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ABSTRACT 

The effluent cooling 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 2S00-acre pond, and is 
cooler 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 SoC 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 Savannah 
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. 



Par Pond 
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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 
canaIs 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 equation for the surface cooling rate when 
proper consideration is given to the physical characteristics of 
the system, primarily the geometry of the water body. 

The Langhaar equation gives the surface heat flux as a 
function ef water surface temperature, air temperature, humidity 
of the air, and wind speed. The equation has two terms. One term 
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 fl 0\; , or whether there is perfect 
mixing, or whether water at the Harmer end mixes Hith subsurface 
Hater that: flOHS upstream from the colder end of the pond. Such 
£1oH patterns are readUy formulated into mathematical models. 
Using the appropriate model, the observed performance of the 
streams and canals is correlated 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 selar 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 it is adequate. The mechanism of stratification 
needs to be formulated and incorporated into the mathematical 
model. Strati.fied flow, mixi.ng, and the effect of fluctuating 
Hind stress need further study. Velocity measurements and a 
continuous record of the solar radiation intensity would be help
ful. The apparent ability of a SHamp to achieve lower tempera
tures than an open pond, by virtue of the effect of shading upon 
the equilibrium 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 Savannah River is as much as SoC 
below the natural equilibrium temperature in the summertime, as 
a result of the cold-water storage in Clark Hi 11 Reservoir about 
75 miles upstream from SRP. Thus, the temperature of the Savannah 
River is generally increasing naturally as it reaches the SRP s1 te, 
and it continues to increase naturally as it progresses on toward 
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 sununer as a resul t of 
thermal stratification effects. 

From this analysis and the history of the river temperature 
and weather at SRI', the temperature of the SRI' effluent cooling 
water reaching the Savannah River was calculated for the most 
severe sununer conditions. The temperature of the SRI' 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 SRPwas calculated to be 29°C, which is in agreement with 
independent observations of the U. S. Geological Survey. A com
puter program is gi.ven 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 di scharge. 
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DISCUSSION 

HOT WATER EFFLUENT FROM THE PRODUCTION REACTORS 

The nuclear reactors at the Savannah River Plant of the U. S. 
Atomic Energy Commission are operated for the purpose of producing 
radioactive isotopes for both military and peaceful applications. 
Such reactors 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 rate 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 is an essential 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 
kmk of tubes. In SRI' par lance, the heavy water coolant is called 
Hproces5 water,!! and the ordinary water is called lfcooling water.1I 
The reactor heat is therby transferred Ln 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. 11lis requires that the bulk temperature 
of the process water leaving the reactor and entering the heat 
exchangers be less than lOO°e, The effluent cooling water in turn 
has to he 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 load 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 1 Imi ting 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
tnre of the process water from a particular fuel channel. Regard
less of the temperature limit, it is 11 good approximation that 
the reactor power is directly proportional to the difference 
between that limiting temperature and the temperature of the 
cooling "ater entering the heat exchangers. For example, if the 
temperature limit governing reactor power is 110°C and if the 
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temperature of the cooling water could be lowered from 20 to 19°e, 
the reactor power could be increased by 1.1%. Thus, the temperature 
of the available cooling water is important to reactor productivity. 

The cooling water for the reactors comes from either 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 water 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 Creek, 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 reactors for electric power generation that 
employ water as coolant are designed to operate at high pressure 
in order to achieve steam 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 reactor 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 1m; iJressure 
reactor is more easily charged and discharged, which is an impor
tant consideration since the fuel irradiation cycle is short 
compared with that for the power reactor. Because no useful work 
is abstracted from the effluent cool ing water of the production 
reactor, all of the reactor heat at SRP is wasted. 

THEORY FOR THE NATURAL COOLING OF WATER 

Energy Budget 

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

(1) 

The rate of change in the heat content of the body of water (He) 
is equal to the rate at which heat is added by the sun (BS) plus 
the rate of heat addition from the change in temperature of the 
water that flows through the body (HF) minus the rate at which 
heat is ,'emoved by transfer to the atmosphere (BT)' Equation 1 



leads to a nonlinear first-order partial differential equation of 
£i rst degree with variable coeffici ents, where time and space are 
the independent variables, and temperature is the dependent 
variable. In this report, 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 employing 
spot data or time-averaged data rather than the actual continuously 
varying data. The unit used in this report for each of these four 
quantities is peu/ (hr-ft 2

). Each of these quantities is discussed 
in turn below. 

Rate of Change in Heat Content, He 

During the time interval dO hours between observations at a 
point, a change dT ee) may occur in the average temperature over 
the depth h (ft). The rate of change in stored heat is then 

dT 
He = 62.4 h dO (2) 

where the volumetric heat capacity of water is 62.4 pcu/(ft3_oel. 
Steady-state conditions exist when He is zero. h11en either dT/dO 
or h is sufficiently small, He may be small enough in relation 
to the other quantities in the energy budget equatIon that He may 
be neglected. Thus, in the analysis of the performance of the 
cana Is, shanow ponds. streams, and swamp at SRI', He can be set 
equal to zero. For the deeper Par Pond at SRI', He is an important 
quantity; but since it is less than 25% of the solar heat load 
(as shown later), it can be considered constant for the period of 
time that the solar heat load is cons.idered to be constant. Thus, 
for Par Pend, He is seen as diminishing or augmenting the solar 
heat load. 

Solar Heat load, HS 

The heat added to a body of water hy the sun is the incident 
radiation minus that reflected. The incident radi.ation is best 
measured by a pyrheliometer. Al ternatively, it can be estimated 
frem the latitude, al t1 tude, month of the year, time of day, and 
cloud cover. l ,2 Tentatively, the reflected radiation is taken at 
2. ,; pcu! (hr-ft 2 ). 3 In Table I, the monthly average solar heat 
load observed by a py:rheliometer is shown to be about 70% of the 
maximum 24-hour value estimated from tables. As shown in this 
table, the 24-l1our average value for HS is 19 pcu!Chr-ft 2

) in 
January, increasIng to 44 pcu!(hr-ft 2 1 in May. As shown below, 
for Par Pond in May, the heat load imposed by the flow of reactor 
effluent cooling water (two reactors In operation) is only half 
the solar heat load. Generally, HS is taken as the average value 
during the t.ime between observations of the temperature at a point 
or during the transit time between points, L e., HS is generally 
a constant in the formulations over an appreciable time interval , 



Month 
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Fob 
Mar 
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l'<lay 
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G. 6S2 

() . 69S 

Ii " S 
69. :;'i'i of }.-1axil!lum 

~1inu3 2.S~e 

____ 1:.:?l / J..t~,r·· f .!~~L._ 

19 1 
).1 

•• '-<-, 1 
30.0 
:;'8. 9 
,13 ~ 

47. 7 

a-.f{eferell'(·-e--r: c.!e~ir 3ri'~1 ("ondit;cons. 2:t-hr :lv\:Tage. 
h. ny pyrhe 1 i0111C'ter. c 

c. Alloh 2.;) pcu!hr-ft'~') for n:fl('I..',ted radiation. 

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

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 pcu/hr) is then divided 
by the surface area for heat transfer to the atmosphere to obtain 
fir in pcu/(hr-ft 2

). The flow is that imposed by the SRP operations 
plus that resulting from rainfall, which is the source of the 
natural stream flow. The flow from SRI' operations is metered and 
its temperature is measured; these are generally the most signifi
cant quantities. 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 connecti.on with Par Pond. 
In differential form, for the case where only one flow needs to be 
considered 

(3) 

where 

F ~ flow, gpm, 

A = surface area, ftl 
500 has the units pcu!(hr-OC-gpm) 
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Surface Cooling Rate, HT 

The rate of cooling at the surface of a body of water is 
predicted by the equation of J. W. Langhaar. 1",,5 The equation 
has two parts, one part giving the surface heat flux corresponding 
to the evaporation rate (He) and the other part givi.ng the surface 
heat flux for radiation and convection (Ill''')' as follows: 

H H + H (4) 
T e rc 

H e 1.63 (1. 0 + O.lW) (P - P ) a.ir (51 

H = 1. 20 (1. 5 + O.lW) (1' - T ) (6) rc air 

where the atmospheric conditions arc represented by the variables 

IV = wind speed, mph "above the trees" 

l' water surface temperature, °c 
= air dry-bulb temperature, QC 

vapor pressure of water at T, llllll Hg absolute 

partial pressure of water vapor in air, rom Hg 
absolute 

The partial pressure of water vaper in the air (Pair) is the 
product of the vapor pressure of watcr at the air dry-bulb temp
erature and the relative humidity. The relative humidity is a 
function of the air dry-bulb and wet-bulb temperatures (TWB). 

For given atmospheric cond:l t ions, 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, lOce, it is reasonable and convenient to approximate 
the Langhaar curve by a straight line 

(7) 

Equilibrium Temperature, Te 

If a stagnant body of water exists initially at some arbi
trary temperature l' °c and is then exposed to constant atmospheric 
conditions and to a given solar heat load, the temperature of the 
water wOllld approach an equil ibrium temperature asymptotically 
with time. Par this case, Hp = 0, and by Equations 1 and 2 we have 

(8) 
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N 

, 

150 

100·· 

50 - "Not'lm! equiI,bfllJm ) 
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equals the surface 
coolmg rate. HT, ;n Q 
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Water 3ur face Temperature, °C 

FIGURE 1. Surface Cooling Rate, Hr 

At the equilibrium conditions, by definition dT/dB = 0, so the 
solar heat load equals the rate of surface cooling. The water 
temperature at equi librium can be read from the appropriate 
surface cooling rate curve at the point where HT = HS, as shown 
in Figure 1. This water temperature (Tel, calculated for 
equilibrium in a stagnant pond, is termed the natural equilibrium 
temperature. 

Tn 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. '111is 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 

where 

_(62.4 h) d;' = T _ T 
m de es 

T = es 

Here, T is the apparent equilibrium temperature, es 

- 18 -
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Simi 1ar1y, when water is flowing in a channel or shallow 
pond either under steady-state conditions where He is zero, or 
where there is a long-term trend in the average temperature with 
the season such that He can he considered as constant, the tempera
ture of the water approaches an equilibrium temperature downstream 
at infinite distance. The temperature profile with distance is 
then as follows, from Equations 1 and 3 

(11) 

Again, taking a straight line approximation of the cooling rate 
curVe we have, hy Equations 7 and 11, for the temperature distri
bution with distance 

where 

_(i9.2.!:.) dT = T _ T 
m dA e 

T = e 

-b + H - He s 
m 

(12) 

(13) 

In this case, Te is also the apparent equilibrium temperature. 

By Equations 9 and 12 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 
Equations 10 and 13. Note that, as the straight line is fitted 
to the Langhaar curve at an increasingly higher temperature range, 
the value for the apparent equ:lli brium temperature increases 
because of the increasing slope of the Langhaar curve. The 
apparent equilibrium temperature is the temperature 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 equili.brium temperature 
and the natural equilibrium temperature for Par Pond is shown 
graphically by Figure 2; in this case, the difference is only 
about 0.:\ "C. However, the difference between the apparent equi
librium temperature and the natural equilibrium temperature in the 
effluent canals leading from the reactors, where the water is much 
hotter, can be as much as 20 0 e (this is shown later in connection 
with Figure 4). Therefore, if the cooling extends over a long 
range in temperature, say IOoe or more, the surface cooling rate 
curve should be approximated by several straight-line sections. 
Each section then has its own appar.ent equilibrium temperature. 
Equation 9 and 12 is integrated for each section, and the time 
increments or the area increments for the sections are then summed. 

- 19 • 



30 
~ .. Ronge of Pond Surfac.·~ . 
, Temperature 

20 - J -. J
c 

.- -. ... ... 
- ,. ·f-·- . ..... "'j'< I 

I / ~ ...... ~-1- Langhaar's Curve (Equotions 4,5, and 6) .. 

<'i- Hs A I Linear Approximation of Langhaor's Curve 
10· 

~ 0 ,L_ ... '{' < _k",-~m"~ "_(_Eq~::,.on~~. 
25.: / ! ·Natura! Equilibrium Temperature 

:f -10·· i . ..1..// ·-Appa,ent Equilibrium Temperotur. 

m i / By Similar Triangles, 
}I' m ·0 + Hs - He 

/ 
-20 -',/ Te 

/ 
'/ [,. 

·30 :'L_ 

o 5 10 

T" ·C , 
15 

FIGURE 2. Diagram Showing Concept of the Equilibrium Temperature 

January 1964 Conditions (See Table VI) (The asterisk 
(*) on T Indicates it Ls specifically the temperature 
at the surface, not the bulk temperature of the water.) 
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Tes by Equation 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. Tes deviates 
from the natural equilibrium temperature to the extent that the 
straight-Une fit deviates from the Langhaar curve at the point 
where HT is equated to HS' 

The apparent equilibrium temperature Te by Equation 13 is 
less than the apparent equilibrium temperature Tes when HC is 
positive. HC is positive when the average temperature of the 
pond is greater at the end of the time increment than at the 
beginning, i.e., when dT/de in Equation 2 is positiVE". With 
positive H(> 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 havi.ng positive He, the surface temperatnre need not be so 
high as the natural equilibrium temperature in a shallow stagnant 
pond where all the solar heat must be transferred to the atmosphere. 
Similarly, when He is negative, some of the heat to be transferred 
to the atmosphere stems from a source (namely, the pond contents) 
othor than the sun and the imposed flow, so that the apparent 
oqui l.ibdum temperature is greater than the natural equilibrium 
tempeTiltuTc. It follows that, given suff.icient surface area, the 
surface temperature at the discharge end of a deep cooling pond 
during the period of positive HC can be lower than the natural 
equilibrium temperature. This effect of He on the apparent 
equilibrium temperature and, accordingly, on the cooling rate 
and the surface temperature is expounded further in connection 
with the two-reg i.on model for Par Pond. 

Par Pond and Lake Colorado City Experience 

If the tangent to the surface cool ing rate curve is drm,1l at 
the point "here the equilibrium temperature OCCUTS, the slope m 
is the increment in surface heat fIux corresponding to the imposed 
heat load (i.e., from Hp) per °e difference between the actual 
tempera ture and the equilibr ium temperature. Al t.hough the slope 
m has the units of a heat transfer coeff.ici.ent,pcu/Chr-ft 2 -OC), it 
should be noted that for a heat transfer coefficient the total heat 
flux is divided by the temperature difh,rence in the direction of 
heat flow. Typical values of the slope m for Par Pond are given 
in Table II. The value ranges from 5.1 in January to 7.3 in Hay. 
SImilar values have been reported for Lake Colorado City, Texas, 
where it .ls stated that" .•. the amount of heat disposed of i.n 
Lake Colorado City ranged from winter to SUlmner between approxi
mately 4 and 8 peu per sq ft per hr per degree (Centigrade) differ
ence in '-later-surface temperature. The average for the year was 
6.7 peu per sq ft per hr per degree temperature difference. The 
temperature difference is the rise in water-surface temperature, 
not the air-water temperature difference."s 
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TABLE II 

Slope of the Surface Cool ing Rate ClIrvea 

Month 

Slope, m 5.1 
pcu!(hr-ft 2 -"C) 

6.8 7.3 6.2 

(2~·-"From Fr£ul:e~l und Table V. Based on monthly averago 
atmospheric condi tions and ~,()Ln heat load. 

Wet-Bulb Temperature 

A stagnant body of water at equilibrium with the atmosphere, 
but protected from solar radiation, is analogous to a hygrometer. 
HT by Equation 1 is then zero; hence, by Equations 4, 5, and 6, 
He and Hrc 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 HT : 0 is analogous to the air wet-bulb 
temperature 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 III and in Figure 2 that the apparent equilibrium tempera
ture of Par Pond, which has not only the solar heat load but also 
an imposed heat load, is 5 to 7°e higher than the air wet-bulb 
temperature during the period January through May. 

TABLE II J 

Air \1et-Bulb Tempet"ature Versus Equil ibriulO Temperature 

Honth 

Ail' w(~t-buH'! Tv,'.8. 
,.,;;. 

''\: temperaturE'" 
, 

!nt~rc0pt tempcratul'f.' ,~/ '\; 

Natural equi libl'ium temperature, 

Apparent f.'<tu.i Jibrium temperature 

Ie - TWIl ' '\: 

=~: >1on t1i-ry:-"a\~er 3.g e 
b. From Figure 1 at liT ~; 0 
,~ From Figure 1 at HT :;; Hs 

, , 0" , 
T/:.., 

7 From EquatX,m l} and Table VIIi 
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Jan Feb ~'lar At':... 
-1. :, 3.8 9.4 H.2 
, ' 
~,'. - 4. 7 10.5 15.2 

9.b 10.0 16.2 22.0 
o ,'~ 9. :~ lO, I 15.2 20.9 , 

S.U (J.3 5.8 (;.7 

~-
17.2 

18,4 

25.6 

24.S 

" ,3 , 



COOLING IN THE SRP EFFLUENT CANAL SYSTEMS 

Description of the Effluent 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 reactor 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 ft msl at the 
reactors to 200 ft 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 area is 227 acres. From R 
reactor there are 3>, miles of canals and two ponds, 7.4 and 260 
acres in size; the total surface area is 285 acres. 

~<~""""L""'.L' .......... L ........ L ......... L ....... 1 j 

FIGURE 3. R & P Effluent Canals 
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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 
locations along the effluent canals for a day in September 1963. 
Both canal systems are seen to produce about the same reduction 
in temperature before reaching Pur Pond. In fact, the effluent 
cunal systems dissipate about 70Q. of the heat generated in the 
:reactors. The reactor effluent temperature of 7loC was reduced 
to 42°C at the inlet to Par Pond; the eff1ut'nt from Par Pond was 
29°C. 

Mode 1 s for the Effl uent Cana 1 sand Sha 11 ow Ponds 

Several models for the canals, streams, and shallow ponds at 
SRI' have been formulated: 1) single stage, 2) n equal-size stages 
in series, 3) n unequal-size stages in series, and 4) infinite 
number of stages in series. Each 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 Tout as a function of the inlet temperature 
TIn for a given surface area A at given cooling conditions 
(m, b, and HS)' as follows: 

or, 

where 

T f out T ~\ 
T. e 

'\ r dA 

I,n 

(

'I' 
" out 
Nn T. _ 

in 
T ) e 
T -

e 

o 

mA 
- soor 

T ; T + (T. - T 1 
out e In e 

(14) 

(lS) 

(16) 

The quantity 500F/m :is the "atterwation area"; I.e., the surface 
area roq\1i red to reduce the temperature ill excess of the apparent 
equilibrium 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 thl'ln. The models also employ the concept of an 
apparent equilibdum temperature. Use of the Langhaar relation 
itself rather than a lInear fit would be better, but more tedious; 
this does not seem to be justified. 



MODELS FOR THE EFFLUENT CANALS 

MODEL: SINGLE STAGE 

A.ssume perfect. mixing in the region corresponding to surface 
area A ft 2- • Thl~n the surface temperature eveTywhere is equal 
to the dischaTge temperature Tout" 

Let: fA '" effectiveness factor on A 

At HF " 0 

we have from (1) and (7) 

0 . ElT ., b liS ., He e 
o:r~ 

~b ., 
tiS IlC 

T (13 ) e m 

rnT + b 

....... 1 ...... _ ... __ ....... . 
I 
I 
I 
I 

'out 

At 

t,'0 

HI' " 
have 

500F 

HT . II s 
from (2 ) 

., 

, 
~\¥f~--

IT 
\ in 

. T out) 

or .' 

where 
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TOllt } 

He 
and C' , ) 

., rnT out + b .. 

(j 7) 

(]6 ) 

Hs + He 



" " 

Replace thceffectiven¢ss factor (fA) used in the Single Stage 
Model with the apparent number of stag"s (n). The following 
equation is derived directly from Equation 17: 

MODEL: UNEQUAL-SIZE STAGES 

"· .. ··r··········",,·'" ...... '1". 
HS-HC I 

I 

Let fl> f») et(:,~ be the effectiveness factor- applied to the 
surface are,:'!'s AI, A2, et.c., respectively, 

Assume perfect mixing in eac.h stage. 

The first stage ove-r£lows to the second stage, etc. 

Al + A) + etc .• At the total surface area. 
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Assume same linear fit to Langhaar's cooling rat.e curve (Equations 
4~ S~ 6); i.e., same Equation 7. Then, 

mAl ~~2 
"'1 " 51i'OF " " A/A; "2 " 500F " " AliA; etc. 

Two Unequal-Size Stages: 

Three Unequal-Size Stages: 

T 
in 

1.[(D,f.l(a.f.l • (ajfj)(a,f21(a.f3J1 
C _L ,).) w ,). 

(16) 

(19) 

(20 ) 

l)'hen Til)' T0l..1t ' F. :'!..., rot b~ Te ) and u (from above), togplher wi.th 
t.he ::>Teas r~], A2~ etc- ~ of e<1(h stage, are substituted into either 
Equation 19 or Equation 20, an equat,ion in fl. f:> etc., is ob
tained, If similar data. were available for other days, pal"ticu
TaTly over a different range of temperature and/or flow~ it should 
be possible to find !!best fit" values for fl~ f;::, etc,» which also 
fit the cLlta f)etter than some other mode], Here, hml,'cver. assume 
f "" f1 '"" f:~ ;;;;: etc. Equations 19 and 20 then reduce t.o a polynomial 
in f; Eq<Jllti.on 19. to a quadr<lt.!c; and Equation 20 J to a cubic. 

MODEL: INFINITE NUMBER OF STAGf,$ 

111.1.5 is the l'slug-flow!l model. 

Ler: fA ~: effect'lveness factor on the surface :area A. 
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Integrate Equation 12: 

J Tout dT 
T - T 

T, e 
m 

JA 
dA 

o 

(lSb) 

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

limit ( \tf)n 
n~j.oo A 

1 +-
n 

Note: In terms of the logari.thmic mean temperature difference 
above Te~ Equation lSb reduces to 

LT 
Lm 

L .'1' 
In out 

(

1'. - '1' ) Z in e 
n T T 

out e 

500F (1'. • T ) 

T, .' T 
In out 

"'fA 

500F (T . - T t) ___ ",ln~, ou mAf;:--

In out ---A"'r··'-- " mAT Lm 
A 

(21) 

S()OFIT, • T ) 
\ In out 

AfA 
average surface heat flux over the 
effecti ve area.. 

For an E'xplanatl,on of why III is not a heat transfer coefficient in 
the usual sense see page 22. 
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Analysis of the Effluent Performance 
The average heat load over stretches of the effluent canals 

and ponds between the points where temperatures were measured 
(Figure 5) is plotted in Figure 4 versus the corresponding range 
in tIle water temperature. The average heat load is th~ SlIm of 
heat load imposed hy the flow of hot water (lITl and the sun (liS). 
As shown, the Ii effluent canal system is div i.ded into two ,;teps 
(dashed lines); the P effluent cana] system, into three steps 
(solid lines). On the same figure i. plotted the curve for the 
surface cooling ra.te O+r) correspond i ni?, to the \<"ea ther cond:i ti Ons 
for that day, by Langhuar's Equations 4~ S,~ a.nd 6. The system 
is regarded as steady state, so He = O. Now, if slug flow existed 
in the region between temperature measurements, the flats of the 
st.eps, which are the averagp heat load ()Vel~ th:lt particuJar temp
erature range, would straddle, i,e.) be bisf'ctod by, the cooling 
rate curve. If there were perfect mix.Lng in that particular 
region, the tip of the step would just tuuch the cool ing rate 
curve, i.e.) t118 steps would toucll the Cllrve from the rigllt side. 
Pond A in the Ii effluent: canal system as shm,n :in Figure 3 is 
cooling better than can he predicted. Also, the Pr(;'cooler in the 
P effluent canal system is shovm to be somChifwt better t.han the 
infinite-stage model (the better pe-rformance might be interpreted 
as the surface temperature being about 1. ,1"C higher than the 
average in the cross section normal to the Jircctj.oJJ of flow 
everywhere in the precooler pond). The ['est of the effluent canaJ 
system shows perfo-rmancE' lying between the sing I e·~stage and the 
infinite-·stage model. 

The data of Figures 3 and ,1 arc analy zed thO ways .• as shown 
on the following pages. ViTst) a aruZYBt;:; is made 
based only on the effluent cool ing water tcmper<:1tu:.n."s measured 
leaving the real:tor area and entering Par F'ond .. The va.luC5> 
for fA or n can be used in the corresponding equation shown 
to predi.ct the effect of different flo"5, temperatures, and weather 
condi.tions. Both systems arc shown as performing better than the 
single-stage model, si.nce fA is greater than 1 for the latter 
model. The P effluent canal system performs better than the R 
eff Iucnt canal system. 

The mO."t.'ie-de"ta"iled (l,.YuxlYid.B of the data. i.n Figures 3 and 4- is 
preferred for making pred.ictions. In this analysis, slug flo\\1 is 
assumed in the canals and in the ponds of one acre or less. The 
tempera.ture of the water entering and l.eaving each of the larger 
ponds can then be calculated \.;he1'o they aYc not already avai lable 
from the data. Each pond is then evaluated according to the 
alternative medels. From the results, the slug flow model is 
recommended for all of these ponds using the follm,ing factors 
for the effectiveness of the pond surface area: Pond A, fA ~ 1.98; 
Pond B, fA ~ O.6l; Pond 2, fA"' 0.93; Ponds 4 and 5. fA = 0.99; 
and Precooler, fA ~ l.l:i. Using the ;;lug fIow model U'quations 
IS and 16):> the total effe·ct:l.ve a.I'eU in the R effluent canal 
('v",l£'m is R "':;0 X 10 6 _ft!:,' in the P efflw':'rlt canal S\ .. /stl~m, it is ;).' ~ ,-~ ,\. . , . 

10.5& X 10" 1'1". 



ANALYS1SOFPA1A ON tHE EFFLUENT CANAL SYSTEMS" 

SUPERFICIAlMALYSlS 

Considet 'onTy the temperature of the effluent cooling water 
entering the -C<l1H'kl- syst¢m at the reActor area (Tin) and leaving 
t,he canal system -at Par Pond (Toud. from Pigure 3. Obtain the 
surface cooling rat~ HI' at 1-'in and Tout from Figure 4. Take He 
equal to zero and HS equal to 40.7 peu! (hr_ft 2

). Calculate mJ b, 
Te, and a. Then calculat.e fA or n for tht~ alternative models, 

Temp of water entering c,anals Tin~ ~C 

Temp of wat.er le.avi.ng canals Tout, "c 
Flow F, gpm 

Total surface area·A, lOc f,2 

m~ Eq 37 

h, Ey 38 

T "'" r .13 (" L> .:,q. 

Modol.: le sr::lg<: ;_,:;pf"'l), "i' for fA 

~j()(.k.l; n equal··si7(> :;.taU'~~. r ',·i (.: for n 

Me.,,:>l; :; Ull('qudl-si:::e SL'lgos! 2(.1 for f 
(Divi.Je hetv.(f;,;H Pond ,: and Pund :5, 
tinct betwt~t>n h,md :) 'J,hl the F'n:cuoler; 
A

J 
1,23 x lU(, ,,"' ().10 X lOt') 

~r(>d('J; lnfini.te mud)('} 0f stagl~'.;, 

(5 lug f l.C\v; 

,;;:, Data takf;:n 9/12/63. Set' FIgures -S and 4, 

Canal System ,._, 
R P 

70.7 

17S~OOO 

12.40 

17,65 

··f:d5,O 

LS7 

1.90 

72.0 

41 . :) 

175,000 

9.86 

17.71 

-593.0 

35.8 

2.00 

1.79 

16.5 

1.45 



MORE-DETAILED ANALYSIS 

Assume slug flow (Equati.on ISh) in the canal sections and 
ponds of one a('re or less in order to ca.lculate Tin and Tout for 
the larger ponds wheTf-' these tf.'mperatu-res are not given in 
Figure 3. Ta.ke He equal to zero; HS ~ ,10.7 pcu!(hr-ft 2'), Ca.1e:u
late ID, b, and Tc for a straight line fit to Figure 4 hetween the 
temperatures given in Figure 3. Then calculate fA or n according 
to the alternative models for t,he large.~T ponds 'in the effluent 
canal system 

R Effluent Canal System 

70, "j"( 0bsE'rVed 

;:.0 aen,' cana 1 :~ltt'rnJ,tive Models tOl' Pond A 

singh> stage (mixed) fA 2.17 

.. ~;tJ.gC' (t'lHg) f~ 1.9$ 

iT: 2,L 15 66,18"C ca lcuLtteJ 

t) ··106S 
,1;;.30''(: 

! i- ..... ~ 
! 

m l S, SS 
h . Sl S. ;: 

fe 3S.68"C 
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P Eff1 uent Canal System 

'0 

-1163 
46.99<';( 

t/3.,61 
.. "700. 1 
40. 29''C 

h" ·-37ci.t, 
r~~ ;U.,W~C 

72 ,O"'C observe.u 

9.4 ;iCH"S, canals. 
----- & "mall ponds 

2 

7.3 acres, Cilnil13 

---- (\. smilll pO!1clco 

.'--" .. 36 acre pond 

~lternative ~1(\~cls for Pond 2 

singlr:--stagE) (mixed) fi\ :0: LOS 

w~~;tage (slug) 

n¥equal-size stag~s 

''''-st'3.g~~ (S!l.ig) 

!1-t~quai-$.i!.(~ :'<tagc:t. 

>unf.'qtmt .!,\).'l{; 
,; t. ,l,g 10'$ 

fA '" 0,9:' 

n '" 1.6$ 

n « 10 

:\J3.:":£!:_~ .. ~:Ly',~: ... ~~5~~~YJ.?_ .. K?3:",D:_t;~~_?_?-+!!. 
~in~:l<'.'~:,t;q(' (m;;..e--l1 f-\, L:l:: 



COOLING IN PAR POND 

Description of Par Pond 

Par Pond covers 2640 acres to an average depth of 20.4 ft. 
A 140-acro portion :is separated from the main body of Par Pond 
by tho bypass road embankment to form the "precooler" which is 
considered to be a part of the P effluent canal system. The 
surface area of the main pond is thereforo 2S()() acres, or 109 
million ft". Tho Par watershod :is 36 mi". '010 greatest depth in 
Par Pond is about 55 ft near the dam, 

The plan for Par Pond is shm;n in Figure S. There are three 
major arms. The effluent canal from R reactor terminates at the 
shallow end of the east arm; the eff] uent canal from P reactor, 
at the shallow end of the north or middle arm. The pump house is 
located at the 5ha110\1 end of the west arm. The main dam is to 
the south across Lower Throe Runs Creek. The intake slot at the 
pump house, which is located along the bank, is 100 ft l11de wi th 
the opening at a depth extending from 17 to 20 ft. During con
struction, the pond bottom was bulldozed as necessary to provide 
a 20-ft-deep channel 300 ft wide leading to the pump house intake 
from a distance of 200() ft out, where the natural -20 ft contour 
was intercepted. 

The rated capad ty of the Par pump house is 275,000 gpm, 
which is about 3()', of the total SRP capacity for pumping cooling 
water to the reactors. 'Olis flow is divided between Rand l' 
reactors (n reactor !;as shut do!;n in mid-19(4). With both Rand l' 
reactors in operation and w.i th each reactor requiring about 
ISO,OOO gpm, addi.tional 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 
cooling water then overflowed at the dam and traveled to the 
Savannah River via Lo"or Three Runs, Because the temperature of the 
overflow at the dam was only slightly above the equilibrium temp
erature,and the water l;as further cooled during its IS-mile fl0\1 
path to the Savannah River, there was no thermal impact on the 
river because of the operation of Rand P reactors. At the present 
time, with Par Pond serving only P reactor, there need be no 
regular overflow at the dam. Tn fact, it is currently necessary 
to add about 7S()O gpm of water from the river system to maintain 
constant level i.n the pond. 
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Par Pond contains about 18 billion gallons of water. At the 
rated capacity of the pump house thi.s quantity corresponds to 4S 
days for displacement; at ISO,OOO pgm for P reactor only, it 
corresponds to 68 days. 

Nominal Performance of Par Pond 

The concern with Par Pond is the extent to which the tempera
ture of the water i.s cealed before being pumped back to the reactor 
heat exchangers. Thus, over the years the effluent temperature 
from Par Pond has been compared with that of the Savannah Iii vel' at 
SRP. As shown in Table IV, the effluent temperature from Par Pond 
has averaged about 3°C higher than the temperature of water frem 
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 ±2"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 equilibrililll temperature because of stratification. 

Month 

Jan 
Feb 
Mar 
April 
May 
June 
July 
Aug. 
Sept 
Oct 
Nov 
Dec 

Annual Avg 

a. MOnthly 

TABLE IV 

Par Pond Effluent Temperature 
Compared with the River Temperaturea 

Par Effluent Temperature 
PAR Effluent Minus 

Tem:eerature~ t:1C River Te!!!.Eerature l °c 
Maximum 'Maximum 

Deviation Mean Devi.ation 
Mean From Mean Difference From Mean 

10.6 + 1.1 - 0.9 1.7 + 1.2 - 0.9 
11.5 + 1.3 - 1.7 [,8 + 2.0 - 1.3 
13.7 + 1.8 - 4.2 2.0 + 1.8 - 0.9 
18.4 + 1.6 1.8 2,6 + 1.6 - 1.3 
23.5 + 0.7 - 2.7 4.4 + 2.0 - 1.7 
26.6 + (l.S - 0.9 5.0 + 1.7 - 1.2 
28.6 + 0.9 0.4 5.1 + 1.7 - 1.4 
28.9 + 1.2 1.0 4.8 + 1.6 - 1.7 
26.8 + 0.6 - 0.9 3.6 + 1.0 - 1.7 
22.7 + 1.6 - 1.3 2 7 • + + 0.8 - 1.5 
18.0 + 2.0 - 2.1 1 ry .. + 0.6 - 0.8 
12.4 + 1.8 - 1.4 1..3 + O.B - 0,7 

20.I"e 3.0°C 

average values 1959 through 1965 
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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 hecause of 
the Clark Hill Reservoir. The seven-year average temperature of 
Par Pond effluent, which is shown in Table IV to be 20.1 0 C, is 
only O.4°C higher than the average temperature of the Savannah 
River before construction of Clark Hill dam, i.e., from 1935 
through 1950. The effect of Clark Hi.ll Reservoir on the temperature 
of the Savannah River is discussed at more length later. Par Pond 
is not sufficiently large and not sufficiently dDep, parti::ularly 
at the pump house intake slot, for its performance to benefit 
greatly from thermal stratification. 

Model of Par Pond 

Observations at Par Pond, primarily by temperature traverses, 
have led to a model for a relatively deep cooling pond (Figure 6). 
The pond is conceived as a rectangular channel haVing two regions 
of flow, namely, an upper flew 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 Ti enters the 
pond and immediate ly mixes wi th u parts of underflow at temperature 
Tp to give the teml!cratc,re Tiu, which is the average temperature 
of the upperDow at the warm end of the pond. The underflow at 
II' has traveled upstream from the cool end of the pond and is at 
the same temperature as the ,<[ .. tel' discharged from the pond through 
the pump house intake slot. The excess of the inflow over that 
;,:i.thdr,,,m at the pump house overflows at the cool end of the pond 
at: it temperature To'. 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 To. Simi
larly, at the warm end the surface temperatur<' is Tiu*' The flow 
of vapor fyom the pond is considered as part of the overflow. The 
pond receives heat from the sun at the rate HS and experiences a 
gradual change in stored heat at the rate He; the quantity HS - He 
is uniformly distributed over the surface of the pond. HC is based 
on the average depth of the pond (h ~ 2().4 ft), not on the depth 
of the upperfl.ow region, which is not specified. Because the depth 
of the upperflow region may be only a fm, feet, and because of the 
high internal c:irculation (the u effect), the transit time from 
the warm end to the cool end of the pond may be about a day. As 
the llpperflow trave Is from the warm end to the coo 1 end of the 
pond, heat i.s dissIpated to the atmosphere at the rate !-IT, decreas
ing as the surface temperature decreases from Ti\1* and '1'0* according 
to the slug £'101< modt11 discussed in the next section. The differ
ence between the surface temperature T* and tho average temperature 
T of the upperflow in a sectIon uormal to the upperflow is con
sidered to be constant everywhen, in the pond; this difference has 
the symbol tTG' 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, TWE-

(Hs - Hcl HT 

FOVERFLOW ..... :r:O'.-*i\-::;:-.--'lL-----I'--,c;:-:-;i1 
'10 \·T,w" 

Tp 
Fp ....... 

To .... ·······FUPPERFLOW 

..... .... . .. .... ....... ........ ....... ........ +TjU

1 
ul 

Tp 
F UNDERflOW············· .... - .... 

Tj Tx ·r···'· FRSP 

'----------.... t:---' i Twa F 

I Twa f 
.... ···(z-I)Fr 

FIGURE 6, Model for Par Pond 

Extens i on of the Theory to the Par Pond ['1ode 1 

Consider the energy budget equation not only for the region of 
the upp0r£1ow but also for the region of the underflow. Only part 
of the solar heat load HS (say, the fraction xl and on.ly part of 
the heat content rate-of-change He (say, the fraction y) arc 
assigned to the Upp81' region. For the underflow there is no surface 
heat transfer, so 100% of HT :is assigned to the upperflow, 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 Hr: term only for the upper
flow _ 111e tHO energy budget equat ions are consequently as fo 11oHS; 



Upper layer 

31' 
a 

62.4 yh 38 = xliS -

Lower layer 

aT 
a SOOF - - lL, 

upperflow 8A -1 

aT 
b 

62.4 (l-y) h dO ~ (l-x) HS 

(22) 

(23) 

Adding these equations gives the combined energy budget equation 

[y 

tiT ~TI!J 31' 
62.4h a (l.y) HS SOOF a 

~ (24) ()8~ + ~ - upperflow aA -ad 

The left-hand si.de of the combined equat.ion is He for the pond. 

The quantity (l-y) ~!Tt,!30 is generally more significant than 
the qllant i ty Y ilTal ao. Consequent ly, since the discharge temperature 
Tp :is al so the temperature Tb of the lower layer, in the model for 
Par Pond, it is reasonable to measure the time rate of change in 
pond heflt content by the time rate of change in the discharge 
temperature. Note that the fraction x (of the solal' radiation 
that is absorbed in the upper layer) has dropped out of the com
hined energy budget equation. Thus, with the substitution of He 
for the left-hand side of Equation 24, the energy budget equation 
for the Par Pond model appears the same as that presented above 
under Theory, where only a single region was considered. All of 
tlw solar energy and all of the pond heat content is considered 
to be in the upper 1 ayer. 

Actuaily, the time rate of change in the temperature of the 
undc'rlayer is not determined just by the attenuation of the solar 
energy that ')cCllI'S in that region. The quantity xHs-[J.r in the 
energy budget equation for the upper layer varies greatly between 
night and day, being much more negative at night. (In this report, 
the 24-hr average has been used for HS and [[T). 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 
compensatC'd 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, 3Tb /dO may be 
negati.ve, as in the fall. The downward transport of colder water 
to the lower layer is accompanied by the upward transport of 



warmer water to the upper layer, in effect increasing the apparent 
solar heating in the upper layer. The combined energy budget 
equation above remains unchanged by this diurnal convection since 
the quantities xHS and (l-X)HS 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 di.urnal convection is sufficient for the average ~JTbjd8 to 
become negative, the average aT,.! 38 is a 1 so expected to hecome 
;;cgative. Tn fact, at the "tur~over" in the early fall, Ta has 
managed to drop below Tb by virtue of ,1T,,/(l(\ bc:ing more negative 
than alb/ae. The heat content rate-of-change lie for the pond is 
negative following the fall "turnovel'" as the pond temperatures 
decrease. 

At the time of the fall "turnover," the pond contents undergo 
extensi ve mixing whereby the tbermal 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 negati.ve l'~: as with positive He. 

Formulation of the Par Pond Model 

The total heat load per square f(lot of effective surface area 
that is imposed on the pond hy the change in temperature of tbe 
flow through tbe pond, HI', is (ic'rived by two independent methods 
(shown in AppendiX A), First, HI' is obtained by difference from 
consideration of the energy budget equation with HS and He constant 
and with Langhaar' 5 surface cooling rate averaged over the pond 
(Equation A-S). Second, HI' is formulated directly from its 
definition (Equation A-6). HI' is then eLiminated between 
Equation A-5 and A-6 to give Equation A-7. Some of the variables 
in Equation A-7, however, are not directly measured; but they are 
readily derived by material and heat halances, from consideration 
of the model (Figure 6), in terms of other vari.ables tbat are 
usually measured (except the quantity LTG)' Thus, Equation A-Ba 
is obtained which gives LTG explicitly in terms of the average 
discharge temperature Tp at the pump house during the time 
interval of d days, the average temperature Ti of the water 
entering the pond from the canal systems, the average air wet-
bulb temperature TWB, and the apparent equilibrium temperature Te , 
which is calculated by Equation 13. The coefficients KO, K2, K3, 
K4, and KS in Equation A-l3a are weighting factors appl ied to the 
five temperatures. These coefficients are functions of the 
average flow from Rand P reactors (FR&P, gpm), the average pump 
house flow (Fp, gpm), the rainfall (I' inches during d days), the 
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a.vera.ge weather conditions expressed in terms of the slope ill and 
intercept b (Equation 7), the solar heat load (BS), the pond 
attenuation coefficient Cal, and the mixing ratio at the warm end 
of the pond (u). Other factors an' the ratio of total runoff to 
the runoff into the canal systems (z), the runoff fraction Cfr }, 
the pond area effectiveness factor (fA)' and the pond heat content 
factor (Eel. 

In order to calculate the values for some of the coefficients 
in Equat,ion A- Lla and for the apparent equi librium temperature Te by 
Equation 13,it is necessary first to obtain the slope m and 
intercept b of the straight-line approximation to Langhaar's curve 
for the surface cooling rate (Equations 4, S, and 6). The line 
is fitted between the extremes in surface temperature i.n the pond, 
Tiu* "t the warm end and To* at the cool end using Equations A-IS 
and A-16. The temperatures 'fiu· and To' are calculated by Equations 
A-ll and A-12, which use ll'IC; hence, a trial-and-error solution 
for the valLle of SfC during the period of d days is required in 
order to place the straight line properly on the surface-cooling
rate curve. 

The rate of change in stored heat He is also required in 
c,alculating the apparent equilibrium temperature Te by Equation 
]3, 'J1H? 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 beginning and at the end of the 
interval of d days. It is therefore assumed that the change in 
the discharge temperature over the d days is a measure of the 
change in the average pond temperature, with the factor fe 
included for purposes of obtain:ing a better correlation if 
desired. Thus He is estimated by EquatioJls 2a and A-14. 

The attenuation coeffident ex, used in the coefficients of 
Equation A-13a, is calculated by Equation 16a :in terms of the 
slope m and the upperflow, which is calculated by Equation A-9. 

The flow Fr contributed to the discharge from the canal 
systems by runoff from rainfall is also needed to calculated the 
coefficients in Equation A-13a and the upperflow, It is calculated 
by Equation A-17. 

Thus, data on Par Pond performance are evaluated so as to 
obtain a set of ATe values, say, according to the month of the 
year, using the correlating Equation A-Ba. The data required are 
the weather conditions, the solar heati.ng 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. Also, importantly for He, 
the data include the discharge temperature T1 at the start of the 
interval of d days and the discharge temperature Td at the end of 
the interval. 
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Having determined the set of ATG values from the analysis of 
Par Pond perforlllance, it is then desired to arrange the correlating 
l'quation A-13a so as to gi.ve the average discharge telliperature Tp 
explici tty; th~n Tp can be calculated for other conditions of the 
weather, flows, and temperatures. NOh', the temperature Tl at the 
start of the time interval will be known, but not the temperature 
'I'd at the end of the interval. However, for a short enough interval 
of tillie, the average discharge telliperature Tp can be assumed to be 
equal to the average of Tl and Td (Equation A-18). Thus, Tp is 
given explicitly by Equation A-21 in terms of 1'1, 'fi, TlvB, Tes , 
and ATe;. Here, the equilibrium temperature 'fes is approximately 
that for a stagnant shallow pond at steady state, calculated by 
Equation 10 using m and b values from the straight-line fit to 
Langhaar's Clrrve at Tiu* and To*. 

The arguments in favor of such a complex-appearing function 
as Equation A-13a, together with its satellite equations for the K 
coeffi.cients, for correlating the pond performance, or Equation A-21 
for predicting the pond performance, are as follows: The numerous 
parameters must be considered .i f they arc thought to have an 
appreciable effect on the pond effluent temperature. The equations 
that inVOlve these parameters are the equations that express the 
physica.! phellomena according to tho model envisioned in Figure 6; 
they are not mere empirical equations. The factors u, frJ z, fA, 
and fC might be varied to ebtain a better correlation, but the 
values of these factors must be reasonable; etherldse, 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 areas for tampering merely to 
force a better fit to the datu 011 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 Sfe; vaillc may be reg;lrded as merely a 
shift: (to the left) of the Langhaar cool ing curve, it is tenta
tively be1.i.eved that IYrC is related to thermal stratification and 
is not a correction to the surface cooling rate. In sum, tho 
complex-appearing EquatIons A-13a and A-2l for Par Pond performance 
are a composite of the elementary considerations, such as, the 
rates of heat and mass transfer, energy and material balance, 
mixing, staging, stratification, underflow, overflow, rainfall, 
and heat content, and are devoid 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 sufficient detail for evaluation 
by Equation A-13a. These data and detaIls of the analysis are 
presented in Table V. The ATe values by months were found to 
be as follows: 
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increasing hTG as sllnuner is approached, as expected. 
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For the analysis in Table V the follOl>iing parameters were 
specified as being reasonable values: the runoff factor, fr = 
0.25; the ratio of the total runoff to the runoff into the canals, 
z = 2.71; the pond area effectiveness factor, fA = 1.0; and the 
pond heat content factor, fC = 1.0. The mixing ratio u at the 
warm end of the pond was taken to be 2.3, "hich is the average of 
13 values estimated from temperature traverses made in 1959. 

The [,TG values calculated above from the 1964 data are con
sistent wi th observations made in 1959 of the thermal strat.i fication 
in Par Pond, as shown in Figure 7. The difference between the 
surface temperature and the average temperaturI' over a 20-ft depth, 
calculated from these 1959 data, ar.e given in Table VI. These 
differences should be greater than tlTe, 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 dl fference 
between the surface and the average temperature over a 2()- ft 
depth was as follows: 

Observed 
tiT °c G' 

.Jan 

0.4 

................. , , 

Apr 

0.6 

Depth, ft 

May .June .July 

2.2 1.4 2.6 

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

Observed 

Surface Pumped AT = Avg Temp at Pumped d G 

Temp lO-ft depth Temp Avg Temp 
T - 'i'pj TS - T 

(TS) ,0(; (1' ) o( (Tpl,OC 
for month) av av' 

Date av ' °c °c - ---- ----
1/14/59 10.6 10.2 10.6 

10.9 
-0.4 0.4 

1/29/59 13.7 13.2 13.1 0.1 0.5 

4/3/59 17.1 16.5 16. 1 18.7 0.4 0.6 
4!lO/59 23.0 22.3 20.0 2.3 0.7 

S/12/59 28.2 24.S 24.3 23.9 0.2 3.7 
5/18/59 26.8 24.6 24.7 -0.1 2.2 
S!l9/S9 27.2 25.S 25.7 -0.2 1.7 
5/20/59 26.5 25.3 ::5.6 -0.3 1.2 

6/16/59 28.3 26.2 ":1 r- "/ 
.... ,), I 0.5 2.1 

6/J.7jS9 26.3 25.5 25.S 0.0 0.8 
oj 22/59 29.3 27.0 26.2 26.4 0.8 2.3 
6/25/S9 28. 1 27.0 2b.O 1.0 1.1 
6/2S/59 l"' "7 2'! . () 26.7 0.3 0.7 
6/26/59 29.2 27.6 27.0 (J.ti 1.6 

7/J5/:>9 29.6 28.4 28.2 0,2 1 ") . " 
7/16/59 29.7 28.S 28.3 28.6 0.2 1.2 
7/27/~;9 34.5 30.0 28.S 1.5 4.5 
'7/28/S9 :\3. :S 29.() 28.7 0.9 3.7 

8/27/59 32.9 :?9.9 29.6 0.3 3.0 
8/28/ S9 32.9 30.3 29. :: 29,1 1.1 2.6 
8/30/59 29.6 29.1 28.8 0.3 O.S 

9! 1/ 59 29,3 29.0 28.3 o 7 0«1 
26.S -------- a 0.5 Avg 

~~~·-·~'·The--·tt~riij;er~ature of the wat.er withdrm .. 'l1 at the pump housE.' (Tp} averaged 
0, SoC lower than the av(~ragf.' temperature from the surface to a 20-ft 
depth (Tay). ThIs may have been due to selective withdrawal from the 
~:;tratified reservoir! or it may be the result of wind stress (in view 
of the wide variation 1n T - T ). 

av P 
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The period of appreciable thermal stratification is shown 
in Figure 7 to be from Apr.i 1 through August. In the light of 
the results obtained by application of Equation A-13a to the 1964 
data and the observations in 1959, it is suggested tentatively 
that !eTG be taken as lOe from September through March and as 2°e 
from April through August. 

The correlation in terms of these IHG values is given with 
some reservations. First, the va dation in LTG is substantial. 
As shown in Equation A-2Ich" average discharge temperature Tp 
depends linearly on liTe; with a coefficient kS: Table V shows 
kS to be about -0.7. Thus, an uncertainty of IOc in LTC means 
an uncertainty in T1' of 0.7°e, 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 ponel discharge temperature. The fluctuation in tlll' 
dlschaTge tempeTature from Par Pond recorded dai ly from January 
through Hay in 1964 is shown in Figlrre 8. The fluctuation is 
attributed more to fluctuating l<ind stress at the surface of the 
stratified pond than to the fluctuations 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 
temperatu:;:'23 '1'} and Td \v(;re the average of the three days pre
ceding and the three days following tile start of the month, in 
order to iron out some of tile 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. I t is seen that the 
difference between Tp and average of T1 and Td is as follows by 
months: 

Jan Feb Har Apr ~lay 

Tp, °c 10.67 11. 79 15.48 ]9.34 23.60 

1..(1 
2 1 

+ T ) 
d ' 

°c 10.86 11.9:; 14.33 18.74 23.46 

Difference, o( -0.l9 -0.16 4- 1 ~ 15 +0.60 +0.14 

The difference is greatest in ~jarch and April. As shown in Table V, 
the check value for Tp by Equation A-21 and the check value to Td 
by Equation A-IS, when using the lITG 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 quantities HS, He, HF, and HI' 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: 

pcu/(hr-ft2) 

Hs He + HI' ~ 
,Jan 19.1 2.7 + 23.9 40.3 

Feb 24.1 l.0 + 28.4 ~ 51. 5 

Mar 30.0 7.2 + 25.8 48.6 

Apr 38.9 8.2 + 21. 7 52.4 

May 43.9 8.3 + 21. 3 57.0 

HS and He come directly from Table V; HI' is calculated by 
Equation A-6 and HT by Equation A-4. The imposed heat load HI' from 
the flow is relatively constant while the solar heat load HS more 
than doubles as summer is approached. The imposed heat load Hp 
exceeds the solar heat load in \;1nter, but is only about hal f the 
solar heat load as summer is approached. The heat load He from 
the change in stored heat varies 8-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 
Ill' as the surface temperature varies from Till·' to 1'0*' The im
portant effect of the mixing ratio u in reducing the canal effluent 
temperature Ti to the pond temperature Tiu at the warm end is 
evident. Note also the effect of tTc; in shi fUng to a higher 
surface heat transfer rate, and note the differences between Tl' , 
Te, and To. This information has been translated in F.igure 10 to 
show the variation in the pond heat transfer rate over the surface 
area.. 
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FIGURE 9. Energy Budget Diagram for Par Pond 
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The Approach to Equilibrium Temperature 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 barely in April (O.4°C) and in 
May (0. 2°C) . 'DIe surface temperature To' compares with the 
natural equilibrium temperature and with the apparent equi] ibrium 
temperature as follows: 

Jan Feb Mar Apr ,jay 

Surface temperature '1'0*' °c 12, I 13.0 17.4 22.4 25.8 

Natural equi! temp (Figure 1), 0(: 9.6 10.0 16.2 22.0 25.6 

Apparent 0qui1 temp (Tab Ie V), Te , °c 9.3 10.1 IS.2 20.9 24.5 

The natural equilibrium temperature was defined above 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 
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the rate of change in stored heat HC and on the deviation of 
the straight-line fit to Langhaar's curve in the vicinity of 
HI' = IlS - He. In April and MllY, the appllrent equilibrium temperll
ture was lower thlln the naturlll equilibrium temperature by about 
1. °C. Remember tbat 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 
Equations 12 and 13. It is possible, as explained above in 
connection 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. 

Selective Withdrawal from Par Pond 

Selective wi thdrawal from a stratified reservoir is chimed 
if the discharge temperature is lower than the average temperature 
to 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 Equations A-Ib 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 

(25) 

From the data in Table V the values of (To -Tp) are as follows 
(for 1964): 

(T -T) °e o P' 

Jan 

0.20 

Feb 

O. 18 

May 

0.26 

Apr 

0.45 

May 

0.29 

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

COOLING IN THE SRP STREAMS 

Description of the SRP Effluent Streams 

A map of the streams on the SRP site that are used to conduct 
the effluent cooling water from the reactors - specifically, C, K, 
and L reactors - to the swamp in the Savannah River flood plain is 
given in Figure 11. Four Mile Creek Clln be followed from C reactor 
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FIGURE 11. Temperatures Along C, K, and l Effluent 
Streams to the Savannah River 

for a distance of about 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 3 miles from the river., After penetrating the swamp 
about 1.5 miles, the main portion of Pen Branch appears to make 
a rigbt-angle turn and to more-or-Iess parallel the river for a 
distance of about 5 miles until it joins Steel Creek about 0.5 
miles from the outlet at the river. Steel Creek can be followed 
from L reactor for a distance of about ".6 miles to the swamp. 
at which point it is about 3.4 miles from the river. The width 
of these streams is about ISO ft in the vicinity of the reactors, 
widening to about 400 ft 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 observed 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 a 
zero 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 
Equation 14. The effective areas between temperature points 
from Figure 11 are given in Table VII. These areas, together 
with Equation 14, constitute the correlation for the cooling 
process in the SRP effluent streams. 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, 
cooling water flow, air temperature, humidity. and wind speed. 
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FIGURE 12. Surface Cooling Rate, August 1966 
(The difference between open conditions 
and swamp conditions is described on page 
page 60.) 



Effluent 
Stream 

Four Mile 

Pen Branch 

Steel Creek 

TABLE VII 

Effective Area of the Effluent 
August 1966 Data 

Observed Calculated 
Temperature Effective Estimated 

at Area Between Length 
Sampling Sampling of 
Point, POints, Stream j 

"C ft' ft 

71.4 
56.5 2.89 x 10" 17,000 
50.5 2.11 x lOs 10,000 
44.0 3.56 l( 10' 8,500 

Subtotal 8.56 x lOs (197 acres) 

54.7 
52.S 0.78 x 10' 13,200 
48.5 1. 7S x lOs 10,500 

Subtotal 2.53 x 10' (58 acres) 

69.5 
52.5 3.68 x 10' 24 t 400 

(84 acres) 

Streams 

Calculated 
Effective 

Width 
of 

Stream, 
ft 

170.0 
211. 0 
419.0 

59.0 
166.0 

151. 0 

G. This estimated width did not allow for the numerous islands. 

Estimated 
Width of 
Stream at 
Sampling 

Point, 
ft 

rv]50+ 
>150 
0,400 

2S0-300G 

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 VII. Considering that the actual streams 
have numerous 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 mi 
in breadth, for a total area of about 15 mi. 2 • The location of 
the swamp in relation to the SRP boundaries and to the three streams 
that conduct reactor effluent water into the swan~ 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. 

, -, 
to 



FIGURE 13. Aerial View of Four Mile Creek Outlet into 
the SRP Swamp 
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FIGURE 14. Aerial View of Pen Branch Outlet into the SRP Swamp 
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FIGURE 15. Aerial View of Steel Creek Outlet into the SRP Swamp 

'n", swamp is 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 90-ft stage, which corresponds 
to a flow of about 11,000 ft 3 Isec, the swamp becomes flooded. 
Normally, the reactor effluent water emerges 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 t\;o of these points, which are 
opposite Four Mile Creek, accounts for the C reactor effluent. 
The discharge point farther downstream, which is considered to be 
Steel Creek outlet, 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 C reactor reached the river at temp
eratures of 31"C (28 96 of the flow from C) and 36°C (72% of the 
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flow from C) for an average temperature of 34.6°C; (2) the 
effluent water from K 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 flow conjured from 
these observations is given in Figure 17. 

500 ft 

ApprOKlmatefy 350,000 gpm --____ ~\~§. 

Estimate 4/7 part 31°C and '5/7 
part 38°C water at fork I by heat 
balance 

Estimate 1/3 part 29 D C and 
2/3 part 33.5°C water at 
fork, by heat balance 

FIGURE 16. Temperatures Up Steel Creek from the Savannah River 
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from Steel Creek 7 5\2.5

0
C 

IS5,OOO gpm 71,000 gpm 
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at 4S.5°C • 102 000 gpm 
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r. ' at 31°C 
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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 15 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 th.e 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 HS = 0, the water 
in the swamp approaches a natural equilibrium temperature of 26°C 
rather than 30.s o 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 6 ft 2

, or 1341 acres, 
or 2.1 mi 2

• 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 2 is about 14% of the 15 mi 2 

swamp region, which is consistent with the percentage wet area 
apparent from the aerial photographs. 
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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. Prom the analysis of the cooli"ng 
process in the SRP effluent streams and swamp, given in the 
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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 VI II 

SRP Effluent From the SWdmp Entering the Savannah River 

Date 

Air dry-bulb temperature 

Relative humidity 

Wind speed 

Solar heat load 

Natural equilibrium temperature 

River temperature at SRP intake 

River flow at SRP intake 

Reactor power/cooHng water flow C 

Effluent temperature at river 

K 
L 

Four Mile Creek outlets (C reactor) 
Steel Creek outlet (K & L reactors 

C, K, L mixed effluent 

River temperature downstream of 
C, K, L effluent at' actual river 
flow from above 

River temperature downstream of C, K, L 
effluent at minimum river flow 
of 6100 ft'/sec 

Typical August 
(Observed) 

8/18-19/66 

27.3°C 

6 mph 

39 pcu/(hr-ft') 

30.SoC (Fig. Ie) 

24.2°C 

7368 ft 3(sec 

22S6 ~IW/l81.000 gpm 
1494 ~IW/18S,000 gpm 
2062 ~IIV/ 173,000 gpm 

34.6°C 
32.0oC 

32.9°C 

2S.b"C 

2S.90C 

Severe August 
(Calculated) 

8/25-26/59 

30.g0e 

3.8 mph 

60 pcu/(hr-ft') 
3S.5°C (Fig. 19) 

27.8°C 

6850 ft 3 (sec 

2250 MW/180,OOO gpm 
2100 MW/180,000 gpm 
2100 MW/180,000 gpm 

36.7°C 
33.5°C 

34.6"C 

29.0°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 cooling 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 
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calculation of the SRP effluent temperature under the most 
severe conditions, a solar heating rate of 60 pcu/(hr-ft 2

) 

was taken because this high rate [compared with 39 pcu/(hr-ft 2
) 

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 
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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 thxough 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 3 /sec at SRP and to exceed 6300 ft 3 /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 ft 3 /sec 
(February 1956). The lowest river flow since October 1963 is 6200 
ft 3/sec. The improvement is attributed to the advent of Hartwell 
Dam. For the cases shown in Table VIII, SRP drew 1200 ft 3 /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 terr.pe::cature of the SPP 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 3/sec, and 29.0°C under 
the severe August 1959 conditions, when the river flow was 6850 
ft 3 /sec. This corresponds to an increase in the temperature of 
the river passing SRP of 1.4°e for the typical August conditions 
and 1.2°e for the severe August conditions, respectively. At the 
minimum 6100 ft 3/sec flow in the rive~ the increase in river 
temperature would have been 1.7°e and 1.3°e, 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. 7 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°e 
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°e. 
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Temperatures above 31°C are considered to be deleterious to 
fish and algae. s 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 wate~ 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 SoC 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.soC lower on an annual average basis. s 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 IS, the difference between the river temp
erature at some pOint downstream from SRP and the equilibrium 
temperature is the fraction e- a of the difference from equilibrium 
that exists in the river after mixing with the SRP effluent. The 
exponent a 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-ft2-0C) for typical 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 ~ 171 X 10 6 ft2 
8 x .1337 

Since the width of the river is about 330 ft, which corresponds 
to 1. 74 x 106 ft2/mi, the "attenuation distance" is 

171 X 10 6 

1.74 X 10 6 ~ 98 miles 
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Thus, the difference from equilibrium at a point 98 miles down
stream from SRP will be l/e of the difference that exists at SRP. 
This applies whether the river temperature is above or below the 
equilibrium temperature; the difference must be in the same sense. 
At higher river flows than 6100 ft 3 /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 (HT). The velocity in the river is 
about 2 ft/sec at 7000 to 8000 ft 3 jsec. 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 situations 
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 30.5°C, whereas the effluent from SRP (~1200 
ft 3 /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 ft 3 jsec. 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 6 gpm), the weather 
conditions, the solar heat load, the river temperature, and the 



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. 

FPAR 

FOAM 

FSEEP 

FRIV 

FL3R 

.83 

Four Mile creek.---.;;~~~~2t~~~~~~*~~~~~~~~f Outlets 

Steel Creek Lower Three Runs 
Outlet Outlet 

FIGURE 20. SRP Map for Computer Program LIMN 



This program first calculates the surface cooling rate by 
Langhaar's Equations 4, 5, and 6 at temperatures in 100e intervals 
from 5 to 9S o e for the particular set of weather conditons that 
are read into the computer. A straight-line approximation 
(Equation 7) is then made for each 100e segment of Langhaar's 
curve. The slope m, intercept b, and equilibrium temperature Te 
(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 He 
needed to calculate the equilibrium temperature is zero 
except for Par Pond. For Par Pond, He 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 "urve 
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 IS and 16) to occur in the canals, small 
ponds, streams, swamp, and the upperflow region of Par Pond; 
the effective areas (in 10 6 ft 2) by this model for the various 
regions are the numbers given on the map (Figure 20). The sub
routine JWL first finds the segment on Langhaar'scurve 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 Rand P reactors were in operation. 
The average discharge temperature is calculated to be 23.4°e, 
as compared with 23.6°e 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 observations 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 
atmos?~ere, 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 subj ect 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 
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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 

m,e energy budget Equation 1 together with Equations 2, 3, 4, 
5, and 6 and the vapor pressure relation (Reference 9) lead to 
the following partial differential equation: 

aT HS - 1.63(1 + 0.1\\)(1' - Pair) - 1.2(I.S + O.l\;)(T Tair ) - SOOF ~ 
as= 62.4h 

(26) 
where 

10g
I0 (t)=(T+ X )(A+BX+ CX3) 

273.16 1 + DX (27) 

X = 374.11 - T 
A = 3.2437814 

B = 0.00586826 

C 0.011702379 x 10- 6 

D 0.0021878462 

E 16S807.0 

In Equation 26 the parameters HS, Pair, Tair' lV, and F vary with 
time 8. 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 8 and space A. 

Stratification Algorithm 

A computer code is needed that can take the hourly data on 
atmospheric conditions 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 
ther~l 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 
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at the pond surface. Except for the solar radiation intensity, 
these data are available in three-hour intervals from the National 
Climatic Center. 10 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 for:nulated. 

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 equation. The predicted strati
fication can be the basis for the 6TG 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 above. 
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Str'atified 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. II 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 ratio 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 SoC. 
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FIGURE 22. Fluctuation in Wind Direction 

The simultaneous fluctuation in wind direction is shown in 
Figure 22 for the temperature fluctuations shown in Figure 21. 
Superposition 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 0 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 0 from north corresponds to the wind blowing directly away 
from the pump house. In Figure 22, the wind direction is plotted 
from 30 0 to 390 0 rather than from 00 to 360 0 from north; thus, 
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below the median direction of 210 0 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 0 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. '2 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 h]ow, steadily in one direction across 
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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 one 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. 

Maximum 
Flow 

---- Wind Begins 

No Flow 

__ Wind Steady 

~Wind Stops 

~FIOW) 

FIGURE 24. Wind Stress and Internal Seiche l2 

- 7S -

Maximum 
Flow 



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 th"n 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 a 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 step, 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. 
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APPENDIX A 

FORMULATION OF THE MODEL FOR PAR POND 

Consider the energy budget equation 

(1) 

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

-SOOF 
~ = ~?erflOW (~ ) 

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

11- = mT* + b 

(3a) 

(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 6TG °c everywhere over the pond 

T* - T = 6TG' constant (A-I) 

Hence 

dT dT* 
dA = dA (A-2) 

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

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

SOOF 
_ upperflow (dT*) = mT* + b - HS + HC 

fA dA 

Introducing the apparent equilibrium temperature 

with Equation A-3 gives 

SO OF 
_ upperflow (dT*) = T* _ T 

mfA dA e 
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which is integrated 

T* A 

Tf. dT* mfA f dA 
T* - T - - SOOF e upperflow 

lU a 

to give 

T* = T + (T. * - Te)exp:(-e lU 

mfAA ) 
SOOF upperflow 

(ISa) 

Equation lSa 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 ISa, is 

HT = m [T + (T. * - T ) exp (-e l.U e 
mfAA ) ] 

SOOF +b 
upperflow 

and the average value over the surface of the pond is 

or 

where 

mT 
e 

1 

Al: 

+ b + 
SOOF upperflow 

mAl: 
a = "",0;;--""::"--

SOOF upperflow 

From Equations 1, 13, and A-4 

-af 
(T. * - T )(1 _ e A) 

lU e 

(A-4) 

(l6a) 

(A-S) 

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 

HF = ~~1 [(FR&p + Fr)Ti + (z-l)FrTWB - FoverflowTO* - FpTpJ 
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Now eliminate HF between Equations A-S and A-6 

-afA 
Fupperflow(Tiu*-Te) (l-e ) 

(A-7) 

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

From Equation A-I 

T. * = T. + ~TG 
lU lU 

From the definition of u 

F underflow 

Thus, by flow balance, 

Fupperflow = [u + I + (Z-lJ(FR&:r+ FJJ (FR&p + Fr) 

and 

(A-Ia) 

(A-Ib) 

(A-B) 

(A-g) 

(A-IO) 

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

(A-ll) 

u + I + (z-l) 

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

(A-12) 
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Substituting from Equations A-9, A-lO, A-II, and A-lZ into Equation 
A-7 gives 

o (A-B) 

where 

(z-l) e A ) 

-rtf 

or 

CA-13a) 

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

(Za) 

Assume that the change in the average pond temperature CTd - Tl) 
is the same as the change in the discharge temperature 

CA-14) 

where Tl is the discharge temperature observed at the pump house 
at the start of the time interval, and Td is the discharge tempera
ture observed at the end of the interval Cd days). Both Tl and 
Td are available from the data on Par Pond performance. 

Further, in calculating Te by Equation 13 take 
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m 
H.r,iu - H.r,o 

T .• - T • 
1U 0 

b = H-. - mT .• 
-~r J l.U lU 

(A-IS) 

(A-16) 

where HT,iu and Hr,o are calculated by Equations 4, 5, and 6 and 
the known vapor pressure of water. Since both Tiu' by Equation A-ll 
and To' by Equation A-12 require knowing ~TG' a trial-and-error 
solution of Equations A-13a, 2a, A-14, 4, 5, 6, A-II, A-IS, A-16, 
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 Fr , are calculated as 
follows: If 13.3 square miles drains through the Rand 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 fr 

rf 

where 

r Fr = 160,500 -cr-

13.3 x 52802 
160, 500 = ..,..".-'-"~~,:.;:..:.;:,..,---= 12 x .1337 x 24 x 60 

(A-17) 

Thus, the correlation of the pond performance is presented as the 
function for ~TG versus the season of the year. Once the ~TG 
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 Tl 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 He. it is necessary to choose a time interval 
small enough that it is a good approximation to say 

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

(A-19) 

where 

5 2 = 2 x 62.4 
• 24 

From Equations A-19, 13, and 10 

-b + HS 

m 
(10) 

(A-20) 

From Equations A-20 and A-13 

CA-Zl) 

where 

Kl 
(hfe) 

S.2 md K4 

kO -(KO-Kl ) 

kOkl Kl 

kOk3 = K3 

kOk4 = K4 

kOkS = KS 

where KO' KZ' K3, K4, and KS are the coefficients in Equation A-13. 

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

COMPUTER PROGRAM LIMN 
SEE S~P MAP FOR CO~PUTep PROGRAM LIMN, FIGURE 24 It-.! DP- REPORT 

C GLDSSARY DF NAMES 
C 
C 
C 
C 
C 
C 
C 
C 
c 
c 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 

PR,PP,Pl,PK,PC REACTOR P)WER (R,P,L,K,C PESPfCTIVElY), MEGAWATTS 
FP,FP,Fl,fK,FC REACTOR. COOLING WATER FLOW fR,P,L,I(,C RESP.), 

MILLION GALLONS PEP MINUTe 
FPAR FLOW FRO'" PAR PUMPHOUSE, MILLION GALLONS PE:l' 'tHIUTE 
FRIV MAKEUP FLOW FP.OM RIVER. TO PAR POND VIA RAND P REACTJR.S. 

MILLION GALLONS PER MI~UTE 
FRAIN RUNOFF· FPOM PAINFALL INTO THE ~ .~,o P EFFLJ"NT CANAl 

SYSTE~, M LLION ~ALLONS PER MINUTE 
FRUN TOTAL R~NOFF FROM RAINFAll INTO PAR POND II~CLUDING F\AIfIU, 

MILLION GALLONS PEP MINUTE 
FSEEP SEEPAGE LOSS FROM PAR PJNQ. MILLION GALLONS PEP "1INUTE 
FOAM OVERflOW AT PAR POND DAM. MILLION GALLONS PE~ MINUTE 
FUP THE UPPER=LOW IN PAR pnNO, MILLION GALLONS PER MINUT~ 
FOV ER FS EEP + FDA\II + EP A~ , M ILL (ON GALLONS PER MI NUTe 
FL3P FLOW EN LOWER THREE RUNS CPEEK F=P:OM PAR DAM T) THE q IVE:t, 

MILLlryN GALLONS PER MINUTE 
FK+FL FLOW IN STEEL CREEK AT r HF DUTl ET TI') THE R IVEP I FIH)~ K A~IO 

Fe 
L REACTORSI. MILLION GALLONS PER MINUTE 

FLOW IN FOUR MILE CREEK (TWO nUTLETS AT THE RIVERI FROM C 
REACTOP, MILLION GALLONS PEP MINUTe 

FKlltFKL2 IJA~TIAL COMBINED FLOWS FPOM K ANO L REACTORS Itli THE 
SWAMP t M'ILLION GALLONS PEP. M INUT E 

TWB AIR. WET-BULB TEMP~RATUPE, DEGREES C 
TAIR AlP TE·MPERATlRE, DEGREES C 
PAIR PARTIAL PRESSURE OF H20 IN AIR, MILLIMETEQ$ JF MF.Rcu~y 
W WIND SPEeD, '-'ILES PER. HOUR (ABOVE THE TREE~) 
R INCHES OF RAINFALL IN 0 DAYS 
o TIME INTElRVAL, DAYS . 
He TIM~ RA E OF CHA~GE IN HEAT CO~TENT DF PAP P~~D, pcu PE~ rlOUP 

PER SQUAR;E FOOT 
HT 

HTS 

He; 
u 

z 
H 
FFR 
FFA 

RATE OF HEAT H.ANSFEP FROM THE WATeR SURFACE TO THE 
ATMOC;PHER£ uNDEP, OPEN CONDIT" IONS, PCU PER tnUR PEP SQUA:tE FOOT 

PATE OF rlEAT TRANSFER FROM THE WATf.R SURFACE TO THE 
ATMOSPHERE lJNDER SHELTERED ISWAMP) CONDITIONS, P::'J PEP HJU~ 
PER SQUARE FOOT 
SOl.A~ HEAT LOAD, pCU PEP. HOUP PER SOUARE FOOT 

I<.ATIO OF THE UNDEPFLOW IN PAP PO/'l'D TO THE INFLJW FRO~ THE R 
AND P EFFLUENT CANALS 
FRUNI FRAIN 
AVEPAGF DEPTH IN PAP. POND. FEET 

FRACTIJIN :JF THE RAINFAll THAT Gnf::S Tn RUNOFF 
FlueTION OF THE SURFACE APF.A THAT IS EFFfCTIVE I~ 

TRANSFERR.ING HEAT Tn THE ATMOSPHERE 
FFC FACTOR TJ APPL Y TO HC IF OES IP. ED 
TF:IN TEMPEP_ATU~E OF C.OOLING WATER fNTEF'ING R ~EATOR AREA, 

DEGP EE~ C 
TR1,TP2 TE PERATURE ENTERING AND LEAVHIG, RESP., ~ REACTO~ 

EFFLUENT CANAl. DEGREES C 
TPIN TE"1PERATUPE OF COOLl"lG IooIATFR ENTE~ING P REA::'TOR AA:EA, 

DEGPEES C 
TP1.TP2 TE PERATURE E~!TE=FlING AND LEAVING, RfSP., P REACTOP, 

TX 

TI 

EFFLUENT CANAL. DEGREES C 
T EMPEPAT"'UPE UPO,." MIX I"1G THE EfFtUfNT FRO .... RAND P CANALS, 

DEGREES C 
TEMPERATURE AFTER MIXING THE PUNQFF (FRAIN) WITH THE EFFLUENT 

FROM RAND P CANALS. DEGREE; C . 
TIUP THE SURFACE TEMPERATUPE AT THE WAR~ END OF PAR POND, 

TOP 
OEGR F.ES C 

THE SURFACE TEMPERATURF: AT" THE COOL t;ND OF PA~ P"NO, 
DEGREE$ e 

TPAR,CKTPAR THE DISCHARGE TEMPERATURE FROM PAP POND PUMPHOUS~. 

Tl 
AVERAGE OVER THE INTERVAL OF D DAYS, DEGREES C 

THE DISCHARGE TEMPERATURE FPDM PAR POND AT THE BEGINNING OF 
THE ('I-DAY INTEPVAL, DEGR.EES C 
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C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 

TO THE 01 s:lHARIiE TE MPERATURE FROM PAR pnND AT THE END OF THE 
D-DAY INT'ERVAL, DEGREES C 

TPIV TEMPERATURE OF THE SAVANNAH RIVER AT THE RUER PUMPHOJSE, 
DEGREES t 

TCI.TC2,TC3,n~ TEMPERATURES OF C EFFLUENT CoaLl~G WATER AS IT 

TC 

TR.AVER SE FOUR HI LE CREEK AND THE SWAMP ON ITS WAY TO THE 
RIVER, DEGREES C 

TEMPERATURE OF C EFFLUENT COOLING WATER WHEN IT REACHES THE 
SAVANNAH RIVER VIA FOUR MILE CREEK (TWO OUTLETS I , DEGREES C 

TK1,TKZ,TK3 TEMPERATURES OF K EFFLUENT CO~LING WATER AS IT 
TRAVERSES PEN BRANCH AND THE SWAMP, DEGREES C 

TLI,TL2,TL3,TL4 TEMPERATURES OF L EFFLUENT COOLIN. WATER AS IT 
TRAVERSE ~ STEEL CPEEK AND THE SW AMP, OEGR EES 'c 

TKLl,TKL2,TKL3 TEMPERATURES OF PARTIALLY MIXED EFFLUENT WATER 

TH 
FROM K A to L REACTORS, AS FOUND IN THE SWAMP, DEGREES C 

TEMPERATURE OF THE MIXED K AND L EFFLUENT COOLING WATER WHEN 
iT REACHES THE SAVANNAH RIVER VIA THE OUTlET FOR STEEL CREEK, 
OEGRFE~ c 

TEMPEP. /TURE OF THE OVERFLOW AND SEEPAGE FROM PAR POND (R AND 
P REACTORSI WHEN IT REACHES THE R.IVER VIA LOWER THREE RUNS 
CRF'EK, DEGREES C 

DTG THE DIFFERENCE BETWEEN THE SURFACE TEMPERATURE AND THE 

TE 

TES 

AVERAGE T'EMPERATURE OF THE JPPERFLOW IN PAR PD~D, DEGREES C 
APPARENr EQUILIBRIUM TEMPERATURE UNDER OPEN CONDITIONS, 

DEGREES C 
APPARE T EQUILIBRIUM HMPERATURE UNDER SHELTERED (SWA~P I 

CONDIT ION S, DEGR EES C 
TEO APPARENT EQUILIBRIUM TEMPERATURE (SUBROUTiNE JWL I 
EMfE~S,eMQ SLOPE OF THE STRAIGHT-liNE FIT TO THE LANGHAAR 

COOLING RATe WRVE FOR OPEN CONDITIONS, SHELTERED CONDITIONS, 
AND SUBR CUTI NE, RESPECT IVEL. 

8, 8S, BO INT'ERCEPT OF THE STRAIGHT-LINE FIT TO THE LANGHAAR 
COOLING RATE CURVE FOR OPEN CONDIT IONS, SHELTERED CONDITIJNS, 

AND SUBPOUTlNE, R.ESPECTIVELY 
FFLOW IN SUBROUTINE JWL, MILLION GALLONS PER MINUTE 
ATOT EFFECT'IVE SURFACE AREA IN SUBROUT INE JWL, MI"L ION SQUUE 

FEET 
TIN,TOUT TEMPERATURES ENTERING AND LEAVING, PESP., A REGION 

HAVING ATOT (FOR SUBROUTINE JWLI, DEGREES C 
ESUM EVAPORATION BETWEEN TIN AND TOUT OVER ATOT (FOR SU8~OUTINE 

JWLl, MILLION GALLONS PER MINUT E 
EP 2 EVAPOR ATION BETWEEN TRI AND TR2 IN THE R EFFLUENT CANAL, 

MILLION SALLONS PER ~I~UTE 
FP2 EVAPnPATlON BETW_EJ::N TI>l AND TP2 IN THf P EFfL~ENT CANAL, 

MILLION GALLO·NS PEP MINUTE 
FOP EVAPORATION FRO~ PAR POND, MILLION GALLONS PER MINUTE 
EPAR TOTAL FVAPORAT ION FROM PAR POND AND R AND P EFFLUENT 

CANALS, MILLION GALLONS PER MINUTE 
EL.3R EVAPORATION IN LDWEP THREE RUNS CREFK BETWEEN PAR POND AND 

THE SAVHNAH RIVER, MILLION GALLONS PER MINUTE 
EC2 EVAPORATIJN IN FOUR MILE CREEK ( C EFFLUENT COOLING WATERI 

BETWEEN TCI AND TC2, MILLION GALLONS PER MINUTE 
EC3,EC4 EVAPORATION OF C EFFLUENT COOLING WATEP IN THE SWAJ4P 

EC 

BETWEE!14 Tel AND Te3 AfliO BETWEEN Te2 AfliO Te4, R:SP., 
MI Lll ON GALLONS PER MINUT E 

TOTAL EVAPORATION OF C EFFLUENT COOLING WATER IN TRAVERS ING 
FOUR MILE CREEK AND THE SwAMP TO THE SAVANNAH U VEP, 
MILLION ALLONS PEP MINUTE 

EK2,EK3 EVAPQ~ATION OF K EFFLUENT COOLING WATER IN PEN BRANCH 
AND THE SWAMP BETWEEN TKI AND TK2 AND BETWEEN TK2 AND TO, 
RESP., M(lLION'GALLONS PER MINUTE 

EL2,EL3,EL4 EVAP(1RATIO~ JF L EFFLUENT COOLING WATEP IN STEEL 
CREEK AND THE SWAMP BETWEEN TLl AND TLl, TL2 AND TL3, AND 
TL2 AND T1.4, RESP .. MILLION GALLONS PER MINUTE 

EKL3 EVAPORATION OF L EFFLUENT COOL ING WATER AND "An OF K 

EKL 

EFFLUENT COOLIN. WATEP IN THE SWAMP I NEAR STEEL CREEK OJTLETI 
BETWHN T'KL2 AND TKLl, MILLION GALLONS PER MINUTE 

TOTAL EVAPORATION FOR K AND L EFFLUENT COOLING WATER BEFOPE 
REACHING THE SAVANNAH RIVER, MILLION GALLONS PER MINUTE 

HFG LATENT HEAT OF EVAPOPAT ION FOR WATEP, PCU PER POUND 
PCU POUNo-~eNTIGRADE HEAT UNIT, I.E., THE AMOUNT OF HEAT NEEDEO 

TO RAISE THE TEMPERATURE OF ONE POUND OF WATER BV ONE DEGREE C 

C FORTRAN LISTING 



ISN 0002 

ISN 0003 
ISN 0004 
ISN 00Q5 
ISN C006 
ISN OOr< 7 
ISN 0(108 
ISN (1009 
ISN Ot:)H) 
I SN 0011 
ISN 0012 
ISN O~13 
I SN 0014 
IS:N 0815 
ISN 0016 
ISN 0(117 
ISN ONe 
ISN 0019 
ISN 0(:21') 

ISN 0021 
ISN De22 
ISN (~{'I23 

ISN (024 
ISN 0025 
ISN O~126 
ISN 0027 
ISN (V"28 

lSN (:;.;29 
I SN 0030 
ISN 0 1131 
ISN 0\",32 
ISN en 33 
ISN ec 34 
ISN CG3S 
15N (G3~ 

ISN (1ft37 

ISN ('r./38 
I SN U.3-1 
ISN ('{)4;" 

IS: N 0:'41 
I SN 0042 
ISN !""43 
ISN v('44 

ISN cr4S 
IS N (''': 46 

ISN (1('47 
ISN (.')48 

ISN 0049 

ISN 01)5;) 

ISN UOSI 
ISN (\052 

C 
ISN (0053 
ISN (054 
ISN CO 55 
IS N 0('56 
I SN ,'OS1 
lSI\' ('058 
ISN 0059 
ISN CC60 
IS N 0":'61 
I SN OCH~)Z 

ISN (063 
ISN on64 
I SN rObS 
ISN ')066 
I SN 0067 
1St-.! (;,,)68 

OJ MENSl ON TTUN tVpe 10» ,HTU:» ,EMI9. ,S(9),T E(9 J, HT5 (10 J, EMS( 9',BS( 
19). TESt q), EM'H 9" BOI 91, TEQ( 9} ,TE PC 9, 

CCMMON TIN, TOUT, F,AT or, TT, EMQ, BQ ,T EO, ESUM, IJK. GB, TA IF!: 
PEAO( 5tlOU (TT( J, ,J=l,HH 
PFAO(S tlr)l J (VP(J I,J= 1,10 I 

101 FQRMAT(l')FB.3) 
7 RfAD(S, Lt;l(),END=81('!) IR,IP,IL,IK,IC 

100 F(IRMAT 1511'}' 
RFAD 15,lIM PR,PP,Pl,PK,PC 

110 FOP~AT (SFIO."J 
RtAD 15,120) FP,FP,FPAP,HEEP,FFF 

120 FORMAT 14F12.6,FI0.4J 
RFAO 15,130) FL, FK,FC 

130 FnRMAT (3F12.6J 
PEAD (5,140' TRIV,Tl,DTG 

140 FOP~AT 13F10.21 
~::AD (5,15C) T4IP"TWB,PAIQ,W,HS,P,D 

lSI";' FOQ"1AT 12FIO.Z,FID.3,FIO.1,lFlt).2,FI('1.t..) 
READ 15,16r., U,Z,H,FFR,FFA,FFC 

16(: FGPMAT (6I=1O.2J 
EKl::lJ. 
fK3=O. 
fll="". 
E l3 =0. 
fl4=0. 
EP 2="'). 
fP2=\~. 

wrITE (6,17Ct 
17[ F(lF:MAT IIHl,5Hlf..JPUTI 

'"tHTF (6,171' 
111 FiJP·"'AT «lH"',5 f ,H IR IP 

\.IRJTF (6,1"'.;) IR,[r,Il,IK,IC 
WPIT!: (6tl72': 

172 fORMAT (1W':i,4 o H pp pp 
WPITE (f"ll')) PP-,PP,Pl,PK,PC 
WPITE (t,113t 

173 F('P"1AT (lH( ,57H FP FP 
1 FFFI 

WflITj;: (6, 121)t FR,FPtFPAP,F~EEP,FFF 
wPITE" (6,174' 

171.. F[,P"'AT (IHf,33H FL FK 
WPlTF It, 13'))' FL,FK,FC 
WRIT~ (6,118' 

178 F!'P"IAT (lH~',31.lrl TRI V Tl 
wPITF (~,140) TPIV,Tl,DTG 
I.JPITI= (6,175) 

17') FnR~AT (1H(",66H TAIR. TWA 
1 P D) 

I-'~ ITF 16,1"iN TAIR,TWB,PAIF,W,H<::,P,f) 
wrITF 16.176' 

17~ FnpMAT (lH~,60H U Z 
1 FFC) 
wq~E 16,160) U,l,H,FFR,FFA,FFC 
wfiTE (btl77, 

177 FeRMAT 11H"',6H1uTPUT' 

GA=I.63*( 1.+.1*W' 
GB=1.2t~*Cl.':i+.l·WJ 
GAS=1.t3 
GB.~=1.8 
DC 195 I ~l ,10 
HT( II=GA"'(VP( II-PAIR'+GS*ITTt!I-TAIP,) 

IB~ HT$(II=GAS>I<<<VP(I)-PAIF:)+GBS*(TH J)-TAJl~J 
DC 19(1 J=1,9 
I =J+ 1 
E~(J)=(HTIJ)-HT( 1))/tTTIJJ-fTI I)) 

B(J)=HT(JI-E~{JI*TT(JI 

EM S ( J I = I Hr S I J !-iH S II II t( TT I J 1-TT I I II 
B~( JI :HT"; (J'-EMS (J,*TT (JI 
T!7(JJ=(-BIJ) HS)/FM(JJ 

190 T~SIJ)=-S~IJ)/F.M~IJ' 
wrITE (6,191) 
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ISN .,069 
I SN 0070 
ISN 0071 
I SN 0072 
ISN 0073 
IS H 0074 
1 SN 0075 
ISH Oe76 
I SN 0077 
ISN 0078 
ISH 0079 
ISH O~BO 
ISN 0081 
ISH 00B2 
ISN 00B3 
ISH OC84 
ISH OOB5 
I SN COS6 
(SN COa7 
ISN OOBB 
ISH COB9 
IS N 0090 
ISH 0091 

I~N oon 
I SN 0094 
ISH 0095 
ISN 0097 
ISN 0098 
ISN 0099 
ISH 0100 
ISN 0101 
I$N Clt'l2 
ISN 0103 
ISN 01D4 
ISN 0105 
ISN 0107 
IS N 0108 
I SN 0109 
ISN 0110 
ISN 0111 
ISN 0112 
IS N 0113 
ISH 0114 
ISN 0115 
lSN Cllb 
ISH 0117 
ISN 011' 
ISH 0120 
ISN 0121 
ISN 0122 
ISH 0123 
ISH 0124 
I SN 0126 
ISN C127 
ISN 0128 
1 SN 0129 
ISN 0130 
ISN 0131 
I SN 0132 
ISN CI133 

ISH 0134 
ISH 0135 

ISN 0136 
ISH 0137 

ISN 0138 
ISH 0140 
!.SN 0141_ 

C 

C 

191 FORMAT «lHO,49HLANGHAARS COO .. ING ~ATt 
WRITE C6.1921 (TT (1) , I =1 ,un 

192 FORMAT (lHO,9HDEGREES C,4X.1OFIO.ZJ 
WR JTE (6,193) (HT(!"I=l,lO) 

193 FORMAT (IHn,2HHT,11X,10FIO.2' 
WRITE (6,194) (EM(lhI=1.9' 

194 FORr.;!AT' (lHO,2HEM,21X,9FlO.4) 
WR HE (6,195t (B(Ut1=1.9) 

195 Ff1R"'AT HHO,l HB, 22X, 9 FlO.2 J 
WRITE (6,!96) (TEU),1=1,9) 

19. FORMAT I1HC,3HTE,21X,9FI0.4) 
WRJTE (6,1;7) 

197 F(1RMAT (lHO ,50HLANGHAAPS COOLING PAH 
WI) ITE 16,198) (TriO ,1=1,101 

19B FORMAT ·(lHO,9HDEGP'EES C,4X,lOF1O.2) 

199 

200 

201 

202 

WP 1 TE f6,199} (HTS(1) ,1=1 ,11)) 
Fnl:'MAT (lHO,3HHT$,lOX,10FI0.21 
WRITE C6 .200 J (EM~(I },I=I,9l 
FORMAT {lHO,3HEM$,2nX,9Fl~.4J 

WRITE (6,2tl l 18$(1),1=1,9) 
FOP MAT (IHO,2HBS,21X,9FIO.2) 
WRITE= (6,202" (TES(lltI=I,9J 
FORMAT flHO,3HTE~,2jX,9FlO.4) 

IF C IC.lT.11 GJ TO 25C 
TCl·TRIV+l.R97*PC/5JO./FC 
IF CTCl.GT.TTClII GO TO 797 
0021, lllll,9 
TEOC Ll=TEllI 
EMOCl I=E"ll I 

210 BOCLl=BILl 
TlN=TC 1 
F=FC 
ATOT=8.56 
CAll JWL 
IF {IJK.GT.O t GO TO 791 
TC2=Tr'lUT 
EC2= ESUM 
DO 220 l=l,9 
TEQILI·TESILl 
EMOCLl=EMS CLI 

220 BQ( LI .BS( LI 
TIN=TC2 
F=.276*FC 
ATOT=5.65 
CALL JWL 
IF (IJK.GT.OI GO TO 191 
TC 3=TQUT 
EC3=ESU'"! 
F=.724*FC 
ATOT'6.80 
CALL JWL 
IF (IJK.GT.or GO TO 7q7 
TC4=TOUT 
EC4'=E$UM 
"!"C =. 27t .... TC 3+.: 724* TC4 
EC=ECZ"'EC3+eC4 
WttJTE 16,230. 

Cl.P.VE FOR nPE"I cnNDITJONS" 

CURVE Fnp SW""'P CONDITIDN$') 

23(\ FOPMAT (lHO,46HTHE C EFFLUE'..jT CW TEMPER.ATURE S ARE AS FOLLOWS') 
WRITE 16,231) T(I,TC2,TC3,TC4-

231 FOR1011AT (lHO,5HTCl =,F6.2,6X,5HTC2 =,F6.2,6X,5HTC3 =,F6.2,6X,5HTClt 
1=,F6.2) 

WRITE 16,2321 Te 
232 FOR.MAT flHC,l~5HTHE ,r.tIXEO TEMPF.RATUPE (IF THE TWO OUTLET STR:EAMS AT 

1 THE "IVE" FO. FOUR MILE CREEK. FROM C REAnno. IS TC •• F6.21 
WRITE (b,233); EC 

233 FOP~AT (IHO,59HTHE EVAPORATION IN FOUR MILE C~EEK. FPOM C REACTOP. 
1 IS EC =,F12 6) 

250 IF CIK.lT.lI GO TO 300 
TK1-TRIV+l.897*PK/500./FK 
IF CTKl.GT.TT(lJ) GO TO 797 



ISN 0143 
I SN 0144 
IS~ 0145 
I SN 0146 
ISN 0147 
ISN ~148 
ISN 0149 
ISN 01511 
ISN 0151 
ISN 0153 
ISN 0154 
I SN 0155 
ISt-! C 156 
I~N 0157 
I SN 0158 
ISN 0159 
ISN 0160 
ISN 0161 
ISN 0162 
ISN 0163 
ISN ~165 
ISN 0166 
ISN 0167 
ISN 0169 
I SN (}169 
ISN (1170 

ISN '::)171 
ISN 1173 
ISN (,1174 
ISN 0176 
[$N 0177 
I SN 0178 
1SN J179 
ISN OIQO 
(SN 0181 
ISN 0182 
ISN 0183 
ISN CIB4 
I$NOI86 
ISN (;187 
ISN 0188 
ISN 0189 
IS"! 0190 
ISN 1)191 
ISN ('192 
ISN 0193 
ISN (194 
I$N(l95 
ISN CI~; 
ISN 0198 
ISN 0199 
ISN C20e 
1St>! 02/)1 
I SN 0202 
ISN 0203 
ISN 1"2,15 
ISN 0206 
ISN 0207 
J SN ('Z08 
I SN 0209 
J!'.N e21') 

ISN 0211 
ISN 0213 
ISN 0215 
I SN 0216 
ISN 0218 
I~N CZ19 
I SN 0220 
ISN !1Z21 

c 

c 

DO 260 l=l,9 
TfQILI ·TE! Ll 
EMOI LI.EMI Ll 

26t BQ(U=E(L' 
TI N=TK 1 
F=fK 
ATO"''''2.53 
CALL J"'L 
IF IIJK.GT.O} GO TO 791 
nZ::TouT 
EK2'FSUM 
Dr. 27") L=1,9 
TEO! LI .TE SI U 
EMQIl )=E"'SfL) 

270 BOI LI 'BSI LI 
T IN=TK 2 
F"'FK 

ATOT-=30.36 
CALL JWL 
IF (IJK.GT.O, GO TO 797 
TK3=TOur 
EK3=ESUM 
WPIT,:;: (nt280r 

28P FQPIo1AT (lHD,4bHTHE K EFFLUENT CW TEMPEI\.ATURES ARE AS FOLLOWS') 
WPITE (6,281) TK1,TK2,TK3 

281 FDRMAT (lH(I,5HTKl =,F6.2,6X,5HTK2 =,F6.2,6X,5HTK3 =,F6.2) 

300 IF (ll.LT.I) GO TO 350 
TLl=TRIV+l.A97·Pl/S~O./Fl 

IF iTLl.GT.TTllIl GO TO 797 
on 3111 l=1,9 
TfQlll=TF(U 
F:t-'C(LI:E"4(U 

31n BQ(ll=B(U 
T IN.TL I 
F::F L 
ATOT=3.69 
CALL Jwl 
IF (IJK.GT.O) GO TO 797 
Tl2=TOUT 
fL2=ESUM 
Dr] 320 L=1,9 
TEen )=TE$Cl) 
E~O( U =E/tolS (u 

32(1 BQfL .=8':;( l) 
TI~'Tl2 
F:.41*Fl 
ATOT=7.66 
CALL J'ioIL 
IF (IJK.GT.Ot GO TO 797 
Tl3=TOUT 
El3=ESUM 
>= =.59*F L 
ATrT=c. 51 
CALL JWl 
IF {IJK.GT.OJ GO TO 797 
rL4=TnUT 
fL4=E~U"1 

Wf< HE (6, 330) 
33') Frp"lAT (t"f"If',46HTHE l EFFlUEIlT CW TEMPE"'ATU~ES ARE 1\5 FOLLOWS') 

'WDIrE (6,3311 Ttl ,Tl2 ,Tl3,Tl4 
331 FORMAT flHhSHTLl =,F6.2,6X,5HTl2 =,F6.2,6X,5HTl3 =,F6.2,6X,5HTl4 

1=,Fb.2) 

3'5"} IF IlK.lT.U FK=(1. 
IF (IL.lTdl Fl-=O. 
FKll=.357~FK+.41*FL 
IF IFKU .lE.O.1 GO TO 400 
TKll=( .35 1*FK*TK3+.41 *F l*TL31/FK L1 
F~L2=FKll+.~9*FL 
TKL2=(FKLl~TKll+.59*Fl*Tl41/FKL2 

TiN"'TKl2 
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ISN 0222 
ISN 0223 
ISN 0224 
ISN 0225 
ISN 0227 
ISN 0228 
ISN 0229 
ISN 023Q 
I SN 0231 
ISN 0232 

I SN 0233 
ISN 0234 

ISN 0235 
IS N 0236 

ISN ozn 
ISN 0238 

I SN 0239 
ISN 0241 
IS N 0242 
I SN 0243 
ISN 0244 
ISN 0245 
ISN 0246 
ISN 0247 
I SN 0248 
ISN 0249 
ISN 0250 
ISN 0251 
ISN 0253 
ISH 0254 
I SN 0255 
ISN 0257 
ISN n58 
ISN 0259 
ISN 0260 
ISN 0261 
I SN 0262 
ISN 0263 
I SN 0265 
ISN 0266 
ISN 0261 
ISN 0269 
ISN 0270 
I SN 0271 
ISN 0273 
ISN C274 
ISN 0215 
ISN 0276 
I SN 0277 
ISN 0279 
IS N 0280 
ISN 0281 
ISN 0283 
ISN 0285 
ISN 0287 
ISN 0288 
I SN 0289 
ISN 0290 
IS N 0291 

ISN 0292 
I SN 0293 
I SN 0294 
IS N 0295 
ISN 0296 
ISN 0297 
(SN 0298 

C 

F=FKl2 
ATOT=1.45 
CALL JWL 
IF (IJK.GT.OI GO TO 797 
TKL3=TOUT 
EKL3=ESUM 
Tkl~( .643*FK*TK3+FKLZ*TKL3)/ (FK+Flt 
EKL=EK 2+EK3") LZ"EL3+El4+EKl3 
WRITE 16,3515. 

355 FOR~AT IIHO.62H.THE TE"PERATURES IN STEEL CPEEK NEAR THE RIVE" AU 
lAS FOLLOWS') 

wRITE (6,356t TKL1,TKl2,TKL3,TKl 
356 FORMAT( IHO,61-TKLl =.F6. Z,6X,6HTKl2 =,Fb.2,6X,6HTKl3 =,Fb.2t~l( ,5HTK 

It =,F6.2) 
WPITE (6.360~ TKL 

360 FORMAT (lHC,B3HTHE TEMPERATU~E OF STF.El CR'FFK CUTlET AT THE RIVE"', 
1 FROM K AND l REACTORS, IS fKl ;,F6.2' 

WRITE 1t.365) EKL 
365 FOPMAT (lH('l,79HTHE EVAPORATION IN PEN 8~ANCH ANO STEr;l CRFEKS, FPC 

1M K AND L PEACTOP,S, IS EKL =,fl2.6 J 

40('1 IF ((IR-+IP).L'~·.LJ GO TO 800 
DO 403 l=1,9 
EMOfL )-EM(l) 

403 SQ I U-SI U 
FR,IV.,.FR+FP-FPAR 
~·O 
TPAR~Tl 

405 TD=2.*TPAR-Tl 
HC =62 .4*H* IT -Tl) *FFC/24.1 0 
DO 408 J=I,9 

4ry8 TEPIJI=I-BIJI+HS-HClff"IJI 
IF (IP.LT.l' GO TO 42:") 
TP I N=( FFF*FPAP*T PAP+ (FP-FF F*FPAP J'"rR IV JI FP 
TP I",TP IN+ 1. 997"'PP 15f}fJ./FP 
IF (TPl.GT.TTIlJI GO TO 791 
00 410 L:l,9 

41f TEQIL I-TEl L I 
TJ ""=TPl 
F=FP 
ATCT'lO .58 
CALL JWL 
IF (IJK .GT .0) :;0 TO 791 
TP2=TOUT 
EP 2=E SUM 

420 IF (If!:.L T .1) GO TO 431" 
TPIN=(~l.-FFFI*FPA~*TPAR+(FR-(l.-FFF)*FPAR)*TRIV'/F~ 
TP l=TR IN+ 1. 897*P~ ISOO./FP 
IF (TR1.GT.T HlJ) GO HI 797 
TI N-TR 1 
F=FR 
ATOT=8.30 
CALL JwL 
IF I IJK.GT.r I GO TO 707 
TR 2=TOUT 
EP 2=ESUM 

430 IF IIP.LT.ll FP=O. 
IF IIP.LT.lI .. -0. 
IF (FR+FP).LE.O.I GO TO aOQ 
TX= (F R*TR2+F I=*'T P2) I ( FR +FP) 
FRA IN =. l6(l5*R *FFR ID 
FUP= W+l • I'" IfR+FP+FRAJN) + (I-l .I*FPA IN 
TI=ITX*(FR+FPJ+FRAIN*TWB)/tFR+FP+FRAIM' 
T IUP: (U*TPAlaT I +( Z-l.) *FRAI\I*TWB It FR +FP+F' AI N) I It U"I.+ (Z-l.' frFPAI N 

1 /(F~+FP+FRAIN. HDTG 
DO 45~ L=l.,C) 

450 TEQILI=TEPILt 
TlN:aTJUP 
F-FUP 
ATC'tT=108.Q 
CALL JWL 
IF (JJK .. GT.O J GO Ta 797 



ISN C300 
ISN 0301 
ISN 0302 
ISN 0303 
ISN 0304 
ISN 0306 
ISN 0308 
ISN 0309 
ISN 0310 
ISN 0311 
ISN 0312 
ISN 0313 
ISN 0314 
ISM 0315 
ISN (,,316 
ISM 0317 
ISN 0318 
ISN 0319 
ISN 0320 
ISN 0321 
ISN C322 
ISN 0323 
ISN 0325 
ISN 0326 
ISN 0327 
ISN 0329 
ISN 033~ 
ISN 0331 
ISN 0332 
ISN 033.3 
ISN 0334 
ISN 0335 
ISM 0337 
ISN a338 
ISN 0339 
ISN 0340 
ISM 0341 
I SN 0342 
ISN 0343 
ISN 0344 
I SN 0345 
ISN 0346 

ISN 0347 
ISN 0348 

ISN 0349 
ISN 0350 

ISN 0351 
ISM 03'52 

I SN 0353 
ISM 0354 
ISM 055 
ISM 0356 
ISN 0351 
ISN 0358 
ISM 0359 
ISN J360 
ISN 0361 
ISN 0362 
ISM 0363 
ISN 0364 
ISN 0365 
ISM 0366 
ISN 0367 
ISN jJ3b8 
ISM 0369 
ISN 0370 
ISM 0311 
ISM 0312 
ISN 0373 

TOP=1'OUT 
EOP=ESUM 
CK TPAP=T OP -II .+C FR +FP +1* FR A 1" -FP AP )/ (U *( FR +FP+FRA I N I +F PAR.) )"0 TG 
DE L2=TPAR-CKTPAR 
If (ABS( QEt 2' .LiE:.I).O 11 GO TO 46n 
IF (tA.GT.O, n TO 455 
DEL l":OEL 2 
TPARl=TPAR 
TPAR =c I<TPAR 
M: 1 
Gf1 TO 4':)5 

455 TPAR2-=TPAP 
TPAR=TP AR2-0EL2* (T PA R I-TPAR 2) I (DEl i-DEL2 I 
TPApt .. TPAP2 
DEll=DEl2 
GO TO 405 

4~('I fPAP=EP2+EP2f-EOP 
FP UN::Z*F RAI N 
FOVER= FP. +FP +Z "'FRA IN- FPAP 
F DMo~'" FeVER -EP AR - fS EE P 
Fl. 3!hFOVER-E PAR 
IF (FCAM.LT.O.I GO TO 795 
TOTlN=FP I V+FRUN 
TOTOUT=EPAR +F SEEP +FDAM 
IF IIP.LT.lI GO TO ~85 
WP ITE (6,481):: 

481 FORf.1AT (lHC',31)t-1P EFFLUENT CA'JAL TEMPr::PATURES') 
WRITE (6,482) TPIN,TP1,TP2 

482 FORf.1AT flHt,6HTPIN =,F6.2,6x,5HTPl '"=,F6.2,6X,5HTP2 =,F6.2) 
w~ITE (6,483) EP2 

483 FOP"1AT ClHO,42HTHE EVAPORATION IN P EFFLUENT CANAL, EP2 =,F12.6' 
485 IF (lR.L T.lI GO TO 489 

WPITE (6,486) 
486 FORMA.T (lH~J,3QHR EFFLUENT CANAL TFMPEPATUPES') 

WPITF (6,487. TRIN,TR1,TP2 
487 FOQMAT (lH(',6HTPIN =,F6.2,6X,5HTPl =,F6.2,6X,SHTP2 =,F6.2. 

W~ ITE (6,488' Eq,Z 
488 FORMAT (lHf),42HTHE EVAPORATION IN P, EFfLlJEN! CANAL, H2 =,F12.6) 
489 WI?ITE (6,49{" 
49C FOPMAT (lHt),ZZHPAR POND TEMPEPATU~fS') 

WRITE (6,4911 TX,TI,TIUP,TOP,TPA~,TO 
491 FflPMAT (lH{'I,4HTX =,FB.4,6X,4"lTI =,F8.4,6X,6HTJUP =,F8.4,6X,5HTOP = 

1,FR.4,6X,6HTPAR =,F8 .4.6X,4HTD =,Fa.4) 
WRITE (6,4~2t FRAIN,FUP 

492 FORMAT IIHC>,27HPERTINENT FlJWS A.PE FPAI~ =,F10.6,6X,9HAND FUP "',Fl 
10.6) 

WRITE (6,493' HC 
493 FOPMAT tlHf'I,48HTHE FATE OF CHANGE IN HfA'!" CONTF.NT JF PJ~[), He =,Fl 

lQ.It) 
WRITE (6,4t;l4t: 

494 FOPMAT IlHQ,103HTHE EQUILIBRIUM TEMPERATURES aVE!> SEGMENTS 'IF lA'4G 
lHAARS COOLIN q,ATE CURVE ARE AS FOlLnws FOR PAR POND') 

WRITE (6,495. (1T(I"1=1,10) 
495 FORMAT (lHC,9HOEGREES C,4X,lDF10.2) 

WRITE 16,4(6) CTEP(J ),1=1,9) 
496 FOPf-IAT (lHO,3HTEP,2DX,9F10.ft.) 

WP ITE (6,4~7t EOP 
497 !=OR"'AT HH'('I.36HTHE EVAPORATION FP(lM PAR POND, EI)P =,FIZ.6) 

W~ITF 16,SO(l 
51)0 FOPMAT (lHC,45HTHE ~ATER BALANCE FOR PAR PONO IS AS FOllO\rj$') 

WRITE (6 ,'5nl r 
501 FORMAT «lHC,lt:'X, 8HWATEP IN) 

WPITE (6,502) FPIV 
502 FOPMAT (lH~,16X,25H~AKEUP FROM PIVER, FRIV =,3X,F1J.6J 

WP IT!; (6,5n3t: FRUN 
503 FOPMAT IIHO,l;6)(,28HPUNOFF FROM PAINFALL, FRUN c,FD.6) 

WP rTE (6 ;S(4): TOTI N 
5(\4 f(lP'"IAT 11HC,22X,8HSU8TOTAL,14x,F10.6J 

WRITE (6,S('l5~ 

5C; FORMAT (lHO,lOX,9HWATER OUT) 
WPITE (6,506 EPAR 

5(16 FORMATe IHIJ,16X,19HEVAPORATIOr-..!, EPAR =,9X.F1I"J.6) 
WPITE e6,501) FSEEP 



ISN 0374 
ISN 0375 
l~N ')376 
I SN 0377 
ISN 0378 

I SN C379 
ISN 0381 
ISN Q382 
ISN 03~3 
IS N 0384 
ISN 03e5 
ISN 0386 
I$N 0387 
I SN 0389 
ISN 0390 
ISN 0391 
I SN C392 

ISN C393 
ISN 0394 

ISN C396 
ISN 0397 
ISN 0398 

ISN 0399 
IS N 0400 

ISN 04Ql 
ISN 0402 
ISN -'403 

c 

c 

c 

c 

51'\7 FOPMAT UHl!,16X,21HSEEPAGE LOSS, FSEF.P =,7X,FIO.6) 
WP I TE 16,5081 FOAM 

S~8 fOP,""'AT (IHO,16X, 23HOVERFLOW AT DAM, FOAM =,5X,FIC.6) 
WRITE (6,509' TOTOUT 

509 FOFLt.1AT flHO,22X,8HSUBTOTAL,14X,FlO.6) 

IF IH3P.LE.0.1 GO TO 800 
DO 520 t.=1,9 

52C TEQILI=TEILI 
TI N=TOP 
F= Fl3R 
4TOT=4.83 
CALL J WL 
IF I IJK.GT.O 1 GO TO 797 
TRP-TOUT 
EU" -E$UM 
WRITe 16,5301 TRP 

53('\ FOPMAT llHO,73HTHE OVERFLOW FPCM PAP DAM REACHES THE PIVER lilA LO,W 
IEF' THPEE ~UNS AT TRP =,F6.ZJ 

wrITE (6,531) EL3R 
531 FOPMAT 1 lH~, 57HTHE E VAPDRATI ON I N LOWER THREE RUNS BELOW PAR DAM, 

lEL3P =,F12.6 
GO TtJ eoo 

795 WPITF. {6,796. 
796 FOPMAT (lHO,29HPAR POND LEVEL IS DECREASING.' 

GO TO 8011 

797 WP ITE 16,7981 
798 FORM AT IlHO,lnHTHE INPUT CONDITIONS LEAD TO TEMPERATURES OUTSIDE 

lOF THE RANGE TAKEN FOP LANGHAAPS COOLING RATE CURVE.I 

8'('1 GO TO 1 
Bl0 STOP 

fNO 

- 92 -



I MAIN I SIZE OF PPOGRA"1 !-~'2F1C HEX'\DE:I\jj,&,l ~VH" PAGf OIl 

NAME TAG TYPE ADD. NAME TAG "yp F ADD. N.a."1F TAG TyPE ADD. NAME TAG TYPF ADD. 
B SF R*4 OOODC C D SF fl:*4 "0('C28 F S C .*. 00:)038 H SF , *. lJO;Z; 
I SF 1*' ~OOC3' J SF 1*. 000e34 L SF 1*' 000C38 .., <; .*. J)); 3; 
R SF R*' OOOC40 U SF • *. 0(11) C44 " SF ~*t;. ~onC4e l SF .* • ))C4-C 

BO S e P*4 ()O(,)05C B S ~F '*4 O,:H?OEft EC SF .*4 )0'C5' EM SF • *. ~JOEOB 
Fe SF .*4 CODCS4 FK SF '*4 oooe58 FL SF '*' cooe5C FP SF 0" j)CS) 
F, SF '*4 (II)I')C 64 :;A SF '*4 [11''IOC68 GB ~ F C 0*. ~'~DAC -tC <iF ,*. lOJ: If>: 
HI SF • <. OQOC70 HT SF P*4 O{1('E2C IC SF I" :H",)C7~ I I( ~ F .*4 )));79 
IL SF 1*4 ('o('c 7C I P SF 1*4 ;':,0 C8 0 I. SF 1*' :'I(H1C84 PC SF "*4 J) 0; 8B 
PK SF '*4 nrOCFl:C PI SF '*4 M·ne 9('1 pp SF RH (l00C94 pR ~F .,. )))C~ , 

TC SF "4 (loccqc TD SF R*4 [lO:"CAO T E SF '*4 on('E54 Tl SF R*4 DOlCH 
TT SF C '*4 P0rc 10 T X SF P'4 onCCAf! Tl SF .*. 3C'CAC '1 P SF "4 noE7B 

OTG $F P*4 OOOCRO Ee2 SF P*4 000CB4 EG3 ~F "*. 00l)CB9 Ec4 SF .*. )))CBC 
EKL SF • *4 

('I('ICCC:'I EK 2 SF ·'4 or C"lC C 4 EK3 SF p •• :")!"IC(8 El2 SF I".,t,.. »)C:.: 
El3 SF ~*4 oooeoo FL4 SF P*4 nnt)CD4 E~Q 5 .*4 O~0038 E~S SF .*4 )) )EAl 
EOP SF • '4 (\O~CD8 EP 2 SF P*4 :Jf'lClCI)C EQ2 SF= .*4 Clr,"lCE;:'I FFA. SF • '4 )) 0:,. . ..-FFC SF po. f,1)0 CEEI FFF SF .*4 OOOCI:C FFR SF F?*4 OOOCF(' FlJP ~F .*. »)CFIt .. ..-
GAS SF P*4 MOCFS GB S SF P*4 JOOCFC HTS SF R *4 JO'EC4 .)< C 1*4 J)O)~8 

I 
JwL SF XF 1*4 (H~DC(1,O TC 1 SF r>4 ~flc.DCn TC2 SF .*. Den 004 T C3 SF P*4 )))0)' 
TC4 SF 1"*4 oaODoe "'EP $J: ••• O~ICt EEC Tn S , *4 (\')noeo TES SF ••• )))'ll 
TIN S C !'!*4 fl~l')(jor, TKL SF R*4 f)(J('DI I] TKI SF PH ·''''''''DI4 T< 2 SF '*4 ))0)18 
TK3 SF "4 ~OPOlC TL 1 SF P'4 01)0D20 Tl2 C;F "*4 000024 ru C)F .*, )) ) DZl 

<0 Tl4 SF P*4 N'OO2C TOP SF .*. OC'c: 03) T PI SF '*4 :)PC'D34 TP 2 SF '*4 0)0)38 '" roP SF .*4 (10" D3C TPI SF R'4 :l::'l104C rp2 SF R *4 r<f)('lD44 TWI SF .*4 JOOJ~B 
)(.4C .-*"~ ATGr s C 

• *4 
~H"I)O(iC DELI SF p*4 tHj it 04C DEL2 SFA P*4 ,ClCtD5"1 EKl3 SF '*4 J~D054 ='-El3. SF 0'4 ('00058 EPAR SF P*4 OOOD5C ESU!.1 F • *4 DOOO~. FDAM C;F P'4 )) J OS) 

FKL 1 SF P*4 000D64 FKl2 SF P*4 (1('1068 FUR SF '*4 :"!t)J06C FPA~ ~~ '*4 JQ017J ~' 1: 
FRIV SF '*4 000074 FR'J~ SF '*4 0(1(1078 PUR SF P'4 ~D'D7C TAIP <:;F C ,*. ) J) laD " TI UP SF P*' OOOD~O TKLl SF 0*4 n:~1)84 TKl2 SF '*4 00(\088 TKl3 SF R" ))) Dl C ,," ~ ~ ... :.. .... ,-
TOUT F C p *4 O{IC'Q'J4 TPAR SF P'4 01")('ID90 TP I N ~ F p*. Jr)C\094 Ttt I\l SF , *4 J) 0)98 :: ,: .. ~l~ TRI v SF R*4 (\(V'I Dge FOVER <:; F .*4 COO DAD FR4I\I SF '*4 0(\00A4 F$EEP !=iF PO' ))) DAl 

TOTIN SF "4 ('j'H'DAC TPARI SF P*4 '}OD 08' TPAP2 SF R *4 )00DB4 C<TPA~ ~F '*4 0)OH6 
18CCM~ F XF • *4 

rnOOr'lQ rOTOlJT SF R*4 o"'mac 

**1(:." COM~nN INFORMATION ***** 

NAME OF cnMMON BLOCK * 
, SIZE OF BLeCK rH)t) 0 B4 HEXADEClMAL BYTES 

VAR. NAME ryPE PEL. ADDf'. YAP. NAME T''(p E PEL. ADOQ. VAR. "'A'1E T'(PJ:: PEL. ADDQ. VAR. NAM~ TyPF Q~l.. ADOR. 
TIN '*4 nOOnCil TOUT .*. f!)ClD04 F p*, (,"1D"08 ATH ,*4 !",~('JIH:': 

TT R*. om'!" 11) E"Q R-*4 CCM38 80 p*4 t:';:'Ot:'l5C TEQ P*4- OO:1t1S) 
ESUM ~*4 OOOOA4 I JK 1*4 001)0 A8 GB R*4 O('OD,",' TAP PH n",t:'J~BJ 



.()(><~ xI"" x x >I/o.< 
'" 11<"" 

"'I' ~'"",~ )C , ,.. I 

'x '" 'IIC'" x ". 
>< ;." , ,.,. . 

.'>WI!! )( 
)(lC)()i( 
)(,.~)( 
1I('~.,~')C • 

LASEL AOOR LABEl AOOR LABEL AOOP LABEL ADOR PAGE 012 

7 0011C6 185 OOl66C 19a 001876 210 O'U: 1; 
220 OOICEO 250 DOlE 58 26" OOIEOC 210 onFAB 
300 002068 310 0020 EC 320 002188 350 0022:4 
400 002484 403 0024C2 405 002SlC 4ns ~0255C 
410 00261C .. 20 00269C 430 002750 450 00280A 
H5 OOZ9F4 460 002A3E 4B5 002824 489 002B 90 
520 0020F8 ~5 002EB6 797 002E02 800 onE.8 
810 002EEE 

.OPTIONS IN EFFECT. NAMEIII' MAIN,OPT=OO, LI NECNT=58 

.OPTIONS IN EFFECT. SOURCE,EBCDIC,NOlIST,NODECK,LOAO,~AP,NOEDIT,IO,NOXREF 

.STATIST IC S. SOURCE STATEMENTS .. 4~2 ,PROGRAM SIZE .. 12060 

.STATlSTlCS- NO DIAGNOSTICS GENERiATEO 

•••••• END OF CO"PJlATION ****** 

LEVEL I! 1 SEPT 69 05/36) fOP! !'!.AN H DOTE 1l.250IM.18.27 

CO.PILER 
ISN 0002 

OPTIONS - NAME" 
SU8ROUTINE JWL 

MA IN, QPT=I)O, LI NFC N"=5 a ,SOURCE, ESCDI C, ~IOLI S T, NODECK ,L OAD, ~A~ ,NOEDIf tID, N/)XR!:=F 

ISN ODD) 
ISN 0004 
I SN 0005 
ISN 0006 
I SN 0007 
ISN 0008 
ISN 0009 
ISN 0010 
ISN 0011 
ISN 0012 
ISN 0013 
ISN 0014 
ISN 0016 
ISN 0017 
ISN C018 
ISN C01~ 
ISN 0021 
ISN 0023 
ISN 0024 
ISN 0025 

1020 

105~ 

o I~EN SION TTl 101 ,EMOI 91,BOl91 ,TE 0191 
COMMON TIN,T UT,F,ATOT,TT,EMQ,8Q,TEQ,ESUM,IJK,GB,T\[R 
HFG s 581. 
T=TIN 
IJKo? 
I-I 
5UM=0. 
ESUM .. O. 
HOLD-C. 
EHClD=O. 
TDIF=TTIII-T 
IFITOIF.LT .0.1 
1=1+1 
GO TO 1020 
J=I-l 

GO m 1050 

IF IJ.LE.~I se TO 1090 
IF I!TT((I-T80IJIJ.LE.~.1 GO TO 1080 
X=ITT! II-TEOIJIIIIT-TEQ!JII 
AINC=-AlOG(XJ*F·50~./EMQ(J) 

E INC=« (EMQ (J "J*TEQ( J J +BOI J }+GB*I T AIP-TFQ IJ) I )*A INC+5 ~H'I •• F. (EMQ{ J'-G 
lB'*(T-TF.Q(JI)*{1.-XI/EMQIJII/5nO./HFG 

SE~Q 
~1I<~lI 
.. ::::?S 
)f=~ 

F§ sss; 
>e"", ""§' "11(11< ' ...... 
'CWIII 



lSI'! Or'26 
IS,., 0027 
ISN tie28 
IS N 0029 
ISN 0030 
ISN C032 
I SN 0033 
I SN C034 
IS N 0035 
I SN (lC36 
ISN 0037 
ISN e038 
ISN 0039 

I SN C(l4,) 
ISN (041 
ISN 0042 
I SN 0043 
ISN 01)44 
1 SN 0045 

HOlD=SII'" 
EHCLO=ESI)", 
5UM=SUf.1+AINC 
ESUM=ESUM+EINC 
IF ISUM.GE.AT'CT) GO TC 108:) 
T=TTI II 
1=1+1 
GO TO 1')50 

108(, AINC=ATr'JT-HOLD 
Y"'EMQ( J'*AINC/F/500. 
TOUT=TEOI J I +1 T-TE QI J I lIE XPI vI 
X=l./EXP(y) 
E'I NC =( (E"IQ( JllIcTEQ( JI +BQ(J) +G8>01(T AIR-T EQ (J I, J *A INC .. 5JO .*F.(E~O(J )-G 

lB) *IT-TEQ(J) ,'*( l.-X)/EMQ( J) 1 /5!"10. /HFG 
E~Ufo!"'EHOLO"'EfNC 
GO TO 1096 

1~90 IJK=IJK+l 
1096 CONlINUt: 

PETURN 
END 

I JWl I qZE (IF PROGRAM 1f":l4F:' HEXADf:CIMAL BfTES PAGF. 1)02 

NAME TAG TYPE ADO. NAME TAG TYPE ADO. NAMF TAG Tv" E ADD. NA"'IE TAG TYPE AOO. 
F F C '*4 OOi)f)08 I !iF 1*4 OCM94 J SF I'~ ':)"O~9 r 5 F .'4 lOO09: 
X SFA .*4 O(lOOAO V S FA R*4 OOOOA4 B:l F : :1:*4 0OO05C GS F C .*4 lOJJAe: 

TT F C R *4 0(\0(\10 EMQ F C Ph 0('101'\38 HFG 5:F .*. ;)':'lOAB IJ< SF C 1*4 )lJO<S 
JWL 1*' (lOOt) AC SJ"1 SF .*4 ('''')OOB(\ TfQ F C .04 oaooso TIN F C .*. ""') AJNC $F P*4 oooeS4 ATOT F C "4 OtOO~c EINC SF • *4 000088 E SU"I SF C ••• OOOOA~ 

POLO SF R*4 OOOOSC TAIR F C .*4 000/)80 TDIF S '*. )000c;, rOJf S C '*4 nOOO4 
EHOlD SF ·*4 0000.C4 EX P XF .*4 000000 ALJG XF '*4 0.0000.0 

***** COMMON JNFORMATIO~! *.**f< 

NAME OF CO~MON BLOCK • • SIZE OF BLOCK 0(10(\84 HEXAOECII1AL BVTES 

VAR. NAME TYPF PEL. ADOR. VAR. NAME TYPE PEL. AODR. VAP .• NA"'E TYPE REl. ADOR. VA~. NA~E TVPF RFL. AlIH. 
TiN P.*4 000000 TOUT R*4 01;,)00"4 F R*~ O~ODJ9 ArOT .*4 t:'~O"(\: 

TT .*4 000010. EMQ R*4 O')O(l38 BO "*4 000(\5C TEQ ••• 0000.8l 
ESUM R*4 000004 I JK 1.4 OOOf'lA8 GB R*~ OOOOAC TA lit. ·*4 "I)CI)BO 



'" a-

LABel lODR 

1020 00014C 
10'6 0004tA 

>OPTIONS IN EFFEC'* 

LAB EL AOOR LAB!:L AODR 

H'I'5~ COOl7e 108('1 on0358 

NAME::: MAIN,QPT=('\O,LlNECNT::58 

*OPTIONS IN EFFECT. ~OURCE ,E BCD Ie, N[lLI S T ,NODECK, LOAD, MAP, NO ED IT, 10, '1:3)(Q EF 

'STAT 1ST ICS' SOUPCE STATEMENTS 44 ,PROGRAM SIZE L264 

.STATI STies. NO OIAGNOST Ies GeNERATED 

•••••• END OF COMPILATION ****** 
*St_TI5TICS* NO DIAGNOSTICS THIS STEP 

05/361) LOADER 

OPTIONS USED - PRINT,MAP,LET,CAlL,RES,SIZE=184320,EP=MAIN 

NAME TYPE AOOR NAME TYPE AODR NAME TYPE ADD!> NAMF. TYPE 

MAIN SO 838"8 JWL SO 86728 [HCSlOG * SO 86t18 ALOG1D • LP 
IHCSExP * SO 86008 EX P * LR 86 DOS IHCECOMH* ~D 86F88 IBCO"' • Lq 
INTSWTtH* LR 87F66 IHttOMH2 - SO 87F80 SEQOASO • LR 88098 IHCERRM • SO 
IHCERRE * LR 88398 [HCU!lPT * SO 8B920 IHCEFNTH* SO 88t20 AP ITH , 

• L" I HCEFlOS* SO 89138 FI DeS, • LP 89138 F IOCS BEP> L P 8913E IHCFC VTH* SO 
FCVAOUTP* LR 8AHA Fe VLOUTP' LR 8A3AA Fe VIOUTP* LR 8A4FA FCVIOUTP' LR 
FCVCOUTP> LR 8AFA2 INT6SWCH* LR 8B283 IHCUAT6L * SO 8B3EO IHCET.C'" SO 
ERRTRA • LR 88A20 S8LANKCD. CM 88CA8 

T CT AL LENGT H 8554 
ENTRY ADDRESS 83808 

LABEL A DOl:! PAGE "1'3 

1~90 ~OO~BA 

AI)OR ~AME TYPE AJaR 

86C18 AL)G • L" 86C34 
86F88 FlIOCS' • lI~ 871)44 
8838' ElRMlN • LR 88380 
8BC2) AOJSWTCH' LR 88 F8C 
8A270 'DCO~. • LR 8A270 
8A886 FCVEJUT~. LR 8Ans8 
8BA18 IHCTRCH * lR 8BA18 



LIMN Pri ntout 1 

INPUT 

IR IP Il I K IC 
1 1 ~ 0 C 

PR P. Pl PK PC 
2102. 1811. o. Q. ". 

FP FP FPAP FSfEP FFF 
O.167S(H) 0.16681)" fl. 2(129<:'10 oJ.'" '''2 8(1 \J {\.631"(l 

Fl F" Fe 
c.o 0.0 r .0 

TR IV Tl D TG 
18.85 21.05 1.94 

TAIl=! Twa PA I 1". W HS P D 
22.22 17 .21 12.3~O 7.3 43.9t 4.1('\ 31.Q("'0::: 

tD U Z H FFR FFA FFe 

" 2.30 2.71 2ry.4~ n.2S 1.f'lr1 1.,)0 

OUTPUT 

LANGHAARS CO['lUNG RATE CURVE FOP QPFN ClJNQIT IONS' 

DEGP EES C 95.11('1 85. (" Q 7~.OO 65.00 55.N" 45.r'I' 3C). "I) 25."1) 15.('1" 'i.""r' 
.,',.. 

HT 1947.61 1356.('\2 921.79 6e,S.64 385.90 228.97 118.'.4 39.74 -11.94 -~2.31 

EM '5Q.1586 43.Ji235 31.31~8 22.2743 15.6926 11,.0525 7.8700 '5:.7689 4.437(' 

B -3672.46 -2334.98 - 1426. 83 -839.19 -411.2C -268.39 -151.:)1 -1)1..48 -84.C)('l 

TE 62.8202 54.7831 46.9658 39.6462 33.2066 28.2555 25.5281 25.7204 28.93fl3 

lANGI1AARS COOLING RATE CuriVE FOR SWAMP CONDITIONS' 

DEGREES e 9;.rH'I 85.00 75.00 65.01) 55.00 45.00 35.1')0 25.00 15.0) 5.')" 

HTS 1144.21 19'7.72 546.19 362.64 231.36 138.12 1l.7l' 23.68 -12. 2~ -4".38 

EMS 34.4489 25.3535 18.3542 13.1285 q. 3 241 6.6419 4.8023 3.5878 l .81 79 

BS -2128.43 -1355.32 -B30 .38 -4q!) .11 -lIB .46 -160.11 -96.38 -66.02 -54.6.1 -
TES 61.1852 53.4571 45.241q 31.3712 30.1868 24.2C~8 2('\.r'l696 18.4'06 19.3296 



-.;, '~ 

\D 
00 

P EFFLUENT CANAL TE~PE~ATURES' 

TPIN 22.34 TP1 B.53 TP2 36.16 

THE EVAPORATIC'N iN P EFFLUENT CANAL, EP2 0.0:>1141 

R. EFFLUE~IT CANAL TE~PERATIP,E S' 

TRI" 20.89 T~l 68.50 TR2 4t).r4 

THE EVAPQ=tATlON IN R FFFlUENT CM,IAl, ER2 ('I.!"\Q129Q 

PAR P(lN C TEMP ER ATUR E<:; I 

TX 38.1145 TI 37.71eO TIUP 29.6114 TOP 25.6264 TPAQ 23.3989 TrJ = 25.7471 

PERTINE"lT FLOWS ARE fPAIN = ·').Oi}"307 AND FUP 1.129776 
THE RATE OF CHANGE IN HfAT CrNTE~T nF POND, He 8.0317 

THE EQUllIBRIUfo1 TfMPf.PATl.lPl=~ OV~F: SFG"IfNTS CF lANGHAA!?S COOLING PATE CUR'iE ARE AS F!)LLDWS f"R, PA~ P)'iO I 

DEGPEES C 

TEP 

95 ..... ,f', 85. f'lr 

62.61i44 

15.\"" 65.8'1 

54.5980 46. 7~91 

THE EI/APORATION FRO"1 PAP POND, Erp 0.016264 

THE WATEr BAlA"4CE FIJR PAP PC~O IS AS FOLLJWS' 

WATER IN 

MAKEUP FRflM PIVEP, F~IV 

RUNOFF FROM PA["IFAl.L, FOUN 

SUBTOTAL 

WATER OUT 

EVAPORATIO~, FPAR ~ 

SEEPAGE lOS$, FSFEP = 
OVERFLOW AT CAM, F[AM = 

SUB TO TAL 

O.13140ry 

() .:)14382 

0.1457B1 

1').(";3:."17('9 

O.00280n 

0.112272 

0.145781 

55.(,0 A5. n O 35.'~ 

39.2853 32.6944 21.5282 

THE CVE~FlOw F~O~ PAP CA~ PF.ACHES T~f RIVER VIA LOWEP THFEE RU~S AT TRP • 25.~8 

THE EVAPORATION IN LOWEP THREE RUNS BELOW PAR DAM, El3P O.~~'589 

25 .:-~ 15.::1 , s.rol"l 

24.5068 24.3271 27.1268 



LIMN Printout 2 

INPUT 

IR IP Il IK IC 
0 I (I 0 0 

PR pp Pl PK PC 
O. 1811. e .. O. ". 
FR FP FPAP F~EEP FFF 

0.0 n .16681)(" ".15'lrCJO ().r)"lAOO 1.OO!1f) 

Fl FK FC 
0.0 0.0 Q.ry 

TRIV TI DTG 
18. E5 21.05 1.94 

T AlP, TW8 PAIR W HS R D 
22.22 17.21 12.300 7.3 £3.90 4.lIJ 31.000[! 

<0 U I H FF' FFA FFC <0 
2.30 2.71 2J).4P (l.2S 1. ,)r 1.0() 

OUTPUT 

LANGHAARS CO(1lING RATE CURvE FnR (''!PeN CONDITIONS' 

DEGREES C Q5.00 85.0"" 75.00 65. r:l' 55. ('1(' 45.("1 35.,) 25.00 15.::)1 5.,"In 

HT 1947.61 13 56. 02 921.79 608.64 385.9C\ 228.97 118.44 39.74 - 11. 94 -62.31 

EM 59.1586 43.4235 31.3148 22.2743 15.602~ 11.0525 7.8700 5.758~ 4.437" 
, 

• -3672.46 -2334.98 -1426.83 -839.19 -477.20 -268.39 -157.01 -lO4.4~ -8 4 .51') 

TE 62.8202 54.7831 46.9658 39.6462 33.2066 2B.2555 25.5281 25.7204 28.9383 

LANGHAAFtS COOL [NG RATE CURVE FOR SWAMP CONDITIONS' 

DEGPEES C 95.00 85.00 75.1')0 65.00 5S .no 45.0J 35.')0 25.00 15.00 5. ('10 

HTS 1144.21 799.72 546.1~ 362.64 231.36 138.12 7L.70 23.68 -12.2) -4'1.38 

EMS 34.4469 25.3535 18.3542 13.1285 9.3241 6.6419 4.8023 3.5818 Z.6119 

8S -2128.43 -1355.32 -830.38 -490.71 -281.4S -160.77 -96.38 -66.02 -~4.47 



,.... 
o 
o 

TES 61. 7 852 53.4571 45.2419 3T.3772 30.1668 24. 2046 20.06% 18.&""S 19.n96 

P EFFLUENT CANAL TEMPERATURES' 

TPI~ .. 22.32 TP163.51 TI>2 36.16 

THE EVAPORATlCN IN P EFFLUENT CANAL, EPZ o .:Hl1143 

PAR PON C T E",P ER ATUR E~ I 

TX "" 36.159l TI 3~. 5748 TIUP 28.3989 TOP"" 21...7610 TPAR 22.701C; TO 24.3SI):) 

PERTINENT FLOWS APE FRAIN o.~r53C1 AND FUP = 0.577027 

THE RATE OF CHANGE IN HEAT CQNTENT OF POND, He ';.6719 

THE EQUILIBRIUM TEMPERATURES CVEP SEGMENTS OF LANGHAARS COOLING PATE CURVE ARE AS FOLLOWS F~P PA~ PJ~Df 

DEGREES C 
TEP 

QS.,il 85.(10 
62.7243 

15.C~ 

54.6525 
65.00 

46.1847 

THE EVAPORATION Ff!OM PAP POND, EOP O.I'J1pnq 

THE WATER BALANCE FeR PAR POND IS AS FOllGWS' 

WATER IN 

MAKEIJP FROM RIVER, FRIV 

RUNOFF FROM PAINFALl, FF!U~ 

SUBTOTAL 

WATEP OUT 

fVAPORATION, EPAR .. 

SEEPAGE LOSS, FSEE, 

OVERFLOW AT CAM, FCA~ "" 

SUBTOTAL 

O.01680C 

0.014382 

O.031162 

O.Pl9'73 

O.CD2B"'O 

0.009309 

o. t)31182 

55.00 
39.3915 

45.00 
32.8452 

THE OVERFLOW FROM PAP CAM REACHES THE RIVER VIA LJWEP THP,EE RUNS AT TP.P 

THE EVAPO~ATION IN LOWER THREe RUNS BELOW PAR DAM, El3R ('I.(\1:1564 

35.)' 
27.7423 

25.71 

2;.CI' 
24.8074 

l!l'." 
24.7372 

5."("1 
27.66"" 



LIMN Pr; ntout 3 

INP~T 

IR IP IL [K Ie 
0 ~ 1 I 1 

PR PP PL PK PC 
O. O. 2062. 1494. 2256. 

FR FP FPAR FSEEP FFF 
, . 0.0 0.0 0.0 0.0 C.O 

FL FK Fe 
0.173000 0.185000 0.181000 

TR IV n DTG 
24.2:0 0.0 0.0 .... 

0 TAlR TWB PAIQ: W HS R D .... 
21.30 24.30 21.2"0 6.0 39. ('10 (:.0 l.noor. 

U Z H FFR FFA FFe 
0.0 0.0 0.0 0.0 0.0 0.0 

OOTPUT 

LANGHAARS COOLING RATE CURVE FOR OPEN CONDITIONS' 

:-:~ 
ICX)(..c q 
!6i; 
•~ ... "" ~# 
'~h :: .. :; 
:g;;.l:.! 

DEGREES C 95.00 85.00 15.00 65.00 ~5.n(' 45 .O~ 35.J) 25.'10 15.ClI) 5. !,)(I 

HT 1168.52 122G.<14 818.89 528.82 322.36 176.78 14.11 0.87 -52.93 -94.'4.2 

EM 54.7582 40.2055 29.DC'67 2(1.6456 14.5585 10.2611 1.3237 5.38!'14- 4.1481 

B -3433.50 -2196.53 -1356.62 -813.14 -476.36 -2aS.2ft -182.22 -133.64 -1l~.16 

TE 63,l..152 55.6025 48.1136 41.271..9 35.5363 3l.58M 30.2(\64 32.{'IB67 37.11598 

lANGHAARS COOLING RATE CURVE FOR ~IiIAMP CONDI nONS' 



DEGREES C 95.00 B5.00 75.00 65.00 55.00 45.00 35.00 25.00 15.0:) 5.:'1" 

HTS 1120.56 17t..07 522.54 338.99 207.71 114.47 48.)5 ).P3 -35.85 -64,/')3 

EMS 34.4489 25.3535 18.3542 13.1285 9.3241 6.6419 4.8023 3.5818 2.8179 

8S -2152.(\9 -1378.98 -854.03 -514.36 -305.11 -184.42 -120.03 -89.67 -78.12 "'X"'~ XX" 
res 62.4118 54.3900 46.5304 39.1781 32.7233 27.7651 24.9945 l4.~921 21.7226 )()(X~ 

XXx 

THE C EFFLUENT CW TE~PERATURES ARE AS FOllOW$' ~::a 
Tel"" 71.49 Tel = ~4.03 Te3 = 31.06 1C4 = 35.93 

I 
.... 
0 THE MIXED TEMPERATURe: OF THE TWO OJ TtET STREAMS AT THE R jVER FOR FOUR MILE CREEK, F~3M C REACTOR, [S TC 34.56 
N 

THE EVAPORATION IN FOUR MILE CREEK, FROM C REACTOR, IS EC = D .OO95~5 

THE K EFFLUENT CW TEMPERATURES ARE AS FOLLOWS' "",.":' 
TKI 54.84 TK2 = 46.50 TK3 = 29.40 

.. .. .. 
K "" .. 4')I(M_ 

THE L EFFLUENT CW TEMPERATUPES APE A~ FOllDWS' "'v",ft' 

Tli = 69.42 Tt2 = 52.86 Ttl = 33.56 Tl4 = 38.27 

THE TEMPERATtJf<.ES IN STEEL CREEK NElP THE. RIVER ARE AS FOllOWS' 

TKL1 • 31.56 TKl2 '" 34.43 TKL3 33.69 TKl 32.40 

THE TEMPERATURE OF STEEL CREEK nUTLET AT THE RIVER, FRO~ K AND l REACTOP$, IS TKL '" 32.40 

THE EVAPORATION IN PEN BRANCH AND STEEL CPEEKS, FP.D~ K AND l REACTORS, IS EKL ... 0.013187 



LIMN Printout 4 

INPUT 

IR IP IL IK IC 
0 0 1 1 1 

PR PP PL PK PC 
o. Q. 21(10 • 2100. 2250. 

FR FP FPAR FSEEP FFF 
0.0 0.0 0.0 0.0 C.O 

FL FK FC 
0.180000 0.180000 0.180000 

TRIV Tl DTG 
27. eo 0.0 0.0 

T AIR TW8 PA I" W HS " 0 
30.90 25.60 21.780 3.8 60.00 0.0 1.1)00('1 

U I H FF? Ff' FFC 
0.0 0.0 O.{'i ~!. 0 (I. (', O.~ 

OUTPUT ~ > 
" LANGHAARS COOLING PATE CUPVE F1R OPEN CONDITIONS' 

DEGREES C 95.00 85.'" 75.00 65.00 '55. (H. ... 45. -,0 35.01') 25.(')0 15.':'1 5.'l~ 

HT 152l.51 lO4A.4D 100.80 449.79 27:).90 144.51'1 55.13 -B.R7 -56.10 -92.7r': 

EM 47.3114 34.7598 25.1(08 17.8893 12.6392 B.937g 6.3992 4.7231 3.66('7 

8 -2973.08 -1~16 .18 -1181.77 -713.01 -424.26 -257.70 -168.84 -126.94- -lli. 'H 

TE 64.1087 56.5649 49.4711 43.2Un 38.3141 35.5453 35.7616 39.15805 4b.114~' 



» , 

..... 
o .. 

LANGHAARS COOLING RATE CURVE FOR SIIIAMP CONDITIONS' 

DEGI'EES t 95.00 85.00 75.00 65.00 55.1:'0 45.0) 35.00 25.00 15.00> 5.00 

HTS 1113.13 168.65 515.11 331.57 200.28 107.04 40.62 -7.40 -43.28 -71.46 

EMS 34.4489 25.3535 18.3542 13.1285 9.3241 6.6419 4.8023 3.5818 2.8179 

8S -2159.51 -1386.4(' -861.46 -521.18 -312.5~ -191.94- -121.46 -97."9 -85.')5 

TES 62.6873 54.6828 46.9351 39.1443 33.5197 28. B831 26.5407 21.:)623 3'.3~n 

THE e EFFLUENT ew TEMPFRATlFES ARE AS FOLLOWS' 

Tel 75.22 Te2 48.30 Te3 29.17 T(4 s: 38.53 

THE MIXED TEMPERATURE OF THE TWO OUTLET STREAMS AT rt-le RIVER FOP FOUR MILE CPEEK, FR:)"I C REACT:J~, IS TC ...., 36.11 

THE EVAPORATION IN fOUR MILE CREEK, FROM C REACTO~, IS EC r.ol0%4 

THE K EFFLUENT CW TEMPEPATURES APE AS FOllOWS' 

TKI c 72.06 TK2 60.42 TK3 29.12 

THE L EFFLUENT CW TEPIIPERATURES ARE AS FOLLOWS' 

Tli = 12.06 TL2 = 56.91 Tl3 35.62 TL4 40.72 

THE TEMPERATURES IN STfFl CREEK NEAR THE RIVER ARE AS FCllCWS' 
TKL1'" :32..59 TKl2 :::r :36.13 TKl3 '" 35.58 TKl = 33.50 

THE TEMPERATURE Of STeEL CREEK OUTLET AT THE RIVER, FPOM K AND L Q,EACTORS, IS TKl 33.50 

THE EVAPORATION IN PEN BRANCH AND STeEL CREEKS, FRJM K AND l REACTORS, IS EKl .. 0.011415 
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