to obviate any oscillation.

The inflow passes to the test pipe from a tank open to
the atmosphere. A Newman 0.595 kW pump having a maximum
flow rate of 200 1/min is used to pump the water from the
tank and pass it to the pipe through two rotameters of
capacity 5-50 1/min and 20-200 1/min. The 1nflow can be
supplied through either of the rotameters. The drainage

from the test channel passes back to the original tank.

13



Figure 2.2 is a schematic diagram showing the con-
centrated lateral inflow into the main pipe. A SMC 70 W
pump having a maximum flow rate of 12 1/min is used to
supply the lateral inflow from the main tank. The pumped
water passes through a rotameter of capacity 2-20 1/min
to a plastic tube leading to a 43 mm diameter section of
uPVC pipe. The surface between the main pipe and the
lateral i1nflow pipe 1is comprised of a circular plate with

many holes 1n 1it.

The gate configuration used 1n the present study i1is shown
in figure 2.3; 1t 1s made of perspex of 16 mm thickness.
The gate height (measuring normal to the pipe bottom) 1is
35 mm. When 1ts presence 1s required, 1t can be 1nserted

in the pipe and fixed to the pipe bottom by two screws.

2.3 Flow Measurements

2.3.1 Steady Flow Measurements

Steady flows were required for all the tests carried out,
including those with waves. Three rotameters (Series
2000 made by GEC Marconi Process Control Ltd.) were used.
The rotameter’s accuracy was investigated by measuring a
known volume of water and determining the time taken for

it to pass through. The accuracy was found to be within

14



+6% of the actual flow rate. A similar accuracy range
has been reported by Bridge (1984), Standing (1986) and
Bainbridge (1986). The calibration result indicated that
the actual discharge values are always less than the in-

dicated discharge values. This agreed with the accuracy

quoted by the manufacture.

2.3.2 Unsteady Flow Measurements

To produce the required inflow hydrograph to the main
pipe the flow-control valve (2), see figure 2.1, was used
to adjust the steady base flow passing to the test pipe.
The flow-control valve (3) was then opened manually to
allow the maximum discharge required to pass through 1it.
The valve was then closed gradually until the discharge

returned to the base-flow level. At the station 0.6 m
from the pipe entry a pressure transducer was conhected
to a pressure tapping 1n order to measure the discharge
hydrograph to the test pipe. To calibrate the discharge
into the test channel a known discharge value was pumped
to it and the pressure-transducer output was recorded.

Figures 2.4 and 2.5 show the calibration curves for pipe

slopes 1/200 and 1/300.

15



2.4 Measuring the Flow Depth

2.4.1 Pressure Transducers

The flow depth at the instrumented sections of the pi1pe
has been measured by four differential pressure
transducers. These were made by the Sangamo Transducer
Co.(type P21) for the pressure range 0-35 KkN/m?¢. Each
transducer contains a small metal diaphragm with a small
chamber on each side to which the two pressures are con-
nected. The deflection of the diaphragm 1s monitored by
varliable reluctance. In this way an electrical output
corresponding linearly to the pressure difference across
the diaphragm 1s provided. In the present circumstances
this electrical output 1s a voltage. For the measure-
ments to proceed a pressure tapping is connected to a
hole at the pipe bottom at each instrumented section.
Then one side of the pressure transducer 1s connected to
the pressure tapping by a plastic tubing. The other side
of the transducer 1s connected to a tube open to the at-
mosphere. A tap was located upstream of the pressure
transducer to allow the tubes to be balanced; 1.e., the
tube open to the atmosphere was filled to a height at the
same horizontal level as the base of the channel. The
flow depth can then be determined by measuring the pres-
sure difference produced by the heads of water at the in-

strumented sections.

16



2.4.2 Calibration of Pressure Transducers

The pressure transducer calibration is required in order
to obtain a relationship between its output and the dif-
ferential pressure head. At the start of the calibration
the pipe was completely drained; that meant the water
level in the tube opened to the atmosphere is exactly the
same as the water i1in the tube connected to the pressure
tapping and both at the level of the invert of the pipe.
Then the output voltage for a known difference i1n head
was recorded. The result was linear and shown i1n figure
2.6 for one pressure transducer. The calibration proce-
dure was repeated several times; it was found that no

change occurred in the relationship between the input and

the output.

The linearity, which 1s a measure of the extent to which
the transducer calibration curve over 1ts effective range

departs from the best fitting straight line, was found to

be approximately 0.3%.

2.4.3 The Accurﬁcy of the Measured Depth

As shown 1n figure 2.6 the measured flow depth 1in the
pipe 1s equal to the slope of the calibration 1line
(dh/dv) multiplied by the voltage reading, h = (dh/dv) v.

The maximum error of the voltage reading is dependent
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upon the voltmeter accuracy, which 1n the present cir-
cumstances is *0.00005 V. The maximum error of the depth
reading in the calibration tube 1s 0.0005 m. Therefore
the worst possible error in dh is 20.001 m, and in dv 1is
0.0001 V. The accuracy of the measured depth was found
to be *1.005%; this was found by summing the individual

sources of error, for details see Penny (1974).

2.4.4 Investigation of the Pressure Transducer Response

Throughout the present experimental programme an exag-
geration of the steepness of the leading edge of the
measured wave has been observed (see figure 2.7, for ex-
ample) compared with computed solutions. This phenomenon
had been noted by earlier researchers, for example,
Bridge (1984), but not investigated in a quantitative
fashion. Therefore a small-scale laboratory 1nvestiga-
tion into the response of the pressure transducers to a
sudden change 1n pressure was carried out in 1isolation
from the test rig. The general arrangement, which 1s
shown 1n figure 2.8, comprises a small pressure vessel,
part of which contains water. The sudden change of the
vessel pressure was supplied from a carbon-dioxide
cylinder, a pressure regulator being fitted on the COz
line to adjust the maximum pressure which can be used. A

Furness digital micromanometer Type MDC FC002 for pres-
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sure range 0.01-199.9 mm of water was used to measure the
vessel pressure. A plug-cock valve was fitted on the gas

line to allow the pressure inputs to rise quickly in the

pressure vessel.

The vessel pressure was measured using three of the pres-
sure transducers which were used throughout the present
study., The first transducer was connected to the top of
the vessel to measure the gas pressure, a short plastic
tubing being used to connect the tapping point in the

vessel to one of the transducer ports. The second and
third transducers were connected to the water-filled part
of the vessel; a short plastic tube was used to connect
one side of the transducer to the vessel, while a long
plastic tube, the same length as that required to connect
the transducers to the test rig, connected the third
transducer to the vessel. The three pressure transducers
were calibrated by applying different known pressure
values (these were determined from the digital
micromanometer reading) to the pressure vessel and

recording the voltage output of the transducers.

The pressure was adjusted, and the valve was then opened
and shut quickly to allow the vessel pressure to rise
suddenly. The transducers’ outputs were recorded using
the data-collection system described in the following

sections. Figures 2.9 and 2.10 1llustrate the results of
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two tests. These figures show that the pressure
transducer which was connected to the vessel by a long
plastic tube recorded a steeper edge than the other two
transducers. It is also seen that the output of the
transducer which 1s connected to the gas side has fewer
fluctuations than the other two which are filled by
water. It 1s clear that the water-filled plastic tubing
has an 1nfluence on the apparent steepness of the re-

corded wave form and the fluctuation of the transducers’

output signals.

2.5 Data-collection System

The data-collection system 1s shown in figure 2.11. It
consists of several components, each performing an 1mpor-

tant function in the collection of experimental data of

good quality.

A- Pressure Transducer Array

The system allows sixXxteen pressure transducers to be con-

nected, but as shown in the figure only four were used.

B- Preamplifier

In earlier tests 1t had been found that the pressure
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transducer signal has an element of high-frequency noilse
which affected the accuiracy of the results. Hence this
unit was built to reduce the noise from the transducers

to an acceptable level.

C- Zero-offset Unit

The function of this unit is to adjust the voltage output
to zero for a zero differential pressure head. It also
contains a channel-selector unit to allow any channel to

send signals to the chart recorder for analysis.

D- Computer Control Unit

This unit has been built to allow up to sixteen analogue

channels to be time-multiplexed. The output 1s a signal

to a Solarton voltmeter. The operation of this unit 1is

controlled by a program resident 1n an Apple II computer.

E- The Solarton Voltmeter

The type used is Model 7055 with Type 70554 parallel in-
terface made by Solartron Electronic Group Ltd. The work-
ing temperature range 1s between 0 and 50 °C. It can
read from 10 mV to 1000 V D.C. full-scale, with an ac-
curacy of 4/5 or 6 figures. All of the parameters are
controllable from the program resident in the Apple 1I1I

computer. It 1s possible to control the rate at which



the measurements are made by the same program. The maxi1-
mum sampling rate is about 20-30 msec/sample. However,
1f n channels are logged, this wvalue will be. 30/n

msec/sample for each channel.

F- Apple 1II Computer

The Apple II computer is a standard model with full 48Kk-
RAM and additional switchable 16 K-RAM known as the
"language card". A special interface card is fitted in
slot three. The interface consists of three peripheral
interface adapters, Type 6821. This gives a total of 6x8

bits of data 1/0.

2.6 Software

The computer software was written by Mr B.S.T. Marriott
who formerly worked as a Research Assistant 1n the
Department of Mechanical Engineering, Brunel University.
The role of this software is to record the pressure
transducer outputs from the Solartron voltmeter and to

produce data suitable for transfer to the main-frame com-

puter or to pass 1t to a printer.

Several parameters must be 1ntroduced to this program

before the experimental test starts.
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1- Range

The maximum output voltage which 1is expected is chosen

from four given values: 0.01/0.1/1.0/10.0 V.

2- Accuracy

The accuracy which 1s required in the output data; the

maxlmum accuracy which can be given is 5 digits.

3—- Logging Rate

The number of readings per channel per second. This
depends on the number of channels logged and the chosen

accuracy.

The above parameters were 1ntroduced to control the

Solartron voltmeter performance.

4—- Number of Channels

The number of channel to be logged. The transducers must
be connected from channel 1 upwards without gaps. Unused

channels should be left open-circuit.

5—- Logging Time

The maximum logging time 1s up to 32 sec. Therefore the

test time must be between 1 to 32 sec.
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6- File Name

The file name chosen for the output data to identify each

test should be less than 32 characters.

1T- Test Descriptions

Description of the experimental test to be written with

the output data.

Once these parameters have been supplied, automatic log-
ging can be started by pressing the start button at the

computer control unit. The output 1s stored on the com-

puter disc, which can pass 1t to a printer.
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CHAPTER 3

EFPQUATIONS OF UNSTEADY

OPEN—-CHANNEL FLOW

3.1 Introduction

Unsteady open-channel flows can be grouped 1into two
types, namely, gradually varied and rapidly varied flow.
In one, the changes of depth and velocity take place over
a long distance; therefore the curvature of the wave
profile is mild, as shown in figure 3.1 (a). Such flow
is termed gradually varied flow. For this type of flow
the changes occur slowly enough for the effects of the
vertical component of acceleration to be negligible in
calculating the streamwise acceleration. On the other

hand, the role of the channel friction is significant and
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must be accurately estimated. In the second type of
flow, the changes of depth and velocity take place in
only a short distance and may, in fact, be quite abrupt;
examples are hydraulic jump and hydraulic drop. The cur-
vature of the wave profile 1s therefore very steep; thus
the surface of the profile may become virtually discon-
tinuous, as shown in figure 3.1 (b). In addition, the
role of the vertical component of acceleration 1s of

paramount 1mportance when this type of flow occurs, and

therefore it must be taken i1nto account.

In the present study, gradually-varied unsteady flow 1s
assumed and can be described by the two partial differen-
tial equations established by Saint-Venant (1870). These
are the continuity equation and the momentum equation.
Besides the restrictions underlying the gradually varied,
unsteady, free-surface flow, the following assumptions

are made in deriving the equations:

1-Flow is one—-dimensional.

2-The flow velocity is uniform over each cross-section
and the water surface across the section 1s horizontal.
3-The pressure at any depth is the hydrostatic pressure.
4-The channel bed slope 1s sufficiently small for 1its
cosine to be set equal to unity.

5-The effects of boundary friction and turbulence can be

modelled using the resistance laws for steady-state flow.
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6-Momentum transferred to the flow from any lateral in-
flow is negligible.
A derivation procedure of the unsteady one-dimensional

flow in an open channel will be discussed in detail.

J.2 Continuity Equation

The principle expressed in the continuity equation 1is the
law ot conservation of mass. This requires that the mass
which moves into a control volume must move out or be
stored within. Water 1s, 1n the present circumstances,
virtually incompressible, and the difference between the
inflow and outflow must result i1n a change 1n free-
surface position. Figure 3.2 shows a control volume

enclosing an elemental strip of liquid, where

A = flow area, m?
v = flow velocity, m/sec

flow discharge, m3/sec

&
I

h = flow depth, m, normal to channel bottom

x = flow direction, parallel to the channel bottom

an incremental length, m

A X

lateral inflow or outflow per unit length, m¢/sec,

o
I

positive for inflow and negative for outflow
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The flow area at section x is A, and at section x+Ax it

1s A+(0A/0x)Ax. The mass of water within the control
volume is APAx. The fluid density P being constant for

1ncompressible flow, the rate of mass change within the

system can be expressed as

%,

p 3t (A AX) tiveriesesnsreseaso(a)

The inflow to the control volume and positive lateral in-

flow has the following form:

Q + G AX teeeossssssnssssssssss(b)

The outflow from the control volume is

0Q

Q + 3 AX I X2

Then by applying the law of conservation of mass:

inflow (b) - outflow (c) - storage (a) = O

we obtailn

Dividing by AxXx and rearranging, we have
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On substituting Q = vA in equation 3.2, the continuity
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