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AN ASSESSMENT OF THE ONCE-THROUGH COOLING
ALTERNATIVE FOR CENTRAL STEAM-ELECTRIC

GENERATING STATIONS

by

R. A. Paddock and J. D. Ditmars

ABSTRACT

The efficacy of the disposal of waste heat from steam-
electric power generation by means of once-through cooling sys-
tems was examined in the context of the physical aspects of
water quality standards and guidelines for thermal discharges.
Typical thermal standards for each of the four classes of water
bodies (rivers, lakes, estuaries, and coastal waters) were iden-
tified. The mixing and dilution characteristics of various
discharge modes ranging from simple, shoreline surface dis-
charges to long, submei'ged multiport diffusers were examined
in terms of the results of prototype measurements, analytical
model predictions, and physical model studies. General guide-
lines were produced that indicate, for a given plant capacity,
a given type of receiving water body, and a given discharge
mode, the likelihood that once-through cooling can be effected
within the restrictions of typical thermal standards.

In general, it was found that shoreline surface dis-
charges would not be adequate for large power plants (>500 MW)
at estuarine and marine coastal sites, would be marginally
adequate at lake sites, and would be acceptable only at river
sites with large currents and river discharges. Submerged
multiport diffusers were found to provide the greatest likeli-
hood of meeting thermal standards in all receiving water
environments.

1 INTRODUCTION

The demand for electric power in the United States has doubled every

ten years since 1945. This demand is expected to increase steadily in the

foreseeable future, although the rate of increase of demand may decrease due

to declines in population and industrial growth rates and due to energy con-

servation policies. Examination of present and near-future energy technolo-

gies indicates that most electric power generation will be accomplished at

central steam-electric generating plants. For example, in 1974, 84% of U.S.

electric power was produced by steam plants.1 Such plants convert thermal

energy, derived either from the combustion of fossil fuels or from a nuclear



reactor, into electric energy with overall thermal efficiencies of 30-40%.

As a result of these efficiencies, 1.5-2.3 units of waste heat are produced

for each unit of electric energy generated. As significant improvements in

thermal efficiency or the introduction of alternative methods of central-

station electric generation are. not expected in the near future, the disposal

or beneficial utilization of large quantities of waste heat will be an abiding

aspect of electric energy generation. The beneficial utilization of low-grade

waste heat is in its infancy, and, for the near future, the need for waste

heat disposal is expected to continue.

Several alternative technologies exist for the disposal of waste heat

from electric power generation: once-through cooling systems, cooling ponds,

spray systems, evaporative cooling towers, and dry towers (or hybrid combina-

tions of these systems). Associated with each disposal technology are econom-

ic, energy, and environmental costs. The focus of the present study is one

aspect of the environmental control technology for once-through cooling sys-

tems — control of the physical impact on the receiving water body of the

thermal plume produced, both in terms of the spatial extent and in terms of

the associated excess temperatures. It is the intent of this study to deter-

mine, in general terms, the feasibility of effecting once-through cooling

within certain physical environmental constraints.

1.1 WASTE HEAT.DISPOSAL

Present central-station technology involves removal of the waste (low-

grade) heat from conventional steam-electrric power cycles by passing large

quantities of cooling water through condensers. The heat absorbed by the

cooling water must eventually be dissipated to the atmosphere and ultimately

outer space, but several technologies exist for the immediate disposal of the

heat.

Once-Through Cooling: Cooling water is drawn from a nearby water body

(river, lake, reservoir, estuary, or open coastal region), passed through the

condensers, and returned directly to the water body at an elevated temperature.

Cooling Ponds: Cooling water is taken from a man-made pond, passed

through the condensers, and returned to the pond. The water in the pond is

usually thermally stratified, the warmer surface waters dissipate heat to the

atmosphere and the cooler deep waters are withdrawn selectively and returned



to the condensers. Water from nearby natural sources is needed to maintain

the pond, and some fraction of the water is usually returned to natural water

bodies to reduce the buildup of dissolved solids in the pond.

Spray Systems: Two types of spray systems exist. One is truly closed

cycle and operates essentially like a cooling pond except that spray heads are

used to increase transfer surfaces and thus increase heat transfer to the at-

mosphere. The other could be considered open cycle. Cooling water is drawn

from a nearby natural water body, passed through the condensers, and then

cooled before being returned to the water body. Cooling is accomplished by-

passage through a network, of canals equipped with spray heads.

Evaporative Cooling Towers: Condenser cooling water is recirculated

through the tower to transfer the excess heat into the atmosphere, mostly

by evaporation. Again, make-up water from some nearby source is needed to re-

place evaporative losses, and some water is returned to the natural water

body (blowdown) to decrease the buildup of dissolved solids. Chemical treat-

ment of the water usually is required to prevent biological fouling of the

tower elements. Air flow through the tower may be induced by mechanical fans

or may be produced naturally by the "chimney" effect.

Dry Cooling Towers: Excess heat from the cooling water is dissipated

to the atmosphere by conduction without evaporation. Air flowing past pipes

containing the flowing condenser cooling water transfers heat directly to the

air. Devices such as fins on the pipes increase the heat transfer surface

area. Air flow may be of the mechanically-induced or the natural-draft type.

Each of the cooling methods has its advantages and disadvantages. Once-

through cooling systems normally have the lowest construction and maintenance

costs. In such systems, incoming cooling water temperatures are typically the

lowest practical — leading to increased thermal efficiency, and cooling water

pumping power requirements are generally at a minimum. However, large quan-

tities of water are withdrawn from, heated, and returned to the natural water

bodies — possibly leading to large-scale modifications of the thermal regime

of the water body. This may have a direct effect on the ecological system of

the waterway. Water consumption is minimal, but not ne_. ̂  ̂ gible, due only to the

increased evaporation from the water body caused by the elevated temperature.

It is estimated that the increase in evaporation rate is equivalent to about



0.86 of the total cooling water requirement of the plant.'- For example, a

typical 1000-MW nuclear power plant might cause an increase in the evaporation

rate of 0.4 m3/s. Land requirements for once-through cooling systems are

negligible relative to other cooling alternatives.

Cooling ponds and spray systems require the dedication of significant

land areas and usually do not yield cooling water temperatures as low as

those obtained by once-through cooling. For example, a 1000-MW power plant

typically would require a cooling pond with a surface of 1000-3000 acres (4-12 •<

105 m 2 ) , while 100-150 acres (4-6 x 105 m2) would be required for a spray sys-

tem. ̂ Construction and maintenance costs can be substantial and, in the case

of spray systems, there are increased pumping costs. Water consumption is esti-

mated to be 20-50% higher than for once-through cooling.'4'5 Other than the

withdrawal of make-up water and the return of a limited amount of blowdown water,

cooling ponds and closed-cycle spray systems have little effect on the ^ ^ural

water bodies. Although open-cycle spray systems may not add significant amounts

of heat to the natural water bodies, they do divert large quantities of water

and may have a considerable effect on the aquatic ecosystem.

Evaporative cooling towers have large construction and maintenance

costs. Because cooling capacity depends on the ambient wet-bulb temperature,

the resulting cooling water temperatures are generally significantly higher

than those of once-through cooling systems and therefore lead to less effi-

cient power plant operation. Pumping power requirements are increased over

once-through cooling, and, in the case of mechanical-draft towers, electrical

power is required to operate the fan motors. Cooling towers are large devices

and can have a degrading effect on the aesthetic value of the land surround-

ing a power plant, especially in the case of natural draft towers that require

large hyperbolic-shaped structures up to 150 m high. Land use is significant

but not excessive. A typical 1000-MW plant would require 10-15 acres

(4-6 x lO1* m2) for natural-draft towers and 45-68 acres (1.8-2.8 x 105 m2)

for mechanical-draft towers.3 Consumptive water use is 60-100% higher than

for once-through cooling.1*'^ The water added to the atmosphere in a localized

area by evaporation and drift from the tower may have an adverse effect on the

local microclimate. Mechanical-draft towers, with their lower profiles (s20 m ) ,

may be particularly troublesome by causing local fogging and icing. As in the

case of cooling ponds and spray systems, evaporative towers have little effect



on the natural water body other than that due to the withdrawal of makeup

water and the return of blowdown. Typical systems reject only 1-3% of the

waste heat with the blowdown.6

Dry cooling towers have many of the same drawbacks as the evaporative

towers (large construction costs, high cooling-water temperatures, and large

visual impact), although consumptive water use and local climate effects are

minimal. Cooling water temperatures are limited by the ambient dry-bulb

temperature, and therefore these towers must be used with specially designed

high-backpressure turbines of lower efficiency. The efficiency of power

plants cooled with dry towers is presently about 10-157' less than power plants

with once-through or evaporative cooling.3 Dry towers are usually only cost

effective where water supplies are very limited. Combined evaporative and dry

cooling systems, wet/dry towers, may represent a compromise between efficiency

and water consumption constraints.

Table 1 shows the extent to which various types of cooling technology

were used in 1969 and 1974 as reported by the Federal Energy Regulator?

Commission.2 Although the use of close.d-cycle cooling is increasing, once-

through cooling is still used extensively.

Table 1. Distribution of Use of Various Condenser Cooling
Technologies for Steam-Electric Power Plants-
Expressed as Percent of Total Installed Capacity

Type of Cooling

Once-Through

Fresh

Saline

Total

Closed-Cycle

Ponds

Towers

Combined Systems

Total

50.

23.

5.

10.

9.

1969

5

5

74

9

9

2

26

100

Percent
Installed

.0

.0

.0

of Total
Capacitv

I97<4

41.1

18.9

60.

8.5

16.1

15.4

40.

100.

0

0

0

From Federal Energy Regulatory Commission Report, Ref. 2.



Stone and Webster Kngineering Corporation' analyzed the results of a

survey of over 110 power generating units (representing a total capacity of.

over 72,300 MW) to determine the capital costs of various types of cooling

system:;. Result:; v;ere expressed as average capital cost per heat dissipation

rate. liased on typical power-plant heat rejection rates (discussed in

Sec. 3), the cost IILT jujncr.itin;; capacity can be calculated. These data were

used to determine costs presented in Table 2 for fossil-fueled and nuclear

plants and i'or new and retrofitted cool inj; systems. Tn terms of the capital

cost of the cool in;; systou; itself, once-tbrou;;h cooling using a simple shore-

line discharge i s L he least expensive. The other types of systems have aver-

age capital costs I ha I are comparable to one another (except cooling ponds,

where land acquisition costs were excluded but could be large)- In any par-

ticular ca.se, a site-specific case study would be needed to select the most

appropriate system on the basis of cost. Stone and Webster also presented

estimates of the performance losses associated with the various typos of

cooling systems, based on the results of the same survey. These estimates

are listed in Table '3. The Losses are due to the higher cooling-water temper-

atures associated with closed-cycle systems, increased pumping-power require-

ments, and auxll i.iry power requirements to operate fans and spray systems.

In general, retrofitted systems suffer greater losses because preexisting

turbines that have not been matched to the cooling system must be used. It

is difficult to determine the incremental capital cost of the various closed-

cycle cooling systems over that of a simple once-through cooling system from

the results of this survey because of the wide range of site-specific factors

that enter into the cost at any one site.

United Engineers and Constructors, Inc., prepared a detailed capital

cost analysis of several different hypothetical power plants using various

cooling systems at a hypothetical river site. The power plants considered

were: a 1200-MW pressurized water reactor (PWR) nuclear plant, a 1200-MW

boiling water reactor (BWR) nuclear plant, a 1200-MW coal (high and low sulfur

content) plant, and a 800-MW coal (high and low sulfur content) plant. The

estimated capital costs, although site dependent, ate all calculated

on a common basis, in contrast to the Stone and Webster survey results

that are based on averages of capital costs reported by many different

power plants. The survey results indicate a significant amount of varia-

tion among the different plants surveyed due to site and design differences.



Table 2. Capital Costs of Various Typt:s of Cooling Syst

Cooling System Type

Closed-Cycle :

Mechanical Draft Towers

Natural Draft Towers

Spray Systems

Cooling Ponds

New

Cooling System j2o_st_Vj..;e_ncr a_t_in̂ _ Cjvpjic_it_y__G_V,liars/MW)

Foss i l N'uclear

NewRetrofit riot rot i t

Once-Through :

Simple Shoreline Discharge

Offshore Diffuser

14,200 - 8,300

25,300 t 11,300 10,500 - 4,000

25,900 i 7,800 2^,100- 12 ,2.")0

29,700 ± 6,900 35,400 ;• 10, TOO

28,500 i 8,900

19,800 ± 3,300

20,600 -. 12,000

In,600 - 16,400 15,200 • 3,900

:'i~,3()r: • i.1,2^'1- 37, S()') .- 17,600

4 3,000 - 10,000 51,'-iO') .' 14,900

41,300 : 12,S00

2S,7OO • 4,800

From St-one and Webster Engineering Corp., Ref. 7.

Adjusted to July 1977, includes interest and escalation during construction, .: one standard deviation
noted.

Simple shoreline intake assumed.

Land acquisition costs not included.



Table 3. Performance Losses Associated with Various Types of Cooling Systems'

Energy Loss (Percent) Capability Loss" (Percent)

Fossil Nuclear Fossil Nuclear

Cooling System Type New Retrofit New Retrofit New Retrofit New Retro tic

Once-Through :

Simple Shoreline Discharge Base Base Base Base Base Base Base Base

Offshore Diffuser 0.20 0.20 0.28 0.2S 0.20 0.20 0.2S 0.28

Closed-Cycle:

Mechanical Draft Towers 0.7 1.3 ± 1.3 2.2 ± 0.7 4.2 ± 3.1 1.5 2.3 - l.S 2.9 r L.I 4.5 - 2. t>

Natural Draft Towers 0.6 1.0 i 0.2 ] . 9 .- 1.0 3.0-1.4 1.8 2.8 : 2.0 3.2 t i. 1 4 . l? • 1 . 6

From Stone and Webster Engineering Corp., Ref. 7.

Energy loss includes loss due to increased turbine backpressure and energv required to operate cooli m;
system.

Capability loss is loss of peak generating capacity.

Simple shoreline intake assumed.



I n c r e m e n t a l c a p i t a ! c o s t s o f c l o s e d - e v e 1 e c o o l in;; s v s t e m s ^vtjr a s i m p l e m c e -

t h r o u g h c o o l i n g s y s t e m c a n e a s i l y b e e x t r a c t e d ir.'i:; t h e V n i t e d i n g i n e e r . - a n d

C o n s t r u c t o r s r e s u l t s . T h e s e a r e l i s t e d in T a b l e •'< in l.-rss .if c i p i t . i l c o s t s

[)er g r o s s g e n e r a t i n g c a p a c i t y . T h e n e t g e n e r a l in,1, e a p a c n y ••: >.ich ot * i.e

p l a n t s u s i n g e a c h o f t h e c o o l i n g s y s t e m : - w a s a l s o o a ! c u 1 a ' e.i . !!... '•.•;;, in

p e a k c a p a c i t y a t t r i b u t a b l e t o t h e c o o l i n g s y s t e m . omp.iri d ; o :.i:\pl..- •'ii< e -

t h r o u g h c o o l i n g c a n b e c a l c u l a t e d a n d i s a l s o i m li.'.icd in • liL- t . i b N . . 1 h e

c a p i t a l c o s t s o f c l o s e d - e v e 1 e c o o l i n g svstei:):- a r c l v ; . i , a ; i .• •••1,li!J(j '-i.'^JuO p e r

M W h i g h e r t h a n f o r a s i m ] ) l e o n c e - 1 h r o u g h c o o l i nj» s v . i ..•;:., a n d p e a l ; e : p a c i t v i s

d e c r e a s e d b y a b o u t 1-1/'t.:'.

O n c e - t h r o u g h c o o l i n g i s e v id e n t 1 \' t h e 1 ea:; 1 c o s t 1 \ a 1 I c r n a ! i v r ; a i i ' m i i

o f c o n s t r u c t i o n , m a i n t e n a n c e , a n d o p e r a t i o n . H n u v w r , nan 1. 1 ei'neei'ii;. h a v e

b e e n r a i s e d r e g a r d i n g t h e e n \ r i r o n m e n t a 1 c f l c o l s o n n a t u r a l i-.viti'i' b o d i e s " i

w i t i i d r a w i n g , h e a t i n g , a n d r e t u r n i n g l a r g e v o l u m e s >-\ w a t e r . C l e a r l y , t h e s i ;

i o n e e r n s m u s t b e w e i g h e d a g a i n s t e c o n o m i c c o n s i d e r , ! ' i o n s in t h e d e t e r m i n a t i o n

o f a c o o l i n g s y s t e m d e s i g n t o r a n v s p e e i ! ic i M . s e , a n d it i s a p p a r e n t t h a t t h e

b a l a n c e c a n n o t b e e e t i-rin i n e d •' :i'.'.i4. f o r o r . i ' a i n s l o n c e - 1 h i ou:-ii c o o l i n g .

E c o n o m i c c o n s i d e r a t i o n o f a n v c o o l i n g s y s t e m m u s t , i n c l u d e n o t o n l v t h e

d i r e c t c o s t s f o r t h e c o n s t r u c t i o n , m a i n t e n a n c e , a n d o p e r a t i o n b u t a l s o t h e

energy costs in terms of effect on power-cycle efficiency and auxiliary

power consumption required to operate the cooling, system. In fact, it may be

most economical Lo employ a mix of once-through cool in',; and evaporat ive towers

or spray systems to avoid detrimental impact to the aquatic environment.

Evaporative to ;ers or spray system" may be used in the conventional closed-

cycle mode or they may be used in the "helper" mode to precool the effluent

at times when the environment may be affected adversely by waste heat

d ischarges.

1.2 ENVIRONMENTAL EFFECTS DUE TO ONCE-THROUGH COOLING

Within the 48 conterminous states, approximately 30/' At' the me..ai

annual runoff is withdrawn by man from natural bodies for industrial, commer-

cial, agricultural, and municipal use. About one-third of this usage is for

steam-electric power plant cooling, amounting to an average rate of withdrawal

of fresh water for cooling water purposes in 1974 of 5623 m3/s (equivalent to
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Table 4. Incremental Cost; of Closed-Cycle Cooling Towers over That of a
Simple Once—Through Cooling System'1

Power Plant
Cool ing System

1200-MW Nuclear (PWR)

Simple Once-Through Cool ing

Mechanical Draft Towers

Natural Draft Tower

1.200-MW Nuclear (I5WR)

Simple Once-Through Cooling

Mechanical Draft Towers

Natural Draft Tower

1200-MW Coal

Simple Once-Through Cooling

Mechanical Draft Towers

Natural Draft Tower

800-MW Coal

Simple Once-Through Cooling

Mechanical Draft Towers

Natural Draft Tower

Incremental Capital Cost/
Cenerating Capacity

(Dollars/MW)

Base

1.1,600

12,300

Base

:1,5oo

11,700

Base

9,200

10,600

Base

10,500

12,900

Capability Loss
(Percent)

Base

1 .9

1.0

Base

2.0

1.2

Base

1.5

0.8

Base

1.1

0.6

"From United Engineers and Constructors, Inc., Ref. £

Capability loss is loss of peak generating capacity.
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about 11% of the mean annual runoff). All but about 2% of this water is

returned to the natural waterway (after accounting for increased evaporation

rates due to elevated temperatures).' However, because electric power genera-

tion does account for the temporary diversion of a significant portion of the

annual runoff, the potential for a considerable impact on the environment exists.

The potential impact can be divided into three categories: (1) the direct

impact of drawing organisms into the intake, trapping some of them on the

screens (impingement), and sending some of them through the pump and conden-

sers (entrainment) back into the water body, (2) the impact on organisms that

are entrained into the heated plume without having passed through the plant,

and (3) the impact of the raising of the average temperature of a local region

of the water body.

The Effects of Passage Through the Power Plant: The physical withdraw-

al of large quantities of water from a natural water body can present a prob-

] em in itself. Large fish may avoid the intake, but small fish and other free-

swimming species are drawn into the intake, trapped by the screens (impingement)

and are either directed back to the water body or more often destroyed. Smaller

organisms including plankton, fish eggs, and fish larvae pass through the

screens (entrainment) and through the condenser cooling system. These organ-

isms may undergo mechanical damage in the pumps and condenser due to abrasion

and pressure changes, thermal shock in the condenser, and chemical shock due

to the presence of biocides, other water treatment chemicals, or corrosion

products. The damage may not be lethal but may affect an organism's ability

to survive once it is returned to the water body. In closed-cycle systems all

the organisms drawn into the intake are destroyed because the water is not

returned directly to the natural waterbody. However, flow rates for closed-cycle

systems are much smaller than those for once-through systems as only make-up is

required, and fewer numbers of organisms are likely to be drawn into the

system.

The Effects of Passage Through the Thermal Plume: Organisms can come

to live in or pass through the thermal plume in any of several ways. They

can have passed through the intake and power plant; they can be carried along

with the dilution water entrained into the thermal plume in the mixing process;

they can be attracted to the warm water, especially during winter months; or

they can be sedentary and exist naturally in the region that happens to be



12

occupied by the thermal plume. The effects of living in or passing through

the thermal plume are estimated to be far less serious than the effects of

passing through the power plant itself. The seriousness of the effect depends

on the type of organism, the duration of the exposure, and the temperature

elevation encountered. Indeed, the thermal effect can work both ways. Fish

that choose to live in the plume may become acclimated to the elevated temper-

ature and upon plant shutdown may undergo deleterious thermal shock. In the

case of a narrow waterway, such as a river or estuary, there is the possibility

that the heated plume may serve to block the passage of anadromous species and

therefore inhibit their reproduction cycles.

The Effects of Regional Warming: Temperature plays a major role in

regulating the life cycles of aquatic organisms. Activity, feeding, growth,

and reproduction are affected by temperature. Secondary effects such as

increased bioaccumulation of toxic materials can also occur. Any change in

the normal thermal cy.le of a water body may affect the character and species

diversity of organisms living there. The growth of nuisance organisms, such

as certain types of algae, may be enhanced with increased temperature, while

reproduction of certain cold-water fish can be significantly reduced by ele-

vated temperatures. 7'he effects of regional warming clearly depend on

the size and natural characteristics of the water body. Large lakes and open

marine coastal waters are flushed by natural currents and tides, while small

lakes and rivers with low flows may show notable, persistent temperature

alterations.

This brief summary of the types of potential detrimental environmental

effects due to once-through cooling systems is of course restrictuve. The magni-

tude of and, indeed, the presence of the impacts vary from site to site. The

assessments of ecosystem impacts (e.g., intake impingement effects on waterbody-

wide populations) and of mitigating strategies (e.g., fish screens) are them-

selves often moot issues and the subject of ongoing research. The issues

considered in this report are primarily physical in nature, and broader envi-

ronmental problems are addressed only in part and indirectly. It should be

noted, however, that the environmental acceptability of once-through cooling

systems at specific sites may well hinge on site-specific ecosystem impacts.
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1.3 SCOPE OF ASSESSMENT OF ONCE-THROUGH COOLING

Various approaches have been used in the design of existing and pro-

posed once-through copling systems for the disposal of waste heat. Systems

may use large cooling water flow rates and small temperature rises or small

flow rates and large temperature rises to accommodate waste heat loads. The

discharges may have high or low velocities; they may be located at the shore-

line or offshore; they may be at the water surface or submerged, or they may

have a single port or multiple ports. The approach depends on the type of

water body, the size of the plant, and the costs of construction, operation,

and maintenance. In addition, environmental constraints are usually imposed

and often a judgement n.;>st be made as to which approach will result in the

smallest detrimental impact to the environment.

Large flow rate, low temperature rise cooling systems reduce the tem-

parature elevations experienced by the receiving water but Increase the volume

of water and, concomitantly, the quantity of organisms that pass through the

•system. Low-velocity discharges near the surface tend to allow the effluent

to float on the surface without much mixing and dilution with ambient water.

This enhances the rate of heat transfer to the atmosphere but also increases

the magnitude of theJ plume surface areas associated with large temperature

excesses above ambient. High-velocity discharges result in more rapid mixing

and thus a reduction in the size of the region affected by high temperatures.

However} they also increase the volume of water affected and usually increase

the depth to which the plume extends. Surface discharges minimize the effect

on organisms that live in shallow, shoreline regions. Generally, multiple-

port discharges yield larger initial dilutions while single-port discharges

confine large temperature excesses to smaller volumes of water. In small

water bodies, rapid extensive mixing may not allow sufficient heat transfer

to the atmosphere and the overall temperature of the water body may increase.

In large water bodies, where natural currents and tides cause flushing, rapid

mixing may be desired to make effective use of the flushing.

In the past, electric power utilities chose low-velocity, surface,

shoreline, canal discharges because of the relatively lower costs of con-

struction and maintenance and because of the larger initial surface area pro-

vided for heat transfer to the atmosphere. Presently, in order to comply

with regulatory standards on plume surface areas and temperature elevations,
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high-velocity, submerged, offshore, multiple-port discharges are being used

to obtain greater degrees of mixing and reduce the volume of water subjected

to higher excess temperatures. Environmental constraints notwithstanding, it

is not clear, that a single "best" design choice exists for all situations.

Both environmental and economic factors must be examined to determine the

best design for a specific power-plant site.

Quantification of the costs of the environmental impacts of waste-heat

disposal systems, and indeed of the impacts themselves, is often elusive.

Consequently, general conclusions regarding the efficacy of once-through

cooling systems in terms of their environmental imapcts are not possible.

Environmental assessments of once-through cooling systems are generally made on

a case-by-case basis. As mentioned previously, the matters of primary concern

in such assessments are the effects of the impingement of organisms on the

cooling;water intakes, of the entrainment of organisms into the condenser

system, of the passage of organisms through the thermal plume created in the

receiving water body, and of the local warming of the water body in the vicin-

ity of the discharge. All of these issues are highly dependent on site-specific

conditions and intake and discharge designs. However, the two latter concerns

are addressed directly in water quality standards and guidelines by means of

general restrictions on the temperature elevation above ambient and on the

physical extent of such elevations permitted. The intent of this study was

to investigate the feasibility of employing once-through cooling systems that

do not exceed these restrictions. <,

In this study restrictions were examined regarding the temperature ele-

vations above ambient water temperatures and on the sizes of mixing zones

within which those elevations may be exceeded. The results of that examina-

tion are presented in Sec. 2 for the various potential receiving waters for

waste heat from once-through cooling: rivers, lakes, estuaries, and marine

coastal waters. In Sec. 3, typical cooling water flow rates and power-cycle

temperature elevations of cooling water are determined for typical large

fossil-fueled and nuclear electric power plants. The general characteristics

of once-through-cooling discharge systems and the predictive models and data

regarding thermal plume behavior are summarized in Sec. 5. Given the restric-

tions on plume behavior in the various receiving water types and given the

cooling/water discharge characteristics, analyses were made to determine, in

general terms, the feasibility of effecting once-through cooling within the
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physical environmental constraints. Both surface and submerged discharge

structures were examined in terms of generalized results based on prototype

field measurements augmented by results from physical and mathematical model

studies. pThe results of' measurements from specific plants or of specific

plant designs are given, where appropriate, as examples of site-specific

performance and constraints. Guidelines were developed for either the limit-

ing receiving water conditions or the discharge structure size and configura-

tion required to satisfy physical environmental constraints for rivers (Sec. 6),

lakes (Sec. 7), estuaries (Sec. 8), and coastal waters (Sec. 9). The thrust

of the analyses was the formulation of general conclusions, regarding the

efficacy of once-through cooling systems for a variety of water environments,

as site-specificity precludes detailed conclusions.
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2 THERMAL STANDARDS

Concern in the^U.S. for the quality of the environment as a whole,

and water resources in particular, has increased greatly in the past 20

years. The Federal Water Pollution Control;Act was passed in 1956, and the

Water Quality Act of 1965 amended the original Act and specified that water

quality criteria and standards be developed!; The National Technology Advisory

Committee (NTAC) to the Secretary of the Interior developed water quality cri-

teria and published their recommendations /in April, 1968'. In the meantime,
•' , It •• -_\

individual states instituted, with the approval of the Secretary of the Inte-

rior, their own standards for the various aspects of water quality including
{'"; ' •' ill

temperature. In 1970, the duty of overseeing the institution of standards by

^ I
individual states was transferred to the Administrator of the newly formed

U.S. Environmental., Protection Agency (U.Sf EPA). By 1971, most states had '

some form of approved standards for maximtim temperature and maximum tempera-

ture increases above ambient water temperature. Maximum temperature restric-

tions ranged from 60.0°F (15.6°C) to 96.8°F (36.0°C) depending upon the state

and the type of water body. Maximum allowable temperature increases above

ambient ranged from 0-20.0 F° (0-11.1 C°) depending on thej type of water body

and its natural temperature. ;

The NTAC also set forth-recommendations for temperature standards

within their water quality criteria. They recommended a maximum permissible

temperature rise above naturally existing temperatures of 5.0 F° (2.8 C°) for

streams and 3.0 F° (1.7 C°) for lakes. They also recommended that cold water

fisheries (trout and salmon waters) not be disturbed. In marine and estuarine

environments, they recommended that monthly maximum daily temperatures at a

^ site not be raised by more thaiM.O F°•< (2.2 C°) in the winter (September-May)

i or more than 1.5 F° (0.8 C°) in summer (June-August). In addition, the NTAC

| recommended that mixing zones should be as small as possible and should be

determined on a case-by-case basis. A mixing zone is a region near the dis-

charge structure within which the excess temperature standards do not apply

(that is, within which standards maybe exceeded).The U.S. Environmental Protection Agency evaluated the state standards

and attempted to guide the states in revising their standards so as to be

more precise and uniform. The U.S. EPA supported the NTAC recommendations
u O

and used them as guidelines in this effort. As a result, many state standards

reflect these recommendations.
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In 1972, Congress adopted *he Federal Water Pollution Control Act

Amendments (Public Law 92-5OJD). The Act sets the goal of eliminating the

discharge of pollutants into navigable waters by 1985 (Section 101); waste

heat is specifically included as a pollutant. Section 301 of the Act is con-

cerned with existing sources of pollution- and requires the application of the

best practicable control technology currently available by July 1, 1977, and °

the application of the best available technology economically achievable

(BATEA) by July 1, 1983. Section 306 of the Act states that new sources must

employ "the best available demonstrated control technology, process, operat-

ing methods, or other alternatives, including, where practicable, a standard

permitting no discharge of pollutants." The EPA interprets "best available

"technology" for the dissipation of waste heat at large (>25 MW) steam-electric

power plants to be closed-cycle evaporative cooling. Section 316(a) of the

Act, however, applies specifically, to waste heat and authorizes the Adminis-

trator of the EPA to impose alternative effluent limitations on a case-by-case

basis such that the "protection and propagation of^a balanced indigenous
it

population of shellfish, fish and wildlife" in and on the receiving water body

can be assu?:ed. , -

The U.S. EPA has developed guidelines for the preparation of documents
.—11

to support a request for'a Section 316(a) exemption. Among other things,

these guidelines essentially require that the physical characteristics df the

thermal plume be documented, based on either field measurements in the case of

existing discharges or engineering estimates in the case of proposed discharges.
7

A survey conducted by National Economic Research Associates, Inc., of power

plants using or intending to use open-cycle cooling systems as of the end of

1977 showed that 59.3% (by generating capacity) has applied for Section 316(a)

exemptions. Of the exemptions applied'for, 41.5% (by capacity) had been

granted, 57.2% were pending, and 1.3% had been denied.

The purpose of this study was an examination of the various types of

discharge concepts available for once-through cooling systems to determine the

circumstances under which each type might be environmentally acceptable.

Because the question of acceptability is clearly site dependent and must be

addressed on a case-by-case basis, some general criteria had to be selected

and used to determine acceptability. Any such general criteria can only be

used as guidelines or for initial screening purposes, because they cannot take
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into account the variability and distributionyof aquatic organisms present at

a particular site. While not the sole criterion, compliance or lack of com-

pliance with temperature and mixing zone standards is often included in the

development and evaluation of arguments concerned with the acceptability of a

thermal discharge. Therefore, specific temperature and mixing zone require-

ments were used in this study to compare, contrast, and evaluate the perfor-

mance of various types of discharges in various types of receiving waters.

State-water quality standards vary from state to state, and at the /

present many are undergoing review by the U.S. EPA. As noted above,,many are

patterned after the recommendations of the NTAC and therefore these temjiera-

ture standards were selected for use in this study. The maximum allowable

temperature rises above ambient outside a mixing zone near the discharge point

are summarized in Table 5 fo^ various types of water bodies. Mixing zone
I1

limitations were not specified explicitly by the NTAC but are to be determined

on a case-by-case basis. However, recommendations to be considered when

establishing mixing zone limitations were set forth.10 As a guideline, in the

case of streams, the mixing zone should be limited to less than 25% of the

cross-sectional area or of the volume flow of the stream. In "general, the

maximum distance, in feet, to the edge.of the mixing zone in any direction

should not exceed the number obtained by multiplying the> numerical value of

the square root of the discharge flow rate, in millions of gallons per day,

Table 5. Typical Excess Temperature (Above
Ambient) Standards as Recommended
by the NTAC

Water Body

Streams and Rivers

Lakes

Estuaries and Marine
Coastal Waters -

Winter

Summer

AT (F°)
max

5.0

3.0

4-0 >

1.5

AT (C°)
; max

2.8

1.7

2.2

0.8
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by 200; and in no case to exceed 5,280 ft. In S.I. units, this limit can be

,expressed as:

L < /q /(1.2 x 10"5 m/s) for Q < 30 tn3/s, and

< 1600 m for Q > 30 m3/s

where

L = maximum extent of mixing zone, and " "

Q = discharge flow rate of the plant.

This recommendation is considerably moire relaxed than that suggested by many

state regulations. In fact, most state regulations specify that the mixing

zone^Be^stablished on a case-by-case basis. When mixing zones are defined,

they are often stated in terms of surface areas or areas equivalent to circles

of specified radii. The specified radii typically range from 300 ft (91 m)

to 1000 ft (305 m ) . The corresponding surface areas range from 6.5 acres

(2.6 x lO4 m2) to 72 acres (2.9 x 105 m 2 ) . For purposes of evaluating the

various discharge types, two mixing zone surface area restrictions, corre-

sponding to these extremes, were considered in this study. »

For the purpose of this study excess temperatures were dealt with, pre-

cluding the necessity of defining "ambient temperature." It should be noted, '

however, that specifications of "ambient" or "natural water temperature"

vary and are subject to several interpretations due to temporal and spatial

variations in water temperatures in natural water bodies.



,3= HEAT REJECTION RATE . ',

Modern steam-electric power plants can be divided into two categories

depending "on the fuel' used —.fossil or nuclear. The basic process for pro-

ducing electric, power ts thu saint for both types. High-pressure, high-temper-

ature steam is" produced in a boiler using heat either from the combustion of

fossil fuels or from a controlled-nuclear reaction. The steam is passed

through a turbine-gei'erator unit that converts thermal energy to mechanical

and then electrical energy. The spent low-pressure steam is condensed and

returned to the boiler to complete the cycle. The waste heat removed from the

low-pressure steam in ,a e.ondenser must be disposed of through either a

closed-cycle cooling system, such as cooling towers, or an open-cycle system

that transfers the" lx;a;_ to a natural water body. In either case, the heat

eventually reaches the atmosphere. Although the basic process is the same

for both types of fuels, safety limitations on the operating pressures and

temperatures of a nuclear reactor result in lower thermal efficiencies and

therefore larger quantities of waste heat per unit of electric "power genera-

tion for nuclear plants. Therefore, for the purposes of this study, it was

necessary to conr-ider power plants in both of these categories, g

In the case of fossil-fueled plants, about 36% of the energy used by

the plant ends up as electori.c energy, about 15% of the energy is lbst1 directly

to the atmosphere through the smokestack and within the plant, and the re-

maining 49% of the energy ends up in the form of waste heat to be dissipated by

the cooling system. As a result, about 1.4 units of waste heat energy are deliv-

ered to the cooling water system for each unit of electric energy generated.

In a nuclear plant, only about 32% of the energy used by the plant ends up as

electric energy. In-plant losses account for 5% and the remaining 63% of

the energy must be dissipated as waste heat.\\ Consequently, for each unit of

electric energy generated, about 2.0 units of waste heat are produced. It is

evident that nuclear power plants must dispose of about 45% more waste heat

othan a fossil-fueled°plant of the same generating capacity.

\i
The rate at which waste heat, dH/dt, is delivered to the cooling water

system by the condensers can be related to the cooling-water flow rate, Q ,

and the resulting temperature rise, AT , by: >i

^ - p c Q AT a
dt ^ p ^p o
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where: ' ,

p = density of water, and,

c = heat capacity of water.,/1 .-.,,.. "

The heat rejection rate, dH/dt,=is directly related to the plant capacity, C,

by the factors discussed above (1:4 for fossil-fueled plants and 2.0 for nu-

clear plants). The cooling-water flow rate and resulting temperature increase

can then be related to the plant capacity by:

Q AT = KC
P o

where:

K. - 0.33 w f o r fossil-fueled- plants, a'iid" - "u "' ;•

K = 0.47 (m ̂ ) C - for nuclear plants. "

The temperature rise, AT_, experienced by; the "cooling water in the

condensers depends on the" particular power plant design. A survey of over 50

power plants yielded a range for AT of 4.6-17.5 C° with ah average value of

10.0 C°. This average value of 10.0 C° appears to be somewhat typical of new,

large power plants and; was used throughout this study as a basis for comparing

and contrasting the efficacy of various once-through-cooling-system discharge

types.

Over the next 5-10 years, new generating capacity is expected to be

made up of an approximately equal mix of nuclear and fossil-fueled plants.

New capacity will be primarily made up of large generating units with capac-

ities in the 500-1000 MW range. For the purposes of this study, four typical

large generating units were considered — a 500-MW fossil-fueled plant, a

500-MW nuclear plant, a 1000-MW fossil-fueled plant, and a 1000-MW nuclear

plant. If a temperature rise of 10.0 C° is assumed, the cooling-water flow-

rate, requirement of each pf these plants can be estimated from the previous

discussion of heat rejection rates. These estimated flow rates are listed in

Table 6. Although actual flow rates and temperature rises will vary somewhat

with plant design, the total heat rejection rates corresponding to the values

of Q and AT in Table 6 will be approximately correct.

i
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" if' Table 6. Typical Large
Capacities and
Cooling Water
istics

Plant
c

500-MW

500-MW

1000-MW

1000-MW

Fossil

Nuclear

Fossil

Nuclear

AT
o

10,

10.

10.

10.

(C-

.0

.0

,0

,0

Power Plant
Assumed
Character-

) Qp(m3

16.

23.

33.

47.

/s)

5

5

0

0

L
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4 DILUTION REQUIREMENTS

In order that once-through cooling systems of steam-electric power
•j

plants meet the temperature standards discussed in Sec. 2, or indeed any tem-

perature standards, the heated effluent must mix sufficiently with the ambient
j

receiving water to reduce the excess temperature (above the naturally occurring

ambient temperature) below the specified maximum. In tile case of surface dis-

charges, this mixing must occur near the surface within the mixing zone. In

the case of submerged discharges, some mixing with ambient water occurs by

the time the heated (buoyant) effluent reaches the surface. The, dilution at

the point where the effluent reaches the surface (corresponding to the highest

excess temperature at the surface) is referred to as the >rn W7-wiuw siit-faae

dilution. If the excess temperature at this point exceeds the limit set by

the appropriate temperature standard, additional mixing must occur after the

effluent lias surfaced, within some specified mixing zone.

If it is assumed that the temperature of the ambient receiving water

is at approximately the same temperature as the cooling water at the system .

intake, and that the temperature of the cooling water is raised by about

10.0 C° (18.0 F°), then the temperature standards impose a lower limit on the

dilution that must be achieved. In actuality, cooling water intakes are

often designed to withdraw water from below the surface where cooler tempera-

tures may exist due to natural temperature stratification. This procedure may

allow the dilution requirements to be relaxed somewhat because the water is

"precooled" compared to natural ambient temperatures at the surface where

mixing zone restrictions are often applied. Further, temperature stratifi-

cation and the resulting density stratification can inhibit vertical mixing

within the ambient receiving water body, markedly reducing the mixing attained

by a shallow, surface discharge discharging into,; a'thin surface layer above a

shallow thermocline. As water temperature stratification is site-specific and

seasonally variable and may aid or inhibit dilution depending on the situation,

it was not considered in this study of the efficacy of various types of once-

through cooling discharges.

For the purposes of this study, the minimum dilution that must be at-

tained was estimated by the ratio of the temperature rise across the condenser

to the maximum temperature rise allowed by the typical temperature standards.

Table 7 lists the minimum dilution requirements for the various types of re-

ceiving waters and corresponding temperature standards discussed in Sec. 2.
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Table 7. Dilution Requirements for Various
Receiving Water Bodies Assuming a
Typical Initial Excess Temperature
of 10.0 C°

Water Body AT (C°) :i DilutionJ max

Streams and Rivers

Lakes

Estuaries and Marine
Coastal Waters -

Winter

Summer

2

1

2

0

.8

.7

.2

.8

\ 3.6

\\6 • 0

4.5

12.0

In this study, it was assumed that these dilutions must be met within

a mixing zone that (1) does not have a surface area that exceeds a specific

limit, and (2) does not (in the case of streams, rivers, and narrow confined

reaches of estuaries) encompass more than 25% of the cross-sectional areti

or volume flow of the water passage. The area limit of the first restriction

is usually specified on a case-by-case basis. In this study, two values

(2.6 x 1011 m 2 and 2.9 x 10 5 m 2) were considered, corresponding to the lower

and upper limits of the range of mixing zone surface areas usually specified.
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5 TECHNIQUES AVAILABLE FOR THERMAL PLUME ASSESSMENT

There are almost as many types of once-through-cooling discharge de-

signs as there are power plants, and several techniques are available for the

prediction of the behavior of thermal plumes from such discharges. Intake

and discharge configurations are usually developed for each power plant site

to meet the requirements of local shoreline and bottom topography and natu-

rally occurring currents and tidal flows. However, the various discharge

designs that have been utilized can be divided into three basic categories:

shoreline surface discharges, single-port submerged discharges, and submerged

multiport diffusers.

Shoreline surface discharges have long been used by power plants to

return the heated effluent to the natural water bpdy. Besides having a low

capital cost, this type of outfall is easily maintained. The idealized sur-

face discharge (Fig. 1) is an open rectangular channel terminating at the

shoreline, however, a great deal of variation in actual configurations exists.

The outfall may consist of a concrete or steel channel,with a rectangular

cross section or it may consist of a dredged channel with an f'irregular cross

section. The flow may be directed perpendicular to the shoreline, or it may

be directed at an angle to take advantage of natural currents, as in the case

of rivers. The channel may end at the shoreline or it may extend some dis-

tance into the water body. Discharge velocities are usually low (-0.5 m/s)

but may be as high as several meters a second. Many mathematical models

have been developed to describe and predict the behavior of surface discharges,

and several of the more often cited models include those of Pritchard,12»*3

Stolzenbach and Harleman,11* and Shirazi and Davis.15 These and many others

have been discussed in Refs. 16-19. Attempts at verification of these models

have met with limited success. No single mathematical model has been demon-

strated to be generally applicable to the wide spectrum of discharge configu-

rations and receiving water conditions encountered in practice.

In recent years more stringent thermal standards and a change in the

philosophy of disposing of waste heat have brought about increased use of

submerged discharges. Submerged discharges are usually designed to have

higher outfall velocities than surface discharges. Such submerged discharges

are often used for ocean sewage outfalls where high dilution is achieved by

jet-induced entrainment. Construction costs generally make this alternative
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SHORELINE SURFACE OUTFALL

PLAN ELEVATION

SINGLE-PORT SUBMERGED SURFACE

PLAN ELEVATION

Fig. 1. Idealized Shoreline Surface Outfall and Single-
Port Submerged Outfall
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more expensive than a surface discharge, but submerged discharges may yield

higher initial dilutions, thus enabling thermal .standards to be met without

resorting to closed-cycle cooling systems. Submerged discharges can be di-

vided into two categories -- single-port discharges and multiport diffusers.

The idealized single-port submerged discharge (Fig. 1) is an open

round pipe located in deep water so that boundaries, including the bottom

and surface, have little influence on the behavior of the effluent. In

practice, the depth at which the outfall can be placed is limited by the

bottom topography of the receiving water body, construction costs to reach a

given depth, and operating costs to pump the cooling water to that offshore

location. Further, i"he outfall may not necessarily be a single round port, it

may be made up of one or more closely spaced ports of arbitrary shape that

do not necessarily discharge in a unidirectional mariner. If, however, the

port separation becomes large with respect to the port size and the overall

length of the discharge structure becomes large with respect to the depth

of the receiving water, the discharge is referred to as a submerged multiport

diffuser. Many investigators, such as Fan and Brooks,20 Hirst,21 Koh and

Fan,' and Shlrazi and Davis,' have developed and applied mathematical models

that describe the behavior of single submerged jets under simplified and

approximate situations that make the resulting equations tractable. Applica-
'•->

tion of any one of these models to an actual discharge site requires that

the limitations of the model be carefully examined in light of the conditions

that actually exist at the site. .,-«,

<\
The idealized submerged multiport diffuser consists of\many round ports

spaced uniformly along a long pipe (the diffuser pipe) located.at the bottom

of the receiving water body. The cooling water flows from the power plant to

the diffuser pipe through a feeder pipe buried under the bottom. Again, many

variations exist. The individual discharge ports may be directed vertically
}! o •••'-•.

or horizontally; they all may be directed in the same direction or they may

be directed in alternate directions. The ports may be spaced sufficiently

far apart so that they behave as individual submerged ports or they may be

close enough together so that the jets quickly merge and behave like a single

long slot. The poms^may be directed at right angles to the diffuser pipe
^ ^

or parallel to it; the dUffuser pipe may be oriented parallel to the dominant
\\

natural current or it mayyibe at right angles to it. The particular design

\
\
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depends on the currents, tidal flows, depth, and other characteristics of the

receiving water and the dilutions that must be attained. Four general types

of multiport diffusers that are often considered are depicted in Fig. 2. The

co-flowing diffuser has the diffuser pipe oriented perpendicular to the domi-

nant ambient current direction, and the individual ports are directed in the

same direction as the ambient flow. The "tee" diffuser has the diffuser pipe

oriented parallel to the shore and the individual ports are directed in the

offshore direction. A flow of ambient water is induced over the diffuser by

the momentum of the effluent. The alternating diffuser directs the effluent

in both directions perpendicular to the diffuser pipe, resulting in the intro-

duction of no net horizontal momentum. Under stagnant receiving water condi-

tions, this type of diffuser depends primarily on buoyancy-driven flows to

disperse the heated effluent. The diffuser pipe of a staged diffuser is

oriented perpendicular to the shore and the individual ports are directed in

• • • • • • • •

CO-FLOWING

Ua

"TEE"

• • • t •
• • • •

ALTERNATING STAGED

Fig. 2. Submerged Multiport Diffuser Design Concepts
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the offshore direction. A general analysis of the behavior of such inultiport

diffusers does not exist. For multiport diffusers in deep water, Shirazi and

Davis23 employed the results of integral analyses to prepare a compilation of

plume characteristics. They used single round port .results until adjacent

jets merged and then applied the results of long single-slot analyses. In the

case of long multiport diffusers in shallow water, analyses such as those by

Adams,2 Jirka and Harleman,25 and Almquist and Stolzenbach26 have been used.

Mathematical models such as those mentioned above, that attempt to pre-

dict the behavior of the effluent from a once-through-cooling system discharge,

can be relied on to give only general estimates of plume characteristics and

dilutions. These models require simplifying approximations and assumptions

in order to allow a solution to be obtained with a reasonable amount of compu-

tational effort. Usually ambient currents must be assumed to be uniform in

space and time. Ambient current shear that often exists due to wind-induced

surface currents and periodically varying currents that exist at estuarine

sites are neglected. Shoreline and bottom topography must be simplified or

even entirely omitted from consideration. Outfall geometry usually has to be

schematized in some manner to fit the assumptions of the model. Stratification

in the receiving water often must be neglected or, at most, approximated by

some simple function. The detailed effects of winds, solar radiation, surface

heat exchange, and other less direct influences on the plume are often ne-

glected. The temperature and velocity structures within the discharge jet

usually are approximated by some convenient analytical distribution that often

does not allow for asymmetries. The flow establishment region just beyond the

outfall is often dealt with by means of a simple semi-empirical treatment.

The important physical phenomena themselves, such as entrainment and inter-

action with the ambient current, must be modeled in an approximate way that

often involves coefficients that must be determined from experiment or data

fitting. Entrainment is often described in terms of a simple entrainment

coefficient or spreading rate. Interaction with the ambient current is usually

treated in analogy to form drag on a solid body using a drag coefficient. All

of these simplifications and approximations used in developing predictive mathe-

matical models make it essential that specific predictions be used with cau-

tion unless the model has been verified under similar circumstances by compar-

ison with experimental data.
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Laboratory-scale physical modeling is an additional predictive tool

for the design of once-through-cooling discharge systems and for the assess-

ment of thermal plume behavior. Physical or hydraulic models of heated water

discharges often provide the means of investigating site-specific features

and complex discharge geometries that may not be presently amenable to mathe-

matical modeling. In fact, physical modeling is one of the principal state-

of-the-art tools employed in the design of submerged diffuser systems. While

permitting the inclusion of many site-specific aspects of both the receiving

water and the discharge, physical models are not without their limitations.

Application of hydrodynamic scaling laws is required for the proper simulation

of plume and ambient water b&iavior at reduced geometric scales. For near-

field or near-discharge plume behavior, experience has indicated that scaling

by means of the densimetric Froude number is appropriate. For the intermediate-

field and far-field regions of the plume, ambient turbulence and interfacial

mixing processes are more important than jet-induced mixing, and different '

scaling laws may be appropriate. Thus, in most cases, it is difficult to model

exactly the entire thermal plume or receiving water region affected by the

plume in a single physical model. This problem is sometimes solved in part

by the use of more than one physical model or a combination of physical and

mathematical models for the different regions of interest. The physical size

of the model may be a constraint on the region modeled, and heat buildup or

exchange at model boundaries can present problems. Wind effects cannot be

modeled well, and surface heat exchange in the laboratory is different than

in the prototype and must be corrected for. Ambient currents and density

stratification are usually handled in a schematic fashion in physical models.

Despite the limitations inherent in physical modeling, careful inter-

pretation of the results from well-designed, laboratory-scale models provides

an important predictive tool. Because many of the thermal standards require

that substantial mixing occur in the near-field region, the results of physi-

cal modeling are particularly helpful. Although most physical model studies

are designed for specific sites, some studies provide data on generic discharge

types that are more generally applicable. •«

The results of field measurements of thermal plumes of prototype scales

at existing power plants are less numerous than mathematical or physical model

results. While such measurements do incorporate many of the factors omitted
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or poorly represented in mathematical and physical models (such as winds, com-

plex ambient currents, etc.). they suffer from the limitations of site specifi-

city and of relatively uncontrolled experimental conditions. The fact that

prototype measurements include all of the complexities of the "real environ-

ment" is a double-edged sword: on one side, the effects of many variables

are difficult to disaggregate to provide meaningful generalizations, and, on

the other, prototype measurements are the only source of data that reflect the

aggregate effect of the processes at work. Cognizance of the effects of the

variability of receiving water conditions on plume measurements and selec-

tive application of the results to similar cases allow some generalizations

to be gleaned from prototype data. In this report, prototype data are examined

and used, where available and appropriate, to provide estimates of the ranges

of cooling water discharge performance. °

I
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6 6 ONCE-THROUGH COOLING ON RIVERS

6.1 GENERAL FEATURES

The major characteristics of a river that are important in assessing

its effectiveness as a receiving water body for the purposes of once-through

cooling are (1) limited lateral extent, (2) essentially unidirecfcioitai; flow,

and (3) limited flow rate. Limited lateral extent implies that both banks of

a river may influence the behavior of the thermal effluent, although the degree

of influence clearly depends on the size of,the thermal discharge and the

flow characteristics and geometry of the river. For a sufficiently small

thermal discharge or a sufficiently large river, this influence may be mini-

mal, but, in general, the width of the receiving water must be taken into con-

sideration. This is particularly true in terms of the mixing zone requirements

that generally limit the extent of the mixing zone to less;than 25% of the

cross-sectional area or volume flow of the river. The flow in a river is

generally unidirectional, but the volume flux may vary significantly, espe-

cially with the season. River flows are often controlled by dams that form

run-of-the-river reservoirs. These dams may serve hydroelectric generating

facilities that act as "peaking" units. River flow rates may then vary sig-

nificantly with daily and hourly fluctuations in electric power demands.

During periods of extremely low flow, the effluent from a once-through cooling

system may actually extend upstream on the surface if spreading due to buoy-

ancy exceeds the effect of the downstream momentum of the river flow. Avail-

ability of river flow for dilution can clearly be a limiting factor in regard

to, the use of once-through cooling systems. Other factors that may affect

the position, extent, and dispersal of a thermal plume in a river are: channel

geometry, lateral and vertical variations in river velocity, temperature

stratification, and ambient turbulence.

The water available for the dilution of the thermal effluent from a

power plant on a river is limited by the finite flow rate of the river,

placing an upper limit on the capacity of a power plant with once-through

cooling that can be supported and still meet the temperature standards discussed

in Sec. 2. Conversely, for a given capacity, a lower limit on river flow rate

exists. If the waste heat is fully mixed with the entire flow of the river,

the lower limit on the river flow rate, QD, that will still meet the excess
IS.

temperature standard AT for a plant of capacity C is given by
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n •>Q R -

K -

K =
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ATmax

0.

0.
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.47 -

(m3/s)C°
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(m3/s)C°

where:

for fossil-fueled plants, and

for nuclear plants.

For a maximum temperature excess of 5.0 F° (2.8 C°) as suggested by the NTAC

for streams and rivers, a 500-MW fossil-fueled plant would require a river

flow rate of at least 59 m3/s, a 500-MW nuclear plant 85 m3/s, a 1000-MW fossil-

fueled plant 119 m3/s, and a 1000-MW nuclear plant 169 ms/s. In practice,

complete mixing is not attained nor allowed, and larger river flow rates are

needed. This example, however, indicates that river discharge Will be an

important factor in determining when once-through cooling may be appropriate.

6.2 SHORELINE SURFACE DISCHARGES

Shoreline surface discharges have been used by power plants along many

rivers, especially in the southeastern U.S. Many of these discharges were

designed and built before thermal standards such as outlined in Sec.C2 were

promulgated, and the principal "concern of the designers of these discharges

was the avoidance of recirculation of the heated effluent into the cooling

water intakes. To accomplish this, wide, shallow, low-velocity outfall channels

are used to confine the heated effluent to the near-surface region with minimal

vertical mixing. Skimmer walls are often employed in front of the intakes to

effect selective withdrawal of deep;cool water. Field measurements at several

of these power plant sites carried out by Vanderbilt University28'29 showed

that, in most cases, surface plumes extended well beyond the limits of mixing

zones that have since been recommended. In fact, the boundaries of the plumes

often extended beyond the limits of the field surveys. Three surveys at the •

Widows Creek Steam Plant, however, did yield sufficient data to determine the

extent of the mixing zone defined in terms of a dilution of 3.6 (typical dilu-

tion required, on rivers, see Sec. 4).

TVA's Widows Creek plant has a capacity of 1750 MW and is located near

Stevenson, Alabama, on the Tennessee River. The average width of the river

at that point is about 350 m and the average depth, about 6m. The outfall

canal is located on one bank of the river and is about 75 tn wide and 1.8 m
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deep. From data on plume surface areas within specific isothermal contours,2

an estimate can be made of the surface area of the zone required to reach a

dilution of 3.6. These areas, denoted A, ,, are tabulated in Table 8 as are
j. o

river flow rate, Q , and average river velocity, U_, during these surveys.
K K

The Vermont Yankee Nuclear Power Station is located in Vernon, Vermont^

along the Connecticut River. It consists of a single 514-MW unit originally

designed for once-through cooling. The river is about 490 m wide with an aver-

age depth of about 4.5 m. Except during spring runoff, river flow is con-

trolled by hydroelectric stations about 1 km downstream. The outfall structure

is about 32 m wide and consists of a ramp-like structure. The slope is such

that the discharge velocity is about 1.8 m/s for all reasonable discharge flow

= rates. At the normal discharge flow rate of 23 m3/s, the depth at the point

'\7 of discharge is 0.4 m, resulting in a very shallow plume. The plant was retro-

fitted with cooling towers and presently operates in a closed-cycle cooling

mode. However, in 1974, many surveys of the thermal plume were carried out

under various discharge and \-iver-flow conditions.30 The cooling towers were

used to dissipate part of the waste heat so that the plume could be studied

Table 8. Selected Mixing-Zone Data for Shoreline
Surface Discharges on Rivers

Power Plant

Widows Creek

Vermont Yankee

Monticello

Qp (m3/s)

67

52

62

6.7

10.4

15.1

17.3

16.5

17.5

16.0

16.0

16.8

Q R (m3/s)

741

741

1331

412

307

349

691

1825

400

208

105

66

UR

0

0

0,

0.

0.

0.

0.

0.

1.

1.

0.

0.

(m/s)

.33

.33

.61

.19

.14

.16

.31

,83

67

22

88

70

A3.6

3.3 x

2.7 x

2.7 x

1.2 x

1.5 x

2.0 x

2.5 x

2.1 x

3.4 x

1.0 x

1.5 x

1.4 x

(m2)

105

105

105

10"

10"

10"

10"

10"

103

10"

105

105
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under various cooling water flow rates. The data were reduced in terms of

surface area within isothermal contours and were compiled into five groups by

cooling water flow rate and river flow rate.- The average area of the mixing

zone associated with a dilution of 3(46 for each of the five groups is given

in Table 8 along with the average planit-^ischarge flow rate and the average

river velocity (estimated from the rivercTischarge), the river width, and the

average river; depth. \ " '

The Monticello Nuclear Power Generating Stallion is located on the

Mississippi River near Monticello, Minnesota. It Consists of a single unit

with a capacity of 545 MW. A combination of mechanical draft towers and

once-through cooling is used. During 1971-1973, 32 temperature surveys were

conducted by power company personnel downstream of the power plant under,

various river flow rates. These data were analyzed by Stefan et al.31 and

divided into four groups by river flow rate. The river is about 145 m wide

at this point with an average depth of 0.6-1.7 m for the river flows studied.

The average width and depth of the outfall from the surface shoreline dis-

charge canal varies markedly with river flow rate. For the river flow

rates studied, the width varied from 25-45 m and the depth from 0.5-1.5 m.

The depth of the outfall is just slightly less than the average depth of the

river. The average surface area of the mixing zone for a dilution'of 3.6 for

each of the four data groups mentioned above are reported in Table 8. The

plant discharge flow rate was relatively constant, whereas the average river

velocity varied substantially. The two cases for low river velocity (0.70 and

0.88 m/s) correspond to very shallow average river depths (0.65 and 0.83 m ) .

The shallowness may have placed a significant limitation on vertical mixing
Q

and therefore resulted in the large mixing zone surface areas observed.

In order to use the results of these field measurements to estimate

conditions under which a typical power plant using a shoreline discharge on a

river will meet the temperature standards and mixing zone requirements estab-

lished in Sec. 2, a scheme should be developed to parameterize the data so

that the results can be interpolated or extrapolated to the discharge condi-

tions of the four typical plants considered in this study. First, the impor-

tant parameter or parameters that characterize the surface discharge itself

have to be established. For a typical low-velocity, shoreline surface outfall,

the most important parameter (in terms of governing the gross behavior of the
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effluent) Is the discharge flow rate, Q . The discharge velocity and the geo-

metry of the outfall are of secondary importance. If the plant is to meet the

thermal standards set forth in Sec. 2, the mixing zone will probably not extend

across the entire river. The surface area of the mixing zone will be primarily

influenced by trie cross-sectionally averaged river velocity•, U . The vertical
K

and horizontal velocity and depth profiles of the river also affect the size
v • 1 -;

and shape of the mixing zone. These parameters are site dependent and proba-
bly of secondary importance in determining the approximate mixing zone area.

The limited data available in Table 8 and probably the^simplicity of

the relation sought do not allow a general correlation of mixing zone area,

A, ,, as a function of plant discharge flow rate, Q , and average river

velocity, UD, to be developed with much confidence. However, the data appear
, K o

to suggest that in order to meet the more restrictive mixing zone surface

area requirement of 2.6 x 104 m (area equivalent to a circle of 300 ft radius),

a 500-MW fossil-fueled plant (Q = 16.5 m3/s, AT = 10.0 C°) would require a

river velocity of about 0.1-0.4 m/s and a 1000-MW nuclear plant (Q = 47.0 m3/s,

AT = 10.0 C°) would require a river velocity of about 1.4-1.6 m/s. It also

appears that the less restrictive mixing zone requirement of 2.9 x 105 m 2

(area equivalent to a circle of 1000 ft radius) could easily be met by a 500-MW

fossil-fueled plant for a river velocity less than but on the order of 0.1 m/s,

while a 1000-MW nuclear plant would require a river velocity of less than but

on the order of 0.3 m/s.

In a river, the cross-sectional area of the mixing zone is often re-

stricted to less than 25% of the cross-sectional area of the river. By the

time a dilution of 3.6 is reached, the flow velocity in the plume will be

essentially that of the river;, UD. If the water within the plume were fully

mixed to a dilution of 3.6, the cross-sectional area of the mixing zone would

be given by 3.6 Q /U . Because the water in the plume will not be fully

mixed in practice, the cross-sectional area will be somewhat smaller. In

some of the field surveys mentioned above, enough information was presented

to make an estimate of the cross-sectional area of the mixing zone. On the

average, the cross-sectional area of the mixing zone was approximately 2.8

Q /UR. If it is required that this area be less than 25X of the total cross-

sectional area of the river, a restriction is placed on the total flow rate
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of the river, Q . In particular, the flow rate of the river must be at least
K

about 11.2 times the discharge flow rate of the plant. This river flow rate

is about three times that which would be required if rapid, complete mixing

with the entire river were allowed. „ The minimum river flow rates required by

this computation for the four typical power plants discussed in Sec. 3 to

meet the "25% restriction" are listed in Table 9. Only the major river sys-

tems of the U.S. have flow rates that are consistently this large. For exam-

ple, the monthly, 20-year low flow exceeds 340 m3/s (12,000 cfs) only in the

Mississippi, Missouri, Ohio, and Tennessee Rivers, the Columbia and Snake

Rivers, and the St. Lawrence, Niagara, Detroit, St. Clair and St. Mary's

Rivers.6.. The Mobile and Alabama Rivers, the Apalachicola ̂ River, and the

Sacramento River can be added to this list if rivers with monthly, 20-year low

flows greater than 170 m3/s (6000 cfs) are considered. Clearly, surface dis-

charges, in the general sense discussed here, have limited efficacy as a

once-through cooling water control technology on rivers.

Table.9. Estimated Minimum River Flow Rates
for Shoreline Surface Discharges
Based on Limiting the Mixing Zone
(Dilution of 3.6) to 25% of the
Cross-Sectional Area of the River

Power Plant

500-MW Fossil

500-MW Nuclear

lQOO-MW Fossil

1000-MW Nuclear

Qp(m
3/s)

16.5

23.5

33.0

47.0

Q R(m
3/s) a

185

263

370

526

aRequired minimum river flow rate is 11.2
times the plant discharge flow rate.
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6.3 SUBMERGED MULTIPORT DIFFUSERS

Submerged multiport diffusers provide an opportunity for more rapid

mixing than can be attained by a shoreline surface discharge. Smaller river

flows may be required, therefore, to meet the same thermal standards. Typi-

cally, a submerged multiport diffuser in a river consists of a pipe extending

into the river, along the bottom, perpendicular to the direction of flow. The

cooling water is discharged at a relatively high velocity through many ports

along the pipe, usually in the downstream direction. If a diffuser could be

built across the entire width of a river so that essentially the full flow of

the river passed over the diffuser and if the diffuser could be designed to

produce rapid, full mixing with the entire river flow, then the minimum river

flow required to meet the temperature standards discussed in Sec. 2 would be

3.6 times the flow rate of the plant, Q . If mixing is sufficiently rapid,

the surface area restrictions on the mixing zone would probably not be a

limitation. A river flow rate as much as four times larger than this might be

needed due to the additional restriction that less than 25% of the cross-

sectional area and volume flow of the river be blocked by the mixing zone.

Mixing with a portion of the river is addressed later after the conditions

necessary for rapid,- full mixing with the entire-river are discussed.

Argue and Sayre32 have studied, in the laboratory, the mixing character-

istics of submerged multiport diffusers that extend across the entire channel.

Their results for discharges inclined slightly (20°) upward suggest that full

mixing over the vertical will occur when '-••
Q

where:

U
F = — = discharge densimetrie Froude number of equivalent
S / A p " slot,\f-

Q = discharge flow rate of plant,

Q_ - river flow rate,
R

U = discharge velocity,

Ap m initial density difference at point of discharge,

p * ambient receiving water density,
3 >



g = acceleration due to gravity,

B = Q /U L = equivalent slot height, and
, •• o p o ... --

: L = length of ..diffuser."

If full mixing is sougHt when the river flow rate is at the minimum value

that will result, in a dilution of 3.6 (i.e., Q n = 3.6 Q ) , the restriction

for full mixing becomes '

F > 1 6 . , " - . , / " , ' :-, " . • • • • • •'

Using the definition of the_equivalent slot Froude number, the restriction

can"be rewritten as: (

If it is assumed that the diffuser extends across the entire river and if an

initial density difference corresponding to an initial excess temperature of

10.0 C° (see Sec. ,3) and an ambient temperature of 15.0°C is assumed, the

restriction becomes:

U. > (1.48 m/S2 HU R)
1 / J = (l.48 m/s2QR/Lf

J

O \ K/

where:

H = average depth of river\

Uo = average river velocity, and

L = length of^diffuser (width of river in this case).

•This restriction does not present a strong constraint on the design of a multi-

port diffuser. For example, for a typical 1000-MW nuclear plant (Q = 47.0 m3/s)
P

on a river of 10-m width, the discharge velocity must be greater than 3 m/s.

The river postulated is unreasonably narrow, and the restriction would be much

less for more reasonable widths. In any case, submerged multiport diffusers

typically have discharge velocities of 3-5 m/s and, therefore, it should be pos-

sible to design a diffuser that produces full mixing at minimum river flow rates.

Once full mixing has been achieved, the river velocity must be suffi-

ciently large to assure that the mixed water will be pushed downstream so that

heated water does not build up in the vicinity of the discharge. Jirka and

Harleman25 suggest that the appropriate criterion to assure this is that the

densimetric Froude number of the mixed flow is greater than unity. The re-

striction can be written as:
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mf

where:

F = densimetric Froude number of the mixed flow, and
mf
Ap = density difference of mixed water with respect to ambient river
m

water.

The density difference of the mixed water will be approximately 1/3.6 that of

the initial density difference if the river flow is such that the required

dilution of 3.6 is attained. The restriction then can be written as:

376 S H
1/2

Using the initial density difference used previously corresponding to an ini-

tial excess temperature of 10.0 C°, this becomes:

UT1 > (0.0056 m/s
2 H ) 1 / 2 .

This restriction is for rivers where flow rate is just sufficient to produce

the required dilution upon full mixing with the power plant effluent. It is

a restriction on the natural characteristics of the river and cannot be met

through manipulation of the discharge design. For a river with a depth of 3 m,

the minimum river velocity required to counter upstream spreading is 0.13 m/s

and for a 10-m deep river, the minimum river velocity is 0.24 m/s. It is

difficult to determine, in general, whether this restriction will be a limita-

tion in practice, because it is entirely site specific. However, it appears

that it could be a real limitation at some sites. Variation of river velocity

across the cross section of the river could result in regions where heated
G

water builds up at the surface even though the average river velocity exceeds

this restriction.

The preceding discussion suggests that the achievement of rapid, full

mixing in a river with a submerged multiport diffuser is possible and usually

practical. However, the additional restriction that the mixing zone block less

than 25% of the cross-sectional area and of the volume flow of the river must

also be considered. In most cases, this restriction would mean that the

diffuser could occupy only 1/4 of the width of the river. The diffuser
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would no longer be laterally confined by the channel boundaries. The case of

a long diffuser in a shallow co-flowing water body without the presence of

confining walls has been studied by Adams.2 He observed a contraction of the

flow downstream of the diffuser. The momentum of the diffuser discharge

disturbs the uniform flow field in such a way that upstream water that would

pass beyond the ends of the diffuser if the diffuser were not present is drawn

over the diffuser and increases the dilution. Through the application of

Bernoulli's theorem and conservation of momentum, Adams developed an expres-

sion for the dilution, S, downstream of the diffuser where the dilution flow

and the discharge flow become fully mixed over the depth. The resulting

expression for the dilution can be written:

o o

where:

U = ambient velocity that would be present without the discharge,

U = discharge velocity,

H = depth of receiving water,

B = Q /L U = height of equivalent slot,

Q= = discharge flow rate of plant, and

L = length of diffuser. "-'•

The following limitations specify the range of applicability of this analysis33

that is restricted to long diffusers in shallow water:

L > 10 H

and

Despite the approximations and simplifying assumptions used in the development

of this estimate of the dilution attained by such a diffuser, Adams found

satisfactory agreement with experimental results obtained in the laboratory.

The above expression for the dilution downstream of a long diffuser in a

shallow co-flowing open water body can be rearranged to yield the form:
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s =

1, „ , U H \2 U H
2 H . / a I a
B \ U B / U B
o \ o o/ o o

Substituting the definition of the equivalent slot, this expression becomes

U /U
S = 2_5

The estimate of the dilution assumes that there are no lateral boundaries

and, therefore, a sufficiently high discharge velocity will yield the required

dilution. In a river, there are lateral boundaries and the total water avail-

able for dilution is limited by the flow rate of the river. A sufficiently

high discharge velocity might draw essentially the entire flow of the river

over the diffuser. This would result in stagnant regions beyond the ends of

the diffuser and the dilution would be limited to QD/Q where ()„ is the total
~ K p K

flow rate of the river. The restriction that less than 25% of the flow of the

river be blocked by the mixing zone would not be met, whereas, if the diffuser

extended only 1/4 of the way across the river, the restriction that less than

25% of the cross-sectional area of the river be blocked by.the mixing zone

could be met.

The Adams' expression for the dilution probably can be used for a

diffuser in a river, if the diffuser is located near the middle of the river

or the main channel and if the resulting dilution is sufficiently less than

Q /Q . Specifically, for a river of width W, total flow rate Q_, and average
"• p K.

velocity U , the dilution can be expressed as:
R

U /U_
o R

+ 1 -1

Consider a diffuser that extends 1/4 of the way across the middle of a river

(L/W • 1/4). If the river velocity is 1.0 m/s and the maximum discharge velo-

city reasonably attainable by such a diffuser is 5.0 m/s (IL/U - 0.2). a
R o

river flow rate of 9.5 times the flow rate of the plant would be required
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to produce a dilution of 3.6. This is about 2.6 times that which would be

required if full mixing with the entire river were allowed. A lower river

velocity would allow the diffuser to draw a larger fraction of the river flow

over the diffuser and thus require a lower river flow rate to produce the

same dilution. For example, a river velocity of 0.5 m/s (Un/U = 0.1) would
K O

require a river flow rate of only 7.0 times the discharge flow rate of the

plant. Because the diffuser extends only across 1/4 of the width of the

river, the restriction that less than 25% of the cross-sectional area of the

river be blocked by the mixing zone will probably be met. However, more than

25% of the river flow will pass over the diffuser, therefore, it is probable

that the second restriction, that less than 25% of the volume flow of the

river be blocked by the mixing zone, will not be met.

The "25% restriction" can alternatively be interpreted in a more

relaxed manner. In most cases, a diffuser is made up of many separate ports

and, at least initially, separate jets emerge from these ports, and expand,

dilute, and cool by entraining ambient river water that flows around and

between the individual jets. Therefore, there will be regions around each
i

jet where the excess temperature is less than the appropriate temperature

standard. These regions could be considered to be outside the mixing zone
'i

and, therefore, contribute to the 75% of tbp cross sectional area or volume

flow that must not be blocked by the mixing zone. Parr and^Sayre31* have con-

sidered this interpretation in their studies of the diffuser for phe Quad-

Cities Nuclear Power Station on the Mississippi River near Cordova, Illinois.

They assumed that downstream of the individual discharge ports, the excess

temperature distribution at a particular downstream cross section can be

approximated by an axisymmetric Gaussian distribution of the form
v-2

T

AT(r) = AT C L e

where:

AT(r) = excess temperature at radial distance r from the jet centerline,

AT = excess temperature at the jet centerline, and

a = standard deviation of excess temperature distribution.

Both AT C L and a^, are functions of downstream distance. The centerline excess

temperature decreases while a^, increases as the jet entrains ambient water and
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cools. If the individual jets do not significantly interfere with one another

or with the river boundaries, conservation of heat energy yields:

XCL - 2IT a2.
u T

where:

Q = discharge flow rate of plant,

N = number of ports,

AT = initial excess temperature at point of discharge, and

u = ••- .. = the excess temperature weighted mean velocity at the

downstream cross section.

Both a and u are functions of downstream distance. At the point of discharge,

u is equal to a maximum, the discharge velocity U . By the time full mixing

is attained, u reaches a minimum value of U_, the ambient river velocity.

For a diffuser extending across the entire river, the fraction of the

total river cross-sectional area, f , at a given downstream distance, exposed

to=excess temperatures greater than some excess temperature standard or limit,

can be expressed as:

Nirr'2 -2-n a 2 N /2ir a 2 Nu AT
f _ _ T__ [.„[ T

A HL HL \ Q AT
\ p o

1 \

where:

r' = radial distance at which AT(r) = AT ,
max

H = depth of river,

L = length of diffuser (width of river), and

AT = excess temperature standard or limit.

This fraction varies with distance downstream as <j- and u vary. It reaches

a maximum at some downstream cross section and then decreases as dilution

continues. In order to facilitate finding the maximum value of f., Parr and
A

Sayre made the simplifying assumption that the variation of f depends most
A

strongly on the variation of a and not on u . The maximum can then be found

by setting the derivative of f with respect to a to zero, which yields:
Q AT

. P o
e u m ATmax
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For a conservative estimate of the maximum value of f., u can be approximated
A

by its minimum value U . The expression becomes
K

where:

A e AT QD' max max R

Q_ = U HL = volume flow rate of the river.
K R

The requirement that the maximum value of f be less than or equal to 1/4 for
A

AT /AT equal to 3.6 yields the following restriction on the river flow
o max , . e

rate:

Q R > 5.30 Qp . / *

This is 47% greater than the minimum river flow rate required for a dilution

of 3.6 upon full mixing with the entire river flow.

Parr and Sayre also developed an expression for vthe fraction of the

total volume flow of the river exposed to excess temperatures greater than

some standard or limit. This fraction is defined as:

} ur dr

The maximum value of this quantity was determined in a manner similar to the

above procedure using similar approximations. The results cannot be expressed

in simple analytic form but have been presented graphically by Parr and Sayre.

Requiring that the maximum value'of ffi be less than or equal to 1/4 leads to

the following restriction on river flow rate:

QR >_ 5.66 Q . ,

This restriction is 57% greater than the minimum river flow rate required for

a dilution of 3.6 upon full mixing with the entire river flow.

Parr and Sayre compared the expressions for the maximum values of f

and f0 as a function of QR/Q with the results of their laboratory studies.

They found that the laboratory results for the maximum value of f. showed an
1 it ~ "

additional dependence on U /U_. Larger values of U /u_ produced smaller
O K ' O K

values for the maximum of f. for the same value of Q_/Q . For the range of
.•,"" A -•• K p

U /UR tested (3.8-33.8), the analytical estimate for the maximum value of fA
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was found to be conservative and overpredicted the fraction of the cross-

sectional area of the river blocked by the mixing zone. The laboratory

results for the maximum value of fn showed much less dependence on U /U_ and
v o K.

agreed well with the analytical prediction.

" If this second, less strict interpretation of the "25% restriction" is

allowed, a diffuser can be designed that extends across essentially the

entire river and a river flow rate of about 5.7 times the flow rate of the

power plant is all that would be required to meet the temperature standards

and mixing zone requirements. This rate is about half the river flow rate

estimated in Sec. 6.2 for shoreline surface discharges on rivers.

Table 10 summarizes the estimates of minimum river flow rates required

to achieve a mixing zone (dilution of 3.6) that blocks less than 25% of the

cross-sectional area of the river for the four typical power plants described

in Sec. 3 (Table 6). Shoreline surface discharges, multiport diffusers that

extend 1/4 of the way across the center of the river (Adams analysis), and

multiport diffusers that extend across the entire river but are subject to the

relaxed interpretation of the "25% restriction" (Parr and Sayre analysis) are

considered. While the efficacy of surface discharges as a control technology

for waste heat disposal appears limited, the application of submerged multiport

diffusers for this purpose seems feasible for a larger range of rivers. De-

pending on the interpretation of the restriction that the mixing zone not

encroach upon more than 25% of the river cross-sectional area and flow, river

flow rates required to meet standards range from 9.5 to as low as 5.7 times

the cooling water flow rate of the plant.



Table 10. Estimated Minimum River F̂low Rates Based on Limiting the Mixing Zone
(Dilution of 3.6) to 25% of the Cross-Sectional Area of,the River,
Except as Noted

Type of
Power Plant

500-MW Fossil

500-MW Nuclear

1000-MW Fossil

1000-MW Nuclear

Plant
Flow Rate,
Qp(m

3/s)

16.5

23.5

^ 3 3 . 0

47.0

Shoreline
Surface

Discharge

185

263

370

526 c

Minimum River

1/4 River

Multiport
Diffuser

V U o - °-2

157

223

313

446
(9.5)"

Flow Rate,

Width

Multiport
Diffuser

uR/uo = o.i

116

165

330
(7.0)"

QR(m
3/s)

Multiport
Diffuser
(Relaxed)

1 94

134

188

268
(5.7)"

Fullyb
Mixed

59

85

„ 119

1 6 9 c
(3.6)"

discounting areas surrounding jets in 25% calculation.

Ignoring 25% restriction, full mixing with entire river flow.
Q

Multiple of plant cooling water flow rate.



48

7 ONCE-THROUGH COOLING ON LAKES

7.1 GENERAL FEATURES

The major characteristics of a lake that are important in assessing its

effectiveness as a receiving water body for the purposes of once-through cool-

ing are: (1) large, essentially unlimited, lateral extent, (2) currents that

/are variable in both magnitude and direction, and (3) no significant tidal

variation of currents or water depth. Large lateral extent implies that only

the shore boundary near the power plant can affect the behavior of the dis-

charge and the resulting thermal plume. For the lakes considered, the heat

added by the power plant is small compared to the total heat budget of the

lake; therefore, the measurable physical effect of the discharge is confined

to the vicinity of the power plant and does not extend over a significant

fraction of the entire water body. Impoundments for which this is not true

should be treated as cooling ponds or lakes. The variability of the ambient

currents implies that, although they clearly will affect the dispersal of the

waste heat, they cannot be relied upon to have a uniform, consistent effect

on the thermal plume. Other features of the ambient receiving water that

affect dispersal of the heated effluent include: water depth, bottom topogra-

, phy, current shear in both the horizontal and vertical directions, and thermal

(density) structure in the horizontal and vertical directions. These features

are site spec£fic and may be transient. Velocity and thermal structures may

vary over time periods ranging from hours to months, depending on such things

as solar heating, lake-wide circulation, and local and lakewlde meteorological

conditions.

c The previous discussion of typical temperature standards for lakes and

typical discharge temperatures indicates that a dilution of at least 6.0 is

required for lakes. Typical mixing zone limitations require that this dilu-

tion be accomplished within a zone with a surface area of 2.6 x 101* m 2 (area

equivalent* to a circle of 300 fit radius) to 2.9 * 105 m 2 (1000-ft radius

circle).

7.2 SHORELINE SURFACE DISCHARGES

Until the early to mid 1970s, moat power plants sited on large lakes

used shoreline surface discharges to dispose of waste heat. The outfalls

generally consist of open channels that terminate at or near the shoreline.
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The depth of the channel at the point of discharge is usually limited by the

water depth at that point to 1.5-4.0 m. Discharge velocities are small, usu-

ally in the 0.5-1.0 m/s range. The resulting discharge jets are often char-

acterized, in fluid mechanical terms, by^a discharge densimetric Froude number

defined as: ,

U '
' F = 2 . •

o c

where:

U = discharge velocity,

Ap = initial density difference between discharge and ambient receiving
water,

p = density of ambient receiving water,

g = acceleration due to gravity, and

h = depth at point of discharge.

The Froude number is as a rule in the range 2-8 for typical shoreline surface

discharges. Initial mixing with the ambient receiving water is governed pri-

marily by the outfall configuration and the discharge densimetric Froude num-
' i

ber, but, lake currents, especially strong shore-parallel currents, can ^

influence initial mixing. By the time a dilution of 5-6 has taken place,

velocities and densities within the heated plume are only slightly different

from those in surrounding ambient water; therefore, currents and turbulence

associated with the ambient receiving water dominate the plume dispersal

processes *• v> ' >, j»i „ ,t

Because surface discharges on lakes have been used for a number of years,

a considerable amount of data from field measurements exists in the form of hori-

zontal isotherm areas of the plume as a function of excess temperature and depth.

Early in 1971, Asbury and Frigo35 examined the literature and identified sets

of published lake-plume data from six different lake sites that they considered

useful for their attempt to find a phenomenological correlation between plume

surface area and excess temperature. They only included measurements for which

discharge flow rate, discharge temperature, and ambient temperature were re-

ported. In addition, they required that the plume appear to be adequately

defined by the measurements and that no strong thermal gradients were present
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\\
in the ambient receiving water. The final data set used by Asbury and Frigo

consisted of 23 plume measurements at six different power plants with discharge

flow rates ranging from 3-53 m3/s.^ They found that, for the parameters avail-

able to-.them, the best correlation occurred when the excess-temperature ratio,

AT/AT , of a given surface isotherm was plotted against the surface area of

the isotherm, A, divided by the discharge flow rate of the plant, Q . The

excess-temperature ratio is defined as:

AT T - T

AT T - T
o o a

where:

T = temperature of isotherm,

T = ambient receiving water temperature, and
a

T = initial discharge temperature.

If the ambient receiving water is of a uniform temperature, the dilution

attained within a given isotherm is simply the reciprocal of the excess-

temperature ratio. For the purposes of this study, the surface area of the

zone'required to;]attain a dilution of 6.0 (or an excess-temperature ratio of

0.17) is of interest. The data compiled by Asbury and Frigo were used to

estimate the surface area associated with a dilution of 6.0. These surface

areas, denoted as A- _, are listed in the first part of Table 11. In partic-

ular instances, when the field measurements were not adequate to make a

reasonable estimate of A, „, the survey was omitted from the table.

Since the time of the Asbury-Frigo analysis, Argonne National Laboratory

has collected additional data at sites of shoreline surface discharges on Lake

Michigan.36"39 In particular, studies were conducted at the Point Beach

Nuclear Power Plant, the Palisades Nuclear Power Plant, and the Waukegan

Generating Station. Those measurements for which sufficient data are available

to estimate the surface area associated with a dilution of 6.0 have been in-

cluded -in Table 11. Elliot and Harkness1*" have also reported measurements of

the thermal; plume from the Lakeview Generating Station on Lake Ontario and re-

sults based on those measurements have also been included in the table. Following

the suggestion of Asbury and Frigo, the ratio A, Q/0 has been included in the

table. It is evident that the size of the plume varies with discharge flow

rate and that the parameter A, n/Q exhibits significantly less variation than
p.u p



Table 11. Summary of Thermal Plume Surface Area Data Corresponding to a Dilution of 6.0 for
Shoreline Surface Discharges on Lakes

Power Plant

Waukagan*

Waukagan*

Waukagan*

Waukagan*

Waukegen*

Waukagan*

Big Rock Point*

Mllliken*

Michigan City*

Allan S. King*

Allen S. King*

Allen S. King*

Allen S. King*

Allan S. King*

Dougla* Point*

Douglas Point*

Point Beach, Unit

Point Baach, Unit

Point Baach, Unit

Point Beach, Unit

Point Baach, Unit

Point Beach, Unit

Point Beach, Unit

1

1

1

1

1

1

1

Qp(m
3/s)

53.0

53.0

49.0

49.0

46.0

53.0

3.2

7.2

15.2

18.7

18.7

12.9

18.1

17.7

11.2

11.2

25.1

25.1

24.7

25.1

25.1

25.1

25.1

/

5.

8.

2.

3.

2.

1.

1.

3.

1.

5.

2,

5

2

5

7

1

4

5

7

9

3

5

3

l6.O<m2>

4 x 105

6 x 10s

3 x 106

3 x 1OG

5 x 106

,8 x 10G

,7 x 10s

.1 x 105

,6 x 105

.3 x 10s

.8 x 10s

.6 x 10s

.0 x lo5

.6 x 10s

.2 x 105

.1 x 10s

.8 x 105

.1 x 105

.6 x 10s

.0 x 10s

.8 x 105

.6 x lo5

.6 x 10s

A6.0/Qp * i 0 " " ^

1.02

1.62

4.69

6.73

5.43

3.36

5.52

4:26

1.04

2.83

1.50

4.34

1.13

3.16

6.43

1.01

1.91

" 2.03

3.08

3.59

1.51

4.25

2.73

*Proa data »et compiled by Asbury and Frigo, Ref. 35.

Power Plant

Point Beach, Unit 1

Point Beach, Unit 1

Palisades

Palisades

Palisades

Palisades

Palisades

Palisades

Palisades

Waukegan

Uaukegan

Lakeview

Lakeview

Lakeview

Lakeview

Lakeview

Lakeview

Lakeview

Lakeview

Lakeview

Lakeview

Lakeview

Lakeview
*

Lakeview

Qp(m
3/s)

25.1

25.1

25.6

25.6

25.6

25.6

25.6

25.6

25.6

_ 45.9

44.4

49.6

49.6

49.3

49.8

48.7

60.6

57.5

29.7

69.1

56.1

62.3

55.5

56.1

A6.0Cm2>

5.8 x io5

3.6 x 105

8.1 x 105

.2.0 x 106

1.7 x lo6

4.8 x 105

2.4 x, io5

3.7 x lo5

7.6 x io5

1.1 x 106

1.3 x 1OG

2.3 x ioG

8.6 x 10s

1.5 x 106

2.1 x lo6

2.6 x 10s

1.2 x lo6

1.6 x 106

9.3 x 10s

1.9 x 106

1.6 x 106

2.5 x 10G

2.4 x 106

2.2 x 106

A6.0/Qp " 10"*(«/«)

4.40

2.73

3.16

7.81

^ 6.64

;1.88

0.94

1.45

2.97

2.40

2.93

4.64

1.73

3.04 .

4.30

5.32

1.91

2.75

3.13

2.75

2.82

3.98

4.23

3.83



52

either A, . or Q separately. However, it is also evident that while the
o. u p

size of the isotherm corresponding to a dilution of 6.0 depends on the details

of the outfall such as flow rate, depth, discharge velocity, and Froude num-

ber, it also depends on the characteristics of the ambient receiving waters
(I

that are more difficult to identify and measure. This feature can be noted in
the variation of A, J for different surveys at the same power plant with

o. U
essentially the same outfall conditions.

The quantity A^ n/Q is hardly satisfactory from a fundamental view-
o. U p "

point as the near-field behavior of the plume clearly depends on the details

of the discharge geometry and the discharge velocity as well as the discharge

flow rate. Also, the behavior of the plume in the region corresponding to a

dilution of 6.0 is very much dependent on far-field or ambient processes.

However, at least for the nine power plants listed in Table 1 1 , the quantity

A, _/Q appears, to first order, to be independent, of the details of the out-

fall for the limited but typical range of shoreline surface outfall designs

considered. The average value of; A> Q / Q for all the thermal plume surveys

listed in Table 11 is 3.15 x 10*4 s/m with a standard deviation of 1.70 x 104* s/m.

Several analytical models have been developed to predict the behavior

of the jet and the size of the resulting thermal plume from surface discharges.

Many of these have been reviewed and evaluated by Policastro and Tokar, 6

Jirka et a l . , 1 9 and Dunn et al.1'8 Most of the models are based on an integral
• i

analysis of the discharge jet. By the time a dilution of 6.0 has been reached,
the jet velocity has usually diminished markedly and the model assumptions

begin to break down. In an attempt to determine whether such models might

be useful in estimating the size of the mixing zone, two models that have

often been cited in environmental impact evaluations and that are easy to

use have been applied to four of the power plants listed in Table 11 for which

significant amounts of field data are available. The four power plants are

Point Beach Nuclear Power Plant (Unit 1), Palisades Nuclear Power Plant,

Waukegan Generating Station, and Lakeview Generating Station. The two models

are those of Pritchard12 and Shirazi and Davis15 (prepared for the U.S. EPA).

The Pritchard model is semi-empirical and based on a synthesis of previous
I

theoretical and physical modeling results of buoyant and nonbuoyant jets,

complemented with results Pritchard gleaned from field data obtained at some

existing power plant sites. The Shirazi-Davls model is based on the integral

model of Prych^1 modified by means of calibration with existing laboratory

J
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and field data. This model is easy to apply because results have been pre-

sented as a collection of nomograms in a workbook. Table 12 lists values of

the parameters that describe the discharges of the four power plants. They

represent average values for the surveys listed in Table 11. When signifi-

cant variation exists, the standard deviation is also listed. The cooling

water discharge flow rate is denoted Q , and the average discharge velocity

is denoted U . The average depth and width of the outfall at the point of

discharge are denoted by h and b , respectively. The discharge densimetric
o o

Froude number is also included in this table. Figure 3 represents the model

predictions along with the average results of the field surveys. Variations

among the field measurements at a given power plant are indicated by horizon-

tal bars that represent one standard deviation on either side of the mean.

The Shirazi-Davis model is quite sensitive to the discharge densimetric Froude

number and the horizontal bars on these predictions represent the effects of

the variations of input parameters indicated in Table 12. In addition, the

Shirazi-Davis model runs into difficulty when the jet velocity and, therefore,

the local densimetric Froude number become small. The nomograms do not extend

to a dilution of 6.0 when there is no ambient current present. Therefore,

the predictions presented in Fig. 3 are for an ambient cross current that is

30% of the discharge velocity in magnitude and directed at right angles to

the discharge. This cross current is the smallest shown on the nomograms for

which results extend to a dilution of 6.0. Smaller current would presumably

Table 12. Summary of the Discharge Parameters for Four Power
Plants with Shoreline Surface Discharges on Large
Lakes

Power Plant

Point Beach, Unit 1

Palisades

Waukegan

Lakeview

Qp(m
3/s)

25.1
±0.1

25.6

49.2
±3.3

53.4
±9.0 „

U (m/s)
o

0.56

0.43

1.08
±.07

0.44
±.07

h
o

4

2

1

3

(m)

.2

.1

.5

.0

b
0

10

28

30

39

(m)

.7

.3

.5

.6

Fo

2.27
±.24

2.33
±.11

7.87
±2.08

3.1

±•7
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result in significantly larger surface areas but specific predictions are not

available. Neither model predicts the surface areas correctly; indeed, the

predictions are generally off by an order of magnitude. These results and,

in fact, the more detailed comparisons of predictions and data by Dunn et al.,

indicate that analytical models cannot be used to make reliable predictions of

plume surface areas. For the purposes of this generalized assessment of once-

through cooling water technology, the simple correlation of the surface area

with plant discharge flow rate, while not theoretically satisfying and pre-

sumably not entirely general, is probably sufficient.

Based on this simple correlation, a 500-MW fossil-fueled plant (Q =

16.5 m3/s, AT = 10 C°) would require a mixing zone with a surface area of

2.4-8.0 •< 10s m2 to attain a dilution of 6.0 using a typical shoreline surface

discharge. Such a plant might, under certain conditions, meet the less strin-

gent mixing zone surface area restriction of 2.9 x 105 ra2 (area equivalent to

a circle of 1000 ft radius). However, it is very unlikely that the more

stringent mixing zone surface area restriction of 2.6 * 101* m2 (300-ft radius

circle) could be met by such a plant. It appears that power plants, either

fossil-fueled or nuclear, with capacity greater than 500 MW, will not be able

to meet thermal standards on lakes using once-through cooling and a conven-

tional surface discharge.

7.3 OFFSHORE SUBMERGED DISCHARGES

Only recently have submerged discharges been used by power plants on

large lakes for the disposal of waste heat. Submt rged discharges have gener-

ally higher outfall velocities than surface discharges, and, because of dis-

charge at depth, can result in substantial dilution of the effluent by the

time it reaches the surface. The increased dilution due to mixing results

in correspondingly smaller plume areas at the surface where mixing zone

limitations usually apply. The configuration of submerged discharge systems

vary, but, in general terms, they can be put into two categories: single

structures with a few discharge openings and multiport diffusers with numerous

discharge ports.

Submerged single structures seem to have unique designs and generali-

zations about their performance are few. Of course, as is the case with all

submerged discharges, increased relative submergence (ratio of the water depth
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above the discharge opening to the characteristic vertical dimension of the

discharge opening) leads to increased dilution at the surface. Two submerged

single-structure type discharges on lakes at which field measurements of the

thermal plume have been made are the Zion Nuclear Power Station1*2 »**3 and the

D.C. Cook Nuclear Power Plant,t*'*»1*5 both on Lake Michigan. The results of

these field measurements are discussed briefly as examples of submerged

single^structure type discharges.

The Zion Nuclear Power Station is made up of two separate 1100-MW units

with two similar cooling-water discharge structures about 100 m apart in the

longshore direction. Each structure consists of a rectangular box 23 m long,

9 m wide, and 1 m high, oriented with the long axis perpendicular to the

shoreline. The boxes are on the bottom in 4.5 m of water. The outlet from

each discharge structure consists of 14 ports, each of which is roughly 1.6 m

wide by 0.9 m high, formed by louvers set at 45° angles on the offshore end

and one side (the side away from the other structure) of the box. In this

way, the effluent is directed away from the shore and away from the other

discharge structure. The resulting relative submergence of the discharges

is about 4.2. The normal cooling-water flow rate for each unit is about

50 m3/s yielding a discharge velocity of 2.4 m/s. Eight surveys of the thermal

plume were made when only one unit was in operation.1*2 These surveys show

that the minimum surface dilution (i.e., dilution corresponding to the maximum

surface excess temperature) is only 1.4-2.0. Additional mixing once the plume

has reached "the surface is needed in order to meet typical temperature stan-

dards. The size of the plume was found to depend strongly on the presence

and direction of an ambient lake current. For operation of only one unit, the

surface area corresponding to a dilution of 6.0 was found to be 6-8 * 101* m2

when the discharge was in the same direction as the ambient current and

1-6 x 105 m2 when the discharge was into an oncoming current. Measurements

when both units were in operation1*2>£*3 demonstrated that significant inter-

action can occur between the adjacent thermal plumes. It can be concluded

that the size of the plume at Zion is strongly influenced by the availability

of cold dilution water brought in by the ambient current. Such a discharge

could meet thermal standards under certain circumstances, but its ability to

do so depends on ambient lake currents that are highly variable.
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The D.C. Cook Nuclear Power Plant will eventually consist of two 1100-Mtf

units, each with its own discharge structure. Only Unit 1 Is presently in

operation. The Unit 1 discharge structure consists of two adjacent horizontal

slots, each 9.1 m wide and 0.6 m high, near the bottom in about 5.7 m of water.

One slot is directed offshore while the other is at a 75° angle with respect

to the first. The resulting relative submergence of the discharge is 8.1.

The normal cooling-water flow rate is 46 m3/s, resulting in a discharge velocity

of A.I m/s. The results of seven surveys of the thermal plume at the D.C.

Cook site1*5 show that the minimum surface dilution is about 2.2-3.3. Again,

additional mixing once the plume has surfaced is necessary in order to meet

typical temperature standards. The surface area corresponding to a dilution

of 6.0 was found to be 9-20, * 101* m2 for most surveys. However, on two occa-

sions, the surface area was substantially larger, about 1 x 106 m2. In one

case, the large surface area appeared to be due to the heated surface water

being pushed in the offshore direction by a surface current caused by the off-

shore component of the wind, which resulted in a plume with larger than usual

horizontal extent at the surface but with smaller than usual vertical extent.

In the second case, a current reversal that occurred just prior to and during

the plume mapping survey apparently brought the plume back upon itself, re-

sulting in less effective dilution because the plume was entraining heated

water. As in the case of the Zion discharge, this discharge could meet thermal

standards under certain circumstances. However, the size of the plume is again

strongly dependent upon the ambient current and ambient current structure and,

as such, can°be highly variable.

In order that once-through cooling be an acceptable alternative for

power-plant condenser cooling, the discharge structure should be designed so

that thermal standards will be met for the complete range of normally expected

receiving water conditions. To accomplish this, most of the dilution must take

place near the outfall where mixing is governed primarily by the characteris-

tics of the discharge, such as densimetric Froude number and relative submer-

gence, rather than by the characteristics of the ambient receiving water, such

as currents, ambient turbulence, and density stratification. Because of the

large quantities of cooling water required and the relatively shallow receiving

water available in the near-shore region of lakes, high-velocity submerged

discharges with significant lateral extents will be necessary. A mltiport

diffuser with a number of openings or ports spread along a pipe or tunnel on
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or under the lake bottom is the most likely candidate. The individual ports

are usually smaller than the openings in single-structure type submerged dis-

charges resulting in larger relative submergence and greater surface dilution

for the same receiving water depth.

The J.A. FitzPatrick Nuclear Power Plant on Lake Ontario has such a

multiport diffuser. The plant has one 850-MW unit and discharges cooling water

at a rate of 23.4 m3/s. The diffuser consists of six pairs of ports spread

along a 236-m long diffuser tunnel oriented approximately parallel to the

shoreline. The ports direct the effluent horizontally in a generally offshore

direction. A feeder tunnel, under the lake bottom, carries the cooling water

from the plant to the center of the diffuser tunnel. This configuration is

referred to as a "tee" diffuser (Fig. 2). Each port has a diameter of 0.76 m,

and the velocity at the point of discharge is 4.3 m/s. The ports are located

about 1.5 m above the lake bottom in about 9-10 m of water, resulting in a

relative submergence of about 10. Field surveys of the thermal plume have

been reported by Tsai and Burris.1*^ Based on the highest observed surface

temperature excess, the minimum surface dilution attained by this diffuser is

in the range of 6-14. Although there is, again, apparently significant

dependence on ambient receiving water conditions, the initial dilution induced

by the multiport diffuser is such that, over a range of conditions, consider-

able dilution at the surface is achieved in close proximity to the diffuser.

Multiport diffusers appear to be the most promising method (within the

physical constraints assumed for this study) of disposing of large quantities

of waste heat from once-through cooling systems on large lakes. Because the

dilution attained at the surface above a multiport diffuser depends on water

depth, port diameter, port orientation, number of ports, diffuser length (or

port spacing), discharge velocity, and ambient current, several design options

are available to achieve the required surface dilution. Various methods exist

that can be used to determine, in general terms, the circumstances under which

it would be reasonable to attempt to design a multiport diffuser capable of

meeting a given set of thermal standards. A first approach might be to con-

sider the diffuser as made up of a number of separate ports. If the plume

from each port attains the required dilution at the surface, the diffuser will

meet the standards if the ports are sufficiently far apart so that no signifi-

cant interference occurs among them. This approach may be conservative in
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that it does not take into account any additional dilution that may occur at

the surface within some specified surface mixing zone. If this additional

mixing were taken into account, smaller diffusers might be adequate.

Several researchers have reported results of laboratory-scale experi-

ments involving single round buoyant jets discharging horizontally near the

bottom into quiescent receiving water of uniform temperature. In general,

minimum surface dilution was measured as a function of discharge densimetric

Froude number, F , and relative water depth, H/D . The discharge densimetric

Froude number is defined by:

U

o
Ap

where:

U = discharge velocity,

Ap = Initial density difference between discharge and ambient receiving
water,

p = density of ambient receiving water,

g = acceleration due to gravity, and

D = discharge port diameter.

- o n

The relative water depth is the ratio of the total receiving water depth, H,

to the diameter of the discharge port. Relative water depths are often small

(less than 10-15) for typical submerged outfalls due to the shallowness of

the near-shore regions of most receiving water bodies and due to the large

port sizes needed to accommodate large cooling water flows. The influence of

the receiving water bottom and surface on the thermal plume may have a

large effect on the dilution attained by a submerged discharge, especially

when the relative water depth is small. The presence of an ambient cross cur-

rent will, in general, increase the surface dilution attained by a single sub-

merged round port,23 but in the case of a multiport diffuser, interaction

among the plumes from the individual ports may occur resulting in smaller

effective dilution. The orientation of the individual ports with respect to

the diffuser, the orientation of the diffuser with respect to the aabient

current, and the magnitude of the ambient current clearly affect the

extent of interaction. The details of the effect of currents on the behavior

of multiport diffusers are not well understood; they are considered later.
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Partheniades et al.1*7*148 carried out more than 100 laboratory scale

experiments designed to measure the maximum surface temperature (minimum ".-.

surface dilution) resulting from a discharge of heated water horizontally—from

a single round port located near the bottom of a relatively shallow experimental

basin. Their results were presented as contours of specific values of dilution

on a plot of relative water depth versus discharge densimetric Froude number.

By interpolation, the contour corresponding to a minimum surface dilution of

6.0 has been estimated from their results and is plotted in Fig. 4. Results

of similar laboratory experiments have been reported by Koester,49 Hafetz,50

and Balasubramanian and Jain.51 Again, by interpolation, estimates of the dis-

charge densimetric Froude number needed to achieve a minimum surface dilution A

of 6.0 for a given relative0water depth have been plotted in the figure. In

addition, Shirazi and Davis2^ have developed a>'!seriesof ndmograms based on an

integral analysis of the equations of motion that describe the gross character-
' ' '; .? -i .- 'h -

istics of deeply submerged, round buoyant jets. , The results for the situation

analogous to the laboratory experiments already discussed (horizontal discharge

into a quiescent receiving water of uniform temperature) are plotted on the

figure. This analytical model does not take into account the effects on jet

dilution of interaction of the plume with the bottom or the free surface. ;

However, the results appear to be in good agreement with the experimental results

for large Froude numbers and somewhat conservative for small Froude numbers.

Figure 4 shows that in order for a single horizontal round jet to attain a

minimum surface dilution*of at least 6.0, there exists a minimum discharge

densimetric Froude number for a given relative water depth. Larger Froude num-

bers, at a given water depth, will give larger dilutions°and smaller Froude

numbers will yield dilutions less than 6.0.

In order to demonstrate the effect of the Froude number/relative depth

relation on multiport diffuser^design, Table 13 has been constructed for the

case of a typical 1000-MW nuclear power plant with a discharge flow rate, Q , of

47 m3/s and an initial temperature rise, AT , of 10 C°. The maximum port diame-
o

ter, D , and associated minimum number of ports, N, has been determined for a

series of receiving water depths (H = 2.5, 5.0, 10.0, and 15.0 m) and a series

of discharge velocities (U « 2, 3, 4, and 5 m/s). The curve resulting from

the experiments by Partheniades et al. was used for relative water depths less

than 4.5 and the curve based on the Shirazi-Davis nomograms was used for rela-

tive water depths greater than 4.5. These two curve segments should lead
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Table 13. Estimated Multiport Diffuser Parameters for a
Typical 1000-MW Nuclear Power Plant when a
Dilution of,6.0 is Required (Quiescent
Receiving Water)

H(m)

2.5

2.5

2.5

2.5

5.0

5.0

5.0

5.0

10.0

10.0

10.0

10.0

15.0

15.0

15.0

15.0

U (m/s)

2.0

3.0

4.0

5.0

2.0

3.0

4.0

5.0

2.0

3.0

4.0

5.0

2.0

3.0

4.0

5.0

D
o

0

0

0

0

0

1,

1,

1,

1.

2.

2.

2.

1.

2.

2.

3.

(m)

.60

.72

.79

.89

.95

.24

.37

.41

,41

,00

,23

,45

73

23

74

46

N

82

39

24

15

33

13

8

6

15

5

3

2

10

4

2

1

L(m)

677

451

338

271

338

226

169

135

169a

113

85b

68b

113a,b

75°
56b

45b

L/N(m)

8

12

14

18

10

17

21

23

11

23

28

34

11

19

28

45

W(m)

7

9

11

14

10

14

17

20

14

20

26

31

16

24

3?

40

aNot a shallow diffuser by criterion discussed in text
for Adams analysis.24

Not a long diffuser by criterion discussed in text for
Adams analysis. 2t*

to conservative predictions of maximum port diameter. It^can be seen from

the table that, except for low-velocity discharges in very shallow water, a

dilution of 6.0 can be attained with reasonable port sizes and reasonable

numbers of ports. II should be noted that larger numbers of smaller diameter

ports can be substituted for the arrangement listed in the table as that

would result in even higher Froude numbers and relative water depths and,

therefore, possibly better dilution. For example, for the case of H * 10.0 i

and U - 4 m/s, the three 2.23-m diameter ports could be replaced by 15 ports,

1.0 m in diameter. If the 15 ports are separated sufficiently so that
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interference is unlikely, a surface dilution of 12 would result according to

both the laboratory data of Hafetz and the Shirazl-Davis nomograms.

An estimate of the total diffuser length, L, is also sought because

total length, as well as the number of ports and port diameter, will enter

into the determination of whether it is reasonable to expect to be able to

design an adequate diffuser under a given set of circumstances;- Adams2

has- applied a one-dimensional momentum analysis to a long diffuser in shal-

low, quiescent water. He assumed that the momentum of the diffuser induces

a flow of ambient water over the diffuser resulting in an average dilution,

S, downstream upon complete mixing that is given by:

I/2B
f i

where:

B = Q /LU = equivalent slot width.

Adams and Stolzenbach33 suggest that the applicability of the analysis is

restricted by the following limitations on diffuser length and water depth:

L > 10 H,

and

that is, long diffusers in shallow water. The diffuser length required to

achieve a given average dilution is then given by:

2 Q "s,2 ^ '

H U
o • ,

The length of the diffuser needed to yield an average dilution of 6.0, ac-

cording to this analysis, has been included in Table 13 for the various

receiving water depths and discharge velocities. The ratio L/N, an estimate

of the required port spacing, is also included in the table. As a check on

whether this spacing is reasonable, the widths, W, of the individual jets at

the surface, as estimated from the Shirazi-Davis nomograas, are Included in
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the table. The width is defined as twice the radial distance from the jet

centerline to the radius at which the excess temperature has dropped to 1/e2

(13.5%) of the centerline value. These widths are comparable to the port

spacing previously estimated and, therefore, indicate significant interference

between adjacent jets will be indeed unlikely.

The estimates given in Table 13 are for a 1000-MW nuclear power plant

with a discharge flow rate of 47 m3/s. For different capacities and dis-

charge flow rates, the number of ports and the total length of the diffuser

would change while maximum port diameter, port spacing, and jet width would

remain unchanged. For example, a 500-MW nuclear plant with a discharge flow

rate of 23.5 m3/s would require one-half the number of ports along a diffuser

of only one-half the length of those specified in Table 13.

The above estimates are based on discharges into a quiescent receiving

water body. In a lake situation, ambient currents are often present and

are shore parallel. These currents will vary in magnitude and direction.

If the individual ports are oriented perpendicular to the diffuser and the

diffuser is oriented so that the ambient flow is in the same direction as the

diffuser flow, initial\d£lution will probably be somewhat enhanced. However,

if the ambient current and diffuser discharge flow are opposed, dilution will

be significantly inhibited.33 If the diffuser is oriented approximately

parallel to the shore with the individual ports directed offshore (a "tee"

diffuser), the ambient current will most likely be along the axis of the

diffuser. For sufficiently large currents, this cross flow will cause increased

interference among individual jets and also inhibit the flow of dilution water

over the diffuserj thus reducing the overall dilution. Adams and Stolzenbach33

have suggested the following relationship between the dilution when no ambient

current is present, S , and the dilution, S, in the presence of a current

U along the .axis of a "tee" diffuser: *

S /S

°
Adams and Stolzenbach chose,a • 5 based on limited laboratory and field ob-

servations that show a wide range of variability. Figure 5 is a plot of

the variation of dilution with ambient current observed during laboratory

model studies of the J.A. FitzPatrick diffuser reported by Gunwaldsen et al.52
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The results are presented in a format consistent with the Adams-Stolzenbach

relation. Two values of the ratio S /S are plotted for each ambient current

value, one for the minimum surface dilution and one for the average dilution.

The Adams-Stolzenbach relation is also plotted in the figure for various

values of the parameter a. The plot suggests that a value of 1 or 2 for a

would be more appropriate than 5, at least for this particular case.

In order to compensate for the reduction in dilution caused by a cross

current, the length of the diffuser would have to be increased for a fixed

water depth and discharge velocity. This increase can be estimated by apply-

ing the Adams-Stolzenbach expression to the equation used to estimate diffuser

length based on Adams' momentum analysis,24 resulting in

L' = :

1 - 2 a

where:

L = diffuser length need when no current is present, and

L' = diffuser length*when a cross current U is present.
3.

The larger the discharge velocity with respect to the ambient current, the

smaller the effect on the dilution and the length of the diffuser. For

example, for a = 5, the length of a diffuser with a discharge velocity of

2 m/s would have to be increased tenfold to maintain a dilution of 6.0 in a

small cross current of 0.1 m/s, while the length of a diffuser with a dis-

chargegasgipcity of 5 m/s would only have to be increased 15-20% to maintain

the same dilution under the same cross current. Clearly, large discharge

velocities are desirable; however, pumping power costs and environmental con-

siderations near the discharge ports place a practical limit on the

discharge velocity. The proper choice for the value of a, as noted earlier,

is not well-determined and may be site-dependent. It has a large effect on

the estimate of the required diffuser length in a cross current. For example,

for a discharge velocity of 5 m/s and a current of 0.25 m/s, which is a rea-

sonable upper limit on the currents normally expected in the near-shore

region of large lakes, a value of 5 for a indicates that a tenfold increase in

diffuser length is necessary to maintain a dilution of 6.0, while a value of

2 indicates that only a 50-60% increase in length is needed.
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The simple analyses and arguments presented in this section on submerged

multiport diffusers in large lakes are not refined or precise enough to be used

as a basis for diffuser design. They are meant only as a guide to estimate the

size of the diffuser that might be required to meet thermal standards. Other

types of diffusers have been considered for the disposal of waste heat. Dif-

fusers with vertical ports or horizontal ports on alternate sides of the dif-

fuser pipe rely on submergence and buoyancy to produce the required dilution

because they introduce no net horizontal momentum of their own. Such diffus-

ers are not adversely affected by ambient currents but require significantly

longer lengths, especially in shallow water, than diffusers with net horizontal

momentum.33

A staged diffuser is another alternative that is being considered more

frequently. The diffuser pipe is oriented perpendicular to the shoreline and

ports are located on alternate sides of the pipe directed in the general off-

shore direction (Fig. 2). A flow is induced along the axis of the diffuser

in an offshore direction. Individual jets interfere significantly with one

another requiring a diffuser that is three or four times longer than if the

individual jets did not interfere..33 However, the dilution is not expected

to be highly influenced by ambient currents, and the heated water tends to

be swept away from the shallow near-shore regions.

The selection of a particular diffuser type and the detailed design of

the diffuser will have to be done on a case-by-case basis using site-specific

data. Bottom topography, natural lake currents, construction costs, local

thermal standards, and local environmental concerns will have to be taken into

consideration. In many cases, physical models will have to be constructed to

aid in the design of an appropriate multiport diffuser and to demonstrate

that applicable thermal standards will be met. However, it can be concluded

from this simple analysis that, under most circumstances, it should be possible

to design a submerged multiport diffuser that will attain the required dilu-

tion and meet the thermal standards discussed in Sees. 4 and 2, respectively.

Therefore, in terms of meeting typical thermal standards, once-through cooling

using submerged multiport diffusers has the possibility of being an acceptable

alternative for waste heat disposal for large power plants sited on large lakes.
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8 ONCE-THROUGH COOLING ON ESTUARIES

8.1 GENERAL FEATURES

Estuaries are water bodies in which both saline tidal waters and fresh

water runoff produce diverse physical and biological processes. Circulation

is often a complex function of seasonally varying river inflow and of periodic

ocean tides modified by geometric features such as islands, peninsulas, embay- '

ments, and tidal flats. Complex density structures exist due to both temper-

ature and salinity differences between the river water and the ocean water.

Estuaries usually also support a wide variety of benthic and free-swimming

aquatic organisms as well as water fowl and certain mammals. Anadromous

species rely on passage through estuarine regions to reach their natural

spawning grounds. The complexity of the physical andL; biological systems in

estuaries has made if difficult to determine the diverse potential effects

of the addition of waste heat. Consequently, strict temperature standards

are often established, especially for the summer months when natural water

temperatures are already high. Also, standards often require that zones of

passage be maintained so that the mixing zone must not extend across the

entire cross-sectional area of the estuary.

The physical characteristics of estuaries vary widely, and classifica-

tions such as "saline-wedge," "partially-mixed," and "well-mixed" have been

used to differentiate among estuarine environments. For the purposes of this

study, it is sufficient to note that near the mouth of an estuary currents

are predominantly tidally driven and saline ocean water makes up the greatest

part of the flow. Depending on the geometry, the characteristics may resemble

those of an ocean embayment. Near the head, the fresh water river flow may

make up a significant portion of the total flow, and the characteristics may

closely resemble those of a river. Thus, no single set of characteristics is

generally applicable to all waste heat discharge situations on estuaries.

For the purposes of this study, the major features that are important in

governing the dispersal of the effluent from a once-through cooling system

discharge on an estuary are (1) limited lateral extent, (2) bi-directional

flow, and (3) significant variation (tidal) in current magnitude. Changes

in water depth may also be significant at some sites and the outfall may have

to be designed to operate effectively at mean-low-water conditions. Limited

lateral extent implies that both the near and far shores may influence the

J
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behavior of the effluent. Tidal variations of the current result in periods

of large current (flood or ebb tide) followed by periods of very small current

(slack tide), followed again by large currents in the opposite direction. This

reversal of the flow continually returns some fraction of the waste heat dis-

charged during a previous part of the tidal cycle. Of course, mixing occurs

during unidirectional tidal excursions so that excess temperatures will be

.lower when the heated water returns. Also, part of the heat will be flushed

out of the area due to the net river flow (especially near the head of the

estuary) and/or the coastal currents of the ocean (especially near the mouth

of the estuary). An additional complication that must be considered in the

design of a once-through cooling system at an estuarine site is the selection

of a location for the cooling water intake. Designs usually attempt to avoid

significant recirculation of the heated effluent back into the system intake

to achieve the lowest practical cooling water temperature. The periodic

reversals of the current tend to cause the thermal plume to be swept both up-

stream and downstream making it difficult to find a location that is not

influenced by the plume at least during part of each tidal cycle.

Prediction of the fate of waste heat from a power plant sited on an

estuary is extremely difficult due to the complexities described above. Ana- jS
.7

lytical models for thermal plumes usually cannot handle the complicated geom-'

etries and flow patterns often present at such sites. Numerical modeling

techniques have been applied to estuaries; however, it is difficult to treat

realistically the near-field behavior of the thermal plume where outfall geom-

etry and initial discharge momentum are important. Numerical models can be

used to predict far-field plume behavior where transport and mixing are

governed primarily by ambient currents and turbulence. Such models may be

particularly helpful in estimating the quantity of heat returned to the out-

fall site during a current reversal. The effect of the return of heat due to

current reversals can also be treated analytically based on the results of

field measurements involving the tracking of dye releases over several tidal

cycles.1^ Physical (hydraulic) models often cannot be made large enough to

include enough of the estuary so that they may be operated over several tidal

cycles and still include the effect of return heat. Even if the model were

large enough, hydraulic scaling laws are different for near-fiel.l effects

such as jet-induced mixing and jet-current interaction and for far-field

effects such as buoyant spreading, natural turbulent mixing, and surface heat
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loss. Thus the complete thermal field cannot be simulated in one physical

model. The approach most often used to design discharges for estuarine appli-

cation is to construct a physical model of the near- and intermediate-field

"regions and operate it over different critical segments of the tidal cycle.

In this way, the mixing that can be expected in the vicinity of the outfall

due to the discharge jet itself and the immediate interaction with the local

currents can be determined. Far-field mixing and the effect of the return

of heat due to current reversals must then be treated independently.

A general analysis of thermal discharges at estuarine sites is not

possible due to the wide range of site-specific factors that can influence the

thermal plume. Therefore, most of these factors will not be treated in the

following general assessment of once-through cooling at estuarine sites. In

the design or evaluation of a proposed once-through cooling system at a spe-

cific site, all the local characteristics of the estuary that might affect the

thermal plume or that might be affected by the thermal plume should be con-

sidered .

8.2 SHORELINE DISCHARGES

Conventional shoreline surface outfalls (open channels) do not appear

to be acceptable alternatives for once-through cooling for large power plants

on estuaries due to the large initial dilution that is required. Based on

the typical thermal standards and the typical temperature rise at the point

of discharge discussed in Sees. 2 and 3, a dilution of 4.5 would have to be

attained within the mixing zone during the cooler months, while a dilution

of 12 would be needed during the summer. In order to operate on a year-round

basis, a once-through cooling system would have to be designed to meet the

more restrictive summer standards.

In contrast to the situation for lakes, not many field data exist for

surface discharges on estuaries. Measurements at the Surry Nuclear Power

Plant on the James River estuary in Virginia have been reported 6y Parker and

Fang.53 The Surry plant is located about 50 km upstream of Chesapeake Bay

and consists of two 822-MW units. The two units share a common discharge

canal that extends about 300 m beyond the shoreline. The cooling water flow

rate is normally about 100 m3/s and, at full capacity, the temperature rise

across the condensers is about 8 C°. The cooling water intake is 9.2 km
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downstream of the outfall; therefore, the salinity of the effluent is signifi-

cantly greater than the salinity of the receiving water. The decrease in den-

sity due to the addition of heat by the plant is partially cancelled out by the

increase in density due to salinity. Measurements of the thermal plume at the

Surry site were made during a variety of conditions due to frequent changes in

plant load and to tidal and seasonal changes in the ambient receiving water

conditions. Resulting data are therefore difficult to interpret in detail;

however, the surface area, Ai2» enclosed within the isotherm corresponding to a

dilution of 12 was generally about 2-7 x 106 m 2 and the isotherm extended about

30-50% of the way across the estuary near the surface. This mixing zone appears

to be notably larger than the limit often placed on mixing zones. Using

the same type of correlation between plume surface area and plant discharge flow

rate, Q , discussed in Sec. 7 with regard to surface discharges on lakes, the

observations at the Surry plant yield A12/Q = 2-7 * 10"j s/m. This range of

values appears to be typical of shoreline surface discharges. The Asbury-Frigo

correlation35 based on field measurements at sites of shoreline surface dis-

charges on lakes yielded 7 x 10** s/m with the results of individual measurements

ranging from 2 * 104* s/m to larger than 10 x 10** s/m. Lakes and estuaries

clearly exhibit different receiving water characteristics; however, the results

from measurements at lake sites should at least give an order—of^-magnitude

estimate of the size of the mixing zone needed by shoreline surface discharges

to attain a dilution of 12. Based on a value of 7 * 101* s/m for A^/Q > only

power plants with capacities of less than 10 MW could meet the mixing zone limi-

tations of 2.6 x 10** m2 (equivalent to a circle of 300-ft radius) and only

plants of less than 100 MW could meet the limitation of 2.9 x lO4 m2 (1000-ft-

radius circle) for the typical summer temperature standard at estuarine sites.

Power plants with capacities of 500-1000 MW would require mixing zones 10-100

times larger and, therefore, conventional shoreline surface outfalls would

probably not be acceptable in terms of meeting the typical thermal standards.

Shoreline discharges, other than op^tf surface channels, have also been

used at estuarine sites. The Indian Point Nuclear Generating Station uses a

side-channel discharge with large submerged ports. The station, operated by

Consolidated Edison, is located about 70 km up the Hudson River estuary near

Peekskill, New York. At this point the river is about 1.5 km wide with a

maximum depth of about 15 m. Tidal currents are present with a maximum velo-

city of about 0.5 m/s. There are three units at the site with a total gross
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generating capacity of 2100 MW. The total discharge flow rate of the plant can

be as high as 190 m3/s when all three units are in full operation. The dis-

charge, common to all three units, consists of a 150-m long open channel paral-

lel to the east bank of the river. The channel is separated from the river by ,,

steel sheet pilings with a series of 12 rectangular ports spaced along the last

75 m of the channel. These ports are 1.2m high by 4.6 m wide, with their centers

located about 3.7 m below the water surface. The number of ports in use is

varied dependent upon the total discharge flow rate of the\plant so as to main-

tain a discharge velocity of 3 m/s.

Routine monitoring surveys of the thermal plume are conducted to fulfill

regulatory requirements. The results of these surveys are drfficult to in-

terpret in general terms due to the intricate thermal structure Uiat is present

in that region of the river. The temperature structure is due not\only to the

Indian Point power plant but also to two other power plants in the axea (one

1.7 km downstream and one 8.1 km downstream), the reversing tidal flo^s that

return heat to the region from previous tidal cycles, and a shallow tiqal pond

that releases stored solar energy during flood tide. The high-velocity Sub-

merged discharge ports produce initial mixing and dilution within 50-100 ik of

the discharge that would not be attained by a surface discharge. The highest

initial dilution, about 2.5, is observed during flood tide. Initial dilutior

of about 2.0 are observed during slack tide and dilutions of only about 1.2,

during ebb tide. Initial dilution is important in that it reduces the excess

temperature of the water returned to the area of the outfall following a tidal

reversal.

It is evident that the surface area of^the thermal plume is de-

pendent upon the tidal phase, even though a detailed analysis is not

possible due to the difficulty in determining an appropriate ambient tempera-

ture because of the complicated temperature structure. The largest measured

plumes exist during ebb tide when the heat previously released during slack

and flood tides is carried down the river along with the heat being dis-

charged at that time. It also appears that the most critical situation

probably occurs during the period of flow reversal when the plume is

swept from its upstream (downstream) position to its downstream (upstream)

position. There is a tendency during this small fraction of the tidal cycle

for the plume to exhibit its largest penetration across the width of the

river. This tendency would be true not only for this particular outfall •-...

system but also for most shoreline outfalls located on narrow reaches



73

of estuaries. The restriction that the mixing zone not encroacli upon more

than a certain fraction of the width and/or cross-sectional area of an

estuary is probably the most limiting environmental constraint during such

an occurrence.

8.3 SUBMERGED MULTIPORT DIFFUSERS

Submerged multiport diffusers offer the opportunity of designing once-

through cooling system outfalls that produce rapid complete mixing with at

least a portion of the flow of the estuary. Dilutions on the order of 12 '

can then 4>e attained within mixing zones of smaller lateral extent than

those produced by shoreline discharges. Rapid dilution not only v-educes the

size of the mixing zone during a given phase of the tidal cycle but also

tends to reduce the excess temperature associated with heat returned to

the site during subsequent tidal phases. Again, as in the case of a river

site, the diffuser cannot extend across the entire estuary so that a zone of

passage, free from large excess temperatures, is maintained.

A co-flowing diffuser (Fig. 2), such as is often considered for riverine

applications, will usually not be appropriate in an estuary where the flow is

bi-directional. When the estuary flow is in the same direction as the flow of

the diffuser discharge, or when the 'flow is large, the diffuser may perform

satisfactorily. However, when the flow is small and opposed to the direction

of the discharge, the effective dilution will decrease sharply.33

A "tee" diffuser (Fig. 2), such as has been used in some lake applica-

tions, could be considered for an estuary, if only small tidal currents are

present. This type of diffuser has its main axis essentially parallel to the

shoreline with the ports oriented in the offshore direction. In order to

estimate the length of the diffu'&er and the size and number of ports necessary

to produce the required dilution, the same procedure used for submerged dis-

charges in lakes, discussed in Sec. 7, can be followed. The diffuser is

considered to be made up of a series of ports sufficiently separated so that

no significant interference occurs among the jets from individual ports when

no cross current is present. The discharge densimetric Froude number of the

individual ports, F , must exceed some minimum value for a^glven relative

water depth, H/D , in order that the plumes from the individual ports attain

the required dilution by the time they reach the surface. The discharge
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densimetric Froude number is defined by:

U -6 =
F =
o

a.

where:

U = discharge velocity,

Ap =•) density difference between discharge water and ambient receiving
o

water,

p = ambient receiving water density, •-'

g -^acceleration due to gravity, and :;

D = discharge port diameter.

The relative water depth is the ratio of the total receiving water depth, H,

to the diameter of the discharge ports. An estimate of the minimum Froude

number required to yield a minimum surface dilution of 12 can be made based

on the results of laboratory scale experiments'47'50 and analytical model pre-

dictions.23 These results and predictions are plotted in Fig. 6. Shallower

relative water depths require larger Froude numbers to achieve a dilution of

. 1 2 , . ' , •• , .,." " " '̂  ''

In order to demonstrate the effect of the Froude number/relative depth

relation on multiport diffuser design, Table 14 has been constructed for the

case of a typical 1000-MW nuclear power plant with a discharge flow rate,

Q , of 47 m3/s and an initial temperature rise, AT , of 10 C°. The maximum

port diameter, D , and associated minimum number of ports, N, has been deter-

mined^for a series of receiving water depths (2.5, 5.0, 10.0, and 15.0 m) and

a series of discharge velocities ,i&$\ 3, 4, and 5'm/s). The curve based on

the Shirazi-Davis nomograms was used because it appears to be consistent with

the laboratory results or on the conservative side of them. An estimate of

the total diffuser length, L, is included in the table based on Adams' one-

dimensional momentum analysis21* discussed in Sec. 7.3. Also included in the

table is L/N, which is an estimate of the required port spacing. Again, as a

check on whether this separation is reasonable, the width? W, of the indi-

vidual jets at the surface, as estimated from the Shirazi-Davis nomograms,

is included in the table." The results show that except for high-velocity

discharges (i4 ra/s) in deep water (£10 m), long diffusers (500-1000 m)
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Fig. 6. Minimum Discharge Densimetric Froude Number
Needed for the,Plume from a Single Submerged
Round Port to Attain a Centerline Dilution
of 12 at the Surface vs Relative Hater
Depth
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Table 14. "Estimated Multiport "Tee" Dlffuser Parameters
for a Typical 1000-MW Nuclear Power Plant
when,a Dilution of 12 is Required (Quiescent
Receiving Water)

H(m)

2.5

2.5

2.5

2.5

5.0

5.0

5.0

5.0

10.0

10.0

10.0

10.0

15.0

15.0

15.0

=15.0

UQ(m/s)

2.0

3.0

4.0

5.0

2.0

3.0

4.0

5.0

2.0

3.0

4.0

5.0

2.0

3.0

4.0

5.0

D

0

0

0

0

0

0

0

0

0,

0.
1 1,

1,
a
0.

1.

1.

1.

o(m)

.26

.36

.47 *

.57

.40

.53

.68

.84

.64

.82

.00

.22

.84

.08

,29

,55

N

460

153

69

37

191

70

32

17

73

30

15

8 rj

42

17

9

5

L(m)

2707

1805

1354

1083

1354a

902

677

541

677a

45la

338

271

45la

301a

226

180

L/N(m)

6

12

20

29

7

13

21

32

s 9

15

23

o 34

11

JB=-
^^
36

W(m)

5

7

10

12

7

11

14

17

11

15

20

25

14

19

24

31 =

Not a shallow diffuser by criterion discussed in Sec. 7.3
for Adams analysis. 21*

will be needed to produce!a minimum surface dilution of 12, even in the ab-

sence of a cross current. .. -1"

o The estimates given in Table 14 are for a 1000-MW nuclear power plant

with a cooling water flow rate of 47 m3/s. For different capacities and cool-

ing water flow fates, the maximum port diameter, port spacing, and 'jet width

will remain unchanged while a number of ports and total diffuser length will

change in direct proportion to the flow rate.

The above estimates are based on discharges into a quiescent receiving

water body. In an estuary, tidal currents will be present and, in general,

will be along the axis of the "tee" diffuser. Such currents will tend to
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reduce the effective dilution attained by causing interference between jets

from adjacent ports and by promoting entrainment of heated water by down-

stream jets. Based on the empirical correlations suggested by Adams and *

Stolzenbach33 and discussed in Sec. 7.3 on submerged discharges in lakes,

an estimate can be made of the increased diffuser length needed to compensate

for this reduction in dilution caused by cross currents. Using a value of

5 for the parameter a in the correlation as suggested by Adams and Stolzenbach,

a current of more than 0.1 m/s would completely negate the possibility of

designing a "tee" diffuser that would result in a dilution of 12. For a = 2,

as suggested by the laboratory model studies for the J.A. FitzPatrick diffus-

er (see Sec. 7.3, a current of 0.2 m/s would require a 13-fo'ld increase in

the length of the diffuser, even for the case of a discharge velocity of 5 m/s.

These results indicate that the "tee" diffuser concept' is probably not appro-

priate in estuaries where large dilutions are.required in the presence of

significant tidal cross currents.

An alternative diffuser design concept is that of the alternating dif-

fuser (Fig. 2). Discharge ports are directed normal to the diffuser pipe or

tunnel in both directions so that no net horizontal momentum is introduced.

The diffuser pipe or tunnel is usually oriented perpendicular to the direction

of the ambient current if present. When no ambient current is present, the

dilution is governed by a density-driven exchange flow.25 Such a diffuser

would be located across a portion of the estuary, perpendicular to the tidal

flow. In this way, the dilution would actually increase in the presence of

currents in either direction.

According to studies by Jirka and Harleman25 and by Adams and

Stolzenbach,33 the dilution directly above the diffuser, attained by an

alternating diffuser in stagnant receiving water, is given by:

where:

F « densimetric Froude number of the exchange flow system,
n

F * densimetrie Froude number of the equivalent slot,
s
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o , and

B = equivalent slot width

= Q /U L . "- :> •
no

This result can be rearranged,to give, the following estimate of the required

According to Adams and Stolzenbach, the parameter F is a function of inter-

facial friction and ranges from 0.25 for no friction to less than 0.15 for

large fractional effects. Predictions of the diffuser length required to

produce a dilution of 12, under stagnant receiving water conditions, are given

in Tabld' 15 for various receiving water depths for a typical 1000-MW nuclear

power plant with a discharge flow rate of 47 m3/s and an initial excess tem-

perature of 10 C°. The predicted^ lengths are significantly lodger than those

of Table 14 for a "tee" diffuser in quiescent receiving water. However, in

the case of an alternating diffuser, currents will increase the dilution,

Table 15. Estimated Diffuser Length to
Attain a Dilution of 12,
Under Stagnant Conditions,
for a 1000-MW Nuclear Power
Plant Using an Alternating
Diffuser Design

Water Depth
H(m)

2.5

5.0

10.0

15.0

F = 0.25
L{m)

6,960

2,460

870

470

FH = 0.15
L(m)

11,600

4,100

1,450

790
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while in the case of a "cee" diffuser, cross currents tend-to decrease

dilution and could require significantly longer diffusers than are listed in

Table 14 to compensate for the decrease ..in. dilution.

Recently, staged diffusers (Fig. 2) have received considerable atten-

tion as a possible means of disposing of waste heat at shallow lake, estuary,

and coastal sites. The diffuser'pipe or tunnel is oriented perpendicular to

.•the ..shore and the ports are located on alternate sides of the pipe directed

\ln the general offshor^ direction. A jet-like flow is induced along the axis
- . " 7 ) "" " - • ••) •-

of tile d if fuser in an-offshore direction and water is entrained primarily

from the sides. The Orientation of the individual ports is such that signifi-

cant, interference occurs among individual jets. Therefore, in the case of '•'

quiescent receiving waters, a significantly longer staged diffuser would be

needed to yield the same dilution as, a "tee"~diffuser. However, staged dif-

fusers have the distinct advantage that cross currents tend to enhance the

dilution rather than hinder it, in contrast to the case of a "tee" diffuser.

J .Almquist and Stolzenbach?° have carried out an approximate analysis

of the behavior of a long staged diffuser in shallow quiescent, receiving water.

They suggest that the minimum surface dilution near the offshore end of the

diffuser can be estimated by an expression of the following form:

HU L
9f(H/L) U ~ = f(H/L)

s.; o > . , ,j -.

The symbols used in the above expression are the same as those used through-

out this discussion of submerged multiport diffusers. Aliaquist and Stolzenbach

found that for values of H/L in the range corresponding to typical prototype

situations (0.01-0.07), the function f(H/L) is not strongly dependent upon

H/L and has a numerical value of about 0.38. The following limitations specify

the range of applicability of the analysis,25 which is restricted to long dif-

fusers in shallow water:

L > 1 5 H ' -''-•• ' • \ . ' r

and

H < 0.56 UQ
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Almquist and Stolzenbach carried out a series of 10 laboratory-scale

experiments to measure dilution as a function of /H/B and H/L. The results

are plotted in Fig. 7 in the form of - /fI/B versus H/L. Although a consiJer-
S o

able amount of scatter exists, the Results appear to indicate a monotonic
> j

relationship between /fl/B and H/L, which is approximately linear, thus

implying that l/f(H/L) is a linear function of H/L. A linear least-&quare-s-

fit to the data yields:

This function is plotted as a solid line on the figure. For the range of H/L

studied (0.02-0.067), this fit implies that f(H/L) varies from 0.35-0.4',.

Brocard5,.'"' reported'on 'another series of laboratory scale experiments

conducted at Alden Research Laboratories during design studies for a staged

diffuser contemplated for use near Charlestown, khudo Island. Minimum :,urfai i

dilution was measured Tor a variety of diffuser lengths under sevcr.il cross-

flow conditions. The discharge velocity, U , was fixed at 5.5 m/s. One

series of experiments corresponds to a uniform cross-flow velocity, U , of

0.15 m/s (U /U = 0.028-)... In addition, a single experiment was conducted at

a cross-, flow of 0.3 m/s (U /U = 0.056). The results of these measurements
a o

ft' are plotted on Fig. 7 along with the Al.mqu ist-Stol/.enbach results. Although

•J the measurements were not carried out over a very wide range of H/L, the

results indicate that the dilution is significantly increased over that

expected from the Almquist-Stoizenbach results for no current. Measurements

were also made for the transient condition of no current during the reversal

of a current that originally was constant at 0.15 ni/s. These experiments

were meant to simulate diffuser behavior during periods of slack tide. The

results also are plotted in Fig. 7. It is apparent that even though the

instantaneous current is zero, the dilution is less than expected from the

Almquist-Stolzenbach results. The process of reversing the current apparently

causes part of the heated water previously discharged to be reentrained by

the diffuser jet reducing the effective dilution. Dashed lines are drawn

through the data reported by Brocard with the same slope as the fit to the

Almquist-Stolzenbach data. Although there is not sufficient data to confirm

that these slopes should be the same, the data do not refute this trend.

Based on the linear fit to the Almquist-Stolzenbach data and the func-

tional form suggested by Almquist and Stolzenbach, an estimate can be made of
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Fig. 7. Parametric Representation of the Minimum Surface
Dilution Attained by a Staged Diffuser — Physi-
cal Model Results ,;.••
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the length of the staged diffuser required to product- a ninLiium surfa<. *• dilu-

tion'of 12, in the absence of an ambient current. Table 16 lists the re-

quired diffuser length, designated I., for various receiving water depths and

discharge velocities for a typical 1000-MW nuclear power plant with a dis-

charge flow rate of kl :r/'/s. The length needed to yield a minimum surface

dilution of 12 is very large in most cases. It should be noted that these

correspond to a quiescent receiving water. During a current reversal (i.e.,

slack tide), the effective dilution may be less than 12 as noted from the

results of the Charl e.stown physical model study. Table 17 contains an

equivalent set of predictions for a typical 500-MW fossil-fueled plant with

a discharge flow rate of 16.5 m'/s- This second compilation has been included

because the predictions are not simply linearly related to discharge flow

rates. The estimated diffuser lengths, although smaller than for the 1000-MW

plant, are still quite large except for the case of deep ("15 m) receiving

water. However, according to Almquist and Stolzenbarh, the analysis breaks

down for short diffu.sers in ..deep water.

The proceeding estimates of the required length of a staged diffuser

are probably more conservative than necessary to meet typical thermal stan-

dards. Usually the temperature standards and, therefore, the dilution re-

quirements must be met beyond some specified mixing zone.-. Mixing zones are

generally specified in terms of surface areas and typical values are

2.6 x 1 0 V (equivalent to a circle of 3OO-ft radius) and 2.9 * 105 m2 (equi\ J

lent to a 1000-ft radius). Therefore, dilution at the edge of a mixing zone

of finite areal extent at the surface, not the minimum surface dilution, is

the limiting factor.

Almquist and Stolzenbach?6 have developed a simple analytical model

for the jet-like flow produced by a staged diffuser. The model can predict

surface areas within isotherms of a given excess temperature corresponding

to a particular dilution. Using a simple top-hat shape to represent lateral

excess-temperature and velocity profiles (assumed to be self-similar along

the axis of the jet), they find that the surface area, A , corresponding to

a particular dilution S, can be expressed as:

A /L2 = function
o
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Table 16. Estimated Staged Diffuser Length for a
Typical 1000-MW Nuclear Power Plant
When a Dilution of 12 is Required

H(m)

2 .5

2 . 5

2 . 5

2. 5

5.0

5.0

5.0

5.0

10.0

1 0 . 0 '

10.0

10.0

15.0

15.0

15.0

15.0

2'rii-';?"~':

'3.0

A.O

5.0

2 . 0

3.0

A.O

5 .0

2 . 0

3 .0

A.O

5 .0

2 . 0

3 .0

A.O

5 .0

L(m) a

13,8AOd

9 ,220

6 ,910

5 ,520 /

6 ,880 d

A,750

3.A20

2 ,750

3 , 3 7 0 d

2 , 2 1 0 d

1,630

1,290

2 , 1 6 0 d

l , 3 9 O d

i,oood

760

L ] ( m ) b

1 3 , 8 0 0 d

9 .170

6.8A0

5,A20

6 ,810 d

A.A80

3 ,190

2.A3O

3,15Od

l , 8 A 0 d

1,150

780

l , 8 4 0 d

93 Od

560 d

350

I L2(m)C

13,350d

8,070

5,130

3,520

5,150d

2,600

1,510

930

l,51Od

580

5l50e

<150e

560

<225e

<225e

<2256

Length required to produce a minimum surface dilu-
tion of 12.

Length required to attain a dilution of 1,2 within a
mixing zone with a surface area equivalent to a
300-ft radius circle.

Length required to attain a dilution of 12 within a
mixing zone with a surface area equivalent to a
1000-ft radius circle.

Not & shallow diffuser by criterion discussed in
text for Almquist-Stolzenbach analysis.26

Almquist-Stolze'nbach analysis limited to long
diffusers, L > 15H.26
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Table 17. Estimated Staged Diffuser Length for a
Typical 500-MW Fossil-Fueled Power
Plant When a Minimum Surface Dilution
of 12 is Required

H(m)

2.5

2.5

2.5

2.5

5.0

5.0

5.0

5.0

10.0

10.0

10.0

10.0

15.0

15.0

15.0

15.0

U (m/s)
o

2.0

3.0

4.0

5.0

2.0

3.0

4.0

5.0

2.0

3.0

4.0

5.0

2.0

3.0

4.0

5.0

L(m)a

4,843

3,22.1

2,409

1,923

2,386d

1,574

1,168

925

l,117d

7O7d

499

372

643d

340d

S225e

<225e

Li(m)b

4,708

3,040

1,988

1,388."

l,987d

1,028

610

403

614d

265d

5l50e

<150S

265d

<225e

<225e

<225e

L 2(m)
C

2,836

1,315

675

303 .

• 5 2 V

.75e

<75e

<75e

Sl50e

<150e

<150e

<150e

<225e

<225G

<225e

<225e

Length required to produce a minimum surface
dilution of 12.

Length required to attain a dilution of 12 with-
in a mixing zone with a surface area equivalent
to a 300-ft radius circle.

Length required to attain a dilution of 12 with-
in a mixing zone with a surface area equivalent
to a lOOO-ft radius circle.

Not a shallow diffuser by criterion discussed in
text for Almquist-Stolzenbach analysis.

Almquist-Stolzenbach analysis limited to long
diffusers, L > 15H.26
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This conclusion is the result of a near-field model and is probably valid only

near the diffuser where A /L2 < 1.

Almquist and Stolzenbach show that, according to their model, the depen-

dence of plume surface area on H/L is small for A_/L2 Z 0.1 and essentially

nonexistent for A /L2 * 0.2. Although the details of this functional rela-

tionship are predicted by the model, the results have not been well verified

and are not used here. Instead, the results of the laboratory scale

experiments reported by Brocard55 have been plotted in Fig. 8 in the form of

— /H/B VS A /L2. The circles represent the results for a uniform cross
o O o
current qf 0.15 m/s (U /U = 0.028) and the squares indicate the results for

a o • •»

the case where the instantaneous current is zero following a current reversal

representing slack tide. Any dependence on the parameters H/L is not noted

on the figure because, if present, it appears to be less than the scatter

due to experimental uncertainties and experimental reproduciability. However,

a significant systematic difference in the observed surface area is apparent

between the two different current cases. As noted earlier, in the discussion

of minimum surface dilution, the case of discharge into a quiescent receiving

water resulted in initial dilutions that were intermediate between the two

cases studied by Alden Research Laboratories (see Fig. 7). It therefore seems

reasonable to assume that the quiescent receiving water case should fall

between the two sets of results plotted in Fig. 8. The solid lines drawn on

the figure can therefore be considered to be reasonable estimates of a func-

tional relationship between — /H/B and A /L2 for a staged diffuser in quies-
o O o 1

cent receiving water. The limiting value of the parameter — »̂ H/B , corre-

sponding to the minimum surface dilution and thus a surface area of zero, has

previously been established based on the fit to the data of Almquist and

Stolzenbach presented in Fig. 7. This limiting value was shown to be depen-

dent on the parameter H/L and was used as a guide when drawing the solid lines

on Fig. 8.

Estimates of the staged diffuser length needed to produce a dilution

of 12 within a mixing zone with a specified surface area can be made based on

the surface area predictions of the solid curves in Fig. 8. Tables 16 and 17

contain such estimates for a typical 1000-MW nuclear power plant and a typi-

cal 500-MW fossil-fueled power plant, respectively, for mixing zone surface

areas of 2.6 x 101* m2 (equivalent to a 300-ft radius circle), designated Lj, and
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Fig; 8. Parametric Representation of Plume Surface Area as a Function of
Dilution for a Staged Diffuser
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2.9 * 105 m2 (1000-ft radius circle), designated L2• These results show that

substantially shorter diffuser lengths can be utilized for high-velocity dis-

charges (4-5 m/s) in receiving waters of greater than 5-m depth than are pos-

sible when requiring a minimum surface dilution of 12. f*

It can be concluded from the above discussion of thermal discharges

into estuaries that some type of high-velocity submerged discharge structure

will probably have to be used to dispose of the waste heat from large power

plants. The design of a specific discharge structure for use at a specific

site will require that many complicating factors be taken into account.

These factors include: the requirement of a large initial dilution, the

limited lateral extent of the receiving water, the complex temperature,

density, and current structures that are typically present in an estuary, and

the return and reentrainment of previously discharged heat following a current

reversal.

The decision as to whether once-through cooling will be "an acceptable

method for disposing of waste heat from a steam-electric generating station

located on an estuary will have to be made on a case-by-case basis. The

decision process will have to include analysis of site-specific data and may

have to include laboratory-scale physical model studies to estimate the '

effects of complex site-specific geometric constraints and currents, and

field experiments to establish local heat return and flushing rates. However,

it appears that, at least under certain circumstances, submerged multiport dif-

fusers of reasonable length can be designed that will produce the large dilu-

tions that are required in an estuarine environment.
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9 ONCE-THROUGH COOLING ON OPEN COASTAL WATERS

9.1 GENERAL FEATURES •> r<? :

Open coastal waters, by their very nature, offer a large sink for the

disposal of waste heat. Large quantities of heat can be accommodated with

little or no effect on the overall thermal regime of the water body. The

only physical environmental concern is limited to the local increase in water

temperature in the immediate vicinity of the outfall and possibly the impact

on close-by, shallow, nearshore areas. Currents are generally shore parallel

and may be predominantly in one direction. While these currents may help to

bring in cool dilution water, care must be taken that cooling system struc-

tures extending from the shore do not interfere with natural littoral trans-

port. In general, open coastal waters should serve well as receiving water

bodies for once-through-cooling waste heat discharges.

%= "• Certain" regions of very large lakes such as the Great Lakes might be

classified as open coastal waters. Yet, larger induced excess'tempera-

tures are usually allowed than in marine waters due to the larger natural

temperature variations that occur in lakes. Use of the Great Lakes for dis-

posal of waste heat has been discussed in Sec. 7.

Bays and inlets may not fall, directly into any of the preceding

classes of water bodies. Exchange flow, with the open ocean may be limited

by the geometry of the connecting passage, especially when stratification

exists.19 ., Complex density and current structures may require that a specific

bay or inlet be treated as an estuary in terms of establishing the applica-

bility of once-through cooling. Larger bays with significant tidal flushing

may as a rule be treated as open costal waters.

An interest in using offshore waters for the disposal of waste heat

has developed due to several novel concepts that can be applied to the conven-

tional steam-electric generating process. One is offshore power generation

on a floating barge or artificial island and another is the nuclear energy

center (NEC). An offshore-plant would allow the generating station to be

located near the load center without requiring the dedication of large land

areas that might be better utilized. An NEC is a group of many (>10) large

nuclear generating units located at one site. Such a center could be located

somewhat inland to avoid using valuable shoreline land, and the center could

0
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5
use common pipes or tunnels to bring in cooling water from offshore intakes

and return it to offshore outfalls.56 The use of once-through cooling by

such centers rather than evaporative cooling towers would eliminate such

disadvantages of large cooling tower installations as large land use,

decreased thermal efficiency, and local atmospheric and meteorological impacts.

Deep offshore intakes would take advantage of lower intake temperatures due

to natural thermal stratification , and deep offshore submerged outfalls would
G

take advantage of increased dilution due to greater submergence.

The shallow slope of the continental shelf off the Atlantic coast of -

the U.S. precludes reaching very deep water without going far offshore. For»

example, the proposed Atlantic Generating Station (ACS), a floating nuclear

plant, is tentatively sited about 5 km off the coast of New Jersey, yet is in

only about 10-13 m of water. The proposed plant has iwo separate 1150-MW

units moored inside a breakwater. The cooling water flow rate will be 0

65.7 nr/s for each unit with a temperature rise of 8.9 C°. Three different

discharge schemes have been considered for this installation.57 Each would

be an integral part of one section of the,breakwater and have a discharge

velocity of about 3.6 m/s. The first design consists of two sets of six

closely spaced round ports. The ports are 2.0 m in diameter spread along two

13p2-m sections of the breakwater just below the water level at mean low

water. The second design is also a near-surface discharge but with only two

ports (one per unit), each 4.5 m in diameter. The.. third design, a submerged

discharge, is similar to the first except that the ports are located near the

bottom of the breakwater. Physical model studies conducted by MIT57 showed

very little differences in the temperature \andi, velocity fields beyond 150 m

from the outfall induced by these three designs.
u

Another example of an offshore discharge on° the Atlantic coast is the

one planned for the Seabrook Station near Seabrook, New Hampshire.5B»59 The

plant will consist of two 1150-MW units. However,, the cooling water flow-

rate will be only 25.8 m3/s for each unit, but will have a temperature rise of

21.7 Cc. Compared to the proposed AGS with the same capacity, the cooling o

water flow rate is 2-1/2 times smaller J= while the temperature rise is 2-1/2

times larger. The lower flow rate is an attempt to reduce pumping costs

associated with the extremely long intake tunnel (4.0 km) and discharge tunnel

(4.6 km) that are to be used. The long tunnels, each 5.5 m in diameter and
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t 60 m below sea level, will allow the plant to be located about 3.1 km

inland of the open coast and the intakes and discharges to be located 0.9 km

and 1.5 km offshore, respectively. Even with the long tunnels, the discharge

will be in only about 15 m of water. The proposed discharge structure is a

305-ra long diffuser with 22 ports directed in a general offshore direction.

Each port is 0.8 rn in diameter and the resulting discharge velocity is 4.6 m/s.

As with the design of any outfall, the process of selecting an outfall

dasign to be used at an open coastal site will have to take into considera-

tion local currents and bottom topography. A large dilution will be required

("12 for the typical summer thermal standard and typical outfall excess tem-

perature discussed earlier).

9.2 SHORELINE SURFACE DISCHARGES

Based on the discussion in Sec. 8 on estuaries, conventional shoreline

surface outfalls usually will not be adequate at marine coastal sites. Even

a 500-MW fossil-fueled plant would require, in general, a mixing zone with a

surface area > 1 * 10s m2 to attain a dilution of 12. However, specific

ambient conditions at certain sites may produce greater mixing and result in

smaller mixing zones. For example, the shoreline surface outfall at the

Pilgram Nuclear Power Station produces a thermal plume that is somewhat smal-

ler than might be expected based on the average of plumes from other surface

outfalls. The Pilgrim station is located on the western shore of Cape Cod

Bay near Plymouth, Massachusetts, ..nd consists of a single 650-MW unit. Cool-

ing water is discharged at a rate of 20.4 m3/s through an open channel with

an inverted trapezoidal cross section. The bottom of the channel is at mean

low water so that changes in water level with tidal phase produce signifi-

cant changes in the water depth at the point of discharge, in the discharge

velocity, and, therefore, in the discharge densimetric Froude number. Accor-

ding to field measurements reported by Pagenkopf et al.,60 the Froude number

varies from less than 2 to greater than 16 with tidal cycle. Based on the

results of field measurements of the thermal plume,50 the surface area con-

tained within the isotherm corresponding to a dilution of 12 is about

3-15 x 105 m2. This area is generally smaller than the 1.4 x 106 m2 predicted

by the correlation between surface area and plant discharge flow rate discussed

in Sec. 8.2. Apparently the non-steady nature of the discharge (due to tidal
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variations in water level) and the complex ambient current structure (due to

tidal and wind-induced components) result in increased mixing. However, the

mixing zone is still larger than the limits often imposed by thermal standards.

9.3 SUBMERGED MULTIPORT DIFFUSERS

High-velocity submerged discharges will be necessary to produce the

large dilutions needed to meet typical thermal standards for marine waters.

The essentially infinite offshore extent of the receiving waters and the

shore parallel orientation of typical coastal currents makes staged diffusers

one of the most promising discharge design concepts for use at open coastal

sites. Other diffuser designs such as the "tee" diffuser or the diffuser

with the discharge direction parallel with the shore have ihe disadvantage

that currents tend to decrease the effective dilution. Koh et al.'-1

have conducted physical model studies to evaluate various diffuser designs

for use with Units 2 and 3 (1100 MW each) at the San Onofre Nuclear Power

Plant on the coast of Southern California. Each unit is expected to have a

cooling water flow rate of 52.4 m3/s with a temperature rise of 11.1 C°.

They concluded that a staged diffuser design would best meet the requirements

at that site. Each unit would have its own diffuser about 768 m long with

63 ports. Each port would be about 0.6 m in diameter resulting in a dis-

charge velocity of 4.0 m/s. One diffuser would be in 9-13 m of water and

the other, farther offshore, in 13-17 m of water. Results of the physical

model studies indicated that the momentum of the discharge produces an off-

shore drift of the diluted warm water plume. The maximum temperature rise

at the surface in the model was observed to decrease with increasing longshore

current speed (minimum surface dilution varied from 7.1 for no current to

14.7 for a 0.26 ra/s current). Beyond 1000 ft (305 m) from the outfall the

dilution at the surface ranged from 8.6 for no current to 22.2 for a 0.26 m/s

current. These results appear to be characteristic of staged diffusers.

Typical diffuser lengths that might be needed for a staged diffuser to attain

a dilution of 12 were estimated in Sec. 8.3 and presented in Tables 16 and 17

in connection with their application to estuarine sites.

As in the estuarine case, it appears that multiport diffusers can be

designed so as to make once-through cooling an acceptable alternative at many

open coastal sites, at least in terms of typical thermal standards.
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10 SUMMARY AND CONCLUSIONS

Once-through-cooling-water control technology has been reviewed to

determine the circumstances under which forms of this technology might pro-

vide acceptable alternatives for the disposal of waste heat from large steam-

electric power plants. The final determination of the acceptability of once-

through cooling at a particular site must be made on a case-by-case basis.

Many factors enter into the evaluation process, including: (1) the heal rejec-

tion rate of the plant, (2) the size and type of the receiving water body,

(3) local physical characteristics of the water body, (4) the existence of

other nearby .sources of heat, (5) the character and distribution of indige-

nous populations of shellfish, fish, and wildlife, (6) the physical extent of

the resulting thermal plume, (7) the impact of the thermal plume on aquatic

organisms, (8) the impact ol' the cooling water intake on aauatic organisms,

and (9) the costs and impacts of alternative waste heat disposal technologies.

This study was limited to assessing the efficacy of once-through cooling in

terms of the restrictions on the physical extent of the thermal plume produced.

Typical water quality standards and guidelines were used as measures of the

acceptability of once-through cooling systems and as the means of comparing

the various outfall design concepts. This use of such standards and guide-

lines is, in one sense, arbitrary in that all of the other factors mentioned

above are also taken into account in the actual evaluation of a proposed once-

through cooling system. However, it does allow an assessment of the feasi-

bility, in general terms, of using once-through cooling for various combina-

tions of power plant generating capacities, receiving water types, and out-

fall design concepts.

Four generic classes of receiving water bodies (rivers, lakes, estu-

aries, and open coastal waters) and four typical large power plants (500-MW

fossil-fueled, 500-MW nuclear, 1000-MW fossil-fueled, and 1000-MW nuclear)

were used to form a framework for the assessment. Typical thermal standards

for each of the four classes of water bodies were identifie>'.. These stan-

dards are usually expressed in terms of upper limits on the allowed increase

in water temperature above the natural ambient temperature. A region near

the outfall within which the limit on excess temperature does not apply,

referred to as the mixing zone, is often allowed. Restrictions on the physi-

cal size of this mixing zone, usually in terms of maximum surface area and

maximum lateral extent, are imposed by the thermal standards or on a case-by-
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case basis. Estimates of cooling water flow rates and initial excess tempera-

tures were made for each of the four typical power plants. Because the ini-

tial excess temperature at the point of discharge is usually larger than that

specified by thermal standards, a certain amount of mixing of the heated

effluent with cooler ambient water must take place within the mixing zone.

Estimates of the dilution required within the mixing zone were made for each

of the classes of water bodies based on the initial excess temperature and

the appropriate temperature standard.

Various outfall designs ranging from conventional, low-velocity, shore-

line, surface discharges to long, high-velocity, offshore, submerged multiport

diffusers were considered. The mixing and dilution characteristics of these

outfall designs were examined to determine the circumstances under which they

could produce the required dilution within the appropriate mixing zone limits.

The results of prototype measurements, analytical model predictions, and lab-

oratory physical model studies were used to make this determination. Many of

the results are subject to numerous qualifications and limitations. Many times,

however, one or two parameters characteristic of the outfall and/or the receiv-

ing water were identified and used to quantify the results, thus allowing a

few general conclusions to be drawn.

The initial dilution attained by a shoreline surface discharge, and

therefore the size of the mixing zone, is strongly influenced by the physical

characteristics of the ambient receiving water. In the case of rivers, the

surface area and lateral extent of the mixing zone are primarily determined

by the average river velocity. The requirement that the mixing zone not

extend across the entire river and the fact that available dilution water is

limited by the finite flow rate of the river place limits on the minimum river

flow rate for which typical thermal standards can be met. For example, a

500-MW fossil-fueled plant would require a river flow rate of about 180 m3/s

and a 1000-MW nuclear plant would require 520 m3/s. Only the major river

systems in the U.S. have flow rates that are consistently this large. In

large lake applications, surface discharges might be acceptable for power

plants with capacities <500 MW if a mixing zone with a surface area of

2.9 x 105 m2 (equivalent to a circle with a 1000-ft radius) or larger were

allowed. Larger power plants.with surface discharges would require mixing

zones that would exceed most standards and guidelines. The large dilution
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typically required at estuarine and marine sites essentially precludes the

use of shoreline surface discharges for large power plants.

The initial dilution attained by submerged outfalls, especially high-

velocity multiport diffusers, is governed primarily by the characteristics

of the discharge rather than the characteristics of the receiving water-

Therefore, water depth, rather than the magnitude and direction of ambient

currents, is generally the most important characteristic of the receiving

water body, except in riverine and certain estuarine cases where the total

natural flow past the diffuser site is often the factor that limits dilution,

it appears to be possible to design a multiport diffuser with a reasonable

discharge velocity that will result in full mixing of the effluent with the

total river flow. If full mixing is assumed, excess temperature standarJs

place an extreme lower limit on the river flow rate necessary to support once-

through cooling. However, the restriction that a zone of passage equivalent

to three-quarters of the cross-sectional area of the river be maintained,

requires larger river flow rates. For example, a 500-MW fossil-fueled plant

would probably require a river flow rate of 100-150 m3/s and a 1000-MW nuclear

plant would require 300-400 m3/s. Multiport diffusers appear to be very prom-

ising for use in large lakes. Even in fairly shallow water (-5 m ) , a diffuser

of reasonable length (<350 m) and discharge velocity (>2 m/s) should be able

to produce the dilution required for a power plant as large as 1000 MW to

meet typical thermal standards. Multiport diffusers for use at estuarine and

marine open coastal sites must be designed to produce large dilutions (-12).

In estuaries, complex density and current structures and other complicating

factors make a general analysis of submerged multiport diffusers impossible.

The need for large dilutions, the presence of bi-directional tidal currents,

limited flushing, and the need to maintain a zone of passage requires that

much care be taken in selecting the type of diffuser to be used at a specific

site. Open coastal sites are less restrictive in that only the initial

dilution in the vicinity of the outfall is critical. Coastal currents are

often present to carry away the diluted effluent and the lack of a far boundary

and the offshore location of the outfall preclude the need of a zone of passage.

In general, diffusers will have to be at least 3-5 times longer than those

needed for lake sites where comparable water depths are available.
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It has been shown in this study that once-through cooling water sys-

tems for single plants or generating units may be designed to operate, in

some circumstances, within typical thermal standards. However, the cumula-

tive effects of c1 number of power plants on the same receiving water body

have not been discussed. The degree of physical interactions among plants

on the same water body depends on the relative magnitudes of heat advection

and heat exchange to the atmosphere — far-field processes. Large lakes and

open coastal waters may, of course, accommodate greater heat loadings than

other receiving waters. Environmental impacts of multiple plants with once-

through cooling, obviously, include more than physical impacts. The cumula-

tive effects of impingement and entrainment, potential disruption of coastal

migration patterns, and the like must be considered. Estimates of physical

thermal impacts of multiple plants can be made, and such studies should be a

part of the first steps of an assessment extending over an entire water body.

A useful prototype for such studies was carried out by Paily et al.1* They

used a numerical model of the thermal regimes of the upper Mississippi and

Missouri Rivers to identify the number, distribution, and capacity of poten-

tial waste-heat disposal sites where steam-electric generating stations using

once-through cooling might be installed.
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