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ABSTRACT

In an arid climate the consumptive use of water by 
a steam power plant may place a constraint on the plant size 
and location, and may affect the choice of nuclear or fossil 
fuel. Lack of a firm water supply for cooling tower makeup 
may necessitate a reservoir, which then could be used as a 
cooling pond. A review is made of the factors affecting 
power plant siting in Arizona. An investigation is then 
conducted of the factors affecting the ability of a cooling 
pond to dissipate an imposed heat load. Appropriate mathe
matical models of cooling towers, ponds, and spray systems 
are developed based on meteorological phenomena. The 
evaporation from cooling towers and spray systems is calcu
lated using the heat and mass balance method. The monthly 
evaporation, using Arizona climatological data, is computed 
for various design criteria and operating conditions. The 
use of a spray system to provide supplemental cooling during 
summer months to reduce the required pond area is investi
gated. The results indicate that the total evaporation will 
be highest for a cooling pond, but the use of a supplemental 
spray system reduces the annual evaporation by approximately 
20 per cent from that of a cooling pond designed for summer 
conditions.

viii



CHAPTER 1

INTRODUCTION

The installation of steam power plants to satisfy 
the rising demand for electricity will require increasingly 
large quantities of water to dissipate the heat rejected by 
evaporative condenser cooling systems. In regions where 
water is in short supply, such as the Southwest United 
States, the amount of water available may be a design 
constraint on the plant size. It is therefore imperative 
when planning a power plant in an arid region that the 
factors affecting power plant water consumption be identified 
and controlled to permit reduction of the demand, and that 
the annual water requirements be accurately determined.

Feasible alternatives to large steam power plants 
are hydroelectric and geothermal power sources. However, 
economical sites for hydroelectric projects have been nearly 
eliminated, and the development of those remaining will be 
subject to public resistance. The hydroelectric potential 
of the Central Arizona Project (CAP) will require $18 
billion for development and is still many years in the 
future (1, p. 25). Geothermal power in the Imperial Valley 
of California could generate as much as 30,000 Mwe, but its 
development will require a large expenditure of funds and
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further exploration (2, p. 29). Also, because the steam 
must be condensed in power conversion, the thermal dissipa
tion problem would still exist.

The primary alternative to evaporative heat rejec
tion is the use of dry cooling towers, in which air is the 
cooling medium. Due to the relatively negligible water 
requirement (approximately 116 gal/kw/yr), this cooling 
method is being intensely studied. However, it presently 
imposes severe cost and operating penalties resulting from 
the higher turbine exhaust temperature and the large heat 
transfer area required in the tower. Also, turbine manu
facturers will need to modify their existing designs to 
permit economical operation at the higher back pressure 
(3, p. 10). The Western Energy Supply and Transmission 
Group Associates (WEST), which is comprised of 23 utilities, 
including Arizona Public Service Co., Salt River Project, 
and Tucson Gas & Electric Co., is presently investigating 
dry cycle cooling for use in the Southwest United States 
(4). However, utilities will be reluctant to construct a 
dry cooling system before a prototype plant has been 
constructed and operated.

The water demand of a steam power plant consists of 
three factors: cooling, withdrawal, and consumptive (5, 
p. 3). The cooling demand is the total amount of heat 
rejected by the plant and results from condensing the 
turbine exhaust steam and auxiliary cooling loads. It is
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dependent on the plant size and efficiency. The amount of 
water that must be supplied by a water source to dissipate 
the cooling demand is the withdrawal demand. This quantity 
depends on the temperature rise in the condenser for a 
once-through system or, in a recirculating system, on the 
number of times the water is recycled prior to replacement. 
The withdrawal demand can be limited by the amount of water 
available from the supply source. The consumptive demand 
is a water loss caused mostly by evaporative cooling of the 
water and occurs in both once-through and recirculating 
cooling systems.

Recirculation of cooling water through a cooling
tower, cooling pond, or spray pond significantly reduces the
withdrawal demand. For example, the cooling demand of a
1000 Mwe nuclear light water reactor (LWR) power plant is

qapproximately 6.8 x 10 BTU/hr. Assuming an average 
condenser temperature rise of 15°F, the withdrawal demand 
of a once-through system is approximately 9.1 x 10^ gpm. In 
a recirculating system, the withdrawal demand will be the 
amount of makeup water required to replace the evaporative 
loss of approximately 1.4 x 10^ gpm if no blowdown is 
required. In the Southwest United States, recirculative 
systems are extensively used; thus, the withdrawal demand is 
directly related to the evaporation loss.

The objectives of this study are to investigate the 
factors influencing evaporation from a cooling tower,
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cooling pond, and a cooling pond with a supplemental spray 
system, and to estimate the monthly annual evaporation for 
each alternative. Because a cooling pond would be con
structed specifically for a power plant, evaporation losses 
that would occur under natural conditions must be charged to 
the plant. Thus, the minimum evaporative loss would be that
from a cooling tower. The computations for each alternative

3are based on a unitized cooling demand of 10 BTU/hr.
To provide a background to the problem of evapora

tive cooling, the factors affecting the site selection 
process in a dry climate will first be reviewed. The 
criteria for evaluating water sources will be developed and 
applied to Arizona. Three methods of evaporative heat 
dissipation— cooling tower, cooling pond, and a cooling pond 
with a spray system— will then be investigated for a loca
tion representative of central Arizona. The results will 
then be applied to a typical 800 Mwe nuclear LWR power 
plant.



CHAPTER 2

SITE SELECTION

Power plant site selection consists of an orderly 
process in which all factors affecting siting are identi
fied , weighted by importance, and applied to each site. The 
sites are ranked according to favorable characteristics, 
unsuitable sites are eliminated, and then a final optimum 
selection is made. Subject to the constraints imposed by 
the essential power plant features and requirements, the 
factors considered in the selection process are flexible.
To appreciate the flexibility and interdependence, the 
methodology of site selection will be reviewed and then 
applied to a current siting situation.

Methodology
Topping (6, p. 34) defined six major steps used by 

E. I. duPont de Nemours Co. when selecting a site for the 
Savannah River Nuclear Reactor:

1. Obtain basic data and plant requirements.
2. Define a preferred region.
3. Complete an office study of all sites.
4. Conduct preliminary field investigations.
5. Make preliminary selection.
6. Evaluate for final selection.

5
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The gathering of basic data involves determining essential 
plant features, identifying all factors influencing site 
selection, and obtaining all possible data about the area 
under consideration. The area considered may be restricted 
by limitations such as government boundaries, politics, the 
firm's operating .area, and management preference, as well as 
any of the siting factors. Based on the accumulated data, a 
preferred region for a site is identified and a detailed 
office study commences. All potential sites within the 
region are evaluated qualitatively, those not meeting design 
constraints are eliminated, and those remaining are ranked 
according to the weighted site factors. Because of the 
stringent water requirement, only those sites adjacent to an 
adequate water source have been normally considered. In a 
dry climate, the possibility of transporting water to a site 
via future water development projects should be considered.

To assure the accuracy of the office study, a pre
liminary field investigation is conducted before differen
tial site costs are estimated. Thoroughness during the 
office study will minimize the site survey time and reduce 
costs. Thus, preliminary selection of the most favorable 
two or three sites is based on verified data. After the 
selection, land and water purchase options are negotiated 
and entry fights are obtained to permit detailed field 
investigation.
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The process of final selection is presently evolving 

from an in-house decision based on differential costs to one 
that includes public participation. Present public involve
ment by government agencies or ad hoc citizens' groups is 
occurring after final selection when permits and licenses 
have been applied for. This results in costly delays, and 
has occasionally resulted in court suits or the withdrawal 
of the site by the utility. As recommended by Jopling and 
Gage (7, p. 32), public involvement should occur earlier in 
the selection process: first in the evaluation of alternate
sites, and eventually in long range planning. This may 
occur in Arizona, for the recent announcement (8, p. 5) that 
the three major Arizona electric utilities are considering 
the construction of a nuclear power plant in central Arizona 
encourages public participation early in the site selection 
process and should minimize future siting difficulties.

Factors
The number and relative importance of the factors 

considered in site selection are flexible and depends on 
engineering and management value judgments. The following 
is a list of those factors usually considered when evalu
ating a site; most are applicable to both nuclear and fossil 
fuel power plants (9).

1. Water Availability
2. Accessibility to Transportation
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3. Population Distribution
4. Availability of Fuel
5. Topography
6. Geology
7. Surface and Subsurface Hydrology
8. Meteorology and Climatology
9. Existing Transmission Network

10. Location and Size of Load Centers
11. Seismology
12. Rights of Way
13. Heat Dissipation Capabilities
14. Ecology
15. Environment
16. Politics
17. Land Area Available for Future Growth
18. Historical and Esthetic Considerations
19. Availability of Construction Labor

The influence of these factors may be examined in the recent 
decision to locate a proposed power plant in central Arizona. 
The announced area is a departure from the recent policy of 
siting large power plants near the Arizona, Utah, New Mexico 
boundary region.

The first factor to be considered must be the loca
tion of the load centers to be served, both those existing 
and those projected to develop during the 40 year plant
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lifetime. The loads to be served influence both the size 
and location of the plant. The most recently constructed 
large generating stations serve Los Angeles via the El 
Dorado Substation south of Hoover Dam, Phoenix, Tucson, and 
will serve the proposed CAP pumps at Lake Havasu. Con
sidering only Phoenix and Tucson as load centers reduces the 
size of the most economical plant and encourages a location 
in central Arizona.

Fuel sources are not normally coincident to a load 
center, which causes the delivered cost of fuel to balance 
the advantages of siting near a load center. A siting 
decision thus requires weighing the transmission costs 
against fuel transportation costs. The choice of a nuclear 
fueled plant eliminates fuel location as a factor, but the 
plant location is not necessarily affected. The availa
bility of surface coal deposits influenced the site loca
tions for the Four Corners Power Plant (2224 Mwe), Navajo 
Power Plant (2300 Mwe), Cholla Power Plant (125 Mwe), San 
Juan Power Plant (325 Mwe) (under construction near Four 
Corners), and the proposed Kaiparowits Power Plant (6000 
Mwe), which is planned to be located on the north shore of 
Lake Powell (Figure 1). The decision to locate the future 
plant in central Arizona causes all fuel sources to be 
competitive; however, the lack of available oil and natural 
gas may preclude these fuels from consideration (8, p. 5).
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Figure 1. Major electric generating stations and primary 
transmission grid in Arizona.

Source: (10).
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The siting of hydroelectric projects on the Colorado 

River and of power plants near the coal deposits has 
resulted in an extensive transmission grid in Arizona 
(Figure 1). Most of the transmission routes cross public 
land, primarily National Forests and Indian Reservations, 
which comprise a large part of Arizona (Figure 2). Because 
of the increased environmental concern of the public, the 
acquisition of rights-of-way across public lands is becoming 
increasingly difficult. The rights-of-way for the four
planned transmission lines in Figure 1 have been subject to

%difficult negotiation. For instance, although Tucson Gas & 
Electric Co. accepted a more costly route from the Four 
Corners and San Juan Power Plants to Tucson to avoid most 
National Forest land, negotiations are continuing with 
various state and federal agencies, Indian tribal councils, 
and private owners for the right-of-way across Arizona (12, 
p. 2; 13). A site in central Arizona would eliminate both 
the long transmission distance and the difficult right-of- 
way problems across National Forests.

A central Arizona site possesses additional features. 
Major highway and railroad transportation is more accessible, 
and gas and oil transmission lines pass through the region 
(Figure 3). Phoenix is a large market for both construction 
and operating labor, and provides considerable amenities for 
plant employees. Operating and construction supervision 
will be facilitated due to the proximity of the utilities'
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central offices. The population density within the region 
is relatively low (Figure 4), increasing the availability of 
sites suitable for either fossil fuel or nuclear power 
plants. This is of particular importance due to the 
restrictions of 10 CFR 100.

While the above site factors may influence designa
tion of a preferred region, naturally occurring features are 
normally applicable only to particular sites. Local 
topography affects the air dispersion of gaseous effluents, 
site development costs, and public acceptance of the plant. 
Locating a plant in hilly terrain reduces its visibility, 
but also reduces air circulation and increases site develop
ment costs. Even apparently insignificant surface features 
can affect a plant design: in New Jersey, Public Service
Electric & Gas Co. must install 400 foot natural draft 
cooling towers at its Newbold Island Nuclear Power Station 
so that the tower vapor plume will miss a 50 foot bluff one- 
quarter mile away (14). Hydrology must also be considered: 
in a recent study for the Arizona Power Authority high run
off resulting from desert thunderstorms would have required 
special provisions such as dikes to prevent flash flooding 
of a site that was considered (15, p. III-7). If the site 
is for a nuclear plant, runoff should not be able to enter 
local municipal water supplies. The necessity of a firm 
foundation for the large structures of a power plant 
requires geological consideration of a site. Bedrock should
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be stable, non-fractured, and at a convenient depth, or the 

sub-surface soils must be firm and well compacted. Because 

of inadequate sub-surface soils and the depth of bedrock, 

the region south of Parker City along the Colorado River is 

considered unsuitable for a power plant (15, p. III-9). The 

seismology of an area affects plant design, and affects a 

site since no nuclear plant may be located within one-quarter 

mile of a surface fault. The location of epicenters of 

previous earthquakes in the region should also be pinpointed.

Ecological and environmental considerations have 

recently become important factors in site selection. The 

large size of the power plants being planned and constructed 

intensifies the plant discharges and magnifies the potential 

for ecological and environmental damage. This potential and 

public awareness have eliminated from consideration possible 

sites near National Parks and Forests, wildlife refuges, 

scenic and historic areas, and ecologically sensitive areas 

such as marshlands. Recent examples in Arizona are Lake 

Roosevelt and Lake Havasu, both of which are adequate 

sources of cooling water and could act as cooling reser

voirs, but are surrounded by public lands (Figure 2) (4).

Water

Until economical dry cooling cycles are developed, 

water will be the primary siting consideration for steam 

power plants. In a water short region, the evaluation of
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a water source must consider the quantity of water, its 

availability for consumption, and the continuity of supply. 

Because of the higher heat rate of a LWR nuclear fueled 

plant, the amount of water available from a source may 

affect the choice of fuel for a power plant. In a developed 

region, established water rights usually account for nearly 

all surface and sub-surface water, which may necessitate 

purchase of an adequate water supply. Such a situation 

occurred at the Navajo Power Plant, for which the water 

source is Lake Powell. The supply is abundant, but the 

water must be purchased from the Department of the Interior 

(4). In Figure 5 it appears that nearly all surface sources 

have sufficient mean annual flows to supply the 31 cfs 

minimum required for a 1000 Mwe LWR nuclear power plant. 

However, as is typical of dry climates, nearly all river 

flows are intermittant, thus requiring a reservoir at the 

site. At the recently expanded Four Corners Power Plant, 

a 1275 acre cooling pond is utilized to provide makeup 

during periods of low flow in the San Juan River (16, p.

87). Ground water supplies in the lower Colorado River 

region are being overdrawn by 2 Maf per year (million acre 

feet per year), precluding the use of wells as sources when 

surface supplies are inadequate (1, p. 25).

Because the Colorado River provides the largest 

single supply of water in the region, it is the most likely 

source of water for future power plants in Arizona. The
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water may be withdrawn either directly from the river or 

via the Central Arizona Project. However, its use may 

present difficulties, for the entire flow is apportioned by 

the Mexican Water Treaty of 1944 and the U. S. Supreme Court 

decision of Arizona vs. California et al.. 373, U. S. 546 

(17, p. 5). The apportionment to Arizona is 2.8 Maf/yr, but 

a shortage of total flow will be assigned to Arizona's 

allotment. The average flow deficiency for the period 

1955-1965 has been approximately 1.195 Maf annually (17, 

p. 7). Thus, it is probable that when the CAP is completed 

and Arizona is capable of withdrawing its allotment, con

sumption may be curtailed during periods of low flow. Since 

industrial users will be first to reduce consumption, on

site water storage capacity may be desirable at future power 

plant sites.

Estimation of evaporation rates at a particular 

location requires careful application of all available 

meteorological data for the locale. The weather data 

utilized depend on the purpose of the estimation. When 

estimating the quantity required for water rights, detailed 

analysis of weather records to determine the conditions that 

cause the highest evaporation rate at the site is required.

In the case of the Navajo Power Plant, Bechtel Corporation 

used the driest four hours of each day (18, p. 8). For the 

purposes of this study, average monthly climatological values 

were utilized. Longwave atmospheric radiation and the
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reflected radiation were estimated using empirical relations 

outlined by Edinger and Geyer (19, p. 22). A review of the 

climate characteristics of Arizona indicated that the 

climatological data for Phoenix, Arizona is representative 

of most of the central region of the state. The monthly 

values used in this study are those of Phoenix and are 

listed in Table I (20, pp. 1-24, 57-75; 21).

Table I. Monthly climatological data for Phoenix, Arizona.

Month

Air
Temp.
°F

Wet-bulb
Temp.

°F

Dew-pt. 
Temp. 
°F

Wind
mph

Solar 
Rad. 
BTU/ 

ft2day

Sky
Cover
tenths

Net 
Rad.& 
BTU/ 

ft2day

Jan. 52 44 34 4.0 1110 5.1 2985
Feb. 56 47 38 5.0 1505 4.5 3447
March 61 49 37 6.0 1935 3.8 3953
April 68 52 37 6.0 2350 3.8 4473
May 76 56 39 6.0 2660 2.9 4992
June 85 62 46 6.0 2720 2.0 5339
July 90 70 61 6.0 2420 3.8 5306
Aug. 89 72 65 6.0 2250 3.5 5145
Sept. 84 67 67 5.0 2080 2.0 4818
Oct. 72 58 49 5.0 1650 2.8 4060
Nov. 60 50 40 5.0 1265 3.1 3384
Dec. 53 46 38 4.0 1033 3.6 2980

aComputed.



CHAPTER 3

COOLING TOWERS

Cooling towers are the most prevalent means of heat 

dissipation from recirculating condenser cooling systems.

In a tower heated water is sprayed onto packing to increase 

the water surface area in contact with the cooler air. Air 

flow is caused either mechanically or naturally. In natural 

draft towers, the air flow results from the difference in 

densities of the heated air and the external ambient air and 

from the aerodynamic "lift" of wind passing over the tower 

chimney. Cooling towers require low land area and provide 

good temperature control of the exit water. Natural draft 

towers possess the added advantages of no fan power require

ment , greater plume dissipation capability with no air 

recirculation and reduced ground effects, little maintenance, 

and smaller land requirements. However, natural draft 

towers operate best in regions of high humidity and low wet- 

bulb temperatures and are uneconomical in dry climates (22, 

pp. 164-165). Thus, use of mechanical draft towers will 

probably continue in the Southwest United States.

Background

Heat exchange to the cooler air occurs in a tower by 

two mechanisms: (a) evaporative cooling (latent heat) and

21



(b) convective heating of the air (sensible heat). The 

driving force for the heat transfer is the enthalpy differ

ence between the air and water at the air-water interface. 

The relevant heat and mass transfer concepts have been well 

developed (see 23; 24; 25, p. 339) and are used extensively 

for cooling tower design and operating performance evalua

tion. However, evaporative loss predictions have been based 

on a rough rule of thumb of one pound of water evaporated 

per 10^ BTU rejected. This approach neglects the influence 

of atmospheric conditions and sensible heat transfer, which 

can result in a 15 to 20 per cent overestimation of the 

evaporation rate.

In an improved method, Leung and Moore (18) applied 

the heat and mass balance technique to estimate the cooling 

tower evaporation at the Navajo Power Plant. Assuming a 

plant cooling demand of , in Figure 6 the heat balance 

between and the circulating water is:

Q = Lhn - L_h_ - L h , BTU/hr (1)p 1 2 2 mu mu'

in which

Qp = plant cooling demand (BTU/hr)

L = condenser cooling water flow (Ib/hr) 

h^ = specific enthalpy of entering water (BTU/lb) 

h^ = specific enthalpy of exit water 

Lmu = makeup water flow (Ib/hr) 

hmu = specific enthalpy of makeup water

22
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Since

mu L - L.

the cooling demand can be written as

Q = L(h,-h0) + L h 0 - L h BTU/hrp 1 2  mu 2 mu mu (2 )

The tower air heat load in Figure 7 is:

Qt = G(ha2 - hal> BTU/hr (3)

where = tower cooling demand

G = mass flow of dry air 

h n = entering air enthalpy

(BTU/hr)

(Ib/hr)

(BTU/lb)

ha2 = exit air enthalpy (BTU/lb)

and the tower water heat load is

Q = L(h - h 0) + L h 0. BTU/hr t 1 2  mu 2 (4)

Equating Equations (3) and (4), the air-water heat balance 

is obtained:

G(ha2 ~ hal1 = L(hl - h 2 ) + Lmuh2- (5)

which, with Equation (2) yields

G(ha2 - h a l ’ = Qp + Lmuhmu (6 )

Thus, the tower heat load is the plant cooling demand plus 

the heat of the makeup water. Rearranging Equation (6) 

results in an expression for the exit air enthalpy:
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Q + L h
ha2 = --- GmU mU + hal. BTU/Xb (7)

The water mass balance is

L = G(w0 - wn ), Ib/hr (8)mu 2 1 '

where w^ and w^ are the specific humidities of the entering 

and exit air respectively in Ib^ o^^dry air* T^e unknowns 
in Equations (7) and (8) are G, h 0 , L , and w 0. The 

amount of moisture contained by the exit air (w^) is a 

function of the exit air enthalpy and the degree of satura

tion, which are dependent on the amount of heat lost by the 

water.

Computations

Estimation of the makeup water rate (L ) by 

Equations (7) and (8) requires several assumptions. Those 

made by Leung and Moore (18, p. 3) and their justifications 

are:

1. hmu is known since the makeup water temperature is 

known and is assumed to be constant. Temperature 

variation of the makeup water does not significantly 

affect the evaporation rate.

The water-air mass flow rate ratio (L/G) is known. 

For recent mechanical draft towers, the ratio of 1.6 

has been the trend for steam power plants. The 

range of L/G has been 1.2-2.0, but slight changes

2.
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due to optimization do not significantly affect the 

evaporation rate.

3. The exit air-vapor mixture is saturated. In a

cooling tower the entering water temperature is/
higher than the exit air temperature, causing 

sufficient vapor pressure potential to saturate the 

air.

To permit computation, the design criteria for the 

cooling tower are first established using the above assump

tions and meteorological data for the region. For a loca

tion in central Arizona, the design criteria for a cooling 

tower are the meteorological conditions that are equalled 

or exceeded five per cent of the total summer period of 

June, July, August, and September (five per cent summer 

design conditions) (4). The temperatures used are a dry- 

bulb temperature of 104°F and a wet-bulb temperature of 

75°F (26, p. 488). Air characteristics may be obtained from 

a psychrometrie chart or basic thermodynamic relations.

Since cooling tower fans are constant volume devices, the 

air mass flow rate varies due to the changes in air density 

under varying ambient conditions. Correction for this is 

made by using the ratio of the monthly and design air 

densities.

The basic procedure for calculating the monthly 

evaporation is iterative. A makeup rate of two per cent of



the flow rate is assumed and the exit air enthalpy deter

mined using Equation (7). Since this is the saturated 

enthalpy, the specific humidity (w^) is readily determined 

and the evaporation found using Equation (8). This process 

is reiterated using the newly calculated value from Equation 

(8) until satisfactory correlation of the makeup rate is 

achieved.

27

Results

The monthly evaporation rates for condenser tempera

ture ranges of 20°F and 25°F are shown in Figure 7. The 

evaporation rate is significantly less than the order-of- 

magnitude approach of one pound per 10^ BTU of heat rejected. 

The evaporation rate for the 20°F temperature range is less 

than the 25°F range during the winter because the increase 

of specific humidity at low temperatures is smaller at low 

temperatures than at higher temperatures for equal incre

ments of enthalpy. During most of the year the lower air 

mass flow rate for the 25°F range offsets the higher 

increase of specific humidity, lowering the total evapora

tion rate. The effect of the high wet-bulb temperature in 

June on the evaporation rate is evident.

These results are for a sea level elevation. 

Correction should be made to reflect the lower atmospheric 

pressure and increased evaporation rates of higher
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elevations if the total withdrawal demand for a power plant

is desired.



CHAPTER 4

COOLING PONDS

In regions where land is inexpensive and the 

topography smooth, cooling ponds may be economic alterna

tives to towers. Ponds can also serve as reservoirs, and 

their use may be necessitated when the water supply is 

interruptible. Compared with towers, ponds possess the 

advantages of low maintenance costs, lower pumping costs, 

and relative insensitivity to daily meteorological fluctua

tions. However, ponds have a larger land requirement, 

higher evaporation losses, poorer condenser inlet tempera

ture control, and their construction costs are highly 

sensitive to site conditions (4). Their use is normally 

precluded near population centers where land costs are high 

and in broken terrain.

Due to the many anomalies involved, past cooling 

pond design practice has been based on the rough rule of 

thumb of 1-2 acres per megawatt of capacity. Recent studies 

(19; 27; 28) have improved the understanding of the 

parameters affecting cooling pond surface heat exchange, 

allowing designs to be better correlated with ambient 

meteorological conditions and plant operating temperatures.

30
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Good design practice dictates that the flow holdup 

time in a pond should be at least 24 hours to take advantage 

of the increased nighttime heat dissipation. If the pond 

acts as a reservoir, the holdup time can be as much as 

several days and the cooling performance will be less 

sensitive to daily conditions. In this study, it is assumed 

that the holdup time is sufficiently long so that monthly 

meteorological conditions are adequate to predict the pond 

surface temperature and evaporation rates. Due to the large 

volume and area of a pond, it is assumed that the lake 

surface area remains constant throughout the year. Makeup 

water to the pond is normally injected directly to the pond, 

where its effects are rapidly dissipated. Thus, its effect 

on the pond heat balance is negligible.

Background

Evaporative cooling of a cooling pond is one of 

several heat transfer processes occurring at the pond 

surface. The rate of evaporation is partly dependent on the 

surface temperature of the water. To allow determination of 

the lake surface temperature and the rate of evaporation, 

all of the processes involved in the surface exchange of 

heat must be considered. The balance of the rates of heat 

exchange of the heat transfer processes is expressed by 

(28, p. C-119):

Hst = Hrj + Hr - - He - Hc- BTU/ft2 daY (9)
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in which

= rate of change of heat in storage BTU/ft day
2H . = plant cooling demand BTU/ft day

2= net incident radiation BTU/ft day
2= black-body back radiation BTU/ft day

2= evaporation BTU/ft day 

Hc = conduction BTU/ft^ day

Note that Equation (9) is in terms of unit surface area.

The surface heat exchange mechanisms are shown in Figure 8.

The net absorbed radiation (H^) is the sum of the 

net shortwave solar radiation and the net longwave atmos

pheric radiation expressed by:

H = H - H + H - H , BTU/ft2 day (10)r s sr a ar' ' 2

in which and are the reflected components of the

incident solar and longwave radiation. The incident solar 

radiation (H^) can be measured with a flat plate pyre- 

heliometer or determined from charts (20, pp. 1-24). The 

incident atmospheric radiation ( )  and the reflected 

components can be readily estimated using well established 

procedures outlined by Edinger and Geyer (19, p. 22).

Black-body back radiation by the water surface can 

be obtained by

Hbr = 1801 (1 + Ts/460)4 , BTU/ft2 day

2

(11)
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Hs = S.W. Solar Radiation (1033-2720 BTU/ft2 day)

Ha = Le W* Atmospheric Radiation (1990-3100 BTU/ft2 day) 

Hbr = L.W. Back Radiation (2400-3600 BTU/ft2 day)A
He = Evaporative Heat Loss (1425-3740 BTU/ft2 day)A

Hc = Conductive Heat Loss or Gain. 
i i (-320 - +400 BTU/ft day)

.H = Reflected Solar Radiation A (51-136 BTU/ft day)

H = Reflected Atmospheric Radiation 
(60-93 BTU/ft2 day)

Figure 8. Mechanisms of heat exchange at a cooling pond 
surface.

Source: (19, p. 18).
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in which is the lake surface temperature in degrees 

Farenheit. When Equation (11) is expanded by binomial 

series and terms of higher order than two neglected, can

approximated by

= 1801 + 15.7Ts + 0.05Ts2. BTU/ft2 day (12)

The heat dissipated by evaporation depends on the 

difference between the water surface vapor pressure (e^) and 

air vapor pressure (e^) and on the effect of the wind as 

expressed by a windspeed function f(w):

He = (e - ea )f(w). BTU/ft2 day (13)

The vapor pressure difference is proportional to the differ

ence between the surface temperature and the air dew-point 

temperature (T ^ ):

es - ea = e(Ts - V  (14)

in which the proportionality factor (3) has units of 

mmHg/°F. The evaporation rate may then be expressed:

He = p(Ts - Td )f(w). BTU/ft2 day (15)

Conductive heat transfer can be expressed in terms 

of the temperature difference between the water surface 

temperature and air, and the effect of the wind:

H = C(T - T )f(w). BTU/ft2 day c s a ■' (16)
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in which C is Bowen's ratio (= 0.26 mmHg/°F) and is the 

dry-bulb air temperature.

Substitution of Equations (10), (12), (15), and

(16) into Equation (9) yields the general heat balance 

equation at a cooling pond surface:

H =  H . + H - 1801 - 15.7T - 0.05T 2 - p(T -T,)f(w) st r] r s s s d

- 0.26(Ts-Ta )f(w). BTU/ft2 day (17)

The surface temperature that would result at steady state 

(net surface heat exchange = zero) in the absence of a 

power plant cooling demand is called the environmental 

equilibrium temperature (E). Substituting

Ts E and Hst Hrj 0

in Equation (17) results in the heat balance equation at 

equilibrium conditions:

0 = Hr - 1801 - 15.7E - 0.05E2 _ 3E (E-Td )f(w) 

- .26(E-T^)f(w ). BTU/ft2 day (18)

Equation (17) may be expressed in the form of 

Newton's Law of Cooling:

Hst = Hrj + K(E - V- BTU/ft2 day (19)

K is the thermal exchange coefficient expressed in units of 

BTU/ft2 day°F, and can be derived by expressing Equation



(17) in the form of Equation (19). Subtracting Equation

(18) from Equation (17);

H = H . + 15.7(E-T ) + 0.05(E2-T 2 ) - g(T -T^)f(w) st rj s s s o

+ pE (E-Td )f(w) - 0.26(E-Ts )f(w). BTU/ft2 day (20)

Assuming that

in Equation (19) results in

Hst = H + 15.7(E-Ts ) + 0.05(E2-Ts2 )

+ (B+0.26)(E-Ts )f(w). BTU/ft2 day (21)

Comparing Equation (19) and Equation (21), the thermal 

exchange coefficient can be defined as:

K = 15.7 + (3+0.26)f(w) + 0.05(E+Ts ).

BTU/ft2 day°F (22)

The term 0.05(E + Tg ) is sometimes neglected (26, p. C-119) 

and K is expressed as

K = 15.7 + (3 + 0.26)f(w). BTU/ft2 day°F (23)

In a recirculating flow-through cooling pond the 

surface temperature decreases continually along the flow 

path from the condenser discharge to the pond discharge.

The heat balance between the heat entering and leaving the

36



pond by cooling flow advection and the heat dissipated at 

the pond surface may be expressed as:

A
C M(T - T . ) = f K(T - E)dA (24)p o A J s '

^  o

where Tq is the condenser discharge temperature, is the
2pond surface temperature at an area A ft from the dis

charge # and M is the cooling flow in pounds per day. The 

rate of temperature change is

-CpM §  = K(TS - E)' (25)

which is the steady-state temperature decay equation.

Solving Equation (25) yields the temperature distribution 

for a recirculating pond with no longitudinal mixing:

-KA/C M
(T. - E) = (T _ E) e P (26)

A  O

in which A is now the total pond area and is the 

condenser inlet temperature. The temperature distribution 

expressed by Equation (26) assumes that the flow is 

uniformly distributed over the pond area and the vertical 

cross section. The occurrence of longitudinal mixing or 

non-uniform flow will increase the required surface area, 

but these phenomenon will be minimized in a properly designed 

cooling pond.

37
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Computations

The procedure used is to first compute the design 

and monthly environmental equilibrium temperatures from 

ambient meteorological conditions. The required pond area 

is then determined for specified ambient criteria. The 

monthly surface temperature is then determined, and with 

the known pond area, the monthly evaporation rate can be 

calculated. A FORTRAN computer program was developed to 

accomplish the computations and is listed in Appendix A.

The equilibrium temperature can be expressed in 

terms of meteorological conditions by rearranging Equation 

(18) :

0 = 0.05E2 + [15.7+3f(w)+0.26f(w)]E - H + 1801

- (PTd+0.26Ta )f(w). (27)

Defining an equilibrium exchange coefficient as

Ke = 15.7 + (P+0.26)f(w ). BTU/ft2 day°F (28) 

and solving for E in Equation (27) yields

-K+ y  K2 - 0. 2[H -1801 + ( |3T +0.26T )f(w)] rj _ s e r q a o p
0.1

3 may be approximated by (26, p. 69):

3 = 0.255 - 0.0085T + 0.000204T2 mmHg°F (30)



in which T is
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T = (Td + E)/2.

The wind function has been empirically determined from field 

observations. A recently developed expression is (26, 

p. 70):

f(w) = 70 + 0.07w2 BTU/ft2 daymmHg (31)

By assuming an equilibrium temperature, (3 can be estimated 

and used with monthly meteorological conditions to determine 

the first estimate of the equilibrium temperature. The 

computations are iterated until satisfactory correlation 

is achieved.

With the equilibrium temperature known for the 

ambient design conditions, the surface area required to 

dissipate the cooling demand may be determined explicitly. 

Rearranging Equation (26) yields

AK = L ln[(To-E)/(TA -E)] BTU/day°F (32)

in which A and K are the two unknowns. By assuming that

Hst «  Hrj-

Newton's Law of Cooling can be expressed in terms of the 

plant cooling demand

Q = K M T  - E). BTU/hr P s (33)
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Combining Equations (32) and (33) results in an expression 

for the effective surface temperature necessary to dissipate 

the cooling demand:

T = E + Q /L ln[(T -E)/(T--E)]. °F (34)
S  , p  O A

The exchange coefficient can then be computed with Equation 

(22) in which 3 is now determined using T^. With K and 

known, the area is determined using Equation (33). The 

exchange coefficient depends on the surface temperature, 

which varies over the condenser temperature range. However, 

the use of an effective Tg provides sufficient accuracy and 

simplifies computations.

Knowing the pond area, the monthly operating 

temperatures are computed by using Equations (22) and (33) 

to find the effective surface temperature and exchange 

coefficient. Solution of a quadratic expression is avoided 

by using iteration to find the two values. The evaporation 

rate (L^) is found by multiplying Equation (17) by the pond 

area and dividing by the heat of vaporization:

L = (3(T - T,)f(w)A/H . Ib/hr (35)e s d v

The heat of vaporization is approximated by

Hv = 1041 - 0.563(Tg - 90) BTU/lb (36)

Since the area is in terms of 10^ BTU cooling demand, the 

evaporation rate is also in terms of the cooling demand.
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In summary, the procedure utilized is as follows:

1. Establish the design criteria and monthly 

meteorological conditions.

2. Calculate the equilibrium temperature for the 

design conditions and for each month.

3. Determine the required pond area via the effective 

surface temperature and exchange coefficient.

4. Calculate the effective surface temperature and 

exchange coefficient for each month.

5. Calculate the heat of vaporization and evaporation 

for each month.

The validity of the assumptions made may be checked 

by determining the sensitivities of the various parameters 

to each other. Table II indicates the sensitivities at the 

five per cent summer design criteria (Table III). As may 

be noted, the sensitivities of the exchange coefficient and 

area to the equilibrium temperature are significant, indi

cating the importance of accurately determining the 

equilibrium temperature. Also, the evaporation rate is 

relatively insensitive, permitting the estimation to be 

based on the effective surface temperature.

Results

Calculations were performed for two pond design 

criteria: (1) five per cent summer conditions (Chapter 3)

and (2) average summer conditions obtained by averaging the



Table II. Sensitivity of cooling pond parameters at five 
per cent summer design conditions.
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Variables Sensitivity Temperature

AK
AE -5.08 BTU/ft2 day °F E = 94°F

AA
AE 2.01 ft2/°F E 94°F

AK
ATs

1.305 BTU/day ft2 °F Ts 110°F

AL
ATs

0.534 lb/hr UF Ts — 110 F

AL
AA 0.1395 lb/hr ft Ts = 110UF

Table III. Cooling pond 
Arizona.

summer design criteria for Phoenix#

Five Per Cent 
Criteria

Average Summer 
Criteria

Dry-bulb Temperature 104°F 00 % *7)

Dew-point Temperature 62°F 57°F

Wind Velocity 6.0 mph 6.0 mph

Solar Radiation 2875 BTU/ft2 day 2685 BTU/ft2 day

Net Radiation 6050 BTU/ft2 day 5263 BTU/ft2 day
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climatological data for June, July, and August (Table I, 

Chapter 2). The solar radiation for the five per cent 

summer criteria was obtained from June, July, and August 

clear day solar radiation measured by a flat plate 

pyreheliometer at the Institute of Atmospheric Physics,

Tucson, Arizona. Longwave and net radiation were estimated 

as described in Chapter 2; differences between Tucson and 

Phoenix radiation were considered negligible. The ambient 

design conditions for both pond design criteria are listed 

in Table III.

In Figure 9 the computed equilibrium temperature 

is compared with measured surface temperatures of Stewart 

Mountain Reservoir, located 32 miles east of Phoenix (29) 

and Lake Mead (30, p. 51). The extreme equilibrium tempera

tures exceed those of the surface temperatures and the 

computed equilibrium temperature leads, in time, the surface 

temperatures of both lakes. This phenomena is due to the 

heat storage capacity of the water and is characteristic of 

natural bodies of water.

Upon additions of a large cooling demand, the time 

behavior changes (Figures 10 and 11). The surface tempera

tures and pond discharge temperatures closely follow the 

equilibrium temperature; no lag occurs as in Figure 9 since 

it is assumed that the heat storage is negligible. This 

assumption can be justified. Assuming a holdup time of one 

week, the pond volume would be 8.4 x 10  ̂ pounds of water per
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10 BTU cooling demand. In Figure 10 the maximum monthly 
temperature change is 10OF , or 2.5°F per week. For the 
corresponding period, the change of heat in storage is 
21 x 10^ BTU, but the plant cooling demand is 168 x 10"* BTU.

The exponential effect of the approach (intake 
temperature minus equilibrium temperature) on the surface 
area required is indicated in Figure 12. It can be observed 
that because of the lower equilibrium temperature, the 
surface area required by the average summer design criteria 
is considerably less than that required for the five per 
cent summer design. However, there is not a comparable 
reduction in the annual evaporation because of the resulting 
increase of surface temperature (Figure 13). The desira
bility of designing a pond for average summer conditions to 
reduce evaporation is evident, particularly at lower operat
ing temperatures. This may be possible if the insensitivity 
of the pond to the occurrence of short duration higher than 
average meteorological conditions is sufficient. The effect 
of the operating temperature range on the evaporation rate 
is relatively insignificant (Figure 14).

The monthly evaporation rates for both cooling pond 
designs exhibit a maximum in June and a minimum in December, 
as occurred with a cooling tower. The monthly evaporation 
rate for a 20°F range varies from 0.68 Ib/hr per 10^BTU/hr

3to 1.8 Ib/hr per 10 BTU/hr and varies only slightly less for 
increasing temperature ranges (Figure 15). For the same

3
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Ll 10J

F I V E  P E R C E N T  S U M M E R  D E S I G N

A V E R A G E  S U M M E R  D E S I G N

D I S C H A R G E  T E M P
Effect of discharge temperature on the required 
surface area. Condenser temperature range is 
20°F.

Figure 12.
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h- lO-
F 1 V E  P E R C E N T  S U M M E R  D E S I G N

A V E R A G E  S U M M E R  D E S I G N

NOTE: AT = 20°F

Figure 13. Effect of condenser discharge temperature on
annual evaporation from cooling ponds designed 
by two summer criteria.
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Figure 14. Effect of condenser temperature range on annual 
evaporation from a.cooling pond.
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operating conditions, the maximum evaporation rate for the 
average summer design is 79 per cent of the maximum rate for 
the five per cent summer design (Figure 16), while the 
annual evaporation for the average summer design is 85 per 
cent of that for the five per cent summer design. With a 
condenser temperature of 120°F, the maximum evaporation rate 
for a 25°F range is approximately 10 per cent greater than 
that for a 20°F range (Figure 17), but the annual evapora
tion is only five per cent greater (Figure 14). These 
differences demonstrate that during optimization, the 
estimate of evaporation should be based on annual evapora
tion rather than that occurring at a particular design
criteria.
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CHAPTER 5

COOLING POND WITH SPRAY SYSTEM

A spray pond consists of a system of nozzles 
extending over an area that spray the heated water into the 
air to increase its surface area. Cooling occurs as the 
water shoots upward and falls back to the pond surface.
Heat exchange is caused by the same heat transfer processes 
that occur in a cooling tower. Because of the increased 
air-water interface area, spray pond heat dissipation is 
approximately 35 times greater per unit area than for a 
cooling pond. Air flow through the active spray volume is 
caused primarily by wind currents, although some flow 
results from air density differences during calm wind 
conditions. The primary design consideration is thus to 
provide sufficient distance between the nozzles to permit 
adequate air flow; Berman (24, p. 172) recommends a maximum 
water loading of 1.2-1.5 m^/m^hr (~.6gpm/ft^).

Spray ponds are strongly influenced by ambient 
weather conditions, particularly windspeed. This causes 
temperature control of the water to be difficult, precluding 
cooling by spray ponds when the water temperature must meet 
narrow limitations. Because the air-water contact time is 
short, the maximum cooling range is approximately 18°F
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(26, p. 741). The air in the sprays is rapidly saturated,
which inhibits cooling of the downwind sprays and limits
spray pond width to approximately 150 feet. With the above
criteria applied, the spray pond length required for a

31000 mwe power plant is over 6 x 10 feet, which causes an 
excessive pressure drop in the spray distribution system. 
These limitations preclude cooling by spray ponds alone at 
large power plants.

When the condenser inlet temperature is sufficiently 
high, a spray system may be operated in parallel with the 
cooling pond discharge. This occurs when the sprays cool 
the water below the specified inlet temperature, permitting 
mixing of the flows from the cooling pond and spray system 
to achieve the desired condenser inlet temperature. The 
spray system is thus required to cool only a fraction of the 
total water flow (Figure 18). Spray cooling the water after 
it has been partially cooled by the pond maximizes (a) the 
increased pond heat dissipation rate at high temperatures 
and (b) the lower wet-bulb temperature limit of the sprays. 
Locating the sprays at the pond discharge also precludes 
possible reheating of the water in the pond during holdup.
By providing supplemental cooling, a spray system allows 
design of a cooling pond for other than anticipated summer 
conditions, thereby permitting reduced pond area.

A cooling pond and spray system is presently in use 
at the Canadys Power Station (425 Mwe) of the South Carolina
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Figure 18. Recirculating condenser cooling system using a cooling pond and 
supplementary, spray system. •
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Electric and Gas Company (31, p. 33). The system cools the 
condenser discharge water prior to its return to a river 
when the temperature exceeds thermal pollution criteria.
The condenser discharge is injected into the pond by the 
spray system, which is located on the upwind side of the 
cooling pond. The original spray design criteria specified 
that 120 x 10^ gpm were to be cooled from 102oF to 84°F when 
the wet-bulb temperature was 78°F and the windspeed was 
5 mph (32, p. 15). The water flow was later increased to

3180 x 10 gpm and the specified cooled water temperature
raised to 88°F (31, p. 33). The spray area at the pond
surface is 150 ft. x 1240 ft., and the spray height is 14

2feet, resulting in a water loading of 0.97 gpm/ft and a 
water-air mass flow ratio (L/G) of 3.25 when the wind 
velocity is 5 mph.

The performance test of the Canadys Power Station 
spray system (32) was reviewed for possible application of 
the results to a system in Arizona. The test, conducted 
during a summer month, determined that the design cooling 
range is not achieved and that the approach to the wet-bulb 
temperature is greater than that specified. The test 
results are summarized in Table IV. Although the inlet 
water temperature is higher than that originally designed 
for, the cooling range is less than originally estimated. 
The range is also rather insensitive to ambient conditions; 
there is no correlation between the water temperatures and
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Table IV. Summary 

Station
of the test results of the 
spray system.

Canadys Power

Variable Range Average
Inlet spray temp. 97-112°F 110°F
Cooled water temp. 85-105°F 100°F
Wet-bulb temp. Ch 4^ 1 CD O

0 hj 76°F
Cooling Range 8-15°F 10°F
Approach 11—26°F 21°F
Water-air ratio 1.6-5.17 3.4

ambient meteorological conditions. This is most likely to 
result from inadequate air flow in the sprays caused by the 
dense water loading and the location of a distribution 
header and a dike immediately upwind of the sprays. The 
narrow range may also be due to the short air-water contact 
time. The water temperature was also recorded at the 
cooling pond discharge and averaged 1-2 degrees higher than 
the water spray temperature at the pond surface. It is 
quite probable that the water is being heated by the sun 
instead of being further cooled during its transit through 
the pond.

Background
Estimation of the amount of cooling by a spray 

system has utilized the wet-bulb temperature of the air
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exiting the active filled volume created by the sprays.
The volume height is the elevation of the nozzles above the 
water surface plus one foot per psi nozzle pressure. The 
active area must be estimated since the spray pattern has a 
trapazoidal cross-section. The exit air enthalpy is 
determined by assuming an initial cooling range and applying 
an air-water enthalpy balance. The exit air is assumed to 
be saturated, permitting the wet-bulb temperature to be 
determined from a psychrometric chart or thermodynamic 
relations. By using developed correction factors, the 
average spray temperature at the pond surface may be 
estimated (26, p. 743).

The evaporation resulting from a combined cooling 
pond and spray system may be estimated by first determining 
the pond discharge temperature and the pond evaporation as 
described in Chapter 4. The pond discharge temperature is 
the inlet temperature to the spray system. The spray flow 
may be determined by applying a heat balance at point A in 
Figure 18 which results in:

(L + Lmu Lsp,h2 + (L - Lmu)h3 L h. (37)

in which is the spray evaporation and is the flow to
the sprays. It is assumed that the evaporation makeup 
(Lmu) is from the pond. Rearranging Equation (37) yields an 
expression in terms of enthalpy differences:

L(h2 - h4) = <Lsp - Lmu)(h2 - h3>. (38)
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The spray system evaporation may be determined by using the 
heat and mass balance method developed in Chapter 3. The 
water-air heat balance at the sprays is

Lsph2 - (Lsp " Lmu)h3 G(h ~ hal)# (39)

which can be put in a form similar to Equation 7 in 
Chapter 3:

Lsp(h2 - V  •t' Lmuh3
+ ha V

BTU/lb (40)

The mass balance at the sprays is

Lmu = G,w2 ~ w i >- lb/hr (41)

Computations
The" procedure employed is to separately compute the 

operating characteristics and evaporation of the cooling 
pond and the spray system. The method discussed in Chapter 
4 was modified for ambient conditions that cause the pond 
discharge temperature to be greater than the design dis
charge temperature. When these conditions occur, the heat 
rejected by the pond is a fraction of the plant cooling 
demand. This fraction is the ratio of the cooling pond 
temperature range and the condenser temperature range.
Since the original surface temperature was that required to 
dissipate the total cooling demand, the effective surface 
temperature is recomputed using the revised pond heat 
rejection. The evaporation from the cooling pond is then



determined with the revised surface temperature as in 
Chapter 4.

The evaporation from the spray system is determined 
by first computing the spray flow and cooled water tempera
ture. The spray flow and makeup rate are included in 
Equations (38), (40), and (41); because of the unknown exit 
air enthalpy and specific humidity, an iterative solution is 
required. The procedure is considerably simplified by 
making the following assumptions:

1. The water-air mass flow rate (L /G) is constant forsp
particular ambient conditions; changing the spray 
flow will cause a corresponding change in the air 
flow.

2. The evaporation rate (L^) does not significantly 
affect the outlet air enthalpy, thus the water 
temperature range is insensitive to the evaporation 
rate.

The cooled spray water temperature may be determined 
using Equation 40. The water-air ratio is computed for 
ambient conditions and the evaporation rate is assumed as a 
percentage of the spray flow. The spray temperature range 
and cooled water temperature are then assumed, the exit air 
enthalpy computed to determine the, exit air wet-bulb 
temperature, and the correction factors applied to find the 
cooled water temperature. This procedure is iterated until
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satisfactory correlation of the water temperature range is 
achieved. The spray temperature range is 10-15°F which 
compares well with the results of the Canadys Power Station.

With the spray temperature range determined, the 
spray flow rate may be computed by using the heat balance 
at point A in Figure 18 (Equation 38). The pond discharge 
enthalpy (hg) is determined from the pond discharge tempera
ture. As a first approximation, the evaporation rate is 
assumed as a percentage of the spray flow. The air mass 
flow rate can be determined once the spray flow is found, 
and the evaporation rate determined by using Equation (41). 
The computed evaporation rate is inserted into Equation (38) 
and the procedure is iterated until a satisfactory correla
tion with Equation (41) is achieved. The computed evapora
tion rate may be substituted into Equation (40) to correct 
the total spray flow and the procedure repeated as above. 
However, further refinement is unwarranted because of the 
insensitivity of the cooling range and the fact that the 
spray evaporation is a small percentage of the total evapora
tion.

The procedure described above can be summarized as
follows:

1. Establish the spray system operating criteria. For 
this study, the five per cent design conditions 
(Table II, Chapter 4) and a L /G value of 2.15 were
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used. The cooling pond design criteria were 
separately established as the ambient conditions in 
April.

2. Estimate the spray temperature range using Equation 
(40) by assuming an initial range and evaporation 
rate as a first approximation.

3. Determine the spray flow with Equation (38); assume 
the evaporation rate as in step 2 as a first 
approximation.

4. Compute the evaporation rate with Equation (41) and
the L /G ratio. Iterate the above steps using the sp
computed evaporation rate.

5. Compute the monthly evaporation for a cooling pond. 
The total evaporation is the sum of the pond 
evaporation and spray evaporation when the sprays 
are in operation.

Results
The spray system operating characteristics and 

evaporation were determined for a cooling pond designed for 
April meteorological conditions (Table I, Chapter 2). The 
calculated pond discharge temperature is above the design 
discharge temperature for the period of May through 
September, indicating that supplemental cooling is required 
during the period. The results are presented in Table V.
The average monthly spray flows are much less than the total
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Table V. Operating characteristics and evaporation from a 

cooling pond with a spray system.

Month

Pond
Discharge

Temp.
°F

Spray
Temp.
Range
°F

Spray
Flow
Ib/hr

Spray
Evap.
Rate
Ib/hr

Pond
Evap.
Rate
Ib/hr

Total
Evap.
Rate
Ib/hr

Temperature Range 20°, Discharge Temperature 120°
May 101.8 15 6.07 .075 1.095 1.170
June 103.2 14 11.55 .149 1.114 1.263
July 103.6 13 14.00 .166 1.050 1.216
Aug. 103.3 11 15.15 .152 1.010 1.162
Sept. 102.5 10 12.61 .110 0.975 1.085

Temperature Range 25°, Discharge Temperature 120°
May 97.3 13 6. 68 .104 1.127 1.231
June 99.2 12 13.08 .146 1.153 1.299
July 99.9 13 15.25 .130 1.081 1.211
Aug. 99.6 10 18.57 .174 1.033 1.207
Sept. 98.6 9 16.10 .128 0.989 1.117

flow and the evaporation from the spray system averages only 
10 per cent of the cooling pond evaporation. The total 
evaporation is significantly less than that occurring from 
the cooling ponds designed for the summer design conditions 
(Figures 19 and 20). This is primarily due to the reduced 
pond surface area. In Figure 21 the reduction of area is 
evident, being about 70 per cent of the area required for 
the pond designed for average summer conditions and 41 per 
cent of the area required for the pond designed for the five 
per cent summer criteria. The condenser temperature range 
has little effect on the evaporation rate (Figure 22).
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Monthly evaporation rates for three cooling pond design criteria. 
Condenser discharge temperature is 120°F/ temperature range is 20°F.
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Figure 20. Annual evaporation from a cooling pond with
supplementary spray system compared with cooling 
ponds designed for summer criteria.
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Figure 21. Effect of condenser discharge temperature on the 
surface area of a cooling pond with a spray 
system compared with cooling ponds designed for 
summer criteria.
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CHAPTER 6

DISCUSSION AND RECOMMENDATIONS

The results of this study can be applied once a 
plant cooling demand is known. A typical example is an 
800 Mwe pressurized water reactor power plant which will be 
assumed to be operating with a condenser discharge tempera
ture of 120°F. If a turbine heat rate of 10.5 x 10^ BTU/

3kwhr is assumed, the condenser heat rate will be 7.1 x 10 
BTU/kwhr. This heat rate allows for the lower efficiency 
that occurs at the above temperature. If the plant capacity 
factor is 100 per cent, the condenser cooling demand is

o56.8 x 10 BTU/hr. The auxiliary heat load is approximately
8two per cent of the condenser cooling demand, or 1.1 x 10

BTU/hr, and accounts for turbine lubricating oil coolers,
bearing cooling, generator cooling, steam pump exhausts, and
other miscellaneous cooling demands. The resulting total

8plant cooling demand is approximately 58 x 10 BTU/hr. If 
the condenser temperature range is 20°F, the flow rate will 
be 58 x 10^ gpm. Drift losses from the cooling tower, pond, 
or spray system are estimated to be 0.1 per cent of the flow 
and other plant uses are estimated as 77 x 10^ gal. per year
(18, p. 11).
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The annual evaporation and water consumption 

requirements of the 800 Mwe nuclear power plant using the 
cooling methods investigated in this study are summarized in 
Table VI. All methods studied consume large quantities of 
water. A cooling tower would be relatively the most water 
conservative method due to the absence of solar heating.
In Table VII the computed evaporation rates for the three 
cooling pond designs are compared with the natural evapora
tion (Figure 23) and the estimated unit evaporation from the 
Four Corners and Cholla Power Plant cooling lakes (16, pp.
12, 16). The forced evaporation resulting from the imposed 
cooling demand at the Four Corners and Cholla plants has 
been adjusted by 1.49 to allow for the increased cooling 
demand if the plants were nuclear (18, p. 8).

In Table VII the unit forced evaporation is directly 
proportional to the effective surface temperature, which 
increases with decreasing pond surface area. However, the 
total forced evaporation from each design is nearly equal 
and is approximately 90 per cent of the evaporation from a 
cooling tower at the operating temperature of 120°F. The 
high evaporation from a cooling pond is thus nearly entirely 
due to natural evaporation, which is directly proportional 
to the pond surface area.

It can be concluded that when water source limita
tions necessitate a cooling pond, the pond size should be 
based on the required storage capacity. Supplementary



Table VI. Cooling pond requirements and annual water consumption for an 800 Mwe 
PWR nuclear power plant in central Arizona.a

Cooling Method
Area
acre

Annual
gai,x 106

Evaporation 
acre ft.

Drift 
gal 

x 10°
Other Use Consumption^

gaigx 10 acre ft.

Cooling Tower 4 4860 14,900 305 77 5242 16,100
Cooling Pond
5% Summer Design 1610 7480 22,900 305 77 7862 24,100
Ave. Summer Design 966 6330 19,400 305 77 6712 20,600
Cooling Pond with
Spray System 706 5910 18,100 305 77 6292 19,300

.^Condenser Discharge Temperature 120°F, Temperature Range 20°F. 
^Excluding blowdown.



Table VII. Annual unit and forced evaporation from power plant cooling ponds in 
Arizona

Location/method
Total Unit 
Evaporation 

feet
Natural Unit 
Evaporation 

feet
Forced Unit 
Evaporation 

feet
Total Forced 
Evaporation 

acre ft.

Central Arizona
Cooling Tower — — — 14.900
Cooling Pond
5% Summer Design 14.2 6.0 8.2 13,200
Ave. Summer Design 20.1 6.0 14.1 13,600
April Design with 
Spray System 25.6 6.0 19.6 13,800

Four Corners 16.5 5.3 11.2 ——
Cholla 10.7 4.0 6.7 "
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Figure 23. Natural evaporation from surface water. 
Note: quantities in inches of water.
Source: (33, map).
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cooling, either by a spray system or a cooling tower, can be 
used to control the condenser inlet temperature during 
summer conditions. A spray system is feasible because only 
a fraction of the condenser flow must be cooled by evapora
tion. It is also more economical than a cooling tower since 
it can be constructed over the cooling pond. Supplementary 
cooling in lieu of a summer designed cooling pond alone also 
allows closer control of the condenser inlet temperature 
since the amount of spray flow can be varied.

The empirical relationships used to calculate the 
cooling pond characteristics in this study were developed 
from field measurements made by Brady, Graves, and Geyer 
(28, p. 8) in the South Central United States. The accuracy 
of extending the empirical formulas to other regions of the 
United States is presently unknown. The accuracy of this 
study may be verified and a considerable expansion of the 
predictive capability of estimating cooling pond performance 
will result if the mathematical model is compared with field 
measurements made at the Four Corners and Choila Power Plant 
cooling ponds. As far as can be determined, no studies have 
been conducted to compare the cooling pond performance with 
the predicted design characteristics and there are no plans 
to do so. It is recommended that a study be undertaken in 
cooperation with the Arizona electric utilities to:

1. Compare the mathematical model with field measure
ments at the two operating cooling ponds.



2. Determine the effect of short duration fluctuations 
of meteorological conditions on the cooling ponds.

3. Compare the estimated and actual evaporation from 
the cooling ponds.
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GLOSSARY OF SYMBOLS USED

A Cooling pond surface area ft2

CP Specific heat of water BTU/lb°F
C Bowen's ratio, the ratio of heat conduction 

(H^) to evaporation (H^), (=0.26) mmHg/°F

ea Vapor pressure of ambient air mmHg

es Saturated water vapor pressure at pond 
surface mmHg

E Environmental equilibrium temperature °F
f (w) 2Evaporative windspeed function BTU/ft daymmHg
G Air mass flow rate Ib/hr

hal Specific enthalpy of entering air BTU/lb

ha2 Specific enthalpy of exit air 't BTU/lb

hl Specific enthalpy of water leaving power 
plant BTU/lb

h2 Specific enthalpy of water leaving cooling 
tower or cooling pond BTU/lb

h3 Specific enthalpy of water leaving spray 
system BTU/lb

h4 Specific enthalpy of water entering power 
plant BTU/lb

hmu Specific enthalpy of makeup water BTU/lb
Ha Incident longwave atmospheric radiation BTU/ft2day

Har Reflected longwave atmospheric radiation BTU/ft2day
Longwave back radiation from water 
surface BTU/ft2day

Hc Heat lost or gained by conduction from 
water surface BTU/ft2day
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He

Hr

Hs
H

K
Ke

Heat lost by evaporation from water 
surface , BTU/ft2day
Net absorbed radiation BTU/ft2day
Power plant heat rejection (per unit 
pond surface area) BTU/ft2day
Incident shortwave solar radiation BTU/ft2day
Reflected solar radiation BTU/ft2day
Change of lake heat storage BTU/ft2day
Heat of vaporization BTU/ft2
Surface heat exchange coefficient BTU/ft2day°F
Equilibrium surface exchange 
coefficient BTU/ft2day°F
Total cooling water flow Ib/hr
Cooling water flow from cooling tower Ib/hr
Cooling pond evaporation rate Ib/hr
Makeup water flow Ib/hr
Cooling water flow to spray system Ib/hr
Total cooling water flow Ib/day
Power plant cooling demand BTU/hr
Cooling tower cooling demand BTU/hr
Average of the water surface temperature 
and dew-point temperature °F
Cooling pond surface temperature at area 
A ft2 °F
Ambient air dry-bulb temperature °F
Ambient air dew-point temperature °F
Condenser discharge temperature °F
Effective cooling pond surface temperature °F



Wind velocity
Specific humidity of entering air
Specific humidity of exit air
Vapor pressure difference propor
tionality factor to temperature 
difference

mph

lbH20/lbair
lbH20/lbair

mmHg/°F



APPENDIX A

FORTRAN PROGRAM FOR COOLING POND PERFORMANCE

A FORTRAN program was written to calculate the 
cooling pond operating characteristics and evaporation rates 
for specified design criteria. A program listing follows:

PROGRAM LAKE (INPUT. OUTPUT)

DIMENSION MONTH (14) .TAIR( 14 ) , TDEv/(14) .HRaD(1 A) V.'/lNOt 14) 
S.TSURF(14)»TEQUAL(14)«EXC0EF(14).TINT(14),EVAP(14).

■ SFLOWtla).EM0NTH(14)
HkJ = 24000.
A = .5629 
DO 35 L - 1.3
READ 100 .  (MONTH ( I ) » T A 1 P  ( I ) .  T DE'-' ( I ) ♦ H R A O  ( I  ) « WIND ( I  ) « 

tTFOUAL(I), I = 1.14)
100 FORMAT (3X.I2.2F5.1.F7.1.3X.2F5.1)

PRINT 200. (MONTH(I)»T AIP(I).T0EW(I).HRAn(I).WlND(I). 
STEOUALtI). T = 1.14)

200 FORMAT (15X.15.5F10.1)

CALCULATE THE MONTHLY EQUILIBRIUM TEMPERATURES.
00 15 I = 1.14
WINDF = 70 + ,7*(WIND(1)**2)

13 TAVE = (TDEW(l) ♦ TEQUAL(I) )/?.
HETA=.255-.O085*TAVE+.000204*(TAVE**2)
C0EF = 15.7 + (BETA+.26) *V.' INOF
TEQUAL1=(-COEF+SQRT(COEF**2-.2*(-HRA0(I)♦]801-(BETA*

STDEW(I)+.26* T AIR(I))*WINUF)))/.1 
EQDIF = TEOUAL(I)-T EQUAL 1
IF (EQDIF .GT. -.5 .AND. EQDIF .LT. .5) GO TO 15 
TEOUAL( I) = TEQUAL1 
GO TO 13 

15 CONTINUE

DO 35 K = 20.30.5 
TCOND = K
FLOW(14) = HRJ/TCOND 
LPAGE = 2
DO 35 J = 120.150.5 
TDIS = J
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CALCULATE THE REQUIRED AREA USING THE DESIGN CONDITIONS 
IN LOCATION 1=14.
I = 14
APROACH = TOIS-TCOND-TEOUAL(I)
IF (APROACH .LT. 5.) GO TO 3S 
.•(IN OF = 70 + .7*(VIND(I)**2)
TSURF(I) = HR J/ (F LO'V (1) ̂  ALOG ( ( TDI S-TEGUAi (I) )/APROACH) ) 

J+TEOUAL(l)
TAVE = (TSURF(I) + TOEW(T))/2 
HETA=.2S5-.0085*TAVE+.000204*(TAVE**2)
EXCOEF (I) = lS.7+.05*(TE0UAL(I)«-TSURF(I)) + (BETA+,?6) 

$*V;IMDF
AREA=(FLOW(I)/EXCOEF(I))«ALOG((TDIS-TEOUAL(I))/APROACH)

COMPUTE THE MONTHLY OPERATING TEMPERATURES.
22 00 30 I = 1.13

TSURF(I) = TDIS - TCOND/2 
26 TAVE = (TSURF(I) ♦ TOEW(I))/2

BE TA=. 255-.()0B5*TAVE+.000204* ( TAVE** 2)
EXCOEF(I) = 15.7+.05*(TEQUAL(I)+TSURF(l)) + (BETA+.26)

s*w i n o f
DS'u r " = TDIS-TSURF (1)
IF (OSUP .LT. .5) GO TO 29
T SURF 1 = TEOUAL(I) ♦ HRJ/(EXCOEF(1)*AREA)
DIF SURF = TSURF(I) - TSU^Fl
IF (DIFSURF .GT. -.5 .AND. D1FSURF .LT. .5) GO TO 29 
TSURF(I) = TSURF1 
GO TO 24

29 TEXCES = TDlS-TE'-UALd)
TINT(I) = TO IS-TCOND 

291 FLOW(I) = HRJ/(TDIS-TINT(I))
IF (FLOW ( I ) .GT. FLOW (]a) ) FLOW ( I) = FLnW(lA)'

294 X = EXP (- EXCOEF ( 1) *AREA/FLO.V (I) )
TINT1 = TEOUAL(I)+TEXCES*A 
DIFINT = TINT (D-TIMTl .
IF (DIFINT .GT. -.5 .AND. DIFINT .LT. .5) GO TO 293 
TINT(I) = TINT1 
GO TO 291

RECALCULATE THE SURFACE TEMPERATURE, BETA, AND THE 
HEAT REJECTED BY THE LAKE IF A SPRAY POND IS REQUIRED. 

293 SPRAY = TOIS - TCOND
IF (TINT(I) .LE. SPRAY) GO TO 295 
HRJPO'lD = HRJ* (TDIS-TIMT (I) J/TCOND 

r TSURF(I) = TEOUAL(I)+HRJPOND/(EXCOEF(I)*AREA)
_ TAVE =_(TSURF(I) + TOEW(I))/2 

r BETA=.255-.009S*TAVE+.000204*(TAV£*»2)
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CALCULATE THE hea t OF VAPORIZATION AND EVAPORATION.
205 HVAPOti = 1041.25 - A»(TSURF(I)-90.)

EVAP (I) =BET Ac- (TSURF (I)-TOEW (I) ) *WINDF*ARFA/(HVAP0R*24) 
EHONTH(I) = EVAP(I)«720 
FLOW( 1) = FLOW(I)/?4

30 CONTINUE 
EYEAR = 0
DO 40 I = 1.12

40 EYEAR = EYEAR + EMONTH(I)

LPAGE = LPAGE + 1 
IF (LPAGE .LE. 2) GO TO 34 
PRINT 55

55 FORMAT (1H1)
LPAGE = 0

34 PRINT 31 « T CONI). TO IS
31 FORMAT (//,10X,*THE MONTHLY OPERATING CONDITIONS AND * 

•?:.̂ EVAPORATION FOR A TEMPERATURE*, /, 16X, *RTSE 0F*,F3,
$* AND A MAXIMUM CONDENSER TEMPERATURE 0F*,F4.* ARE *,//, 
$16X,*M0NTH SURFACE INTAKE K E0UILI8*,
T-* FVAP FLOW*)
PRINT 32, (MONTH(I)»TSURF(I),TINT(I)»EXCnEF(I),TEQUAL 

5 ( 1) , EV AP(I),FLOW(I), I = 1.13)
32 FORMAT (17X,l2,7X,F5.1,5X,F5.1,5X,F5.1,5v,F5.1,4X. 

SF6.3,5X.F5.1)
PRINT 33* AREA, EYEAR

33 FORMAT (16X,»THE AREA REQUIRED IS *,F5.2. * SO. FT.*
%* AND ANNUAL EVAPORATION IS *,F5)

35. CONTINUE 
END
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The input data are the ambient conditions for each 

month: air drybulb temperature (TAIR), dew-point tempera
ture (TDEW)t net radiation (HRAD), windspeed (WIND), and an 
assumed equilibrium temperature (TEQUAL). The monthly 
ambient conditions are in location I = 1 -  12, location I = 
13 contains the five per cent summer design criteria, and 
location I = 14 contains the specified design criteria. The 
program computes the operating characteristics and evapora
tion for condenser discharge temperatures of 120°F through 
150°F in 5°F increments and condenser temperature rises of 
20°, 25°, and 30°F.

The output of the program provides the monthly 
values for the effective pond surface temperature (TSURF), 
condenser intake temperature (TINT), surface exchange coef
ficient (EXCOEF), equilibrium temperature (TEQUAL), evapora
tion (EVAP), and condenser flow (FLOW). The program also 
provides the required pond surface area (AREA) and the 
annual evaporation (EYEAR) for each condenser discharge 
temperature and temperature range.
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