TN-34

THERMAL STRATIFICATION IN RESERVOIRS

SATISH CHANDRA

DIRECTOR

STUDY GROUP

K K S BHATIA

YATVEER SINGH

NATIONAL INSTITUTE OF HYDROLOGY
JAL VIGYAN BHAWAN

ROORKEE-247667

1987-88%



3.0

4.0

CONTENTS

LIST OF FIGURES

LIST OF TABLES

ABSTRACT

INTRODUCTION

EFFECTS OF HEATED DISCHARGES ON WATER QUALITY

2.

2

1

2

gt

.4

Stratification in Impounded Waters
Discharges of Differing Density
The under flow

The interflow

The overflow

Effects of Stratified Flow on
Water Quality

2.6.1 Dissolved Oxygen

2.6.2 Iron and Manganese

2.6.3 Temperature

2.6.4 Water Assimilative Capacity

ANALYSIS OF DEEP LAKES AND RESERVOIRS

REVIEW OF SOME PROMINENT MODELS

4.1 Water Resources Engineer Model

4.1.1 Principal assumptions

4.1.2 Direct absorption of Solar radiation
4.1.3 Selective withdrawal

4.1.4 Depth and velocity distribution

of inflow

4.1.5 Internal mixing

Page No

i

1ii

11
11
13

13

16
16
17
17
17
21

25
25
26

26
26

28
28




4.1.6 Governing equation
4.2 MIT Model
4.2.1 Principal Assumptions
4.2.2 Factors considered and basic
equations
4.3 CORNELL Model
4.3.1 Assumptions

4.3.2 Basic Equations

CONCLUSIONS

REFERENCES

30
35
35

36

40
41

41

56

59




LIST OF FIGURES

Figure No. Title

1. Typical Stratified Reservoir Profile

2 Different Forms of Density Interflow

3 Reservoir with Density Underflow

4. Selective withdrawal as an Interflow

Sia Self Purification as a Function of Temperature
6. Reservoir Representation

Page No.

10
12

14

15

23



LIST OF TABLES

Table No. Title
1 Assumptions

2 Input Parameters

3 Factors Involved in Analysis
4 Model Construction

ii

Page No.
44

46
50

53



ABSTRACT

A lake's vertical thermal regime has dual signi-
ficance to the water quality modeler. Temperature has
direct importance as it influences the rates of chemical
and bio chemical reactions. However, it has additional
significance as a tracer of mass transport in the water
column. Infact, heat balances are a primary tool for
estimating mixing rates in the vertical dimension. Tem-
perate lakes are those with surface temperature above
4°c in winter, thermal gradients large, two circulation
periods in spring and .autumn. Although other 1lake types
can be severely polluted, discussion generally focuses
on temperate lakes because many of the world's developed
areas are 1in temperate «climate and consequently many
lakes in these climates are subject to pollution. The
study reviews the vertical temperature variation in lakes
and the mathematical models available for temperature
stratification in lakes have been understood for appli-
cation. Various models 1like Water Resources Engineers,
Tennessee Valley Authority, MIT and Cornell have been

reviewed.
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110 INTRODUCTION

Any water resources development plan should have
water quality as a major consideration, and out of the
many-many parameters responsible for water quality, the
temperature is a key factor in determining quality. The
effect of temperature on aquatic organisms have always
been of great interest to biologists and much research
in this area has been carried out in the nineteenth century.
A huge bibliography on the subject can be found in litera-
ture (Brett, 1956; Guntur, 1957; Mackenthum, 1967; De
Silva, 1969; Trembly, 1960; Raney and Menzel, 1967).
This underlines the importance of temperature variation
in water bodies. As physical and chemical properties
of water are greatly influence by its temperature, a
reasonable prediction of the temporal and spatial variation
of thermal structure within the reservoir is necessary
for successful management.

In advanced countries thermal water quality stan-
dards have specifically included in the water quality
standards. With the exponential growth of the size of
power production units and plants and the trend of nuclear
power, the prediction of thermal structure in receiving
water is even more so as necessary. Here it would not
be out of turn to distinguish between deep reservoir
or tank and shallow, run of the river reservoir is the
maintenance of horizontal isotherms and a strong strati-
fication during summer. Also deep reservoir usually have

a low annual through flow to volume ratio.
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In any storage reservoir, inhomogeneous distribu-
tion is the main cause for development of density stra-
tification and a particular type of flow. Density stra-
tification and associated flow phenomena play an important
role in the water quality development of impounded water
and in the annual water quality regime of releases from
impoundments. It has been observed that for Tennessee
Valley Authority(TVA) reservoirs, for . example, outflow
temperature, influences the quality of rivers and reservoirs
downstream over a dicstance of about 300 km.

Thermal stratification occurs in almost all reser-
voirs. In shallow 'run of rivers' reservoirs the stra-
tification may be relatively weak and in certain cases
the temperature distribution becomes a function of dis-
tance, as indicated by isotherms tilted in the downstream
direction. In deep reservoirs with a storage volume of
the same order as or greater than the annual inflow the
temperature structure 1is independent of distance and
the isotherms are horizontal during most of the year.

With the increase in the size of power production
units and plants and the trend to nuclear power, the
prediction of thermal structure is receiving waters 1is
even so necessary. Consequently, a large number of mathe-
matical models have been developed but most have had
only very 1limited field verification. Though there are
many mathematical models available today for calculation
of temperature rises 1in reservoirs, few of them have

been so thoroughly explicated that they can be used easily



except by a specialist.

As the application of the wuse of mathematical
models for prediction of temperature stratification for
Indian reservoirs (deep) or lakes has not been attempted
in any appreciable degree, it was considered worthwhile
to review features of various available models, understand
them, know their limitations and to suitably implement
one of the comprehensive models. This is the primary
objective of this report. In this report, a brief des-
cription of deep reservoir models, mathematics involved,
effect of temperature on water quality, effect of temper-
ature on aquatic 1life and details input required and
output generated by some models have been incorporated.
One of the most capable computer programme given by water
resources Management Methods Staff for use of Tennessee
Valley Authority has been implemented at the VAX-11/780
system of the National Institute of Hydrology and input
data requirement has been spelt out. It 1is proposed to
collect necessary data for 1Indian reservoirs so that
the ready made computer program could be used for predict-
ing temperature stratification. The computer programme
is a very comprehensive package and is fairly large (about
2800 statements).

In India and other temperate zones of the world,
heating during spring time tends to warm up the water
closest to the surface. This heating may primarily be
because of absorption of solar and atmospheric radiation.

However, surface cooling, due to back radiation, evapo-



ration and conduction, and well induced turbulence cause
mixing whenever the density gradient is too shallow to
maintain a stable conditions. During this period the
temperature distribution is only weakly stratified. The
heat 1is surface layers is slowly transported down to
the deep water primarily by advection. As solar heating
continues, the temperature of the upper region, epilimnion,
increases, while the lower region, hypolimnion, remains
cool and relatively undisturbed. A =zone in between the
two regions in which the temperature gradient is the
largest is called thermocline. This steep density gradient
tends to inhibit the transfer of heat and momentum between
the warm upper layer, and the underlying cooler waters.
The schematic description of the epilimnion, hypolimnion,
and thermocline has been given in another chapter, where
the effects of stratification on water quality have been
discussed. The thermal stratification has many-fold effects,

some of these could be:

i) Extent of dilution

ii) Mixing of inflow water,

iii) Quality of water specially dissolved oxygen (DO
concentration.

The deficit of DO usually follows the establishment
of thermal stratification. After its formation the thermo-
cline moves downward as the stratification increases.
When the surface water attains its maximum temperature
and then begins to cool, the epilimnon tends to become

more dense and unstable with respect to the lower, less




dense waters. The thermocline sinks rapidly as the epilimion cools

further until the whole reservoir mixes or overturns and is isothermal.

The phenomena of stratification is highly complicated. This
is controlled by meteorologic, hydraulic and hydrodynamic factors.

The thermal and density properties ot water are also very important.

As mentioned earlier, the water quality of reser-
voirs and lakes is governed both by the biological and
bio-chemical reactions taking piace within the water body
and the hydro-dynamical adveciive and convective transport
of the reactive material. The hydrodynamic transport 1is
in turn, influenced by thermal stratifiction through which
convective transport between epiliminion and hypolimnion is
restricted. This may lead to poor water quality in hypoli-

mnion.

A very good and schematic presentation of thermal
stratification phenomena can be found in Markofsky and

Harleman (1971).

In the springtime the reservoir is fully mised of
constant temperature (isothermal). Since a stream warms
faster than a large body of water, the stream temperature
in spring and summer is warmer than large body of water,
the stream temperature in spring and summer is warmer than
a large body of water, the stream temperature in spring and
summer is warmer than the main body of water and the
incoming water enters at the surface water level. In
addition, the reservoir temperature increases due to warming

througn the reservoir surface. In the fall and winter the

opposite occurs. The stream cools faster than the reservoir, and as the



incoming temperature is lower than the reservoir temperature, the

stream enters the reservoir at some intermediate depth
corresponding to its temperature. Cooling of water surface,
associated with decreasing air temperature, solar radi-
ation, etc. in the fall and winter, additionally results
in density instabilities which 1lead to the mixing of
the reservoir. Hence, throughout the year the temperature
structure in the vicinity of outlet may result in seocec-
tive withdrawal causing water to be withdrawn from a
layer of restricted depth. The figure below shows the

effects of thermal stratification.

vertical motions Thermal Strati- ‘Restriction
are inhibited fication on DO

density
variation

! Flow pattern Circulation with
] ' in reservoir

Due to changing temperature field, any pollutant or water
quality parameter contained into the inflowing water
will enter the reservoir at different elevations through
out the year, depending on the temperature of the inflow-
ing water and the terthermal structure of the reservoir
at that time. The elevation at which water enters, . coupled
with the changing thermal structure within the reservoir,

will determine the detention time of that water 1in the




reservoir. The longer the detention time, the greater

the possibility that poor water quantity will result.



2.0 EFFECTS OF HEATED DISCHARGES ON WATER QUALITY

The increase 1in temperature of surface waters
resulting from the discharge of heated water affects
water quality in two ways: directly and indirectly. The
direct effect of the raised temperature may be detrimental
to man's interests if, for example, it is to be used
for further cooling processes, or if required as a potable
water supply. 1In some cases, the raised temperatures
may be benefitial-for recreational bathing. The indirect
or secondary effects induced by increased temperature
involving ecological changes in the biology and chemistry,

may also be of applied significance.

2l Stratification in Impounded Waters

When discussing the effects of heat on water quality
management, it 1is necessary to review the phenomenon
of stratification in an impounded water. The stratifi-
cation process in reserfoirs and lakes 1is well known
but the resulting changes in water quality are not. These
changes are becoming increasingly important because of
the growth of complex water resources systems developed
as a result of expanding water conservat . on requirements.

At the end of a winter season, the impounded water
is usually of a fairly uniform quality and has a relatively
low temperature. At the onset of higher atmospheric tem-
peratures, the surface water and the incoming water tem-

peratures are raised and this lighter water tends to



"float" on the colder and denser water already in the
lake.

Three definite strata may be formed, the surface
stratum or epilimnion, the lower stratum or hypolimnion,
and a transition zone called the thermocline, where the
maximum rate of change of temperature with depth occurs.
In the southeast the thermocline persists from about
April to November and is approximately 10 to 20 feet
in thickness. In a deep reservoir the epilimnion may
be approximately 30 to 50 feet in thickness and the hypoli-
mnion will usually extend to the reservoir bottom.

These conditions may exist wuntill autumn, when
the lake begins to lose heat more quickly than it is
absorbed. As the water becomes cooler and more dense,
the thermocline sinks, unstable conditions occur and
the reservoir mixes or overturns. In climates where the
water temperature goes below 4OC, two turnovers may occur
per year.

Many impounded waters circulate completely but
some circulate only partially, these lakes being called
meromictic by limnologists. This stable, lower layer
can be caused by either an accumulation of dissolved
or suspended solids in the water and may render this
lower portion of the lake unsuitable for a watersupply.

A typical reservoir profile (Kittrell, 1959) as

described above is shown in figure 1.
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Fi | 2 Discharges of Differing Density

Density currents, density flows, under-flows,
overflows and interflow are all synonomous with strati-
fied flow. As defined by the National Bureau of Standards
(Anon, "1938), "A density current is the movement, without
loss of identity by turbulent mixing at the bounding
surfaces, of a stream of fluid under, through, or over
a body of fluid, with which it is mixible and the density
of which varies from that of the current, the density
difference being a function of the differences in temp-
erature, salt content, and/or silt content of the two
fluids".

The various forms of a dansity curreat, the ovenr-
fiow, the interflow, and the underflow are shown in figure 2.
Each of these currents may affect water quality in an
adverse manner. The most important form of density current
to the thermal pollution is the overflow because of its
occurrence in the discharge of cooling waters.

Stratified flow had been observed when A pp > 0.005, where
p is the fluid density .and Apis the density differential between the
fluid layers (American ‘Society of Civil Engineers Committee on Sedimen-
tation, 1963). It is interesting to note that this condition is satis-
fied with water temperatures of 31°C and 32.5° C.

In order to illustrate these various forms of density currents, the-following
examples, each with a possible effects on water quality are presented.
A& The underflow

Underflows can be caused by the discharge of colder,

more dense water from an upstream stratified reservoir

11
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or by water containing excessive suspended or dissolved
solids. Underflows caused by highly turbid waters were
first noted on Lake Mead while the underflow caused by
the upstream release of hypolimnetic water frequently
occurs in TVA reservoirs. Fish kills have been reported
to have occurred downstream from Fort Loyudon Dam purpor-
tedly caused by the low dissolved oxygen content resulting
from the release of cold hypolimnion water (Jones, 1964).
Figure 3 shows a schematic diagram depicting the flow
regime cause by an underflow as presented by Elder (1964).
Two different flow +egimes are noted, the lower strata,
bounded by the channel bottom and the interface with
the velocity profile approximating that of distorted
pipe flow, and the upper layer, bounded by the interface

and the atmosphere and behaving 1like free surface flow.

it The interflow

The interflow results from the discharge of a
fluid of an intermediate density into a stratified flow
regime. One example of an interflow is the process of
selective withdrawal as shown in figure 4. Under strati-
fied conditions, one would withdraw water from all levels
of the reservoir, however, under stratified flow conditions,,
withdrawal is from a pre-selected layer, depending on

the level of the water intake.

2.5 The overflow

The overflow is caused by the Jdischarge of lighter

13
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density water and is most commonly observed when cooling
waters are discharged into a receiving water at its surface.
While the heat is obviously dissipated more rapidly with
this means of discharge than if the cooling water were
completely mixed with the receiving water, the higher
temperature of the resulting stratified flow may be totally

unacceptable from the water quality standpoint.

2.6 Effects of Stratified Flow on Water Quality

2.6.1 Dissolved oxygen

Water containing organic material entering a stra-
tified reservoir will deplete the oxygen resources of
the reservoir due to biological respiration. In the epi-
limnion, mixing by wind currents, photosynthesis and
sedimentation may render the epilimnetic water satisfactory.
However, in the hypolimnion, oxygen removed by biological
action 1is not replaced, algae cannot grow, essentially
no vertical mixing takes place and the products of sedi-
mentation from the epilimnion may add additional organic
load. The net result is a depletion of the dissolved
oxygen resources, thus making septic conditions possible.

If this hypolimnetic water with its low oxygen
content 1s discharged from the dam, fish 1life may not
be supported for several miles downstream, a lower waste
assimilation capacity may exist and in effect, the dam
may be considered as being equivalent to a large BOD

concentration.
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2.6.2 Iron and Manganese

If there is low oxidation-reduction potential
at the mud water interface, conditions amenable to the
dissolution of iron and manganese into the hypolimnetic
waters will occur. The mechanism is not clear, however,
if the oxides of these metals are present in the bottom
muds, troublesome concentrations may appear in the water

under reduced environmental conditions.

2.6.3 Temperature

The temperature differential in stratified lakes
can be quite significant. Since a major water use is
for coding purposes, it is obvious that this cooler water
is highly desirable for condenser cooling for steam-ele-
ctrical generation purposes. The use of this colder water
by construction of an unde. water dam at the TVA Kingston
Steam Plant was reported to have saved TVA $ 155,000
in operating costs for the year 1956 alone, which was

one third the cost of the dam (Elder and Daugherty, 1956).

2.6 .4 Waste Passimilative Capacity

If the discharge from a power plant is 1in the
form of an overflow, mixing between the upper and lower
layers is inhibited, thus minimizing oxygen replacement
and self purification in the lower layer. Due to lack
of mixing, organic wastes discharged into the lower layer
do not have access to the oxygen in that portion of the

stream flowing in upper layer. Thus there is less dissolved

17




oxygen, less dilution water and a more concentrated orga-
nic load in the lower layer leading to an acceleration
of the dissolved oxygen depletion. The net result may
be considerable reduction in the waste assimilative capa-
city of the receiving water.

If the heated discharge is completely mixed with
the receiving water, some of the above mentioned effects
are eliminated however, the rise in temperature still
causes a decrease in the ability of water to hold diss-
olved oxygen, an increase in the metabolic activity of
organisms, an increased rate of Biochemical oxygen Demand
exertion and a possible reduction in waste assimilative
capacity.

The effects of temperature on the stream self
purification process 1is demonstrated in figure 5 which
shows the wvariation of the rate of constants k1(de—oxy—

genation ) and K, (reaeration) with respect to temperature.

Examination of this relationship demonstrates that an
increase in temperature causes a considerable increase
in k1. While k2 also increases with increasing temperature,
it is negated by the combination of a lesser dissolved
oxygen content and a greater rate of change of k1 with
temperature.

The overall effects of the impoundment on the
rate of Oxygen recovery 1is demonstrated by the lower

curve, which depicts the reaeration rate constant under

existing, impounded conditions.

18
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It may be concluded from the above discussion
that the addition of heated water to a receiving water
can be considered equivalent to the addition of sewage
or other organic waste material, since both pollutants
may cause a reduction in the oxygen resources of the

receiving water.

20




3.0 ANALYSIS OF DEEP LAKES AND RESERVOIRS
The basic equation (WMO, 1966), relating all
the energy inputs to a body of water can be solved

for reservoirs, rivers and estuaries and coastal regions.

QS—Qr R —QﬂédeQe+Qh—Qw =0 (1)

where:

QS = shortwave radiation incident to the water
surface;

Q= reflected shortwave radiation;

Qa = incoming longwave radiation from the atmos-
phere;

Qar = reflected longwave radiation;

QbS = longwave radiation emitted by the Dbody of
water;

Qv = net energy brought into the water of water
in inflow, including precipitation, and account-
ing for outflow;

Qe = energy utilized by evaporation;

Qh = energy conducted from the body of water as
sensibile heat;

Qw = energy carried away by the evaporated water;

Q= increase in energy stored in the body of water.

A three-dimensional analysis is so complicated
that it is wuaually not justified by the increased accu-
racy of the results. In most practical problems, one
or two dimensional analyses will describe adequately

all the principal factors. The existence of horizontal

21




isotherms, although sometimes tilted slightly by the
wind action and/or the effect of lag time of inflow,
and the much faster dispersion in the horizontal dire-
ction than in the vertical direction, ensure that the
assumption of horizontal homogeniety of physical pro-
perties in the model is compatible with the prototype.
Most mathematical models are based on the one-dimensional
vertical motion assumption and can predict the thermal
structure of reservoirs that are in good agreement
with the measured values.

In a stratified reservoir, the body of water
must be segmented into a series of discrete horizontal
elements to compute the vertical variation of tempera-
ture. Therefore, heat flux due to vertical advection,
and diffusion between elements is added to Eq.1 and
applied to each element. A schematic of the reservoir
model considered is shown in Figure 6. For simplicity, the
elements except for the top and bottom are usually
of equal thickness. The basic heat transport equation
and the continuity equation are written for an element.
At the beginning of the calculation, the surface ele-
vation is determined either from a measured elevation
or calculated from measured inflow and outflow rates.
The inflow and outflow distribution in each layer is
evaluated according to certain formula or criteria.
Applying the continuity equation to each control volume,
beginning with the bottom element, the vertical advec-

tion ‘across the bounding surfaces can easily be found.

22
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For a chosen period of time, t, the net change
of heat content, or the rate of heat change, in the
control volume is evaluated. The heat fluxes considered
include that from inflow, outflow, vertical advection,
diffusion, and adsorption of radiation energy for an
internal element. In addition to these, surface absorbed
energy and surface heat losses, due to evaporation,
conduction, and longwave back radiation must also be
included in the surface layer heat balance. From the
rate of heat change, the final temperatures are obtained.

Each of the models developed for temperature
simulation 1is essentially an accounting procedure of
the energy budget over a period of time. The procedure
iterates until balance is achieved and stability erit—

eria are satisfied, and proceeds to the next time step.



4.0 REVIEW OF SOME PROMINENT MODELS
Here it is attempted to review some of the most
useful thermal stratification models. The main features,

assumptions, difference etc. are described.

4.1 Water Resources Engineers' Model

The WRE model has been developed by Water Resou-
rces Engineers, Inc., through a series of studies for
various agencies (W R E, 1967 and 1969). It was the
first comprehensive model proposed for predicting the
thermal structure in reservoirs. Although this model
has many versions and is widely used, most users indi-
cate that an intensive effort is needed to have this
model run properly. This is partially due to the difficul-
ty of acquiring full documentation and partially to
some computer coding problems. Several errors were
detected during past. The most serious one is the concept
of 'effective' diffusion, baéed on the numerical eyal—
uation of the body conductivity coefficient from the
measured temperature profile in a reservoir. The density
of water, p , appears to have been omitted from the
diffusion term. Since the MKS system is used, the actual
diffusion 1is approximately one thousandth(1/1000) of
the ‘'effective' diffusion, as defined by WRE. After
correction of this error, the magnitude of the 'effec-
tive' diffusion coefficient is then of the same order

of magnitude as the molecular diffusion cozsfficient.

275



Other difficulties is wusing the WRE model relate
to the numerical scheme for evaluation of the heat flow

term at the top layer.

il Principal assumptions

(a) There is horizontal homogeneity, i.e., strati-
fication 1is in the wvertical direction only.

(b) Effective diffusion accounts for the heat tran-
sfer due to wind mixing turbulent motion and
reservoir instability.

(c) There 1is differential absorption of incoming
solar radiation.

(d) There is no flux, of volume or heat, throagh
+he reservoir bottom or sides except that due

to inflow and outflow.

4.1.2 Direct absorption of solar radiation

o(z) = o (1- B) & " (2,-0.3-2) (2)
where
@O = net short wave radiation at water surface
®(z) = short wave radiation at elevation z

z, = elevation of water surface

B= fraction of solar radiation absorbed at the

water surface ( B=0.4 is assumed)

; ; ; : . -1
radiation extinction coefficient, m

=
Il

4.1.3 Selective withdrawal

(i) Upto five outlets are allowed

L 5 L S W e L e e P SRR e peEe——————



(ii) Based on Debler's experimental results.
the critical Froude number, FC - is 0.24,

therefore;

_Pg
0.24 = =5 [ T3, | (3)
d -g E

The withdrawal depth in meters, then is:

2 12
d =200 [ —Ls M= g dx (4)
-g_ 9p . )Lﬁ
Po Oz g
where q =3Q/W , one half of the discharge per unit width,

and w is the reservoir width

-1 9 ! ’ :
£ :5%3% , normalized density gradient.
(iii) The wveloci%y is uniform within the withdrawal zone
(iv) The principle of superposition is applied for the

regions in which withdrawal layers overlap.

(wv) Withdrawal layemrs «wwer exktéendthrough, the thermoclie
or physical’ boundaries.’

(vi) At the onset of fall cooling, when the epilimetic
region 1is well-mixed and isothermal Debler's cri-
teria do not hold for withdrawals from the epilim-
nion and Craya's approach is used. The flow

is withdrawn from epilimnion until the discharge

is larger than Craya's critical flow given by:

_ 3 Ap
g. = 1.52 ¢ gh” — 2 h< d_ for submerged
c 0] i
and outlets (5)
. 3 Ap
q. = 0.75 v gdy — for surface outlets (6)

P
where dt = depth to bottom of thermocline

AT Y W



h = thickness of thermocline
P = density above thermocline
p +8 = density below thermocline

At greater discharges water will begin to be withdrawn

from the hypolimnion.

4.1.4 Depth and velocity distribution of inflow

(i) The inflow is centered at the equivalent water
density of the reservoir.

(ii) The inflow layer thickness is determined from
measured inflow data by using Debler's criterion.

(1iii) The distribution of inflow is proportional
to the volume of each horizontal layer within
the inflow zone.

(iv) The inflow, Q; is calculated from the conti-

nuity equation:

Ay
9 Ta& v %
where V = volume of reservoir

QO = outflow rate
(v) The distribution of inflow in each layer 1is then
modified by multiplying the ratio of calculated

inflow rate to the measured inflow rate.

4.1.5 Internal mixing
(i) Free convection occurs if stratification is
unstable.
(ii) The heat transport, H due to diffusion can

be written as:
28



D are as

(1i1)

H =p c. D(z,t) .a—%LELE) v (D)

The aeneral properties of diffusion coefficient

follows:

Tt is usually greatest near the surface but
declines rapidly with depth and attains the

minimum at thermocline.

In the hypolimnion, it increases with depth
in an erratic manner, reachina a maximum at
about mid-depth, thereafter decreases as the

bottom is approached.

The form of the diffusion coefficient used 1is:

D = A1( constant), E Ec 2 e (ah)
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d

Iy =

A2EA3, E ZE (10)

where E = stability of the water column

B =

E
C

s e
Sl (11)

critical stability parameter

The following values are suggested:

Il

4mz/sec

1.5 x 10"8 m1'3/sec

2.5 x 107

Governing equation

The time rate of change of thermal energy H in a conttrol

volume of thickness z, is:

H.
s
Jd t

= = - 2 —(ha) s
(hp=hg)5 + (ho)o + (h) =(h) g +hg) 5=(hg) 5

e wlet 127

where subscript j indicates the increment of depth;

ey
Il

1 at bottom surface

The heat energy stored in the control volume (kcal)

= Heat flow associated with inflowing water(kcal/sec)

Heat flow associated with outflowing water
(kcal/sec)

Heat flow by advection (kcal/sec)

Heat flow by diffusion (kcal/sec)

Heat flow by sjprt wave sp;ar radoatopm (kcal/sec)

In terms of temperature T, Eqn.12 can be written as:

= A Azafi—i—l@ = 0.%(T.). (q.) .-p.c(T ).(q )
P j ot gt g Mt grR St g gy
aT.
+ hj Aj + pjcﬁVjAjTj—pj+1cvj+1Aj+1+chdej——5%——
oT.
o (13)

= PyaqCPymBe1T 8z
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J

.C .T..r
T 3T i+12

h.A. +p. NSO el
j TP4ov4A4T4-P

]

T . =1
j+127 T3

= ﬁ.c(TI).(qI)j:p.c(T Y. g i

J ] J ol o i

30 V418540 Ty PP R

kL -T.
+pth CDj+1 Aj+1 j+3/2 “+1/2

D.A.

where

(14)

(15)

)+ 1

j B T by, © Dj+1:j+1 s
Py = pjc(TI)j(qI)j —pjc(To)j{qo)j+thj
Q5 = P3eVRT P41 Vg1t gu
T = water temperature (°c)
TI = inflow temperature (°c)
g = inflow rate (m/sec) into control volume
T = outflow temperature (°c)
q, = outflow rate (m/sec) from control
h' = net insolation heat flux per unit area
mz—sec)
D = diffusion coefficient Unz/sec)
V = vertical advection velocity (M/sec)
z = thickness of control volume (m)
P = average density of water (kg/m3)

31
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(17)

volume

(kcal/



j = Aj.z volume of jth control volume (m3)

Z = vertical axis, positive upward (m)
Aj = cross-section area at depth step j(mz)
A. = (A, + A. 2 18
5= By + A0/ (18)
T = mean water temperature of jth control volume
(%°c)
¢ = specific heat of water(=1 kcal/kg-°c) since
'I'j_v2 = Tj_1 (19)
P = i,
J+12 . (20)
Tj+3/2 = Tj+1 (21)
Equation 15 becomes:
p.C V.T. + K, ,T. ,+K. .T.+K. .T. .= p.+0. (22)
P 5y Ty 1317 0,2797, 3 5417 P19y
where
D., 6 .A.
o B 5
Kj,T p.c - (2:37)
K. ,= —J—J——D'A' T —J—J—HA LA TRTE T ) (24)
Jnat g Py1® G 1000, 3
D., 6 ,A.
=_ 25
Kj 3 Pjq€ ]+; J+1 (25)
Taylor series of 2nd order »
1" at
T(t+ At) = T(t) + T(t) at + T" (t)—>—
and by definition of derivative
T (t) = lim T(t+ﬂ§é—T(t) (27)
At O
for small t
At At
T(t+at) = T(t) + T(t)—p= + T(t+t)—== (28)
or use superscript k to indicate time step
T(k+1)=T(k) b T(k) ; +T(k+3) AEfz Q(k)+T(k+1) t2 (29)



(k)

where 0Q = it (k) 4t (30)

+T —

By Equations 22 and 29

at (k+1) =
k. ——= T ; +lip.eciarv. +k. t
1o 2 k=1 J e )Tj(k+1)+k.
3,3
AL . (k+1)=p.(k+1) +Q.( k+1) (k) k. .+ (k)
2 j+1 ] "] T j—1 ]r1 aj
(k) 31
j’2+a 341 kk,3 (31)
Let
55,1 7 k5,0 AL (32)
Sjrzzpm = vj+kj12 2t (33)
5,3 7 k5,3 45 (34)
(k+1) Ly K1) k. +a.k +
fj = P + Qj +aj_1 Tyl o2
aj+1kj'3(k) (35)
Then Equation 31 becomes
S i (k +1) z e (k+l)
S + S5, j(k+1)+sj’2Tj+1
= %, A = Zs s anres N (36)

The system is a set of implicit equations and can be solved
by the Thomas algorithm and transforms into an upper bidiagonal

form. The coefficients of this new system designated by Sj 1Sj 5
r r
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Sj 3 and EJ are as follows:
Sj,T = o, =253 N
Sj 2 = il =il 2053 e e e sl ol N
Sy 3= 8¢ 3/5) 2i E= Fy/sy 5
S .
Scpq 3 = a3
B4, 2709w 1495, 8
LR Ul T Sged 7y
R e e R
then TN = FN
and
Ti= Fl=8ts - Tyyq ol = Ny NeBieanes 2,1
s at .
T.(k+1) = a.(k) +T. (k+1) — =20 ar.
J( 5 ] 5 v ]
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(40)

(41)

(42)

(43)

(44)




This is an implicit method of combining an exp-
licit finite difference and an implicit finite difference
scheme. It has advantage of unconditional stability at
the cost of complexity of computation and longer compu-

tation time. The model has been widely tested (EPA, 1975).

4.2 MIT MODEL

The details of the development and testing of
the thermal stratification model are shown in Huber and
Harleman (1968). The current version has some modifications
in the numerical scheme, selective withdrawal, etc. Most
of the assumptions, factors considered in analysis and
input data are similar to WRE's. The major differences
between these two models are in the numerical scheme
and the handling of inflows and outflows. The computer

program is clear and easily followed.

4.2.1 Principal Assumptions

(a) Thermal gradignts exist in the vertical direction
only, i.e., horizontal isotherms.

(b) The diffusion coefficient (molecular) is constant
at all depths and at all times; mixing due to
unstable density profile accounts for convection
in the epilimnion.

(c) Solar radiation is transmitted in the vertical
direction only and there is differential absorp-
tion of the incoming solar radiation below the

water surface.
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(iii)

(iv)

The sides and bottom of the reservoir are insulated.

The density and specific heat of water are constant.

Factors considered and basic equations

Variable area with depth

Direct absorption

Transmission of radiation at elevation, vy, is
given by

® (y) = Pa(1- B )& (yq -y) (45)

@o = net incident solar radiation

B= fraction of & absorbed at the surface

N = light extinction coefficient

y, = water surface elevation

Inflow

Inflow enters at the level at which its temperature,
or the mixed inflow temperature if entrance mixing
is allowed, matches the temperature in the reser-
voir.

An option to account for the travel or lag time
of inflows within the reservoir is provided.

Entrance mixing could be included by providing
an entrance mixing ratio; 100% is recommended
for Fontana (USA).

Inflow velocity profile is approximated by a Gau-

ssian distribution, at elevation y
2

20 iZ

(46)




(t) = maximum value of the inflow velocity at
time t,

is determined from:
¥
0. () = J Bly) U, (y) dy (47)

Qi(t) = total inflow

y = surface elevation

bottom elevation
B(uy) = width of the reservoir at elevation y
Yin(t) = elevation of inflow
0i = inflow standard deviation
(d) Outflow
{4 multiple outlets

(ii) outflows are centered at the outlet with a Gaussian

velocity distribution:

(y-y )2
ek e (48)
g ¥l =Yg 2 %0
max
where
UO = maximum velocity or velocity at Y=¥ o
max

Yout = elevation of centerline of outlet

Uo = the outflow standard deviation calculated on the

basis that 95% of the outflow comes from the

calculated withdrawal layer or:

- /2
o= "1 66

o Jiar |



with UO evaluated from (49)

max
Ve I
Qo (t) = s Biy) Uo(y)dy (50)
Yh
where

Qo(t) is total outflow at the specified outlet
(iii) withdrawal thickness calculated from modified Kae's
(1965) if the temperature gradient, %—g , at the out

let is greater than or equal to O.O1O/cm

2
1/4
63 =4.8 (- 51
(gg ) (55)
where:
§ = thickness of withdrawal layer

g= outflow rate per unit width

£ = normalized density gnadient = =1 B (52)

. : pay
g = gravitational acceleration

If the temperature gradient at the outlet is small-
er than the value specified above, the withdrawal layer
is restricted by %he thermocline. The bilt in cut-off gra-
dient is set at 0.550c/m.

(iv) the velocities from each outlet are superimposed
on one another.
(e) Variable water surface elevation

The surface level is calculated from the initial

surface level and the cumulative inflow and out-

flow. The measured elevations are used as refer-

ence only. The reservoir 1is schematized into a

series of horizontal elements with constant thick-

ness, A y, except the bottom element, which is
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half as thick, and the surface element, which
varies between 0.25 Ay and 1.25 A4 y to account
for the variation in the surface elevation.

(£) Governing Equations
The heat transport equation applied to each hori-

zontal layer has the following form:

5 T(y) _ DC 3 aT(y) __1 3 (A(y)
at  Aly) sy ) =y pCA(y) 3y
o(y))- (56)
! 3 SN S 3
A(y) 3y (VIY)AlY) T(Y) +—7 (U, (y)B(y)T,-U_(y)
B(y) T(y))
where
T(y) = temperature at elevation y
V(y) = vertical velocity at elevation y
Ui(y) = inflow velocity at elevation y
Uo(y) = outflow velocity at elevation y
Ti = inflow temperature

A(y)= area at elevation y

| t = time
|
o = molecular diffusivity
¢(y) = transmission of radiation at elevation vy

and the continuity equation can be written as

(V(y)a(y)) = B(y) (U, (y)-U

! (y))  (53)

—d

ay

The isothermal profile at the beginning of the

Spring provided the initial condition and the two boundary
conditions are given by the no heat flux through the

reservoir bottom and the balance of heat input at the

|7 Ce—— - e




water surface.

The mathematical model used is an explicit finite
difference scheme. The selection of layer thickness, A vy,

is restricted by the stability criteria:

< (=
DTY)Z 1/2 (54)
At
VF < 1 (55)

where:
D = diffusion coefficient

At= time increment

Y

vertical advection velocity

y depth increment
A routine check on the second criterion was built into
the program to subdivide the time interval if the wvertical

velocity should become too large.

4.3 CORNELL MODEL

The model was developed through an extension of
a study on the physical effects of thermal discharge
into Cayuga Lake (Sunderam et.al.1969). It is a one-dim-
ensional model designed for deep stratified lakes. The
surface elevation of the lake is assumed to be constant
throughout the simulation period and the reservoir is
divided into a number of horizontal layers of equal
thickness. The geometry of the reservoir is not considered.

Heat flow from inflow, outflow, and vertical advec-

tion through each horizontal layer are not considered,
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nor 1is the differential adsorption of incoming solar
radiation. Eddy diffusivity, which is related to wind
induced turbulence and the buoyancy gradient is the pri-

mary factor of heat transfer within the reservoir.

4.3.1 Assumptions

(a) Horizontal homogeneity and constant ~cross-section
area.

(b) Lake 1is deep and isothermal during the springtime.

(c) The lake is turbid and the incoming solar radiation

is absorbed within a small layer near the surface.
(d) Eddy diffusivity accounts for all heat transfer
within the lake except for the heat added by the
power plant and pumping.
(e) The annual equilibrium temperature and wind speed
over the lake can be expressed in a sinusoidal

form.

4.3.2 Basic Equations
(a) Governing equations
The change in temperature with depth when the

plant discharge surfaces is:

dT Gz, E) = - 9 Tle,t) AT (z,t)
5 + s (KH__§_E__ +wp——§——l*— S(z) for z < z <z,
(56)
aELEN o 3 9T(z,t)
3 t’ = (KH —5 +5(z) 0 <z <z4 Or z,£ z <z

£57)
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where:

T = temperature (%)

t = time (day)

z = depth below the water surface(ft)

K, = thermal diffusivity (ft°/day)

wp = the specified pumping velocity (ft/day)

zi,zd=the specified intake and discharge depth(ft)
Zn = the depth of the lake (ft)
S(z) = the explicit thermal discharge or heat input

term (OC/day)

ZWP[T(Zi)+ ATP—TS] ~(ig=iz

Sz = o e 5 (58)

A Tp = temperature rise across condenser
TS = surface temperature
wp = pumping velocity

z = length scale

When the discharge temperature is less than the surface
temperature, the effluent will remain submerged and (s(z)
is zero. The pumping speed is related to qpp’ the heat per
unit area per unit time added by the power plant by the

equation:

w

o qpp/ P.Cp. AT (59)

p
where:

pC heat capacity per cubic foot of water

p
(112.32 BTU/CC-ft3)

42



ATP = temperature difference produced by power plant
. o o
Tp = T(zd) T(zi) (&) (60)
The thermal eddy diffusivity, KH’ has the form given by Rossy
and Montgomery (15):
. -1
Ky = Kyo 2L B Ri) (61)
where:
Ko = (CT + sz) w* = the eddy diffusivity of neutral

stratification (ftz/day)

g = a dimensionless constant (=0.1 for preliminary
study)
o Lo T : 2l : - :
w 5 B, + B, sin {§E§— t +0), friction velocity
(62)

The empirical relation of Munk and Anderson is suggested for

determining wind speeds over lakes.

_ L pgE (oN=l 7 8 ;
R, (w*z) B Richardson Number (63)
Bl = A1 + A2 (T-4O) 25 A3 (T—4)2, Coefficient of volume-

tric expansion for water

where:

N = a dimensionless constant (N=2)

% = wind shear stress
A1, Az,A3,B],B2,C1,C2 = constants
(b) Initial condition
iz e = T v (65)
o o
(c) Boundary conditions
i-T = = ?
% = ) Ay = 0 (66)7
_(pC_ K, —Z ) =0 =K(T, - T_) (67)
p "H. 82 'z E s
- = : 2T fia ; r
Tp = Ty + GTe sin (§§§ t + &), the equilibrium temper

ture.




where:
TS = temperature at water surface
t = time

® = phase angle

Te = average value of equilibrium temperature over
one annual cycle
$ T, = one half the annual variation

K = the heat transfer coefficient at the lake surface

(BTU/ft3-day-°c)
An explicit finite difference scheme is used for numerical
evaluation. At each time, t, step, the thermal diffusivity
is evaluated from the known temperature profile and its
value is restricted to the range between the input maximum
and minimum thermal diffusivities. The variable time incre-
ment, t, is then determined from the maximum value of the

thermal diffusivity at this step by the following equation:

At, ., = C (b2)?
k+1 (R og (69)
where:
Ct = a nondimensional constant, 0<Ct<0.5
AZ = spatial mesh size

The major assumptions made in the models are shown
in Table 1. The input parameters are shown in Table 2, whereas
Table 3 gives the factors involved i; analysis and Table-4
gives the construction features of the models. These tables

were drawn by testing the three models on various American

reservoirs by Parker et.al(1975).

A AN



(pesn us=aq I=2A2U Sey SUOT

obeyes1 a1qTssod

pue Trejutex ‘uotiexodeas
sotTdut 39bpng I93eM YL -AEp
UOT3BTNWTIS Ydea IOJ [2A9T
100d B pasn 21 UOT3RADTD
20eJaInNs ATTIEp paiInsesau

2yl IoaaMOy LAT3IOSITP 3ION

SoX

pa3eTnored ainjexadusl
soejins I93BM OTbOTOIOS3ISNW

—-jeaaTs Tood paiInsesu
andut ay3 f{moTIano
pue MOTJUT SAT3ETDUWND
3yl pue TaAST 20BJINS
TeT3TUT JO uoT3lounjg

p SB po3eINOTED ST
UOT3}RADT® =20BIINS
ITOAISSSI 9Y3)ON

S9ox

pe3jeTnoTed @anjexad
-wo3} 20BIIANS I=3eM
3ndul oTboToIOS318NW

uoT3®e

UOT3eTIpPRI IRTOS HUTWODUT-TpeRI IBTOS DBUTWODUT JO
10 uotadiosqe TeT3juUaILJITQ uoTldiosge TeT3ULISIITA

ATuo
UOT3IODSITP [EOT3IISA UT UOTIED
-JT3eI3S TRUOTSUSWIP SUO-S3X

ATuo

UOT103ITP [BOTIJIDA
UT UOT31eDTJIT3IRIZS
TRUOTSUSWIP 3UO-S3}

ON
S9kK

paT3iToads
ST m& AT1ensn
_WB aainjexadwal
aﬂmunﬂaﬂﬂwm
b soezans
ae &t ] Jtat] (TT
I =2in3zexsdwsal
2oeIINS I93eM (T
WIOJ TepIOSNUIS ©
Ut psTjroeds ST
291Uyl 2y3 JO 2uo

(TTT

E

juatpeib Aouevlong
pue souaTngingy
peonpuT putM

Ul use9M3ag UOTIO®
-I93UT JIBSUTTUON

[4

ATuo

UOTJOSITP [EOT3I9A
UT UCT3BDTJITIRIAIIS ®
—UOTSUSWIP 2UO-S34

(TTeIuTRI

03 suteb pue
uoTirIodeAas 03
o2Np S2SSOT I23BM)
12bpng I23BM

(XNTJ OU)UOTITPUOD
Azepunoq wo3l3od

SUOT3TPUOD
Axepunoq soeIIANS

suTToowiayl JO
uoTjeWIO] 2Yl I0JF
wsTueyosw Axewtad

A3T
-2bowoy TBe3UOZTIIOH

T2PON
butaoautbud S°20INOSdY I33EM

[2POW LIW

TSPOW TT2UIOD

suoT3dunssy

suoT3dunssy | STdelL



oTbue sseyd - ¢
TRWISYIOST ST
91Tj3oxd sanjexsdwsy ITOAISSSI USUM SWT3 2yl 03 butpuodssiion g = 3 ‘Aep ut swty - 3
2pn3tTdue d
anTea mmm& - ¥ 9Iaym
(o+ 2 " NV Uts d + ¥ °¢
"suotrjenbs butuisaoh syjz UT 3T0TTdwT ST @0®vFaIns oyjy Iesu Ishet
TTBWS B UTY3ITM pagIosqe ST UOT3eTPRI IBTOS buTWOOUT JO ATng 8y3z 3ey3z uoridunsse ayy °z

I

“SUOTINTOS TRUOTSUSWIP SUO JO SOTISS B WOIJ
UOTINTOS TeUOTSUSWIP om3 Tsenb e °ASTUoR 03 ‘juswbss Aq Juswbes wesIjsumop pSTIIED

UOTIBTNWTS TewIsyl Y3Tm ‘Juswbas suo UBY3l sIow Aq psjusserdel oq ued ITOAISSSI UL ‘|

(pe3oei1jgns xo
SSX S9x ON PP®B) 3BSY SATIDSAPY



se s3Tuh pIiepuels

gigiz SR
Tewtoap
gigiz" 2

qui
gigt° o2

TewTosp _S9A

8

Sg

mmww
So

8 X

(po31eTnOTED)

ON

oes/u

(09s- Zu/TeO¥ UOT3OSTISL
ou *o°T XNTJ s501b)s;A

g‘vic’l
po3edTput
‘s1030®]
uotsioauod sat(ddns

I9sn s3Tun Aue ut =2 ued

ON

ON

ON
TewIOoap SIA

ON

TeuToSp sax

9¢t
20

S9A
o9s/u SaX
Aep-_u/Tedy

¢ sax

Liztl
mmctmE\Hmux
(XnTJ I9U)SSX

ATuo s3Tun paTjd
-toads ut ejep 3ndul

Jdo(wIog
{eptosnurs e ut a27bue oseyd
9 apnitTdue ‘sniea
‘yesw JO SWIS] UT)

s
cl A

ON

ON

ON

ON

ON

¢ON
o) et

ON

o
¢ N

Afuo
s3Tun patitoads
uT e3ep 3ndul

aJsnieJdaduwe ]
wntIqrTnba

a21njexadua]
jutod mad

aanjexadwa],
qind 3IsMm
AjTpTUny SAT3IETSY

aanssoxd
oTasydsowly

I9A0D PNOTD

a1njexadwsl ITVY
poads puTM

uoT3eTpex sxsyd

—soule oAEM-DBUOT 3I°N

IeTOS 2ABM 3I0US

3Tun

T°POR

putaosuThud S90IN0SSY IS3BM

TSPOW LIKW

[9POW TT2UI0D

saojswereg 3ndufl

SYHLHNYIYd LOdNT

z °T19RL

47



(x2heT

w ¢°p dol aylx 103 ATTe
-uIa3juT 0 03 1enbs =sunssy)
ON

sy S

ON (T)

u
(bae Altep)sajx

(99s/0 _ 0l
X | @sn 3Tnejeop Aq)s9ax mﬂﬂu

Yo

9TgeRIIRA IO

( PepUSUWOD DI
S*0-7°0)
SQA

uI u
sak AMﬂv

w uI
S9X (T)

w(A3TNUT3UOD WOIJ
ps3ienyeas ST SnTeA

Tenioe syl ‘Afuo uos
-Taxeduiod I0J pasn)sox

(TeWISsy3osT) (TT)

o

TRWISYIOST I9Y3Ta) S°X (T)(ATUO TEWISYIOST)Sox (T)

2o

(*bae A1tep)ssx

Aep/ w
(~bae mﬂﬂmvvmmw

ur
SOA

ON
(SsOT 3E9Y

93BINOTEBD 01 JUSTIDTIID0D
uotjerodeas 3ndut)oN

2

S2A

Aep/ w
s5x

ur
S9X

ON

SSOT 31eay 23BTNOTRD 03
eTNWIOI UT-3TINg I0J

jue3lsuoo andurt)oN

ON

33 (yadep aTOAIDSDI
JUB3SUOD) S9F

(TewIsy3osT) (TIT

9o

(TePWIBY3OST)
S9Xx (T)

ON

o
6 N

33(3uerd xswmcd x03
9)e3uTr Jo yidsp)sex

ON

ON

90BJINS JI23EM =Yl 3B

p2gIosge UOTI3RIpERI
JRTOS JO UOT}Deag
*LDTD *"S°*A vaIE
UOT309S SS0ID
Te3UOZTIOH (TT)
UOT3PADTD
*s+*A yabusg (T)
AI312W099H ITOAIDSDY

UOT1RAST® aceIans
ITOoAIDEDY

a2buryd sinjeis
-dws3 JOo 93eY(TT
aunjedsadws] (1)

ITOAIDSDY
TeTITUL

aaxnjexadual MOTIUT

21®I MOTJIUI

UOT3IBASTD 323T3INO

uot3jejztdroaad

uotjeixodeay



*2xnjexad

-we3 wnTtiqTiiInba 2y3 3JC UOTIETNDO[EBD TBUISIXS JI03 BIEP AIessooau 2SI ISA0D PNOTS pue
uoTjeIpRI JIBTOS 2ABM 33I0YS ‘katpruny ‘@anssaxd xodea ‘iganjexadwoy ITR ‘posads PUIM “¢
poandut =g 03 @2aeYy 30u Aew IO KW °g

uwwerboxd Aq ATTeursljuT peleInoles 9 AW |

Uo|>mv1mpm\spm JUSTOTJIS00
ON ON SOX obueyoxe 1eB9H
D9s/zU
uunToo Ia3em a3yl Jo
A3TTTqRdS u& — 5
)
z
= - (Aep/z33
2., _ O (peandurt
2 O ¥ |HOD (TT) OSTe 2IB JUSTDTIIS
Ry = w -00 23 JO punoq
Fm = "a (T) TomoT pue i1addn)
Ae
€v pue ¢y ‘lv ‘sjue3suoo B/ (xt (2 S0+'D)
poutwialap TeoTatdws ‘saX S9A JO SWI23 UT)S9X JIUSTOTIFS0D uUOTSNIITd
y3dep UOTIDUTIIX®
/806 9=3USTOTII=200
(w) yadep JUSTO
UOT3DUT3IX® JO Swaal Uur -TJ3J90D UOT3DULIXD
S3X w/| S°X ON UOT3}EeTpEX 92ABM 1I0US

*09s/33 (¢ | WIOT
Teprosnuts e ut o=[1bue
aseyd pue spnitTidue
ON ON ‘uesw JO SwWI=a3 UT)S3A A3TocTen UO13DTIdg

omm\mﬁﬁ.m>m A1tep)s3i %mv\mE S9A moz 23X MmOTIAnQ




Go¢ 1
Ae+uhm IS g + ¥ €l
oanjexsdwsl untaqrirnbs soerdsx o3
pesn sg ued Ammvlmpm\sum @0®JInsS 3 XN[J 3Ieay IO (D @anjexsdwal 92vJIANS ISYITH °Z|
(6 028) Q@ buT3eTNOTED I0J pOposSU ST BaIe 20RIINS JULISUOD Y S

)

*ATTEUIS3IX® UOTIRTNOTED KAJTOOT2A UGTIOTIJ JIOJ Pasn OSTY ‘0l

"juetd zemod Aq peppe swr3 3Ttun x2d eaie 3TuUN
Iad Q@ ‘3esy Jo swisy ur pue A[uo Is3emMm bBuTTOOD jueTrd xsmod sy3z Jo 3Junoode buIllel 6

"PepPTIOoAB ¢ PTNOYS SUOTITPUOD DTHhoToxosjzsw ATyjzuow sbeisae se
yons sentea 3juejsuod ‘Aep Iad UCT1BAISSHO DSUO 3SEIT 3B optaoxd ejep oOTEOoTOIOL3ISH *§

UMOUY 3¢ pPTNOYs I2A0D pnoTd weaboxd Aq psjelnored II L
wexfoxd Aq ATTeuisjur po3jelnoTes 9¢ 03 ST uoT3eIpel DTIaydsowie uaym ATUO UT peal 99 OL °9

"e3ep 3Indul ur pejusssiad =g pTnoys way3 JO suo 3sea] 3je jng -Ajraorad =yl sey ul pesa

ISBT 9yl psjusssad sae suo uey3z LiIow JI -pesn ST saojsweried €91Yy3 9y3z 3o suo ATuo g

(UOT3D3TI=T Y3iTM) XnTJ
(UOT323[FSI OU)XNTJF " {€D

"1eS=X0TY 3X3U syl ‘3andur ut 30U JIT = - ¥ xn73 Iandur = Xn[J 38U
°2U3 ‘andur uTr SaE ejep JI .noauowmemﬁawﬁﬁmmww,:wmﬁvxmw.z.dmwon AT1euI@2juT po3eInoTe)d ¥

50



S9k 2 S9K ‘¢ S9X ¢ uotsniitd "¢
uotiydiosqe
S9x "1 sax | ON *1| 3091Td ‘|
(x2heT
sunToA TOI3UROD
UT I9Jsuell 3esH ¢
(pxemdn aat3Tsod
.mwmmwwwwwwm i Wu (premdn aataTsod
‘uotjensTe-A
Ke ‘sanjersdwei-L)
OF A= re Ae
O 5 —==
€Le
SINDD0 sINnoo0 JuaIpeab sin3y aTge3sun ST ssaooxd
qusatTpeab sanjersdwsl AT —exodwal sAaT3ebau IT UOT3IBDTJITIRIAS JT butxTw
—ebou JIT DUTIXTwW SATIDSAUOCD BPuTxXTw 9ATIODAUOD UOT3IOSAUOD 9914 A3TTTgR3s 7
*R3TTTIgR3IS
JOo onTea [EOT3}TID SWOS = H
.cEsHmw MWPMB syl Jjo
AyTTIgeIs i qd 2I9UMm
°3 < @ 203 _ @%Y = a
€
Y
o) L D
g4 >d 103 "¥ = {
UuoTsSnyJTP
o1TJoad sanjead jusaTnginig AITATSNIITIP
~dwey woxJ pa3jeTndoTed buTxTw s3oalbau IeTnoaTouw <<
SAT3IDOAUOD puUB .UOTSNIITP KaitatsniyyTp Appd
quaTnNgIny I0J S3UNODDE U0 (3UR]1SUOD)UOTSNIITP
-ISNJJTp 2AT3033J=2,Pa[1eD OS IeTNOS[ONW AataTsSniITp Appd AaTAaTSniITd °|
ToPOW - B ToPON
puTtioauTbug S$90IN0SAY I23BM T1°2POW LIW 1T2uIO0) sioj3oed

SISATYNY NI QIATOANI SHOLOVA °

£ o19eL




*BTIS]3TID S,I9T19ag AQ
PoUTWIS3ISP IS8AR] Temelp
-Y3TM ISA0 UOTINQTIISIP

*IsAeT TemeapyizTtm
UT uoT3inqrIistp K310
-OT2A ueISSNEH R} SSBU

A3TD0OTSA wWIOF1UN pue SS9U-y 0Ty} IafeT Temeapyltm

(Temeap

—Y3aTm JO 13497

Syl 3e po3ngrTal
"Z-STp ATwIOojTUun)on

—3D2Ty3 I94e] TemMeIpyszTm g Temeap 12T
TeMeIPYITM SATITDTIS ° | —U3TM SATIOSTSS " |-3n0 [=24a3T arbuts *|
BTIS]1TID S, I9Tg=d butxTw soueIjUS (39343s Te3uOzZTIOY
Ag psutwisjsp SSSUXO Tyl INOYITM IO YiTm I Uiyl e ojul A[snoauel

MOTJI93UT aYyj ISA0 UOTINg -Y3Te UoT3INQTIIJISIpP -uelsuT pesads)

-TI3STP A3TOOT@A wWIOFTUn "7 A3TOOTSA ueTssnes °7 ON *Z
S99k | SOA°| S9X I T°
2anjeaadwal =
: . 20BJINS Ia3em-

S9R ¥ SRR ¥ sanjexsdus?y
S8x *¢ S9A °¢ unTIgqTTINba- ma

FUSTOTFF=00

S9K °Z S9X °¢ ebueyoxs 3eay-y
2I9UM
S9F° SOX* s 5 S,
ACl ATl ( Bl&BvM =b
XNT3J
1eay JO SsuIsl uf

S99 ¥ S9X 'y ON "%

"S9X ¢ S@X g ON -°¢

6l

UOT1309ITIP
TeoT3I2A UT
UOTINQTIFSTIP °7
T2A8T *|
UOT3RIDPTISUCD
TeMeIpylT™

UOT3D9ITpP
TeoT3I9A

UT UOT3INQTIJSTIP
Shaglal

exadws3 Tenbs JoO
AST @Yl 3 I23Ua°|
toT3e

-I9PTSUOD MOTJUTI

il

mGOHuosvcou.w
uotjexodeay °¢
uoTjeTpex
sABM-DUOT 39N
UOTJIRIPEBI IBTOS
2ABM 3I0US |
20BJINns

I23eM SsoJoe
Isjsueil 3esaH

uoT3O2ApPE
TBe3lUOZTIOH

UOT309APE TEDTIJISBA



TN
S0 =17 3

(3usTpeab F3O-3Nd

ueyy Isjeaab 1o Tenbs
quaTpeib sanjersdusly

suT TOooWISY3
2yl yjzesaurspun JIo
dol uo sAemTe 2UO0Z TEMRIPYITIM

S9A"E

Uy3lTM uoTbesx ayz IaA0

popu231xXs I2A3U
I9ART TemMeIpy3lTMm)
S9X

~ g

ON

“

2uoz
MRIPUITM UO JTWTIT"E



Aep e = arp Aep | = 37 ‘w g°| = X
WwQ"| = A7 I0F UTW |°¢ I0F UTW (°'Z Aep | = 3
Aep | = 37 ‘w Q*z=AV u 0z = Ap I07 3T 5 = A 928edD 131523 103
I03 -utw 9°z (sdep (Q0¢f) utw | (s&ep 00¢g) I03 utw €| (sAep 00%) swT3 _mcﬂccsm
sTe
—I23UT QZ "uTw (TT)
00Z ST popuUsUWOoDa T
sde3s Jo Iesquwnu “xXew (TIT) ST SSaT IO sTeA
POpUSUWODSI I933W | (T). STBAIS3UT QG (T) -I23UT (0| WNWIXew (T) (A )
Jue3lsu0D jue3suo)d jue3lsuo) TeAIS3UT yadag
mmﬂumpﬂuo
A3TTTqR]S
AFsT3es 3snw (TTT) MUHbﬂmzmMHﬁlmm
ejep 3nd o 7
-uT Jo de3s swrj S 2 23>0
ejep 3ndut w Aq pespInb (T1T) Xew, g
jo de3s swr3 Aq peptnb (TT) (|) ® WOIJ *Xew I%N%P MU = ~+Mpﬁ
Aep | >3ps>ay | (1) 4 SuTwILl=q (T) &
JuR3lsUO) jue3lsuo) oTqetaeA (3 ) de3s auwTtl
170 5> zeto = £
S)el prgqani BPTIS3TID
NUQHMHQMHUm ATbuoxgs NﬁmHMﬂpmgpm patiyrtieals ‘dssp AjtTTgeoTTddY
=S
e Seaedl
(¢) L> 35 A
(Aw) 9SN J0J BIU3]
(Juswaa)p _ ® W 7 . .
s> Fr auemeta)s - U (==l =~ a TID A3TTTIqe3S
sawayos SWayds 20UlI8IITIP SWayosS S9JUSISIITIP Quayos
SDUSISIITP 93TUTF FTOTTAW] S3TUTI ITOTTAXHT 93TUTF 3TOTTAXH TedTiewaylen
ToPOW butassutbumg T2EON ] T12PONn
$90IN0say I93BM LERW TI2ux0) sio3aweied

NOILONYLSNOD THAOW

b HTdV.L

R R

54



s the program compiling time is not include

20 the densimetric Fronde number in defined as
p -0 [Po
o DV N gB
where L - reservoir length
Q - volumetric discharge through the reservoir
D - mean reservoir depth
V. - reservoir volume
Po = reference density
P = average density gradient = -df/dy
g - gravitational acceleration
S Check by stability criteria, Equation (2), internally

and the input t is subdivided if necessary in that

particular time step.




5.0 CONCLUSIONS

A reservoir's or lake's thermal regime has dual
significance to water gquality modeler. Firstly because
the temperature directly influences the rates of chemical
and bio-chemical reactions and secondly it influences
as a tracer of mass transport in the water column. In
fact, heat balances are a primary tool for estimating
mixing rates in the vertical dimension.

The thermal regime of temperate lakes or reservoirs
in temperate zones is primarily the result of the inter-

play of two processes:

i) Heat and momentum transfer across the surface;
and
(ii) The force of gravity acting on density differences

within the lakes.

Depending upon the season of the year, heat transfer
tends to either raise or lower the temperature at the
lake's surface as a consequence of number of factors,
including the magnitude of solar radiation, air temperature,
relative humidity, wind speed and cloud cover, wind blowing
over the open area tend to mix the surface waters and
transfer heat and momentum down through the water column.
The extent of mixing, is in turn, inhibited by buoyancy
(and sometimes rotational) effects. These relate to the
fact that the density of water varies over the range of
temperatures encountered in lakes. Therefore denser waters

accumulate at the lake's bottom and are overlaid with
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lighter waters.

A brief review of some of the available models
shows that remarkable progress has been achieved in limn-
ology by numerical modelling of circulation in lakes. The
models, in principle, enable us to understand the complex
casual dependencies of the atmospheric inputs and hydrody-
namical thermodynamical responses of the system under the
influence of a given topography and even to forecast them
to a certain extent. For further research, three dimensional
multi-layer models and properly parameterized two dimensional
vertical models seem to be equally useful, both incorpor-
ating baroclinic forces.

In our country, at present, the main task is to
use these models for actual situations. This means, in the
first place, the availability of reliable field data, which
are sufficiently representative to be compared with numerical
results. This also includes, furthermore, the definition
of a fairly objective verification strategy, which gives
a quantitative measure of the quality of a model. The next
step to verification of these models would be sensitivity
analysis, which means what the parameter's influence 1is
and where the possibility of verification is exhausted.

The past studies have also shown that out of the
three models reviewed in the report i.e. the WRE model,
MIT Model and Cornell model, the most thoroughly verified
model is the MIT model. It would be very interesting and
informative to use MIT model for an Indian reservoir for

the temperature distribution over a period of years to deter-
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mine the proper coefficients to be used in the model, which
are suitable for Indian conditions.

The MIT Model has been modified by Water Resources
Management Methods Staff through Tennessee Valley Authority
in 1976. The modifications were made to the original form-
ulations for surface heat transfer, inflow and withdrawal
velocities, surface cooling and output data presentation.
The modified computer programme has been implemented on
the NIH computer system, VAX11/780 system. It is a detailed,
comprehensive programme of about 3000 statements. The prog-
ramme consists of one main program and a sub routines. The pro-
gram has a detailed input requirement and computes the daily
temperature in the reservoir, with depth. As a future work, it

is proposed to use the models for Indian situations.
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