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ABSTRACT

The behaviour of the flow in rectangular settling
tanks is investigated experimentally under different flow
conditions. A total of 13 configurations of rectangular
settling tanks are tested using a Laser Doppler Anemometer
to measure the mean and r.m.s. velocities throughout the
tank. Statistical analysis is used to analyze the experi-
mental data and to study the factors influencing the £ low
patterns, the size of eddies, potential core, growth of the
boundary layer and the turbulence distribution within the
tank.

The energy balance is investigated on the basis of
measured velocity to discuss the internal mechanisms by
which energy is lost in the basin. Mean kinetic energy
and turbulent kinetic energy values are obtained by in-
tegrating the mean velocity and r.m.s. velocity profiles.
Turblueht kinetic energy is used to represent the tur-
bulence in the tanks.

A simplified differential transport equation for de-
scribing the general trend of the energy balance using the
basic transport principles 1is developed. This equation uses
the velocity and the mean kinetic energy fields as input to
predict the turbulent kinetic energy within the tank.

The transport equation results compared reasonably

well with the experimental data of this study.
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I. INTRODUCTIOWN

1.1, Objective

The objective of this work is to study experimentally
the hydraulics of rectangqular settling tanks, and to de-
velop a simplified transport equation to prgdict the tur-
bulent kinetic energy in these tanks. In order to achieve
this objective an experimental study of the flow under

different conditions was necessary.

1.2 Definition of the Problem

Sedimentation is the most common process in the treat-
ment of water and wastewater. Although first used in puri-
fication of raw water for water supply, sedimentation basins
are found today more frequently in wastewater treatment
plants. The study of flow behaviour in settling tanks has
aroused considerable interest in recent years.

In an ideal sedimentation basin under the best con-
ditions, every part of the fluid entering the unit is
evenly distributed across the tank at inlet zone, and the
flow advances with a uniform velocity distribution to the
outlet. 1In a real basin, the kinetic energy of the flow
entering the settling basin is lost mainly through eddies

in the inlet zone. These generally result from the sudden
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enlargement in flow section fram the inlet section to the
tank section. This phenomenon will cause re-circulaticn
currents and dead space.

It is, therefore, of interest to discuss the inﬁernal
mechanisms by which energy is lost in the basin. Turbulent
kinetic energy is used to represent the turbulence in the

tanks.

1.3 The Approach in General

In the project reported here, the behaviour of the™
flow in rectangular settling tanks is investigated for
different tank configurations.

A total of 13 configurations of rectangular settling
tanks were tested using a Laser Doppler Anemometer to
measure the mean and r.m.s. velocities throughout the tank.
Data measurements were analyzed using a computer programme
and the CALCOMP Plotter to study the effect of tank length,
gate opening and flowrates on velocity and turbulence
distribution within the tank . Also the flow patterns,
for the same configurations were presented to study the
factors influencing the size of eddies, potential core
and the growth of the boundary laver.

The energv balance was investigated on the basis of
measured velocity. Mean kinetic energy and turbulent
kinetic energy values were obtained by integrating the

mean velocity and r.m.s. profiles.
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A transport equation based on applying the basic
principles for energy balance is developed:; this equation
uges the velocity and mean kinetic energy fields as input
to predict the turbulent kinetic energy within the tank.

The rate at which the mean kinetic energy is con-
verted into turbulence and the rate at which the turbulence
energy is dissipated are developed using the experimental
kinetic energy and turbulent kinetic energy data.

The transport eguation is solved by using RUNGA-KUTTA
method. To verify the transport equaticn, the results are
compared with the experimental data for the present study

for turbulent kinetic energy.



II. LITERATURE REVIEW

2.1 Introduction

-

Flow in settling tanks is a stratified, two-phase,
turbulent flow. The factors affecting the removal pro-
cess can be divided into three groups: - (i} the character-
istics of the suspended solids and the transporting liquid,
(ii) hydraulic conditions within the clarifier due to its
shape, inlet and outlet arrangements, and (iii) field
conditions. '

It is a difficult task to quantify the combined ef-
fects of all the factors on suspended solids removal. This
has led researchers to study and gquantify only a limited
number of factors, while minimizing the effects of the
other factors (17).

In this chapter the availabie literature related to
the subject of this work, is presented. The review in-
cludes 1iterature on: .

(a) hydraulics studies of flow in sedimentation

basins,

(b) turbulence studies in hydraulics and settling
tanks, and

(c) the energy transport equation.
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2.2 Hydraulics Studies of Flow in Sedimentation Basins

The detgrmination of the flow pattern in the 'settling
tanks is the key to evaluating the performance for various
tank configurations. Flow patterns may be generated by
experimental model studies, direct field measurement,
full-scale experimental studies, and mathematical.model—
ling (37).

In 1967 Khattab ( 1% ) studied the flow pattern in
circular sedimentation tanks; experimental work was carried
out using a miniature flowmeter in measuriné the velocities
in large number of points‘at sections across the tank ra-
diu?:‘ Results were analyzed to study the effects of tank
shape, inlet arrangements and flow rates on flow patterns.

Two types of flow patterns were obtained. In the
first type, where no inlet baffles were present, the £flow
passed from the inlet to outlet weir at high wvelocity
through the upper part of the tank inducing a large eddy
in the lower part of the tank which rotated forward at the
top. In deep tanks, small eddy took place near the inlet
pipe and close to the tank floor, rotating backward at the
top.

The second type, with an inlet haffle, éhe flow passed
at high velocity throughout the lower part of the tank, in-

ducing a large eddy in the upver part of the tank, rotat-

. ing forward at the bottam. 1In deep tanks a small eddy was



induced at the bottom near the baffle. This eddy in-
creased in size in sloping bottom tanks.  This eddy ro;
tates forward at the top.
In 1977, Larsen (21) published a compfehenr
sive feport on the hydraulic behaviour of the flow in
rectangulaf settling basin. Detailed measurements of
velocity distribution and concentration distribution have
been reported from various rectanqular tanks in Sweden.
In all basins éested the flow pattefﬁ consisted of
a well developed bottom current and a return flow in the
upper layers of the basins. Measurements in the established
bottam current showed little variation across the basin.
Thus, the assumption of two-dimensional flow is reasonable
as reqgards the bottom current. Entrainment from the bottom
current to return the current was noted by an increase in
flowrate of the return flow in the directions of the in-
lets.
Based on these studies, he classified the settling
basin into the following zones: B
(1) Inlet zone characterized by three-dimensional
flow, mixing and entrainment of water with low
concentrations of suspended matter.
(2) Bottom current zone characterized by two-dimen-
sional flow with velocities about ten times

higher than the nominal velocity. In this zone
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the bulk of the settling takes place.

(3) Return current zone characterized bv two-

dimensional flow directed toward the inlet
end with entrainment from bottom current.

j4) Sludge zone beneath the bottom current zone.

Larsen also found turbulence intensities to range
from 10%-20% (relative to the maximum mean value of veloci-=
ties in the bottom current) throughout the basin, although
even higher values were found in the inlet zone.

A settling tank flow does not readily lend itself to
observation or measurement. Indirect methods of investiéa—
tion such as tracer techniques have been used by many re-
searchers, e.g., Camp ( 3), Morrill (28), Ingersoll et al.
(18), El-Dardudi (11,12), Hirsch (16), McCorquodale (23) and

=
Crosby and Bender (7). Tracer methods are the most widely

used and many tracers are available. )
In 1972 Clements and Price {6 ) published a paper on
"A two-float technique for examination of £low characteris-
tics of sedimentation tanks." They emphasized that tracer
methods do not reveal much information about the details
of the internal flow pattern in a clarifer and in many
cases have misled by giving invalid general criteria of
the behaviour of the tank.
The float method described in his paper enabled both

a practical measurement of the time-ratio of a full-scale



rectangular tank to be obtained and the flow pattern on
plan to be drawn.  The technique has already been used
successfuly by Price (30) on thirteen tanks at six differ-
ent sewage works.

As indicated by Imam (17), the use of stochastic
models is necessary in dealing with a random phenomenon
of solié particle settlement in a turbulent flow. |

Bayazit (1) ‘applied a random walk model to the motion
of a single small solid particle settling in a low Reynolds
number turbulent open-channel f£low.

Li and Shen (27) employed a random walk theory along
with currently available Eulerian flow inférmation to study

a solid particle settlement in an open—channel.

5.3 Turbulence Studies and Their Application in

Hydraulics and Settling Tanks

Turbulence provides many of the most challenging prob-
lems in hydraulics. The basic nature of the phenomenon of
‘turbulence has been described by many researchers, e.g.,
Reynolds (34), Launder and Spalding (22}, and Rodi (35).

As indicated by Rodi (35), turbulence is an eddying
motion which, at the high Reyﬁblds numbers.usually pre-
vailiAg, has a wide spectrum of eddy sizes and a corres-
ponding spectrum of fluctuation freguencies. Its motion is
always rotational and can be thought of as a tangle of

vortex elements whose vorticity vectors can be alighed



in all directions and are highly unsteady.

The large eddies interact with the mean flow thereby
extracting kinetic energy from the mean motion ana feeding
it into thé large-scale turbulent motion. The eddies can
be considered as vortex elements which stretch each other.
Due to this vortex stretching, the energy is passed on to
smaller and smaller eddies until viscous forces become ac-
-tive and dissipaqékfhe energy.

The results of an experimental investigation into the
decay of turbulence in a flow behind a double gridnof cylin-
ders with the grids moving in opposite diréction, were given
by Ginevskii (14). It was shown that the distribution of
the turbulence parameters behind such a grid is more uni-
form than for other known ﬁeﬁhods of generating turbulence.

The kinetic energy of the flow entering tﬁe settling
basin is lost mainly through turbulent eddies in inlet zome.

Larsen (20, 21) studied the energy balance in a second-
ary settling tanks to assess the importance of various fac-
tors involved in the settling process. The major energy
fluxes were: (i) kinetic energy associated with the inlets;
(ii) poténtiél energy due to the influent suspension having
a higher density than the clarified liguid, (iii) energy
transferred to the basin at the free surface due to wind
shear, (iv) hé@t flux through sidewalls and potential

energy due to atmospheric cooling at the surface, and (v)
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energy flux associated with water surface slope. Sources
-(1) and (ii) were considered point sources of energy
while (iii) to (v) were distributed over the entire sur-
face.

Larsen made an order of magnitude study of the various
energy inputs to a typical secondary settling basin and
found that the energy of the effluent only amounts to a
negligible amount compared to energy contributed to the
basin. It was also shown that the energy fluxes related
to inlet conditions are several orders of mqgnifude greater
than energy flux and rate of energy loss assuming "ideal
settling basin" conditions.

According to many fesearchers, e.9.,Camp (3), Dobbins
(8), Orton (29), McCorquodale (23), and Larsen (2l), the
design of inlets should be given attention as a consequence
of the high flux of energy associated with the velocity of
the influent.

‘Knowledge of the characteristics of turbulence is an
important factor in many design and research projects in
the fields of hydraﬁlic and sanitary ehgineering. It is
the mean motion, along with appropriate statistical charac—/%j
teristics of the turbulent fluctuations, that are normally
of interest when a turbulent flow is studied. The root-
mean-square of the fluctuations is a measure of fluctua-
tion intensity. For brevity, it will be termed the r.m.s.

value.



”11

A three parameter model %as derived by Schall, Ming
Li and Simons (26, 36) predicting the root-mean-squaré
(r.m.s.) values of turbulence for the vertical and longi-
tudinal directions.. They assumed a Gaussian distribution
to describe tﬁe turbulent fluctuating velocities as a
probabilistic approach to the probiem. Further assumptions
on the characteristics of flow were necessary to simplify
the model: (1) the flow is steady and uniform in the or-
dinary sense, i.e., over a time period, (2) the fluctuat-
ing velocity in the streamwise direction is the result of
momentum transfer only in the cross-streamwise Y direc-
tion. The influence in the transverse Z direction is
neglected, (3) the mean flow velﬁcity in the Y direction
is zero across the entire flow depth, (4) the expected
magnitude of the cross-stream fluctuating velocity is
proportional to that of the streamwise fluctuating

velocity, i.e.,

[
EL{v,]] CE (o, (2.1)

in which E[*] = the expected magnitude of the absolute
values of cross-stream and streamwise fluctuating flow
velocities, respectively;.and C is a constant.

The experimehtal data of McQuivey (24} and the split
hot f£ilm data taken by Schall et al. (36) was used to evaluate

the longitudinal and vertical r.m.s. values of velocity
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in smooth boundary rectangular and trapezoidal channels.

A detailed experimental study of developing turbu-
lent flow in a rectangular ducts was made by Melling and
Whitelaw (25}, using a Laser-Doppler anemometer. The
purpose of the work were to obtain data of value to fluid
mechanicists, partiéularly those interested in the develop-
ment and testing of mathematical turbulence models, and to
evaluate the performance of the anemometer. For the first
puréose, contours of axial mean velocity and turbulence
intensity were measured in the déveloping flow, and all
three mean velocity components and five of the six Reynolds
stresses were obtained in the nearly fully developed flow.

Increasing concern regarding the environmental ef-
fects of changes in flow patterns for bodies of water and
streams demands that flow parameters characterizing tur-
bulence be meaéured and understood.

Cenedese, Mele, and Morgaﬁti {5), obtained some
information on the distribution of the velocity field in
the turbulent shear flow generated by a sgquare section
body placed on the bottom of a two-dimensional turbulent
flow. Intense velocity fluctuations were obtained on the
walls of the obstacle bounding the flow. They emphasized
that the magnitude and spectral distribﬁtion of fluctua-
tions are of special interest for engineering problems.

In a previous study (4), the velocitv field, i.e.,
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the mean horizontal camponent U and the root-mean-square
J;?i were analyzed and the modification of the power
spectra of u' as a function of Strouthal number were de-
termined.

The velocity values were obtained by a Laser anemo-
meter, very low and negative velocity were measured using
a frequency shift obtained by a Bragg cell (9).

Cenedese, et al. (5) presented the horizontal components
of the flow mean velocity and of the root-mean-square of
turbulent velocity on vertical profiles on the mid-point of
the channel width.

Other studies were reported on a turbulent flow in a
two-dimensional channel of aspect ratio 1:16 in which a
square obstacle of half the channel height was used (10).
A Laser Doppler anemometer was used to measure the mean
longitudinal velocity fluctuations. The governing partial
differential equations were solved numerically and results
are described in the theoretical part of the paper. The
calculations were compared with the measurements and de-
monstrated clearly that for turbulent flows with a separa-
tion, the present state of turbulence modelling results
were in inaccurate predictions.

Turbulent flow with separation and recirculation over
a double backward facing step has been investigated ex-

perimentally by Smith (40).
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»
Temporal streamwise and ¢ross-stream components of

the velocity fluctuation together with turbulence kinetic
energy and Reynolds shear stresses, were measured using a
Laser Doppler anemometer, operating in the differential
Doppler mode with forward scattering. Ordinary tap water
was used in a closed loop flow system with a Reynolds number
of 30, 210 and significant changes of flow patterns; an
increase in turbulence kinetic energy, velocity fluctua-
tions and shear stresses were observed downstream of the
step expansion.

More recently, Griffith and Grimwood (l15) presented
the results of tests intended to evaluate the feasibility
of using a modified commercially'gvailable electromagnetic
current meter to measure parametefs which would character-
ize turbulent flows from field measurements in rivers and
lake inlets. The flows were characterized by the following
parameters: (l) "Broadband" average r.m.s. of the fluctuat-
ing velocity 1;:2 (2) time average velocity resultant (D)
as averaged over several seconds; (3) spectral composition

from Fourier analysis of strip chart recordings; and (4)

the ratﬂ:ngfﬂthich is the modified turbulence intensity.
The influent upon entering the settling basin has the

character of jet flow. The properties of jets have been

studied by many researchers tMeoretically and by wind

tunnel tests since the 1920's, but not until the 1950's
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did jet mechanics become a familiar concept among hydraulic
engineers (21).

In 1976 Rajaratnam (32) published a comprehensive book
on "Turbulent Jets." The book covered many areas related
ta treatment of the mean flow characteristics of incompres-
sible turbulent jets for use by engineers. He presented the
typical experimehtal results connected with the similarity
of the r.m.s. of the velocity fluctuations and turbulence
shear-stress profiles. |

Entrainment of ambient water and the energy dissipa-
tion associated with the flow are of particular interest in
a jet flow.

Larsen {(21), discussed these aspects for the case of
three-dimensional (round) jets and two-dimensional (plane)
jets of the same density as that of the ambient water.

If the inlet flow séction te the settling tank is
small compared to that flow section of the tank at the
inlet, it can be repmresented as a submerged orifice dis-
charging into a channel (19).

The flow immediately below a deeply submerged sluice
gate was investigated experimentally by Rajaratnam and
Subramanya (31). They analyzed the region of free mixing
on the top of the potential core as a case of the Iree-jet
boundary problem. The velocity distribution was found to

be similar and it agreed well with Tollmien's solution.
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The length characteristics of the diffusion region grow
linearly with the longitudinal distance. It has also been
indicated that the flow below the vena contracta could be
treated as a case of the plane tufbulent wall jet under

an essentjally zero pressure gradient,.

2.4 The Energy Equation 1

The basic task of hydraulic engineering is that of
predicting water-flow phenomena to describe the turbulent
motion, and, because "Predictions”" by way of experiments
are usually very expensive; efficient calculation methods
are in great practical demand. 1In order to account for
the transport of turbulence, models have been developed
which employ transport equatians for quantities character-
izing the turbulence.

. The transport equation for the turbulence kinetic
energy is the basis of rational representation of transport
processes. 'The kinetic energy of the turbulent.motion (per

unit mass) is given by the expression,

ko= 172 (0l s vl s gy (2.2)

P
I

mean-sguare fluctuating components of

velocity in x, v, z directions.

According to this equatio?j/k is a direct measure of

—r’
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the intensity of the turbulence fluctuations in the three
directions. If the velocity fluctuations are to be charac-
terized by one scale, the physically most meaningful scale
is Yk. The energy k is contained mainly in the large-scale
fluctuations. But how should the turbulence energy be de--
termined? |

Many researchers, e.g., Reynolds (34), Launder and
gﬁglding (22), and Rodi (35) described, what Prandtl ,
Kolmogorov (and several others since) have suggested to
determine the distribution of k by solving a differential
£ransport equation with Kk as dependent variable. The equa-
tion enables account to be taken of the influence of neigh-
bouring regions on the local turbulence energy.

As indicated by Reynolds (34), the form of the enerqgy
equation applicable to a plane, thin flow and with molecu-

lar diffusion neglected, the k equation, reads

|
I
G
|
+
<
|

Dt ax ay
=3 _ 3 o E o -
t — LI -—
u'v 5y 5y (v (; + k) ] € (2.3)

in which
U = the time-mean velocity in the x-direction

V = the time-mean velocity in the y-direction.

u'v' = the average value of the x-and y-components of

the fluctuating velocity
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P'= the fluctuations about the mean value of the

time-mean pressure field.

For compactness, the kinetic energy is given by

K = L? = %q_f (2.4)

+ = (2.5)

Fay

Launder and Spalding (22) described the exact boundary

-layer form of the k-equation as:

Ju, 2
v i
3y uz(gig) §2.6)

Q}S.z_._a_ 111 !i_‘I|
Bt 3y (pv'k' + vip') pu'v

=

Convective flux = diffusion + production - dissipation

in which
¢ = Density of fluid
v',u' = Fluctuating components of velocity in x ang V4
directions
k' = The instantaneous value of turbulence energy
p' = Fluctuating pressure
-u'v’ = Effective (kinematic) turbulent shear stress
arising from correlation between velocities
u' and v'
u = Streamwise velocity in boundary layver

1 = molecular viscosity
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-

= tensor-notation subscripts taking values 1,

2 or 3. ul and ua denote u' and v' respec-

tively, Xy denote x, etc.

They also demonstrated, the set of approximations

made by Prandtl , Kolmogorov and by a number of other

workers to simplify the turbulence correlations appearing

on the right-hand side in the previous equation, in terms

. 0of quantities which are known or can be determined. The

approximations were given by the expressions,

l 1
+ = {pv'k' + p'v') = constant x pkgiﬂ:; = ;i . gg (2.7)
. — Ju
L 1 (2.8)
dul 2 . 5 k372
- - i%j (gzg) ~ local isotropy -+ <y —7 — (2.9)
in which .
He = Turbulent viscosity
T = The effective Prandtl number for the diffusion
of turbulence energy
CD = Constant appearing in the dissipation term of
turbulence energy equation
? = Length scale of turbulence proportiocnal to the
size of the energv containing motions.
When the approximated forms of the terms are re-assembled
the final eguation beccomes:
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Dk _ 3 (tdk 3u, 2 pk

DT 5y _ﬁ)+ My (W) -Cpy T '(__/—’--"('.l\1\-3)

~

The exact form of k eguation can be derived from the
Navier-Stokes equation. For high Reynolds number; Rodi

(35) presented this equation as,

30,
s s i
3k 3k 3 171 p]
- + . = — . + = - u,u, =
3t U1 IxX, ax.[ ul( 2 p) i7] 9x.
gt ot -___—--.-—-JZ-—a 1‘_______.___,.—.__._- J
rate of Eonvective diffusive transport P=production
change transport by shear
Bui aui
-8g, u.v -V = ——
i 1 IX. 9xX.
G=buoyant production/ ¢ = viscous dissipation
destruction (2.11})
in which
Ui = Instantaneous or mean velocity "o
X = Co-ordinates in tensor notation
u, = Fluctuating velocity component in X4 direction
g, = The gravitational acceleration in direction Xy
8 = Volumetric expansion coefficient

¢ = Fluctuating scalar quantity

The rate of change of k is balanced by the convective
transport due to the mean motion, the diffusive transport
due to velocity and pressure fluctuations, the productiocn

of k by interaction of Reynolds stresses and mean velocity
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S v

gradients, and the dissipation of k by viscous action
into heat.
Rodi, also demonstrated the following model assump-

tions for the k-equation:

-

u. ua.
a. (_u-{- E.) =
2 p

i =

v -
5 (2.12)

ak
k
in which,

Ve T eddy (or turbulent) viscosity.

The diffusion flux of k is assumed proportional to
the gradient of k, %ere Tk is an empirical diffusion
constant. Th?/i}ssipation e was modelled by the expres-

. {
s10n: i

£ = C. -—0 (2.13)

where CD is another empirical constant.

One-equation models are popular in the Soviet Union
for determining the eddy viscosity and diffusivity of the
vertical turbulent transport in large water bodie;, but
almost no comparisons with experiments have been‘reported
so that the model performance is difficult to assesst

At present, two-equation models, and in particular
the k-¢ model, are the most widelv-tested for hydraulic

flow problems (22,35). Schamber and Larock in their

article (38) described a numerical model which predicts
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the velocity in sedimentation basin, the'structure of the
turbulence is represented by k-€ turbulence model.

More recently, Singhal and Spalding (39)
presented numerical predictions of boundary layers exhibit-
ing a large variety of streamwise pressure distributions,#
including those featured in the Stanford Conference on
turbulent bouridary layers. The model of turbulence em-
ployed was one‘in which the local statistic of turbulence
was characterized by two quantities: the turbulence
kinetic energy k and its dissipation rate &. Transport
equations for k and € are solved simultaneously with that
for the momentum of mean flow. The computed results are
compared with the experimental data and the agreement was
found to be good.

In 1976, Galin (13) developed a method for calculat-
ing the dissipation of turbulent energy on the basis of an
approximate differential equation.

In the same year, Bradshaw ( 2), published a paper
on "Turbulence Research Progress and Problems." His paper
was an update of a review "The Understanding and Predic-
tion of Turbulent Flow," published in 1972. The first part

was & review of progress in calculation methods, and in

experiments related to calculation methods, and the second part

was a series of comments on topical problems which needed

further study.

— e o ———



ITTI. THE EXPERIMENTAI STUDIES

3.1 Objectives

The principal purposes of the following experimeﬁtal
programme , were to measure the velocity and turbulence
fields throughout the tank length, as a guide in obtaining
a gross picture of flow behaviour and to provide adequate
evaluation of a transport equation for turbulent kinetic
energy.

The use of a Laser Doppler Anemometer ig particularly
advantageous in this study in view of the low velocities

and the unstable nature of turbulent flow.

-

3.2 The Experimental Apparatus

The tests were carried out in a recirculating flume
made from plexiglass. The flume was 1.8 m long, by 0.5 m
high and 0.125 ¢ 0.003 m wide. The flow entered the flume
from the end where a 30 mm thick fibre filter was installed
to damp out inflow turbulence. The water flowed under a
round lip gate into the test section. The gate was shaped
such that flow would be unidirectional at the inlet to the
test section. The effluent from the test section was col-
lected in a O.7S‘m long by 0.6‘m deep by 0.6 m wide plexi-

glas sump and recirculated to the flume through a 64 mm

23
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diameter copper pipe. A 1/4 horsepower centrifugal pump
was used ta circulate tap water. Figure (3.1) shows a
gschematic layout and dimensions of the recirculating.flume.
Inflow to the test section was controlled by a gate
valve at the upstream end of the flume. Although the ap-
paratus was originally equipped with an orificemeter for
measuring flow, it was found that integration of the mea-
sured velocity distribution would yield more accurate re-
sults for the sma;l flow-rates involved. The effluent
weir at the end of the test section was calibrated to check
the computed flow by measuring the head over the weir. The
use of closed-loop flow circuit was necessary to attain
temperature equilibrium and eliminate possible temperature
effects on flow pattern.

A Laser Doppler Anemometer was used to measure velocity

profiles because, (i) it requires small measuring volume as
compared to propeller current meters, (ii) it is a non-
intrusive method, (iii) it possesses a high absolute

accuracy and it requires no calibration, and most important
(iv) it is capable of accurately measuring reversed flow as
‘well as r.m.s. values in a set direction. The side walls
of the test section were constructed of plexiglass, 0.125 m
apart, to permit the use of Laser Doppler Anemometer in

its "Forward Scattered Mode," as shown in Fig. (3.2).

Certain important details of the equipments used in these
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experiments are given in Table (3:1). Rankin (33) used a
Laser Doppler Anemometer arrangement that included a fre-
quency shifter which enabled him to measure near-zero
velocities. A similar arrangement was used.in.this ex-
perimental investigation to measure the negative back-flow
velocities in the recirculating eddy.

The light from a 15 mW He-Ne Laser first passes through
a polarization rotator and then an aperture'before enter-
ing the beam splitter where it is divided into two equal
parts 50.mm apart. The two beams enter the Acousto-optic’
cell housing where one beam is transmitted through the cell
and the other through a path length equalizer. Both the
shifted and unshifted beams are then focused onto the mea-
surement point by the focusing lens. The scattered light
from the intersection of the two laser bheams is again
focused onto the aperture of the photo detector (photo
multiplier) which converts the light intensity variation
into electrical variation. The shifted signal is passed
through a high pass filter into the frequency tracker
where frequency is converted into a proportional voltage.
An oscilloscope was used to display the photo detector
output signal.

A transverse mechanism was used to locate beam intersec-
tions to measure velocity at various points within the

test section, and to construct the required velocity pro-
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files. The Laser Doppler Anemometer components, transmitting
optics and receiving optics were located on a horizontal frame
which was pe;pendicular to the flume longitudinal-axis as shown
. in Figs. (3.3) to. (3.5) inclusive. A limited adjustment in the
frame direction (z-direction) was made possible by means of a
plexiglass slide mechanism which was used for aligning the ]
point of intersection onto the centreline of the flume. The
entire frame was fastened onto a carriage that travelled on
tracks in the x—directioﬂ.(flume centerline) ., In order to al-
low a third degree of freedom, the frame and tracks could move
up and down (y-direction) by means of space frame and a hydrau-
lic jack. Thus, the point of intersection of the two-laser
beams could be loéated a£ any point {(x, y, z) within the test
section. The term "point of intersection” is used to refer to
the small measuring volume which was an ellipsoid with minor
and major axes, 0.078 mm and 0.315 mm respectively, in the pre-
sent study (33). The overall view of test facility is shown

in Fig. (3.6).

3.3 Experimental Procedure

-

The use of the Laser Doppler Anemometer reguires know ledge
of the laser light wavelength, focal distance of the lens and
beam spacing. The fluid velocity, u, is related to the doppler

frequency, f

3’ according to

_ 2u sin K ,
fd = —_— (3.1)

where N is the laser light wavelength (=632.8 nm for air) and

X is half the intersection angle (=13.76° for air). The ratio

k]

o
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(sin Ky& is independent of the working medium. The tracker
converts this frequency into a proportional voltage which

is related to the fluid velocity at the measuring point by (33)
u=6.651 (E-E_) (3.2)

where u is the longitudinal, velocity in cm/sec, E is the output
voltage t6 be read from the freguency tracker (E = sfd, s is
the range switch setting in volts/MHz), and Eg is the theore—
‘tical voltage that would be recorded when ﬁ = 0.

The measured water depth near the effluent weir was used
to determine the head over the weir, and consequently the flow-

rate, from the experimentally calibrated weir (17).

g = 17.25 hi's (3.3)

where g is in cm3/sec/cm and hw in cm. The measuring volume
was located in the mid-width of the test section. A typical
test was carried out as follows:

1. The sump tank was filled with tap water.

2. The Dual Beam Laser Doppler Anemometer arrange-
ment was set up according to the operation manual
supplied by the manufacturer.

3. The frequency shifter was set such that E_ was
observed to be 1.0

4. The flowrate was set to approximately the desired
value using the control valve.

5. The water depth was measured from the bottom at the

"entrance gate" and alsc near the effluent weir.
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6. Starting fram the sections at the entrance gate
and proceeding downstream, the measuring volume
was traversed in t@e y-direction while voltage;
rms voltage, and depth values were recorded.

7. Intervals of 10 mm were used in the y-direction
while the intervals in the x-direction were 50 mm.

8. The test was repeated for different discharges,
different gate openings and different lengths of

the test section.

3.4 Experimental Ranges

The ranges of the experimgntal data are as follows:
Flowrate: gq = 53.9 cm3/sec/cm to 147 cm3/sec/cm
Gate opening: G = 3 cm to 7 cam

Test sec. length L = 30 cm to 73 cm.

Water depth: H = 10.7 cm to 12.7 cm.

3.5 Experimental Results

The experimental data of a total of 130 profiles
collected during this investigation are on file at the
Civil Engineering Department, University of Windsor, and
only samples of the data of the mean velocity and r.m.s.
profiles are documented in Tables (3.2 to 3.28) in
Appendix (A). All length dimensions are given in cm, the

3 ,
flowrate in om” /sec/cm, the mean velocity and r.m.s.

values in cm/sec.
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Taﬁles (3.2 to 3.13) list the results of mean velocity
and r.m.s. values for the gate opening, G = 3 cm, and the
variables: flowrate, g, ranging between 61.74 cm3/sec/cm
and 111 cm3/§ec/cm, length of test Section, L, ranging to
between 30 cm and 73 cm.

Tables (3.14 to 3.25) present the velocity and r.m.s.
distributions for the gate opening, G = 5 cm, and the vari-
ables: flowrate, g, ranging between 101.32 Cm3/sec/cm
and 147 cm3/sec/cm, length of test section, L, ranging
between 30 cm and 73 cm.

Tables (3.26 to 3.28) give the data of mean velocity
and r.m.s. profiles for the gate opening, G = 7 cm, flow

rate, g = 106 cm3/sec/cm, and the length of test section,

L = 30 cm,.



IV. DATA REDUCTICN AND ANALYSIS

4.1 Introduction

A turbulent flow can be effectively studied by se-
parating the f£fluid motion into a mean motion and a turbulent
fluctuating motion. Flow variables such as velociﬁy, U, are
decomposed intc a statistical average velocity, U, and a
turbulent fluctuating velocity, u', i.e., U = T + u'. The
root-mean—-square of the £luctuations is a measure of the
flﬁctuation intensity. For brevity, the latter will be

termed the r.m.s. value, and will be expressed as:

1/2
r.m.s. = (:;% (4.1)

In this Chapter the experimental data for the mean velo=-
city and r.m.s. values are analyzed to obtain the mean kinetic
energy and turbulent kinetic-energy profiles.which are used to
develop a transport equation predicting the turbulent kinetic

energy.

4.2 Presentation of Data in terms of Dimensionless Variables

4.2.1 Plotting the Mean Velocity and r.m.s. Profiles

"CALCOMP Pen Plotter" was used for plotting the mean

velocity and r.m.s. profiles using the data measurements.

30
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The results of 13 tests of different tank lengths,
gate openings, and different flowrate were collected and anal-
yzed and are shown in tables and graphs. The samples Sf
experimental values of mean velocity and r.m.s. are in-
cluded in tabular form in Appendix (A). Mean velocity
and r.m.s. profiles are obtained considering the average
value at each level over the depth.

In all of the following graphs, Figs. (4.1 to 4.20)
the velocity and r.m.s. values are normalized with the
reference velocity, UR’ calculated at the gate, and plot-
ted against the tank depth normalized with the gate dpen—
ing which provides an excellent means of comparing profile
shapes. The method of calculating UR can be easily fol-
lowed from one of the tables at the gate entrénce in
Appendix (A).

By integrating the velocity distribution using equal
intervals and assuming that the reverse flow cancels an
equivalent area of the forward flow, the area under any
curve can be adjusted to be unity. Similarly the values
of r.m.s. are corrected with'ﬁhe same ratio for each
corresponding curve of U.

Typical corrected values of E/UR and the r.m.s. prﬁr
files are plotted for different points throughout the tank
depth normalized with the gate opening in Figs. (4.1 to

4.20) inclusive.
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4,.2.2 Mean Kinetic Energy and Turbulent Kinetic

Energy Flux

The velocity profile data in this investigation is col-
lected at sufficiently .small vertical increments so that the
bagic definition could be used to determine the variation in
the mean kinetic energy in x-direction.” The mean kinetic
energy flux per unit discharge that will be used here 'is

defined belaow:

Y =3
fk = ojﬁ U~dy/{(q} (4.2)
where
q = the flowrate/unit width = UéG {4.3)
G = the gate opening
U. = the reference velocity calculated as the average

value at the gate.

This equation is now approximated using the trapezoidal

rule as shown below: .
=3 =3
n=-1 U] 4+ U;
1 i i+1
£ E-L;l (————) (&y) (4.4)

where, n is the number of data points {including the boun-
daries). The mean kinetic energy is made dimensionless by

dividing it by the value at the gate, fko' i.e.:
53
£ =
o ~ ~ (a) (4.5)

The same procedure are followed to determine the re-

pFesentative average t+urbulent kinetic energy f£lux/unit
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discharge, U'", which is defined as following:

—5 j’-(u--z)ﬁdv
)

.6
u 3 (4.6)
where,
!i—
u' " = the local mean-square of the turbulent
fluctuating (r.m.s.)2
U = the mean velocity at a point in the x-direction.
(It is assumed that u'! = v'" and w’2 = 0}

Substitufing the values of r.m.s. and mean velocity
profiles into the integral equation (4.6) and rerforming the

numerical integration, the following equation is obtained:

where n is the number of data pointq.

The turbulent kinetic energy as well as the mean
kinetic energy are made dimensionless by dividing by the va-
lue fko (Eg. 4.5). Dimensionless mean kinetic energy longi-
tudinal profiles are presented in Figs. {(4.21 to 4.32), and
dimensionless turbulent kinetic energy longitudinal profiles

are shown in Figs. (4.33 to 4.44).
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4.3 Proposed Equation

- Tha kinetic energy_of the flow entering the settling
basin is lost mainly through turbulent eddies in the inlet
zone. But how should the turbulence energy be determined?
Launder and Spalding (22), in their lectures on mathemati-
cal models of turbulence described a differential transport

egquation with k as dependent variable, as shown below:

3ua.
Dk___a 11T T | - ,,au_ i,2
P 5F = Ty (pv'k" + v'p') pu'v iy ™ E(ggg)
) (4.8)

convective flux = diffusion + production-dissipation

where,

k' = the instantaneous value of turbulence energy.

Prandtl, Kolmogorov and a number of other workers
used a modified form of Eg. (4.8) by making a set of approxi-
mations for the turbulence correlation appearing on the

right~-hand side. The set of approximations are shown

.
below:
- U
- - (p vK" + p'™V") = constant x pk2.£g£-= _t 3k
| 3y 9y y
£ sy
au, 3/2
- N —.-_1‘.2-4- y - - Jk
ui-j (5%~ local isotropy - Cj =

T e
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The modified equation is:

lM
t 3k 3/2
Dk _ — du,2 _ pk .
"ot T oy Tk Yt Gyl — o T .3

This equation is for two-dimensional boundary-layer flows.
The prasent investigation is concerned with settling

tank under steady state conditions, where %%-can be set to

zero in Eq. (4.9) (%% is an implicit part of g%;, the flow

is deoth averaged, the longitudinal diffusion is neaglected
and the net vertical diffusion is zero. The model to be
described in this investigation determines one turbulence
property from the solution of a differential transport egqua-
tion based on these previous assumptions.

As a guide in obtaining a gross picture of flow be-
haviour in settling basins, it is instructive to look at
the energy inputs into the basin. Energy flux into the
control volume equals energy dissipation in the control
volume plus energy flux out of it. Pigure (4.45) shows
schematic representation for energy balance in the set-
tling basin.

A transport equation is developed using the basic

transport principles and the terms shown in Fig. (4.45)

as indicaﬁed below:

Raﬁe of accumulation

(inflow - outflow) + generation rate
rate rate

- decay
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2 : 2 of —_—
g . _ _zau’ L P 2, 3/2
(dx. H) J\—g—t—) Ti—% (dx.H) - & < {dx. H) B(U'S) {dx.H)
(4.10)
aur 2
Substituting = 0 (steady state) in Eagu. 4.10 and
Jt
simplifying:
_ a2 2 g 2,
U=—=-A—-— (U, -5 -sU'") - (4.11)
m 3 x ax o H —r
where,
£ o H = length scale of turbulence proportional to the

size of energy containing motions

H = water depth of the tank

@n= depth averaged mean velocity
5O= depth averaged mean velocity at the gate

G = gate opening

fk = mean kinetic energy flux
r 2 - . .
U' "= representative turbulent kinetic energy.

The left side of Eg. (4.11l) is the convective transport.
The first term on the right is generally called the generation
term. If one was to derive the eaquation for mean kinetic
energy, he would f£ind that the same term appears in that &
equation too, bﬁt with the sign reversed. So the generation
term can be defined as the rate at which mean kinetic energy
is converted into turbulence energy. And the last term can

be taken as the rate at which turbulence enrgy is dissipated.
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4.4 Determination of the Constants (A, B)

Before solving thé previously developed egquation,
the con;tants A and B must be assigned.
::;nghe méthod of-determining‘tﬁe constants A ard B makes
use of mean kinetic energy and turﬁulent kinetic energy
profiles. Thé finite difference form of the equation that

yields a good representation of the data from kinetic -

energy and turbulent kinetic energy curves 1s that pre-

sentéd below: ’
S~ 5 3"
uLt, - ul £ - f TG -
gooirt Yo Kiv1 i, (20 ° B w2, 3/2
m . AX 8x " [
% - (4.12)
where 14

1 (U.Tj + Uf2

meoT 7 i1’

the space increment.

[
®
]

Equation (4.12) is solved numerically to find the two
consfants A and B“@y arriving at the values in the equation
separately. iﬁe equation is applied at the points (i),
{(i+1l) and then at the points (i+l), (i+2)on curves 1l and 2,
as shoyn in Fig. (4t§6) and the two résulting algebraic: ,/

—_—

equations are solved to get the two constants at the point

~

(1+1). This.process is repeated at all other pocints on
the curves till all A's and B's of all sections are obtained.

A statistical analysis was made using the all dif-
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ferent flow conditions using the mean kinetic energy and
turbulént kinetic energy profiles, and finally the averages
of all A's and B's-were taken. The a&erage values of A's
"and B's for different flow conditions are included in

tabular form in Table (4.1) in Appendix (A). A

4.5 Fitting of the Transport Egquation

The present transport equation is deveioped to pre-
dict the turbulent kinetic energy, using the experimeﬂtal
mean kinetic energy profiles.

A statistical analysis is made of the calculated mean
kinetic energy profiles presented in Figs. (4.21 to 4.32),
in order to establish dimensionless e@uatioﬁ to describe
the mean kinetic energy profile. Figure .1.47) shows the
best fit for dimensionless mean kinetic anerqgy profiles.

It is found that the best equation to represent the

-~
' . [ 2
difensionlesd mean kinetic energy profile is:

£, (x) n .
e 4 k b4
- = C(x) + D - (4.13)
ko G *®
in which
r\& fk(x) .
- = the dimensionless mean kinetic energy
| do)
C = =0.36
D = 1l.065
n = 0.371 '
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where C, D and n are obtained from Fig. (4.47) which pre-~
sents Eq. (4.13). Substitution of Eg. (4.13) into the

transport Eqg. (4.11) gives,

.8 x, 1 = G, _ _,2.3/2
Upag = "R 3z (C(F) +D) (@, - 7 -8@W?

(4.14)

4.6 The Numerical Solution and Testing

The proposed transport Eg. (4.12) is an ordinary first-
order differential equation. This equation can be solved

by Runge-Kutta method, using an initial value for turbulent

2, n+l

¥' o calculate new value for (U'") at

kinetics energy (U’

n+l n

step x = x + Ax.

The new value can be used as the initial value for the
next step. The details of this method are given in Ref.
(41).

The input data required for the transport equation
are:

U'2

initial value of turbulent kinetic energy
Ax = the space increment for the Runge-Kutta method

U, = depth averaged mean velocity.

The transport egquation results for turbulent kinetic
energy are predicted and compared with the corresponding
experimental data of this study. The comparisons between

the experimental and the numerical results are shown inh

VA Neltan S e e
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Figs. (4.33 to 4.44). The flow chart and the listing.of

the éomputer programues are given in Appendix (B).
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V. DISCUSSION OF THE EXPERIMENTAL DATA AND

EVALUATION OF THE TRANSPORT EQUATION

5.1 Introduction

In this chapter the experimental measurements of
velocity and éurbulence distribution are discussed and
compared with the corresponding experimerftal results
from other researchers. The flow patterns, at different
gate openings, flowrates and tank lengths, afe presented
to study the factors influencing the size of eddies, po-
tential core and the growth of the boundary lavyer.

The mean kinetic energy ana turbulent kinetic energy
are investigated for different tank configurations, on the
basis of measured velocity. Also a simplified transport
equation for turbulent kinetic energy is compared with the
experimental data of this study.

Finally, the sources of errors and the limitations

of the theory are discussed.

5.2 The Mean Velocity and r.m.s. Profiles

The samples of velocity and r.m.s. data are included in

Tables (3.2 to 3.28) in Appendix (A). Typical velocity
and r.m.s. distributions are included in Figs. (4.1) to
(4.20).
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In all tests the velocity profile was characterized
by well defined bottam current and a countef fldw in
upper layers of the basin.

Figures {(4.1l) to (4.5) show typicél velocity profiles
versus relative ‘depth with the corresponding conditions at
flowrate of 53.9 cm3/sec/cm, length of test section of_
30 am, and gate opening of 3 cm. These figures show that
the bottom current extended through the full length of the
test section, i.e., there waélno flow separation at the
bed.

Figure (4.1) represents the mean velocity in the
longitudinal direétion and r.m.s. profiles close to the
inlet. A bottom current of depth close to half of the tank
depth is indicated.. A well developed return flow occurred
in the upper ' half of the tank. Figure (4.l1) also shows
measured r.m.s. velocities in the longitudinal d%rection;
the r.m.s. values were found to be somewhat higher in this
section than elsewhere in the tank (as a consequence of
the Jjet flow). |

As the velocity profile moved downstream towards the
effluént weir, the depth of the bottom current was signi-
ficantly increased as shown in Fig. (4.2) anleig. (4.4)
for x = 10 cm and x = 20 cm from the gate respectively.
Velocities in the return currént'occupy a smaller portion

of the depth.
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With larger gate opening, the velocity profile was
similar to that described for the previous casg of 3 cm
gate opening. The major changelwas in the layer thick-
ness of the bottom current, as shown in Figs (4.6) to
£4,10) of 5 cm gate opening and Figs. (4.11) to (4.15) of
G =7 cm.

The prévious three cases, showed that the increase
in the gate openiﬁg from 3 em to 5 ¢cm and then to 7 cm, re-
sulted in a siéﬁificant increase in the depth of bottom
current for the same discharge. Velocities in tﬁe bottom
current, however, were samewhat lower and counter flow

‘velocities were also lower. The r.m.s. values were de-
creased by increasing the gate opening for the same dis-
charge.

An increase in the flowrate to 1lll cm3/sec/cm
resulted in a significant increase of the values of the
velocities in the bottom current as shown in Pig. (4.16)
to Fig. (4.20). The return flow velocities were also
higher. The highest turbulence measurements were in the
inlet zone.

The experimental measurements of the r.m.s. values
at‘the lower flowrate indicated that turbulence inten-
sities were surprisingly uniform-in the whole volume of
the tank. At high flowrates, r.m.s. values were markedly

influenced by the jet flow in the inlet zone.
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The r.m.s. values were found to be inlthe range from
5% to 15% of mean velocities of the bottom current, these
values are slightly lower than the turbulence measurements
of Larsen (21).

Detailed measurements from this study gave results
in general agreement'with‘the experimental results of

Rhattab (19), McCorquodale (23), and Larsen (21).

5.3 Factors Influencing the Flow Patterns

A significant common feature of all experimenﬁg was
that the flow passed through Eﬁe lower part of the tank
in high velocity region, and decreased from inlet to out-
let zone. Because of the sudden enlargement from the
inlet fl;w section to the tank section, eddies formed on
the top of the forward flow zone. Figures (5.1lb) to '
(5.12b) were obtained by dimensionless stream functions
to analyze the factors influencing the flow patterms.

In an attempt to analyze the effects of these fac-
tors on the flow pattern, the test flow patterns were
divided into three groups being dependent on the gate
opening.

3

The first group had gate opening of 3 cm (see Figs.
5.1b to 5.4b). Figure (5.1b)} shows a typical flow pat-
terns calculated from thé'léngitudinal velocity, U,

measured at various distance, x, from the tank entrance.

The length of the test section, was 0.73 m, and .the depth
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varied between 0.119 to 0.12 m. The flowrate per unit
width was 111 cm3/sec/cm which corresponds to a Reynolds
number of 11100, based on average depth, velocity, and
a kinematic molecular wviscosity of 0.01 mz/sec.

Under these flow conditions, Fig. (5.1lb) shows that
a large size eddy formed at the top of the forward flow
zone. The eddy rotated forward at the inlet and, extended ',
from the inlet to about half the length of the test sec-
tion, and about 4 times the tank depth at the baffle sub-.
mergence. _

Figures (5.2b to 5.4b) showed that'éhéée eddies de-
creased in size with the rate of flow. Figure (5.2b)
representé the condition of flowrate equals of 61.74
cm3/sec/cm, and the length of the test section ;as 0.4 m,
the eddies extended from the inlet to about 90% of the test
section length, and about 4.4 times the baffle height.

Figqure (5.3b) shows a typical flow pattern for flow-
rate of 87.41 cm3/sec/cm with a Reynolds number of 8741.
The length of the eddy is about 80% of the tank length,
and 3 times the baffle height.J

Figure (5.4b) represents flow pattern of 53;9
cm3/sec/cm. The length of eddy extended to the whole tank
length and is 3.9 ‘;.imes the baffle depth. )

The second group of tests with G = 5 cm, and the

third group of G = 7 cm, are shown in Figs. {5.5b) to
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. weiiy

(5.12b). These figures also show that the flow patterns
were in geheral, similar to those described in group 1
(G = 3 cm). Depths and lengths of eddies were inversely
proportional to the gate opening.

The length of eddy, Lr/hB' is plotted as’'a function
of the tank length, L/hB, agd the baffle height ratio,
hB/H, ranging between 0.35 to 0.75 as shown in Fig. (5.13).
Also Fig. (5.13) shows that for 6<L/hg<lo0, Lr/hB varies
between 4 and 5. For L/hB<6, Lr/thL/hB.

Figures (5.2b}, (5.3b), (5.4b), (5.8b), and Fig.
(5.9b), show that for a tank length less than approximate
‘0.3 m, weir effécfs will influence the flow pattern and
eventually dominate ovg; the other factors.

Figure (5.14) compares the general features of
settling tank flow for earlier experimental work of
Khattab (19), and McCorquodale (23), with the results from™
this study. It is noted that the main features of the flow
pattern, i.e., the re-circulation and bottom flow are
similar in all cases.

fhe error associated with the observed readings of
the mean velocity and r.m.s. values is estimated to be
t1%; the possible effect of this on the flow patterns,
is indicated by the shaded areas in Fig. (5.1b} to

(5.12b) .
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The r.m.s. values were used to obtain the corres-
ponding turbulence distribution as shown in Figs. (5.15

" to 5.25).

5.4 The Potential Core and Boundary Layer

The experimental observations of the mean velocity
field indicate that, in the axial.direction of the jet,
one cou}d divide the jet flow into two distinct regions:
the development zone and the fully developed zone as
shown in Fig. (5.26). As the turbulence penetrates in-
ward towards the middle of the jet, a wedge 1is formed
known as the potential core. The core_of fluid with
nearly constant maximum velocity 1is bounded by a mixing
layer on the top, and a well shear layer on the bottom
(32). In the second region, the turbulence has pene-
trated through the jet, and as a result, the potential
core has disappeared.

.The same hydraulic and geometrical data that were
used for the preparation of the flow patterns, were used
to determine the length of the potential core, Lp, and
the growth of the boundary layer which are shown in Figs.
(5.1a to 5.l2a). These figures showed that the length
of potential core, Lp, ranges between 2.57 and 5.67
times the gate opening.

Figure (5.27) shows a comparison between the slope

of potential core by Rajaratnam (32) and the slope of
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potential core with tank length, L/H, of the present stgdy.
Figure (5.273 also shows the scatter of experimental data
and the difference'between the value 6btained by
Rajaratnam (32) and the values of this study. However, the
average value of the slope of the potential core from this
study is in reasonable agreement with the value obtained
hby Rajaratnam and Subramanga (31).

The analysis also showed that the length of potential
core, Lp, was %nfluenced‘ﬁo;e by the baffle opeﬁing, G,
than by ahy of the_other factors.

As the gate opening became larger, smaller values Qf N
the ratio, Lp/G, were obtained. TFigure (5.28) shows the -
general trend of the length of potential core, LP/G' with
the tank length, L/G, as a function of low Reynolds num-
ber, Ry ranging between 5400 to 6200 and hiéh Reynolds‘
number ranging between 8740 to 14700. The length of po-
tential core, Lp/G, increased with the tank length, L/G,
for (£/G<15) as indicated in Fig. (5.28) for both high
Reynolds number and low Reynolds number.

Figures (5.la to 5.12a) show that the boundary layer
grows faster for large£ gate opening for a fixed tank

length and flowrate.
On the basis of ‘this study it 'is not possible to
o

reach a definite relationship between the rate of growth

of boundary layer and the tank length or the rate of flow.
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5.5. Mean Kinetic Energy Profiles

The kinetic energy of the flow entering the set-
tling tank is lost mainly through transformation to tur-
bulent eddies in the inlet zone. The mean‘kinetic enerqgy
is decreased due to increasing the turbulent kinetic eﬁergy.
This is denoted in Fig. (4.21)-to Fig. (4.32) respectively
ﬁy the rapid descen£ of the kinetic ene:é& of the mean
flow.

Figure (4.21) to Fig. (4.32) represent the variation
of dimensionless mean kinetic energy with distance for
diff;rent conditions of rate of flow, length of the tank,
and gate opening. These figures show that the rates of
energy dissipation are initially high and taper off with
distance.

In the potential coxre the energﬁ dissipation is small.
In the outer region the loss of kinetic eéergy is high due
to ‘the high difference between the jet velocity and the
me an ve%ocity of the water into which iE impinges.

In terms of kinetic energy it is advantageoﬁs to-use
a greater gate opening. The experimental observations in
Ehis study indicate that, if a smaller gate opening is used,
the effect is that energy dissipation is substantially in-
creased locally. This, however, means that inlet veloci-
ties become high witﬁ consegquent adverse effects in the

inlet zone. These effects may be detrimental, particularly
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with fragile floc. It is, therefore, important to con-
sider gnlet design in the light of minimizing inlet

velocities.
[}

KFiguré.(4.47) shows the curve fitting of mean
~

kinetic energy for &gggggént tank configurations.

L]

5.6 éghparison of the Transport Equation for the

Tuxbulent Kinetic Energy with the Experimental

Data

The proposed kransport equation was compared With
representative casges from_the experimental results of the
present study. The compariéoﬁs between the experimental
and the predicted results are shown in Figs. (4.33 to 4.44).

The experimental data points were deduced from the
measurements of r.m.s. velocities as explained in Chapter
IV. '

Mést of thé plots show a satisfactory agreement be-
tween the predicted values and the experimental data.
However, the}q is a rather.poér agreement in two cases
as shown in Figs. {4.41) and (4.44). This may be dﬁe to

~ three dimensional éffects.

The peak value along the x-direction occurs because
the energy has to diffuse in from regions where the tur-

\bulence energy is produced, i.e., the turbulent kinetic
. n

L

energy profile could be divided into two regioms being

dependent on the peak value as shown in Figs. @.33 to 4.44)
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The first region, before the maximum value occurs, repre-

sents the production zone in which the kinetic energy is
transferred from the mean to the turbulent mdtions. The

second region, after the maximum value occurs, represents

the dissipation zone, in which the kinetic energy transfers

from the turbulent motion into infernal energy of the fluid.

~Jn these zones the indicated process daminates over the

other processes.

The maximum calculated and measured values of turbu-

lent kinetic energy for each tank experiment are plotfed
8 ' '
in Fig. (5.29).

5.7 Errors and Limitations of the Theory

7
- /

The errors and limitations of the theory may be dis-

i\tussedlas follows: the proposed eq&i.ion is noF an éxact
modg}f it is a qualitative treatment of the tifnsport
equation which is usig to explain the general trend. It
is éssumed that the flow is one dimensional, which is not
strictly cortect. It ig agsumed that the flow is not re-
circulating;ﬁiﬁcluéioﬁ of this effect woulé Require an
additiegal tgrm. The effect of turbulence generation due
.to the.boundary—layer is neglected. The effect of the

welr is neglected and the flow is assumed to be under

steddy state conditions.

N
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\_\ . VI. CONCLUSIONS

. From the analysis of the experimental data collected
from a total of 13 configurations of rectangular settling

. tahks, for ﬁhe mean velocity, turbulence distributibn and
flow patterns, the following conclusions are made:

(a) The experimental observation of the mean vélocity
field indicates that one could diﬁide the jet flow at the
flow development region into four zones: (i) thé potential
core with nearly constant maximum velocity which is bounded
by, (ii) a mixing layer on the top, (iii) a shear layer on
the bottom, and {(iv) a zone of return flow which is formed on
the top of the forward flow.

(b) The depth of the bottom current as well as the
values of the VelOCitiéS in the bottom current age.functions
of the gate opening, G, and the flowrate 'g. For the same
flowrate g, the depth of the bottom current incfeéses as,
G, increases and the velocities in the bottom current de-

. crease as, G, increases,

(c} An increase in the flowrate g, resulted in a’
significant increase in the values of the bottom velocities
as well as £%$ return flow velocities.

(d) The r.m.s. values were found to be scmewhat higher

in the sections close to the inlet than elsewhere as a con- °

52
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sequence of the jet flow. .

(e} The r.m.s. values were found to be in the range
from 5% to 15% pflﬁean velocities of the bottom current. .
These values are slightly lower than the turbulence mea-
surements of Larsen.

(£) The length of eddy, L./hn, is plotted as a func-
tion of the tank length, L/hg, and the baffle height ratio,
hB/H, ranging between 0.35 to 0.75.. For 6<L/RP<10, Lr/hB‘
varies between 4 and 5. For L/hp<6, Lr/th'L/hB'

(g} + The average value'of the slope of the potential
core from this study was found to be 0.093 for high
Reynolds number and 0.097 for low Reynolds number. ?hese‘
values are in reasonable agréemgnt with the values obtained
by Rajartham.

(h) The turbulent kinetic energy profiles were de—
duced from the measurements of r.m.s. velocities. The
turbulent kinetic energy préfile could be divided into
two regions. The Ei;st region, before the maximum value
occurs fepresenté the production zone, and the second
region, after the maximum value occurs, represents the
dissipation zone.

(1) The length of potential core, LP/G' is plotted
as a function of the tank length, L/G, and Reynolds
number ranging between 5400 to 14700. The length of
potential core, Lp/G, was found to increase with the

tank length, L/G for L/G < 15,
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(j) The average value of the withdrawal zoene = 0.4H,
i.e., the influence of the weir extends‘40% of the depth
upstream of thé welir. ’

A éimpligied differential transport equation for
predicting the turbulent kinetic energy within the rece-
angular settling tanks using the velocity and mean kinetic
energy as input, has been developed. The transport equa-

w»
tion describes the general trend wef the energy balance using

the basic transport principles, and is verified reasonablv

well with the experimental data of this study.
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Fig. 3.3 Laser and Transmitting Optics



. o
Ap i

Fig. 3.4 Receiving Optics.
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Fig. 4.34 vVariation of Dimensionless Turbulent Kinetic Tneroy
with Distance (L=130 cm, G=3 cm, a = 53.9 cm3/sec/
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Fig. 5.2a

{ ~

The Potential Core and Growth of Boundary
Layer

See Tables 3.2 to 3.28 for water depth (H)
and height of the weir

IFTPTTTPPPI7 20027 PP 777227 2222727 Pl 0 7 7l P72 A 0l Pir i rrilryss

Fig. 5.2b Tvpical Flow Pattern (normalized)

Flow Characteristics (G=3 cm, L=40 cm, g = 61.74

cm3/sec/cm) .
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L = 12.4 cm
P

Fig. 5.3a The Potential Core and Growth
of Boundary Layer.

. I TETIE TPyt L LT Ll o
Fig. 5.3b Typical Flow Pattern
(normalized).

Flow Character1st1cs {(G=3 cm, L=230 cm,
g = 87.41 cm 3/sec/cm) .
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-

Fig. 5.4a The Potential Core and Growth
of Boundary Layer.

T

Fig. 5.4b Typical Flow Pattern
{normalized)

flow Characteristics (G=3 cm, L=30 cm,
g=53.9 cm3/sec/cm).
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Fig. 5.6a The Potential Core and Growth of Boundary
Layer.
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Fig. 5.6b Typical Flow Pattern (normalized)

Flow Characteristics (G=5 cm, L=40 cm, g= 111 cm3/
sec/cm) .
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L = 16 cm
o
Fig. 5.7a The Potential  Core and Growth of
Boundary Layer.
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Fig. 5.7b Typical Flow Pattern (normalized).

Flow Characteristics (G=5 cm, L=40 cm,
g=53.9 cm”/sec/cm). :
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L = 16.4 cm
D

Fig. 5.8a The Potential Core and Growth
of Boundarv Lavyer.

Fig. 5.8b Typical Flow Pattern (normalized).

Flow Characteristics (G=5 cm, L= 30 cm,
g=101.32 cm3/sec/cm) .
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k‘i Ep = 18 cm o

Fig. 5.9a The Potential Core and Growth
of Boundary Laver.
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Fig. 5.9b Tynical Flow Pattern (normalized)

Flow Characteristics (G=5 cm, L= 30 ¢h,
g=253.9 cmysec/cm) .
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L ;%
IL = 18 cm
P

Fig. 5.10a The Potential Core and Growth of
Boundary Laver.

5.10b Typical Flow Pattern (normalized).

Flow Characteristics (G= 7em, L =40 cm, gq= 53.9
cm3/sec/cm).
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L = 22 cm
2

Fig. 5.l1lla The Potential Core and Growth
of Boundarv Laver.
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Fig. 5.1llb Typical Flow Pattern {normalized).

Flow Characteristics (G=7 cm, L =30 cm,
a= 106 cm3 /sec/cm) .
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L = 21 cm
o

Fig. 5.12a The Potential Core and Growth
of Boundary Laver.

Pig. 5.12b Typical Flow Pattern (normalized).

Flow Characteristics (G=7 cm, L=130 cm,
g=>53.9 cm3/sec/cm) .
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Fig. 5.17 Distribution of (r.m.s.) values
for Flow Characteristics (L =30 cm,
G=5 cm, g =101.32 cm3/5ec/cm) .

’

Fig. 5.18 Distribution of (r.m.s.) values
for Flow Characteristics (L= 30 cm,
G=7 cm, a= 106 cm3/sec/cm) .
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Distribution of (r.m.s.) values
for Flow Characteristics 3
(L=30 cm, G=3 cm, a=53.9 cm™/
sec/cm) .

5.

20

Distribution of (r.m.s.) wvalues
for Flow Characteristics
(L=30cm, G=3 cm, a= 87.41
cam~/sec/cm) .
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Fig. 5.21 Distribution of (r.m.s.) values
for Flow Characteristics

(L=30 cm, G=7 cm, a= 53.9
cm3/sec/cm).
.06
.01
Fig., 5.22 Distribution of (r.m.s.) values for Flow
Characteristics (L =40 cm, G =cm,

a=111 cms/sec/cm) .
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Fig. 5.23 Distribution of (r.m.s.} values for Flow
Characteristics (L=40 cm, G= 5 cm,
a=53.9 cm3/sec/cm).

Fig. 5.24  Distribution of (r.m.s.) values
for Flow Characteristics (L = 30 cmn,
G=5 cm, q= 53.9 cm3/sec/cm).
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Fig.

5.

25

+

Distribution of (r.m.s.)

values for Flow

Characteristisc (L=40 am, G=3 cm,

a=61.74 cm3/sec/cm) .
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Maximum Measured Turbulent K.E.
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turbulent kinetic energy.

- [}
- [ ]
<
®
- [ 4 L
b ®
-
- [ ]
L ]
ko 1 1 1 1 ] 1 ,ﬁ__
002 .}aoa. 006 .00S 010 012 .0l4
Maximum calculated Turbulent K.E.
Fig. 5.29 Maximum calculated and measured values of
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TABLE 3.1
Equipment Details

Model/ Range and/or Manufacterer/
Equipment Type Comments Supplier
15 mW He-Ne 124A = 6328 nm Thermo-Systems Inc.
Laser
(specifications and
Polarization operations procedures
Rotator 9101-2 - are found in litera-
ture supplied by the
Beam Splitter 915 W= 50 mm manufacturer, 2500
North Cleveland Ave.
Acousto—-optic St. Paul, Minnesota,
Cell and 55113, U.S.A.)
985 -
Frequency
Shifter
Focusing Lens 9117 f = 102.1 mm "
Photo Multi-
plier System 962 - "
Frequency
Tracker 1051-2 2KHZ-50 MHZ "
High Pass
Filter 10095 0-10 MHZ "
Photodetector ) Aperature
Aperature 9161-11 Diam.=0.28 mm " -
Oscilloscope 5103N - Tectronics Inc.
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TABLE 3.2

Measured Longitudinal Mean Velocity and {r.m.s.)
Profiles for, g = 61.74 an3/sec/cm at X = 0.0 cm

Water Depth (H) = 11 cm Gate Opening (G) = 3 cm
Length of Tank (L) = 40 cm Head Over
Height of Weir = 8.5 cm the Weir = 2.3 am
VELOCITY (volts)
Elev. \ . = = r.m.s. (volt)
4] u_.
{cm) max min Average
1 4.91 4.80 0.1
1.5 4.91 4.80 0.1
2 5.00 4.87 0.15
2.5 5.00 4.80 0.18
3 5.00 4.8 0.15
Average Reference Velocity Ugp = 4.9 volts
F =0 or U
max min

From Table 3.2 to Table 3.28 the proporticnal voltage is
related to the fluid velocitv at the measurinag point by,

U=6.651 [E-E_]
S
where U is the longitudinal velocitv in cm/sec, E is the

output to be read from the freauencv. The frecuency shifter
was set such that ES was obhserved to be 1.0. '
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TABLE 3.3

Measured Longitudinal Mean Velocity and (r.m.s.)
Profiles for, g = 61.74 cm3/sec/cm at X = 13 cm

Water Depth (H) = 11 om Gate Opening (G) = 3 cm
Length of Tank (L} = 40 cm Head over
Height of Weir = 8.5 cm the Weir = 2.3 cm
VELOCITY (volts)
Elev, T T . r.m.s. (volt)
(cm) max min Average
1 4.75 4.58 0.20
2 4.91 4,59 0.35
3 4.29 2.85 0.35
4 3.05 1.10 0.40
5 1.15 0.97 0.15
6 1.09 0.85 0.10
7 1.07 0.85 0.13
8 1.05 0.75 0.15
5 1.05 0.75 0.15
10 1.03 0.65 0.15
¢
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TABLE 3.4

Measured Longitudinal Mean Velocity and (r.m.s.)
Profiles for, q = 61.74 an3d/sec/cm at X = 23 cm

Water Depth (H): = 11 cm Gate Opening (G) = 3 cm
Length of Tank (L) = 40 cm Head over
Height of Weir = 8.5 cm the Weir = 2.3 cm
VELOCITY (volts)
Elev. = = r.m.s. (volt)
(cm) Umax Umin Average
1 4.65 4.25 0.25
2 4.67 3.95 0.50
3 4,35 3.20 0.50
4 4.05 2.55 0.30
5 3.70 1.40 0.30
6 2.57 1.15 0.30
7 1,35 0.98 0.15
g8 | 1.15 0.90 0.15
9 1.05 0.85 0.15
10 1.02 0.80 0.15
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TABLE 3.5

Measured Longitudinal Mean Velocmty and (r.m.s.)
Profiles for, g = 61.74 cm /sec/cm at X = 33 cm

Water Depth (H): - 11 cm Gate Opening (G} = 3 cm
Iength of Tank(L): = 40 cm Head over
Height of Weir ="8.5 cm the Weir = 2.3
VELOCITY (volts)
e R A B

1 3.70 3.30 0.35

2 4.05 3.45 Q.35

3 4.00 3.19 0.50

4 3.45 2.65 Q.55

5 2.90 1.75 0.45

6 2.70 1.59 Q.45

7 1.85 0.98 3.45

B8 1.25 0.85 0.30

9 1.09 0.55 .25

10 0.75 0.55 0.22

[ S
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TABLE 3.6

Measured Longitudinal Mean Velocity and (r.m.s.)
Profiles for, q = 87.41 cm3/sec/cm at X = 0.0 cm

Water Depth (H) = 11.5 cm
Length of Tank (L) = 30 cm
Height of Weir = 8.5 cm

Gate Opening (G) =

Head Over

the Weir =

3 cm

2.9 cm

VELOCITY (volts)

Elev. T G r.m.s. (volt)
(cm) max min Average

1 6.91 6.81 0.30

1.5 6.98 6.97 0.15

2 7.03 6.98 0.25

2.5 7.10 7.04 0.30

3 6.98 .96 0.30

Average Reference Velocity, U_ = 6.97

R




133

TABLE 3.7

Measured Longitudinal Mean Veloc1ty and (r.m.s.)
Profiles for, g = 87.41 cm /sec/cm at X = 13 cm

Water Depth (H) = 11.5 cm Gate Opening (G) = 3 cm
Length of Tank (L) = 30 cm Head over the
Height of Weir = 8.5 cm welr = 2.9 am
VELOCITY (volts)
Elev. = = r.m.s. (volt):
{cm) Uma;r. Ymin Average
1 6.75 6.49 0.38
2 7.15 6.65 0.50
3 6.15 5.20 0.75
4 4.60 2.40 0.65
5 2.09 1.19 0.55
6 1.05 0.75 0.28
7 1.05 0.75 Q.20
8 1.05 0.75 0.15
9 1.08 0.70 0.15
10 1.05 0.70 0.15
11 1.05 0.60 0.18
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TABLE 3.8

Measured Longitudinal Mean Veloc1ty and (r.m.s.)
Profmles for, g = 87.41 cm 3/sec/cm at X = 28 cm

Wa Depth (") = 11.5 ¢em . Gate Opening = 3 ¢m
Leng of Tank (L} = 30 cm ° Head over the
Height of weir = 8.5 cm welir = 2.9 am

, VELOCITY (volts)
— — r.m.s. (volt}
Elev. ~ Unax - Unin Average
(cm)
1 113 1.04 0.10
e 2 -4.50 3.60 0.40
3 4.85 4.05 0.50
4 4.65 4.05% 0.65
5 4.56 » 3.95 0.75
6 4.50 3.65 0.50
7 3.40 . 2.85 0¥ 45
8 3.05 T 2.15 - 0.25
9 2.50 1.25 | . 0.22
10 1.15 1.08 0.10
11 1.15 1.08 _ 0.10

~__
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TABLE 3.9

Measured Loﬁgitudinal Mean Velocity and (r.m.s.)
Profiles for, g = 111 cm3/sec/cm at X = 0.0

Water Depth (H) = 12 cm Gate Opening (G}

= 3 cm
Length of Tank (L) = 73 cm . Head over the ~
Height of Weir = 8.5 cm welir . = 3.4 cm
VELOCITY (volts) .
Elev. 5 T r.m.s. {volt)
(cm) max min Average
1 6.26 5.95 0.25
1.5 6.30 6.00 0.18
2 6.35 6.25 0.20
2.5 6.45 6.29 0.20
3 6.60, 6.35 0.30
Average Reference Velocity, UR = 6.28
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A TABLE 3.10

Measured Longitudinal Mean Velocity and (r.m.s.)
Profiles for, g = 111 cm3/sec/cm, =13 cm

Water Depth (H)

= 12 cm Gate Opening (G} = 3 cm
~Length of Tank (L) = 73 cm Head over the w
Height of Weir = 8.5 weir = 3.4
VELOCITY (volts)
Elev. = = r.m.s. (volt
A (cm) nax min Average
1 5.86 5.52 0.42
2 6.23 5.80 0.50
3 5.80 4.30 1.00
4 4.20 2.20 1.00
5 3.40 1.10 - 0.75
6 1.62 0.60 0.490
7 0.92 0.50 0.20
8 0.92 0.50 0.25
9 0.92 0.50 0.20
10 0.82 0.48 0.20
11 0.82 0.45 0.20
12 0.82 0.45
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TABLE 3.11

Measured Longitudinal Mean Velocity and (r.m.s.)

Profiles for, g

Water Depth (H)
Length of Tank (L)
Height of Weir

= 111 cm3/sec/cm at X = 28.cm
= 12 c.m. Gate Opening (G) = 3 cm
= 73 cm .  Head over the :

B.5 cm

weir

= 3.4 cm

VELOCITY (volts)

Elev. 5 g . r.m.s. (volt)
{cm) max min Average
1 6.10 4.65 0.40
2 6.15 4.85 0.75
3 5.95 4.60 0.78
4 5.30 2.50 1.00
5 3.90 2.10 0.75
6 3.30 1.30 0.45
7 2.50 0.85 0.30
8 1.30 0.85 0.20
9 1.09 0.75 0.30
10 1.03 0.65 0.20
11 1.03 0.75 0.20
12 1.03 0.75 0.15
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TABLE 3.12:

Measured Longitudinal Mean Velocity and (r.m.s.)

Profiles for, q = 111 cm3/sec/cm at X = 43 cm
Water Depth (H} = 12 cm Gate Opening (G) = 3 cn
Length of Tank (L) = 73 cm Head over the
Height of Weir = 8.5 am weir = 3.4 cm
VELOCITY (volts)
Elev. = = r.m.s. {(volt)
(cm) max min Average
1 5.09 4.08 0.15
2 5.60 4.09 0.15
3 5.12 3.95 0.22
4 4.70 3.65 0.20
5 4.70 3.20 0.22
6 4.50 2.85 0.20
7 2.90 1,18 0.10
8 2.90 1.15 0.22
5 2.90 1.15 0.28
10 2.65 1.09 0.25
11 2.55 1.09 0.20
12 2.30 1.09 0.25
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TABLE 3.13

Measured Longitudinal Mean Velocity and (r.m.s.)
Profiles ~for, q = 11l cm3/sec/cm at X = 63 cm

Water Depth (H) = 12 cm Gate Opening (G) = 3 am
Length of Tank (L) ='73 cm Head Over the
Height of Weir = 8.5 cm weir = 3.4 cm
+ .
VELOCITY: (volts)
Elev. T T . r.m.s. (volt)
{cm) max min - Average
1 3.45 . 1.65 _ 0.40
2 3.70 1.65 : 0.40
3 3.70 1.79 0.45
4 3.70 1.95 0.42
5 4.30 2.10 0.50
6 4.04 2.14 ~0.40
7 3.90 2.10 0.42
8 3.85 2.20 0.42
9 3.75 2.60 0.440Q
10 3.65 2.60 0.35
11 * 3.60 2.60 0.30
12 3.50 2.60 .30




-
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TABLE 3.14

]

Measured Longitudinal Mean Velocity and (r.m.
0

S.)
Profiles for, g = 101.32 cm3/sec/cm at X = 0.0 cm

Water Depth (H) = 11.8 cm Gate Opening (G) = 5 cm
Length of Tank (L) = 30 cm Head Over the
Height of Weir - = 8.5 cm weir = 3.2 cm
VELOCITY .(volts)
Elev. = = r.m.s. (volt)
(cm) ,Umax Umin Average
1 4.55 4.35 0.40
1.5 4.79 4.70 0.20
2 4,79 4.70 0.15
2.5 4.79 4.70 . 0.15
3 4.79 4.70 0.15
3.5 4.85 4,78 0.25
4 4.91 4.80 0.30
4.5 5.05 4.90 0.30
S 4.80 4.72 0.30
Average Reference Velocity, U_ = 3.76

R
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TABLE 3.15 :

Measured Longitudinal Mean Velocity and (r.m.s.)
Profiles for, g 101.32 cm3/sec/cm at X = 13 cm

Water Depth (H) = 11.8 cm Gate Opening (G) = 5 cm
Length of Tank (L) = 30 cm Head Over the
Height of Weir = B.5 cm Welr = 3.2 cm
VELOCITY (Volts)
Elev. g F r.m.s. (volt)
(cm) max min Average
1 4.30 4.18 0.25
2 4,58 4.40 \ ¥0.25
3 4,82 4.70 0.30
4 4.85 4,42 0.60
5 4.09 3.15 0.75
6 2.85 1.85 0.75
7 2.20 0.99 0.40
8 1.10 0.65 0.25
9 0.85 0.55 0.20
10 .85 0.55 0.20
11 0.85 0.55 0.20




L
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TABLE 3.16

Measured Langitudinal Mean Veloc1ty and (r.m.s.)
Profiles for, g = 101.32 cm3bec/cm at X = 28 cm

Water Depth (H) = 11.8 cm Gate Opening (G) = 5. am |
Length of Tank (L) = 30 cm Head Over the '
Height of Weir = 8.5 cm Weir = 3.2 cm
VELOCITY (volts} .
Elev. o = r.m.s. {volt)
(cm) Ynax Unin Average
1 1.48 1.13 0.15
2 2.56 1.65 0.45
3 2.96 2.09 0.40
4 3.29 2.70 0.42
5 3.43 3.18 0.30
) 3.60 3.18 0.25
7 3.47 3.09 0.30
8 3.35 2.85 0.35
9 2.87 2.45 0.40
10 2.45 2.23 0. 30
11 2.19 1.45 0.30
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TABLE 3.17

Measured Longitudinal Mean Velocity and (r.m.s.)
Profiles for, q = 111 cm3/sec/cm at X = 8 cm

Water Depth (H) = 12 cm - Gate Opening (G) = 5 cm
Length of Tank (L) = 40 cm Head Over the
Height of Weir = 8.5 cm Weir = 3.4 cm
VELOCITY {(volts)
Elev. 5 T . r.m.s. {volt)
(cm) max min Average
1 5.03 4.75 - 0.22
2 5.20 5.08 0.25
3 5.50 .5.30 0.30
4 6.00 5.60 0.35
5 5. 80 5.40 0.32
6 3.90 1.70 0.30
7 1.15. 0.95 0.13
8 1.13 0.95 0.09
9 1.05 0.85 0.15
10 1.03 0.75 0.10
11 1.03 0.72 0.10
12 1.02 0.70 0.10
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TABLE 3.18

Measured Longitudinal Mean Velocity and (r.m.s.)
Profiles fqr, g = 111 em3 /sec/cm at X = 18 cm

Water Depth (H) = 12 cm Gate QOpening = 5 cm |
Iength of Tank (L) = 40 cm Head Over the
Height of Weir =.8.5 cm Weir = 3.4 cm
VELOCITY (volts)
Elev. T = 5 ' r.m.s. (volt}
{cm) max min Average
1 5.04 4.60 0.25
2 5.23 4.95 0.25
3 5.50 5.15 0.25
4 5.30 4,85 0.25
5 5.11 4.19 °© 0.19
é 4,25 2.60 0.15
7 3.80 1.15 0.15
8 1.15 0.98 0.10
9 o 1.13 0.80 0.05
10 1.13 0.80 0.09
11 ’ 1.13 0.65 0.10
12 1.10 0.60 0.10
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TABLE 3.19

Measured Longitudinal Mean Velocity and (r.m.s.)
Profiles for, g =.11l1 cm3/sec/cm at X = 28 cm

I

Water Depth (H) = 12 cm Gate Opening (G) = 5 cm
Iendgth of Tank (L) = 40 cm Head Over the
Height of Weir = 8.5 cm Weir = 3.4 cm
VELOCITY (volts)
Elev. = = r.m.s. (volt)
U o . ‘
(cm) masx min . Average
1 4.01 3.59 ' 0.12
2 4.57 4.09 0.30
3 4.70 4.20 0.25
4 " 4,82 4.03 0.13
5 4.75 4.08 0.30 g
o 4.55 ;.15 0.30
7 3.75 2.15 R 0.23
8 2.65 1.15 0.20
‘9 2.14 1.10 ‘0.20
10 1.65 0.65 0.15
11 1.03 0.55 0.15
12 1.01 0.90 0.15
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TABLE 3.20

Measured Longitudinal Mean Velocity and (r.m.s.)
Profiles for, q = 1l1.cm3/sec/cm at X = 33 cm

Water Depth (H) = 12 cm. Gate Opening (G) = 5 cm
Length of Tank (L) =-40 cm Head Over the
Height of Weir = 8.5 cm Weir = 3.4 cm
VELOCITY (volts) )
Elev. -ﬁ T T . r.m.s. (volt)
(‘cm) max min Average
1 _2.60 1.15 0.45
2 3.60 2.10 0.45
3 3.90 3.18 0.40
~ 4 4.05 3,75 ©0.27
5 4.20 3.75 0.30
6 4.70 3.00 0.32
7 4.11 2.70 0.50
8 3.85 1.60 : - 0.45
9 2.75 1.40 0.47
10 2.35 ‘ 1.38 - 06.40
11 1.70 1.10 0.40 X
12 1.50 1.10 ) 0.40
{
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_TABLE 3.21

Measured lLongitudinal Mean Velocity and (r.m.s.)
Profiles for, q = 147 cm3 fsec/cm at X = 8,cm

\ ]
Water Depth’ ‘(H)

= 12.7 'cm Gate Opening (G) = 5 cm
length of Tank (L) = 73 cm Head Over the //”7
Height of Weir - 8.5 cem Weir =2 4.1
VELOCITY (volts)
ﬁiiy. ' amax - f]min r.miiérégglt)
_ .
¢ A 1 s.48 4.96 0.25
1.5 5. 85 . 5.48 0.25 '
2.5 6.14 o 5.90 0.15
N 3.5 6.32 5.98 ' 0.20
4.5 6.45 5.32 | 0.10
5.5 3.67 2.03 0.10
6.5 1.15 0.95 0.10
7.5 1.10 ~0.95 0.08
8.5 1.10 0.89 0.08
9.5 1.10 0.65 0.08
10.5 1.09 0.65 0.08
11.5 1.09 0.6% . 0.08
12 1.09 0.55 . 0.08 )
12.5 ~—J 1.09 0.55 (::L © 0.07
— '

n

L emaidd

i ot B Tk B an = A
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| TABLE 3.22
Measured Longitudinal Mean Velocity and (r.m.s.)
Profiles for, g = 147 cm3 /sec/cm at X = 18 cm s
Water Depth (H) . = 12.7 cm 'Gate Opening (G) = 5 cm
length of Tank (L) = 73 com Head Over the
Height, of Weir = 8.5 cm Weir = 4.1 am
VELOCITY (volts) ﬁ
[ Elev. - T . r.m.s. (volt)
. (cm) max min Average
1 5. 85 '5.19 0.25
2 6.35 5. 45 0.25
3 L 6-35 . 5.60 0.720
4 6.32 5.45 0.18
5 5.70 4.25 0.18
6 , 4.36 2.25 0.13
i 7 " 3.90 2.20 0.10
ﬂ%\ 8 1.35 0.83 0.%0
9 1.17 0. 0.10
~ 10 a 1.10 0.80 L 0.0
11 1.09 ©0.80 | 0.05
12 1%s 0.80 0..05

A

[ S SO L S LT §

Lawisy
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TABLE 3.23

Measured Longitudinal Mean Velocity and (;r:.m;s.)
Profiles f£Qr, q = 147 cm3/sec/cm at X = 28 cm
~

Watexr Depth (H) = 12.7 cm Gate -Opening (G} = 5 cm
Length of Tank (L). = 73 am Head Over ;the '
Height of Weir = 8.5 cm Weir = 4.1 cm
VELOCITY (volts)
Elev. g ‘ T F. r.m.s. (volt)
(cm) . max min Average
1 5.70 4.20 \0.25
2 6.08 490, 0.30
3 6.25 © 4.98 ©0.30
4 6.03 4.45 0.15
5 5.82 4,35 -~ 0.20
6 5.08 3.55 0.20
7 4.90 3.40 0.10
8 4.40 1.04 0.10
9 1.23 0.85 0.10
10 1.23 0.85 0.10
11 1.20 ¢.65 0.10
"12 1.20 0.50 0.05 °
i
’
<
8 z



150

TABLE 3.24

Measured Longitudinal Mean Veloecity and (r.m.s.)
Profiles for, g = 147 cm3/sec/cm at X = 38 cm

RS

Water Depth = 12.7 cm Gate Opening (G) = 5 am
ILength of Tank (L) = 73 cm * Head Over the
Height of Weir = 8.5 cm Weir = 4.1 cm

VELOCITY {(wvolts) :
Elev. T 0 . r.m.s. {volt)
(cm) max ) min Average
1 5.25 4.19 0.30
- 2 5.30 4.07 ~ 0.30
3 ’ 5.35 .3.85 0.35
4 5.35 3.85 0.20
5 5.40 3.27 0.20
6 4.78 3.06 0.15
7 4.75 3.03 0.10
8 4.37 2.28 0.15
9 4.37 1.85 0.15
10 4.03 - 1.01 0.15
11 4.03 0.97 0.15
L' 12 4.01 0.95 0.15
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TABLE 3.25

Measured Longitudinal Mean Velocity and (r.m.s.)
Profiles fdr, g = 147 cm3 /sec/cm at X = 70" cm

Water Depth = 12.7 cm Gate Opening (G) = 5 cm
length of Tank (L) = 73 cm Head Over the
-Height of Weir = 8.5 cm Weir = 4.1 cm
’
VELOCITY (volts)
~Elev. " YUnax Unin r.m.s. (volt) "
(cm) . o Average
1 2.13 1.10 \ 0.20
2 2.70 1.50 0.30
3 2.85 1.65 0.32
4 3.10 1.70 0.30
3.15 2.10 0.35
i\\ 3.40 2.20 0.40
7 31.50 2.50 0.35
3.75 2.70 0.28
4.15 2.85 0.30 N
10 4.27 3.20 0.20
11 4,36 3.60 0.20
12 4.45 3.72 0.22'




-
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TABLE 3.26

Measured Longitudinal Mean Velocity and (r.m.s. )
Profiles for, g= 106 cm3/sec/cm at X = 0.0

Water Depth (H) = 11.9 cm
Iength of Tank (L) = 30 cm
Height of Weir /;7 8.5 cm

Gate Opening (G) = 7 cm
Head Over the

Weir = 3,3 cm

’\g VELOCITY (volts)

Elev. 5 g r.m.s. (volt
(cm) max min Average
1 3.95 3.65 0.25
1.5 3.98 3.70 0.18
2 3.85 3.58 0.10
2.5 3.85 3.55 0.20
3 3.65 3.50 0.10
3.5 3.50 3.40 ¢.13
4 3.50 3.40 0.13
4.5 3.50 3.40 0.15
5 3.350 3.40 0.20
5.50 3.50 3.35 0.20
6 3.48 3.35 0.15
6.5 3.48 3.35 0.15
6 3. 48 3.35 0.15

Reference:

Velocity, U

R

3.62 wvolts
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TABLE 3.27

Measured Longitudinal Mean Velocity and (r.m.s.)
Profiles for, q 7 106 cm3/se/cm at X = 18 cm

Water Depth (H) = 11.9 cm Gate Opening (G) = 7 cm
Length of Tark (L) = 30 cm Head Over the
JHeight of Weir = §.5 cm Weir = 3.3 cm
VELOCITY (volts)
Elev. i g . r.m.s. (volt)
. (cm) max min Average
‘1 3.61 3.42 0.28
2 3.62 3.40 0.25
3 3.55 3.35 0.25
4 3.35 3.19 0.20
5 3.25 3.09 0.20
6 3.25 3.09 0.25
7 3.19 3.05 ' 0.30
8 2.85 2.19 0.35
9 2.15 1.65 0.35
10 1.75 1.15 0.25
11 1.15 0.98 0.20
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TABLE 3.28

Measured Longitudinal Mean Velocity and (r.m.s.)
Profiles for, q =106 cm3/sec/cm at X = 28 cm

Water Depth (H) = 11.9 cm Gate Opening (G) = 7 cm
fength of Tank (L) = 30 cm Head Over the
Height of ngr = B.5 cm ~ Weir = 3.3 cm
VELOCITY (volts)
Elev. 5 g r.m.s. (volt)
{cm) max min Average
i -3
1 2.85 \ 2.69 0.30
2 3.00 2.75 ! '0.25
3 . 3.00 2.85 0.20
4 3.00 2.85 0.20
5 3. 00 3.85 0.20
6 ! 3.00 2.90 0,20
7 3.00 2.90 0.18
8 3.12 3.07 6.18
g 3.25 3.18 0.20
10 3.25 3.05 .0.20
11 3.05 - 2.80 0.20
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TABLE 4.1 \\

Average values of A ~and B for
Different FIow Conditions

Flow Characteristics A B

=3 cm, L = 30 cnm, )

q = 87.41 cm3/sec/cm 0.0060 19

G=5cm, L =_30 cm, ;

g = 101.32 cm3/sec/cm 0.0120 21.5

G=7cm, L= 30,

g = 106 cm3/sec/cm 0.0060 22.3

G =5c¢cm, L =73 cmn, :

q = 147 cm3/sec/cm 0.0022 29

G=3om, L =73 cnm,

g = 111 cm3/sec/cm 0.0130 23

G =5 ¢cm, L = 40 cm,

q = 111 cm3/sec/cm 0.0220 23

G =.7 cm, L = 30 am,

q = 53.9 cm3/sec/cm 0.0060 5.8

G=5 cm, L = 30 cm,

q = 53.9 am3/sec/cm 0.0082 9.8
[ 2

G=3cm, L = 30 cm,

q = 53.9 cm3/sec/cm 0.0095 9.8

G = 3 C'I'ﬂ, L = 40 ml

g = 61.74 cm3 /sec/cm 0.007Q 10.9
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1, //AMAL JOB ¢ - y2) r “AMAL SEBAKHY ‘ yCLASS®A
2. // EXEC FLOT
3, //FORT.SYSIN DD X
4, DIMENSION -IBUF(100Q)syVEL(21),DIST(21),R(21)»VEL1(21),VAV(20)
e . CALL PLOTS (IBUF,»1000)
& READ 20,C,C1
7. 20 FORMAT (2F4.3)
8. READ 25y (DIST(I),»I=1,19)
9, READ 25y (VEL(I)+I=1,19)
10, 25 FORMAT (12F6.3)
11, D0 5 I=1,19
12, VELC(I)=(VEL(I)>-1.0)/C
13. . PRINT 4sVEL(I)sDIST(I)
14, 4 FORMAT (2F8.3)
15. 5 CONTINUE .
14. CALL PLOTIDC AMAL , SEBAKHY '+~ *)
17. CALL PLOT (1.s1.5=3)
18, CALL SCALE (VEL,5.0+19s1)
19. VEL(20)=-0.4
20. VEL(21)=0.,4 >4
21. CaLL SCALE (DIST+9.0+19r1a
22, D0 40 II=1,5
23, CALL AXIS (0.0y0.,0s8HVELOCITY»-8:5.0:0.0,VEL(20),VEL(21)) .
24, CALL AXIS (0.0,0.0y8HDEFTH y8r9.0+,90.0,0IST(20),DISTI(21))
253, CALL LINE (VELsDIST+19r1+0,0)
26, 40 CONTINUE
27. VEL1(20)=WEL(20)
29. VE1(21y=YEL(21) N
29. - READ 26+ (VE1(J)»J=1,19)
30. . 26  FORMAT (12F6.3) |
31, DO 30 J=1319
32, VEL(J)=(VEL1(J)-1.0)/C
33. PRINT &sVEL1(J),DIST(D
34, & FORMAT (2F10.3) ~
33, 30 CONTINUE \\\\
36, DO S0 II=1,;5- \\
37. CALL LINE (VELsDISTr19+150,0) '
38. 50 CONTINUE
9. CALL SYMBOL(.S5+9.,0.21,20HVELOCITY VS DEPTH y0.0y20)
40, DO 11 N=1,19 e
41. VAV (NI =(VEL(N)Y+VEL(N) )Y /2,
42, f CONTINUE Gl
43, © SUM=0 .
44, D0 12 I=1,18 .
45, A (VAV(ID VAV T+ ) K (DIST(I+1)-DIST(I)) /2.
44, SUM=SUM+A .
47, 12 CONTINUE
48, PRINT 13,SUM Jﬁg}
49, 13 FORMAT (S0XrSHAREA=,F10.5)
S0. READ 8 » (R(K)sK=1s19)

I1. 8 FORMAT (12F6.3)

j

~
\.
‘7 \\



52,
53.
34.
55,
38
57,
a8.
39.
60.
&1,
620
630
54 . 60
&3,

66‘
87,
68.
69,

70, 14
71,

72. 17
73,
740
73,
74,
77.
78.
79.
800
81.
82.
83.
83.1
83.2 100
34, 41
850

Bé. 42
87.

88.

890

?0.

?1i. 23
?2.

930

?4. 24
?5.

?4.

70

8. 27
?9. 31
120,
10t.
102,
103.
104. 28
105,
106,
107. 29
108.
102,

~3 g

r)
[l ]
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DO 7 K=1,s19 -

R(KY=R(K)/C

PRINT 9sR(K)yDIST(K) :

FORMAT (2F6,3) '
CONTINUE :

CALL PLOT (7.+0.s-3)

CALL SCALE (RsS.0s,19s1)

CALL SCALE (DIST» 9.0 s19- s1)

DO 40 1I=1+5

CALL AXIS (0.0:0.0,8HR.M:S. +~8,5.0,0.0,R(20),R(21))
CALL AXIS (0.0,0.0,8HDEPTH  +87%.0,20.0,DIST(20),DIST(21))
CALL LINME (R,DISTs19s1+0,0)

CONTINUE

CALL SYMBOL (.5:9.,0.21,20HR.M.8. VS DEFTH  +0:0 »20)
SUMR=0 :

DO 16 I=1,18

AL=(R(I)+R(I+1))IK(DIST(I+1)-DIST(IN) /2. 5
SUMR=SUMR+A1

CONTINUE

FRINT 17 sSUMR

FORMAT (S0Xs&HAREAR=,F10.5)

CALL PLOT (0.05,-2.0s-3)

CALL PLTENID(6.)

DO 21 I=1,19

VAV (1)=VAV(I)/SUM

PRINT 22 ,VAV(I)

FORMAT (40X, VELOCITY CORRECTED=',F7.3)

CONTINUE

SUMM=0

DO 41 I=1,18

AM=(VAV(T) +VAV(I+1)%(DISTC(I+1)~DIST(I)) /2.

SUMM=SUMM+AN

FRINT 100, IsSUMM ,

FORMAT (’ XXkXXDEPTH=’,I5,10X, AREA='rF10.6)

CONTINUE : °
PRINT 42 »SUMM ' (”“‘—’)

FORMAT (40X, 1SHAREA CORRECTED=,F10.5-//)

SUM2=0

DO 23 I=1,18

AZ=(VAV (1) *XI+VAVCI+1)X*3)K(DIST(I+1)-DIST(I)) /2,
SUM2=SUM2+A2

CONTINUE

SUM2=SUM2/C1

PRINT 24,SUM2

FORMAT (40X, AREA TOTAL ="»F10.3) <

DO 31 I=1,19

R(IY=R(I)/SUM

PRINT 2% » R(I)

FORMAT (30Xs 'R.M.S.CORRECTED=‘yF7.3)
CONTINUE

SUM3=0

DO 28 I=1,18

A3=(ROIIXXK2KVAV(II+RCIFLI#X2XVAVCI+1) )X (DISTC(I+ 1) -0I3T(I)> /2,

SUMI=SUM3+A3

CONTINUE

suUM3=3DM3/C1

FRINT 29 »SUM3

FORMAT (30X:’AREA OF R.M.S. CORRECTED=',F9.5)
STOP R

END R |

G e

Tt S



1,
3.
4,
S.
&,
7
80

10.
11,
2.
130
14.
15.
16.
17.
180
19,
200
21,
22
23,
24,
250
26,
27,
280
29,
/ 30.
31,
32,
33‘0
340
35,
360

37.

\%/
39
40.
41.

42,
43,

//HALA
/7 EX
//G0.8
$JOB

c
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-
[

JOB ¢ )r ' SEBARHY “ yCLASS=UW

EC WATFIV
YSIN DD %

WATFIV HALA
REALX8 Y(25)W(25)DY{(25)
EXTERNAL VECTOR :
COMMON / AREALl / TL»XNyGrAsCsDrBsV
C=0.01200
D=2.300
A=-0,134
B=0.,000 )
N=—0.429 )
G=3.00 —J
TL=35.0 B
DX=0,25
X =0.25
XN=TL/DX
U=.00450
PFRINT XV
NX=XN
Y(1)=V
oo 1 K=1sNX '
0DX=0.,2

N =1

CALL RKSES(XsY»DY»DXsN,VECTOR)
PRINT !.XrY(l)
CQNTINUE ' . 7

STOP
END
**************************************************
SUBROUTINE VECTOR (XrYrWsN )

COMMON / AREA1l / TLsXNsGrArCrDsE»V
REALXS X» Y(25)W{(20),DY(23)

D=2.500

A=-,134

B=0.000

AN=-0.629

G=3.0

DX=0.25
W(1)=—CX(AX(X/G)XKAN+B)-DXx(V)%x%k1.5
RETURN

END

rad
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1. / /RAM JOB < ) r *SEBAKHY ’ y CLASS=A

2. // EXEC WATFIV . '

3. //GD.SYSIN DD x

4, $J0B  WATFIV RAM

5. DIMENSION U(SZ0),U(50)

&. REQDS!X!DX!UB!UD!G!D

7. PRINT S»X,DX,UByUDsGsD

8. S FORMAT ( &6F&4.3 )

9. N=1(X+ 1) / DX

10. W=1UDXG / D :

11. READ "¢ UCI) 5 V(IY s+ I = 15N )

12, PRINT »(UCIYV(IY » T .= 14N

13. NN = N - 2 - :

14. DO 15 I = Ls»NN

15. UL = UB % ¢ V(I+1) - UCI) ) / DX

16. VL = W % ¢ U(I+1) - UCI) > / DX

17. D1 = CCAUCTIHLY + VDY) / T.) XX 1.5

18. U2 = UB % ¢ U(I+2) - W(I+1) Y / DX

19. « V2 =W %X ( UCI+2). - UCI+1) ) / DX
20. D2 = CCVCIH2) + VOI+LY)Y /7 2. ) %% 1.5
21, Z=(D2%V1-D1%xV2)
22. IF(Z.EQ.0.0) GO TO 15
23, A = (D1l x U2 - D2 x Ut ) / Z :
24. B = (UL xV2 — U2 XVl ) / 2 //”f
25. Jd = I
26, PRINT 20 » J » A » B .
27. 20 FORMAT (10X ’SEC.NO.’»I2y SXs’A=’'r1F10.5+5Xs ‘B='»1F10.5://)
28, 1S CONTINUE
29, STOP

30. " END



Siennl

NOMENCLATEff

Constant of the genefation term, qu 4.10
Constant of the decay term, Eg. 4.10
Empirical constant, Eq. 4.13

Constant appearing in the dissipation term
of turbulence energy, Egqg. 2.9

Empirical constant, Eq. 2.13

Empirical constant, Eg. 4.13
Output voltage of frequency tracker

Oufput voltage of frequency tracker at

zero velocity .

Frequency

Mean kinetic energy flux

The gravitational acceleration in .direction
X, Eg. 2.11

Gate opening in om.

Water depth of the tank

Head over eﬁd—weir

Baffle height

Tensor-notation subscripts taking values
l, 2 or 3 and ui and ué denote u' and v'

respectively, 3] denotes x, etc. Ea. 2.6

‘Half the intersection angle of laser beams

The instantaneous value of turbulence energy
Kinetic energy of turbulence

Effective length of the tank
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L Length scale of turbulencé proporticnal
' to the size of the enérgy containing

motions.
Lp Length of potential core
L. Length of eddies
P The fluctuations about the mean value of

the time-mean pressure field
p!' Fluctuating pressure ?
q Flowrate per unit width
RN Reynolds number
i] The mean velocity at a point in the x~direction

Representative turbulent kinetic energy

ﬁﬁ ‘ r”fsggaﬁhaveraged mean velocity g/H

' ‘

U’ " Depth averaged mean velocity at the gate, g/G

i The reference velocity calculated as the
average value at the gate

u,v,w, | Véfbcity components in x,y;z direction
u', v', W' Fluctuating components of velocity in
X,y and z directions
u'z, v'z,w'2 Meén-square fluctuating components of
velocity in x, y, and z directions
v, ‘\ Bddy (or turbulent) viscosity. Eg. 2.12.
g : Volumetric expansion coefficient. Eq. 2Lll
L E Turbulence diséipation’rate B
. qf}' The space increment "
i”\ ' Laser ligh laée length, nm
u . Molecular viScosity. Eg. 2.6 - ////
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Turbulent viscosity. Eg. 2.7
Molecular kinematic visﬁosity, Eq. 2.5
Density of fluid '

Fluctuating scalar quantity. Egq. 2.11
Empirical diffusion constant. Eg. 2.12

The effective Prandtle number for the
diffusion turbulence energy. Eg. 2.7
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