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ABSTRACT

The effluent ccoling water from the heat exchangers of the
Savannah River nuclear reactors is cooled by natural processes as
it flows through the stream beds, canals, ponds, and swamps on
the plant site. The Langhaar equation, which gives the rate of
heat removal from the water surface as a function of the surface
temperature, air temperature, relative humidity, and wind speed,
is applied satisfactorily to calculate the cooling that occurs
at all temperature levels and for all modes of water flow. The
application of this equation requires an accounting of effects
such as solar heating, shading, mixing, staging, stratification,
underflow, rainfall, the imposed heat load, and the rate of change
in heat content of the body of water.

If the water is reused for reactor cooling, its temperature
is reduced to within #2°C of the natural equilibrium temperature
by'passage through a relatively deep 2500-acre pond, and is
coocler in the summer than the natural equilibrium temperature.
This temperature is defined as the temperature for a stagnant
shallow pond at steady state. If the effluent cooling water is
not reused, its temperature is reduced before discharge to the
Savannah River, by passage through natural stream beds and swamps,
to below 35°C, even under the most severe summer conditions. The
discharge to the river is within 3°C of the natural equilibrium
temperature; and, because of the shade in the swamp, it may be
below the natural equilibrium temperature., During the summer,
however, the temperature of the Savannah River itself is as much
as 8°C below the natural equilibrium temperature because of cold
water storage in reservoirs upstream from the SRP site,so that
the river is warming by natural processes as it passes the
Savannah River Plant.
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INTRODUCTION

The heat from the nuclear reactors at the Savannzh
River Plant (SRP) of the U. S, Atomic Energy Commission
is dissipated to the atmosphere during passage of the
effluent cooling water through many miles of canals and
hundreds of acres of cooling ponds and swamps within the
SRP boundaries. This report presents a quantitative
assessment of this heat dissipation.
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SUMMARY

The decrease in the temperature of the effluent cooling water
from the SRP reactors as the water passes through the effluent
canals and a 2500-acre cooling pond (Par Pond}, or through the
stream beds and the swamp along the Savannah River, can be accounted
for by the Langhaar squation for the surface cosling rate when
proper consideration is given to the physical characteristics of
the system, primarily the geometry of the water body.

The Langhsar equation gives the surface heat flux as a
function of water surface temperature, air temperature, humidity
of the air, and wind speed. The equation has two terms. One ternm
gives the rate at which heat is carried away from the surface by
radiation and convection. The second term gives the rate at which
heat is carried from the surface by evaporation.

The physical situation determines whether the water flows by
simple displacement, i.e., slug flow, or whether there is perfect
mixing, or whether water at the warmer end mixes with subsurface
water that flows upstream from the colder end of the pond., Such
Flow patterns are readily formulated into mathematical models,
Using the appropriate model, the observed perfeormance of the
stresms and canals is corrvelated by an effectiveness factor for
the surface area. The observed performance of Par Pond is
correlated by a temperature increment that varies with the season
and is attributed to thermal stratification. The observed
performance of the swamp is explained as the result of shading
from the solar heat, albeit with a reduction in wind speed, and
an effectiveness factor for the swamp area appears reasonable as
judged by aerial photographs. The concept of the equilibrium
temperature is developed for the analysis.

The analysis of the cooling process is not completely
accurate, but 1t is adequate. The mechanism of stratification
needs to be formulated and incorporated into the mathematical
model. Stratified flow, mixing, and the effect of fluctuating
wind stress need further study. Velocity measurements and a
continuous record of the solar radiation intensity would be help-
ful. The apparent ability of a swamp to achieve lower tempera-
tures than an open pond, by virtue of the effect of shading upon
the squilibrium temperature, needs to be verified.

This report shows that the temperature of the effluent cooling
water discharged at the river is within a few degrees of the
natural equilibrium temperature. The natural equilibrium temp-
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erature is defined as the temperature calculated for a stagnant
shallow pond at steady state {24-hour-average conditions). How-
ever, the temperature of the Savamnah River is as much as 8°C
below the natural equilibrium temperature in the summertime, as

a result of the cold-water storage in Clark Hill Reservoir about
75 miles upstream from SRP. Thus, the temperature of the Savannah
River is generally increasing naturally as it reaches the SRP gite,
and it continues to increase naturally as it progresses on foward
the ocean. This report also shows that the temperature of the
discharge from Par Pond, which is recycled to the reactors, is
within %2°C of the natural equilibrium temperature and cooler than
the natural equilibrium temperature in the summer as a result of
thermal stratification effects.

From this analysis and the history of the river temperature
and weather at SRP, the temperature of the SRP effluent cooling
water reaching the Savannah River was calculated for the most
severe summer conditions. The temperature of the SRP discharge

from the swamp to the river (from C. K, and L reactors} was calcu-
lated to be 35°C. The mixed temperature in the river downstream

from SRP was calculated to be 29°C, which is in agreement with
independent observations of the U, $. feological Survey. A com-
puter program is given for calculating the temperature of the

SRP effluent cooling water at the river under other conditions.
The computer program can also be used to calculate the temperature
of Par Pond discharge.
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DISCUSSION

HOT WATER EFFLUENT FROM THE PRODUCTION REACTORS

The nuclear reactors at the Savannab River Plant of the U. 5.
Aromic Fnergy Commission are operated for the purposs of produeing
radicactive isotepes for both military and peaceful applications.
such resctors are called production reactors. The production is
accomplished by absorbing in target materials the excess neutrons
from nuclear fission in the critical lattice that makes up the
reactor core, The fission process generates most of the reactor
heat. The rvate of heat generation, or reactor power, is directly
related to the production rate.

The heat that is generated in the reactor must be removed
to prevent melting of the reactor components. This is done at
SRP by circulating heavy water through the reactor, since heavy
water 1s an essentisl part of the reactive lattice. This heavy
water then flows through the tubes of heat exchangers while
ordinary water flows through the shell side, i.e., across the
bank of tubes. In SRP parlance, the heavy water coclant is called
"orocess water,' and the ordinary water is called "cooling water.”
The reactor heat is therby transferred in the reactor heat ex-
changers from the process water to the cooling water.

The production reactors are operated at a pressure not much
greater than atmospheric. This reguires that the bulk temperature
of the process water leaving the reactor and entering the heat
exchangers be less than 100°C. The effluent cocling water in turn
has to be at a lower temperature, generally less than 80°C, since
a temperature difference of about twenty degrees between the process
water and the cooling water is required in order to transfer the
heat lead to the cooling water.

The power of the reactor is generally limited by one or more
of the temperatures that are reached at various places in the
reactor system. The limiting temperature might be the effluent
temperature of the process water, Or, it might be the maximum
temperature of the fuel or fuel surface; or, the effluent tempera-
ture of the process water from a particular fuel channel. Regard-
less of the temperaturs limit, 1t is a good approximation that
the reactor power is dirvectly proportional to the difference
between that limiting temperature and the temperature of the
conling water entering the heat exchangers. For example, if the
temperature limit governing reactor power is 110°C and if the




temperature of the cooling water could be lowered from 20 to 19°C,
the reactor power could be increased by 1.1%. Thus, the temperature
of the available c¢ooling water 1is important o reactor productivity.

The coeling water for the reactors comes from elither the
Savannah River or from Par Pond. The effluent cooling water from
the reactor heat exchangers is returned either to the river down-
stream from the river pumphouses or to Par Pond at a point remote
from the pond pumphouse. Before reaching the river or the pond,
the effluent cooling watey courses natural streams or man-made
canals which are several miles in length., The effluent canals
leading to Par Pond connect a number of artificial small ponds,
The natural streams carrying effluent cooling water to the river
are Four Mile {reek, Pen Branch, and Steel Creek., These streams
pass through swampy regions in the flood plain before reaching
the Savannah River. Lower Three Runs Creek carries the overflow,
if any, from Par Pond to the river.

Studies have shown that it is not economically feasible to
recover the heat in the effluent cooling water for electric power
generation, Nuclear rveactors for electric power generation that
employ water as coolant are designed to operate at high pressure
in order to achieve stean temperatures sufficiently high, not only
for an acceptible thermodynamic efficiency in work recovery but
also for less costly turbines. By operating at low pressure, the
production reacter can employ a cladding material (aluminum) that
is less costly and less parasitic with respect to the neutrons
needed to produce the desired products. Finally, the low pressure
reactor is more gasily charged and discharged, which is an impor-
tant consideration since the fuel iryradiation ¢vcle is short
compared with that for the power reactor. Because no useful work
is abstracted from the effiuent cooling water of the production
veactor, all of the reactor heat at SRP is wasted,

THEGRY FCOR THE NATURAL COOLING OF WATER
Energy Budget

A mathematical analysis of the ceoling process is built around
four quantities that are related according to the energy budget
equation

- H., (1)

M. = H, = H I

C 8 F
The rate of change in the heat content of the body of water {HC}
is equal to the rate at which heat is added by the sun (H,) plis
the rate of heat addition from the change in temperature of the
water that flows through the body (Hp) minus the rate at which
heat is vemoved by transfer to the atmosphere (Hy). Equation 1
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leads to a nonlinear first-order partial differential equation of
first degree with variable coefficients, where time and space are
the independent variables, and temperature is the dependent
variable. In this yeport, however, the treatment of Equation 1

is simplified by variously assuming certain terms to be zero,
constant, or linear, according to the situation, and by emploving
spot data oy time-averaged data rather than the actusl continucusly
varying data. The unit used in this report for each of these four
quantities is peu/ (hr-£t2). Each of these quantities iz discussed
in turn below,

Rate of Change in Heat Content, Hp

During the time interval 38 hours between observations at a
point, & change dT (°C) may occcur in the average temperature over
the depth h {ft}. The rate of change in stored heat is then

aT

HC = 62.4 h =I5 {2)
where the volumetric heat capacity of water is 62.4 pcu/{ft3~°C].
Steady-state conditions exist when Hp is zero. When either d7/d8
or h is sufficiently small, Hp may be small enough in relation
te the other quantities in the energy budget eguation that Hp may
be neglected. Thus, in the analysis of the performance of the
canals, shallow ponds, streams, and swamp at SRP, He can be set
equal to zero, For the deeper Par Pond at SRP, Hp is an iwmportant
guantity; but since it is less than 25% of the solar heatr load
{as shown later), it can be considered constant for the period of
time that the solar heat load is considered to be constant. Thus,
for Par Pond, Hp is seen as diminishing or augmenting the solar
heat load.

Solar Heat Load, Hg

The heat added to a body of water by the sun is the incident
radiztion minus that reflected. The incident radiation is best
measured by a pyrheliometer. Alternatively, it can be estimated
from the latitude, altitude, wonth of the vear, time of day, and
cloud cover.'+? Tentatively, the reflected radiation is taken at
2.5 peu/{hr-ft%).% In Table 1, the monthly average solar heat
load observed by a pyrhelicmeter is shown to be about 70% of the
maximwn 24-hour value estimated from tables. As shown in this
table, the 24-hour average value for Hg is 19 peu/{hr-ft?) in
January, increasing to 44 pcu/(hr»ftz} in May. As shown below,
for Par Pond in May, the heat load imposed by the flow of reactor
effiuent cooling water (two rTeactors in operation} is only half
the solar heat load. Generally, Hg is taken as the average value
during the time between observations of the temperature at a point
or during the transit time between points, l.e., Hg is generally
a constant in the foermulations over an appreciable time interval.

. *‘1*3"«
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TABLE 1
Net Solar Heat Load

Batio of

H, =

Maximum Ohserved Ohseryved to 5
Solar Solar | Maxinum 63.5% of Maximam
Heat Filux,“  Heat Flux,? Heat Flux, Minus 2.5,¢

Month pcui(hrnftx} peuf (hr-£1) peu/{hr-ftY) pcu/(hruftﬁih
Jan 3101 25,3 17 19,1
Feb 38,3 211 0, G5 7401
Mar 46,7 34,4 0,737 .0
Apr 5805 45.5 0,765 35,9
May 66,7 47 .} O, 705 43,9
June 12,7 47,1 L, 652 47,7

Avg {Jan-May) ), 685

., Reference 1: clear avid conditions, Z4-hr avoruage.
. By pyrheliometver,
¢. Allow 2.5 poufhr-ft®) for reflected vadiation.

Heat Added by the Change in Temperature of the Flow, Hp

The heat content of the water flowing out of the body of water
is subtracted from the heat content of the water flowing into the
body. This difference in heat content {in pou/hr) is then divided
by the surface area for heat transfer to the atmosphere to obtain
Hp in peu/(hr-ft?). The flow is that imposed by the SRP operations
plus that resulting from rainfall, which is the socurce of the
natural stream flow., The flow from SRP operations is metered and
its temperature is measured; these are generally the most signifi~
cant guantities, The rainfall that enters the system, which is
next in importance, depends upon the drainage area and the runoff
fraction;: these are discussed later in connection with Par Pond.

In differential form, for the case where only one flow needs to be
considered

dT

He = -500F 5 (3)
where
F o= flow, gpm,

A = surface area, ft?%
500 has the units peu/(hr-"C-gpm)




Surface Cooling Rate, Hy

The rate of cooling at the surface of a body of water is
predicted by the equation of J. K. Langhaar.'**°  The equation
has two parts, one part giving the surface heat flux corresponding
to the evaporation rate (H,) and the other part giving the surface
heat flux for radiation and convection (H,.}, as follows:

Hp = Ho + H__ {4}
H, = 1.63 (1.0 + 0.10) (P - P_.) (%)
Ho, = 1.20 (1.5 + 0.1W) (T - T,,) (8)

where the atmospheric conditions are represented by the variables

W = wind speed, mph "above the trees”

i#

T = water surface temperature, °C
air * air dry-bulb temperature, °C
P = vapor pressure of water at T, mm Hg absclute
Pair = partial pressure of water vapor in air, mm Hg
absoiute

The partial pressure of water vapoer in the air (Pgip) is the
product of the vapor pressure of water at the air dry-buldb temp-
eraturs and the relative humidity. The relative humidity is a
function of the alr dry-bulb and wet-bulb temperatures [(Typ).

For given atmospheric conditions, the surface cooling rate
by the above equations is a nonlinear function of the water
surface temperature. Typical curves for the surface cooling rate
are given in Figure 1. Over a short interval of temperature,
for instance, 10°C, it is reasonable and convenient to approximate
the Langhaar curve by & straight line

HT = ml + b {73

Eguilibrium Temperature, Te

If o stagnant body of water exists initially at some arbi-
trary temperature T “C and is then exposed to constant atmospheric
conditions and to a given solar heat load, the temperature of the
water would approach an equilibrium temperature asymptotically
with time, For this case, Hp = 0, and by Equations 1 and 2 we have

df oy, - My, (8)

2.4h a’g w 2
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FIGURE 1. Surface Cooling Rate, Hy

At the equilibrium conditions, by definition d7/d6 = 0, so the
solar heat load equals the rate of surface cooling, The water
temperature at equilibrium can be read from the appropriate
surface cooling rate curve at the peint where Hy = Hg, as shown
in Figure 1. This water temperature {Ta}, caleulated for
equilibrium in a stagnant pond, is termed the natural equilibriunm
temperature,

In the analysis of the cooling process throughout this report
however, the concept of the apparent equilibrium temperature is
employed in conjunction with the straight-line approximation
(Equation 7} to the Langhaar cooling rate curve between two temp~
eratures. This facilitates the integration with respect to time
or to surface area. Thus, taking a straight line approximation
of the cooling rate curve we have, by Equations 7 and 8, for the
transient temperature in a stagnant body of water

E]

52.4 h\ dT . .
n( mn ) ag =T T %3

whare b o+ HS
Tes = 77 t10)

Here, T@ﬁ is the apparent equilibrium temperature.
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Similarly, when water is flowing in & channel or shallow
pond either under steady-state conditions where He is zero, or
where thers is a long-term trend in the average temperature with
the season such that Hp can be considered as constant, the tempera-
ture of the water approaches an equilibrium temperature downstrean
at infinite distance. The temperature profile with distance is
then as follows, from Equations 1 and 3

dr . :
- (500F) 3 = Hy - He + Hy (11}

Again, taking a straight line approximation of the cooling rvate
curve we have, by Bquations 7 and 11, for the temperature distri-
bution with distance

. SGGP) art _ .
( n a T T (12)
wherea
-+ H, -~ H
T - s ¢ -
Fe = - (1%}

in this case, Te is also the spparent egquilibrium temperature.

By Equations 9 and 1Z the rate of change in water temperature,
with time and with distance, respectively, is directly proportional
to the difference between the local water temperature and the
apparent equilibrium temperature for the water as defined by
Eguations 1¢ and 13, Note that, as the straight line is fitted
to the Langhaar curve at an increasingly higher tsmperature range,
the value for the apparent equilibrium temperature increases
because of the increasing slope of the Langhaar curve. The
apparent equilibriun temperature i3 the temperaturs that the water
appears to be approaching when the cooling is viewed as the simple
first-order process described by Equations 9 and 12,

The difference between the apparent egquilibrium tempsrature
and the natural equilibrium temperature for Par Pond is shown
graphically by Figure 2; in this case, the difference is only
about 0.3 *C. However, the difference between the apparent equi-
librium temperature and the natural equilibrium temperature in the
effiluent canals leading from the reactors, where the water is much
hotter, can he ag much as 20°C (this is shown latey in connection
with Figure 4), Therefore, 1if the cooling sxtends over 2 long
range in temperature, say 10°C or more, the surface cooling rate
curve should be approximated by several straight-line sections.
Bach section then has its own apparent equilibrium temperature.
Eguation 9 and 12 is integrated for sach section, and the time
increments or the area increments for the sections are then summed,
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Teg by Eguation 10 is the natural equilibrium temperature,
as defined above, only when m and b correspond to the tangent to
the Langhaar curve at that particular temperature. Tgg deviates
from the natural equilibrium temperature to the extent that the
straight-line fit deviates from the Langhaar curve at the point
where Hy is equated to Hg.

The apparent equilibrium temperature Te by Equation 13 is
less than the apparent eguilibrium temperature Teq when Hy is
positive., Hp is positive when the average temperature of the
pond 1s greater at the end of the time increment than at the
beginning, i.e., when dT/d8 in Eguation 2 is positive. With
positive He, more of the heat from the sun and from the imposed
flow goes to another sink {the pond contents) than to the atmosphere.
Hence, in approaching equilibrium at the discharge end of a deep
pond having positive Hp, the surface temperature need not be so
high as thes natural equilibrium temperature in a shallow stagnant
pond where all the solar heat must be transferred to the atmosphere.
Similarly, when Hp is negative, some of the heat to be transferred
to the atmosphere stems from a source [pamely, the pond contents)
ether than the sun and the imposed flow, so that the apparent
gquilibrium temperature is greater than the natural equilibrium
temporature. It follows that, given sufficient surface area, the
surface temperature at the discharge end of a deep cooling pond
during the period of positive Hp can be lower than the natural
equilibriur temperature. This effect of Hp on the apparent
equilibriun temperature and, accordingly, on the cooling rate
and the surface temperature 1s expounded further in connection
with the two-region model for Par Pond.

Par Pond and Lake Colovado Dity Experience

if the tangent to the surface cooling rate curve is drawn at
the polnt where the equilibrium temperature occurs, the slope n
is the increment in surface heat flux corresponding to the imposed
heat load (i.e., from Hp) per °C difference between the actual
temperature amd the equilibrium temperature. Although the slope
m has the units of a heat transfer coefficient, peu/(hr-fri-°C), it
should be noted that for a heat transfer coefficient the total heat
flux is divided by the temperature difference in the direction of
heat flow. Typical values of the slope m for Par Pond ave given
in Table II. The value ranges from 5.1 in January to 7.3 in May.
Similay values have been reported for Lake Colorade City, Texas,
where it is stated that V... the amount of heat disposed of in
Lake Colorado City ranged from winter to summer between approxi-
mately 4 and 8 pou per sq ft per hr per degree {Centigrade) differ-
ence in water-surface temperature. The average for the year was
6,7 pou per sq £t per hr per degree temperature difference. The
temperature difference is the rise in water-surface temperature,
not the air-water temperature difference.”®




TABLE 11

Slope of the Surface Cooling Rate Curve”

Month Jan  Feb Mar Apr May S-Month Average
Slope, m 5.1 5.5 6.2 6.8 7.3 6.2

peu/ {hr-£t2-°0)

. From Figure 1 and Table V. DBased on monthly average
atmospheric conditions and solar heat lead,

Het-Bulb Temperature

A stagnant body of water at equilibrium with the atmosphere,
but protected from solar radiation, is analogous to a hygrometer,
Hy by Bquation 1 is then zero, hence, by Equations 4, 5, and 6,

Hy and Hpe are equal in magnitude but opposite in sign. The heat
for evaporation is supplied by radiation and convection from the
atmosphere. Thus, the temperature at the intercept of the surface
cooling rate curve at Hy = 0 is analogous to the air wet-bulb
tesperature that is obtained by the hygrometer. However, as shown
in Table III and in Figure 2, the intercept temperature is higher
by about 1°C than the air wet-bulb temperature. It is also shown
in Table ITI and in Figure 2 that the apparent equilibrium tempera-
ture of Par Pond, which has not only the solar heat load but alse
an imposed heat load, is 5 to 7°C higher than the air wet-bulb
temperature during the period January through May.

TABLE 111

Alr Wet-Bulh Temperature Versus Equilibrium Temperature

Month Jan Feb  Mar  Apr_ May
Alr wet-bulb temperature ng,a *C 4.3 5.8 9.4 14,2 7.2
Intercept temperature,’ °C ' 5.2 4.7 1005 15,2 18.4
Natural equilibrium temperature,® °U 9.6 10.6 6.3 22,0 I5.¢6
Apparent equilibrium temperature Te,j ¢ s.3 1001 15.2 0 0.9 2405

°C 5.0 6.3 5.8 8,7 7.3

Yo Typ, ©

g, Menthly average

5. From Figure 1 at Hy = 0

. From Figure 1oat Hy = Hg

Jdo From Bguation 13 and Table VIl

Li




COOLING IN THE SRP EFFLUENT CANAL SYSTEMS
Description of the Effiuent Canal Systems

The canal systems for conducting the effluent cooling water
from P reactor and from R reactor to Par Pond are shown in
Figure 3. The P resactor effluent is conducted to the middle
{or north} arm of Par Pond; the R reactor effluent, to the upper
{or east} arm. The elevation drops from about 300 £t msl at the
reactors to 200 £t msl at the Par Pond surface. From P reactor
there are 4% miles of canals and five ponds, the largest being
36 acres, plus a 140-acre impoundment of the middle arm of Par
Pond upstream from the by-pass road embankment, which is called
the "precooler”; the total surface avea is 227 acres. From R
reactor there are 3% wmiles of canals and two ponds, 7.4 and 260
acTées in size; the total surface area is 285 acres.

Tornparatures shown %o Sepr 12 1863
175 000 gprn Efftuant
Saling Water frai B oawd F Raeciony

Arga | Aesy
at nt Yot
Gexwm | Langth of Connis | Convis] Ponde D #7860

hal miiey arrxe | ogeray gy
R 19,768 1 388 TR IROFA IINEE
2E285 . 428 HA [0S0 108 6

TI8H aoes (B9 % TES s poerions g
$ e by o o

FIGURE 3. R & P Effluent Canalsg
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Septamber 12, 1983 Conditions {Ses Figure 3}
Adr Temperafute, The 24.8°C
Al Wei-Bulb Temperaivre, Tyg 20.8°0
Ralative Humidity: 73 %%
HaO Partial Pressure in Alr Py 7.6 mm Hg
wind Spesd, w: 4.7 mph
850 b Solar Heal Loud, Mg 207 peueirr- 12y foad 4
Steady Stote, Hp=O Average
i
]
Langhaar's Surfoce Cooling |
Rate {Equations 4, §, angd B} :
alx: !l
Y Q0| ~mw R Effiusnt Canal System i
f{; P EEfgant Conal System ;
P4 i/ Ponds i R
[=% | Avergge
it t
+ !
e ;
T 400~ : Fonds 3, 4,587
f' 1 Averdige
i
|
|
%
Psecoaiat }
Average §
200 - R - ke 4
Averoge ¢
H‘,
Natural Equilibrium / .
» Apparent Eqaitibriom Temp.
Temparature = 470 ? ,//s A7.0C for Ponds i, 2
{
/)
o e L Ms /Y i
¢ 20 404 &0 80
Wwater Tempergture, *C
FIGURE 4. Performance of the R & P Effluent Canals
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Nominal Performance of the Effluent Canal Systems

Typical temperatures are also shown in Figure 3 at various
tocations along the effluent canals for a day in September 1963,
Both canal systems ave secen to produce about the same reduction
in temperature before reaching Par Pond., In fact, the effluent
canzl systems dissipate asbout 70% of the heat generated in the
reactors. The reactor effluent temperature of 71°C was reduced
to 42°C at the inlet to Par Pond; the effluent frowm Par Pond was
2890,

Models for the Effluent {anals and Shallow Ponds

Several models for the canals, streams, and shallow ponds at
SRP have been formulated: 1) single stage, 2) n equal-size stages
in series, 3) n unegqual-size stages in series, and 4) infinite
mumber of stages in sevies. Fach stage is considered to be per-
fectly mixed such that the surface temperature is the same at all
points and is equal to the effluent temperature from that stage.
An infinite number of stages in series is also known as the slug-
flow model. For slug flow, integration of Equation 12 gives the
effluent temperature Toye 85 a function of the inlet temperature
Tin for a given surface ares A at given cooling conditions
{m, b, and Hq}, as follows:

T A
f out  gr _m f P
. T -7, - 5oor J 9A
Uin 0
T e,
out e i
n o= - = T CERGE {143
in &
or, T e Fov (T, - T e (1%}
where o = g%%ﬁ (16}

The guantity 300F/m is the "sgttenuation area’; i.e., the surface
area requirved to reduce the temperature in excess of the apparent
gquilibrium temperature by a factor of e = 2.718, The models
{shown on the following pages) employ a linear fit to the Langhaar
equation over the temperature range that exists in the canals, or
in portions of them, The models also employ the concept of an
apparent equilibriue  temperature. Use of the Langhaar relatien
itself rather than a linear fit would be better, but more tedious;
this does not seem to be justified.
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MODELS FOR THE EFFLUENT CANALS

MODEL: SINGLE STAGE
Assume perfect mixing in the region corresponding to surface
area A fr®. Then the surface temperature everywhere is equal

to the discharge temperaturs Taut'

Let fA = gffectiveness factor on A

Hy = 2l + & 73

> S ..;.M_. e o rone o
— E
o 2 LOOF
Yo i on S, £T . T % {3a3
! FURET Uie 7 Coutd '
£ HT He a7
e
= !
2 £
o i

He~He
=

T Tout *C Tin
AL Hy = 0 At Ho o= Hoo- Hyos H
we have frow (1) and {7} we have frowm {2} and {7)
O=wl o+ b~ H, + H, H00F N -
= 5 ¢ AT (i 7 Toued ¥ ™opp ¢ 2 - H
or, A
B b H
I 5 € - or,*
r, = > {13)
laut ) Te . 1 (17)
T. - T 1+ of
in & A
where
Y DA
RERYGTiT (163
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» ww\';“e\'.\ ‘k.'*‘\éix!‘*



ﬁGB;L

Reyiace th¢ £ facts ene@s {actsr {fs) used in the Single Stage
Model with the.spparent number of stdge% {n}.
@quatlan_xs_dexlved dirgctly from Bquation 17:

Tout "o /1 Y (15)
B L ¢ o
in T e 1+ =

MODEL: UNEQUAL-SIZE STAGES

The following

pous {hr-ftd

Hy-typ

fer Iy, f@, sre,, be the effecrivensss factor applied to the
surface areas Ay Ah, ete., respactively.

Assume perfect mixing in each stage.
The first stage overflows to the second stage, st

Ag + A, + etc. = A, the total surface area.




T
XA ® Ny

Assume same linear fit to Langhsmar's cooling rare curve (Hquations
4, 5, 6); i.e., same Fouation 7. Then,

mAl mA2
aszf?'naAl”A; Q2=W=ﬁf\3ﬂ\; 2te.
By @, + oGt = O = pwme {16}

Two lUnegqual-Size Stages:

T {1+ultl}{}+u2r~} = T + T

Gut in e[!‘xi‘f}*agfz*(uifl) (052{2:@ {19}

Three Unequal-Size Stages:

e

e e £ ) (e £ p (Tra f = Ty e

1%
Tﬁia}fi+a2f2+a3t3+(alfi}{mztg}@{azfij(asfg)] +

. . ” 5 " ¢ e £ gy
H aazfzﬁixxfs, * {aiil){aztz){%S&E)] [0}

ol

when Tipns Fones Fo A me b, Ty, and o {from above), together with
the wreas Ay, Az, ete., of each stage, are substituted into either
Eguation 19 ov EBquation 20, an equation in £y, 1, eto., is ob-
tained. I1f similar data were available for other days, particu-
larly over a different range of temperature and/or flow, it should
be possible to find Ybest fit” values for £y, §», erc., which also
fit the dats better than some other model, Here, however, assume
£= fy = f~ = ete, FEguations 19 and 20 then reduce to a polynomial
in §; Eguation 19, to a quadratic; and BEquation 20, to z cublc.

MODEL:  IRFINITE NUMBER OF STAGRS
This is the “slug-flow" model,

et fA = effectivenegss factor on the surface area A,
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integrate Equation 12

./‘Tmzt a7 . . mfxf\ f‘?‘ A = - mf}\A o b
B A it 2 WA T TEE A
lin
T - T
Ut e
2“(?. g >m -afA
in &
- T g f
A
out - e, ¢ (1583
in &

Note: Comparison of Equation 15b with Equation 18 obtained for
the model of n equal-size stages gives the identity:

iR CLI TN R
ecﬂA i o oW s A
n

Note: In terms of the logarithmic mean temperature difference
above T,, Egquation 15bh reduces to

" S - . _
Ar iiﬂ' fout - Tin Tast N JOgg{rin Tout)
L <?in - Ee > afA mAfA
BE+: e
out @

BOOF(T - ?out}
AtA

= mﬁer {21}

SGQVQTin = T
where = average surface heat flux over the

Af& effective aresa.

For an explanation of why m is not a heat transfer coefficient in
the usual sense see page 22,




Analysis of the Effluent Canal System Performance

The average heat load ogver stretches of the effluent canals
and ponds between the points where temperatures were measured
{%1guxe 3} is plotted in Figure 4 versus the corresponding range
in the watey temperature. The average heat load is the sum of
ieat load imposed by the flow of hot water (Hy) and the sun {Hg).
As shown, the R effluent canal systen bs divided Into two steps
{dashed lines); the P effluent canal system, into three steps
{s0lid lines). On the same figure is plotted the curve for the
surface cooling rate (Hr) corresponding o the weather conditions
for that day, by Langhaar's Eguations 4, 5, and 5. The system
is regarded as steady state, so Hp = 0. HNow, if slug flow existed
in the region between temperature measurements, the flats of the
steps, which are the average heat load over that particular tewmp-
grature range, would straddle, i.e., be bisected by, the cooling
rate curve. I[f there were perfect mixing in that particular
region, the tip of the step would just touch the cooling rate
curve, i.e., the steps would touch the curve {from the right side.
Fond A in the R effluent canal svstem as shown in Figure 3 is
cooling better than can be predicted. Also, the Precooler in the
P effluent canzl system is shown to be somewhat better than the
infinite-stage model [the better pevformance might be interpreted
as the surface temperature being about 1.4°C higher than the
average in the cross section normal to the direction of flow
everywhere in the precocler pondi. The rest of the effluent canal
system shows performance lying between the single-stage and the
infinite-stage modei.

The data of Flgures 3 and 4 aro analyzed two ways, as shown
on the following pages. Fivst, a euperfioicl anolysis bs made
based only on the effluent cooling water tewmperatures measured
leaving the reactor area and entering Par Pond. The values
for fa or n can be used in the corresponding egquation shawn
to predict the effect of different flows, temperatures, and weather
copditions. Both systems are shown as performing better than the
single-stage model, since fa is greater than 1 for the latter
moedel,  The P oeffluent canal system performs better than the R
effiuent canal system.

The more-deteiled anelysiz of the data in Figures 3 and 4 is
preferved For making predictions., Tn this analysis, stug flow is
assumed in the canals and in the ponds of one acre oy less. The
temperature of the water entering and leaving each of the larger
ponds can then be caleulated where they are not alveady available
from the data, Each pond is then evaluated according to the
alternative models.  From the results, the slug {iow model is
recomuended for all of these ponds using the following factors
for the effectiveness of the pond surface area: Pond A, £ = 1.98;
Pond B, fa = 0.61; Pond 2, £ = 0.93; Ponds 4 and 5, 5 = 0.99;
and Precooler, £, = 1.13. Using the slug flow model (Equations
15 and 16}, the total effective area in the B effluent cansal
system is 8.30 x 10° £1%; in the P effluent canal system, it is
10.58 x 10° £17,




" SUPERFICIAL ANALYSI

Congider ionly the femperature of the effluent ceoling water
entering the Canal: system at the reactor area {Ty,) and leaving
the canal gysten ot Par Pond {Toyed, from Figure 3. Obtain the
surface cooling rate Hp at Tin snd Tour from Figure 4. Take Hp
equal to zero and Hg equal te 40.7 peu/ (hr-£12). Calculate m, b,
Te, and o,  Then calcidatd & or » for the alternative models.

Canal System
R P

e 77 72,0

Temy of wéta? eétesing canals Tige
Temp of water leaving canals Tout, °C 13.6 41.3
Flow ¥, gpu SR 175,000 175,000
Total surface area i, 10° 12 12.40 9.86

m, Bg ¥ )
b, Eq 7, 38 _ 6150 ~563,0
36 35,8

-3

17,85 17.7

35,

%, Bgole 2.53 .00
Model:  Single stoge imixeds, Bg 17 for £, 1.87 .79
Model: n equil-size stages, g 18 for n 1,80 6.5

Model: 2 unsqual-size steges, o 19 for ¢ 132 -
{bBivide betwee? Pond A and Pond ?:
Ay = 0078 x 187 A o= 1162 x 187)

Model:  § unequal-size stages, By 20 for f - b.45
idvide between Fond 2 oand FPond 3§,
and betwaen Pond 5 oand the Precooler;
- - ; B
Agos 123 x 0% A s el x 107
Mgsfel:  infinite sumber of stages, Hg 13h for § £, 634 G3.443

[Shug Tlow)

e Date taken B/1I/83. See Filgures 3 and 4.
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MORE-DETATLED ANALYSIS

Assume slug flow {FEguatlon 15b) in the canal sections and
ponds of one acre oy less in order te caluulate Ty, and T,,, for
the larger ponds where these temperatures are not given in
Figure 3. Take Ho equal to zevo; Hg = 10,7 pou/{hr-fr?). Calcu-
late m, b, and Te for a straight line fit to Fipure 4 betwesn the
temperatures given in Fignre 3. Then calculate £ or n asccording
to the alternative models for the larger ponds in the effluent
canal system

K Effigent Canal System

T8, 7 observad
etf 3] moTe canal Alternative Models for Pond A

single stage fmixed) fx = 2,17
) i . = estage (wlug) o o= 1.98
T0,11°¢ calculated Prage feingd &

Po8d Y 74 acre pond

A
W 24,15 #6.18°C calculated
LI Er I -
Bo= 1065
":'e w45, 3070
e B U5 ALY S Canal
¥ 64.2°C observed
Altermative Models for Pond B
b stage imixed) §, = 1.20
T P snry gt
varg- 60 anyw pond ; Eﬁ\ s 0,61
salegize stages  w oz 1034
mow 15058 caivulated
o= 5152
Ty o+ 35.88°C

Toacye canai

G L N
s oobzervend




?2(@5€_abseré¢d

) 9.4 acyes, canals
st G ozmgll ponds

63, 1740 calonlated

25,62
# ~33163
w46, B850

oo
« o7

k3

e} @ gire ponc
. a4, 70 observed

7.3 acres, canals
& small ponds

G P

caigylated

Bt

Pond

acre pond
i

18,61
SF09,

T.o= #0.29°0

B 3%

Fond begre 9.5 move pond

>

45,3570 caleulared

e GG goy e vanad

54.8%C abserved

L5
THLE Precooler e 0O

31 3%0 ohwerved

Alternative Models for Pond 2

108

$.93

singfe«stage [mixed) fa =
westage {slug] £y =

neequal-size stages n = 1.635

Alternative Models for Ponds 4

o
13

S

single-stage {(mixed)

wastage (s bug £y = 0.
neegunli-size §tages B 16

Teunequal-size
SE8Red

Alternative Models for Precoole

fa = 1.3

T

8¢

¥

acre pond
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CODLING IN PAR POND
DBascription of Par Pond

Par Pond covers 2640 acres to an average depth of 20.4 ft.
A 140-acre portien is separated from the main body of Par Pond
by the bypass road embankment to form the Y'precooler' which is
considered to be a part of the P effluent cansl system. The
surface area of the main pond is therefarc 2500 acres, or 109
million ft. The Par watershed is 36 wi?. The greatest depth in
Par Pond is about 55 £t near the dam.

The plan for Par Pond is shown in Figure 5. There are three
major arms. The effluent canal from R reactor terminates at the
shallow end of the €33t arm; the effluent canal from P reactor,
at the shallow end of the north or middie srm. The pump house is
located at the shallow end of the west arm. The main dam is to
the south across Lower Three Runs Creek. The intake slot at the
pump house, which is located along the bank, is 100 £t wide with
the opening at a depth extending from 17 to 20 ft. During con~
struction, the pond bottem was bulldozed as necessary to provide
a 20-ft-deep channel 300 ft wide leading to the pump house intake
from a distance of 2000 fr out, where the natural -20 ft contour
was intercepted,

The rated capacity of the Par pump house is 275,000 gpm,
which is about 30% of the total BRP capacity for pumping cooling
water to the reactors. This flow is divided between R and P
reactors (R reactor was shut down in mid-1964). With both R and P
redctors in operation and with each reactor requiring about
180,000 gpm, additional cooling water was drawn from the river
system, The effluent cooling water from both reactors was dis-
charged to Par Pond through the effluent canal system. The excess
caoling water then overflowed at the dam and traveled to the
Savannah River via Lower Three Runs. Because the temperature of the
overflow at the dam was only slightly above the equilibrium temp-
grature,and the water was further cooled during its 18-mile flow
path to the Savannah River, there was no thermal impact on the
river because of the operation of R and P resctors. At the present
time, with Par Pond serving oniy P reactor, there need be no
regular overflow at the dam. In fact, it is currently necessary
to add about 7500 gpm of water from the river system to maintain
constant level in the pond.
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Par Pond contains about 18 billion gallons of water. At the
rated capacity of the pump house this. gquantity corresponds to 45
days for displacement; at 180,000 ppm for P reactor only, it
corvesponds to 63 days.

Nominal Performance of Par Pond

The concern with Par Pond is the extent to which the tempera-
ture of the water is cooled before being pumped back to the reactor
heat exchangers. Thus, over the vears the effluent temperature
from Par Pond has been compared with that of the Savannah River at
SRP, As shown in Table IV, the effluent tempevature from Par Pond
has averaged about 3°C higher than the femperature of water from
the river but at times it may be as much as 7°C higher than the
river. The study of Par Pond has shown that the effluent tempera-
ture is within 22°C of the natural equilibrium temperature, and
the water pumped from Par Pond at a depth of -20 ft may be less
than the apparent equilibrium temperasture because of stratification.

TABLE TV

Par Pond Effluent Temperature
Compared with the River Temperature®

Par Effluent Temperature

PAR Effluent Minus
Temperature, °C River Temperature, °C
Ma x 1 mem Maximum
Deviation Mean Deviation
Month Mean From Mean Difference From Mean
Jan 0.6 + 1.1 -~ 0.9 1.7 + 1,3 - 0.9
Feb 11.5 + 1.3 - 1,7 1.8 + 2.0 - 1.3
Mar 13.7 + 1.8 - 4,2 2.0 + 1.8 - 0.9
April 1.4 + 1.6 -~ 1.8 206 + 1.6 - 1.3
May 23.5 + 3.7 -~ 2,7 4.4 « 2.6 -~ 1.7
June 26.6 + 3,5 - 0.9 5.0 + 1.7 - 1.2
July 28,6 + .8 - 0.4 5.1 + 1.7 - 1.4
Aug. 28.9 + 1.2 - 1.0 4,8 + 1.6 - 1.7
Sept 6.8 + 0.6 - 0.9 3.6 + 1.6 - 1.7
Get 22.7 + 1,6 - 1,3 2.2 + .8 -~ 1.5
Nov 18.0 + 2.0 ~ 2.1 1.7 « {1,6 ~ (.8
frec 12.4 + 1.8 - 1.4 1.3 + 08 ~ 0.7
Annual Avg  20.1°C 3.0°C

. Monthiy average values 13959 through 1963




The principal reason for the difference between Par Pond
effluent temperature and the river temperature arises from the
fact that the river is not at its natural temperature because of
the Clark Hill Reservoir. The seven-year average temperature of
Par Pond effluent, which is shown in Table IV to he 20.1°C, is
only 0.4°C higher than the average temperature of the Savannsh
River before construction of Clark Hill dam, i.e., from 1935
through 1950, The effect of Clark Hill Reservoir on the temperature
of the Savannah River is discussed at more length later. Par Pond
is not sufficiently large and not sufficiently deep, particularly
at the pump house intake slot, for its performance to benefit
greatly from thermal stratification.

Model of Par Pond

Ubservations at Par Pond, primarily by temperature traverses,
have led to 3 model for a relatively deep cooling pond {(Figure &),
The pond is conceived as a rectangular channel having two regions
of flow, namely, an upper flow region, which moves in the direction
of the pump house from the inflow point, and a countercurrent under-
flow. Warm water from the canals at temperature Ty enters the
pond and immediately mixes with u parts of underflow at temperature
Tp to give the temperature Ty, which iz the average temperature
of the upperflow at the warm end of the pond., The underflow at
Tp has traveled upstream from the cool end of the pond and is at
the same temperature as the water discharged from the pond through
the pump house intake slot. The excess of the inflow over that
withdrawn at the pump house overflows at the cool end of the pond
at a temperature Ty,*. The asterisk on the temperature symbol
indicates that it is a surface temperature; the average tempera-
ture of the upperflow at the cool end of the pond is Tp. Simi-
larly, at the warm end the surface tempersture is Ty,*. The flow
of vapor from the pond is considered as part of the overflow. The
pond receives heat from the sun at the rate Hg and experiences a
gradual change in stored heat at the vate Ho; the guantity Hg - Hp
is uniformly distributed over the surface of the pond. Hp is based
on the average depth of the pond (h = 20.4 ft), not on the depth
of the upperfiow region,which is not specified, Because the depth
of the upperflow region may be only a few feet, and because of the
high internal cirvculation {the u effect}, the transit time from
the warm end to the cool end of the pond may be about a day. As
the upperflow travels from the warm end fo the coel end of the
pond, heat is dissipated to the atmosphere at the rate Hy, decreas-
ing as the surface vemperature decreases from Tiy* and Te* according
to the siug flow model discussed in the next section. The differ-
ence between the surface temperature T* and the average temperature
T of the upperflow in a ssction normal to the upperflow is con-
sidered to be constant everywhere in the pond; this difference has
the symbol 4Tg. It is expected that this excess temperature at the
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surface varies with the season depending on the extent of thermal
stratification., As shown in Figure 6, part of the runoff from
rainfall {which is also the source of natural stream flow into the
pond) mixes with the water in the canal system, while the balance
enters the pond by other routes; the runoff is at the air wet-bulb
temperature, Tygp.

{Hg ~ He) My
F LTl l I
OVERFLOW RS RS
T, e B o BE RELOW *Tiu
' éuﬁ
Fp s FUNDERFLOW i ] Frar
| T
wh Fr
T
mmmﬂﬁm(rq}ﬁ

To"To = Tig*-Tay = T*=T = ATg = Constont

FIGURE 6. Model for Par Pond

Extension of the Theory to the Par Pond Model

Consider the energy budget equation not only for the region of
the upperflow but alsc for the region of the underfiow. Only part
of the solar heat load Hg {say, the fraction x} and only part of
the heat content rate-of-change Hp (say, the fraction v} are
assigned to the upper region. For the underflow there is no surface
heat transfer, so 100% of Hy is assigned to the upperfliow., Also,
there is no change in temperature of the underflow as it moves from
the discharge point (the pump house) to the inflow point at the
warm end of the pond. Thus, there is an Hp term only for the upper-
flow. The two energy budget equations are consequently as follows:
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Adding these eqguatiens gives the combined energy budget equation

a1, a1 5T,
(32‘@}1 }r ?;éw + {z,}f} g;'{;ﬂ % ﬂf) - DO ti})?ert’low Biﬁ. HT (24)

The left-hand side of the combined equation is Hp for the pond.

The guantity (l-y) @Tp/ 38 is generally more significant than
the quantity y 98T,/89. Conseguently, since the discharge temperature
Tp is also the temperature Ty of the lower layer, in the wodel for
Par Pond, it is reasonable to measure the time rate of change in
pond heat content by the time rate of change in the discharge
remperature.  Note that the fraction x {of the solar radiation
that is ﬂbﬂ@?b@d in the upper layer) has dropped out of the com-
bined energy budget equation. Thus, with the substitution of Hp
for the left-hand side of Bguation 24, the energy budget eguation
for the Par Pond model appears the same as that presented above
under Theory, where only a single region was considered., All of
the solar energy and ail of the pond heat content is considered
to be in the upper layer,

Actually, the time rate of change in the temperature of the
urderiayer is not determined just by the attenuation of the solar
energy that occurs in that region. The guantity xHg~Hy in the
energy budget equation for the upper laver varies greatly between
night and day, being much more negative at night., (In this report,
the 4-hr average has been used for Hg and Hy). The colder water
produced at the surface during the night is transported to lower
levels by convection in seeking stable stratification {see page 70).
In effect, the solar heat that is absorbed in the lower layer is
compensated by the downward transport of colder water to this
region, To the extent that the solar heating in the lower layer
is more than compensated by the diurnal convection, 31,/30 may be
negative, as in the fall. The downward transport of colder waterx
to the lower layer is accompanied by the upward transport of




Fesypeurgs

warmer water to the upper layer, in effect increasing the apparent
sclar heating in the upper layer. The combined energy budget
equation above remains unchanged by this diuvrnal convection since
the guantities xHg and (1-x}Hg in the separate energy budget
equations were the apparent solar heat loads, by whatever mechanism;
and, in the combined equation, the value of the split assigned to
the two regions for the solar heating contribution is unimportant.
When diurnal convection is sufficient for the average 3Tp/¢8 to
hecome negative, the average BTHJBS iz also expected to hecome
negative. In fact, at the "turnover" in the early fall, 1, has
managed to drop below Ty by virtue of 37T,/98 being more negative
than 57Ty/08. The heat content rate-of-change i for the pond is
negative following the fall “turnover' as the pond temperatures
decrease.

At the time of the fall “turnover,” the pond contents undergo
extensive mixing whereby the thermal stratification that developed
in the spring is largely, but not completely, destroyed., Also, a
temperature gradient must still exist from the inflow point to the
pump house. The Par Pond model described above should apply just
as well with negative Hp as with positive Hp,

Formulation of the Par Pond Model

The total heat lead per square foot of effective surface area
that is imposed on the pond by the change in temperature of the
flow through the pond, Hp, is derived by two independent methods
{shown in Appendix A). First, Hp is obtained by difference from
consideration of the energy budget equation with Hg and He constant
and with Langhaar's surface cooling rate averaged over the pond
{Fguation A~5). Second, Hp is formulated dirvectly from its
definition (Equation A-6}. Hp is then eliminated between
Equation A~5> and A-~6 to gilve Hguation A-7. Some of the variadbles
in Bguation A-7, however, are not directly measured; but they are
readlly derived by material and heat balances, from consideration
of the model {(Figure 6), in terms of other variables that are
usually measured {except the guantity ATg). Thus, Equation A-13a
is obtained which gives 4Ty explicitly in terms of the average
discharge temperature Tp at the pump house during the time
interval of d days, the average temperature Ty of the water
entering the pond from the canal systems, the average air wet-
bulb temperature Ty, and the apparent equilibrium temperature Ts,
which is calculated by Equation 13. The ceefficients Ko, K2, K3,
Kq, and Ky in Equation A~13a are weighting factors applied to the
five temperatures. These coefficients are functions of the
average flow from R and P reactors (Fpgp, gpm), the average pump
house flow (Fp, gpm), the rainfall {r inches during d days), the
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average weather conditions expressed in terms of the slope wm and
intercept b {Equation 7}, the solar heat load (Hg), the pond
attenvation coefficient (o), and the mixing ratio atr the warm end
of the pond (u}. Other factors ave the ratio of total rumoff to
the runeff into the canal systems {2z}, the runcff fraction (fy),
the pond area effectiveness factor {fa), and the pond hesat content
factor (£.1.

In order to caleculate the values for some of the coefficients
in Equation A-13a and for the apparent equilibrium temperature T, by
Equation 13,1t is necessary first fo obtsin the slope m and
intercept b of the straight-line approximation to Langhaar's curyve
for the surface cooling rate {Eguations 4, 5, and 6}. The line
is fivted betweon the extremes in surface temperature in the pend,
Tig* at the warnm end and Tg* at the cool end using Equations A-153
and A-16. The temperatures Tiy"® and To* are calculated by Equations
A-11 and A-12, which use ATG; hence, a trial-and-error sclution
for the value of ATy during the period of d days is required in
order to place the straight line prOperly on the surface-ceeling-
rate curve.

The rate of change in stored heat Hp is also required in
calculating the apparent equilibrium temperature Te by Equation
1%, The data on Par Pond performance did not include temperature
traverses of the pond such as would be needed to estimate the
heat content of the pond at the beginming and at the end of the
interval of 4 days. It is therefore assumed that the change in
the discharge temperature over the J days is a measure of the
change in the average pond temperature, with the factor fr
included for purposes of obtaining a betrter correlation if
desired, Thus Hp is estimzated by Equations 2a and A-14.

The attenuation ceefficient o, used in the coefficients of
Faustion A-13a, ig calculated by Equation 16a in terms of the
slope m and the upperflow, which is caleulated by Equation A-9.

The flow Fy contributed to the discharge from the canal
systems by runeff from rainfall is also needed to calculated the
coefficients in Equation A-13a and the upperflow. 1t is calculated
by Equation A-17,

Thus, data on Par Pond performance are evaluated so0 as to
shtain a set of ATg values, say, according to the month of the
yvear, using the correlating Bguation A-13a. The data required are
the weather conditions, the solar heating rate, the rainfall, the
flow of effluent cooling water to the pond, the average temperature
of the water discharging from the canals into the warm end of the
pond, the discharge flow at the pump house, and the average dis-
charge temperature at the pump house. Alse, importantly for Hp,
the data include the discharge temperature Ty at the start of the
interval of d days and the discharge temperature Tq at the end of
the interval.




Having determined the set of ATg values from the analysis of
Par Pond performance, it is then desired to arrange the correlating
Equation A-13a so as to give the average discharge temperature Tp
explicitly; then Tp can be calculated for other conditions of the
weather, flows, and temperatures. Now, the temperature Ty at the
start of the time interval will be known, but not the temperature
Tg4 at the end of the interval. However, for a short enocugh interval
of time, the averape discharge temperature Tp can be assumed to be
equal to the average of Ty and T4 (Equation A-18}., Thus, Tp is
given explicitly by Eguation A-21 in terms of Ty, Ti, Twp, Tes.
and ATg. Here, the equilibrium temperature Tes is approximately
that for a stagnant shallow pond at steady state, calculated by
Equation 10 using m» and b values from the gtraight-line fit to
Langhaar's curve at Tiy* and Tp®.

The arguments in favor of such a complex-appearing function
as Equation A-13a, together with its sastellite equations for the X
coefficients, for correlating the pond performance, or Hquation A-Z1
for predicting the pond performance, are as follows: The numerous
parameters must bhe considered if they are thought to have an
appreciable effect on the pond effiuent temperature. The equations
that involve these parameters are the equations that express the
physical phenomena according to the model envisioned in Figure o;
they are not mere empirical equations. The factors u, £y, z, f4,
and fr might be varied to obtain a better correlation, but the
values of these factors nust be reasonable; otherwise, a better
model should be sought. These factors are not intended to be mere
correlating constants. Moreover, the coefficients in the Langhaar
Equations 5 and 6 are not legitimate arveas for tampering merely to
force a bhetter fit to the data on pond performance. These
equations give the heat and mass transfer rates to the atmosphere;
the coefficients are determined only by consideration of these
effects., Although the ATy value may be regarded as merely a
shift {to the left) of the Langhaar cooling curve, 1t is tenta-
tively beligved that 4T, is related to thermal stratification and
is not a correction to the surface cveling rate. In sum, the
complex-appearing Equations A-~13a and A-Z1 for Par Pond performance
are a composite of the elementary considerations, such as, the
rates of heat and mass transfer, energy amnd material balance,
mixing, staging, stratification, underflow, overflow, rainfall,
and heat content, and are devold of purely empirical factors and
coefficients,

Correlation by the Par Pond Model

Data on Par Pond performance were available for the period
January through May in 1964 in sufficlient detail for evaluation
by Bguation A-13a. These data and details of the analysis are
presented in Table V. The ATG values by months were found to
be as follows:
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where 4T is the difference between the surface temperature and

the sverage temperature of the upperflow,

increasing ATy as summer is approached,
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For the analysis in Table V the following parameters were

specified as being reasonable values: the runoff factor, £y =
0.25; the ratic of the total runoff to the runoff inte the canals,
z = 2,71; the pond area effectiveness factor, f4 = 1.0; and the

pond heat content factor, fr = 1.0. The mixing ratio u at the
warm end of the pond was taken to be 2.3, which is the average of
13 values estimated from temperature traverses made in 1959,

The ATy values calculated above from the 1964 data are con-
sistent with observations made in 1959 of the thermal stratification
in Par Pond, as shown in Figure 7. The difference between the
surface temperature and the average temperature over a 20-ft depth,
calculated from these 1958 data, are given in Table VI. These
differences should be greater than ATy, since the depth of the
underflow is not thought to be as great as 20 ft; but the values
are seen to be remarkably similar. Thus, for the months in 1959
in which temperature profiles in depth were taken, the difference
between the surface and the average temperature over a 20-ft
depth was as follows:

Jan Apr May Juna July Aug
Observed
ATg,°C 0.4 0.6 2.2 1.4 2.6 2.0
A
Moninly
g 2 Average
£ fient
Tempergture
26
= -
,:" e v Eftigent Tampergture ihat Doy ™
- ‘/‘f,..w
£y n ”
F A 4 v J I & J & 9
Yonth

FIGURE 7. Stratification in Par Pond
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TABLE VI
Stratification in Par Pond

Observed
Pumped AT =

Surface Avg Tewp at  Pumped Avg Temp G

T "y - . P
0 ?mgc Z?Tft}dfgth (?Eimgc for month, Eav 'ps ES jav‘

Date gio avtt pir * L °e °C
1/14/5% 10,6 Ho 10.6 0.5 -0, 4 0.4
1/29/59 13,7 13,2 13.1 . 0.1 0.5
475750 17.1 16.5 16,1 w 0.4 0.6
A/10/59 23.0 22,3 20,40 " 2.3 0,7
57172458 28.2 24,5 24.3 1.9 9.2 3.7
5718759 26,8 24,6 24,7 o -8.1 2.2
$/18/59 27.2 25.5 25,7 s 1.7
5720758 26,5 25,3 2506 -0,3 1.2
6/ 16758 28,3 26,72 25,7 8.5 2.1
6117758 6.3 25.5 25.5 8.9 0.8
§/22/59 26,3 27,0 26,7 a6 4 0.8 7.3
6723759 28.1 27.0 6.0 wHe 1.0 1.1
6/ 25/ 59 27.7 27,0 26,7 0.3 0.7
6726759 9.2 27,6 275 0.6 1.6
TiL5/ 58 9.6 28.4 28.2 0.2 1.2
7/16/59 9.7 28.5 2R, 3 28.% .2 1.2
TIT/58 4.5 30,0 28.5 s 1.5 4.5
7728759 33.3 29,6 8.7 0.9 ki
827759 22,8 29,9 29,6 0.3 3.0
B/ 2R/ 32.9 30,3 29,72 VL 1.1 2.6
8/ 30/5% .6 251 28.8 0.3 0.5
971754 2.3 2G.0 28.% 8.7 0.3

26.%
RS Avga

z, The temperature of the water withdrawn at the pump house (Tp) averaged
0.5°C lower than the average temperature from the surface to a 20-ft
depth (T3, This may have been due to selective withdrawal from the
stratified reserveir, or it may be the result of wind stress {(in view

of the widse variation in Tav - ?p}.
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The period of appreciable thermal stratification is shown
in Figure 7 to be from April through August. In the light of
the results obtained by application of Pguation A~13a to the 1964
data and the observations in 1959, it is suggested tentatively
that ATg be taken as 1°C from September through March and as 2°C
from April through August,

The correlation in terms of these ATg values is given with
some reservations. First, the variation in ATg is substantial,
43 shown in Equation A-Z} che average discharge temperature Tp
depends linearly on ATG with a coefficient kg; Table V shows
kg to be about -0.7. Thus, an uncertainty of 1°C in AT¢: means
an uncertainty in Tp of 0.7°C, which is substantially greater
than what is hoped for in the prediction of pond performance.

Of greater concern, however, are the fluctuations that are ob-
served in the pond discharge temperature. The fluctuation in the
discharge temperature from Par Pond recorded daily from January
through May in 1964 is shown in Figure 8. The fluctuation is
attributed more to fluctuating wind stress at the surface of the
stratified pond than to the fluctustions in the weather and in
SRP operating conditions. More is said about wind stress later
under "Areas for Further Investigation.” For the analysis given
in Table V, the data were averaged for one-month intervals. The
temperatuxes Ty and Ty were the average of the three days pre-
ceding and the three days following the start of the month, in
order to iron out some of the fluctuation. These temperatures
are the circled points joined by dashed lines on Figure 8. The
average discharge temperature Tp for the month is shown in
Figure 8 by the horizontal dashed lines, [t 1s seen that the
difference between Tp and average of Ty and Ty is ag follows by
months:

Jan Feh Mar Apr May
Tps °C 10,67  11.79  15.48 19.34 23,60
%{?i + Td), ¢ 10.86  11.95  14.33 18,74 23,46
Difference, °C  -0.19  -0.16  +1.15  +0.60  +0,14
The difference is greatest in March and April. As shown in Table V,
the check value for Tp by Equation A-21 and the check value to Ty

by Eguation A-18, when using the ATg values calculated in Table V,
show the greatest deviations for March and April.
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The Energy Budget for Par Pond

The average values for the gquantities Hg, He, Hp, and Hy in
the energy budget for Par Pond for the months of January through
May 1964, from the analysis given in Table V, are as follows:

peu/ {hr-£t%)

E-IS - H.o# Ap, = Hy
Jan 9.1 - 2.7 + 23.9 = 40,3
Feb 24.1 - 1.0+ 28.4 = 51.5
Mar 0.0 - 7.2+ 25,8 = 48.¢6
Apr 38.89 ~ 8.2+ 21,7 = 52.4
May 43.9 - 8.3+ 21.3 = &57.0

Hg and i come directly from Table V; Hp is calculated by

Equation A-6 and Hy by Equation A-4. The imposed heat load Hip from
the flow is relatively constant while the solar heat load Hg more
than doubles as summer is approached. The imposed heat load Hg
exceeds the solar heat load in winter, but is only about half the
solar heat load as summer is approached. The heat load He from

the change in stored heat varies 3-fold, but does not exceed 25%

of the solar heat load.

The energy budget diagram for the month of May 1964 is given
in Figure 9. The diagram shows the variation in surface heat flux
Hy as the surface temperature varies from Tiy* te Tg*. The im-
pertant effect of the mixing ratio u in reducing the canal sffluent
temperature T; to the pond temperature T, at the warm end is
evident. Note also the effect of &Tg in shifting to a higher
surface heat transfer rate, and note the differences between Tp,
Te, and Ty, This information has been translated in Figure 10 to
show the variation in the pond heat transfer rate over the surface
ared.
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FIGURE 9. Energy Budget Diagram for Par Pond
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The Appreach to Equilibrium Tewperature in Par Pond

The surface temperature To* calculated for the cool end of
Par Pond in Table V exceeded the natural equilibrium temperature
for those months (Figure 1), but bavely in April (0.4°C) and in
May (0.2°C). The surface temperature T,* compares with the
natural equilibrium temperature and with the apparent equilibrium
temperature as follows:

Jan Feh Mar Apr May

surface temperature T *, °C 12,1 13.0 17.4 22.4 25.8
Natural equil temp (Figure 1), °¢ 9.6 10.0 16.2 22.0 25.6
Apparent equil temp (Table V), T., °C .3 10.1 15.2 20.8 24.5%

The natural equilibriun temperature was defined ahove as the steady-
state temperature for a shallow stagnant pond. The apparent
equilibrium temperature may be greater or less than the natural
equilibrium temperature depending on the magnitude and sign for




the rate of change in stored heat Hp and on the deviation of

the straight-line fit to Langhaar's curve in the vicinity of

Hy = Hg - Hoo  In April and May, the apparent equilibrium tempera-
ture was lower than the natural egquilibrium temperature by about
1.°C. Remember that the surface cooling rate in Par Pond is
proportional to the difference between the water surface tempera-
ture and the apparent equilibrium temperature, according to
Eguations 12 and 13. It is possible, as explained above in
copnection with the concept of an apparent equilibrium temperature,
for the surface temperature of a deep cooling pond to be less than
the natural equilibrium temperature.

Setective Withdrawal from Par Pond

Selective withdrawal from a stratified reserveir is claimed
if the discharge temperature is lower than the average temperature
te the depth of the intake slot at the pump house. Data taken on
occasion in the vicinity of the pump house (i.e., in the "intake
channel') to relate the discharge temperature to the vertical
profile of temperature in Par Pond have been inconclusive. The
analysis of Par Pond performance, however, does infer selective
withdrawal., Thus, by Eguations A-1b and A~12, the difference between
the average temperature of the upperflow at the cool end of the
pond and the discharge temperature realized at the pump house is
formulated to be

fi' ¥ - W
T -, - ( Rip ©* : fg >m‘€ (25)
alfpep ¥ Fo) * Fp :

From the data in Table V the values of (TOqu) are as follows
{for 1864):

Jan Feb May Apr May
(T -1.3, °¢C 0,20 (.18 0.26 0.45 0.29
o P

For comparison, the 1959 data given in Table VI showed the
discharge temperature to average 0.5°C below the average tempera-
ture over a 20-ft depth.

CODLING TN THE SHP STREAMS
Description of the SEP Effluent Streams

A map of the streams on the SRP site that are used to conduct
the efflusnt cooling water from the reactors - specifically, C, X,
and L reactors -~ to the swamp in the Savannah River fleood plain is
given in Figure 11, FPour Mile Creek can be followed from C reactor
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FIGURE 11. Temperatures Along €, K, and L Effiuent
Streams to the Savannah River

for & distance of sbout 6.7 miles, at which point it disappears
into the swamp. Pen Branch can be followed from K reactor for a
distance of about 4.5 miles to the swamp, at which point it is
still about I miles from the river.. After penetrating the swamp
about 1.5 miles, the main portion of Pen Branch appears to make

a right-angle turn and to more-or-less parallel the river for a
distance of about 5 miles until it joins Steel Creek sbout 0.5
miles from the outlet at the river., Steel Creek can be followed
from L reactor for a distance of about 4.6 miles to the swamp,

at which point it is about 3.4 miles from the river. The width
of these streams is about 150 ft in the vicinity of the reactors,
widening to about 400 £t as the swamp is approached, with numerous
islands. The natural flow in these three streams during the
summer is small compared to the imposed flow of effluent cooling
water from the reactors.
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Performance of the SRP Effluent Streams

Temperatures chserved along the three effluent streams in
August 1966 have been spotted on the map (Figure 11}. The surface
cooling rate predicted by Equations 4, 5, and 6 for the weather
conditions are given in Figure 12. Assuming slug flow and 2
zere rate of change in stored heat, as was done above the SRP
effluent canals, the effective areas of the stream between any
two points where the temperature is known can be calculated by
Bguation 14. The effective areas between temperature points
from Figure 11 are given in Table VII, These areas, together
with Eguation 14, constitute the correlation Ffor the cooling
process in the SRP effluent stresms. Using these areas, the
temperature of the C, K, and L effluent water at the points shown
in Figure 11 along the streams leading to the swamp can be cal-
culated for other combinations of reactor power, river temperature,
cocling water flow, air temperature, humidity, and wind speed,

oo i i i i
e 24 -by Averoge  Open  Conditions ;
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FIGURE 12. Surface Cooling Rate, August 1966
(The difference betwsen open conditions
and swamp conditions is described on page
page £0.)




TABLE VII

Effective Area of the Effluent Streams
August 1966 Data

Observed Caleulated Calculated Estimated
Temperature Effective Estimared Effective Width of
at Area Between  Length Width Stream at
Sampling Sampling of of Sampling
Effiuent Point, Points, Stream;, Stream, Point,
Stream M $t2 £t £1 £t
Four Mile 71.4
56.5 2.89 x 10° 17,000 17¢.0 2350+
50.5 2.11 x 10° 16,000 211.0 >150
44.0 3,56 x 10f 8,500 419.0 400
Subtotal 8.56 x 10% (197 acres)
Pen Branch 54.7
52.5 0.78 x 10° 13,200 5.0 2507
48.5 1.75 x 10° 1¢, 500 166.0 n4 003
Subtotal 2.53 x 10% (58 acres)
Steel Cresk 69,5
52.5 3.68 x 10° 24,400 151.0 2503004
{84 acres)

@, This estimated width did not allow for the numerous islands.

From the effective area and the estimated length of the
stream between temperature points, the effective width of the
stream can be calculated for that reach. The comparison of the
effective widths with rough estimates of the width of the streams
is also given in Table ¥II. Considering that the actual streams
have mmerous islands, the comparison is satisfactory.

COOLING IN THE SRP SWAMP
Description of the SRP Swamp

A swampy region lies in the flood plain along the Savannah
River for a distance of about 10 miles, averaging about 1.5 ni
in breadth, for a total area of about 15 mi®., The location of
the swamp in relation to the SRP boundaries and to the thres streams
that conduct reactor effluent water into the swanp is shown in
Figure 11, Aerial photographs of the swamp are given in Figures
13, 14, and 15. They show a mottled region of wet areas and
areas of forest and other vegetation.
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FIGURE 15. ABerial View of Steel Creek fJutlet into the SRP Swamp

The swamp i$ separated from the river by a relatively high
bank {90 ft msl) which has only three significant openings to the
river. When the river reaches the 50-ft stage, which corresponds
to a2 flow of about 11,000 ftafsec, the swamp becomes flooded.
Hormally, the regctor effluent water emerpges from the swamp and
enters the river through the three openings,

Thus, water discharges from the swamp at three points along
the Savannah River. The flow from two of these points, which are
opposite Four Mile (reek, accounts for the ( reacter effluent.
The discharge point farther downstream, which i3 considered to be
Steel Creek cutlet, accounts for the K and L reactor effluent.
The temperatures and estimated flows of the water discharging
into the river, observed in August 1966, are shown in Figure 11.
The temperatures and flows observed in the exploration up Steel
Creek from the outlet at the river are shown on Figure 16; note
the two forks found in this stream. Thus, it was observed that:
{1} the effluent water from € reactor reached the river at temp~
eratures of 31°C [28% of the flow from ) and 36°C {72% of the




flow from C) for an average temperature of 34.6°C; (2) the
effluent water from XK and L reactors reached the river at a mixed
temperature of 32°C; (3) up Steel Creek from its outlet at the
river substantial flows were found having temperatures of 29°C,
31°C, 34°C, and 38°C; (4) the coolest water was flowing from the
direction of Pen Branch (K reactor), which was farthest away; and
(5) the hottest water was flowing from the direction of Steel
Creek (L reactor). The distribution of the fiow conjured from
these observations is given in Figuxe 17,

Estimate 4/7 part 31*C and 3/7
part 38°C woter at fork, by heat
balance

500 ft
Estimate 1/3 port 29°C and

2/3 part 33,5°C water at
fork, by heat balance

Steel Creek
L.anding

FIGURE 16. Temperatures Up Steel Creek from the Savannah River




173,000 gpm
from Steel Creek

at 52.5°C
185,000 gpm 71,000 gpm
from Pen Branch at 32.9°C
at 48.5°C 102,000 gpm
181,000 gpm 66,000 gpm at 38°C
from Four Mile Creek at 29°C
ot 44°C
/ 119,000 gpm '3:'-0;9099"1
50,000 gpm . at 29°C
at 3l°C
131,000 gpm 239,000 gpm
at 36°C at 342C

239,000 gpm
at 33.5°C

358,000 gpm
at 32°C

FIGURE 17. Flow of C, K, and L Effluent Cooling Water
Through the SRP Swamp




Performance of the SRP Swamp

The water cooling process in the swamp differs from that
described above for the streams, canals, and ponds. The clue is
that a substantial flow of water was found in the swamp in the
August 1966 survey at a temperature of 29°C. As shown in Figure
12, the natural equilibrium temperature for the effluent
streams at this time was 30.5°C. According to Equation I5 it
takes an infinite surface area to cool water down to the equilib-
rium temperature. The explanation is that the equilibrium temp-
erature in the swamp is lower than in streams, canals, and ponds
because the water is shaded by the vegetation. Admittedly, this
vegetation causes a lower surface cooling rate, by Equation 5 and
6, because the surface is sheltered from the wind. But given
enough shaded surface area, a lower temperature can be obtained
for the water from the swamp than is possible with an infinite
surface area. in open streams, channels, and shallow ponds that
are heated by the sun.

In the application of the theory to the swamp, the solar
heating rate and the wind speed were taken to be zero. The lower
wind speed causes the lower surface cooling rate shown in Figure
12 for the August 1966 conditions than the surface cooling rate
for open conditions. However, as shown in Figure 12 at the inter-
section of the curve with the horizontal line at Hg = 0, the water
in the swamp approaches a natural equilibrium temperature of 26°C
rather than 30.5°C which occurs for "open" conditions.

The effective cooling area in the swamp can be calculated
by Equation 15, which is for the slug flow model, from the flows
and temperatures shown in Figure 17 as entering and leaving the
swamp, together with Figure 12 for the surface cooling rate
under swamp conditions. These effective areas for the swamp
regions -are shown in Figure 18; also posted are the effective
areas for the open regions, i.e., the effluent streams which
were discussed in the preceding section. Thus, the effective
cooling area in the swamp is 58.4 x 10° ft?, or 1341 acres,
or 2.1 mi?, The effective cooling area calculated from the
observed performance of the swamp cannot be readily compared
with actual measurements of the wet areas in the swamp., However,
an effective cooling area of 2.1 mi? is about 14% of the 15 mi?
swamp region, which is consistent with the percentage wet area
apparent from the aerial photographs.
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59.0% of L flow
6.5 x 108 12 Swamp

.45 x 105 12 Swamp

35.7% of K flow
64.3% of K flow

FIGURE 18. Effective Cooling Surface and Flow Split for the
C, K, and L Effluent Streams and SRP Swamp

The assumptions of zero wind speed and zero solar heating
in the SRP swamp are an exaggeration. However, they have opposite
or compensating effects on the effective area that is calculated
from the observed temperatures and flows, or, on the effluent
temperature predicted for other conditions once the effective area
has been determined. Moreover, the calculated effective surface
area in the swamp increases exponentially as the estimated
equilibrium temperature increases toward the observed 29°C water
temperature; the calculated area can become unreasonably large.

SRP DISCHARGE TO THE SAVANNAH RIVER

The temperature of the effluent cooling water emerging from
the SRP swamp and entering the river at the three major cuts in
the river bank, as shown in Figure 11, averaged 32.9°C for a
typical day in August 1966. From the analysis of the cooling
process in the SRP effluent streams and swamp, given in the




preceding sections, it is possible to calculate the effluent
temperatures entering the river under what is regarded as the
most Severe summer conditions encountered at SRP according to
the records of prior years. These most severe conditions
occurred in August 1959, The temperature of the SRP effluent
cooling water entering the river under the severe summer condi-

tions was calculated to be 34,6°C. The details of the comparison
are given in Table VIII.

TABLE VIII

SRP Effluent From the Swamp Entering the Savannah River

Typical August Severe August
{Observed) (Calculated)
Date 8/18-19/66 8/25-26/59
Air dry-bulb temperature 27.3°C 30.9°C
Relative humidity 78% 65%
Wind speed ¢ mph 5.8 mph
Solar heat load ' 39 peu/ (hr-ft?) 60 peuf (hr-ft?)
Natural equilibrium temperature 30.5°C (Fig. 12) 35.5°C (Fig. 19)
River temperature at SRP intake 24.2°C 27.8°C
River flow at SRP intake 7368 ft’/sec 6850 ft’/sec
Reactor power/cooling water flow C 2256 MW/181,000 gpm 2250 MW/180,000 gpm
K 1494 Mw/185,000 gpm 2100 MW/180,000 gpm
L 2062 MW/173,000 gpm 2100 MW/180,000 gpm
Effluent temperature at river
Four Mile Creek outlets (C reactor) . 34,6°C 36.7°C
Steel Creek outlet (K § L reactors 32.0°C 33.5°C
C, K, L mixed effluent 32.9°%C 34.6°C
River temperature downstream of
C, K, L effluent at actual river
flow from above 25.6°C 29.0°C
River temperature downstream of €, K, L
effluent at minimum river flow
of 6100 ft¥/sec 25.9°C 29.1°C

The river temperature upstream of SRP during the severe
conditions in August 1959 was 27.8°C, the highest observed in
recent history. The weather conditions governing atmospheric
cooling at the water surface were also more severe at that time,
i.e., higher air temperature and lower wind speed, although the
relative humidity was somewhat lower than in the August 1966 case.
The surface coocling rate under these severe conditions is given
in Figure 19. When Figure 12 is compared with Figure 19, the
surface cooling rate is seen to be lower under the severe
conditions for the same water temperature. Moreover, for the




calculation of the SRP effluent temperature under the most

severe conditions, a solar heating rate of 60 pcu/(hrwftz)

was taken because this high rate [compared with 39 pcu/(hr-ft?)
for the typical August 1966 conditions] has a relatively frequent
occurrence in the summer months. Also, the reactor power levels
for the case with severe conditions were somewhat higher than

for the typical conditions; the reactor powers were the actual
ratings for the cooling water temperature of 27.8°C, which existed
at the time of the severe conditions.
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FIGURE 19. Surface Cooling Rate Under the Severe
Conditions That Existed in August 1959




Thus, the mixed effluent from C, K, and L reactors reached
the river at a temperature of 32.9°C under typical midsummer
conditions and 34.6°C under severe summer conditions. These
temperatures are warmer than the river temperature by 8.7°C and
6.8°C, respectively. The temperature of the river after mixing
with the warmer SRP effluent water depends on the river flow,
which is discussed next,

The flow in the Savannah River is regulated by the U. S. Army
Corps of Engineers through their operation of the Hartwell, Clark
Hill, Stevens Creek, and Augusta dams. Additional dams above SRP
are under construction or in planning. It is the stated intent
of the Corps of Engineers, since October 30, 1963, to provide not
less than 6100 ft¥/sec at SRP and to exceed 6300 ft®/sec 75% of
the time. This intent must necessarily be qualified to cover
circumstances beyond their control, such as a major drought.

Since 1954 the lowest river flow recorded is 3850 ft3/sec
(February 1956). The lowest river flow since October 1963 is 6200
ft3/sec. The improvement is attributed to the advent of Hartwell
Dam. For the cases shown in Table VIII, SRP drew 1200 ft3/sec
from the river for C, K, and L reactors; L reactor has been shut
down since early 1968. Thus, the increase in temperature of the
Savannah River in passing by SRP is less than one-fifth of the
increase in temperature of the SRP cooling water from the intake
point at the river pump houses to the discharge points from the
SRP swamp. Mixing of the SRP effluent with the river water is
essentially complete about two miles downstream.

The river temperature downstream of SRP after mixing is
shown in Table VIII to be 25.6°C under the observed August 1966
conditions, when the river flow was 7368 ft¥/sec, and 29.0°C under
the severe August 1959 conditions, when the river flow was 6850
ft®/sec. This corresponds to an increase in the temperature of
the river passing SRP of 1.4°C for the typical August conditions
and 1.2°C for the severe August conditions, respectively. At the
minimum 6100 ft®/sec flow in the river, the increase in river
temperature would have been 1.7°C and 1.3°C, respectively. Note
that the increase in the temperature of the river in passing SRP
is less under the more severe summertime conditions. The higher
temperature of the river under the severe conditions is the more
important consideration, however.

Independent observations, with the SRP operation as a black
box, are available from the records of the U. S. Geological
Survey.’ These records show that, for the fiscal years 1959
through 1965, the maximum increase in the Savannah River tempera-
ture attributable to SRP operations ranges from 1.9 to 3.2°C
from year to year and more importantly, as a confirmation of this
study, that the maximum yearly river temperature downstream of
SRP ranges from 25.3°C to 29.4°C.




iy
XX iti
‘lHIXxXl!! Il!l;:

Temperatures above 31°C are considered to be deleterious to
fish and algae.® Thus, by virtue of the natural cooling within
the SRP boundaries and the operation of Clark Hill Reservoir,
SRP has not caused an objectionable increase in the river
temperature.

WARMING IN THE SAVANNAH RIVER

As the Savannah River flows past SRP on its way to the
Atlantic Ocean, its temperature is generally increasing, regard-
less of the SRP thermal contributions. This is because, through-
out two-thirds of the year and particularly during the summer
months, the Clark Hill Reservoir upriver discharges water that
is colder than the temperature in natural streams and ponds.

The reservoir has about a 4-month inventory of water, and the water
is released from a depth of 60 to 80 ft. The water released in
the summer is collected in early spring and is stored in the
deeper regions by virtue of thermal stratification. The tempera-
ture of the discharge at Clark Hill Reservoir is about 8°C cooler
in the summer months, than the natural river temperature in prior
years. At SRP, the temperature of the river during the summer is
about 4°C lower than it was before the advent of the reservoir,
and about 2.5°C lower on an annual average basis.® Thus, the
river temperature is generally approaching the equilibrium
temperature from the cold side as it flows past SRP.

The formulation for the warming process in the river is the
same as that outlined above for the SRP effluent canals and
streams. By Equation 15, the difference between the river temp-
erature a4t some point downstream from SRP and the equilibrium
temperature is the fraction e~% of the difference from equilibrium
that exists in the river after mixing with the SRP effluent. The
exponent o is given by Equation 16 in terms of the slope m of the
Langhaar cooling rate curve near the equilibrium temperature, the
area A of the river, and the river flow F. From Figure 12,

m = 8,0 pcu/(hr- ft2 °C) for typlcal August conditions. At the
minimum guaranteed flow of 6100 ft ®/sec in the river, the
"attenuation area' - that is, the river surface area required to
reduce the temperature in excess of the equilibrium by a factor
of e = 2.718 - is therefore

500 x 6100 x 60

- 6 2
8 % 1357 = 171 x 10° ft

Since the width of the river is about 330 ft, which corrésponds
to 1.74 x 10°% ftzfmi, the "attenuation distance" is

171 x 10°
1.74 x 10°

= 98 miles
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Thus, the difference from equilibrium at a point 98 miles down-
stream from SRP will be 1/e of the difference that exists at SRP.
This applies whether the river temperature is above or below the
equilibrium temperature; the d1fference must be in the same sense.
At higher river flows than 6100 ft®/sec, the attenuation distance
is greater than 98 miles. ({The probable chilling effect of rain-
fall runoff below SRP has been neglected here.)

The two-day average weather conditions and solar heating
rate in Table VIII is used for calculating the rate of heat
transfer to the atmosphere (Hy). The velocity in the river is
about 2 ft/sec at 7000 to 8000 fti/sec. Distances by river from
the SRP boundary are roughly 23 miles to Millhaven (Route 301
crossing), 81 miles to Clyo (Route 110 crossing), and 120 miles
to Savannah (Route 17 crossing). The transit times are 17, 59,
and 88 hours, respectively.

Thus, the temperature in the river may continue to increase
downstream of SRP or it may decrease depending on whether or
not the boost that it gets from SRP takes it to a temperature
below or above the equilibrium temperature. For the situatiens
presented in Table VIII, the equilibrium temperature was higher
than the mixed temperature in the river below SRP. The natural
equilibrium temperature for the typical conditions in August 1966
was calculated to be 30.3°C, whereas the effluent from SRP (V1200
ft®/sec) was calculated to be 32.9°C, and the river temperature,
24.2°C. Under these conditions the temperature of the Savannah
River would continue to increase downstream from SRP as long as
the river flow was greater than 1700 ft3/sec. Under the severe
conditions seen in August 1959, the calculated natural equilibrium
temperature was 35.5°C,whereas the calculated effluent from SRP
was 34,6°C, which was actually less than the natural equilibrium
temperature because of the contribution of 29.9°C water from K
reactor via the swamp. The river temperature on that severe day
in August 1959 would have continued to increase downstream from
SRP even if SRP had taken the entire river flow.

APPLICATIONS AT SRP

Questions arise regarding the effect of changes in SRP
operations or of the diurnal and seasonal variations in the
atmospheric conditions on the temperatures in the canals, ponds,
streams, and swamp. In order to answer such questions, the corre-
lations presented above have been composited in a single computer
program LIMN, which is given in Appendix B, This program is
written in FORTRAN IV for the IBM System/360 computer. The
independent variables are the reactor power levels (in megawatts),
the respective flows of cooling water (in 10°® gpm), the weather
conditions, the solar heat load, the river temperature, and the
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initial temperature of the discharge from Par Pond. The time
interval is also specified; this time is needed only for Par Pond.
The temperature of the effluent cooling water is computed for

the points shown on the map (Figure 20). The evaporation that
occurs along the way is also computed. Any combination of
reactors can be selected for evaluation by LIMN.
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FIGURE 20. SRP Map for Computer Program LIMN




This program first calculates the surface cooling rate by
Langhaar's Equatlons 4, 5, and 6 at temperatures in 10°C intervals
from 5 to 95°C for the particular set of weather conditons that
are read into the computer. A straight-line approximation
(Equation 7) is then made for each 10°C segment of Langhaar's
curve, The slope m, intercept b, and equilibrium temperature Tg
(by Equation 13) are calculated for each segment and stored
(as well as printed out), first for the open conditions that
exist in the canals, ponds, and streams, and then for the shaded
conditions of the swamp. The rate of change in heat content Hgp
needed to calcdulate the equilibrium temperature is zero
except for Par Pond. For Par Pond, H; depends on the pond
discharge temperature at the end of the specified time interval;
this temperature is found by trial values for the average discharge
temperature during the time interval. The equilibrium temperatures
for Par Pond corresponding to the segments of the Langhaar curve
are therefore tabulated separately.

The map (Figure 20) is systematically evaluated by LIMN. The

temperature of the water entering a particular region shown on

the map, and the related flow, are supplied to the subroutine JWL,
which then calculates the temperature at the downstream end of
that region, and also the evaporation that occurs. JWL considers
slug flow (Equations 15 and 16) to occur in the canals, small
ponds, streams, swamp, and the upperflow region of Par Pond;

the effective areas (in 10 ft?) by this model for the various
regions are the niumbers given on the map (Figure 20). The sub-
routine JWL first finds the segment on Langhaar's -curve that
contains the input temperature. It then calculates the surface
area required for the water to cool to the upper boundary of the
next lower segment; then, it calculates the surface area required
to cool over that segment; and so on, until the total surface area
equals or exceeds the effective surface area prescribed for that
"region. Only part of the last segment is traversed in reaching
the prescribed effective surface area, which then gives the temp-
erature at the downstream end of the region. With each increment
of surface area there is an increment of evaporation, which is
accumulated for that region by JWL., The main program LIMN then
picks up the downstream temperature and the evaporation for that
region and proceeds to the next region on the map. Note that
for Par Pond the average discharge temperature for the prescribed
time interval is calculated in LIMN by trial-and-error, rather
than analytically as in Table V, in order to utilize the particular
segments of Langhaar's curve that are initially set up in LIMN,

The LIMN Printout 1 in Appendix B gives the case for Par
Pond in May 1964 when both R and P reactors were in operation,
The average discharge temperature is calculated to be 23,4°C,
as compared with 23.6°C given in Table V. Printout 2 gives the
hypothetical case for Par Pond in May 1964 if only P reactor were
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in operation. Shutting down R reactor resulted in a calculated
discharge temperature of 22.7°C, or 0.7°C lower than with both
reactors in operation. The water balance in Printout 2 shows
that, with an estimated seepage loss of 2800 gpm, about 7500 gpm
makeup water from the river is needed to maintain the level in
Par Pond, i.e., for zero overflow at the dam, since the shutdown
of R reactor. (Actually, the seepage loss is estimated from the
observed makeup water requirement.) Note that as a result of the
lower temperature of the Par Pond overflow at the dam, since the
shutdown of R reactor, the temperature of the overflow increases
0.9°C before reaching the river via Lower Three Runs Creek.

Printout 3 gives the temperatures and evaporation of the
effluent cooling water for C, K, and L reactors in August 1966
for comparison with the cobservations given in Figure 11. Printout
4 gives the temperatures and evaporation for the CKL effluent
cooling water calculated for the severe August 1959 conditions
for comparison with the hand calculations in Table VIII.

AREAS FOR FURTHER INVESTIGATION

The Langhaar equation for the rate of heat transfer to the
atmosphere, equated to the rate of heat input minus the rate of
heat accumulation, was applied to a model of the apparent flow
pattern to provide a mathematical description of the cooling
process extant in the SRP canals, ponds, streams, and swamp. A
correlation of the SRP performance was then readily obtained
using relatively few data on water temperatures, water flow, and
atmospheric conditions; the correlation was in terms of only a
few derived factors, such as, the effective surface area and the
excess temperature at the surface attributed to thermal stratifi-
cation. The factors obtained by substituting the plant data into
the mathematical description of the cooling process have physical
significance; they are not simply empirical terms in a correlation,
The factors are subject to the requirement that they have a
reasonable correspondence to the actual system. The simple
description of the cooling process and the derived correlating.
factors are adequate for most purposes at SRP. The effect of
variations in SRP operating conditions and in the weather condi-
tions on the temperature of the SRP effluent at the Savannah
River or from Par Pond can be readily evaluated by this description
using the computer program LIMN,

One might proceed to evaluate more of the same kind of data by
the above formulations, for instance, to find the standard deviation
from actual performance or to improve on the derived factors in order
to reduce the standard deviation. Such a step at this time would
be largely an exercise, however, in view of the stated adequacy
of the present description for practical purposes at SRP. Rather




than to engage in obtaining a better fit to this simple model with
more extensive data, efforts might better be devoted to certain
fundamental investigations which offer the possibility of extend-
ing our understanding and of refining the mathematical description
of the cooling process.

The Partial Differential Equation for Natural Cooling
The energy budget Equation 1 together with Equations 2, Z, 4,

5, and 6 and the vapor pressure relation (Reference 9) lead to
the following partial differential equation:
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In Equation 26 the parameters Hg, Paiy, Taip, W, and F vary with
time 6. It would be constructive to develop the finite difference
form of Equation 26 for solving by computer with data input for
short time intervals. The computer program would calculate the
temperature T as a function of time 6 and space A,

Stratification Algorithm

A computer code is needed that can take the hourly data on
atmospheric conditicns and solar radiation intensity at the pond
site and calculate the vertical temperature profile as a function
of time. Consider a natural pond, i.e., neglect any imposed
thermal load. Consider the pond as a rectangular parallelepiped
having a depth equal to the average depth. Divide it into hori-
zontal slabs. This is then a one-dimensional model in space, with
time as another independent variable. The solar radiation is
attenuated, for instance, by Lambert's Law: dI = -uldz where u
is the attenuation coefficient. Surface cooling occurs according
to Langhaar's equation. Start with a uniform temperature in the
early spring. The input data are the air dry-bulb and wet-bulb
temperatures, the wind speed, and the solar radiation intensity




at the pond surface. Except for the solar radiation intensity,
these data are available in three-hour intervals from the National
Climatic Center.'? Regarding solar radiation, see the following
section. At the end of each time interval, calculate the new
temperature in each slab, ignoring conduction and convection
effects other than from the surface of the top slab. Then, inter-
change the slabs so as to have a stable temperature distribution,.
That is, the density must increase with depth. The convection
mechanism that physically accomplishes this restructuring need
not be formulated.

Such an algorithm should reproduce the observed stratification
in a pond. It should also predict the inversion that occurs in
the fall when the pond temperature again becomes relatively uniform.
Integrating over the vertical temperature profile will give an
estimate of the pond heat content at that particular time, which
is important for the energy budget eguation, The predicted strati-
fication can be the basis for the AT; term that was used in the
Par Pond model above, and it can be the basis for predicting the
mixed temperature of the underflow in the intake channel to the
pump house (see section on Stratified Flow below).

Solar Radiation Measurements

A continuous record at SRP of the solar radiation intensity,
measured by a pyrheliometer, is highly desirable. A way of cali-
brating the instrument should be available. Hourly readings
should be tabulated. Since the solar radiation intensity for
clear arid conditions is known as a function of latitude and
altitude, the actual radiation intensity might be estimated from
the "sky cover" which is available from the records of the
National Climatic Center. The rate of evaporation of water from
an open pan exposed to the atmosphere, which is obtained at some
meteorological stations, might be converted to solar radiation
intensity by using Langhaar's equations to estimate the ratio of
total heat transfer to heat transfer by evaporation. Some study
should be made of the extent that solar radiation is reflected
from the water surface and of the attenuation of the solar radia-
tion as a function of water quality and depth, particularly, for
the stratification algorithm discussed zbove.




Stratified Flow

The existence of an underflow in the stratified pond was
postulated in the model described above for Par Pond. The under-
flow was the source of cool water for mixing with the hot influent
at the warm end of the pond and for the discharge at the pump
house at the cool end. An improved model for a cooling pond
requires consideration of the conditions needed for stratified
flow. A theory for the selective withdrawal of water from a
stratified reservoir has been developed recently.'! This theory
needs to be verified by observations of the temperature of water
withdrawn through a submerged intake slot from a deep reservoir
in relation to the thermal stratification and to the discharge
rate.

Mixing of the Influent to the Pond

It is desirable to spread the hot influent onto the surface
of a cooling pond with as little mixing as possible in order to
benefit from a higher surface temperature for a greater rate of
heat transfer to the atmosphere. The structure at the bypass
road embankment at the warm end of Par Pond was designed with
this objective in mind. Still, temperature surveys in the pond
have shown that there is considerable mixing. The mixing factor
u, which was employed in the model for Par Pond, was calculated
from these data as the ratic of the underflow of cool water to
hot influent. The values for u ranged from 1.0 to 4.5; the value
u = 2,3, which was used in the correlation, was the average of
13 surveys. The variation seen for the given structure might
be caused by the variation in stratification and in the wind.

The variation may also have been the result of an inadequate
temperature survey. A better understanding of the mixing process
should enable a better design of the inlet structure for future
cooling ponds.

Wind Stress

The fluctuation of Par Pond discharge temperature, shown in
Figure 8 for the daily readings from January through May 1964,
was attributed in large measure to the action of the wind. Sub-
sequent to those data, other observations of the pond discharge
temperature have been taken, such as is shown in Figures 21 and
23. The effluent temperature was observed to change by several
degrees centigrade in a period of one hour up to three days; the
maximum amplitude (minimum to maximum) observed for such
fluctuations has been about 5°C.
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FIGURE 21. Fluctuation in Pond Effluent Temperature
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FIGURE 22. Fluctuation in Wind Direction

The sirmultaneous fluctuation in wind direction is shown in
Figure 22 for the temperature fluctuations shown in Figure 21,
Superpcsition of the two figures shows that the peaks in the wind
direction correspond to the valleys in the pond effluent tempera-
ture. A wind direction of 120° from north in Par Pond corresponds
to the wind flowing directly toward the pump house along the axis
of the pump house arm of the pond. Similarly, a wind direction
of 300° from north corresponds to the wind blowing directly away
from the pump house. In Figure 22, the wind direction is plotted
from 30° to 390° rather than from 0° to 360° from north; thus,
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Velocity, mph
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below the median direction of 210° from north, which corresponds
to the wind blowing directly across the pump house arm, there is
a positive component of the wind from the pond toward the pump
house. Above the median direction of 210° from north, there is a
positive component of the wind away from the pump house. The
relation between the component of the wind velocity vector along
the axis of the pump house arm and the pond discharge temperature
is shown in Figure 23 from data taken at another time than that
for Figures 21 and 22.

The temperature fluctuation in the pond as a result of the
wind is well known to limnologists.!?® As observed along the
shore, colder water is found in the upwind (windward) direction;
warmer water is found in the downwind (leeward) direction. That
is, when the wind blows during the period of thermal stratification,
the warmer water congregates downwind, and the colder isotherms
break the surface at the upwind end. The action of the wind is
shown in Figure 24 for a two-zone body of water. The interface
between the two zones is like the thermocline in an actual body
of water. When the wind blows steadily in one direction across
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FIGURE 23. Fluctuation in Wind Vector and Pond
Effluent Temperature
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the pond, the drag force of the wind on the surface is counter-
balanced by the difference in hydrostatic head at cne end of the
pond from that at the other end as a result of the different
vertical temperature profiles. When the wind stops, the thermo-
cline does not immediately come to rest in a horizontal position,
but, due to the inertia of the flow that occurs in returning to
the horizontal, the thermocline proceeds to about the same maximum
gradient in the opposite direction; then the flow reverses. Thus,
the action of the wind on the pond is analogous to the compression
of a spring. Damped harmonic motion occurs when the compressing
force is released. If the wind velocity component is a function
of time, the case is analogous to forced harmonic motion. If the
wind blows and then stops, when there was initially a uniform
temperature gradient in the pond, a sinusoidal-like variation in
the temperature occurs at any given point in the pond except at
the node. The wave in the isotherm surface as a result of the
wind action is called an internal seiche. Since the wind takes
all directions over a period of time, the crisscrossing of the
internal seiches can be expected to produce a complex isotherm
surface.

Wind Begins

____—Wind Steady

Wind Stops
/(No Flow)

Maximum

Maximum
Flow

Flow

No Flow

FIGURE 24. Wind Stress and Internal Seiche!?
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The action of the wind is seen to result in short-time
variations in the effluent temperature from a pond that are large
compared to the deviations that can be expected in the predicted
effluent temperature by the theory and application sections above.
The effect of the wind action was smeared over, in the evaluation
of the Par Pond model, by taking monthly average data. When
dealing with shorter time intervals, which is required for a
better description of the cooling process in the pond, the action
of the wind must be accounted for. Therefore, it is desirable
that a program be instituted to collect data on Par Pond discharge
temperature and on the wind direction and speed at frequent time
intervals. These dates can then be used to calculate the com-
ponent of the wind velocity acting along the axis of the pump
house arm of the pond, and to seek a correlation between the
component velocity and the discharge temperature.

Velocity Measurements

The study of Par Pond has been deficient in that there have
been no measurements of the local velocity of the water. Traverses
in the vicinity of the inflow structure at the warm end of the pond
for the velocity field as well as the temperature distribution
would enable a better understanding of the mixing process (for the-
u factor in the Par Pond model, for example). Traverses in the
intake channel to the Par pump house for the vertical velocity
profile would help to demonstrate the existence of an underflow;
the vertical profiles for velocity and temperature might be related
so as to verify the theory of stratified flow., A periodic variation
in the velocity at a point out in the reservoir would corroborate
the existence of an internal seiche. In general, the circulation
pattern in 4 pond or in the vicinity of structures and restrictions,
such as a culvert, might better be observed by velocity measurements
than inferred from temperature measurements.

Swamps

The cooling process in a swamp ought to be studied further,
particularly because the swamp region at SRP might be modified at
a reasonable cost to effect a further reduction in the temperature
of the SRP effluent to the river. The lower cooling rate expected
in a swamp is not of concern so long as compensating surface area
is available at low cost, The lower equilibrium temperature
expected in a swamp makes the swamp potentially as effective as an
expensive cooling tower.
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In the application of the theory for natural cooling to the
SRP swamp, the solar heat load and the wind speed were taken to
be zero. Admittedly the vegetation in a swamp is not uniformly
distributed, nor is it completely effective in shading the water
and in screening out the wind. The reduction in the rates of
convection and evaporation to the atmosphere because of the
sheltering from the wind acts to increase the equilibrium temp-
erature, depending on the magnitude of the solar heat load,
whereas the reduction in the solar radiation intensity by the
vegetation acts to decrease the equilibrium temperature. Thus,
as a first stép, the equilibrium temperature in a stagnant swamp
might be compared with the equilibrium temperature in a stagnant
open pond at the same time and in the same locale. The rate of
heat transfer to the atmosphere from the water in the swamp
environment might better be determined under flow conditions at
temperatures substantially above the equilibrium temperature,
The average intensity of the solar radiation reaching the swamp
waters should be measured and compared with simultaneous measure-
ments taken in the open. The type and extent of the vegetation
in the swamp should be investigated as a factor governing the
performance of the swamp for cooling.




APPENDIX A

FORMULATION OF THE MODEL FOR PAR POND

Consider the energy budget equation

Hp = Hp - Ho + He v

Take f, as the effectiveness of the surface area, then Equation 3
becomes

i wSOOFupgprflow (QI (3a)
A = Ta aA

Take a linear fit to the Langhaar cooling rate curve, as in
Equation 7

Hp, = mT* + b ' (7a)

where T* is the surface temperature, which differs from the local

value of the average temperature of the upperflow (T) by a constant

amount ATG °C everywhere over the pond

T* - T = ATg, constant {A-1)
Hence

dr _ dT* )

T (A-2)

The quantity Hg ~ Hg is considered to be constant during the time
interval of d days over which temperature, flows, and atmospheric
conditions are averaged.

From Equations 1, 3%a, 7a, and A-2

S00F *
_ quy‘perflow ((cil;{ )= mT* + b - Hg + Hp (A-3)
A

Introducing the apparent equilibrium temperature

-b + H, - H
T, = 5 € (13)
[ m

with Equation A-3 gives

SOOFuppprflow dT* *
- =T* - T
dA e

mfA




which is integrated

f aT* mf s f dA
T* - T_ S00F

*

Tin e upperflow 5

to give
: mfAA

= * .
T* = Te + (Tiu Te)exp 560 {15a)
upperflow

Equation 15a gives the surface temperature profile over the pond.

Thus, the local value for the rate of heat transfer to the atmos-
phere, by Equations 7a and 15a, is

mfAA
= * -
Hp=m [Te * Ty Te)e"p< SO0F )]*‘b

upperflow

and the average value over the surface of the pond is

A
= 1 5
HT =i f HTdA
z
0
or
- S00F erflow -afA
H,=mlT_ +b+ upp (T. * - T N1-e * ] (A-4)
T e f A iu e
AL
where
mAy
% = S00F (16a)
upperflow

From Equations 1, 13, and A-4

5Oofgpperflow “afy

= * - -

Hp A (Tiu Te)(l e ) (A-5)
Az

The total heat load per square foot of effective surface area, HF,

can also be derived independently by its own definition by

reference to the model for Par Pond, Figure 6

_ 500 - - .
He = £,A [(FR&P *FIT + (2-DF Typ = Ferflowt 0 FPTle




Now eliminate HF between Equations A-5 and A-6

—afA
Fupperflow(Tiu*-Te)(l'e )

= (FRGP + Fr)T.

Lt (z-l)FrT - F T* -FT (A-7)

WB overflow © PP

Some of the variables in Equation A-7 are not measured directly,
so preceed with the analysis of the model as follows:

From Equation A-1

T. * =T, + AT (A-1a)
T * = T+ AT (A-1b)

From the definition of u

Funderflow =u (FRGP * Fr) (A-8)

Thus, by flow balance,
F

= L Y P S "
Fupperflow - [u *1x (2 1)(FR&P + Fr):][FR&P * Fr) (4-9)

and

= F + zF_ - F
T

A-10
Foverflow RGP ( )

P

By heat balance at the upstream (warm) end of the pond, using
Equations A-8, A-9, and A-la

F
T
qu + T.1 + (z-1) (ﬁ—ﬁmﬁrj?-)’TWB
T % = RﬁP r

iu F
u+ 1+ (z-1) (_____EL_,,>
Frep * Fr

By heat balance at the downstream (cool) end of the pond, using
Equations A-8, A-9, A-10, and A-1b

+ AT (A-11)

+ zF - F

F
R&P T p
T*:T
o . [ﬁ . T TR Fp} AT, (A-12)




Substituting from Equations A-9, A-10, A-11, and A-12 into Equation
A-7 pgives

KOTP + KZTi + K3TWB + K4Te + KSATG = 0 (A-13)
where
-0fa)  Frep * 2F,
KO=—U.1—G “'T:"—‘—‘——:—F—-—"
R&EP r
-of
A
KZ_e

F ~-of

K3 = (%——-—*—g—-ﬁ-——>(2~1)e A

REP T

-af F

i-e u+ 1+ (z-1) | o0——
4 ( FRGP * Fr
- FRGP + zFr - FP - FR&P + zFr - FP

> 4 Frep * Fr u(Fpep * FpJ + Fp

1

~
1]

Fal
I}

or

To calculate Tg by Equation 13 for use in Equation A-13a, it is
necessary to know Hg

)
Ho = 62,4 h\ —573—/ £, (2a)
Assume that the change in the average pond temperature (Tﬁ - T&)
is the same as the change in the discharge temperature

Ty - T1 = Td - T1 (A-14)

where T, is the discharge temperature observed at the pump house
at the start of the time interval, and Tq is the discharge tempera-
ture observed at the end of the interval (d days}. Both T; and
Tq are available from the data on Par Pond performance.

Further, in calculating T, by Equation 13 take




HT,iu - HT,o

ST ¥ CT* (A-15)
iu o
= - *
b HT,iu mTiu (A-16)
where Hyp 5, and HT are calculated by Equations 4, 5, and 6 and

the known Vapor pressure of water. Since both Tj,* by Equation A-11
and Tgo* by Equation A-12 require knowing ATg, a trial-and-error
solution of Equations A-13a, 2a, A-14, 4, 5, 6, A-11, A-15, A-le,
13, 16a, and A-12 is entailed. The results of such an analysis of
Par Pond data are given in Table V,

The contribution from runoff, z and F,, are calculated as
follows: If 13.3 square miles drains through the R and P

effluent canal systems, and the total drainage area for Par Pond
is 36 square miles, then

z = 36/13.3 = 2,71

and, for r inches of rainfall in d days with runoff fraction f,

rfr
F. = 160,500 — (A-17)
where
2
160,500 = —L3:3 X 5280

12 x 1337 x 24 x 60

Thus, the correlation of the pond performance is presented as the
function for AT versus the season of the year. Once the ATg
function has been determined, the correlation can be used to
calculate the discharge temperature at other conditions of

imposed flow, canal effluent temperature, and atmospheric con-
ditions. In this case, the discharge temperature T; at the

start of the time interval will be known. To solve for the average
discharge temperature Tp during the time interval by Equations A-13
and 13, which uses Hp, it is necessary to choose a time interval
small enough that it is a good approximation to say

~ 1

T, 55 (T + T (A-18)
xX!XXXKX
XXM
XXX




Then from Equations 2a, A-14, and A-18

hfb)
HC = 5,2 T (TP-Tl) (A-19)
where
_ 2 x 62.4
5.2 = 53

From Equations A-19, 13, and 10

-b + HS
es m (20)
(hfc) (420
= - e arirr——— - A-
T, = Ty 5.2 \ 7=/ (Tp-T}) )
From Equations A-20 and A-13
_ A-21
Tp lel + szi + k3TWB + k4TeS + kSATG ( )
where
(- a2
1 “"“\md 4
ko = - (Kg-Kp)
koky = X
kok, = K,
koks = Kg
kok, = X,
koks = Kg

where Kg» Ky, K3, Ky, and Kg are the coefficients in Equation A-13,

Starting with the discharge temperature T] at time zero, the
average discharge temperature Tp for the first interval of d days
is calculated by Equation A-21. Then the discharge temperature Ty
at the end of that time interval, which is calculated by Equation
A-18, becomes the new value for T} at the start of the next time
interval.
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APPENDIX B

COMPUTER PROGRAM LIMN

SEE SRP MAP FNR COMPUTER PROGRAM LIMN, FIGURE 24 IN DP— REPORT

GLOSSARY OF NAMES

PRyPP+PLIPKyPC REACTOR PIWER (R P41l Kyl RESPECTIVELY), MEGAWATTS
FRAFPFL FKyFC REACTOR COOL ING WATER FLOW {R,PyLyKyC RESP. Y,
. MILLION GALLONS PER MINUTE
FPAR FLOW FROM PAR PUMPHOUSEs MILLION GALLONS PEY MIMUTE
FR1V MAKEUP FLOW FROM RIVER TO PAR POND ¥IA R AND P REACTIRS,
MItLION GALLONS PER MINUTE
FRAIN RUNOFF FROM RAINFALL INTO THE R AND P EFFLJENT CANAL
SYSTEMy M LLION GALLONS PER MINUTE
FRUN TOTAL RUNOFF FROM RAINFALL INTD PAR POND (INCLUDING FRAIN),
MILLION GALLONS PER MINUTE
FSEEP SEEPAGE LOSS FROM PAR PINDy MILLION GALLONS PER MINUTE
FDAM OVERFLOW AT PAR POND DAM, MILL ION GALLONS PER MINUTE
Fup THE UPPER®LOW IN PAR PONDy MILLION GALLONS PER MINUTE
FOVER FSEEP + FDAM + EPAR 4 MILLION GALLONS PER MINUTE
FL3R FLOW £N LOWER THREE RUNS CREEK FROM PAR DAM TD THE QIVER,
MILLION GALLONS PER MINUTE
FR+FL FLOW IN STEEL CREEK AT THE DUTLET TO THE RIVER (FRNOM K AND
L REACTORS)y MILLION GALLONS PER MINUTE
FC FLOW [N FOUR MELE CREEK (TWO QUTLETS AT THE RIVER) FROM C
REACTOR, MILLION GALLONS PER MINUTE
FKL 1y FKL 2 PARTIAL COMBINED FLOWS FROM K AND L REACTORS [N THE
SWAMP 4 MEILLION GALLUNS PER MINUTE
TWB AIR WET~BULB TEMPERATUPE, DEGREES c
TAIR AIR TEMPERATJREy DEGREES C
PAIR PARTIAL PRESSURE DOF H20 IN AIR, MILLEIMETERS JF MERCULY
W WIND SPEED, MILES PER HOUR (ABOVE THE TREES)
R INCHES OF RAINFALL IN O DAYS
2] TIME INTERVAL, DAYS
HC TIME RA £ DF CHANGE IN HEAT CONTENT COF PAP POND, PCU PER HOUP
PER SQUARE FDOT
HT RATE OF HEAT TRANSFER FROM THE WATER SURFACE TN THE
ATMOSPHERE UNDER OQPEN CONDIT IONS, PCU PER HOUR PER SQUARE FO3T
HTS PATE OF HEAT TRANSFER FROM THE WATER SURFACE TO THE
AT MOS PHERE UNDER SHELTERED (SWAMP) CDNDITIONS, PLU PER HIIR
PER SQUARE FODT
HS SOL AR HEAT LCAD, PCU PER HOUR PER SQUARE FOOT
U RATIOQ OF THE UNDERFLOW IN PAR 2NND TD THE INFL)W FRGW THE R
AND P EFFLUENT CANALS
z FRUN/ FRAIN
H AVERAGE DEPTH 1N PAR POND, FEET
FFR FRACTION OF THE RAINFALL THAT GOES TN RUNOFF
FFA FRACTION DOF THE SURFACE AR KA THAT IS EFFFCTIVE IN
TRANSFERRIING HEAT TO THE ATMOSPHERFE
FFC FACTOR TD APPLY TO HC IF DESIRED
TRIN TEMPERATURE OF COOL ING WATERF ENTEPING R REATOR AREA,
DEGREES C
TR1,TR2 TE PERATURE ENTERING AND LEAVIMGy RESP.y, 21 REACTOR
EFFLUENT CANAL, DEGREES C
TPIN TEMPER ATURE OF CODLING WATER ENTERING P REACT(OR AREA,
DEGREES C
TP1,TP2 TE PERATURE EMTERING AND LEAVING, RESP.y P REACTOR
EFFLILENT CANAL, DEGREES C
TX TEMPERATURE UPON MIXING THE EFFLUENT FROM R AND P CANALS,
DEGREES C
Tl TEMPERATURE AFTER MIXING THE FUNOSF (FRAIN} WITH THE EFFLUENT
FROM R AND P CANALS, DEGREES C
Tiue THE SURFACE TEMPERATURE AT THE WARM END OF PAR PONDy
DEGREES €
TOP THE SURFACE TEMPERATURE AT THE CDOL END OF PAR POND,
DEGPEES €
TPARyCKTPAR THE DISCHARGE TEMPERATURE FROM PAP POND PUMPHOUSE,
AVERAGE OVER THE INTERVAL OF D DAYS, DEGREES C
Tl THE DISCHARGE TEMPERATURE FROM PAR POND AT THE BEGINNING OF
THE D-DAY INTERVAL, DEGREES C
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Cc 0 THE OISIHARGE TEMPERATURE FROM PAR POND AT THE END OF THE
c D=DAY INT'ERVAL, DEGREES C

c TRIV TEMPERATURE OF THE SAVANNAH RIVER AT THE RIVER PUMPHOJSE,
c DEGREES €

C TCLoTC2+TC3,TCA TEMPERATURES OFf C EFFLUENT COOL ING WATER AS IT
C TRAVERSE FDUR MILE CREEK AND THE SWAMP ON ITS WAY TO THE

C ‘ RIVER, DEGREES C

C TC TEMPERATURE OF C EFFLUENT COQL ING WATER WHEN IT REACHES THE
C SAVANNAH RIVER VIA FOUR MILE CREEK (TWO OUTLETS), DEGREES C

C TKLy THZ,TK3 TEMPERATURES OF X EFFLUENT COJLING WATER AS IT

C TRAVERSES PEN BRANCH AND THE SWAMP, DEGREES C

C TLL,yTL2,T1L3,TLe TEMPERATURES OF | EFFLUENT CDOLIN3 WATER AS IT
C TRAVERSE ! STEEL CREEK AND THE SWAMP, DEGREES C

c TKL1,TKL2,TKL3 TEMPERATURES OF PARTIALLY MIXED EFFLUENT WATER

C ) FROM K A M L REACTORS, AS FDUND IN THE SWAMP, DEGREES C

c TKL TEMPERATURE OF THE MIXED K AND L EFFLUENT CDOL ING WATER WHEN
C IT REACHES THE SAVANNAH RIVER VIA THE QUTLET FOR STEEL CREEK,
C DEGREFES C

c TRP TEMPER ITURE OF THE DVERFLOW AND SEEPAGE FROM PAR POND (R AND
C P REACTORS) WHEN IT REACHES THE RIVER VIA LOWER THREE RUNS

c CRFEK, DEGREES C

C oTG THE DIFFERENCE BETWEEN THE SURFACE TEMPERATURE AND THE

C © AVERAGE TEMPERATURE OF THE JUPPERFLOW IN PAR POND, DEGREES C

c TE APPARENT EQUILIBRIUM TEMPERATURE UNDER OPEN CONDITIONS,

C DEGREES C

c TES APPARE T EQUILIBRIUM TEMPERATURE UNDER SHELTERED (SHAMP)

[ CONDITIONSy DEGREES C

C TEQ APPARENT EQUILIBRIUM TEMPERATURE (SUBROUTINE JWL}

c EMyEMS EMQ SLOPE OF THE STRAIGHT-LINE FIT TO THE LANGHAAR

C COOLING RATE CURVE FOR DPEN CONDITIONS, SHELTERED CONDITIONS,
C AND SUBRCUTINE, RESPECTIVELY

c By 85, BO INTERCEPT OF THE STRAIGHT-LINE FIT YO THE LANGHAAR

G COOLING RATE CURVE FOR OPEN CONDITIONS, SHELTERED CONDITIONS,
c AND SUBROUTINE, RESPECTIVELY

¢ F -FLOW IN SUBROUTINE JWl,y MILLION GALLONS PER MINUTE

c ATOT EFFECTUIVF SURFALE AREA IN SUBROUTINE JWi, MILLION SQUARE

C FEET

C TIN,TOUT TEMPERATURES ENTER ING AND LEAVING, RESP., A REGION

c HAVING ATOT (FOR SUBROUTINE JWiL}, DEGREES C

C ESUM EVAPOR ATION BETWEEN TIN AND TQUT OVER ATOT {FOR SUBROUTINE
C JWL) s, MILLION GALLONS PER MINUTE

c Er2 EVAPOR ATION BETWEEN TR1 AND YR2 [N THE R EFFLUENT CANAL,

C  MILLICN BALLONS PER YINUTE

C EP2 EVAPORATION BETWEEN TPl AND TP2 IN THE P EFFLJENT CANAL,

c MILLION GALLONS PER MINUTE

C EQP EVAPDRATION FROM PAR PONDy MILLION GALLONS PER MINUTE

C EPAR TOTAL FVAPORATION FROM PAR POND AND R AND P EFFLUENT

C CANAL Sy MILLION GALLONS PER MINUTE

C EL3R EVAPORATION IN LOWER THREE RUNS CREFK BETWEEN PAR POND AND
C THE SAVAMAH RIVER, MILLION GALLONS PER MINUTE

C EC2 EVAPORATIIN IN FOUR MILE CREEK ( C EFFLUENY COOLING WAT ER)
C BETWEEN TC1 AND TC2, MILLION GALLONS PER MINUTE

C EC3,EC4 EVAPORATION OF C EFFLUENT CCOLING WATER IN THE SWAMP

C BETWEEN TC2Z AND TC3 AND BETWEEN TC2 AND TC&, RESP.,

c MILLION GALLONS PER MINUTE

C EC TOTAL EVAPORATION OF € EFFLUENT COOLING WATER IN YRAVERS ING
C FOUR MILE CREEK AND THE SWAMP TO THE SAVANNAH RUIVER,

c MILLION ALLONS PER MINUTE

C EK24 EK3 EVAPORATION OF K EFFLUENT CODLING WATER IN PEN BRANCH

c AND THE SWAMP BETWEEN TK: AND YK2 AND BETWEEN TK2 AND TK3,

c RESP.y MILLION-GALLONS PER MINUTE

C EL2,EL3,FEL4 EVAPORATION JDF | EFFLUENT CNOLING WATER IN STEEL

c CREEK AND THE SWAMP BETWEEN TLL AND TL2y TL2 AND TL3y AND

¢ TL2 AND TlL4y RESP+y MILLICN GALLONS PER MINUTE

c EKL3 EVAPORATION OF L EFFLUENT COOL ING WATER AND PART OF K

C EFFLUENT COOLINS WATER IN THE SWAMP ( NEAR STEEL CREEK DUTLET)
C BETWEEN TKLZ AND TKL3y, MILLION GALLONS PER MINUTE

C EXL TOTAL EVAPORATION FOR K AND L EFFLUENT COOL ING WATER BEFDRE
G REACHING THE SAVANNAH RIYERy MILLION GALLONS PER MINUTE

C HFG LATENT HEAT OF EVAPORAT ION FOR WATER, PCU PER POUND

c PCU POUNO-LENTIGRADE HEAT UNIT, I.E.y THE AMOUNT OF HEAT NEEDED
C TO RAISE THE TEMPERATURE OF ONE POUND OF WATER BY ONE DEGREE C
C

c

FORTRAN LISTING
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ISN GQo2 DIMENSION TTELC) sVPLLO) yHTLLID ) yEMIO}4BI9)sTEIS), HTS (L0 ), EMS{9)4BS(
191, TESL{O), EMI{9), BRI 91, TEQ( ), TEP(9)

ISN 0003 CCMMON TIN,TOUTy FoATOT 4TT 4 EMQy BO4TEQy ESUM, TJK, GBy TAIR

ISN 0604 READ(5,101) &TT(J) 4 d=1410)

ISN ©005 PEAD{S,101) (VP{J),yJ=1,10)

ISN C{06 171 FORMAT{LOFB8.3)

ISN 0OnT 7 READ(5, IOG4END=810} IR ,,IP,IL4IK4IC

ISN 0008 100 FORMAT (5110}

ISN 0009 READ {55110) PR4PP,PL,PK,PC

ISN O8N 110 FORMAT {(5F1G.0)

ISN GOl11 READ (654120} FR,FP,FPAR,FSEEP, FFF

ISN 0OC12 123 FORMAT [4F 124 6,F1l.4)

ISN 0013 READ (5,130) FLyFK,FC

1SN DoLl4 130 FORMAT (3F12.5)

I8N 0015 FPEAD (5,140) TRIV,TL,DTG

i15N 0016 140 FORMAT (3F10.2)

ISN 0017 READ (5515C) TAIR ,TWBPALIR yW,HS,?,D

ISN 0618 150 FDRMAT (2F10.24F10.3,Fi0.1,2F17.2,F10.4)

ISN 0019 READ (54160) U,ZsHeFFR,FFA,FFC

ISN oG 28 1600 FRPMAT (&F)0, 2}

ISN go2l Ex2=0,

ISN 0022 £K 3=0,

ISN €023 EL2=".

ISN €024 EL3=0,

iSN 00625 EL4=0,

ISN Q26 Ep 2=",

ISN G027 EPZ=n,

ISN 28 WITE (6270

1SN £29 170 FOFMAT (1H1,5HINPUT}

ISN 0030 WiETE (68,1710

I8N On31 171 FNRMAT { 1H7,5%H IR P AN IK IC)

ISN 032 WRITF {6,17%) IRy 1P, IL, IK, IC

ISN €733 WRITE (6,172

1SN CL 3% 172 FORMAT (1H%y49H PR pp PL PK PC)

ISN 0635 WPITE (641103 PR4PPy PLyPKyPC

ISN €536 WP ITE (&y173)

TSN 0037 173 FORMAT {1H! 46TH Fr FP FRAR FSEEP
1 FFFR)

ISN (038 WEITE (6y 1207 FRyFP,FPAR ,FSEEP ,FFF

ISN (L33 WRITE 16,174}

ISN €041 174 FCRMAT {140, 33H FL. FK £C)

IEN 0541 WEITE (£, 13097 FLyFK, FC

ISN 042 WRITE (4,178}

ISN 7ng3 178 FORMAT { IHF, 304 TRIV T1 DTG}

ISN 6o WRITE [5A,140) TRIV,T1,DTG

ISN {r4b WRITE {64175)

ISN C46 175 FPRMAT (LHGy 66AH TALR TwWR PAIFR W HS
1 F [} ]

ISN {1047 WEITE (641500 TAIR,TWB,PAIFR WsHS R ,D

ISN (948 WEITE [6,176)

[SN 0040 172 FARMAT {1H% ¢67H u rd H FFR FFA
1 FFC)

ISN 0055 WEITE (A,160}% UyZsHy FFR,FFA,FFC

ISN G051 WITE (65177)

ISN 2052 177 FCRMAT {1H%,&HIUTPUT)

c

ISN Gus3 GA=Llat 3% 1.4+, 1%4)

ISN GO54 GB=1.20%{ 1.5+, 1%W}

ISN 4655 GAS=1.¢3

ISN 8056 GRS=1.8

1SN 2057 DC 185 [=1,10

ISN 958 HT{ [ 1=GAR( VP{ 1) =PAIRV+GB:(TT{1)=TAIR}

ISN $059 185 HTS{I)=GASH{VP(I)-PAIRI+GRS*{TT([)=TAI?)

I8N CC60 DG LS J=1,9

ISN nnel [=J+1

ISN DO62 EM{D = (HT (Y =HT LTI/ {TT{II=TT (11}

ISN (63 BEJIRHTOJ)=EM{JI*TT( 4}

ISN DR&4 EMS{JISOHTS (S b=HTSCI M )I/ETTII}=-TY (1))

ISN €065 BELJ) =HTS{ JI—EMSLI=TT ()

ISK 2066 TE(JI=(=B1J} HS) /EM{J)

ISN 0067 190 TESULY==BS{J)/EME L)

ISN Cas8 WEITE {€y191)




gﬁxxxxxxxxx;x ‘ §
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° AR XXX
KRXXXXXKIE KX XA RN
1SN N069% 191 FORMAT (1HO349HLANGHAARS COD.ING RATE CURVE FDR OPEN CONDITIONSY)
ISN 0070 ) WRITE {64192k (TT{[},1=1,10)}
ISN 0071 192 FORMAT (LHO,9HDEGREES Cy4X910F10.2}
1SN 0072 WRITE: (6,193) {(HT(!),1I=1,10)
1SN 0073 193 FORMAT (1HN,2ZHHT 11X 410F10.2)
ISN C0UT4 WRITE j6'194l_fEM(l,rI=l|9)
ISN CQ75 194 FORMAT (LHO$2 HEM,21X ,9FL0 .4}
ISN 0CT76 WRITE (6y195% {BUI}yi=149}
ISN 0077 195 FORMAT {(1HO 1 HBy22Xy,9F10.2})
1SN 0078 WRITE (641963 (TELI},I=1,9)
ISN 0079 156 FORMAT (1HCsAHTE 421X 43F10%)
ISN 0980 WRITE {64157F
ISN Q0BL 197 FORMAT (1HO 5SNHLANGHAARS CDOLING RATE CURVE FNR SWAMP CONDITIDNS®)
ISN 0082 WP ITE (64198 (TT{L),I=]l,100
ISN 0083 198 FORMAT -(1HD 9 HDEGREES Cy4Xy 10F1042)
ISN CCa4 WEITE {64199} (HTS(1)4s1=1,10)
ISN Q0BS5S 199 FARMAT (1HO,3HHTS, 10X, 10F10.2)
ISN (CBS WRITE (6,200F (EMS(I}sI=149)
{SN COB7 200 FORMAT (1HG 3HEMS20X,,9F 10.41)
ISN 0088 WRITE {6,200 (BS{L),[=1,%9])
ISN C089 201 FORMAT {L1HU,2HBS,21X,9F]10.2)
ISN 090 WRITE (64202) (TES{I}yI=1459)
ISN 0091 202 FORMAT (LHC,3HTES2)X+9F15 .4)
C
1SN 0N92 1IF LIC.LT.1) GI TD 25¢
ISN €094 TC1=TRIV+1.B9T*PC/50D./FC
ISN 0095 [F {TCLGTLTT(1)) GO YO 797
1SN 0097 DO 2190 1=1,9
ISN 0098 TEQILY=TE{ L)
ISN D099 EMQIL y=EM{L)
1SN 0100 210 BQ(LY=BI{L)
ISN 01Dl TIN=TC1
ISN ClIn2 F=FC
ISN CLO3 ATOT=p .56
ISN 0104 CALL JWlL
ISN G105 IF (IJK.GT O} GO TO 797
ISN 0107 TC2=TNUT
ISN Q108 EC2=ESUM
ISN 0109 no 220 L=1,9
ISN 0110 TEQIL)=TES{LY
IS5N €111 EMOQIL)=EMS (L)
ISN 0112 220 BOILI =BS{L)
ISN Gl13 TIN=TL2
ISN G114 F=,2To*F(
ISN Q115 ATOT=5.65
ISN Cl116 CALL JwL
ISN QL17 [F ([JKGT0) GO TD 797
ISN D119 TC 3=TQUY
1SN 0120 EC2a=ESUM
ISN D121 F=,724%F(
ISN 0122 ATOT=4.80
ISN €123 CALL JWL
ISN 0124 1IF (1JK.GT.0k GO TO 797
IS5N D126 TC4=TCUT
ISN Cl27 EC4=E SUM
ISN 0128 TC=a2TE¥TC34,.724%TC4H
ISN Q129 EC=EC2Z+EC3+ECSH
ISN D130 WREITE (6,230.
ISN 0131 230 FORMAT (1HD,46HTHE C EFFLUENT CW TEMPERATURES ARE AS FOLLOWS')
ISN 0132 WRITE (6,231) TCL.TC2,TLC34TCA
ISN 0133 231 FORMAT {1HMySHTCL SeF6.246X)SHTCZ =4F£,246X¢5HTCA =,F6.2,6X45HTCR
=, F&.2 )
ISN Q134 WRITE (4,232Y TC
ISN 0135 232 FORMAT (1HC,10SHTHE MIXED TEMPFRATUFE OF THE TWO OUTLET STREAMS AT
1 THE RIVER FOR FOUR MILE CRFEK, FROM C REACTNR, I[85 TC =.F6,2)
ISN 0136 WRITE {(&6,233F EC
1SN ©137 233 FOPMAT {1HD,;59HTHE EVAPORATION I N FOUR MILE CREEK, FROM ( REACTOR,
1 IS EC =4F12 5)
[+
ISN 0138 250 IF (IK.LT.1) GO TO 320
ISN €140 TKL=TRIV+] 89 T*PK/E00./FK
ISN 0141 IF {(TK1l.GT.TT(1L} GO TO 797
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isN
1SN
ISN
1SN
ISN
ISN
ISN
ISN
1SN
18N
ISN
ISN
ISN
ISN
18N
ISN
1SN
1SN
ISN
SN
ISN
ISN
TSN
ISN
ISN
1SN

I SN
ISN
ISN
ISN
ISN
I 5N
1SN
[SN
{ SN
ISN
ISN
I'SN
SN
SN
ISN
1SN
15N
ISN
ISN
1SN
ISN
15N
[SN
ISN
15N
1SN
1SN
ISN
1SN
iSN
I8N
ISN
15N
ISN
16N

ISN
I8N
{SN
I SN
ISN
1SN
I 5N
ISN

Gla3d
Ol44
0l4%
G146
0147
0148
JL49
150
Q15)
g153
Nls54
0155
N1l56
G157
0158
$159
0160
ai6l
Jlez
3163
2165
Hlés
01&?
2163
0169
9170

2171
173
Cl74
0176
a1r7
2178
LTS
01487
43 %:31
7182
G183
€184
2186
187
oles
¢189
0190
o191
C1g92
QL93
€194
155
€155
158
199
C206
Q201
f202
w203
0235
Qz0¢
Q207
0208
¢209
Cale

D21t
0213
nzis
0216
Jgzis
G219
gez2n
6221

C

C

X
DO 260 L=1,9
TEQILY =TE{ L)
EMQELY=EM(L)
260 BO(L)=g(L)
TIN=TK1L
F= FK
ATAT=2,53
CALL JwWL
IF [TJK.GT0F GO TO T97
Tr2=TOUT
EK2=FESUM
De 2710 L=l,°
TEQ{LI=TESILY
EMOQIL )=EMS (L}
270 BQUL) =BS{L)
TIN=TK 2
F=FK
ATOT=230.36
CALL JwL
IF (IJK.GY.2) GO TO 797
TK3=T00T
EK3=ESUM
WCITE (64,2807
28C FORMAT (1Hf,46HATHE K EFFLUENT CW TEMPERATURES ARE AS FDLLOWS')
WRITE (6,281% TK1,TKZ,TK3
281 FORMAT [1HGSHTKL =)F6.2 46X 45HTK2 =4F6.256XySHTKD =y F6.2 1

300 IF {IL.LT,.1) GO TO 350
TLLI=TRIV+1,897%PL/SDD. /FL
IF (TLL.GT,TT (1)} GO TC 797
DO 210 L=1,9
TEQILI=TE(L)
EMO{L)=EM{L)
317 BO{LI=A(L)
TIN=TL
F=FL
ATOT=3.63
CALL JwL
IF (I1JK.6T.0) GO TO 797
TL2=TOUT
EL2=ESUM
DN 320 L=1,9
TEG(L)=TES(L}
EMO{L) =EMS (LY
320 BOILI=BS(L)
TIN=TL2
F=y41¥FL
ATOT=7,56
CALL JwL
IF (1JK.GT.0) GO TO 797
TL3=TOUT
EL3=ESUM
Fz,5GHFL
ATOT=¢é,51
CALL JwL
[F (1JK.GT.Q) GO TO 797
fLa=TAUT
EL4=ESUM
WRTE {6,43300
337 FORMAT (1HD,46HTHE L EFFLUEBNT CW TEMPERATURES ARE 45 FOLLOWS?)
WPITE (643310 TLLyTLZ yTL3+TLG :
331 FORMAT {1HCySHTLL =¢F&.2,6X,5HTL2 =,Fb,2,6X, 5HTL3 =4F6,2 16Xs5HTLS
12,F6,2)

35% IF {IK.LT.1) FK=0.
IF {IL.LT.1) FL=D,
FKL 15, 35 7%FKa , 41 %F L
[F [FKL1.LELD ) GO TOD 400
TKLY={ .35 THFK*TX3+ . 4 L¥FLETL3)/FKLL
FRKL2=FKL 1+ .59 %FL
TKLZ={ FKLL*TKEL+.59%FL*T4)/FKL 2
TIN=TKLZ2




ISN
ISN
ISN
1SN
ISN
ISN
ISN
1SN
15N
1SN

ISN
ISN

ISN
ISN

ISN
1SN

ISN
ISN
ISN
18N
ISN
15N
ISN
ISN
1SN
ISN
[5N
ISN
I SN
SN
15N
ISN
iSN
ISN
ISN
ISN
ISN
iSN
iSN
ISN
ISN
[ SN
1SN
ISN
ISN
ISN
ISN
ISN
ISN
ISN
ISN
ISN
ISN
ISN
1SN
ISN
iSN
1SN
1SN

1SN
ISN
ISN
ISN
ISN
ISN
ISN

0222
Q223
0224
0225
Q227
0228
0229
0239
0231
G232

0233
0234

0235
0236

0237
0238

023%
N241
0242
0243
Q244
0245
0246
0247
0248
0249
0250
0251
0253
0254
0255
D257
0258
0259
0260
C251
0262
0263
0265
Q266
0267
0269
0279
0271
G273
G274
0215
0276
cz277
0279
0283
0281
0283

(285

0287
Nass
0289
0290
G291

0292
0293
0294
9295
0296
029y
0298

XXX X XK wn
i
XX
x5X

F=FKL2
ATOT=l .45
CALL JwWL
IF (1JK.GT.0) GO TQ 797
TKLIA=TOUT
EKL3=ESUM
TRL={ 543 %FKETKI+FRL2*TKL3 }/ (FK+FL)
EKL=EK 24EK34D L24EL 3+ EL4+EKL3
WRITE {6,355k
355 FORMAT (LHDs62HTHE TEMPERATURES IN STEEL CREEK NEAR THE RIVER ARE
1AS FOLLOWS?)
WRITE 164356F TKLL,TKL2,TXL3,TKL
356 FORMAT(LHO64TKLL =9F6a 296X gO6HTKLZ =4FH.2 46X s6HTKLI =4F64295X +SHTK
1L =4F6.2)
WPITE (6,360F TKL
360 FORMAT (1HC,83HTHE TEMPERATURE DF STEEL CREEK CUTLET AT THE RIVEPR,
1 FROM K AND L REACTORS, IS TKL =4F6.2)
WRITE (€4365Y EKL
365 FORMAT (1HN,79HTHE EVAPORATION IN PEN BRANCH AND STEEL CREEKS, FRQ
1M K AND I REACTORS, IS EKL =,Fl2.6)

400 IF {({IR+IP).LT.1} GO TO 800
DO 403 L=1,9
EMQIL )=EM{L)
403 BQ(LI=BIL}
FRIVaFR+FP-FPAR
Mad
TPAR=TL
405 TD=2.%TPAR-TL
HC=62 y4¥HX (T =TL }*FFC/24./D
DA 408 J=1,9
408 TEP(JF=(-B(JE+HS-HC)/EMLJ)
I (FP.LT.1) GO TC 4270
TPIN={FFF*FPARXTPAR+ (FP-FFF®FPAR )*TR IV }/ FP
TP1=TPIN+1,B97%pPD /501, JFP
IF (TPL.GTIT{L)) GO TO 797
DO 410 L=1,9
410 TEQUL}=TE(L)
TIN=TP1
F=FP
ATCT=10 .58
CALL JuL
IF {1JKLGT.0) 50 T 797
TPZ=TOUT
EP 2=E SUM
420 IF (IR TL1) GD TD 430
TRIN=({1,-FFF IXFPARKT PAR+ (FR- (1. ~FFFI*FPARI*TRIVI/FR
TR L=TRIN+1.897%PR /500, /FR
IF (TRL1,GT,T 1)) GO TO 797
TIN=TR]
F=FR
ATOT=8.,31
CALL JWL,
IF (1JK.GTLOF GO TO 797
TR 2=TOQUT
ER 2=ESUM
430 IF (IP.LT.1) FP=0,
iF {IR.LT.1) FA=G,
IF ((FR+FP).LELD.) GO TO 800
TX=(FRXTRZ4F FXTP2}/ (FR+FP)
FRAIN=,1605*R *FFR /D
FUP=(U+L . 1% {FR+FPHFRAIN) +(Z-1. V¥FRAIN
TI=[TXk{FR+FPY+FRATN*TWB) /IFR+FP+FRAIM}
TIUP={UKTP AR 4T I#{ Z~1. ) *FRAIN*TWB /{FR+FP+FIAIN} )} /U1, +(Z-1.) ¥FRAIN
1/7(FR*FP+FRAIN} }+DTG
DO 450 L=1,9
450 TEQIL)=STERP{LY
TINaTIUP
F= FUP
ATOT=108,9
CALL JwL
IF (IJK.GT .2) GO TO 797
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I SN
ISN
ISN
ISN
iSN

ISK

ISN
ISN
iSN
ISN
ISN
ISN
ISN
ISN
ISN
ISN
ISN
ISN
ISN
ISN
ISN
1SN
ISN
ISN
15N
ISN
ISN
ISN
ISN
ISN
ISN
ISN
I SN
ISN
ISN
1SN
ISN
ISN
ISN
ISN
15N
ISN

15N
ISN

ISN
ISN

ISN
15N

ISN
1SN
ISN
ISN
1SN
ISN
1SN
ISN
I SN
ISN
1SN
1SN
ISN
15N
1SN
ISN
ISN
ISN
_ISN
ISN
ISN

C300
Q31
Q302
0303
0304
0306
0308
0309
0310
0311
0312
0313
0314
C315
£316
c317
0318
0319
0320
0321
€322
0323
0325
0326
6327
0329
N33)
0331
n332
0333
0334
0135
0337
N33
0339
0340
0341
0342
0343
0344
0345
0348

Q347
Q3438

0349
0350

835]
0352

0353
0354
r3ss
0356
0387
0358
0359
Q360
Q361
0362
0363
Q364
0365
0366
0347
G368
0369
Q370
0371
0372
0373

TOP=TOUT
EOP=ESUM
CKTPAR=T(P—{1 .+{ FR+FP +Z¥FRAIN-FP AP }/ (U*{ FR +FP+FRATNI+FPAR) ) *¥D TG
DEL2=TPAR-CKTPAR
If (ABS(DEL2F.AE.D.DL) GO TO 460N
[F [M.GT.0) D TO 455
DEL 1=DEL 2
TPARL=TPAR
TPAR=C KTPAR
M=1
6N TQ 495
455 TPAR2=TPAR
TPAR=TPARZ-DEL2%{ TPAR1-TPAR2) /{DFL 1-DEL2)
TPARL=TPAR2
DEL 1=DEL 2
GO TO 6035
4en EPAR=EP2+ER2+EOP
FEUN=Z*F RALN
FOVER=FR +FP 4 #FRA [N- FPAR
FDAM=FOVER-EP AR-FSEEP
Ft.32 aFOVER~E PAR
IF (FCAM,LT 0 4) 60 TD 795
TOTIN=Ff [ V+ERUN
TOTOUT =ED AR +F SEEP +FDAM
IF (IP.LT.1) GO TQ 485
WPITE (6,481K
481 FORMAT (LHD,30HP EFFLUENT CAVAL TEMPERATURES*)
WRITE (6,482) TPINsTPL,TP2
482 FORMAT {LHC, EHTPIN =,F6,246X+5HTPL =,F6.2,5X,5HTP2 =,F6.2)
WRITE {6,483} EP2
483 FORMAT (1HO,42HTHE EVAPORATION IN P EFFLUENT CANAL, EP2 =,F12.5)
485 IF (IR.LT.1) GO TO 489
WPITE {6,6867
486 FORMAT (1HG,30HR EFFLUENY CAMAL TEMPERATURES®)
WRITE {6,487} TRIN,TRL,TR2
487 FORMAT (LHCOHTRIN =yF6.2 46X 95HTRL =4F6,2,46X,5HTR2 =, F6,2)
WFITE {6,4881 ER2
488 FORMAT (1HN ,42HTHE EVAPORATION IN R EFFLUENT CANAL, ER2 =,F12,6)
489 WO ITE (6,490
491 FORMAT (1HO,22HPAR POND TEMPERATURES®)
WRITE {&449L) TX,TI,TIUP,TOP,TPAR,TD
491 FORMAT (1HO,4HTX =9F8.4y6Ks4HTI =oFB 406X 6HTIUP =,F8,4,6X,5HTOP =
Ly FR.446Xs6HTP AR = 4FB 4 46X 4HT D =, FB.4)
WRITE (644927 FRAIM,FUP
492 FORMAT (1HC,27HPERTINENT FLINS APE FRAIN =,FL0.6+6X,9HAND FUP =,F1
10. 6)
WRITE 16,493F HC
453 FORMAT (LHO,48HTHE RATE 0OF CHAMGE IN HFAT CONTENT 3F PIND, HC =,F1}
10,4}
WRITE 6,404%
4G4 FORMAT (1HOyZ03HTHE EQUILIBRIUM TEMPERATURES OVER SEGMENTS JF LANG
IHAARS COOLIN QATE CURVE ARE AS FOLLOWS FOR PAR POND')
WRITE {6,495% {TT(I1},I=1,10)
4S5 FORMAT (LHQ,9HDEGREES C,4X (1DF10.2)
WRITE 16,4961 {TEP[1},I=1,9)
496 FORMAT {1HO »3HTEP 20X ,9F10 4% )
WRITE (644578 EOP
497 FORMAT (LHO,36HTHE EVAPORATION FROM PAR POND, ENP =,F12.6)
WRITF (6,500
500 FORMAT (1HG ,45HTHE WATER BALANCE FOR PAR POND IS AS FOLLOWSY)
WRITE (65017
501 FORMAT (1M, 10X, BHWATEP IN)
WRITE {6,502) FRI1Y
502 FOPMAT {1HO,16Ks25HMAKEUP FROM RIVER, FRIV =,3X,F12,6)
WRITE {6,503% FRUN
503 FOPMAT (LHO 4L 6X,2BHPUNOFF FROM RAINFALLs FRUN =,F1D.6)
WRITE (645G4Y TOTIN
504 FORMAT (1HG 22Xy BHSUBTATAL 14X, F10.6)
WRITE {6,505)
505 FGRMAT {1HO, 10X, SHWATER OUT)
WRITE (64506 EPAR
5016 FCRMATUIHD,16X,19HEVAPORATION, EPAR =49X,F10.6)
WRITE (6,507} FSEEP
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ISN
ISN
ISN
I SN
ISN

ISN
1SN
ISN
ISN
ISN
ISN
ISN
ISN
ISN
1SN
15N
1SN

I SN
1SN

ISN

ISN
ISN
ISN

1SN
ISN

iSN
1SN
ISN

0374
0375
2376
0377
0378

€373
0381
g3s2
0383
2384
G385
033s
0387
Q389
2390
0351
€392

G393
03%4

0395

G396
q397
0398

0399
0400

0401
G402
D433

507
s08

508

52¢

53n

31

795
796

787
798

ane
81¢

FORMAT (1HC 936Xy 2LHSEEPAGE LUSSs FSEEP =,7X4F10.6)
WRITE (645081 FDAM

FORMAT (1HO» 26Xy 23HOVERFLOW AT DAMy FDAM =45X,F1N.561)
WRITE {56,509) TOTOUT

FORMAT {1HO»22Xy8HSUBTOTAL 414X F10.6])

IF {FL3R.1E.0.} GO TO 800
DO 520 L=1,9
TEQIL)Y=TE(L)

TIN=TOP

F=FL 3R

ATGT=4,83

CALL JuL

IF (IJK.GT ) GO TO 797
TRP=TOUT

EL 3R =ESUM

WRITE (6,530) TRP

FORMAT (1HO+73HTHE DVERFLOW FRCM PAR DAM REACHES THE RIVER VIA LOW

LEF THREE RUNS AT TRP =,Fé&,2}
WEITE (64,5313 EL3R

FORMAT {1HQ5THTHE EVAPORATICN IN LOWER THREE RUNS BELOW PAR DAM,

LEL3F =4F12.6

GO TO 8GQo

WRITE {6,7961

FOPMAT (lHC29HPAR POND LEVEL 15 DECREASING.!
GO TO ann

WRITE (6,758}

FORMAT (1HO,102HTHE INPUT CONDITIONS LEAD TO TEMPERATURES DUTSIDE
10F THE RANGE TAKEN FOR LANGHAARS CDOL ING RATE CURVE.)
GO T 7
STOP
END
XXXX X ' ¢
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/ MAIN / SIZE OF PROGRAM DN2F1C HEXADEZIMAL 3YTESR PAGE D14

NAME TAG TYPE ADD. NAME TAG TYPF  ADLD. MAMF TAG TYPE ADD., NAME TAG TYPFE ADD,
B SF R¥4 DOODCO D SF R% 4 NOEC28 . F S C FRx4 003008 H SF R*x4 3J3D222

I SF [#& 030C3N J SF ¥4 ANCC34 L SF 1«4 00OC3A ] I#*e 323232
R SF R&4  000C40 U SF R&k4 DODCHG W SF RxL - DODCER Z SF Qk4  J)ICHC
BQ s C P*4 ONNHBSC 8BS &F F#4 OOUDES EC &F R¥e  DDHLHD EM SF Ri4  QI0ECH
FC SF Rk4  QGICSS FK SF R#4 0OOOCKE FL &F R4 OOOCHC FP SF LET AV I 1B
FR SF R4 I HBG A SF Rk&  NNOCER GB SF C R*4  JINNDAC 4L SF kL JICUIBZ
HS SF R¥4  0HOCTD HT SF R*4 NOOCEZC 1C SF 144  d0ACTe I¢ SF T*4 333278
iL §F I*4 0ANCTC IP SF I*4  NDOLCBD [R SF I* DONCEYG PL =F R*4  33D.8B
PK SF R¥g DOOCRE PL SF k¥4 N0JCAN PP SF R&4  D0ODCI4 PR SF Rk&  3)3IC3S
TC SF Rxé  QODCIC T0 SF R%x& NDOCAD TE SF pxs4  DOCESG TI SF 2e4  DOOCAG
TT SF C Px4 0ONCLD TX SF R%4 QOOCAR TL SF Px&  D0DCAC ¥P SF R¥*4 3IIOETSH
DTG SF Pxe  0OOCRD EC2 SF R*4 000CB4 EC3 SF R*4 OONCAS EC% SF R*4  ))ICBLC
EKL &F R*g  [ODCCH EK 2 SF ox4 OC0OCL G EK3 SF R¥& D3INCCH FL2 SF R&z  3YICIC
EL3 SF Fx4  QOOCDO EL4 SF P¥*a4  ONDCDG EMD S S R4 DBONO3E EMS SF R*4  ))IIEA)
EOP SF Ek4  DODCDS EP2 SF R¥4 CONMOCDC ER2 SF fxs annCED FFaA SF R&& 330234
FFC SF P*6 TOQLES FFF SF Pk4  DOOCEC FFR SF Fx4a  NOOCFD Fup <F R*4  2IILF%
GAS SF R%&  DMIDCFS GBS 5F R¥4  JDJCFC HTS SF R*4&  3DIELA 1J< L I*%4 DJUIAB
JHL SFOXFE I%4 QOGRS TC1 SF Bx4  0OALDOR TC2 SF R¥g  QC0DIS YC3 SF Rxe  J)3DI3
TC4 SF R*a  QO0DOC TEP &F R*& JUOEEC TEY S L Rx4 pONNBD TES §F x4 233711
TIN S C B4 OONGOS TKL SF rE4  DORDIN TKL §F Pes  3INTDOLG T¢Z2 SF R*&4 233318
TK3 SF R¥4 TQDO0LC TLL SF P4 ONDOD2D TL2 SF R%4 [OOD2& TL3 GF R&¢ 323023
TL4 5F R¥4  0NOD2C TGP SF Fxq QN2 D3D TPl SF Re4  J0ODAL TP2Z2 SF R4 023D)38
TRP SF R¥4 001D3C TR1 SF R¥4 D07 D4AC TR2 S§F R%4  NONODG4 TWi SF Red4  JHDD4B
ATAOT 5 C R4 OODGGC DEL 1 SF R*4 ORGD4C DELZ SFa P¥g  I0NDSN EKL3 SF R¥4 JC0054
EL3R S§F Rx4 0HODSA EPAR SF R¥4 NNODSC ESUM  F TOR%4 DOOQAS FDAM SF RE4  J3IID5)
FKL 1 SF Px4 Q0DDESL FKLZ2 SF PE4  NCI06S FLIR SF P ¥4 ADIDGLC FPAY SF x4 JU0ITD
FRIV SF R*4 DODOT4 FRUN SF Px4  JOODTS PATR SF Re4  2D0DTC TAIR SF C ®*4 )3333)
Tiyp SF R*4  0QQODRN TKL1 SF R*4 DENDRL TKL2 SF R*x4 000DBS TKL3 SF R%5  ))ID3C
TOUT F C Rx4 ON0OOD4 TPAR SF Re4  DHODGD TPIN SF R%x4  INNDYG TRIN SF ks JIDIGB
TRIV SF R¥x4  GON0AC FOVER SF R*4  Q0QODAD FRAIN SF k4 DOODAL FSEEP SF Ri&  ))IDA3
TOTIN SF P*4 O0DDAC TPAR1 SF Re4  30008) TPARZ SF R*4 DDO0B4G C{TPAY SF ¥4 030)38

IBCCME F  XF R¥&  ONGOAAG TOTOUT SF R& 4 0OANDBC :

*edkk  COMMON [NEORMATION  dokkok

NAME OF COMMON BLOCK % *  SIZE DF BLOCK  NODOBG HEXADECIMAL BYTES
VAR. NAME TYPE REL. ADDR. VAR. NAME TYPE PEL. ADDR. VAR, MAME TYPE PEL. ADDP. VAR, NAME TYPE PRE(, ADDR.
TIN  R¥4  £OONOD TOUT R4 [I0DDG F pea  £I0N08 ATIT . 2&4  oneor
TT  R* 090010 EMQ  R*4  0C0N38 BQ  R%4  NrOOSC TEQ  RA& 03398)

ESUM el NODDAS TJK %4 5000 A8 G R*4 neooac TAIR REG jalakiled ¥}



K

NIOEXAXX AKX XX

- XXAXAR

- f-b 6 -—

LABEL ADDR LABH. ADOR LABEL ADDR LABEL ADDR PAGFE 012

7 0011C6 185 00166C 190 Q01876 210 09Y121E

220 00ICEA 250 OO0LESS 260 CQOLEDC 270 D0D1FAB
300 ©o02068 310 0020EC 320 0021838 350 002204
400 002484 403 0024C2 405  0n251C 4n8  ND255C
410 00261C »420 00269C 430 002750 450 0028DA
455 QQ29F4 460 002A3E 485 00282% 489 DO2B 9N
520 0020F8 %5 002E86 79T 0©QC2ED2 800  D)H2EEB
810 0QO02EEE :

*0PTIONS IN EFFELT* NAME= MAEN,OPT=00,LINECNT=58

*0PTIONS IN EFFECT* SOURCE,EBCDIC,NOLISTyNODECK s LDAD,MAP 4NDEDI T, D NOXREF

BSTATISTIC 5% SOURCE STATEMENTS = 402 »PROGRAM SIZE = 12060

*STATISTECS* NO ODIAGNOSTICS GENERATED

wedhkE

LEVEL

ISN
ISN
ISN
ISN
ISN
ISN
ISN
ISN
LSN
ISN
ISk
LSN
ISN
ISN
13N
ISKN
LSN
ISN
1SN
ISN
ISN

END OF COMPILATION ¥%%kmx

18 { SEPT 69 ) (5/362 FORIFAN H DATE /1p.250/M8.18.27
COMPILER OPTIONS — NAME= MAIN,DPT=00,LINFCNT=58 ,S0URCE EBCDIC MOLIST,NODECK yLDAD,MAP 4 NOEDIT , ID, NOXREE

0002 SUBRCUTINE JWL

6003 DIMENSION TT(10) ,EMQ{S),B8Q{9),TEQ(9} '
G004 COMMON TINT UT2FyATOTsTToEMQy BUsTEQ,ESUMyIJK,GB,TALIR
CQos HFG=581.

0006 T=TIN

0007 [JK=D

€008 I=1

0009 SUM=( .,

Q010 ESUM=0 .

Q011 HOLD=0.

0012 EHCLD=0.

0013 1020 TDIF=TT(1)-T

0014 IF{TDIF.LT,0.) GO TO 1050

C0lé I=1+1

ool7 GO TO 1029

cQis 1050 Jd=f-1

[#10) B IF {J.LE«D) G0 TO 1099

0021 IF ((TT{I}-TEQ(J}).LE.DN.) GO TO 108D

0023 X=ATTLI}-TEQINIZUT-TEQ(JY}

0024 AINC=-ALOG{ X) *F %500, JEMQ( J}

0025 FINC=U{EMQESI*TEQ{ I +BQUI I +GBR(TAIP-TEQ (J) ) IFATNCHED0 AFR(EMQ{ J) -G

IBY*{T-TEQUJIF*{Ll..~X) 7 EMQL I} }/5N0 J/ HFG




ISV D026 HOLD= S1M
ISH 6027 EHCLD=ESUM
ISN Gg28 SUM=SUM#A | NC
ISN 9029 ESUM=ESUM+EINC
I8N Co30 IF (SUM.GELATOT) GO TC 1080
ISN C032 T=TT1}
ISN Q033 I=T+1
ISN GOG34 60 70 1959
1SN 0035 1680 AINC=ATOT-HOL D
ISN 0036 Y=EMU{JI®ALINC/F/500 .
ISN 0037 TOUT=TEQUJ) ¢ T=-TEQL I ) /EXPLY)
ESN €033 X=1./EXPiv)
ISN 9039 EINC={ {EMQUINI*TEQLY) +BQUJ I +GB* (T AIR-TEQ (I 111 +A INC+5)DD J*F ¥ {EYQLJ }-6
1B)*(T-TEQLI IE*( 1= XD/EHQC I I/ 5N00 FHFG
ISN ¢C4 ESUM=EHOLD+EENG
ISN 041 G0 10 10%6
ISN 0062 1290 [JK=1JK+]1
1SN ©£043 1096 CONTINUE X
o ISN 0N44 RETURN x
3 ISN 0045 END o DA
x - >
31 / JWL / S1ZE DF PROGRAM Y0N4 F3 HEXADECLIMAL BYTES PAGE nD2 : :
:I ’ G
x, ol
W NAME TAG  TYPE  ADD. NAME TYPE  ADD. NAME TYDE ADD. NAME TAG  TYPE ADD.
x F F Regq  OOGOO8 I 1%4 000094 J SF Ix6 305099 T 5F o4 30009
3¢ ! X SFA R®g4  OQOCAQ Y S R¥4 DDOOAS By fF %4 00COSC 6B F € R®& ))JJAC
> T F R*4  DOOOLD EMQ pr&  QDNN3B HFG SF R&6 JDIDAD I3 SF L I*4 2)00A8
o} JuL I%6 O0ODOAC SuM R¥4 DOONBO TEQ F R4 NODOBD TIN F  C R¥& 3332))
tol AINC SF R*4  (DO(B4 ATOT P& 0DOODC EINC SF R%4  ONOOBA ESUM SF € R¥4 DUDDA%
> HOLD SF R*4  GOOOBC TAIR R¥4  0000BD TOIF S Fx4  )00DC) TOJT S C "x4 030004
EHCLD SF R%4  Q000C% EX P R4  DNO0O0 ALIG R*4  0NOONDD
#Awkk  COMMON INFORMATION  kkke
NAME DIF COMMON BLOCK * *  SIZE OF BLOCK 00GMBs HEXADECIMAL BYTES
VAR. NAME TYPF PREL. ADDR.  VAR. NAME REL. ADDR.  VAR. NAME REL. ADDR.  VA2. NAME TYPE REL. A2DZ,
TIN R*4 000000 ToUuT RE4 00004 F noonIs ATOT R&s  NADNOS
77 RE4 000010 EMQ 020038 80 pOONSC TER Rke  TODDE)
ESUM R*4  COQ0A% 1JK QnonaAg 6B 3000AC TAIR a%4s  NOE0NE)



LABEL ADDR LABEL ADDR LABFL ADDR LABEL

1020 00014C 1053 00017C 1080 0NN358 1060
1896 0004CA

*0OPTIONS IN EFFECT* NAME= MAIN,OPT=D0,LINECNT=58

SOPTIONS IN EFFECT® SOURCE ,EBCOIC,NOLIST ,NODECK,LOAD, MAP,NOEDIT, ID,NIXREF

*STATISTICS # SOURCE STATEMENTS = 44 4PROGRAM SIZE = L2864

*STATISTICS* NO OIAGNOST ICS GENERATED
ahadkk END OF COMPILATION sk wsors

*STATISTICS* NO DIAGMOSTICS THIS STEP

Q57367 LOADER

OPTIONS USED — PRINT+MAP,LET,CALL,RES,SIZE=184320,EP=MAIN

NAME TYPE ADDR NAME TYPE ADOR NAME TYPE ADDR NAME TYPE ADDR
MAIN sD a3ans JWL sD 86728 IHCSLOG * SD 8&6Cla ALOGLD * LR 86C18
IHCSEXP * SD 846008 EX P x LR 86 D8 THCECOMH* SD 86F88 IBCOM# = LR B6F B8
INTSWTCH= LR 87F 66 IHCCOMH2- SD 8TFag SEQDASD * LR 8anos IHCERRM =* 5D 8380
IHCERRE * LR 88398 THCUDRT * 50 88920 THCEFNTH* SD 8scao ARITH# = LR B8C20

ITHCEF10S* SD 89138 FIOCS# * LP 89138 FIOCSBEP* LR 8913E IHCFCVTH* SD 8A2TO
FCVADUTP® (R BA31A FCVYLOUTP # LR BA3AA FCVIOUTP* LR BAAFA FCVIOUTP* LR BABBS

FCVCOUTP* LR 8 AFA2 INT6SWCH® LR 8B283 IHCUATBL * SO 88 3E0 IHCETRCH* SD 8BAl3
ERRTRA % LR 88A20 $BLANKCOM €M 88LA8

TCT AL LENGYH 8554
ENTRY ADDRESS 83808

ADDR
NoDLBA

NAME

AlL1G *
FlIOCS® =
EIRMIN &
ADJSWTCH=®
ADCONS
FCVEJUTDP *
THCTRCH *

TYPE

LR
LR
LR
LR
LR
LR
LR

PAGE hD3

ADDR

86C 34
8472446
88380
B8R FBC
BA2TD
Bangeg
aBA18

WX XX
XX

AKX
NN KXX

X IOREA,
WK KRR KKK XXX

“REER

- NN




LIMN Printout 1

INPUT
® 1® iL I ic
1 1 o o ¢
PR pp PL PK oC
z102. 1811, G, 0, ",
Ff Fp FP AP FseEp FFF
0.167500 8. 164800 0.202900 3.072800 0L6300
FL K FC
C.0 0.0 0.0
TRIV T1 DTG
18,85 21,065 1.94
TAIR B PAILR W HS P D
22.22 17.21 12,300 7.3 43, 90 4,17 31.9000
u z H FFR FFA FFC
2.30 2,71 20,40 n.25 1.1 1.0D
ouT PUT

LANGHAARS COOLING RATE CURVE FOR OPEN CONDIT JONS®

DEGREES C 95.00 B85.1( T5.00 65. 00 55,00 45 N3 35.,%) 25,30 15.00 Sa 00
HT 1947.561 1354.02 921.79 6CBa 64 385.90 228.97 118.44 39,74 ~17.94 ~52.31
EM 59.158¢& 43.4235 31.3148 2242743 15.6926 11,0525 7.8700 5.76R%9 4,437
B =3572.46 -2334.98 -1426.83 -839.19 -47T.20 ~268.39 -157.01 ~13%.48 -86.53!
TE 62,8202 54,7831 46.9658 36 64562 33.2066 28, 2555 2%.5281 25, T204 28.9383

L ANGHAARS COOL ING RATE CUFVE FOR SWAMP CONDITIONS'

DEGPEES C g5.00 85.00 7%.00 65.00 55.00 45,00 35,40 25.00 15.09 5.0
HTS 1144.21 795. 72 546.19 362. 64 231.36 138,12 TL.TD 23.68 -12. 29 -4n,.38
EMS 34,4485 25.3535 18.3542 13.1285 943241 6. 6419 4, 8023 3.5878 2.8179
8s ~2128.43 -1355.32 -830.3§- —490.T1 -281.46 ~160.77 ~96.38 ~66402 -54,47

TES 61.7852 53.4571 4542419 37.3772 30,1868 24,2C4%8 20.0696 18.4206 193296



P EFFLUENT CANAL TEMPEFATURES?

TPIN = 22.34 TPl = £3,.53 TP2 = 35.16

THE EVAPORATICN IN F EFFLUENT CANAL, EPZ = DGYT1AT
R EFFLUENT CAMAL TEMPERATURES!

TRIN = 20.89 TRl = 68,50 TRZ = 40.04

THE EVAPORATION IN R FFFLUENT CAMAL, ERZ = f.NaT299

PAR PONEC TEMPERATURER Y

TX = 38,1245 TI = 37.77E0 TIUP = 29,6114 TOP = 25.6264 TPAR = 23,3989 ™ = 25,7477
PERTINENT FLOWS ARE FRAIN = D.005307 AND FUP = 1,129776
THE RATE OF CHANGE IN HEAT CONTENT OF POND, HC = 8.0377

THE EQUILIBRIUM TEMPEPATURES OYFE SFGMENTS CF LANGHAARS COOLING FATE CURVE ARE AS FOLLOWS FOR PAR PIND®

DEGREES € 95,70 BE,NF T5.00 65. 71 55.00 45,00 35.M0 25.70 15.22 St
TEP 62 46844 54,5980 46.7091 39,2853 32.6944 27.5282 24,5068 24,3271 27.1268
THE EVAPORATION FROM PAR POND, ECP = 16264

THE WATER BALANCE FNR PAR PCND IS AS FOLLIWS®

WATER IN
MAK ELIP FROM RIVER, FIIV = D.131400
RUNOFF FROM RAINFALL, FRUN = {.Di4382
SUBTOTAL e 145781

WATER OUT
EVAPORATION, EPAR = D.6307TN09
SEEPAGE LOSS, FSEEP = G.002800
QVERFLOW AT CAMy FLAM = Q.112272
SUBTOTAL 0.145781

THE CVERFLOW FROM PAR CA¥ REACHES THE RIVER VIA LOWER THREE RUNS AT TRP = 25,58

THE EVAPORATION IN LOWER THREE RUNS BELOW PAR DAM, EL3R = 0.023589

EEEES Y F 5 LR

nxx

300 XX X0 0K WX A



LIMN Printout 2

INPUT
IR (] iL 113 Ic
3 1 o 2 0
PR PP PL PK pC
2. 1811. n. D. n.
FR Fp FPAR FSEEP FFF
0.0 D.166807 A, 150000 0.072800 1.,0000
FL FK ©FC
0.0 0.0 B
TRIV TL DTG 20 ¢ >
18, £5 21.0% 1.94 ofofole
TAIP TWB PAIR " HS R D & -
22.22 17.21 12.300 7.3 43,90 4410 31.0000 X M
x o
u z H FFR FFA FFC A
2,30 2,71 20,40 0.25 Lar 1.09 o 2
i< B
DUTPUT x Fs
®
LANGHAARS CODLING RATE CURVE FNMR NPEN CONDITIONS® % E
s -
DEGREES C 85 .00 85.0n 75.00G 65.00 55.00 45,00 35.92 25.00 15.9) 5.0 R
.t
HT 1947.61  1356.02 921.79 408.64 385,90 228.97 118,44 39,74 -17.94 -62.31
EM 59.1586 43,4235  31.3148 22,2743 15.6925  11.0525 7.8700 5.1583 4.4370
B ~36T2.46 =2334.98 =-1426.83 -839,19 -477.20 -268,39 -157.01 ~106.48 -84, 50
TE 6248202 54,7831 46.3658 39,6462 33,2066 28,2555 25,5281 25,7204 28,9383

LANGHAARS COOL ING RATE CURVE FOR SWAMP CONDITIONS'®

DEGREES C 95.00 £5.00 75.70 65 .00 55 .00 45 .00 35.70 25.00 15.00 5. 00
HTS 1144.21 79%.72 546,165 362. 64 231.36 133,12 71.70 23 .63 -12.2) -40 .38
EMS 34,4489 25,3535 18.3542 13.1285 9.3241 6.6419 4.8023 3.5878 2.8179

a5 -2128.43 -13565.32 -830.38 -490.71 =281 .45 -160.77 -96 .38 -66.02 -54.47



TES &l.7852 53.4571 45,2419 37.3772 30,1868 24, 2048 20,0696 18,6305 19.3296

P EFFLUENT CANAL TEMPERATURESY
TPIN = 22.32 TPl = 63,51 TP2 = 36.16

THE EVAPORAYICON IN P EFFLUENT CANAL, EP2 = D.O0T7143

PAR PONLC TEMPERATURES®

TX = 36.1591 Tl = 35.5748 TIUP = 28,3589 TOR = 24,7670 TPAR = 22,7075 TD = 24,3553
PERTINENT FLOWS AFE FRAIN = 0Q.005307 AND FUP = D.ETTO27

THE RATE OF CHANGE IN HEAT CONTENT OF POMDy HC = 5.6719

THE EQUILIBRIUM TEMPERATURES OVER SEGMENTS OF LANGHAARS COOLING RPATE CURVE ARE AS FOLLOWS FOR PAY PINDT?

DEGREES C 95,00 85,00 75.00 65,00 55.00 45,00 35.29 25.00 15,29 5.40
TEP 62,7243 54 6525 46,7847 39.3915 32.8452 27.7423 24,8074 24,7372 2T, 6600
THE EVAPORATION FROM PAR POND, ECP = G.N1192¢%

THE WATER BALANCE FCR PAR PONG [$S AS FOLLOWS!

WATER IN
MAK EUP FROM RIVER, FRIV = n.01&682C

RUNOFF FROM PAINFALL, FRUN = 0.014382

SUBTOTAL 2.031182

WATER OUT
EVAPORATION, FPAR = 0.019773
SEEPAGE L0SS, FSEFP = 0.6¢02800
(VERFLOW AT CAMs FCAM = 9 .009 309
SUBTOTAL 0.n31182

THE OVERFLOW FROM PAP CAM REACHES THE RIVER VIA LIWER THREE RUNS AT TRP = 25.71

THE EVAPDRATION IN LOWER THREE RUNS BELOW PAR DAM, EL3R = D.AND564




C{?'f?ﬂ
4 )

.-

L

INPUT

IR
0

PR
00

FR
0.0

FL
0,173000

TRIV
24.20

TAIR
2730

v
a.0

QUTPUT

ipP
e

PP
o.

FP
0.0

FK

0.185000

T1
olo

Tuwe

24,30

4
0.0

LIMN Printout 3

It 1K IcC
i 1 1
PL PK PC
2052, 1494, 2256.
FPAR FSEEP
0.0 0.0 ¢.0
FC
0.181000
DTG
0.0
PAL® W HS
21.2n¢ 6a 0 39.20
H FFR £Fa
9.0 0.0 0.0

LANGHAARS COCLING RATE CURVE FOR OPEN CONDIT IONS'

DEGREES C
HT
EM
]
TE

95.00

1768.52

85.00 78.00 65,00
1225 .94 818.89 528.82
S54.7582 40,2055 29.0067

~3433,50 -2196.53 -~1356.62
63,4152 55.6025 48,1136

L ANGHAARS COOL ING RATE CURYE FOR SWAMP CONDI TIONS'

FFF

C.C

0o

]
1.0000
FFC
§5.0N 65,00
322.36 176,78
20,6456 14,5585
-B13.16  -478,35
41,2749 35,5363

35,32
Taa11
1N.2671
-285.2%
31,5806

25.00
0.87

T.3237

-182.22
10,2064

=133 .5%

32.0867

5,00
-394 062

4, 1487

-115.16

37.1598




fegrtessrdse sttt

EENFERELLE AR A

- 201

DEGREES C 95.00 85 .00 75.00 65.00 55.00 45.00

HTS
EMS
BS

TES
THE
TCl
THE
THE
THE
TK1
THE
TtL1

THE

TKLI = 31,56

THE

THE

1120.56 TT6. 07 522.54 338.99 207.71 114 .47
34 44489 25,3535 1843542 13.1285 9.3241
-2152.,0%% -1378,98 -854,03 ~514 .36 =-305.11
62.4718 54 .3900 46,5304 3%.1787 32,7233
C EFFLUENT CW TEMPERATURES ARE AS FOLLOWS?
= 71449 TC2 = 44,03 TC3 = 31.06 TC4 = 35.93
MIXED TEMPERATURE OF THE TWO OJTLET STREAMS AT THE RIVER FOR FOUR MILE
EVAPDRATION IN FOUR MILE CREEK, FROM C REACTDR, IS EC = 0.009508
K EFFLUENT CW TEMPERATURES ARE AS FOLLOWS®
= 54,84 TK2 = 48.50 TK3 = 29.40
L EFFLUENT CW TEMPERATURES ARE AS FOLLDWS?
= 69,42 TL2 = 52.86 TL3 = 33,56 TLa = 38,27

TEMPERATURES IN STEEL CREEK NEAR THE RIVER ARE AS FOLLDWS!

TKEZ = 34.43 TKL3 = 33.89 TKL = 32.40

TEMPERATURE OF STEEL CREEK DUTLET AT THE RIVER, FROM K AND L REACTDRS,

EVAPORATION IN PEN BRANCH AND STEEL CREEKS, FROIM K AND L REACTORSy IS5 EKL =

35.00
48 .)5
6, 6419
=184 .42

27,7657

25.00
303
4.8023
-129,.03

24 49945

1502
-35,85
3.5879
-89.67

24,3927

CREEK, FRIM C REACTOR, IS TC

1S TKL = 32,40

0. 013187

5400
—64.03
2.817%
~78,12

2T.7226

34.58

XXX XK
XXX XX

B

XX XXX
XX XX

‘ARAg
LK
Xxn

¥
4X
IXXYy



INPUT

IR
]

PR
o'

FR
e.r

FL
0. 180000

TRIV
27. 80

TAIR
30.90

u
0.0

auTeuT

FK
. 180000

T1
0.0

TWB
25,60

4
00

LIMN Printout 4

IL IK IC
1 1 1
PL PK PC
2140 . 2100, 2250.
FPAR FSEEP
0.0 N0 [a
FC
0.180000
DTG
0.0
PA IR W HS
21.780 3.8 60,020
H FFR FFA
Gl.0 T 0 ¢,

LANGHAARS COOLING RATE CURVE FOR OPEN CONDITIONS®

DEGREES C
HT
EM
8
TE

95,00

1521.51

85.9n 75.00 65. 00
104A.40 T0D.80 449.79
4T7.3114 34,7598 25.1C08

-2973,08 -1376.18 ~1181.77
64,1087 56.5649 49,4711

FRF

0.0

FFC
0.0

55.00
272,90
17.8893
-713.01
43.211¢C

]
1.0000

45,00
144,50
12.6392
~424,26
38.3141

35,00
55.13
8.9373
-257.70
35 .5453

2500
-B.B7
6.3992
-168.84

35,7616

150373
=56,10
%.7231

“126.9%

39.5805

£.0n
-92.70"
3.6607

~111.71

46,7140




LANGHAARS COOL ING RATE CURVE FOR SWAMP CONDITIONS®

OEGREES € 95.00 85.00 75.00 65 .00 55 .00 45 .00 35.00 25.00 15.00 5. 0

HTS 1113.13 T6B.65 51511 331. 57 20:0. 28 107.04 40.62 =T .40 ~43.23 ~T1.4&

EMS 34,4489 25,3535 18 .3542 13.1285 9.3241 6,6419 4,8023 3.5878 2.8179

BS -2159.51 -138@.40 ~B86l.46 -521.78 -312.5% =191.8% -12T7 « 46 =97.Nn9 -85.55 »
TES 6£2.6873 54.6828 46,9351 39,7443 33. 5197 28. 8837 2645407 27.2623 30.3577 gg

203000 XX

THE C EFFLUENT CW TEMPERATURES ARE AS FOLLOWS?

TCl = 75.22 TC2 = 48,30 TC3 = 29.77 TC4 = 3B.53
THE MIXED TEMPERATURE OF THE TwO OUTLET STREAMS AT THE RIVER FOR FOUR MILE CREEK, FROM C REACTIRy IS T = 36.11

3000000 200K XX

THE EVAPORATION IN FOUR MILE CREEK, FROM C REACTDR, 1S EC = f.01046 4

XXX

KX
XX

THE K EFFLUENT Cw TEMPERATURES ARE AS FOLLOWS®

TK1l = 72.06 TK2 = 60.42 TK3 = 29,12

THE L EFFLUENT CW TEMPERATURES ARE AS FOLLOWS®
TLl = 72.06 TL2 = 5é&.91 TL3 = 35.62 Tie = 40.72

THE TEMPERATURES IN STEEL CREEK NEAR THE RIVER ARE AS FOLLOWS!
TRL1 = 32.59 TKLZ = 36.13 TKL3 = 35.58 TKL = 33.5C

THE TEMPERATURE OF STEEL CREEK OUTLET AT THE RIVER, FROM K AND L REACTORS, IS TKL = 33.50

THE EVAPORATION IN PEN BRANCH AND STEEL CREEKS, FRIM K AND L REACTORS, 1S EKL = 0.017415
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