Indian J. Met. Hydrol. Geophys. (1977), 28, 4, 450-464

hb6-562 : 536-2 : 621-311

Dissipation of heat from cooling ponds
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ABSTRACT. A mathematical model is gzopooed for the planning of cooling ponds used for dissipation of waste

heat from heated discharge waters of Power
t on wind speed and water tem

nerating Stations. This dissipation of waste heat is found to be mainly
ture, negligibly influenced by air temperature and humidity and is

en
m;ient of solar radiation. The model’s special application is where the water resources are limited and need for
recycling of water used for cooling the condenser waters of the power station is necessary. The models show that the
uirements of the cooling ponds of such types of the order of 1-0 to 2-5 acres/Mw (e) during the hotter

acreage req
months at Bombay. Data was also collected at Tarapur Atomic Power Station’s di

channel and the model

calculations compared well with the actual temperature fall in the channel observed during low tide.

1. Introduction

The increasing demand for electricity has
necessitated a proper evaluation and study of
condenser cooling water sources to which re-
jected heat from Power Stations isadded for ulti-
mate dissipation. The advent of nuclear energy
has permitted greater emphasis on nuclear power
stations, which have their advantages over limi-
ting resources of hydro and fossil fuel power sta-
tions. In nuclear power stations much more con-
denser cooling water is used compared to foasil
fuelplants. Hauser (1971) has estimated annual
heat rejection of magnitude 1010 calories for
nuclear power plants, in U.8.A., a prime producer
of electricity, by the year 2000, compared to
21018 calories by fossil fuel plants, which would
have tapered off and decreased by that year. He
has also indicated the several methods of supply-
ing cooling water to condensers that are in use
today and listed them by order of preference from
operating and experience point of view i

(1) Onge through Fresh Water Cooling 3

(2) Cooling Ponds and Reservoirs §

(3) Coastal seawaters;

(4) Evaporative Cooling Towers j and

(5) Non-Evaporative Dry Types of Cooling
Towers.

Considerable interest is shown for cooling ponds
because of its possible economic favourability
and as well as the public awareness for cleaner

environment. There are two typesofcooling ponds

which are used for dissipating waste heat. In one
¢ the cooling pond is used for dissipating
heat before it is permitted to flow into the lakes

and rivers from which the water is drawn, therehy
redueing the thermal effects on the environment.
In the second type, the condenser discharge waters
are allowed tc dissipate heat in the cooling ponds
and the cooled waters are again used for conden-
ser cooling. Several mathematical and physical
models have been developed to study the heat
exchange acioss the water surface, both due to
natural conditions and man’s activity. Seme of
them pertinent to this study are those of Harbeck
et al. (1959), Harbeck (1964), Federal Water
Control Administration (1968), Parker and
Krenkel (1969), Jobson (1871, 1975), ete. In the
present model, an attempt has been made to
estimate the excess temperature that would deve-
lop above the natural water temperature in the
cooling pond due to recyoling of heated waters,
discharged at one end and taken into the station
at the other end after natural cooling, and there-
by also to estimate the minimum area required for
the cooling pond for representative meteorological
conditions in any particular region. However
additional arrangements will have to be made
for makeup requirements of waters lost due to
evaporation in this kind of set-vp. Corrollary to
the model is, one can plan the size of the cooling
pond, taking into consideration the maximum
temperature.the heated waters ean have at ‘he
discharge point of the station taking into account
the design of the condenser system.

2. Thearetical Model

The physical processes that are involved in the
sgrfa.ce heat exchange in a cooling pond are radia
tion, evaporation, conduction and ady ection_
The excsss temperature above the natura] W&te;
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temperature, that would develop in a cooling
pond having recyeling water systcm, would solely
depend on the heat discharge of the power station,
and would be independcnt of the heat content
due to natural conditions prevalent there. The
transfer of heat in and out of natural water bodies
has been studied exhaustively and appears in
any relevant text books. The factors that govern
the heat content of the cooling pond are : @,
the net heat flux due to incoming radiation of
sun and sky after taking into consideration the
reflection from the water surface and cloud cover ;
(2, the net heat flux due to long wave radiation
from the atmosphere ; @, the net heat flux of
long wave radiation emitted out of the water ;
Je» the heat loss due to evaporation ; (e, the
heat advected frem the water body by the eva-
porated water vapour ; @,, the heat loss due to
conduction-convection of sensible heat ; )es.
the heat due to biological, chemical processes and
from the sediments ; @y, the heat radiated from
the surrounding mountains, if any.

If IT is defined as the heat content per surface
area of the pond (cal em “2), then the change of
Lieat content across the unit surface is given by

dH
dt

=Q6‘ +- Qa(Ta)_ﬂh(Tw] - Qe(Tw) - Qc(Tw)
o Qea(Tw) o Q!‘Jcl + QJI (l)

where T'y,=water temperature of the coolivg pond

T, =air temperature

Generally @, is neglected, since it is ordinarily
small and is difficult to  estimate (Hutchinson
1957). Two estimates of Qg by Anderson (1952)
and Neumann (1953) show this value to he less
than 1-5 per cent of .

The total heat content per unit surface area of
pond H, can be expressed as the sum of the natural
and man-induced processes, Hy and Hy res
pectively. Therefore we have

dH,
== Qu4-QulTa) — QuTo) — @(To) — QualTo)

~30h Qc(-To) e Qbu + Qﬂ (3)

where, Ty=normal water temperature,
Subtracting Eq. (2) from Eq. (1) and neglecting
Q,, terms, we obtain

dH

d?

) = — QuT,) + QT — Qu(To)+
- QG(TO) - oc(Tw) "I" QC(TO) (3)

The black body radiation from the water sur-
face after correcting for reflection is given by
(Hutchinson 1957).

Qb(Tw) = O'MTW4 (4)

Qs (To)= 0 0.977 (5)
where, o= 8-244 1071 (eal em—2 min—1 deg—4);
Stefan Boltzman constant.

The ratio of evaporation heat losses to sensible
heat loss was first given by Bowen (1926) and is
widely used in caleulating the sensible heat term
in the energy budget studies of water bodies.

Q=vQ
0.64(T, — Ta)
(e’!'w A (’ﬂ)

erg=saturated vapour pressure of water at
temperature 7',

where, y = (Bowen’s ratio)

eq — vapor pressure of water in air at air
temperature 7'q

Another widely used empirical relationship is
for @, the heat loss due to evaporation and 1s
given for lakes by Johnsson (1946)

. = 0.018L(*p,, —ea)U%8 (cal om~2 day 1)
where, L=734+1-—0-51T, (latent heat of evapo-
ration at 7))
U= wind speed measured 6 m abovelake
surface in metres per second.

Therefore we obtain

QuT.) + QT) = 1.247 105708 (734,1—
—0.81T%) X [*y — €a + 0.64{T,, — Ta)]
(cal em—2 min 1) (6)

QulTy) + Qu(Ty) — 1.247 X 105008 (7341 —
—0.51T) X [rg—*y +0.68 (Tg—T,) ]
(cal em-2 min~—1) (7)

Using Classius-Clapyeron equation for the
change of saturated vapour pressure with tempe-
rature and approximating it by taking the first
three terms of the expansion of the power series,
we have

T,=To( 14 al, }a2T22) (])
where, T'¢ =- T, — T,

a— 18(734.1— 0.51 T,)/RT,?
‘r, = saturated vapour pressure at T,
RT,T, ~ RT

The error introduced by the above approxi-
mations is found to be not more than one percent,
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Substituting Eq. (8) in Eq. (6) and then subs-
tituting Egs. (4), (5), (6) and (7) in Eq. (3) and
approximating (T, + To)t == Tt + 471> T, we
obtain:

(‘%‘“) = 319867 1010 T8, T, 4 Ky(0.64 T+
+ aepy. Ty 1 aPepy. T'e2/2)—K,. Te [0.64 (T
& To—1'a) — s+ ey (14 ol *T%2) ] 9)
whepe, Kj-— 1.247 103 (734.1— 0.51T). res
K,—0.51x 1:274 X 10-5 U8
Letting
B, = 3.19867x10° T? 4 K;(0.64 +
tepg ) — K, [0.64(T,—Tg) terg—¢a]
B, = Kger, 0?2 — K, (0.64 + o)
B, = —K,ep, «*2 .
then Kq. () is a differential equation of the form.

(‘%ﬂ) _ T,(B,+ BT, + BI%)  (10)

For a well mixed pond, one can write

AHm) _ pepla ( a7, ) (11)
dt b da
where, p=density of water

¢,=specific heat of water
p=telectrical power of the station
a=r[p

r=condenser flow rate

bh=Dbreadth of the channel

z=distance from the discharge
point

If AR is defined as the cooling pond area per
unit power of the station and = as the temperature
gained by the cooling water in the station and e
as the excess temperature at the intake point
over natural temperature, then substituting the
R.H.S. of Bq. (11) for dHm/déin Eq. (10) and
integrating we obtain AR

(++e) (B, + By + Bs®)
[B, + B, (v +¢€ 4 33(74'5)2]52

_ et
AR = 3B, In
pegaBy ln\(Wz — W) (2Bgr + Wet- W)

(12

+

where,
W, = ( B> — 4B B, )}
W, = By + 2B

If in the final Eq. (10), B37.® term is neglected
then we obtain a more simplified solution

195 PC’PG W3 ( T + € ) 13\
48 = | s X
where,
Wy = B, + Bse
Finally, solving Eq. (13) for e, we obtain
. 4B, Bs7|}
— (B, + Bz 1) [(B1 + Bg1)*+ K‘_";J
L 5
BE 9B,
where,
AR.B,
Hi— exp[ cpa]

8. Results and Diseussions

In order to arrive at the effects of the various
parameters used in the model, computations are
made using BESM-6, varying one parameter and
keeping other parameters constant. Further, for
given set of values, we have calculated cooling pond
acreage requirements, using Eqs, (12) and (13) and
these aregiven in Table 1. It is found that the values
are agreeing within 0-1 per cent (Table 1). As such
the simplified Eq. (13) can be used for all practical
purposes. The effects of wind speed on the cooling
pond acreage are calculated, keeping others para-
meters constant. The results are given in Fig. 1.
It is seen from this figure, wind speeds more than
4 mfsec give acreagesless than 2-0 acres/Mw(e).
This is expected, as higher wind speecs lead to
higher evaporation rates, thereby increasing the
disipation of heat. The effect of humidity and air
temperature are studied and these have been found
to have negligible effect on the overall cooling. On
the other hand higher water temperatures do have
some influence on heat dissipation though much
less than wind speeds (Fig. 1). Hence, the model
shows that wind speed and water temperature do
influence the dissipation of heat from the cooling
pond whilst humidity and air temperature bave
negligible influence. These observations are in con-
formity with the conclusions arrived by Jobson
(1971) in his study of dissipation of heat from water
surfaces.
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TABLE {1
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Cooling pond areas by Egs. (12) and (13)

Time 7', Ta U Humi-  Cooling Pond
hr. (°C) (°C)  (mfsec)  dity Acreage
min) (%) acre/Mw(e) by
e i sy
Eq(12) Eq(13)
0800 276 7+6 2.92 70-0 1-1087 1:1069
0930 202 30.5 4.17 T6+0 0+0850 0+ 9837
1215 32.4  30.8 2:57T  63.0 2.0155 2.0143
1350  33.2 32.5  2.83 660 2.1719 2:1709
1600 32-3  22.0 2.7l 660 1.9152 1.9140
1800 323 28.0 2.0l 76-0 2,3317 243307
2000  31-1 25-3 2.15 91.0 1.8653 1.8637
2200 305 24-1 1.00 91.0 2.8049 2.8026
2400 30:0  25-7 597 830 0.8242 0-8232
0200 29.6 25-8 3+ 96 83.0 1.0618 10605
0400  22.0 245 2.36 86.0 1.4301 1.4283
0600 28«7 2545 2.36 86.0 1-3932 1-3013

Limiting discharge water temperature 110°1 (43 30)

<0

Fig. 1. Effcet of the various physical parameters on eooling

TABLE 2
Physical parameters measured at the cooling pond at different times

pond

area

r,
Ta

DU)
€)

(@) 7 March 1975

Time (hr-min)

Wind speed (m/sec) 12:22

Humidity (%)

T,
Ta

Wind sped (m/sec)

(°C)
0

Humidity (%

T
Ta

Wind speed (m/sec)

“(C)
()]

Humidity (%

r . A — ¥
23-20 01-30 03-30 05-30 07-20 09-20 1125 13-20 15-20 17-20 19-16 21-15
24-50  23-50  23-00 23-00 22.00 24:00  25-20 27-40 29-70 27.70 25-20 25-20
20-80  21-60 19-60 18:40 18-30 24-90  28-00 3100 26-80 25-30 24-50  23-00

8-33 333 b5-21 542 4:31 5-42 333 7:16 9-03 8:13 0-83
72:00 8500 9100 93-00 9100 6G-00  62-00 48-00 61-00 57-00 59-00 3200
(b) 26 March 1975
Time (hr-min)

" =k AT
00-00 20-10  04-30  06-10  07-55 0945 12-10 14-30  16-15 18-15 20-125 21-15
22:30  21-60  21-50 20-80 20-90 93.30 26-40  28-20 27-00 2450 24-00 232 .50
28:560 18:70 17-70 I8-70 2260 26-50 32-30  31-70 29-80 2650 23-50 21-00

1-76 3-33 4:79 4-38 2-26 306 1-94 2-71 2.-64 6-88 7-08 2.43
51-00 51-00 42:00 33-00 36-00 26-00 1200 15-00 31-50 36:650 49.50 51-00
(e) 30 April j 1 May 1975
Time (hr-min)

i 3 )
0800 0930 1215 1350  16-00 1800 2000 22.00 2400 2.00 04-00  06-00
27-60 29-20 32-40 33-20 52:30  32:30 3100 S80-50 80-00 29-60  29:00 28-70
27-60 30-50 30-80 32:530 2000 28.00 2550 24-10 25-70 25-80 24-50 25-50
2.02 4.17 2.57 28 271 2:01 2-15 1:00 5-97 3-96 2.38 2-36
79-00  76-00 G3-00 66-00 @600 76-00 91-00 91-00 83-00 83-00 86-00 83-00
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Figs. 24, Cooling pond area requirements on limiting the temperature of discharged waters of the station

To illustrate the usefulness of the model mea-
surements of air temperature, water temperature,
wind speed and humidity (Table 2) are made at a
pend of area approximately 1 acre situated at
Trombay, Bombay, for 24 hours, at two-hour
intervai on 7 March, 26 March and 30 April 1975.
These months are chosen for measurements, be-
cause of higher water and air temperatures in these
months in this region. The cooling pond require-
ments computed for this period are likely to be on
the higher side compared to other times of the year,
On these three days, Table 2 shows that the water
temperature varies from 20-8° to 33-2°C ; air
temperature from 18-3° to 32-3°C ; wind speed
from 0-8to 12:22 m/sec and humidity fiom 12.0
to 93-0 per cent. Further, whilst the water and
air temperatures vary sinusoidally during the day,
the maximum air temperature being two hours
later than the maximum water temperature, the
wind speed varies randomly during the day.

Having the above data in hand, computations
are then made for the three days of cooling pond
acreage Trequirements per megawatt electrical
poy erwith an added restriction that the discharge
water temperature of the station should not exceed
gpecified values of 100°F (37-8°C), 105°F( 40-7°C),
110 °F (43-3°C) , 115°F (46-1°C) and 120°F
(48:9°C). These values are plotted in Figs. 2, 3 and
4 for the different days. As seen from Fig. 2, on 7

March, if the discharge temperature is restricted to
110° the cooling pond area required does not exce-
ed 1-0 acre/Mw(e), except for a two-hour duration
when it exceeds 1+5 acre/Mw(e). On 26 March
(Fig. 3) the calculations show that the acreage
requirents did not excced 1-25 acre/Mw(e).
Whilst, on 30 April (Fig. 4), for more than 90
per cent of the time, 20 acre/Mw(e) is safficient
for 110°F discharge water temperature, whereas
for the rest of the time it goesup to 25 acne/Mw(e).
Further, the computations show that for higher
water temperature and low wind speeds, the cool-
ing pond area requirements are higher. This is
because that for higher water temperature, the
margin allowed for e by the restriction of dis-
charge water temperature is small requiring grea-
ter amount of dissipation of heat, whilst small
wind speed lowered the losses of heat from cool-
ing pond due to lower evaporation rate.

Finally, data was also collected of various para-
meters required for testing the reliability of the
model at the discharge channel system of Tarapur
Atomic Power Station. This station is situated on
a minor promontory projecting into the Arabian Sea
on the west coast of India, and uses once through
seawater cooling system for its condensers. The
seawater is drawn into an intake pool and after
circulation in the station is discharged as heated
water into a double discharge channel system
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having two channels running along the coast on
either side of the intake pool. Each channel has
length of 3300 ft and width of 53ft. Ohservations
are made of the various parameters during the three
low tides, when the mixing of incoming seawater in
the discharge channel is minimum. During these
low tides, a temperature fall of -1° to -2°C was
noticed between the discharge point of the station
and the discharge point of the channel into the sea
for wind speeds varying from 7 to 15 m/sec. This

is in quite good agreement with the predicted values
of fall of -15° to -22°C by the model for the same
wind speeds.
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