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THERMAL DISCHARGES FOR THE
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By
Larry Phillip Walker

The subject of utilization of waste heat from
electric power plants in agriculture has recently
received considerable attention. Several research groups
are investigating the economical uses of thermal dis-
charge under a variety of conditions. This study is an
investigation of the use of thermal discharge for the
production of catfish under Michigan conditions.

This study explores the economic and environ-
mental incentives for using thermal discharge for the
rearing of catfish. It examines some of the constraints
in the construction of a biological system which is
dependent on the operation of a traditional industrial
system.

A computer model for catfish growth is developed.
In addition, a turbulent mixed pond is modeled to pre-

dict ambient temperature of the catfish environment in



Larry Phillip Walker

response to Michigan meteorological conditions. The two
models are used to simulate the growth of catfish over

one growing season.
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I. INTRODUCTION

Society is currently confronted with an energy
problem that is affecting all aspects of American life.
It is a problem that finds its origin in an economic
philosophy which does not recognize that resources are
limited and that there are constraints on growth.. If
society is to survive this period of time it must begin
to manage resources and wastes more effectively. There
is a need to squeeze as much energy as possible from
resources and to recycle waste.

The world electrical generating capacity for
the period 1955-1967 increased at an average rate of
about eight percent per year, and thus has a doubling
period of 8.7 years (Hubbert, 1973). In order to meet
this increasing demand for electrical power, large
quantities of coal, oil and natural gas are required.
Presently, electrical power facilities are about 40 per-
cent efficient. This means that 60 percent of the
initial heat released is dissipated to the environment.
Power plants require large volumes of condenser cooling
water to carry waste heat to the receiving waters of
the locale. A typical 40 percent efficient fossil fuel

plant requires 9,000 Btu per kilowatt-hour of electricity



and discharges 4,237 Btu of waste heat to the environ-
ment. Currently, a nuclear power plant operating at a
33 percent efficiency with a heat rate of 10,342 Btu
per kilowatt-hour discharges 6,400 Btu of waste heat,
or nearly 50 percent more heat than a fossil-fuel plant
(Wolf, 1973).

With the awakening of the nation to conscious-
ness of the environment and the advent of the energy
crises, power companies and researchers have been
searching for beneficial uses of thermal discharges.
Boersma and Rykbost (1970) proposed an integrated system
for management of thermal discharge from a steam electric
generating station; His industrial agricultural complex
has the following components: (1) a power generating
facility, (2) a cooling cycle with a soil warming loop
and an evaporative basin loop, (3) a processing plant,
and (4) an animal rearing facility. Michigan State
University on January 1, 1974, initiated an investigation
on waste heat utilization in agriculture. The components
of the integrated system are (1) fish growth, (2) crop
growth, (3) weather, (4) soil warming, (5) water reser-
voir, (6) greenhouse, (7) warm water irrigation, and

(8) grain drying.



The purpose of this thesis is to determine the
feasibility of using thermal discharge for the rearing
of catfish. The investigation consists of two parts:
(1) an examination of incentives, system operating con-
straint, growth of fish and a study of the response of
water temperature to weather conditions, and (2) the
development of computer models to simulate growth
response of catfish to water temperature and a model to
predict the response of water temperature to meteoro-

logical conditions.



II. FEASIBILITY EVALUATION

A. Historical Development

Aquaculture, the growing and husbandry of fresh
water fish, is one of the oldest types of agriculture.
Its origin can be traced back to Ancient China at about
2000 B.C. ©Under the Chinese, aquaculture flourished
and developed into a science (Hickling, 1962). Carp
rearing dominated the earlier efforts at aquaculture.

It was adaptable to pond culture and was preferred as
a food fish (Tva, 1971).

Aquaculture was introduced into the United
States by the early immigrants from Europe. The first
hatcheries were established to supplement the produc-
tion of game fish and focused mostly on trout production.
Following World War II, the demand for minnows continued
to increase and resulted in increased farm pond and
reservoir construction. Much of these efforts at fish
farming failed because (1) producers were not experi-
enced in fish culture, (2) pond construction was poor,
or (3) fish species were improperly chosen (Bureau of
Sport Fisheries, 1970).

From 1960 to 1970, interest in high density
raceway fish production increased, with research projects
initiated in many areas of the United States (Table 1

4



TABLE l.--Estimated acreage devoted to catfish farming
and value of production.

Year Acres Mi%éﬁggezg:g?s Ap?sgftgate
(Million §)
1960 400 0.3 0.1
1961 500 0.4 0.2
1962 1,000 1.0 0.4
1963 2,500 2.5 1.0
.1964 4,000 4.0 1.6
1965 7,000 7.0 2.8
1966 10,000 11.0 4.4
1967 15,000 16.5 6.6
1968 30,000 33.0 13.2
1969 40,000 44.0 17.6
1970 45,000 54.0 18.9
1975 75,000 112.5 40.0

(TVA, 1971.)

Figure 1).

One area of recent interest is the use of

thermal discharge to provide the thermal environment

for catfish.

Experimentation is continuing at several

facilities, both in the United States and abroad (The

Commercial Fish Farmer, 1974).

The beneficial effects

of heated surface water are based on water being too

cold for optimum growth and food conversion rates of

fish during much of the year (Strawn, 1970).
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B. Incentives

There are two primary incentives for utilization
of waste heat in the rearing of catfish: (1) dissipa-
tion of heat through convective and evaporative heat
transfer at the water surface, and (2) providing the
thermal environment for optimal growth. Several other
incentives that make catfish farming a productive
endeavor are (TVA, 1971):

1. Properly managed, farm-raised catfish has
excellent flavor. It is a nutritious food, high in
vitamins, minerals and proteins.

2. The supply and quality of intensive farm
culture catfish offer better opportunities to keep pro-
duction and market opportunities in phase than the
unpredictable commercial catch of wild fish.

3. Current and future demand prospects for
catfish appear strong. The number of consumers and
consumer incomes are increasing.

4. The catch of wild catfish in the United
States is expected to remain at about its present level
or to decline.

5. The sport fishing aspect of catfish produc-
tion--fish-out pounds--may become even more significant
when the general public recognizes what these businesses

have to offer.



6. At the present stage of development, catfish
compares quite favorably with broilers under high-level
management at the rate of about 1.5 lbs. of feed/1lb. of
fish vs. broilers at 2.3 lbs. of feed/lb. of meat.

At a price of $160/ton for catfish feed and $100/ton
for broiler feed, this gives a feed cost of 12¢ for a
pound of catfish and 11.5¢ for a pound of broiler.

Though catfish are important to sport and com-
mercial fisheries as far north as Iowa, and markets for
catfish exist in all major northern cities, the southern
states will probably continue to dominate catfish cul-
ture in the United States due to the longer growing
season in that part of the country (Bardach, 1973).
However, if this investigation proves successful, cat-
fish rearing in Michigan could have an impact on the
local market. One factor which may help in the devel-
opment of local markets is advertisement. In certain
parts of the country, advertising has improved the
image of catfish. It can be beneficial in influencing
people who are repelled by the "whiskey" appearance of
catfish or who consider this species a scavenger and

thus unfit for human consumption (Bardach, 1973).

C. System Constraints

The interfacing of a biological system with a
traditional industrial system requires a careful examina-

tion of the plant operating charateristics and biological



constraints. This is particularly true when the
operating characteristic of one system cannot be changed
to favor the other system or where the adaptability of
one of the two is marginal. In the proposed system the
operating characteristics of the power plant will not

be changed in favor of the aquaculture system.

Power plants and industrial systems are forced
to shut down for equipment failure and maintenance dur-
ing certain days of the year. Some of the maintenance
and repair work will be scheduled. However, equipment
failure can occur unexpectedly during a period when
the aquaculture system is dependent on the operation of
the power plant. Mayo (1974) investigated the possi-
bility of using thermal discharge for commercial fish-
eries and developed the following list of scheduled
shutdown and operating constraints:

1. Twice each year the power plant shuts

down for three days, around January 1
and July 1.

2. Once each year the plant can be expected
to shut down for a week with only a
brief (30 minute) forewarning.

3. Once in 10 years it will shut down for
a month with only a brief (30 minute)
forewarning.

4. The owner of the aquaculture system can-

not expect the power company to change

the operating conditions to favor the
system.
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To prevent major fish losses due to plant shutdown, it
is suggested that auxiliary heat be built into the pro-
posed system and be readily available.

Chlorination of condenser water to control pH
and biological growth is another operating constraint.
Chlorine is added intermittently to the circulating
water to control biological growth that may foul the
heat transfer surfaces in the condenser. An estimated
780,000 pounds of chlorine per year is added for slime
and for biological growth control in a 1160 megawatt
plant (Detroit Edison, 1973). The tolerance of fish
to chemical treatment of the intake water and the
uptake of radionuclides by cultured fish species
impose other constraints on the production and mar-
keting of fish (Coutant, 1970).

The temperature and chemistry of the water
supply is crucial to the successful operation of an
aguaculture system. Channel catfish suffer no ill
effects in the pH range from 5 to 8.5 and the range of
6.3 to 7.5 is considered optimal; a pH over 9.5 is
likely to be lethal (Bardachetal., 1973). The complex
relationship between temperature, food utilization,
growth, metabolic rates and food waste production
imposes biological constraints on the system. Con-
centration of waste product increases directly with

population densities and can be a particular problem
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in a high density system. Associated with the waste
production is the problem of oxygen depletion. Both
problems can be alleviated by increasing the exchange
rate. The oxygen depletion problem can further be
compensated by employing a sprayer system to capture
oxygen from the air and which has the added feature of

enhancing the heat dissipation of the pond.

D. Growth

One of the earliest comprehensive studies of
the phenomenon of growth was done by Minot (1908). His
study on growth was based on observaton and empirical
data. The general equation describing growth of an
organism is an exponential of the form (Medawar, 1945):

W= w, eXft) (1)

3loge

3t "

Kf(t) (2)

or

where Kf(t) is a positive quantity such that £f(t)
decreases with t, and 3f(t)/9t increases with t toward
a zero bound. Equation (2) is based on a set of five
laws derived from experimental observation. Medawar
(1945) developed a set of axioms to explain mammalian
growth:

1. Size is an increasing function of
age.
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2. The product of biological growth is
itself, typically, capable of growing.

3. In a constant environment, growth pro-
ceeds with uniform velocity.

4. The specific acceleration is always
negative. (The specific growth rate
always falls.)

5. The specific growth rate declines more
slowly as the organism increases in age.

Brown (1957) carried out an intensive investiga-
tion of Medawar's axioms and their application to the
growth response of fish. Axioms 1, 2, and 3 were in
agreement with experimental observation. However, the
fourth and fifth axioms should be applied to fish growth
with considerable qualification. Most species of fish
display cyclical changes in growth, having periods of
rapid and slow growth (Brown, 1957). However, if
growth rates are calculated in the same cycle, both laws
4 and 5 are in agreement with experimental data.

If growth is unrestrained and exponential, the
instantaneous specific rate of growth would be constant.
Thus,

Limit |1 W _
At + 0 (W [}é]] = K (a constant) (3)

Observation and empirical data indicate that K is not
a constant but decreases exponentially with age.
Temperature strongly influences the growth rate

of fish (Figures 2 and 3). The growth rate as a
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function of temperature follows a parabolic-shape
curve, which rises to an optimal temperature *and then
begins to fall off. 1In Figure 3, each of the curves
represents growth rate as a function of temperature

at a different feeding rate. As mentioned earlier, the
growth rate decreases with time resulting in a cor-
responding flattening of the growth rate curves and
approaching the minimum growth rate for aged fish
(Brett et al., 1969).

Several studies have been conducted on growth,
digestion, and metabolism in channel catfish, but few
quantitative data are available on the interaction between
feeding rates, temperature, growth, food conversion and
body composition (Andrews and Stickney, 1972). An
examination of Figure 4 indicates that optimal growth
of channel catfish occurs in the interval of 26-34°C.
The maximum growth is achieved at a temperature of 30°C
and a feeding rate of six percent. In Figure 5, the food
conversion ratio is plotted against temperature. Again,
the optimum ratio is obtained in the interval between 22
and 30°C. sSwift (1964) and Brett et al. (1969) observed
similar growth response to temperature for the Windermen
char and sockeye salmon.

Kilambi et al. (1971) investigated the influence
of temperature and photoperiod on growth, food consumption,

and conversion efficiency. It was observed that the
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combined effects of temperature and photoperiod on food
consumption of channel catfish varied with time (Figure
6).

Tyler and Kilambi (1972) determined the instanta-
neous relative growth rates of catfish (Table 2, page 20)
and expressed them as regression coefficients of equation
(1). In the first year of the study, the fish under condi-
tions 25°C-total darkness and 30°C-16 hour photoperiod had
sighificantly larger growth rates in comparison to the
other test groups. In the second year, the fish under
25°C-total darkness condition again showed the greatest
growth followed by those under 30°C-8 hour conditions.
The growth rates of catfish in the rest of the experi-
ments were not significantly different.

Andrews et al. (1971) carried out a series of
experiments on stocking rate and its influence on average
weight per catfish (Figure 7, page 22), average biomass
(Figure 8, page 23), and food conversion (Figure 9,
page 24). It was found that an increased water exchange
could offset the effect of an increased stocking rate.
The high biomass and excellent survival rates show that
channel catfish is well suited for high density culture.

One problem of high population densities and
temperatures is the growth of parasites and spread of
diseases. The Tennessee Valley Authority (TVA, 1973)

has provided a set of guidelines for disease control:
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TABLE 2.--Instantaneous relative growth rates and tests
for differences (Tyler, 1972).

Experimental Condition

Instantaneous Relative
Growth Rate

Year 1
25C-Total darkness
30C-16 hr.
25C-16 hr.

20C-Total darkness

30C-8 hr.
20C-16 hr.
Year 2

25C-Total darkness
30C-8 hr.
30C-Total darkness
25C-(1/2) 8 hr.
30C-Total darkness
25C-(1/2) 8 hr.
25C-8 hr.

25C-16 hr.

25C-8 hr.

20C-8 hr.
20C-Total darkness
20C-16 hr.

30C-16 hr.

20C-8 hr.

0.08381
0.06684
0.03445
0.03418
0.03949
0.01716

0.02698
0.01558
0.00724
0.00640
0.00576
0.00528
0.00495
0.00327
0.00143
0.00123
0.00111
0.00038
0.00025
-0.00113

*The values underscored by the same line are

not significatnly different.
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1. The major responsibility for disease
prevention and control will fall on the
facility operator.

2. A disease specialist should be available
in case a problem arises when the
facility operator needs assistance in
handling.

3. A prestocking check of external para-
sites at the site of the fingerling
vendor should be conducted.

4. The facility operator must keep a day-

to-day watch on the general condition of
the fish.

E. Calculating Water Temperature

The literature on the response of water pond
temperatures to meteorological and hydrodynamic influ-
ences is extensive. Several models have been examined
(Edinger et al., 1968; Linstrom and Boersma, 1973; Ding-
man, 1972; Goodman and Tucker, 1970) to determine which
one would be most appropriate for the present study to
predict the temperature in a body of water. The various
meteorological and hydrodynamic factors have to be exam-
ined to determine which factors should be considered and
which can be dropped, thereby simplifying substantially
the complexity of the model.

Hydrodynamic factors entering into the model
can be quite complex, requiring specification of inlet
and outlet geometry, water condition, geometry of the
pond, and wind direction. In addition, the conserva-

tion of mass and energy equations and the equation of
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motion have to be solved in order to determine pre-
cisely how the warm water travels through the pond, how
it mixes and how much it is cooled in the process
(Littleton, 1970).

The flow in the pond can be assumed to be either
turbulently mixed or slug flow without turbulent mixing.
Slug flow is strongly influenced by the hydrodynamic
behavior of the pond. Because the surface temperature
is higher for the slug flow the cooling capacity is
greater. This is due to the fact that evaporation,
conduction and back radiation are greater at higher
temperatures. In a turbulently mixed pond, the tempera-
ture of the water is assumed to be approximately con-
stant in a horizontal plane as a result of horizontal

flow and mixing.



IIT. MATHEMATICAL MODELS

A. Growth Model

In the feasiability evaluation it was stated
that the growth of catfish is not constant, but
decreases exponentially with time. Exponential growth
damped at an exponentially decreasing rate is charac-

terized by a set of differential equations (Laird et al.,

1965) :
3L = -ay (4)
W) _
3t = 9W(t) (5)

where a is a constant and y is the proportional rate of

growth (a function of t). The initial conditions are

w(t) =W
and

Y =4

at t = 0. The solutions of the differential equation
become:
Y t

[ [
A 0

28
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1n [%] = -ot (7)
Yy = A Exp [-ot] (8)
W) = yw(t) = W(t) A Exp [-at] (9)
and

W(t) t
( Bxgti = I A Exp [-at]dt (10)

Wy 0
in (W) - _ A e (- t]lt (11)

W =T EXp LT
0 0

W(t) = W, Exp [% |1 - Exp (-at)l] (12)

The growth rate can be derived by substituting equation

(12) into equation (9):

2%%31 = W, A Exp [-at] Exp [2 |1 - Exp (-at)l]

W, A Exp [Ak]

— (13)
Explat + = Exp (-at)]

Equations (12) and (13) are in agreement with
Medawar's (1945) laws of growth discussed in the section
on feasibility evaluation. However, the effects of
temperature T and population density P are not incor-

porated into the model. As stated earlier, growth is
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strongly influenced by temperature. Also, the effect
of population density cannot be neglected. Figure 10
is a causal loop diagram of the variables considered to
be significant for adequately modeling the growth of
fish. Figure 11 is a block diagram of catfish growth,
with the arrows representing the exogenous variable,
temperature, the endogenous variable, population
density and the desired output of growth rate K and
growth W. Figures 10 and 11 are based on the experi-
mental results of Andrews et al. (1971), Kilambi et al.
(1971) and Tyler and Kilambi (1972).

From the above results it can be concluded that
the proportional rate of growth y is dependent on time

t, population density P and temperature T:
y = y(t, T, P) (14)

The most practical approach to this problem would be
to employ a nonlinear least-squares program using eqgn
(12) and fitting growth data at various times, population
densities and temperature to this equation. Unfortu-
nately, the necessary experimental data is not available.
Therefore, the above technique cannot be employed, Fig-
ure 12 is a graphical representation of equation (11).
Another approach to the problem would be to

assume that equation (4) represents the change of the
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proportional rate of growth y with time at constant

temperature and population density:

él} = =0y (15)
T, P

Applying the chain rule the following partial differen-

tial equation is generated to replace eqn (4):

Qo

9y

oY _ 9y 9T Y
e (BT = 5t T 9P

t]T,P
The main obstacle preventing the utilization of eqn (16)
are the terms

CA

¥, .

and

Most fish biologists use a general exponential equation

of the form:

W(t) = W, ekt (17)

to determine the specific growth k at different tempera-
tures. Also, 3T/ot is difficult to calculate and would
require a complicated pond model and growth model for

simulation on an hourly basis. This would be costly in

computer time and storage. If it is assumed that 3T/3t
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is zero because waste heat is being utilized to keep
the pond at constant optimal temperature, then the
temperature influence on growth disappears and the
remaining term is an incomplete model of growth. The
term oP/3t can be derived from some of the present
available mathematical models observing that P is
coupled in a feedback loop. However, the term ay/aP)t'T
is impossible to obtain because of the lack of data.

The lack of appropriate data severely hampered
the development of a sophisticated model for catfish
growth. It is desirable to have growth rate data over
a larger range of temperature to adequately assess the
value of waste heat in catfish production. Data on
population density would be beneficial in an effort to
obtain more accuracy in the simulation of catfish
growth. However, this endeavor is hampered by insuffi-
cient data. It can also be argued that the effects of
increased population can be offset by an increase in
the water exchange rate. The dependence of the growth
rate on time cannot be adequately explored because of
lack of data. For this investigation a constant growth
rate will be assumed, since the purpose is to assess
the value of increasing the ambient temperature of the
rearing pond.

The final alternative is to employ a linear

approximation of the growth rate at different
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temperatures. Andrews and Stickney (1972) determined the
average percent gain over a 12 week growing period, at
five different temperatures:

W(t) - W(t - Dt)

L

= percent gain. (18)

Equation (18) is divided by the growing period (12 weeks

or 84 days) to determine the average percent gain per

day,
_ Percent gain _ W(t) - W(t - At)
k = 84 = W, AT (19)
where
At = 1 day.

Rewriting equation (19), the following expression for

growth is derived:

W(t) = W(t - At) + W, k At (20)

0

The next step was to approximate percentage
gain per day k as a function of temperature using an

interpolating polynomial of the form:

— n n-l o o ®
P(X) = an+1x + anx + + a2x + a, (21)
such that
P(xi) = f(xi) for i=0,1, 2, ..., n (22)
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For this investigation,

™ + anTn-l + +o+ + aT + a

k(T) = P(T) = 2 1

3n+l
(23)
The above polynomial with the desired property is the
LaGrange interpolation polynomial. Appendix 2 contains
a Fortran program for growth employing the above method.
Equation (20) is a rough approximation of growth, yet
it makes it possible to assess the impact of waste heat

on catfish production.

B. Pond Model

There is more agreement on the optimum depth of
the catfish rearing pond than there is on surface area
among catfish producers. The recommended depth in the
South is 0.9 to 1.8mand 1.8 to 3.0 m in the North (Bar-
dach et al., 1972). Shallow ponds are desirable for cat-
fish growth because it poses no problem for maintaining
the oxygen requirement. With deep ponds there is the
problem of an anaerobic environment at the bottom.

When a shallow natural pond (that is, one which
does not display a vertical temperature gradient) is
subject to a constant climatic condition, the water
will approach a steady state value known as the
equilibrium temperature, TE (Littleton, 1970). The

equilibrium temperature is the temperature that a body
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of water reaches when the heat input and output to the
pond are balanced.

In searching the literature, several mathemati-
cal models were encountered which predict the response
of water temperature to meteorological conditions.
Boersma and Rykbost (1973) developed a mathematical model
of a system of open water basin which allows beneficial
use of heated discharge from the thermal power station.
Their model was based on the premise that the heat loss is
controlled by the rate of heat loss at the air-water
interface which varies as a function of windspeed and
relative humidity. The main difficulty with this ana-
lytical model is finding and implementing a solution to
a nonlinear hyperbolic differential equation.

Dingman (1972), using a set of equations to
describe the heat exchange processes at the surface,
produced curves of heat exchange rate versus (Tw - Ta),
where Ta is the air temperature. These curves can be
approximated by linear functions of wind speed, humidity,
cloud covering, etc. The problem with this approach
is that it requires vast amounts of data to obtain an
accurate linear least-square regression approximation.
The same problem is encountered with Sefchovich's (1970)
model.

Most of these models use an energy balance simi-
lar to the one used by Edinger (1968) containing the

following terms:
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= rate of long-wave atmospheric radiation;
= rate of conductive heat transfer;
= rate of evaporative heat transfer;

= net rate of heat exchange between the
air and water surface;

= rate of absorbed radiation (the total net
contribution to the energy of the pond);

= rate of reflected long-wave atmospheric
radiation;

= rate of long-wave radiation from the water;

rate of reflected radiation.

the equilibrium temperature can be derived

from the heat contributions, then the water surface

temperature can be calculated from the following equa-

tion (Edinger, 1968):

where

= K(TS - Te) (24)

= thermal exchange coefficient,

= surface temperature,

= equilibrium temperature, and

= net rate of heat exchange surface (heat

loss at the surface).

For the purpose of this investigation, it will

be assumed that Hn is equal to the heat input from the

power plant needed to elevate the temperature of the

pond for optimal temperature for growth. Edinger (1968)
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derived the following expression for the equilibrium

temperature (Te):

K-4e0 (AT) 3
C, + B)

6co (A 212 + KT_ = H_ - co(am)? + (C,T_+8T4)

(25)
where
K = thermal exchange coefficients,
units Btu-day L - f£72 - op 1
€ = emissivity of water
o = Stefan-Boltzman constant,
2 -1 op-4

Btu ft “ day

AT = absolute temperature, -°R

C, = constant in Bowen ratio, -jJI.Hg op~1
T, = air temperature, °F

Tq = dew point temperature, °F

H_ = absorbed radiation, Btu - ft 2 - day-l.

The thermal exchange coefficient K has the following

form (Edinger, 1968):

K = 40 (AT) > + Lo (C +B) £ (U, ¥) (26)
where
L = heat of vaporization of water, Btu/lb
f(U,y) = a general function of wind velocity and

surface phenomenon.

B = (eg - e )/(Ty = Ty) (27)
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where

(1]
]

atmospheric vapor pressure, in. Hg;

(0]
"

saturation vapor pressure of water at
the temperature of the water surface,

in. H_.
g

Wend and Wend (1973) derived the following expression for

the general function of wind velocity and surface phenomenon:

£(U, y) = .00682 + .00682 - U (28)

where

c
I

wind velocity, miles per hour.

To simplify equations (27) and (26) the following con-

stants are defined:

c, = 6 eo (am)?
_ 4
C3 = €0 (AT)
3
C4 = 4 €0 (AT)

Placing the above constants into equations (25) and (26)

yields
2 K-4¢e0 (AT) 3
C,T," + KT, = H_ - C; + [ T, + B (C;T +BT3) (29)
and
K =C, + Lp(C; + B) (30)

The coefficients C1 and B are strongly dependent

on the local meteorological condition. Michigan in
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comparison to other states receives the smallest amount
of the net radiation and has higher humidity. Edinger et
al. (1968) were able to approximate B, K, and Te from data
they gathered from a previous investigation. In this
investigation the lack of data requires an iteration scheme
to compute three dependent variables. The problem is to
solve a system of three equations [equations (29), (30)
and (28)] and three unknowns. Newton's iteration scheme
for a system of equations (Henrici, 1964) was employed to
determine the equilibrium temperature and the thermal
exchange coefficient.

The first step in the Newton algorithm is to put

equations (27), (29), and (30) in the following form:

F(T,, 8, K) = 0 (31)
G(Ter B, K) =0 (32)
H(Ter B, K) =0 (33)
Thus,

F(T_, 8, K) = C,T.° + KT, - H_ + C,

K - C4

(Cl—"'B) (ClTa + BTd) =0 (34)
G(Te' B, K) = Cy *+ LD(Cl + B)E(U, ¢¥) - K (35)

and



43

- B (36)

H(T_, B, K) = —
e (Te Td)
The next step is to check to see if the first and second
derivations of F, G and H are continuous and to deter-
mine the cubic range R of the (Te, B, K) element for
which the derivatives are continuous. The derivations

of F, G and H have the following form:

OF _
-s,g (Te,B,K) = 2C2Te + K (37)
2
o°F _
;;i (To,B,K) = 2C, (38)

e

(C,T_ + BT,)

oF _ _ 17a d

ﬁ(‘ (TeIBIK) = Te (cl + B) (39)
2
0°F
— (T_,B,K) =0 (40)
8K2 e

(K - C,) (C,T_. + BT,)
35 (Tg,8,K) = 2 1. 4
(c, + 8)
K - C4

32F - _ 2(K - C4)(C1Ta + BTd)
__2 eIBIK) = = 3
a8 (C1 + B)
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2(K - C4)
+ —_— Td (42)
(C, + B)
(TgsB,K) = 0 (43)
(TeIBIK) =0 (44)
(Te,B,K) = =1 (45)
(Te,B,K) =0 (46)
LYl (TeIBIK) = Lpf(U,W) (47)
(Te,B,K) =0 (48)
(eq - e,)
(Tg.B,K) = - —= > (49)
(Te - Td)
2(eT - ea)
(T,,B,K) = = (50)
(Te - Td)
(TelBrK) =0 (51)
(TeIBIK) =0 (52)
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oH
W (TeIBIK) = =1 (53)
2
22 (1.8, =0 (54)
28

Equations (49) and (50) indicate that there is a dis-
continuity at Te =Tg- This problem can be eliminated
by decreasing the increment as the equilibrium tempera-
ture approaches the dew point temperature.

Newton's method for solving a system of equa-

tions is derived from the following equations:

F(Te+6, B+e, K+y) = 0 (55)
G(Te+6, B+e, K+y) =0 (56)
H(Te+6, B+e, K+y) = 0 (57)

Using Taylor series expansion, equations (55), (56) and

(57) become:

F(Te+6, B+e, K+v)

F(Te,B,K) + FTe(Te,B,K)G-PFB(Te,B,K)e

+ FK(Te,B,K)Y =0 (58)

G(Te+5, B+e, K+v) G(Te,B'K) + GT (TelBlK)6 +G (TevBlK)e

e

+ Gy (T ,B,K)Y = 0 (59)
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H(T +8, B+e, K+Y) = H(T,,B,K) + Hy (T,,B,K)8 + Hg(T_,B,K)E

e

+ HK(T B,K)Y =0 (60)
e

or

—F(Te,B,K) = FTe(Te,B,K)G + FB(Te,B,K)E + FK(Te,B,K)Y (61)

—G(Te,B,K) = FTe(Te,B,K)G + FB(Te,B,K)e + FK(Te,B,K)Y (62)

-H(T_,B,K) Hp, (Te,B,K)G + HB(Te,B,K)e + HK(Te,B,K)Y (63)

e

This yields a system of three simultaneous linear equa-
tions with three equations with three unknowns. Applying

Cramer's rule the following solutions are generated.

-F F8 FK
-G Gy G
5= 0 s Mk (64)
FTe FB FK
S, % Sk
HTe HB HK
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F -F F
T, K
G -G G
T, K
HTe -H Hy
£ = (65)
F F F
T, B K
G G G
Te B K
H H H
T, B8 K
F F -F
Te
Gy G -G
e
HTe H -H
y = (66)
F F F
T K
G G G
T, K
H H H
T, K
or
) [-F(GBHK-GKHB) - FB(-GHK+GKH) + FK(-GHB+GBH)] 67)

D

R (= - -
[FT ( GHK+HGK) + F(G, H,-H_, G, ) + FK( GT H+GHT )]

e

TeK TeK e e

D
(68)
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[FT (-HGB+GHB) - FB(-GT H+GHT ) + FK(-GTeHB+GBHTe)]

y = e e e
D
(69)
where
b=F, (G,H,-G,H,) - F_(G, -G_H,, ) + F_(G,, H,-G,H., )
Te B"K "K'B B Te K Te K Te B 7B Te
(70)
The final results are
Te = Te + & (71)
B =8B+ ¢ (72)
K=K+ ¥y (73)

Figure 14 is a flow chart of this iteration. The time
required for the convergence of the problem is 12 sec.

on the MSU CDC 6500.
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Guess-T_

Calculate

F,G,H, ETC.

i

Calculate

8, €, Y

Conver-
gence

Calculate

Heat Load

\/

STOP

Figure 13. Flow chart of subroutine design to solve a
system of 3 equations and 3 unknowns.



IV. RESULTS AND DISCUSSION

The results of the water basin simulation are
tabulated in Table 5. The simulation was implemented
using average monthly weather conditions for Michigan
(Table 5, columns 1 through 3). Columns 4 and 5 con-
tain the equilibrium temperature and the thermal exchange
coefficients. 1In the last three columns the heat input
from the power plant needed to elevate the pond to the
desired temperature Tg is tabulated. The optimal
temperature is 86.0°F. It would have been desirable
to simulate the response of the pond to heat input on
a daily basis. However, this was hampered by insuffi-
cient weather information. The three different surfaces
were chosen to assess the heat load necessary to main-
tain the pond at an optimal temperature for catfish
production of 86.0°F.

Figure 14 (page 52) is a plot of the air tem-
perature and the calculated equilbrium temperature
over the 12-month period. The differences between the
two range from 3.2°F in month 1 (January) to 9.6°F in
month 7 (July). Figure 15 (page 53) is a plot of the
thermal exchange coefficient K over a 12-month period.

The values for K range from a minimum of 373.7 to

50
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Figure 15. Plot of the thermal exchange coefficient over a 12 month
period.
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2 1

570.8 Btu-day—l-ft- -°F . The tabulated values for the
thermal exchange coefficients are well within the bounds
established by Edinger et al. (1968) and Dingman (1972).
Figure 16 is a graph of the heat input from the power
plant needed to maintain the optimal temperature for
growth. Table 5 and Figure 16 indicate that the maximum
heat input needed to achieve the optimal temperature

for the growth of catfish is 26,058 Btu-day-]'-ft-2 or

1085 Btu-hr l-ft™2. For a hundred acre pond this is

approximately 4.72 x 109 Btu-hr-l. A 700 megawatt
power plant produces thermal discharges of approxi-

mately 4.72 x 10
The temperature generated by the pond model

(Appendix 1) was used as input into the catfish growth
model (Appendix 2) to assess the impact of waste heat

on catfish production. Figures 17 and 18 are plots of
the data generated by the linear catfish model (Appendix
2) . Though this is a rough approximation of growth it
can be seen that the use of waste heat does signifi-
cantly enhance the growth of catfish. If the Qeight

gain under the two different systems (with and without

waste heat) is compared, the ratio is 7.35 to 1.



55

¢l

*ymoxd xoy aanjexadwa3j Tewrido ay3z je puod

Ys1IJy ay3 urejurew o3 papaau jueld xamod woxy 3ndut jeay °91 a2anfrg

I

ot

HINOW

o1

o

01 X Z_lg-l_ﬁeﬂ'nlﬂ - LAANI IV3H

€



56

*a1ex 3urp9ay jusdaad § e YSTJIed JO YiMoxy °*4l aan3tg

SAIIM
(A1 01 8 9 ¥ [A
1 1 1 ] 1 1
v . v 4 v -
T o
mm7
n(wwﬁ CBY
L ] ON
il 0¢

IVIH JISVM LNOHLIM ANY HLIM ISNOISIY HIMOYD J0 NOSTYVAWOD

SWVYD — IHOTAM



57

*23ex Burpaay jusdxad 9 3e YSTFIED JO Yyimoxy °g[ aan3dtj

SAIIM

ot

02

LV3IH JLSVM LNOHLIM ANV HLIM ISNOJSIY HIMO¥D J0 NOSTHVAWOD

SWYY) = HLOIIM



V. SUMMARY AND CONCLUSIONS

The following conclusions can be drawn from
this investigation.

1. The heat required to maintain a catfish
pond are well within the bounds of a power plant.

2. High population densities can be maintained
by using a high water exchange rate.

3. A heat exchanger should be used instead of
directly pumping the thermal discharge into the fish
pond. This is necessary to prevent biological waste
from entering the power plant cooling water and to
eliminate the risk of marketing fish that have been
exposed to biocides and other chemical agents added to
the condenser water.

4. The system is capable of utilizing a sig-
nificant portion of the thermal discharge during most

of the year.
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VI. RECOMMENDATIONS

1. Further experimental work needs to be done
on the effects of time, temperature, food conversion
efficiency and population densities of catfish. The
experiment should be carried out by holding three of
the variables constant and allowing the remaining
parameters to vary. The data should be obtained in a
format that makes it suitable for system analysis.

2. Additional experimental data on the
response of the water to meteorological conditions is
needed to validate the model.

3. This investigation was hampered because of
insufficient weather information. In an effort to
completely assess the value of waste heat the model
should be simulated with daily and hourly temperatures,
wind speeds and humidity in order to determine the
sensitivity of the system to environmental perturba-
tions.

4. There is a need for government guidelines
on the use of agricultural and agquacultural products

from the proposed system.
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