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ABSTRACT

Selective withdrawal from stratified fluid system is a technique of water quality management.

Stagnant water in most of the reservoirs are stably stratified throughout most or all of the year.
‘This stratification is caused primarily by ternperature variation with depth, and secondarily by a
variable concentration of dissolved or suspended solid. Selective withdrawal is one, where one can
select the strata of the fhid at the sink level. Here the flow in the horizontal direction is restricted
and thus enables the water to be withdrawn in horizontal layers. This method of reservoir fluid
quality management is becoming popular day by day This method is used in cooling ponds, solar
ponds, salt producing industry. .

The flow from different layers in a stably stratified fluid system depends on many parameters. -
They are; nature of stratification, thickness of the interface, flow rate, shape of the sink, location
of the sink, rotation etc.. The change in any of this parameter effect the drawdown significantly.
By changing these variables effectively one can efﬁclcnﬂy control fluid quality from a stably
stratified ﬂmd system

Starting from the middle of this century, still today, numerous experimental and analytical work
has been done on this topic. Location of sink effects the percentage drawdown significantly. It is
found from the experiment that when the sink is elevated to a certain height Densimetric Froude
number becomes the governing parameter in controlling the drawdown history of the stratified
fluid system and all other parameter becomes less significant. From the experimental data a

. generalized cquation is developed which can predict drawdown efficiently.
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CHAPTER -1

INTRODUCTION

1.1 STRATIFIED FLUID SYSTEMS

Stagnant water in most of the reservoirs are stably stratified throughout most or all of the year.
This stratification is caused primarily by temperature variation with depth, and secondarily by a
variable concentration of dissolved or suspended solid. Selective withdrawal from stratified
fluid system, where flow in horizontal direction is restricted and thus enables the water to be
withdrawn in horizontal layers, has ‘become a popular engineering practice in a number of
engineering fields. In the following subsections, only a few examples are mentioned to
demonstrate the economic necessity of large scale control of stratified flows.

1.1.1 Layering of miscibié fluids

The efficiency of thermal energy system can be improved by providing for heated and/or
chilled water. Water in power station cooling ponds and water in solar ponds used for power
generation, are two examples in which there exists a more clearly defined layering of the water
body. Cooling ponds usually have a layer consisting of warm, recently used water, above a cool
denser layer. In solar ponds, heat energy is stored by building a two-layered system of cold
fresh water above warm saline water; this energy may be used for power generation, heating
~ or other purposes. The lower layer traps the solar radiation and heats up, stbting the energy.
Again, in stratified fluid system hot and cold fluids may are separated without physical
separation, thus reduces the capltal cost of the system.

Lakes and artificial reservoirs have been proposed as large heat exchangers for nuclear power
plants, thereby making it necessary to design intakes to withdraw the low level cool water and
to distribute the inflow of warm water near the surface. The use of thermal stratification which
exists in tropical scas, as a source of energy for thermal power plants, has drawn the attention
of the researchers. :

Pumped sampling systems are often used by marine biologists, for example, to determine
phytoplankton concentrations in stratified oceans or lakes[Fasham, 1978], and the vertical of
sampling is of fundamental interest. On a larger scale the production of mixed magmas from
active volcanoes is also a problem in selective withdrawal from the stratified magma
chamber{Blake & Ivey, 1985] . The reduction of reservoir sedimentation by removal at the



dam of water containing large amount of suspended sediment has been suggested as a means of
prolonging the useful life of major structures. In the area of density variations due to dissolved
salts, the control of salinity intrusion by barriers and locks separating fresh water channels from
an ocean or estuary may be mentioned.

1.1.2 Layering of immiscible fluids

A common feature of the applications described above is the fact that in all cases the fluids are

miscible, essentially incompressible and similar in viscosity and the dénsity differences are
small, Additional applications in cases of immiscible fluids of different viscosities might arise in
the separation of petroleum products and in other liquid-liquid separation processes.

Stable stratification occurs also in the atmospheré and is important in several flow problems of
engineering interest. The following are a few examples: Cooling tower and chimney plume
dispersion in the lower layer of the atmosphere, flame spread near the ceiling of room fires,
dense gas dispersion from chemical plant or tanker accidents, etc. The advent of low cost
atomic encrgy source should bring a degree of atmospheric pollution control and sclective
withdrawal makes the qooling system of nuclear power plant more cconomical and more

feasible.

In many of these flow situations, the density variation combines with gravity to produce body
force effects (buoyancy effects) which can crucially influence the fluid dynamic behavior.
These buoyancy effects are similar in many of the applications given above.

1.2 NATURE OF DENSITY VARIATION IN TWO-LAYERED FLUID SYSTEMS

Water stored in reservoirs is usually stratified into layers of different temperature or salinity,

and hence density, by the action of the weather on the surface and the inflowing rivers. This -

stratification has a rather irregular structure, although it typically consists of a reasonably well
mixed surface of several meter thickness called the epilimnion, above a sharp densitylhtelface,
the thermocline (or pycnocline),. which in turn lies above a weakly stratified lower layer, the
hypolimnion, reaching down to the bottom. This naturally occurring stratification is of stable
type (lighter fluid overlying denser fluid) and is sometimes enhanced by inflow of warm water
from some external sources. In such cases, it is usually permissible to treat the fluid as a simple
two-layered system. The detailed nature of the stratification may vary widely depending on
many physical factors such as cyclic variation of solar radiation, wind shear, tidal motion,
quality and quantity of inflow and outflow of water etc. In laboratories, this wide range is



simulated generally in terms of various typés of profiles suited to different types of field
situations (Fig. 1.1); for example:

a. lincar stratification; density increases linearly with depth. This type of density profile
simulates the nearly linear stable temperature gradient in deep water when the surface is
heated mainly due to solar radiation (Imberger & Fischer, 1970, Ho, 1973; Rahman,
1978). :

b. two-layered stratification; a homogeneous layer of lower density fluid lies atop another
homogeneous layer of higher density fluid. Ideally, this type of profile simulates the
layers of two immiscible fluids. -

c. two-layered stratification; a homogeneous cpilimnion, overlies a lincarly ‘stratified
hypolimnion. Lawrence and Imberger {1979] claimed that the impounded water- of
some reservoirs may be represented by this type of profile with a sharp pycnocline or
without any pycnocline between the two layers.

d. two-layered stratification; a mixed sfcep gradient interfacial region known as
thermocline or  pycnocline exists between the two homogeneous layers namely
epilimnion and hypolimnion. This mode simulates the density variation occurring in
shallow water bodies or the near surface zone of large water bodies (Islam, 1988). A
two-layered fluid system of this type of density profile has been studied in this thesis.

13  EFFECT OF STRATIFICATION OF WATER ON THE ENVIRONMENT OF
LARGE LAKES OR IMPOUNDED POOLS - '

Water of large lakes or reservoir are density stratified. Secasonal variation in solar radiation
and surface wind conditions causes changes in the location and dimension of several layers of
a density stratified fluid system. This has effect on the life of under water species. It has been
reported (Sport Fishing U. S. A., 1971, Government Printing Press) that the population of
some warm-water species declines drastically after the introduction of a dam, which causes the
water to be stratified and begins to release cold water from the lower layers of the reservoir.
Furthermore quality of water in the down stream of a hydroelectric power plant may undergo
periodic variation and thus effect the aquatic life on the down stream of the concerned river.



1.4 SELECTIVE WITHDRAWAL

Selective withdrawal is one, where one can select the strata of fluid of a stratified fluid system
at the sink level. Itis a technique of water quality management which is extensively used in
power plants. “Selective withdrawal' is a term associated with a specific (usually desirable)
phenomenon in buoyant flows whereby fluid, withdrawn at the boundaries of a fluid body,
flows predominantly from a spatially limited selective layer (or region) of a stratified
environment (Islam, 1988).

Selective withdrawal has been used in cooling ponds where withdrawal of coolest possible
water implies considerable fuel savings. Harlem [1958] studied the withdrawal from ponds
normally consists of two relatively distinct layers. His study involved a canal leading from the
cooling pond, withdrawal being from a slot under a skimmer wall. The skimmer wall was at
sufficient depth that it occupied a significant portion of the lower cold layer depth. This type of
control has been use in Australia, the United States, Sweden, and Japan, and it presents the
designer with particular problem of predicting the temperature of the inflow water. Again in
many parts of the world there is a need for alternating heating and cooling over the 24 hour
night/day cycle, that is, there is a need for chilled water during the daytime and heated water
at night. By storing the water that is chilled partially by heating the building at night and hot
water in the same reservoir, the efficiency of the system can be unproved to a large extent by
using ‘Selective Withdrawal’.

This phenomenon has been applied for better performance in condenser cooling water, where
the design of intake has a great influence on the performance of water quality. A common
practice for the condenser cooling system of thermal and nuclcar power stations is to withdraw
cold water from a neighboring large water body, pass it through the condensers and discharge it
again into the same water body with a raised temperature. Power plants are therefore
conveniently located near the coast or a large river. The discharged warm water forms a
floating surface faycr and may be transported by the tidal velocity into the vicinity of the
cooling water intake (Fig. 1.2). A poorly designed intake system may then withdraw at least
partially from the upper warm water layer, which then results in a higher than the desired
temperature of the heat sink and thereby a reduction of power plant efficiency. Engineers are
constanily. trying to solve this problem by choosing the optimum design criteria for the intake -
* system through proper understanding of the associated flow pattern. In recent years, single or
multiple round intakes have been used to selectively withdraw the cold water for condenser



cooling systems from a thermally stratified water body. Furthermore, the effect of a cap or
hood over the intake hole is still under investigation (Istam, 1988).

1.5 CRITICAL DISCHARGE

A critical discharge, Q. is defined such that for Q < Q. flow is restricted to the lower layer, and
for Q > Q,, flow is from both layers. The flow condition Q < Qg is termed as subcritical and
the condition Q > Q_ is termed as supercritical in the literature. '

1.6 AIM OF THE STUDY

Selective withdrawal is very useful for water quality management in large reservoirs, lakes,
cooling pools etc.. If one can know the mechanism of withdrawal, he can design efficient
withdrawal system. For subcritical flow, the flow is restricted to the lower layer but for super
critical flow water from both layers flows through the sink. Location of sink plays an important
role in percentage drawdown from stratified fluid system. The present work is aimed at to
investigate the drawdown history and the effect on drawdown of the location of sink.

1.7 SIMPLIFICATION OF THE PROBLEM UNDER CONSIDERATION

A cooling water intake from a shallow water body is in general a three-dimensional time
dependent problem. Three-dimensionally is introduced .ﬁrstly by the spatially varying
background velocity field of the water body (e.g. the main stream velocity of a river or the
coastal currents). The intake geometry may also induce local three-dimensional flow in its
vicinity. The main river velocity or the near coast currents also vary with time and this variation
makes the problem time dependent. Further time-dependency is associated with the changing
cycle of ambient parameters on both daily and scasonal time-scales. Finally, as mentioned
above, warm water discharge near the intake produces a buoyant floating laycr'over the cold
layer of water. The depth of this layer and the associated stratification may be influenced by
additional mixing caused by wind shear on the free surface and by heat loss to the atmosphere.

Although all the above complexitics certainly influence the real life problem, in this study it is
considered appropriate to examine initially the more fundamental casc of the near-field flow
pattern in the withdrawal through a single intake from a stable two-layered system. Phenomena
excluded from the current work are time-dependent ambicnt effects, all three-dimensional
effects and all free surface effects such as wind shear and heat loss. In spite of all these
neglected factors, the problem which remains is sufficient to represent the real case to provide
an understanding about the phenomena which occur at the full scale.



1.8  OUTLINE OF THE THESIS

The objective of this work is to find the effect of sink location on percentage drawdown. This
thesis is divided into five chapters. Chapter - I of this thesis consists of aim of the current
work and several examples of selective withdrawal. A comprehensive literature review is
provided in Chapter - Il In Chapter - III a brief description of the experimental setup and
procedure is described. Chapter - IV is the most important chapter of this thesis, in this
chapter experimental results are summarized and all the findings are noted. The findings of the
current experimental work and the guideline for future modification is noted in Chapter -V.
Uncertainty analysis and ﬂiennométty are described in the appendices.
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CHAPTER - 11

LITERATURE REVIEW
2.1 INTRODUCTION

‘Selective Withdrawal® from stratified fluid system has been discussed in many journals since
1950. Islam [1988} and Imberger [1980] have provided a comprehensive review on this topic.
Recently Razzaque[1994] investigated vertical axisymmetric selective withdrawal phenomena
from a two layered stably stratified ambiance due to temperature variation. He [Razzaque]
investigated affects of intake and intake Froude number on drawdown. The following
subsections contain a review of previous work on selective withdrawal from a stably stratified

environment.
2.1.1 Name of a few parameters governing the flow of interest

Imberger and Fischer [1970] have described a detailed parametric analysis of selective
withdrawal problem from stably stratified media (Islam, 1988). If in a stratified flow field, p, is
the mean density over depth and p,(y) is the density above p,, at rest, then a length scale for
the ambient density gradient is related to, -
y=- 1P, ‘ : @.n
Po ¥

The variable density introduces a body force which can cause a principal modification of flow.
For example, in a stagnant environment, if a fluid element of volume 8v is displaced vertically
by an amount 8y , then it experiences a body force equivalent to -p,ygSydv in the direction of
its original level. This body force or buoyancy force plays an important role in the vertical
momentum balance in a flow field and tends to inhibit vertical motion. For higher y (i.e. when
the stratification is strong) this buoyancy force dominates over the other prevailing forces and

the flow becomes horizontally layered.

In an unsteady flow driven or influenced by the above budyancy force, a time scale is fixed by
- the natural period of oscillation of an elementary particle in the gravitational field and is given

by,

T= T]':T . (22)

where, N = (yg)"2 is the natural frequéncy of oscillation and is known as the "buoyancy
frequency"” or "Brunt-Vaisalla" frequency.
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The sudden initiation of withdrawal from a stratified environment through a sink induces a
pressure gradient which is counteracted in the vertical direction by the buoyancy forces. As the
buoyancy forces inhibit vertical motion, the flow becomes concentrated within a narrow
withdrawal layer, As the fluid moves towards the sink, a balance must be set up between
pressure, buoyancy, inertia and viscous forces. For an inviscid buoyancy layer, the scaling
parameter characterizing the flow is the ratio of inertia to buoyancy forces and can be written
as:

_inertia - forces _ | [i: 3 F2 2.3)

buoyancy  forces %)’ '

where, 1 is a characteristic length scale for the motion and F is the densimetric Froude number

in cross flow. Similarly, for creeping flow the scaling parameter is the ratio of viscous to

buoyancy forces and is given by,
viscous forces vU F?
buoyancy ~ forces NI R,

(2.4)

where R. = Ul is the Reynolds number of the flow (ratio of inertia to viscous forces). For a
diffusive fluid, Peclet number, Pe, measures the relative strcngﬂ'l of convective to diffusive

transport of the species and is given by,
convective  transport ur

diffusive ~  transport = D P, ' (2.5)
Although these three independent parameters(F, R, and P,) are in principle required in the
study of withdrawal from a stratified cnvlronment, other combinations are possible and
sometimes found in the literature, e.g.: '

Schmidt number, Sc = v/D = Pe/R,

Rayleigh number, Ra = (R..P,)""2.F

2.2 WITHDRAWAL THROUGH TWO DIMENSIONAL LINE SINKS

Most of the axisymmetic withdrawal phenomenon may be simplified into 2-D plane flow. If it
is assumed that the reservoir depth is sufficiently great i.c. densimetric Froude.number is very
very small (F<<I) so that at large distances from the sink the flow will be very slow its
development into a layered structure will not be influenced by inertia forces. In such cases the
fluid will undergo three distinct flow transitions as it moves towards the sink. -Very far
upstream the flow is laminar. This slow flow then becomes layered by the action of buoyancy.
~ As this layer approaches the sink it becomes thinner, and at some critical distance from the sink
inertia forces become comparable to the buoyancy forces. The subsequent flow in the layer
will be governed by the balance of inertia, buoyancy and viscous forces. |
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2.2.1 Linear straﬁﬁcation

Weak motion of a density-stratified fluid in a gravitational field ofien exhibit large departures
from the motion of homogeneous fluids. Physically, in a stably stratified fluid work must be
done to displace any fluid particle vertically since there is a force due to the gravity field always
tending to oppose the displacement. Vertical motions are therefore inhibited in favour of
‘horizontal motion. Stratified flows are common in the oceans and in the atmosphere.

The problem of linearly stratified flow towards a sink was first investigated by Yih [1958]. He
investigated this problem analytically with lincarly stratified fluid flowing towards a line sink
placed at the bottom right hand comer of a channel (Fig. 2.1); a solution for the normalized
stream function was obtained which demonstrated the way in which buoyancy modifies the

flow. Froude number was defined as F = NLH where, U is the cross flow velocity, H is the

channel depth and N is the buoyancy frequency. At F = I/m, it was predicted that the eddy
(recirculating zone) extended to infinity and this was interpreted as the onset of a selective
withdrawal layer. The infinite size of the eddy violated the upstream boundary conditions used
by Yih, and the mathematical approach adopted was incapable of providing solutions for less
than the critical value (F;'= 1/n). Yih assumed the velocity and density to be undisturbed far
upstream, so that no solution was obtained for F< n™"
investigation was conducted by Debler [1959], using a long finite sized channel. He[Debler]
showed by experiment that F ~ n” is indeed a oritical Froude number, above which Yih’s
solution is valid, and below which the flow separates into a flowing region near the level of the
sink, the fluid remaining essentially stagnant elsewhere (i.. selective withdrawal occurs). The
experimental results indicated the critical Froude number, F; = 0.28. The Reynolds number,
Re = UH/v in this case was sufficiently high {O(104)] and the Peclet number, Pe = UH/D was
of the order 107, so that the results might be considered to be a first approximation for the
inviscid and non-diffusive case.

For flows with F < 1/m, Kao [1965, 1970] proposed an inverse trial-and-error method of
solution for this problem using a fictitious distributed sink on the vertical wall(Fig. 2.2). The
flow ficld would then possess a dividing streamline above which the fluid leaves by way of the
distributed sink and below which the fluid comes out of the bottom sink. By requiring that the
pressure varation on. this dmdmg streamline be equivalent to the hydrostatic pressure

(assuming dP/dx=0) due to the fluid above it, the flow above the dividing streamline may be
replaced by stagnant fluid with a vortex sheet at the dividing streamline. That is the velocity

above it remained constant and this fluid is therefore discharged through the fictitious sinks; the
fluid below the dividing streamline was discharged through the physical line sink. In this way
the sum of the individual Froude numbers of the fictitious sink and the physical sink was

An exactly analogous experimental



i2

greater than 1/ and Yih's solution could be applied to the entire channel. This analysis led to a _
unique Froude number based on the depth of the flowing layer, Frg (=U/N8) = 0.33 for all
withdrawal rates below F_ whereas the experimental results of Debler [1959] indicated Frg =
0.2 to 0.28 when the ratio of the flowing layer to the total depth (5/H) varied from 0.3 to 1.0.

2.2.2 Effect of viscosity and diffusivity

The effect of viscosity and diffusivity in stratified fluid flow towards a line sink were studied by
Koh [1966a], Imberger and Fischer [1970], Imberger [1972] and Pao and Kao [1974). For
fluid with Schmidt numbers, Sc, of order unity, the withdrawal layer -is composed of distinct
regions, in each of which a definite force balance prevails (Imberger and Fischer, 1970). If the
channel depth is sufficiently large, then at very far upstream the flow will be slow and: parallel
(Fig. 2.3). This slow parallel flow then becomes layered by the action of buoyancy in the outer
region where both viscous and buoyancy forces are significant. As the flow approaches the
sink, the withdrawal layer becomes thinner and at some critical distance %, = (2F;)¥2 H/Ra
(Imberger and Fischer, 1970) [F; = q,/2NH, Ra = (vD)/2/NH?] from the sink, inertia forces
become comparable to the viscous and buoyancy forces (the inner region). Very close to the
sink [(x/xc)13 < 0.05; Pao and Kao, 1974], sink inertia becomes dominating and the flow
becomes inviscid and buoyant. '

Koh [1966a] investigated this problem with a diffusive linearly stratified fluid for an infinite
medium. He obtained a solution neglecting the non-linear inertia terms, which predicted a self
similar velocity profile with a peak at the level of the sink and a velocity which decays rapidly in
an oscillatory manner above and below the x-axis (symmétty axis in Fig. 2.3). In addition, the
thickness of the withdrawal layer, 8 (Fig. 2.3) increased at a rate of x1/3 where x is the distance
from the sink and 8/H was proportional to Ral’3, Imberger and Fischer [1970] and Imberger
[1972] analyzed the same problem as Koh did but with a finite depth. Using the results from
Koh's method for the outer region (Fig. 2.3) as the ups;trca:n boundary condition, they obtained
an integral solution for the inner region incorporating the inertia terms. This prediction also
indicated a self similar velocity profile and withdrawal layer growth of order x!/3 but added a
viscous layer to the inviscid result obtained analytically by Kao [1970] (8 = 0. 33N/U) and
experimentally by Debler [1959] [5 = (0.24 + 0.04) N/U] (in Debler's experiment, x, was of
the order 10°m, confirming that all measurements  belong to the inviscid core).

Koh {1966a] and Imberger [1972] also reported cxpcn'méntal data to support their analytical
solutions. These experimental studies were carried out with very low Reynolds and Froude
numbers [Re = O(10) and F, = O(10-%)]. The value of x, was varied from 2cm to 2m in
Imberger's experiments whereas his flume length was 13m. Koh's experimental flume was
much shorter (50cm effective length), but x, varied from 0.7cm to 4m. In both studies, the
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measurement locations belong to the inner and outer regions. The data for velocity profiles in
both experiments showed a self similar shape in both inner and outer regions, validating the
~ analytical solutions. However, in Imberger's experiments, the reverse flow above and below the
withdrawal layer increased with (%/x.)!/3, while his analytical solution predicted only the
forward flow within the withdrawal layer. The measured érowth of the thickness of the
withdrawal layer, & with x was predicted better by Imberger than Koh, since the first method
considered the inertial effects in the flowing layer.

In his paper, Koh [1966a] also presented photographs showing the flow development at the
lcvél of the sink with time {measured from the moment withdrawal was begun) and these
clearly indicated the presence of propagating waves. In the course of his experiments, Debler
[1959] also observed some wave motions in the flow field. All these observations indicate some
transitional behavior towards the steady state. Koh [1966b] reported some calculations (for the
unsteady flow) for an linearised initial value problem appropriate to a sink in an infinite
medium with linear stratification. His sclution predicted an increase in the horizontal velocity
towards the sink with time, but this increase was felt instantaneously at all distances away from
the sink by an amount inversely proportional to the radial distance from the sink, which is
physically unrealistic (Pao and Kao, 1974). The dctgilcd'transient behavior of this problem was
first analyzed by Pao and Kao [1974] who again studicd the linearised initial value problem.
The sudden sink opening disturbs the fluid particles very close to the sink which due to the
presence of the linear density stratification, start to oscillate at the natural frequency N. But the

- buoyancy force wants to restore the particles to their original positions and the oscillation and
restoring process gives birth to harmonics which cvcnfuglly produce an infinite number of
internal waves with progressively decreasing vertical wave length. These waves propagate
upstream with a speed of C,; = NH/nn, where the mode number n = 1,2,3....0 and are
continuously attenuated by the viscous/diffusive action. The waves propagate against the
induced upstream velocity, U = ¢/2H (H = half depth of fluid). If the propagation speed C,, is
greater than the upstream velocity, U then the flow ficld is modified by the internal waves and
selective withdrawal prevails (Fig. 2.4). At (or above) a critical Froude number (Fy = 1/z), the
fastest wave si)ecd is the same as (or less than) the induced upstrearn velocity, U, thus no
waves can propagate upstream and hence no selective withdrawal occurs. Below the critical
Froude number (F < 1/n), n modes can propagate when Cy, > U.

Pao and Kao [1974] also presented a numerical solution of the unsteady, two-dimensional non-
linear partial differential equations governing the flow. Kao, Pao and Wei [1974] obtained
experimental data which give excellent support to their numerical results in terms of existence

~and speed of propagation of internal waves for a wide range of Reynolds and Froude number

(Re = 627 - 3380 and F; = 0.0143 - 0.106). Their experimental data belong to the inviscid core

g
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and to the inner region [x, ~ O (103m)]. In the numerical calculations, the experimental setup
was not simulated exactly, instead a constant depth and infinite length channel was used with .
slip conditions at all solid boundaries to avoid viscous action on the wall. The full Navier-
Stokes equations were transformed into a stream function/vorticity formulation which was
discretised and solved numerically using an explicit time marching method, upwind differencing
for convection terms and central differencing for all other terms. By a suitable coordinate
transformation (x” = 1-e"#X) the infinite length was reduced to a éomputational domain of unit
length in which the upstream boundary condition was specified from potential flow equations
and remained the same at all times. Numerical calculations were presented for various
Reynolds and Schmidt numbers to account for the effect of viscosity and diffusivity on the
flow development. Pao and Kao [1974] concluded that the establishment of flow and density
fields was essentially inviscid and non-diffusive for the range F; > 0.07 and Re > 104 when Sc
> 1. The steady state velocity proﬁles from the numerical and experimental studies were also
compared with the analytical solutions of Koh [1966a] and Imberger [1972]. Koh's self similar
velocity profile agrees quite well with the results and is better than Imberger's. Computed and
measured steady state withdrawal layer thicknesses were also compared with Koh's and
| Imberger's solution. For this parameter, Imberger's solution indicated a better agreement with
the experiments than Koh's. :

2.2.3 End wall effect

-In any experimental study, there exists an end wall which blocks the horizontal velocity far
upstream; this can affect the whole flow field at later times if the internal waves are reflected
from the end wall, before being atienuated by viscous action. Silvester [1980] provided an
experimental study on the evolution, propagation and reflection of the internal waves in a
lincarly stratified fluid and its effect on the flow field. From the observation of his experimental
results, Silvester concluded that each mode can travel a distance proportional to n-3 before
attenuation. For a long channel, symmetric velocity profiles were observed, even at the time of
first mode reflection. For a shorter tank, however, for times when several modes has been
reflected from both walls, a marked asymmetry in the velocity field was produced.

2.2.4 Initial Motion

Pao & Kao [1974] have studied the dynamics of initial motion of the withdrawal of fluid from
stratifiecd container through a line sink. Immediately after the sink is tumed on a nearly
horizontal potential flow is created. This flow is then progressively modified by discrete
spectrum of planar shear waves that travel out from the sink against the induced uniform
upstream velocity. As McEwan & Baines [197 4] found, each shear front travels with a speed
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¢ = NH/nm, where n is the modal number and H the depth, and has a frontal width
w, = H(NT)"? /n, where T is the time. The modification of the potential flow by these shear
waves dominates the initial dynamics of flow. '

2.2.5 Inflow

G. N. Ivey and S. Blake [1985] studied effect of inflow mto a continuously stratified
environment. While analysing the axisymmetric inflow of a homogeneous fluid into a stratified
container, attention is here on the case of neutrally buoyant inflow at constant discharge Q with
low momentum such that there are no entrance mixing effects. They obtained a transition

1
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parameter denoted as ‘S ¢, where § = {%ﬁj . If S is very large, viscosity is unimportant and

thickness of the inflow & ~ (Q/N)*® and spreading law;

. QJN JIIT - . .
trN[E;—D—)ITZ t (2.6)

where, !, is the radial extent of the spreading intrusion, D is the diffusivity of fluid, t is time.

Again, when S is small then viscous forces are important throughout the flow field, the initial
intrusion thickness & ~ (vQ/N*)" and the spreading law
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Chen [1980] used similarity technique to evaluate the constants of equation (2.7). Zatsepin &
Shapiro (1982) conducted a number of laboratory experiments in the same flow regime and
found good agreement with the predicted spreading law.

2.2.6 Computational verification

Islam [1988] did the computational study of the experimental works of Debler [1959], Kao,
Pao and Wei [1974] and Silvester [1980]. The experimental set up for these three cases
considered differ only in that in Debler's experimental studies, the sink for withdrawal was at
the bottom corner of the tank while in other cases, it was at mid-depth. In all cases, salt was
used as the stratifying agent and a linear vertical profile of concentration was ensured
throughout the tank before the initiation of flow. Photographic techniques were employed for
quantifative measurements.



16

To obtain the numerical predictions of these expeﬁmental studies, calculation domains were -
simulated using exactly the same physical dimensions- as in the experiments. Calculation
proceeded from time t = 0 when the sink was opened. A'u'nifomi velocity profile was assumed
at the sink and as a consequence of these approximations the free surface dropped at a uniform
velocity as discharge continued. To adjust the calculation domain to always match the physical
domain size the governing equations were transformed into a moving boundary Eulerian co- .
ordinate frame. A linear stratification at a gradient fixed by the experimental condition was
assumed in the stagnant water prior to the start of calculation. Zero gradient conditions were
“applied at the free surface which was otherwise treated as a "rigid lid" in the usual way. No-slip
conditions were used along all solid surfaces for velocities and zero gradients for the
concentration field. | o

The main experimental outcome of the Debler’s study was the determination of the withdrawal
layer thickness as a function of Froude humber; flow visualization was used to determine this
thickness by observing the motion of lines of dyed fluid introduced into the tank during the
_establishment of the initial lincar density gradient. Fifteen layers (each approximately 40 mm
thick) were used with alternate layers dyed. As time progressed after the start of withdrawal, a
number of layers would bend down from their originally horizontal locations towards the sink
exit, on the other hand, those layers in the stagnant upper layer would remain essentiafly
horizontal; the existence of a dividing streamline (below the critical Froude number) could
therefore be noted and quantified.

This experimental technique was simulated computationally by tracking the location of a
number of neutrally buoyant particles placed along originally horizontal and vertical lines within A
the calculation domain. As the calculation proceeded, the particles were moved to new
positions as demanded by the predicted flow field and at any instant the lines obfained by
joining the new particles positions represented the time lines for that instant. The withdrawal
depth was then evaluated from the computation as the height of the last time-line (above the
tank bottom) which curved monotonically towards the sink exit.

Ten experimental cases were considered covering a Reynolds number range from 70 to 42,200.
One run provided data for the additional effects in the flow field due to waves reflected from
an end wall and finally another test considered the special case of a two-layered system.

The existence of internal wave motions in the fluid could be clearly seen from the predicted
time-line patterns, leading to a quite complex flow structure in the vicinity of the sink at the
later times. The predicted withdrawal layer depth over the whole Froude number
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(instantancous) range of Debler's experiment was compared with the experimental results.
Excellent agreement was found at lower Froude number but there was some deviations at
“higher values of Froude numbers. The measurements indicated a critical value of Froude
number, F¢ of 0.289, whereas the numerical predictions implied 0.33 in agreement with the
inviscid theory of Yih [1958]. ' ,

Streamline patterns for finite and semi infinite tank for an initial Froude number, Fg = 0.112 at
different time lines were predicted and the propagation of internal waves in the form of a
corner eddy was found to be very much similar in both the cases. History of propagation of
wave modes and the reflection of internal waves were investigated in details. Velocity and
concentration profiles obtained by prediction were compared with experimental resulis and a
goéd agreement was found.

2.2.7 Two-layered stratification

For the case of two-layered straﬁﬁcation, Froude number is stili the primary gwmnhlg
parameter which characterizes the flow. Craya {1949] (Brooks and Koh, 1969, Islam, 1988)
investigated this problem for an inviscid and non-diffusive fluid unbounded in the vertical
direction with the sink placed in the vertical wall at a certain height, h away from the interface
between the two fluids [Fig. 2'.5(a)]. He found the critical Froude number above which both
layers flow to be:

F =T __15 (2.8)

re - J’g_";—f
Huber [1960] studied this problem but with slightly different geometry [Fig. 2.5(b)} and
. obtained the value of the critical Froude number to be: '

= =166 2.9)

The differences in the values of the critical Froude numbers for these two configurations are
presumably due to the different boundary conditions. Kao [1976] analyzed this problem with
two homogencous fluid with the aid of wave theory. The disturbance experienced at the
interface by the intake flow is also influenced by the boundary conditions and thus provides
' different results. He extended his analysis to the thermocline type of stratification with the line
sink located at the middle of the thermocline. The critical Froude number, he obtained for this

case is:
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where B = Ap/(p; + py), b is the half thickness of the thermocline .
2.2.8 Interface shape: Analytical and experimental work

The shape of interface during drawdown plays important role in water quality management.
The interface shape during the flow of two-layered fluid system into a line sink was studied by
Ingber and Munson [1986] both analytically and experimentally. They identificd that three
essential distinct, steady state flow topologies exists (Fig: 2.6 ). In the first flow toplogy, a
stagnation point exists in the interface directly above (below) the sink. In this case, the layer
with the sink is flowing, while the other is essentially stagnant outside a thin shear layer. In the
second flow topology, the interface between the two fluids cusps down toward the sink but
does not enter into it. Again, one layer flows, while the other is essentially stagnant. In the
third flow topology, the interface is drawn down into the sink. In this case both layers are

flowing.

The range of Froude number over which each flow topology exists was determined
experimentally. Experimental results where viscous effects were taken into account, are shown
in Fig. 2.7. Froude number was defined as Fi = [q%/2g'h3]'/2. For flows with Fi < 0.36, the
stagnation point interface was obtained. The horizontal extent of the deflected surface was
approximately one and a half times the depth of the lower fluid independent of the Froude
number. For flows with Fi > 0.38, the interface was drawn down into the sink. With
considerable care it was possible to adjust the flow rate to produce the interfacial position
shown in Fig. 2.7 with Froude number, Fi = 0.37. This condition is essentially like the cusp
down flow where the interface cusps down toward the sink but does not enter into it. The
region above the sink (0 < x/hg < 0.4; dashed portion of the curve) was observed to be quite
unsteady with apparently considerable viscous and surface tension effects. However, a slight
change in flow rate changed this type of flow into either a drawdown or a stagnation point
flow.

For the problem of withdrawing water through a line sink from a region containing two distinct
homogencous layers of different densities separated by a very sharp ‘interface, Tuck an‘d.‘
Vanden-Broeck [1984] showed that only two types of solution are possible beneath the critical
Froude number, i.c. when only a single layer is flowing out through the sink. The first solution
type involves a stagnation point on the interface directly above the sink. Peregrine [1972],
Vanden—Broeck, Schwartz and Tuck [1978] and Tuck and Vanden-Broeck [1984], all
. computed solutions of this type for the case of a line sink but had limited success as the Froude:
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number F, = (q%/g'h3)1/2, was increased (Here, h is the depth of lower layer). Hocking and
Forbes [1991] computéd solution with a stagnation point for the case of a layer of infinite
depth for values of Froude number, Fy = (q¥/g'h3)!72, upto 1.4 where h is the depth of the sink
beneath the level of the interface. '

The second solution type characterizes the critical Froude number above which water in the
. layer above the interface begins to be drawn out through the sink. In this flow, a downward
cusp forms in the interface directly above the sink, as the interface is drawn down to enter the
sink vertically.

There was a gap between the works of Hocking and Forbes (1991] and Tuck and Vanden-
Broeck [1984] in the range 1.4 < F, < 3.54 in case of infinite depth. Hocking [1991] derived
and solved an integral equation for this case which verified all the results of Vanden-Broeck
-and Keller [1987] and extended to the branch of solution in which the interface contained a
hump above the sink as the sink depth approached zero, even upto the region where the sink
rises above the level of the interface in the far field. He attempted but failed to compute
solutions with a cusp for vatues of Froude number less than unity.

2.2.9 Effect of sink location

When water is withdrawn from a fluid consisting of two or more homogencous layers of
different density separated by an interface, the withdrawn water will Tome from the layer
adjacent to the point of removal untilsome threshold in flow rate is reached, after which the
other two layers will begin to flow out through the sink. This threshold can be described most
casily in terms of a dimensionless parameter the Froude number F = (q* /g’'hy*)'? , where hy, is
the depth of the lower layer of fluid. Hocking {1991] studied effect of the location of on the
rate of withdrawal from both layer. He found that the interface between two layers rises up
and then enters the sink vertically from above even when the sink is located above the
. undisturbed level of the interface. He redefined Froude number as F = (q*/g’h,")'? , where h,
is the depth of the sink beneath the level of the interface. He developed a mathematical model
and solved the problem numerically. In his solution he found that the interface contained a
hump above the sink as the sink depth approaches zero. His numerical method was capable of
producing solution in the region where the sink rises above the interface level in the far field

(Fig: 2.8). .



2.2.10 Drawdown history

Hocking [1991), in a technical note presented the results of a series of experiments in which the
critical value of densimetric Froude number was " obtained for the case of a line sink in the
bottom cormer of a rectangular tank containing two layers of fluid of different densities over a
range of different interface thickness. The experiments were performed in a double-glazed
glass tank, 5.5m fong, 0.5m wide and 0.6m decp. A two-clectrode conductivity probe was used
to continuousty monitor the density of the out flowing water. A four electrode conductivity
probe mounted on a step motor traversing gear mechanism was used to determine the density
profile and the interface thickness T, defined as the distance betweeri 10% and 90% of the
density difference between the layers. Sodium Chioride sofution bencath a layer of fresh water
was used and Ap/p was of the order of 0.001. Interface thickness was measured before the
" initiation of the sink flow. The time of the drawdown was computed from the plot of
conductivity against time measured behind the sink (Fig. 2.9). The moment at which drawdown
occurred was identified by a drop in conductivity indicating the initiation of the flow from the
fresh water layer.

A best fit curve was drawn through the data, the equation of which is given by, logF=-071-
0.51 log Fi"l; where, F = [q¥g'h3]V/2 (Froude number based on the lower layer depth) and F;

= [q¥/g'PP]"/2 (Froude number bascd on interface thickness). Given relationship indicates that F
o« F)/2 which is in contrast with the linear relationship obtained by Jirka and Katavola [1979]
for a point sink. A lower bound for the critical value of Froude number F was determined
approximately to be 0.46, which is close to the theorctical value of F¢ = (2/3)32 = 0.54 given
by Jirka and Katavola [1979]. The finding that it is a. lower bound suggests that the actual
critical value of Froude number with an mﬁmtesunal interface may be larger.

23  AXISYMMETRIC WITHDRAWAL THROUGH POINT SINKS

Works on vertical withdrawal through a round hole (point sink) are described in this subsection.
Vertical withdrawal is the situation most similar 1o the cooling water intake problem. Davidian
and Glover [1956], ‘Harleman, Morgan and Purple [1959], Hino and Onishi [1969], Ho
[1973], Lawrence and Imberger [1979], Goldring [1981], Onishi et. al. [1982], Ivey and Blake
[1985], Istam [1988] and Zhou and Graebel [1990] and Razzaque [1991] have studied the
vertical axisymmetric withdrawal. These works include both two-layered fluid system and
continuous linear stratification.
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2.3.1 Linear stratification

Ho [1973] provided analytical and experimental data for axlsymmctnc withdrawal from a
lincarly stratified fluid. His work yielded a self similar velocity profile and a withdrawal layer
thickness growth at a rate of 1173, where r is the radial distance from the sink.

Lawrence and Imberger [1979] and Lawrence {1980] have demonstrated that for the case of
axisymmetric withdrawal the flow field is modified and the withdrawal layer is established by
the passage of internal waves in an exactly analogous manner to the 2-D line sink flow.
However, in this case the waves are cylindrical with amplitude inversely proportional to the
radius.

As in withdrawal through a line sink, Rayleigh number, Ra describes the relative importance
between viscous, inertia and buoyancy forces in the flow field. For a linear stratification and for
F.Ra"23 > 1 (F and Ra based on L, the distance between the sink and the upstream wall) the
flow in most of the tank is governed by inertia and buoyancy forces and the withdrawal layer
thickness, 5 is of order (Qy/N)!3. Lawrence and Imberger [1979] suggested & = 0.66
(Qy/N)!73, Imberger [1980] quoted 5 = 0.71 (Qu/N)1/3 from the works of Bohan and Grace
[1973}; finally Ivey and Blake [1985] reported & = 0.71 (QuN)3. For F.Ra'23 < 1, when
most of the tank is governed by v:scous and buoyancy forces, Ivey and Blake [1985] suggested
that the withdrawal layer thickness, 5 should be of the order of (vQy/N2)I5 and quoted & = 2.1
(vQo/N?)I/5 from their experimental observations.

2.3.2 Effect of location of sink

Hino and Onishi [1969] studied this problem analytically for the performance of the location of

the point sink in a linearly stratified fluid (Fig : 2.10 ) and defined densimetric Froude number
2 .

where B = Po= P and pp and p are the densities at the bottom and top of

Y
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the pool, respectively. They developed a mathematical model and predicted that the critical
value of G, varies according to the location of the sink. To study the range of the value of G
under which selective withdrawal of the stratified fluid is possible, they considered the point
sink is located near by the mid depth of water. There may exist three different conditions of

flow for different ranges of G.

£
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(i) If the rate of inflow is large enough or the stratification is slight enough, the whole portion
of the sink flows into the sink.

(i) When the rate of inflow is so small and/or the stratification is so strong that the value of G
is less than G, , The theoretical solution shows that the stagnation zone begins to appear in the
region of fluid above the sink in the case of b < 0.5 ( below the sink in the case of b > 0.5 ).
According to the inviscid fluid flow theory, the region of stagnént layer grows in the upper
portion of fluid when the sink is located below the mid depth of water (in the lower portion

of fluid for the sink located above the mid depth of water). When the stagnant layer exists in

the fluid, the depth of flowing portion d', can be obtained from the relation G'= o JQ— el

where G' is equal to G

(i) With further decrease in the value of G, the stagnant layer increase more and more in the
depth, and a second critical condition at which the value b' = bd/d', (or 1-b"), becomes to be

0.5. Let denote the value of G at the second critical condition by a symbol of G, . Under ‘

the flow condition with the value of G less than G, the layers can exist in both the upper and
lower portidns of fluid. At the second critical condition, the value of G was calculated taking
d'=2db for the case b <1/2 (or with d'=2(1-b)d for case b >1/2) is equal to the value of G, for
b=.05. This relation i lS described by |

Gcr(azb 05) 21[ {gB{z(l d}
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b<0.5 . (2.11)

for  b>.05 | 2.12)

The numerical sofution that they have got is shown in Fig: 2.11, it shows the relation between
G and the location of sink. When a point fixed by G and b drops in the area numbered as 1
in Flg 2.11, the stagnation layer exists in the upper portion of fluid and it is possible to
withdrawan only from the lower portion of the stratified fluid. When the point said above is in
the arca2, the withdrawal of water only in the upper layer of stratified fluid is possible. If the
value of G and the point sink location is selected so that the above mentioned point falls in the
area 3, then only the water in the mid laycr of fluid can be mken in, leaving both upper and
lower stagnant layers.

2.3.3 Effect of rotation on selective withdrawal

Monismith, McDonal, and J. Imberger [1993] studied the axisymmetric flow of a rotating
linearly stratified fluid into a point sink. Linear analysis of the initial value problem of flow of a

lincarly stratified fluid into a point sink that is suddenly switched on shows that a spatially

variable selective withdrawal layer is established through the outward propagation of inertial

&
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shear wave. The amplitude of this shear waves decays with distance from the sink. The flow
reaches an asymptotic state, dependent on viscosity and species diffusion, in which the
withdrawal layer structure only exists for distances less than the Rossby radius R = Nh/; , based -
on the wave speed of the lowest mode, where N is the buoyancy frequency, / is the Coriolis
parameter and h is half depth of fluid (here N > ;'). Since there is no azimuthal pressure
gradient to balance the Coriolis force associated with the radial, sinkward flow, a strong
swirling flow develops, This swirl causes the withdrawal layer thickness to grow like (;!()”3
(t=time), such that eventually there is no withdrawal layer anywhere in the flow domain.
Robertson & Ivey [1983] who considered the possibility of selective withdrawing 4°C bottom
water from Lake Ontario for use as cooling water to air condiﬁoning Toronto in summer. But
the so-called FREECOOL' scheme would not work because rotational effects would greatly
increase the vertical extent of the withdrawal layer. The authors considered the analysis of
Whitehead [1980], to simplify the analysis the considered the deceptively simple case of finite-
depth, infinite-horizontal-exient fluid domain. They start looking at the inviscid, linear initial
value problem associated with impulsively initiating the sink flow.. The resulting solution
obtained by modal expansions and Laplace transforms, shows the establishment of a
withdrawal layer by long inertial-internal waves, which can be dubbed ‘inertial shear waves' by
analogy with their non-rotating counterparts. The asymptotic solution form taken by the
~ transient solution is not entirely expected in that it shows that the withdrawal layer vanishes at a
distance of order Nh// .

From their analysis they found that Rossby radii' is very important for selective withdrawal. In
order to maintain any selectivity , the withdrawal structure must be placed within one or two
Rossby radii of the lowest internal wave mode of the shore. In general, in order to have the
ability to produce as narrow a layer as possible and so gain the maximum degree of control of
the outflow, the structure should be positioncd so as to prevent the development of swirl
around the structure.

2.3.4 Two-layered stratification

Harleman, Morgan and Purple [1959] investigated experimentally a two-layered system for the
configuration as shown in Fig. 2.12(a). The main objective of this study was to investigate the
performance of different types (sharp edge and rounded edge) of intake pipes and the results
“yielded a unique critical Froude number irrespective of size and shape of intake pipe when the
intake diameter, d varied from 0.3h to 1.5h. But for drawup case as shown in Fig. 2.12(b),
Davidian and Glover [1956] reported a critical Froude number which is dependent on the size
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of the intake pipe when the intake pipe diameter varied from 0.3h to 14h. These two
experimental studies revealed that the size of the intake pipe will not affect the critical condition
so long as the pipe diameter is small compared to the charactenistic length, h.

For two-layered stratification, Ivey and Blake [1985] reported a drawdown height, (i.e. the
height at which upper layer fluid is withdrawn) (Fig. 2.12) for the inertial regime (F.Ra"2/3> 1)
as h = ¢)(Qo¥/g")!/5 and for the viscous regime (FRa?3 <1)ash = cr(_Qo/g)V4. The
analytichl solution of Craya [1949] suggested c¢; = 0.69, Harleman, Morgan and Purple [1959}
gave ¢, = 0.826 from their experimental results and Goldring [1981] reported ¢;= 0.64 from
experimental siudies with fresh and salt water. For the viscous dominated regime Blake and
vey [1985] (quoted from Ivey and Blake, 1985) obtained c; = 2.1 from their experimental
results. '

2.3.5 Effect of intake shape

Razzaque [1994] in his M. Sc. thesis investigated the effect of shape on the percentage
drawdown. He worked with three types of intakes, they are plain, rounded and protruded
intakes. The results that he has got is that for the same for the same intake Froude number,
rounded intakes reduces the percentage drawdown based on critical height of the mean
interface measured from intake level. Sharp protnision reduces this height further.

2.3.6 Effect of a cap

The effect of cap on a bottom withdrawal through a circular pipe has received much less
attention for the case of a two-layered fluid system. Under slack water conditions, Goldring
[1981] has provided the single sct of experiments available in the literature, which served to
demonstrate the beneficial effect of the cap on the critical withdrawal situation.

:2.3:7 Computational verification: Miscible two layers

The experimental program of Goldring {1981] consisted of 4 runs for the plain hole case and
17 runs in 5 series for the capped hole case. The diamcter of the cylindrical vessel containing
the initially stagnant stratified fluid was 236mm and the withdrawal hole diameter (centrally
‘located) was 18.8mm in both cases. For the capped hole runs, the cap radius, R. = (d/2)
varied from 9.4mm to 20mm whereas the cap height, S varied from 4mm to 6.2mm. In
computational work of Isiam [1988], all the experimental runs were simulated in the
calculations initiated at time t = 0 when the ‘intake hole at the bottom was opened. Uniform exit
velocity and approximately 2mm thick pycnocline were assumed. All the tests were carried out



in the falling surface mode and hence the solution domain was also adjusted continuously to
maich the physical domain size.

The critical interface height was identified by observing the motion of neutrally buoyant dye
spots placed at the initial interface height. When the first of these entered the intake, the
experiment was terminated and the lower layer depth at the cylinder was taken as the critical
interface height. Islam [1988] simulated this by tracking the locus of an originally horizontal
line of neutrally buoyant particles placed at the interface height (x at © = 0.5) until one particle
left the solution domain; the height of the particles far away from the intake was then taken as
the predicted critical height. All the predicted and experimental data were shown to be in good
agreement with the Goldring's [1981) correlatlon
' ko 64(—)"’ | 3 2.13)

. | d g'd '
This equation reveals that the critical height is independent of hole diameter and varies linearly
with the one fifth power of (Qllg') as was also obtained by Ivey and Blake [1985] for the
inertia dominated regime. But this finding is in contrast with the Davidian and Glover's [1956]
experimental correlation for the range 0.3 < d/h < 14 showing the dependence of critical
interface height on intake diameter. About 30% higher value for the constant of proportionality
of equation 2.9 was reported by Harleman et. al. [1959] from there experimental studies. In
Hasleman's experiment the interface height was kept consfant by recirculating the lower layer
fluid and the critical intake flow rate corresponding to the given interface height was recorded
by increasing the flow rate until the interface was pulled down to the hole (Fig. 2.13).

Numerical prediction of withdrawal ratio indicated that a smaller amount of mixed fluid is
withdrawn (i.c. lower A) as the critical height and hole diameter increases. This is due to the
sharper drawdown cone for higher h; and d.

2.3.8 Effect of a cap

The presence of the cap does exert an influence on the intemal waves and acts to produce
significant local distortions in the flow above the cap (Islam, 1988). The experimental data by
Goldring [1981} and the numerical predictions by Islam [1988] were found to be in good
accord with the semi-empirical equation by Goldring.

2 .
R 026 S 2y | (2.14)
S R ol
[ g S -
where S and R represent the cap height and cap radius respectively.. According to equation
(2.10), h. is independent of S but varies inversely with two third power of R... But numerical
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predictions by Islam [1988] showed this statement to be invalid exccpt for some limited
conditions.

2.3:9 Compufational verification: Immiscible Two layers

The axisymmetric withdrawal of both one and two-layered fluids from a circular tank has been
studied analytically and experimentally by Lubin and Springer [1967], who found a relation

~ between the critical height, the drain rate and the density ratio. They observed that the drain -

rate is nearly constant throughout the draining process until a dip is formed. The formation of
the dip was- 50 quick that it appeared to extend into the sink almost instantly. The analytic
formula obtained by Lubin and Springer is in excellent agreement with their experimental data,
“in spite of the fact that only the Froude number based on the drain rate (assumed to be
constant) and the density ratio are included.

Zhou [1989] studied this problem numerically and found for the one layer fluid case that when
a dip forms, the computed critical heights agree with Lubin and Springer's analytic solution-
only for moderate values of the Froude number. For large Froude numbers the computed
values are considerably smaller than their analytic values. The discrepancics increased with the
Froude numbers and varied with the sink sizes and the initial depths of the free surface. For the
two-layered fluid case the differences are even larger. It was also found that there are strong
free surface oscillations as predicted theoretically by Saad and Oliver [1964] and Zhou and
Gracbel [1989].

For both one and two-layered fluid cases, Zhou and Graebel [1989] investigated numerically
the axisymmetric evolution of a free surface and an interface in a circular tank under a constant
draining rate through a concentric hole at the bottom. Froude number was defined as Fp =
(Q¥gR3)1/2, where R stands for the tank radius and is the normalizing parameter. In case of
one layer fluid the effect of dimensionless parameters controlling the flow, i.e. Froude number,
Fg, normalized initial depth of free surface, H;, and the normalized Sink radius, a, was
analyzed. It was found that the free surface configuration was nearly independent of initial free
surface height, H, for same Fg and a, until H, > 1. For same a and H,, a suﬂicncmly large
value of Fy, (say larger than 1.0) can suppress the drainage initiated free surface oscillations. In
the case of small mean level of the free surface, similar final surface configurations may be
occurred: despite-different motion histories; because of the quick damping out of the existing
oscillations by the dominating sink influence. For same H,, and small Fg, (say = 0.1), a smaller
a results in a greater drawdown of the free surface. Equivalently, one can say that a more
concentrated drawdown force overcomes the squeezing of the near-centre surface points by the
off-centre surface points and a pulling down of the centre of the. free surface. Thus a
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sufficiently small a can give nise to a dip (Fig. 2.10) whereas if a is not sufficiently small, the
squeezing together of the near-centre surface points decelerates the centre and consequently a
reverse jet is formed. (Fig. 2.15). When a dip is about to form, the surface velocities near the
centre are dominant while those away from the centre are small (Fig. 2.16). This is the
kinematic reason why the dip develops so rapidly. But when a reverse jet appears, the
maximum surface velocity occurs at the trough of the free surface. If the trough velocity is
sufficiently large, the centre must be pushed upward owing 1o the strong compression, hence a
reverse jet will form. The effect of H, on whether a dip or a jet forms is similar to that of a. A
weak jet occurs when the initial depth H,, is large and the drainage- initiated free surface
oscillations occurs in the early stage of the motion. '

" For the two-layer fluid case, where only a slight stratification exists, (say- density ratio = 0.9) the
free surface undergoes severe oscillations when a dip forms on the interface (Fig. 2.17). But
for a large straﬁﬁcaﬁon (say density ratio = 0.5), the free surface shows the sign of traveling
waves when a reverse jet forms on the interface (Fig. 2.18). The physical mechanism as to why
different values of stratification cause quite different surface motion, was explained by the
interfacial vorticity. When a dip develops on the interface, the vortex strength near the centre is

_ negative, which aids in pulling the centre of the interface into the sink. The negative vortex
strength indicates that the inward (pointing toward the centreline) tangential velocity of the

upper fluid on the interface is greater than that of the lower fluid on the interface. When a jet

forms, the vortex strength is positive everywhere, indicating that particles of lower fluid on the
interface move towards the centreline faster than do upper fluid particles ori the interface. It has
been assumed in simple analytic analysis (e.g. Lubin and Springer, 1967 and Harleman et. al.,
1959) that the pressure on an interface is approximately hyd'rdstatic. But numerical results
showed that this assumption is no longer correct after an appreciable depression occurs on the
interface.

2.3.10 Prawdown history

In case of two-layered fluid systems, Jirka and Katavola [1979], studied the supercritical
withdrawal behavior including the effect of finite size intakes and finite ambient pycnocline
widths. By defining pycnocline width | as the distance between the 10% and 90% value of the
density difference and the interface position h as the distance between the intake center-line and
the 50% value of the density difference, three independent Froude numbers were defined as,

Fr- L, B = (3 and F =2

Jg:l?, Jg_ gl

5



28

For the supercritical flow, a withdrawal ratio A was defined as, A = (Q;/Q), where Q = total
flow and Q, is the flow from upper layer. The tests were conducted in a temperature insulated
tank 1.52 m long, 1.32 m wide and 0.91m deep. The intake opening was located 0.30m above
the tank bottom on the centreline of one of the tank walls. Variable intake openings from
5.3mm to 37.2mm wide were used. The intake flow rate was measured with precision
rotameters and varied between 3.6 Ipm to 27 Ipm. The density stratification was produced with
heated water. Temperature differences between upper and lower layer ranged from 14.3°C to
23.30C which represents values of Ap/p from 0.0032 fo 0.0063. The thickness of the
thermocline region, 1, varied between 8.6cm and 16.3cm. The temperature distribution within
the tank and the intake was measured by 66 thermistor probes with + 0.059C accuracy and 7
sec time constant. The entire probe set was connected to a fast-scanning digital recording
system with a scanning rate of about 0.7 sec per probe.

All experiments were in falling interface mode while the total water depth stayed constant by an

. inflow of warm water at the same rate of discharge. Temperatures were monitored
continuously throughout the experiment to determine the instantancous withdrawal ratio A (t) =
(T; - TYAT] - Ty), where Ty and T, are the average upper and lower layer temperatures
respectively and T; being the instantancous temperature at the intake. '

Sixteen withdrawal experiments were carried out with the ranges of Fpy ~ 1 to 437 and Fy ~
0.05 - 0.33. In all experiments it was found that a small degree of withdrawal (A <.3%)
consistently occurred even at values of Fr well below the incipient condition. Interfacial viscous
effects and ambient diffused interface were suspected to be responsible for it. The withdrawal
curves (A vs. Fr) provided the value of critical Froude number Fre and these curves are
approximatety symmetrical about the A = 0.50 axis (Fig: 2.19 ). It was found that increasing
values of either F) or Fpy increases the value of Fr¢. The observed values of Fr; ranged from
0.05 to 0.27 which are much less than Craya's theoretical limiting (Fp, — o, F — ) value of
Fr, = 2.54. This deviation was perhaps due to the lower value of Fy (i.e. the diffused interface)
in the order of 107!, which was in the order of 103 in Garel's experiment. A best- fit
expression for approximation of Fr values in the experimental range was determined to be Frg
= 0.06 log Fy + 0.64 Fj - 0.05 which was in moderate agreement with the experimental data. A
= f (Fr/Fr.) plot of all experimental data having a moderate amount of scatter suggested that
the withdrawal characteristics. in the superctitical range can be represented by a unique
empirical curve independent of geometric effects. The equation of this curve is given by,

A= 0.142 log (Fr/Fre) for  Fr/Frg <300 2.(16)

A= 0.50 (1-Fr/Fr.) 022 for  Fr/Fro>300 2.(07

L
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Wood {1978] presented an elegant theory giving the relationship between Fr and ). Lawrence
[19SOj extended wood’s theory to the case of two-layered fluid with a linearly stratified lower
layer withdrawn through a special type of point sink. Experimental verification provided the
- drawdown history data without giving any satisfactory proof to the proposed specific
demarcation of the flowing zones as a function of Froude number. '

2.4  AXISYMMETRIC WITHDRAWAL FROM A TWO-LAYERED SYSTEM
WITH CROSS-FLOW

A 3-D version of a real life cooling water intake system was simulated experimentally by
Goldring [1984] (quoted from Islam,1988) for withdtawal from a thermally stratified two-
layered fluid in a unidirectional cross-flow without any wind shear on the free surface.
Goldring {1984] has however provided only data on critical heights and drawdown behavior

under these conditions. The Reynolds number of the cross-flow was high [O(1000)] so that it

became turbulent and drawdown behavior was observed to be dependent also on the inlet
(cross-flow) Froude number defined as F = U/(g"H5)1/2, where U is the cross-flow velocity and
H is the total depth of flow. Comput;tional predictions and their verifications are available in
Islam [1988].

2.5 CONCLUSION

Starting from the middle of this ccntufy, still today, a lot of analytical and experimental work
has been done on 'Selective Withdrawal' from stratified fluid system. Scientists and engineers
has worked on the effects of intake geometry, nature of stratification, thickness of pycnocline,
rotation, location of sink and many other parameters on the 'Selective Withdrawal'. Location of
sink plays an important role on quality of fluid in the outlet , but this ficld is yet to be
excavated. The knowledge of the effect of sink location on the drawdown will definitely help
one in selecting the 'strata’ of fluid at the sink level more efficiently and more precisely.
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CHAPTER - 111

EXPERIMENTAL SET-UP AND PROCEDURE

3.1 INTRODUCTION

The objective of this experimental work is to investigate the effect of sink location on the draw
down of water from stratified hot and cold water system. Most recently Razzaque [1994], has
worked on a similar field, he investigated the effect of intake geometry on the drawdown. The
experimental tank which he used was rectangular type and the feeder tank was attached to the
tank. The eﬁperimental setup of Razzaque is not convenient for this work. Thus a new set is
made and a lot of changes is done in- the instrumentation. The procedure of calculation
remained the same. In the fo]lowmg subsections a bricf dcscnpuon of the cxpcmncntal sctup

and procedure mprowded’

3.2. THE TESTRIG.

The test rig consists of experimental tank, feeder tank, mechanism for hot water supply,
provision for withdrawal of water, temperature measuring devices. A brief description of these
items are given below. '

3.2.1 Experimental tank

A square tank (Fig: 3.1 & Fig: 3.2 ) of size 1210mmx1210mmx530mm is made by perspex
sheet and all the experiments is performed in this setup. The perspex sheet which is used is 6
mm thick and the sheets are joined by chloroform and silicon glue. The tank is further
reinforced by steel frame. The tank is placed 1700mm above the ground on a rigid steel frame.
The outlet of size 38mm is placed at the middle on the ground level of the square tank. The
middle point is chosen to avoid the effect of the side walls and the tank is made square so that it
‘may be assumed to be round, thus the methods of calculation in polar coordinate may be
possible. The round hole at the ground level of the tank, where the intake is placed, is
encircled by a cast iron ring, so that the base is free from all possible cracks. The intakes those
are used for experiments is inserted into this intake ( attached with the tank ) with some special
attachment, which is discussed later. A measuring scale is attached on one vertical side of the
wall to measure the vertical height of the water in the tank. Water is drained out through a
42mm diameter pipe. Outflow of water from the tank is controlled by a globe valve placed on
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the draining pipe. This draining pipe also contains the three thermocouple sets, placed at a
distance of 400mm from the bottom of the tank.

3.2.2 Feeder tank

To ensure laminar and uniform flow of hot water into the experimental tank,a feeder tank
(Fig: 3.1 & Fig: 3.2) of size 1115mmx38mmx64mm is used. It is placed into the tank at a
desired 'hcightlby hanging it from a steel bar placed on the main tank. Since the height of the
feeder tank may be varied, thus one may attain numerous interface height within the tank. A
number of round small sized glass marble is kept into the feeder tank so that any turbulence in
the water from the hot water reservoir is damped out. Water is fed in to the feeder tank from a
hot water tank placcd at a height of 600mm from the bottom of the experimental tank , through
four flexible pipes. These four pipes are equally spaced so that uniform flow of water prevalls
along the feeder tank.

3.3.3 Hot and cofd water supbly.

Hot and cold water supply are required to make two.layered fluid system. Cold water is
suppliéd from the 'supply water’ line, i.c. the cold water is at ambient temperature. For hot
water, a 'water heater' is used to heat the water. The ‘water heater' has four 2 kW immersion
heaters, placed at the bottom -of the water heater. These heaters heats the water and for
intimate mixing of hot water, a pump is used for recirculating the water in the ‘water heater'.
The heater raises the water temperature by 8°C to 15°C above ambient condition. Afer
attaining the desired water temperature, the water is pumped to the 'hot water reservoir’ at a
height of 2300mm from the ground. ‘

3.2.4 Selection of sink

During the entire experimental work point sink is placed at eight different height of the tank,
starting from the bottom of the tank and the heights are 00mm, 13mm, 19mm, 42mm, 56mm,
76mm, 100mm and 120mm. Round PVC(Poly Vinyl Chloride) pipe with sharp edge is used
as sink and the diameter (19mm) of the sink is kept more or less same through out this
investigation.



3.2.5 Formation of two-layered system

Formation of two layer is one of the most important work of every experiment. In all the
experiments two layer system is developed by using hot and cold water. Hot and cold water
" have a temperature of about 8°C to 15°C and thus these two fluids have density difference, as
a result they form two layer.- Initially, cold water is pumped into the experimental tank up to
the height of the feeder tank, the heater is turned on and it takes several hours for the heater to
attain the desired temperature and durihg this long time water in the experimental tank becomes
free from all sorts or circulation, vibrations or rather in short, from all sorts of disturbances.
When heater temperature rises to a desired level hot water is pumped to the hot water
reservoir. Hot water of uniform temperature is delivered to the feeder tank and is allowed to
overflow slowly to form two layers with minimum interface thickness between them, Warm
water from an hot water reservoir is discharged at four locations into marble layers of the
feeder tank by means of four flexible PVC pipes and as a result the disturbances are damped
out. Flow rate is kept low when the warm water is just overflowing the partition and it is done
to ensure the minimum mixing with the cold water. '

3.3 . Measuring ngi‘ces and measurement procedure
3.3.1 Water flow measurement

In all the calculations for several runs average water flow rate is used. This is done by
measuring the time of fall of water column from the constant volume tank. One might argue
that water flow rate might vary due fall of the height of water. But here the tank is located at
sufficiently high elevation and gravitational force is the driving force for the water fall. Water
in all the experiments fall about 200mm only and for such little fall in water column, the
variation of water flow rate with respect to the average water flow rate is less than 5%. Error
of this order may be neglected for this kind of cxpérimcntal work.

3.3.2 Temperature measurement

Water temperature is measured by means of Copper-Constantan (T-type) thermocouple (bead
dia. ~ 1.5mm ). A digital millivoltmeter and data logger is used for recording the temperature
measured by the thermocouple. Each of the above mentioned instruments is used for different
purposes. They are:

a) Measurement of interface thickness : Mést of the recent works (Jirka -& Katavola
[1979]) suggests that pycnoclinic region of width 'I' is the height difference between 10% and
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90% value of the density difference and the interface position 'h' is defined as the height
difference: between the intake center line and the 50% value of the density difference.
Researchers around the world measured this density difference in many ways and some of
them are conductivity measurement, temperature measurement etc.. For this work temperature
measurement technique is used for density measurement of water at different location of the
tank. The reason for selecting the temperature measurement technique is that temperature
measurement is very easy, and the temperature of the fluid has linear relationship within the
maximum and minimum temperature of this work ( temperature range of this work is 20°C to
45°C). Density of water is related to the temperature via. the following polynomial:

P =266.5 + 6.466 (T+273) - 0.01788 (T+273)2 + 0.0000148 (T + 273)3 3.1)

~ where , T is the temperature in Celsius and p is the density in kg/m® . Equation 3.1is a curve-
fit to the p(T) data given in Batchelor{1980] and Islam [1988]. This is plotted in Fig: 3.3,
and from the figure it is clear that within the working range of temperature of this work, the
density profile is linear with temperature. - ' '

A digital millivoltmeter is used to record the temperature measured by the T-type
thermocouple.  The thermocouple is mounted on a traversing unit with precision +0.1 inches
and the temperature profile is measured by recording the millivolt rcading of the thermocouple
at different vertical locations. The normalized temperature rat:o 9 is plotted against vertical
location and it is defined by the following equation,

_ T-T2
Tl 'Tz

(3.2)

where subscript 1 and 2 corresponds to upper and lower layers respectively and T denotes the
local temperature. As it is assumed that temperature varies lmearly with millivolt (Fig. 3.3),
equation (3.3) becomes,

mv-mv,
mv, -mv,

0= (3.3)

- where, mv is the millivolt reading at different vertical locations and mv, and mv, are the
mv(millivolt) readings corresponding to the upper and lower layer temperatures respectively.
Fig. 3.4 shows a typical temperature profile. The height corresponding to 8 = 0.5 was taken as
the mean interface height ( b ) and the interface ﬂﬁckncss( 1 ) is determined by taking the
difference between the elevations corresponding to © = 0.1 and 0.9. | -
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b) Measurement of drawdown fraction (A ) and percentage drawdown (A) :

Drawdown fraction is defined as the ratio of fluid volume drawn from the upper layer to the
total volume flow and is represented by 2, i.c. '

_ A=QQ=Q/Q +Q (3.4)
Where Q, and Q; are the inflow from the upper and lower layer respectively. If the discharged
fluid can be mixed sufficiently so that it may be considered as a homogeneous fluid, its density
would be in between the densities of both layers. It is obvious that this density will be an
indication of the proportion of the fluid volume drawn from the upper layer. If the density of
the mixed fluid past the intake is py, then,

A = (Pm-P2)(P1-P2) . (3.9

Now for the small temperature range (259 - 450C) of the present experiments, the relationship
between density and temperature may be assumed approximately linear (Fig. 3.5) and the
equation (3.5) takes the following form, :

' Ll R (3.6)

T,

: 17 12

Where T, is the temperature of the mixture T, is the mean temperature of outflow, T, and T,
are average temperature of fluid of top and bottom layer respectively.

. Three T-type thermocouples are placed at approximately 400mm below the intake. The middle
one is used while recording the actual reading and the rest two are used only for checking if the
mixing of the outgoing fluid is adequate or not. To ensure proper mixing the discharge is
passed through two inclined filter nets and then through a funnel before the temperature is
sensed by the thermocouple (Fig. 3.6). The inclined net on both sides of the filter and the
funnel helps in crcaﬁng‘dishubanccs for proper mixing of the fluid. Comparison of the
thermocouple readings confirms the attainment of adequate homogeneity in temperature of the

- flud at the location of measurement.

Measurement of temperature of outgoing water is done by a datalogger (Fig: 3.7 ). The
datalogger records the temperature in its buffer. After every run data from the data logger is
down loaded by a computer with the help of a data accusation software. The data logger is
programmable and one can choose the interval of unit of temperature, logging, type of
datalogger etc.. Minimum possible reading which may be obtained from the data logger in
Celsius unit is 0.1°C. The data logger and the sink is turned on simultancously and the data
logger is turned off when top of water surface reaches the sink.
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Selection of logging interval is very important, The thermocouple itself has a time lag of lsec
(Appendix, Fig: A2 to Fig: A4 ) and the termocouple which is measuring the temperature is
about 400mm away from the intake, For the current work the maximum possible time, which
the water requires to reach the thermocouple is around 2.5 seconds. Thus the total lag time is
3.5 seconds. So we should select an interval greater than 3.5 sec. In all the experimental runs
the interval is kept at 5 sec. '

3.4 Experimentai procedure

Initially a point sink is placed at a desired location of the tank and then the tank is filled with
isothermal water at temperature T, and hot water is introduced at temperature T, in the tank as
mentioned in section 3.2.4 to form two layers. Afier formation of two layers, the interface
thickness and the height of interface arc measured according to the procedure described in
section 3.3.2 a. Next, the sink and the datalogger are turned on simultancously to record the
temperatures of the water at outflow. The value of A and A are calculated according to the
~ gection 3.3.2 b and then the instanianeous mean height of interface is measured.

3.5 Calculation of F,, Fg, F,
The literature review follows that the Froude number emerges as the primary similitude

parameter for this type of flow. Three types of Froude number were used in calculation and
they are defined as, ‘ ' ‘

densimetric Froude number, Fr= Q - 3.7
gh .

intake Froude number, F, = Q - ' 3.8
/ gfd .
Q (3.9

and interface Froude number, F =

flow rate at the initial stage of the withdrawal

instantaneous interface height from the intake level

intake diameter

interface thickness measured just before the onset of ‘the
withdrawal |

where,

- a0
I

The value of g' indicates the effect of gravity. A heavier fluid flowing beneath a lighter fluid
will be subjected to gravitational effects which depend upon the difference between the two
specific weights rather than upon the absolute magnitude of the specific weight of the heavier
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fluid. The less dense fluid may then be regarded as if it were weightless and the more dense as
if it were subjected to a reduced gravitational acceleration of magnitude
g,:Pz Plgz_Pg . (3.10)
: P2 Pz : ‘
This effective gravitational acceleration was used in all calculaﬁons; and the value of p was

determined from equation (3.5). The magnitude of g was asstimcd to be 9810 mm/sec?.
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CHAPTER -1V

EXPERIMENTAL RESULTS

41 INTRODUCTION

The main objective of this experimental investigation is to invéstigate the effect of sink location
on the percentage drawdown. Most recently, Razzaque[1994] had worked in a similar field
and studied the effect of intake shape on tﬁe drawdown. From his work it is very clear that
drawdown is effected by the shape of the sink. He also found that the diameter of the sink
itself does not effect the drawdown. In the present experimental work the sink diameter is
kept nearly constant throughout the investigation. The location of the sink is varied starting
. from the bottom of the tank surface up to a certain level. A brief summary of different
experimental conditions is provided in Table 4.1. In total twenty four experimental runs is
made at eight different sink location throughout this experimental investigation. In the
following subsections the effect of intake Froude number and the location of sink on the
drawdown is described elaborately.

4.2 Verification of the data with some of the previous work

In this work the location of the sink is varied by placing the sink at several height. Thus one
can say that, when the sink is at the bottom of the tank, it is similar to plain intake. Razzaque
[1994] worked with piain intake and obtained a relation between the percentage drawdown A
and logarithmic normalized densimetric Froude number [ (log(F, / F,. ))]. Where F, is the
critical densimetric Froude number at some selected drawdown such as 5%, 10%, 15%. He

formulated the different equation for different drawdown condition. They are;

i. for F,catA=5% _ ‘
Y =48.0x* + 22.4x + 4.56 ‘ : 4.1)
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ii. for F, at" A= 1_0% '
Y = 67.93% + 44.7x + 9.98 | 4.2)

ii. forF.at A =15%
Y = 80.9%* + 60.2x +15.1 4.3)

where x is the value of logarithm of normalized Froude number, i.e. x = log ( Fr/Frc) and its

value lies between -.4 to .41e. -4 <x< .4.

Data obtained for plain intake from this work s plotied in Fig: 4.1a to Fig: 4.1c and is
compared with Razzaque's equation. From the corresponding figures it is very clear that the
data of this work agrees with those equations of Razzaque [1994].

Jirka & Katavola [1979] worked on similar field. They performed their experiments in
rectangular tank and have placed the sink 0.30m above the above the bottom 6f the sink.- In all
of their sixteen experiments, a small degree of withdrawal (A < 3% ) consistently occurred
even at values of Fr well below the incipient condition.. This phenomenon have also occurred
in thls work. It is clear from Fig: 4.1d that at very low values of Fr the value of A is not zero |
rather it is within a value of 3%. Interfacial viscous effects and ambient diffuse interface seem
to be responsible for this. Thcy _also found that A increases signiﬁcantty as a function of Fr,
and a gradual Jeveling of the curve to the value A = 50% as Fr approaches infinity, i.e. when
the height of interface becomes zero. For conditions of the interface positions below the intake
level, the withdrawal curve has symmetric branch around A = 50%. This situation has also
occurred in this work aﬁd one can easily venfy it from Fig:4.1d. The difference between the
position of sink of Jirka and this experimental work is that here the sink is placed at the botiom
of the tank but Jirka has put it on side wall. | |
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4.3 Dependence of percehtage drawdown , A, on intake Froude number, F,

The intake Froude number plays a vital role in the percentage drawdown. Harleman [1959],
Goldring [1981], Razzaque [1994] studied the effect of intake Froude number on the
drawdown. All of them reportcci that Fq is a vital parameter for the prediction of the
drawdown. In Table 4.2 data of eleven runs are provided and these data are plotted in the
Fig:4.3a to Fig: 4.3d. From these figures it i8 very clear that for higher values of F, , the value
of A decreases. This phenomenon agrees with that of Razzaque [1994]. It can be explained
by considering that the increase in intake Froude number increases the critical height and at
larger critical heighﬁ; the vertex anglé of the drawdown cone becomes sharper which reduces
the proportion of the flow area covered by the flow from the diffused part of the Jower layer.

- The figures those are provided, representing the drawdown history at different sink location.
From ﬁcsc figures it may be inferred that the variation of A, with Fd, reduces at higher heights
of the sink. ‘ 7 |

- The density gradient also effects A, a steeper density gradient i.c. higher values of g' causes
the value of Fd to be low and thus provides higher values of A. This typé of phenomenon is
also described by Goldring [1984] and Islam [1988]. This may be explained in a way that
larger temperature differences causes more heat diffusion along the interface which increases
the average temperature of the diffused upper portion of the loﬁrer layer. This diffusion is

responsible for the increased percentage drawdown.

4.4 Effect of sink location on A

