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

GENERATING STATTONS 

- 
by 

R. A. Paddock and J. D. D i t m a r s  

ABSTRACT 

The e f f i c a c y  of t h e  d i s p o s a l  of waste  h e a t  from steam- 
e l e c t r i c  power gene ra t ion  by means'of once-through coo l ing  sys- 
tems was examined i n  t h e  con tex t  of t h e  phys i ca l  a s p e c t s  of 
water  q u a l i t y  s t anda rds  and g u i d e l i n e s  f o r  thermal  d i scha rges .  
Typical  thermal s t anda rds  f o r  each of t h e  f o u r  c l a s s e s  of w a t e r .  
bodies  ( r i v e r s ,  l a k e s ,  e s t u a r i e s ,  and c o a s t a l  waters )  were iden- 

e t i f i e d .  The mixing and d i l u t i o n  c h a r a c t e r i s t i c s  of v a r i o u s  
d i scha rge  modes ranging from simple,  s h o r e l i n e  s u r f a c e  d i s -  
charges  t o  long,  submerged m u l t i p o r t  d i f f u s e r s  were examined 
i n  terms of t h e  r e s u l t s  of p ro to type  measurements, a n a l y t i c a l  
model p r e d i c t  i o n s ,  and phys i ca l  model s t u d i e s  . General  guide- 
l i n e s  were produced t h a t  i n d i c a t e ,  f o r  .a g iven  p l a n t  capac i ty ,  
a g iven  type  of r e c e i v i n g  water  body, and a g iven  d i scha rge  
mode, t h e  l i k e l i h o o d  t h a t  once-through coo l ing  can be e f f e c t e d  
w i t h i n  t h e  r e s t r i c t i o n s  of t y p i c a l  thermal s t anda rds .  

I n  gene ra l ,  i t  was found t h a t  s h o r e l i n e  s u r f a c e  d i s -  
charges  would not  be adequate  f o r  l a r g e  power p l a n t s  (1500 MW) 
a t  e s t u a r i n e  and marine c o a s t a l  s i t e s ,  would be marg ina l ly  
adequate  a t  l a k e  sites, and would be  a c c e p t a b l e  only  a t  r i v e r  
s i t e s  w i th  1 a r g e . c u r r e n t s  and r i v e r  d i scha rges .  Submerged 
m u l t i p o r t  d i f f u s e r s  were found t o  provide  t h e  g r e a t e s t  l i k e l i -  
hood of meeting thermal  s t anda rds  i n  a l l  r e c e i v i n g  water  
environments. 

1 INTRODUCTION 

The demand f o r  e l e c t r i c  power i n  t h e  United S t a t e s  has  doubled every 

t e n  y e a r s  s i n c e  1945. This  demand i s  expected t o  i n c r e a s e  s t e a d i l y  i n  t h e  

f o r e s e e a b l e  f u t u r e ,  a l though t h e  r a t e  of i n c r e a s e  of demand may dec rease  due 

t o  d e c l i n e s  i n  popula t ion  and i n d u s t r i a l  growth r a t e s  and due t o  energy con- 

s e r v a t i o n  p o l i c i e s .  Examination of p re sen t  and near - fu ture  energy technolo- 

g i e s  i n d i c a t e s  t h a t  most e l e c t r i c  power gene ra t ion  w i l l  be  accomplished a t  

c e n t r a l  s t eam-e lec t r i c  gene ra t ing  p l a n t s .  For example, i n  1974, 84% of U.S. 

e l e c t r i c  power was produced by steam p lan t s .1  Such p l a n t s  conver t  thermal  

energy, der ived  e i t h e r  from t h e  combustion of f o s s i l  f u e l s  o r  from a nuc lea r  



r e a c t o r ,  i n t o  e l e c t r i c  energy wi th  o v e r a l l  thermal  e f f i c i e n c i e s  of 30-40%. 

A s  a r e s u l t  of t h e s e  e f f i c i e n c i e s ,  1.5-2.3 u n i t s  of waste  h e a t  a r e  produced 

f o r  each  u n i t  of e l e c t r i c  energy generated.  A s  s i g n i f i c a n t  improvements i n  

thermal  e f f i c i e n c y  o r  t h e  i n t r o d u c t i o n  of a l t e r n a t i v e  methods of c e n t r a l -  

s t a t i o n  e l e d t r i c  gene ra t ion  a r e  n o t  expected i n  t h e  near  . f u t u r e ,  t h e  d i s p o s a l  

o r  b e n e f i c i a l  u t i l i z a t i o n  of l a r g e  q u a n t i t i e s  of waste  h e a t  w i l l  be  a n  abiddng 

a s p e c t  of e l e c t r i c  energy gene ra t ion .  The b e n e f i c i a l  u t i l i z a t i o n  of low-grade 

was te  h e a t  i s  i n  i t s  infancy ,  and, f o r  t h e  near  f u t u r e ,  t h e  need f o r  was te  

h e a t  d i s p o s a l  is  expected t o  cont inue .  

Severa l  a l t e r n a t i v e  technolo.gies  e x i s t  f o r  t h e  d i s p o s a l  of waste h e a t  

from e l e c t r i c  power gene ra t ion :  once-through cool ing  systems, cool ing  ponds, 

sp ray  sys'tems, evapora t ive  coo l ing  towers,  and d r y  towers (o r  hybrid combina- 

t i o n s  of t hese  systems).  Associated w i t h  each d i s p o s a l  technology a r e  econom- 

i c ,  energy, and environmental  c o s t s .  The focus  of t h e  p re sen t  s tudy  is  one 

a s p e c t  of t h e  environmental  c o n t r o l  technology f o r  once-through coo l ing  sys- 

tems -- c o n t r o l  of t h e  phys i ca l  impact on t h e ' r e c e i v i n g  water body of ' t h e  

thermal  plume produced, bo th  i n  terms of t h e  s p a t i a l  e x t e n t  and i n  terms of 

t h e  a s s o c i a t e d  excess  temperatures .  It is the ,  i n t e n t  of t h i s  s tudy t o  d e t e r -  

mine, i n  general terms, t h e  f e a s i b i l i t y  of e f f e c t i n g  once-through coo l ing  , ' 

w i t h i n  c e r t a i n  physical environmental c o n s t r a i n t s .  

1.1 WASTE HEAT DISPOSAL 

Presen t  c e n t r a l - s t a t i o n  technology involves  removal of t h e  waste  (low- 

grade)  h e a t  from convent iona l  s t eam-e lec t r i c  power c y c l e s  by pass ing  l a r g e  

q u a n t i t i e s  of coo l ing  water through condensers.  T h e ' h e a t  absorbed by t h e  

coo l ing  water must even tua l ly  be d i s s i p a t e d  t o  t h e  atmosphere and u l t i m a t e l y  

o u t e r  space ,  bu t  s e v e r a l  t echnologies  e x i s t  f o r  t h e  immediate d i s p o s a l  of t h e  

h e a t  . 
Once-Through Cooli.ng: Cooling water I s  drawn from a nearby water body 

( r i v e r ,  l a k e ,  r e s e r v o i r ,  e s t u a r y ,  o r  open c o a s t a l  r e g i o n ) ,  passed through t h e  

condensers ,  and r e tu rned  d i r e c t l y  t o  t h e  water  body a t  on e l eva t ed  temperature.  

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

through t h e  condensers,  and r e tu rned  t o  t h e  pond. The water  i n  t h e  pond i s  

u s u a l l y  thermal ly  s t r a t i f i e d ,  t h e  warmer s u r f a c e  waters  d i s s i p a t e  h e a t  t o  t h e  

atmosphere and t h e  coo le r  deep wa te r s  a r e  withdrawn s e l e c t i v e l y  and r e tu rned  



t o  t h e  condensers.  Water from nearby n a t u r a l  sources  i s  needed t o  ma in t a in  

t h e  pond, and some f r a c t i o n  of t h e  ,water i s  u s u a l l y  r e tu rned  t o  n a t u r a l  water 

bodies  t o  reduce t h e  bui ldup  of d i s so lved  s o l i d s  i n  t h e  pond. 

Spray Systems: Two types  of spray  systems e x i s t .  One is  t r u l y  c losed  

c y c l e  and ope ra t e s  e s s e n t i a l l y  l i k e  a coo l ing  pond except  t h a t  spray  heads a r e  

used t o  i n c r e a s e  t r a n s f e r  s u r f a c e s  and thus  i n c r e a s e  h e a t  t r a n s f e r  t o  t h e  at- 

mosphere. The o t h e r  could be considered open cyc le .  Cooling water  is  drawn 

from a nearby n a t u r a l  water body, passed through t h e  condensers ,  and then  

cooled be fo re  being r e tu rned  t o  t h e  water body. Cooling i s  accomplished by 

passage through a network of c a n a l s  eguipped w i t h  spray  heads. 

Evaporat ive Cooling Towers: Condenser cool ing  water i s  r e c i r c u l a t e d  

through t h e  tower t o  t r a n s f e r  t h e  excess  h e a t  i n t o  the 'a tmosphere ,  most ly 

by evapora t ion .  Again, make-up water  from some nearby source  i s  needed t o  re-  

p l ace  evapora t ive  l o s s e s ,  and some water  is  r e tu rned  t o  t h e  n a t u r a l  water  

body (blowdotjn) t o  dec rease  t h e  bui ldup of d i s so lved  s o l i d s .  Chemical t r e a t -  

ment of t h e  water u s u a l l y  i s  r equ i r ed  t o  prevent  b i o l o g i c a l  f o u l i n g  of t h e  

tower elements.  A i r  f low through t h e  tower may be induced by mechanical f a n s  

o r  may be produced n a t u r a l l y  by t h e  "chimney" e f f e c t .  

Dry Cooling Towers: Excess hea t  from t h e  cool ing  water i s  d i s s i p a t e d  

t o  t h e  atmosphere by conduct ion without  evapora t ion .  A i r  f lowing p a s t  p ipes  

conta in ing  t h e  flowing condenser coo l ing  water t r a n s f e r s  h e a t  d i r e c t l y  t o  t h e  

a i r .  Devices such a s  f i n s  on t h e  p ipes  i n c r e a s e  t h e  h e a t  t r a n s f e r  s u r f a c e  

a r e a .  A i r  f low may be of t h e  mechanically-induced o r  t h e  n a t u r a l - d r a f t  type.  

Each of t h e  coo l ing  methods.has i t s  advantages and d isadvantages .  Once- 

through coo l ing  systems normally have t h e  lowest  cons t ruc t ion  and maintenance 

c o s t s .  I n  such systems, incoming cool ing  water temperatures  a r e  t y p i c a l l y  t h e  

lowest  p r a c t i c a l  -- l e ad ing  t o  increased  thermal  e f f i c i e n c y ,  and coo l ing  water 

pumping power requirements  a r e  gene ra l ly  a t  a minimum. However, l a r g e  quan- 

t i t i e s  of water  a r e  withdrawn from, hea t ed ,  and r e tu rned  t o  t h e  n a t u r a l  water 

bodies  -- poss ib ly  l e a d i n g  t o  l a rge - sca l e  mod i f i ca t ions  of t h e  thermal  regime 

of t h e  water  body. Th i s  may have a d i r e c t  e f f e c t  on t h e  eco log ica l  system of 

t h e  waterway. Water consumption is  minimal, bu t  n o t  n e g l i g i b l e ,  d u e o n l y  t o  t h e  

increased  evapora t ion  from t h e  water  body caused by t h e  e leva ted  temperature.  

It i s  es t imated  t h a t  t h e  i n c r e a s e  i n  evapora t ion  r a t e  i s  equ iva l en t  t o  about  



0.86 of t h e  t o t a l  coo l ing  water  requirement of t h e  p l a n t .  For example, a 

t y p i c a l  1000-MW nuc lea r  power p l a n t  might cause an  i n c r e a s e  i n  the evapora t ion  

r a t e  of 0.4 m 3 / s .  Land requirements  f o r  once-through cool ing  systeins a r e  

n e g l i g i b l e  r e l a t i v e  t o  o t h e r  cool ing  a l t e r n a t i v e s .  

Cooling ponds and spray  systems r e q u i r e  t h e  ded ica t ion  of s i g n i f i c a n t  

l and  a r e a s  and u s u a l l y  do n o t ~ y i e l d  cool ing  water temperatures  a s  low a s  

t hose  obta ined  by once-through cool ing .  For example, a 1000-MW power p l a n t  

t y p i c a l l y  would r e q u i r e  a cool ing  pond wi th  a s u r f a c e  of 1000-3000 a c r e s  (4-12 x 

l o 6  m2), wh i l e  100-150 a c r e s  (4-6 x 10' m2) would be  r equ i r ed  f o r  a spray  sys- 

t e m .  Cons t ruc t ion  and ,maintenance c o s t s  can be s u b s t a n t i a l  and, i n  t h e  case  

of spray  systems, t h e r e  a r e  increased  pumping c o s t s .  Water consumption is  e s t i -  

mated t o  be  20-50% h ighe r  than  f o r  once-through c ~ o l i n ~ . ~ ~ ~  Other than  t h e  

withdrawal of make-up water  and t h e  r e t u r n  of a l i m i t e d  amount of blowdown water ,  

coo l ing  ponds and closed-cycle  spray  systems have l i t t l e  e f f e c t  on t h e  n a t u r a l  

water  bodies .  Although open-cycle spray  systeAs may n o t  add s i g n i f i c a n t  amounts 

of h e a t  t o  t h e  n a t u r a l  water  bodies ,  they do d i v e r t  l a r g e  q u a n t i t i e s  of water  

and may have a cons ide rab le  e f f e c t  on t h e  aqua t i c  ecosystem. 

Evaporat ive cool ing  towers ,have  l a r g e  cons t ruc t ion  and maintenance 

c o s t s .  Because cool ing  capac i ty  depends on t h e  ambient wet-bulb temperature,  

t h e  r e s u l t i n g  coo l ing  water  temperatures  a r e  gene ra l ly  s i g n i f i c a n t l y  h ighe r  

than  those  of once-through cool ing  systems and t h e r e f o r e  l e a d  t o  less e f f i -  

c i e n t  power p l a n t  ope ra t ion .  Pumping power requirements  a r e  increased  over  

once-through coo l ing ,  and, i n  t h e  c a s e  of mechanical-draft  towers ,  e l e c t r i c a l  

power i s  r equ i r ed  t o  o p e r a t e  t h e  f a n  motors.  Cooling towers a r e  l a r g e  devices  

and can have a degrading e f f e c t  on t h e  a e s t h e t i c  va lue  of t h e  land  surround- 

i n g  a power p l a n t ,  e s p e c i a l l y  i n  t h e  case  of n a t u r a l  d r a f t  towers t h a t  r e q u i r e  

l a r g e  hyperbolic-shaped s t r u c t u r e s  up t o  150 m h igh .  Land use  is s i g n i f i c a n t  

b u t  n o t  excess ive .  A t y p i c a l  1000-MW p l a n t  would r e q u i r e  10-15 a c r e s  

(4-6 x l o 4  m2) f o r  n a t u r a l - d r a f t  towers and 45-68 a c r e s  (1.8-2.8 x lo5 m2) 

f o r  mechanical-draft  towers .3 Consumptive water  u se  is  60-100% h ighe r  than  

f o r  once-through ~ o o l i n ~ . ~ , ~  The water  added t o  t h e  atmosphere i n  a l o c a l i z e d  

a r e a  by evapora t ion  and d r i f t  from t h e  tower may have an  adverse  e f f e c t  on t h e  

l o c a l  microcl imate.  Mechanical-draft  towers ,  w i th  t h e i r  lower p r o f i l e s  (520 m), 

may be  p a r t i c u l a r l y  troublesome by caus ing  l o c a l  fogging and icing. .  A s  i n  t h e  

c a s e  of cool ing  ponds and spray  systems, evapora t ive  towers have l i t t l e  e f f e c t  



on t h e  n a t u r a l  water  body o t h e r  than  t h a t  due t o  t h e  withdrawal of makeup 

water  and t h e  r e t u r n  of blowdown. Typical  systems r e j e c t  only 1-3% of t h e  

waste  h e a t  w i t h  t h e  b l ~ w d o w n . ~  

Dry cool ing  towers have many of t h e  same drawbacks a s  t h e  evapora t ive  

towers ( l a r g e  c o n s t r u c t i o n  c o s t s ,  h igh  cooling-water temperatures ,  and l a r g e  

v i s u a l  impact) ,  a l though consumptive water  u se  and l o c a l  c l i m a t e  e f f e c t s  a r e  

minimal. Cooling water  temperatures  a r e  l i m i t e d  by t h e  ambient dry-bulb 

temperature,  and t h e r e f o r e  t h e s e  towers must be used wi th  s p e c i a l l y  designed 

high-backpressure t u r b i n e s  of lower e f f i c i e n c y .  The e f f i c i e n c y  of power 

p l a n t s  cooled wi th  dry towers is p r e s e n t l y  about 10-15% l e s s  than  power p l a n t s  

wi th  once-through o r  evapora t ive  cool ing .  Dry towers a r e  u s u a l l y  only  c o s t  

e f f e c t i v e  where water  s u p p l i e s  a r e  very  l i m i t e d .  Combined evapora t ive  and dry  

cool ing  systems, wet /dry towers,  may r e p r e s e n t  a  compromise between e f f i c i e n c y  

and water  consumption c o n s t r a i n t s .  

Table 1 shows t h e  e x t e n t  t o  which v a r i o u s  types  of cool ing  technology 

were used i n  1969 and 1974 as r epor t ed  by t h e  Federa l  Energy Regulatory 

  om mission.^ Although t h e  use  of c losed-cycle  cool ing  i s  inc reas ing ,  once- 

through cool ing  is  s t i l l  used ex tens ive ly .  

e  1. D i s t r i b u t i o n  of Use of Various Condenser Cooling 
Technologies f o r  Steam-Electric Power P l a n t s  a 
Expressed a s  Percent  of To ta l  I n s t a l l e d  Capacity 

Percent of Total 
Installed Capacity . 

Type of Cooling 1969 1974 

Once-Through 

Fresh 

Saline 

Total 

Closed-Cycle 

Ponds 

Towers 

combined Systems 

Total 

a~rom Federal Energy Regulatory C o ~ i s s i o n  Report, Ref. 2 .  



Stone and Webster Engineering corpora t ion7  analyzed t h e  r e s u l t s  of a 

survey of over 110 power gene ra t ing  u n i t s  ( r ep re sen t ing  a  t o t a l  c a p a c i t y  of 

over  72,500 MW) t o  de te rmine  t h e  c a p i t a l  c o s t s  of v a r i o u s  types  of cool ing  

systems. Resu l t s  were expressed a s  average c a p i t a l  c o s t  per  h e a t  d i s s i p a t i o n  

r a t e .  Based on t y p i c a l  power-plant h e a t  r e j e c t i o n  r a t e s  (.discussed i n  

Sec. 3 ) ,  t h e  c o s t ' p e r  gene ra t ing  capac i ty  can be c a l c u l a t e d .  These d a t a  were 

used t o  determine c o s t s  presented  i n  Table 2 f o r  fo s s i l - fue l ed  and nuc lea r  

p l a n t s  and f o r  new and r e t r o f i t t e d  coo l ing  systems. I n  terms of t h e  c a p i t a l  

c o s t  of t h e  coo l ing  system i t s e l f ,  once-through cool ing  us ing  a s imple shore- 

l i n e  d i scha rge  i s  t h e  l e a s t  expensive. The o t h e r  types  of systems have aver- 

a g e . c a p i t a 1  c o s t s  t h a t  a r e  comparable t o  one , ano the r  (except  coo l ing  ponds, 

where l and  a c q u i s i t i o n  c o s t s  were excluded bu t  could be l a r g e ) .  I n  any par- 

t i c u l a r  case ,  a  s i t e - s p e c i f i c  c a s e  s tudy  would be needed t o  s e l e c t  t h e  most 

a p p r o p r i a t e  system on t h e  b a s i s  of c o s t .  Stone and Webster a l s o  presented  

e s t i m a t e s  of t h e  performance l o s s e s  a s s o c i a t e d  wi th  t h e  v a r i o u s  types  of 

coo l ing  systems, bas'ed on t h e  r e s u l t s  of t h e  same survey. These e s t i m a t e s  

a r e  l i s t e d  i n  Table 3; The l o s s e s  a r e  due t o  t h e  h igher  cooling-water temper- 

a t u r e s  a s s o c i a t e d  wi th  closed-cycle  systems, increased  pumping-power r equ i r e -  

ments, and a u x i l i a r y  power requirements  t o  o p e r a t e  f a n s  and spray  systems, 

I n  g e n e r a l ,  r e t r o f i t t e d  systems s u f f e r  g r e a t e r  l o s s e s  because p r e e x i s t i n g  

t u r b i n e s  t h a t  have no t  been matched t o  t h e  cool ing  system must be used.  It 

i s  d i f f i c u l t  t o  determine t h e  incrementa l  c a p i t a l  c o s t  of the v a r i o u s  closed-  

c y c l e  cool ing  systems over  t h a t  of a  s imple once-through cool ing  system from 

t h e  r e s u l t s  of t h i s  survey because of t h e  wide range  of s i t e - s p e c i f i c  f a c t o r s  

t h a t . e n t e r  i n t o  t h e  c o s t  a t  any one si te.  

United Engineers  and Cons t ruc tors ,  Inc.,  prepared a  d e t a i l e d  c a p i t a l  

c o s t  a n a l y s i s  of s e v e r a l  d i f f e r e n t  h y p o t h e t i c a l  power p l a n t s  u s ing  v a r i o u s  

coo l ing  systems a t  a  h y p o t h e t i c a l  r i v e r  site.8 The power p l a n t s  considered 

were: a  120U-MW pres su r i zed  water  r e a c t o r  (PWR) nuc lea r  p l a n t ,  a  1200-MW 

b o i l i n g  water r e a c t o r  (BWR) nuc lea r  p l a n t ,  a  1200-MW c o a l  (h igh  and low s u l f u r  

con ten t )  p l a n t ,  and a  800-MW c o a l  (h igh  and low s u l f u r  con ten t )  p l a n t .  The 

es t imated  c a p i t a l  c o s t s ,  a l though s i t e  dependent,  a r e  a l l  c a l c u l a t e d  

on a  common b a s i s ,  i n  c o n t r a s t  t o  t h e  Stone and Webster survey r e s u l t s  

t h a t  a r e  based on averages of c a p i t a l  c o s t s  repor ted  by many d i f f e r e n t  

power p l a n t s .  The survey r e s u l t s  i n d i c a t e  a  s i g n i f i c a n t  amount of v a r i a -  

t i o n  among. t h e  d i f f e r e n t  p l a n t s  surveyed due t o  s i t e  and des ign  d i f f e r e n c e s .  



a Table 2. Cap i t a l  c o s t s  of Various Types of Cooling Systems 

b 
Cooling System Cost /Generating Capacity (Dollars/MW) 

F o s s i l  Nuclear 

Cooling System Type New R e t r o f i t  New R e t r o f i t  

Simple Shore l ine  Discharge 14,200 + 8,300 - 20,600 + 12,000 - 
Off shore  Di f fuse r  25,300 4 11,300 10,500 + 4,000 36,600 + 16,400 15,200 + 5,900 

d Closed-Cycle : 

Mechanical Dra f t  Towers 25 ,9002  7,800 2 6 , 1 0 0 +  12,200 37,500 1 11,200 37,800 + 17,600 

Natura l  Dra f t  Towers 29,700 + 6,900 35,400 + 10,300 43,000 + 10,000 51,300 + 14,900 

Spray Systems 28,500 + 8,900 - 41,300 + 12,800 - 

Cooling Ponds 19,800 + 3,300 - 28,700 + 4,800 - 
a .  . . 

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

b ~ d j u s t e d  t o  J u l y  1977, inc ludes  i n t e r e s t  and e s c a l a t i o n  dur ing  cons t ruc t ion ,  + one s tandard d e v i a t i o n  
noted. 

C Simple s h o r e l i n e  i n t a k e  assumed. 

d ~ a n d  a c q u i s i t i o n  c o s t s  no t  included. 



a 
Table  3 .  Performance Losses Associated wi th  Various Types of Cooling Systems 

Energy Lossb (Percent) 
I Capab i l i t y  LossC (Percent )  

F o s s i l  Nuclear F o s s i l  Nuclear 

Cooling System Type New R e t r o f i t  NEW R e t r o f i t  New R e t r o f i t  New R e t r o f i t  

d --d 
Once-Through : 

Simple Shore l ine  Discharge Base Base Base Base Base - Base Base Base 

Off sho re  D i f fu se r  0.2C 0.20 0.28 0.28 0.20 0.20 0.28 0.'28 
03 

Closed-Cycle: 

Mechanical Dra f t  Towers 0.7 1 . 3  2 1 . 3  2.2 k 0 - 7  4.2 t '3 .1 1 . 5  2.3 2 1 .8  2.9 ? 1.1 4.5 + 2.6 

Na tu ra l  Dra f t  Towers 0.6 1 .0  + 0.2 . 1 . 9  ? '1.0 3.0 + '1.4 1 .8  ~ 2 . 8  t '2.0 3 .2  2 '1.1 4.9 2 1 . 6  

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

b 
Energy l o s s  i xc ludes  l o s s  due t o  increased  t u r b i n e  backpressure and energy r equ i r ed  t o  o p e r a t e  cool ing 
system..  

C 
Capab i l i t y  l o s s  is  l o s s  of peak gene ra t i ng  .:apacity. 

d 
Simple s h o r e l i n e  i n t a k e  assumed. 



Incrementa l  c a p i t a l  c o s t s  of c losed-cyc le  cool ing  systems over a  s imple  once- 

through cool ing  system can e a s i l y  be e x t r a c t e d  from t h e  United Engineers  and 

Cons t ruc to r s  r e s u l t s .  These - a r e  l i s t e d  i n  Table  4 i n  terms of c a p i t a l  c o s t s  

per  g r o s s  gene ra t i ng  capac i ty .  The n e t  gene ra t i ng  c a p a c i t y  of each of t h e  

p l a n t s  u s ing  each of t h e  coo l ing  systems was a l s o  c a l c u l a t e d .  The l o s s  i n  

peak 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  coo l ing  system compared t o  s imple  once- 

through coo l ing  can  be c a l c u l a t e d  and is  a l s o  included i n  t h e  t a b l e .  The 

c a p i t a l  c o s t s  of c losed-cyc le  coo l ing  systems are t y p i c a l l y  $9,000-$12,000 per  

MW higher  t han  f o r  a s imple once-through coo l ing  system, and peak c a p a c i t y  i s  

decreased  by about  1-114%. 

Once-through coo l ing  i s  e v i d e n t l y  t h e  l e a s t  c o s t l y  a l t e r n a t i v e  i n  terms 

of c o n s t r u c t i o n ,  maintenance, and o p e r a t i o n .  However, many concerns have 

been r a i s e d  r ega rd ing  t h e  environmental e f f e c t s  on n a t u r a l  water  bodies  of 

withdrawing, h e a t i n g ,  and r e t u r n i n g  l a r g e  volumes of wa te r .  C l e a r l y ,  t h e s e  

concerns must be weighed a g a i n s t  economic c o n s i d e r a t i o n s  i n  t h e  d e t e r m i n a t i o n ,  

of a  coo l ing  system d e s i g n  f o r  any s p e c i f i c  c a s e ,  and i t  i s  apparen t  t h a t  t h e  

ba lance  cannot  be determined a p r i o r i  f o r  o r  a g a i n s t  once-through cool ing .  

~cono'mic c o n s i d e r a t i o n  of any coo l ing  system must i nc lude  n o t  on ly  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 ,  maintenance, and o p e r a t i o n  but  a l s o  t h e  

energy c o s t s  i n  terms of e f f e c t  on power-cycle e f f i c i e n c y  and a u x i l i a r y  

power consumption r equ i r ed  t o  o p e r a t e  t h e  cool ing  system. I n  f a c t ,  i t  may be  

most economical t o  employ a mix of once-through coo l ing  and evapora t ive  towers 

o r  spray  systems t o  avoid d e t r i m e n t a l  impact t o  t h e  a q u a t i c  environment.  

Evapora t ive  towers  o r  sp ray  systems may be  used i n  t h e  convent iona l  c losed-  

c y c l e  mode o r  t hey  may be  used i n  t h e  "helper"  mode t o  precool  t h e  e f f l u e n t  

a t  times when t h e  environment may be  a f f e c t e d  adve r se ly  by waste  h e a t  

d i s cha rges .  

1 . 2  ENVIRONMENTAL EFFECTS DUE TO ONCE-THROUGH COOLING 

w i t h i n  t h e  48 conterminous s t a t e s ,  approximately 30% of t h e  mean 

annual  runoff  i s  withdrawn by man from n a t u r a l  bodies  f o r  i n d u s t r i a l ,  commer- 

c i a l ,  a g r i c u l t u r a l ,  and municipal  use.  About one- th i rd  of t h i s  usage i s  f o r  

s t eam-e l ec t r i c  power p l a n t  cool ing ,  amounting t o  a n  average  r a t e  of withdrawal 

of f r e s h  water  f o r  cool ing  water  purposes  i n  1974 of  5623 m 3 / s  ( equ iva l en t  t o  



Table  4 .  Incremental  Cost of Closed-Cycle Cooling Towers over That  of a 
Simple Once-Through Cooling Systema 

Incremental  C a p i t a l  Cost/  
Power P l a n t  Generat ing Capacity Capab i l i t y  Loss b 

Cooling System (Dollars/MW) (Percent )  

1200-MW Nuclear (PWR) 

Simple Once-Through Cooling Base 

Mechanical Dra f t  Towers 11,600 

Na tu ra l  Dra f t  Tower 12,300 

1200-MW Nuclear (BWR) 

Simple Once-Through Cooling 

Mechanical Dra f t  Towers 

Nat1.1ral Draft Tower 

1200-MW Coa'l 

Simple ' o n c e - ~ h r o u ~ h  'Cool.ing 

lvlet i ihical  Uraf t Towers 

Na tu ra l  Dra f t  Tower 

Base 

1 . 9  

1 . 0  , '  

Base Base 

Base 

800-MW Coal 

Simple Once-Through Cooling Base Base 

10,500 Mechanical Dra f t  Towers 1.1 

Natura l  Dra f t  Tower 12,900 0.6 

a 
From United Engineers and Cons t ruc tors ,  I n c . ,  Ref. 8. 

b 
C a p a b i l i t y  ' l o s s  i s  l o s s  of peak gene ra t ing  capac i ty .  



about  11% of t h e  mean annual  r u n o f f ) .  A l l  bu t  about  2% of t h i s  water i s  

r e tu rned  t o  t h e  n a t u r a l  waterway ( a f t e r  accounting f o r  increased  evapora t ion  

r a t e s  due t o  e leva ted  temperatures)  . * However, because e l e c t r i c  power genera- 

t i o n  does  account f o r  t h e  temporary d i v e r s i o n  of a s i g n i f i c a n t  p o r t i o n  of t h e  

annual  r u n o f f ,  t h e  p o t e n t i a l  f o r  a cons iderable  impact on t h e  environment e x i s t s .  

The p o t e n t i a l  impact can be d iv ided  i n t o  t h r e e  c a t e g o r i e s :  (1) t h e  d i r e c t  

impact of drawing organisms i n t o  t h e  i n t a k e ,  t rapping  some of them on t h e  

sc reens  (impingement), and sending some of them through t h e  pump and-conden= 

s e r s  (entrainment)  back i n t o  t h e  water  body, (2)  t h e  impact on organisms t h a t  

a r e  en t r a ined  i n t o  t h e  heated plume without  having passed through t h e  p l a n t ,  

and (3 )  t h e  impact of t h e  r a i s i n g  of t h e  average temperature of a l o c a l  r eg ion  

of t h e  water body. 

The E f f e c t s  of Passage Through t h e  Power P l a n t :  The phys i ca l  withdraw- 

a l  of l a r g e  q u a n t i t i e s  of water from a n a t u r a l  water body can  p re sen t  a prob- 

lem i n  i t s e l f .  Large f i s h  may avoid t h e  in t ake ,  bu t  smal l  f i s h  and o t h e r  f r e e -  

swimming s p e c i e s  a r e  drawn i n t o  t h e  i n t a k e ,  t rapped by t h e  sc reens  (impingement) 

and a r e  e i t h e r  d i r e c t e d  back t o  t h e  water body o r  more o f t e n  des t royed .  Smaller 

organisms inc luding  plankton,  f i s h  eggs, and f i s h  l a r v a e  pass  through t h e  

sc reens  (entrainment)  and through t h e  condenser cool ing  system. These organ- 

i s m s  may undergo mechanical damage i n  t h e  pumps and condenser due t o  a b r a s i o n  

and p re s su re  changes, thermal shock i n  t h e  condenser,  and chemical shock due 

t o  t h e  presence of b ioc ides ,  o t h e r  water  t rea tment  chemicals ,  o r  c o r r o s i o n  

products .  The damage may no t  be l e t h a l  bu t  may a f f e c t  a n  organism's  a b i l i t y  

t o  su rv ive  once i t  is  r e tu rned  t o  t h e  water  body. I n  closed-cycle  systems a l l  

t h e  organisms drawn i n t o  t h e  i n t a k e  a r e  destroyed because t h e  water  is  n o t  

r e tu rned  d i r e c t l y  t o  t h e  n a t u r a l  waterbody. However, flow r a t e s  f o r  c losed-cycle  

systems a r e  much sma l l e r  than  those  f o r  once-through systems a s  only  make-up is  

r equ i r ed ,  and fewer numbers of organisms a r e  l i k e l y  t o  be  drawn i n t o  t h e  

system. 

The E f f e c t s  nf Passage Through t h e  Thermal Plume: -... Organisms can come 

t o  l i v e  i n  o r  pass  through t h e  thermal plume i n  any of s e v e r a l  ways. They 

can have passed through t h e  i n t a k e  and power p l a n t ;  they  can  be c a r r i e d  a long  

wi th  t h e  d i l u t i o n  water en t r a ined  i n t o  t h e  thermal  plume i n  t h e  mixing process ;  

they  can  be a t t r a c t e d  t o  ' t h e  warm water ,  e s p e c i a l l y  dur ing  win te r  months; o r  

they  can be sedentary  and e x i s t  n a t u r a l l y  i n  t h e  r e g i o n  t h a t  happens t o  be 



occupied by t h e  thermal  plume. The e f f e c t s  of l i v i n g  i n  o r  pass ing  through 

t h e  thermal  plume a r e  es t imated  t o  be f a r  less s e r i o u s  than  t h e  e f f e c t s  of 

pass ing  through t h e  power p l a n t  i t s e l f .  The se r iousness  of t h e  e f f e c t  depends 

on t h e  type  of organism, t h e  d u r a t i o n  of t h e  exposure, and t h e  temperature 

e l e v a t i o n  encountered. Indeed, t h e  thermal  e f f e c t  can  work both ways. F i s h  

t h a t  choose t o  l i v e  i n  t h e  plume may become accl imated t o  t h e  e l eva t ed  temper- 

a t u r e  and upon p l a n t  shutdown may undergo d e l e t e r i o u s  thermal  shock. I n  t h e  

c a s e  of a narrow waterway, such a s  a r i v e r  o r  e s t u a r y ,  t h e r e  i s  t h e  p o s s i b i l i t y  

t h a t  t h e  heated plume may s e r v e  t o  b lock  t h e  passage of anadromous s p e c i e s  and 

t h e r e f o r e  i n h i b i t  t h e i r  reproduct ion  c y c l e s .  

The E f f e c t s  of Regional Warming: Temperature p l a y s  a major r o l e  i n  

r e g u l a t i n g  t h e  l i f e  c y c l e s  of a q u a t i c  organisms. A c t i v i t y ,  feeding ,  growth, 

and r ep roduc t ion  a r e  ' a f fec ted  by temperature.  Secondary e f f e c t s  such as 

inc reased  bioaccumulation of t o x i c  m a t e r i a l s  can a l s o  occur  .' An,y change i n  

t h e  normal thermal c y c l e  of a water  body may a f f e c t  t h e  c h a r a c t e r  and s p e c i e s  

d i v e r s i t y  of organisms l i v i n g  t h e r e .  The growth of nu isance  organisms, such 

as c e r t a i n  types  of a l g a e ,  may be enhanced wi th  increased  temperature,  whi le  

r ep roduc t ion  of c e r t a i n  cold-water f i s h  can be s i g n i f i c a n t l y  reduced by e l e -  

va t ed  ' temperatures .  The e f f e c t s  of r e g i o n a l  warming c l e a r l y  depend on 

t h e  s i z e  and n a t u r a l  c h a r a c t e r i s t i c s  of t h e  water body. Large l a k e s  and open 

marine c o a s t a l  wa te r s  a r e  f lushed  by n a t u r a l  c u r r e n t s  and t i d e s ,  while smal l  

l a k e s  and r i v e r s  w i th  low f lows may stivw no tab le ,  p e r s i s t e n t  temperature 

a l t e r a t i o n s .  

Th i s  b r i e f  summary of t h e  types  of p o t e n t i a l  d e t r i m e n t a l  environmental 

e f f e c t s  due t o  once-through coo l ing  systems i s  of cou r se  r e s t r i c t u v e .  The magni- 

t ude  of and, indeed,  t h e  presence  o f  t h e  impacts vary  from s i t e  t o  si te.  The 

assessments  of ecosystem impacts (e.g., i n t a k e  impingement e f f e c t s  on waterbody- 

wide popu la t ions )  and of m i t i g a t i n g  s t r a t e g i e s  (e.g. ,  f i s h  s c reens )  a r e  them- 

s e l v e s  o f t e n  moot i s s u e s  and t h e  s u b j e c t  of ongoing research .  The i s s u e s  

considered i n  t h i s  r e p o r t  a r e  p r i m a r i l y  phys i ca l  i n  n a t u r e ,  and broader envi- 

ronmental problems are addressed only  i n  p a r t  and i n d i r e c t l y .  It should be 

noted ,  however, t h a t  t h e  environmental a c c e p t a b i l i t y  of once-through cool ing  

systems a t  s p e c i f i c  s i t e s  may we l l  h inge  on s i t e - s p e c i f i c  ecosystem impacts.  



1 .3  SCOPE OF ASSESSMENT OF ONCE-THROUGH COOLING. 

Various approaches have been used i n  t h e  des ign  of e x i s t i n g  and pro- 

posed once-through cool ing  systems f o r  t h e  d i s p o s a l  of waste h e a t .  Systems 

may u s e  l a r g e  coo l ing  water  flow r a t e s  and small  temperature r i s e s  o r  smal l  

flow r a t e s  and l a r g e  temperature r i s e s  t o  accommodate waste hea t  loads .  The 

d i scha rges  may have h igh  o r  low v e l o c i t i e s ;  they may be loca t ed  a t  t h e  shore- 

l i n e  o r  o f f sho re ;  they may be a t  t h e  water s u r f a c e  o r  submerged, o r  they  may 

have a  s i n g l e  p o r t  o r  m u l t i p l e  p o r t s .  The approach depends on t h e  type  of 

water body, t h c  s i z e  of t h e  p l a n t ,  and t h e  c o s t s  of cons t ruc t ion ,  ope ra t ion ,  

and maintenance. I n  a d d i t i o n ,  environmental c o n s t r a i n t s  a r e  u s u a l l y  imposed 

and o f t e n  a  judgement must be made a s  t o  which approach w i l l  r e s u l t  i n  t h e  

s m a l l e s t  de t r imen ta l  impact t o  t h e  environment. 

Large f low r a t e ,  low temperature r i s e  cool ing  systems reduce t h e  tem- 

p e r a t u r e  e l e v a t i n n s  experienced by t h e  r ece iv ing  water  but  i n c r e a s e  t h e  volume 

of water and, concomitant ly,  t h e  q u a n t i t y  of organisms t h a t  pass  through t h e  

system. Low-velocity d i scha rges  near  t h e  s u r f a c e  tend t o  a l low t h e  e f f l u e n t  

t o  f l o a t  on t h e  s u r f a c e  wi thout  much mixing and d i l u t i o n  wi th  ambient water .  

This  enhances t h e  r a t e  of h e a t  t r a n s f e r  t o  t h e  atmosphere but  a l s o  i n c r e a s e s  

t h e  magnitude of t h e  plume s u r f a c e  a r e a s  a s s o c i a t e d  wi th  l a r g e  temperature 

excesses  above ambient.  High-velocity d i scha rges  r e s u l t  i n  more r a p i d  mixing 

and thus  a r educ t ion  i n  t h e  s i z e  of t h e  r eg ion  a f f e c t e d  by h igh  temperatures .  

However, they  a l s o  i n c r e a s e  t h e  volume of water  a f f e c t e d  and u s u a l l y  i n c r e a s e  

t h e  depth  t o  which t h e  plume extends.  Sur face  d i scha rges  minimize t h e  e f f e c t  

on organisms t h a t  l i v e  i n  shal low,  s h o r e l i n e  r eg ions .  Genera l ly ,  mu l t ip l e -  

p o r t  d i scha rges  y i e l d  l a r g e r  i n i t i a l  d i l u t i o n s  wh i l e  s ing le-por t  d i scha rges  

con f ine  l a r g e  temperature excesses  t o  sma l l e r  volumes of water .  I n ' s m a l l  

water  bodies ,  r a p i d  ex t ens ive  mixing may n o t  a l low s u f f i c i e n t  h e a t  t r a n s f e r  

t o  t h e  atmosphere and t h e  o v e r a l l  temperature of t h e  water  body may inc rease .  

I n  l a r g e  water  bodies ,  where n a t u r a l  c u r r e n t s  and t i d e s  cause  f l u s h i n g ,  r a p i d  

mixing may be dcc i r ed  t o  make effect.i.ve u s e  of t h e  f l u sh ing .  

I n  t h e  p a s t ,  e l e c t r i c  power u t i l i t i e s  chose low-velocity,  s u r f a c e ,  

s h o r e l i n e ,  c a n a l  d i scha rges  because of t h e  r e l a t i v e l y  lower c o s t s  of con- 

s t r u c t i o n  and maintenance and because of t h e  l a r g e r  i n i t i a l  s u r f a c e  a r e a  pro- 

vided f o r  h e a t  t r a n s f e r  t o  t h e  atmosphere. P r e s e n t l y ,  i n  o rde r  t o  comply 

wi th  r e g u l a t o r y  s t anda rds  on plume s u r f a c e  a r e a s  and temperature e l e v a t i o n s ,  



high-ve loc i ty ,  submerged, o f f sho re ,  mul t ip le -por t  d i scha rges  a r e  being used 

t o  o b t a i n  g r e a t e r  degrees  of mixing and reduce t h e  volume of water  subjec ted  

t o  h ighe r  excess  temperatures .  ~ n v i r o m e n t a l  c o n s t r a i n t s  no twi ths tanding ,  i t  

is n o t  c l e a r  t h a t  a  s i n g l e  "best"  des ign  choice  e x i s t s  f o r  a l l  s i t u a t i o n s .  

Both environmental and economic f a c t o r s  must be examined t o  determine t h e  

b e s t  des ign  f o r  a s p e c i f i c  power-plant s i t e .  

Q u a n t i f i c a t i o n  of t h e  c o s t s  of t h e  environmental impacts of waste-heat 

d i s p o s a l  systems,  and indeed of t h e  impacts themselves,  is  o f t e n  e l u s i v e .  

consequent ly ,  gene ra l  conclus ions  regard ing  t h e  e f f i c a c y  of once-through 

coo l ing  systems i n  terms o f  t h e i r  environmental imapr.ts a r e  not poss ib l e .  

Environmental assessments  of once-through cool ing  systems a r e  gene ra l ly  made on 

a case-by-case b a s i s .  A s  mentioned previous ly ,  t h e  m a t t e r s  of primary concern 

i n  such assessments  a r e  t h e  e f f e c t s ' o f  t h e  impingement of organisms on t h e  

coo l ing  water i n t a k e s ,  of t h e  entrainment  of organisms i n t o  t h e  condenser 

system, of t h e  passage of organisms through t h e  thermal plume c r e a t e d  i n  t h e  

r e c e i v i n g  water body, and of t h e  l o c a l  warming of t h e  water  body i n  t h e  v i c in -  

i t y  of t h e  d ischarge .  A l l  of t h e s e  i s s u e s  a r e  h igh ly  dependent on s i t e - s p e c i f i c  

c o n d i t i o n s  and i n t a k e  and d i scha rge  des igns .  However, t h e  two l a t t e r  concerns 

a r e  addressed d i r e c t l y  i n  water  q u a l i t y  s t anda rds  and g u i d e l i n e s  by lurans of 

g e n e r a l  r e s t r i c t i o n s  on t h e  temperature e l e v a t i o n  above ambient and on t h e '  

p l ~ y s i c a l  exrenr  of such e l e v a t i o n s  permi t ted .  The i n t e n t  of t h i s  s tudy  was 

t o  i n v e s t i g a t e  t h e  f e a s i b i l i t y  of employing once-through coo l ing  systems t h a t  

do n o t  exceed t h e s e  r e s t r i c t i o n s .  

I n  t h i s  s tudy  r e s t r i c t i o n s  were examined regard ing  t h e  temperature e l e -  

v a t i o n s  above ambient water  temperatures  and on t h e  s i z e s  of mixing zones 

w i t h i n  which those  e l e v a t i o n s  may be exceeded. The r e s u l t s  of t h a t  examina- 

t i o n  a r e  presented  i n  Sec. 2 f o r  t h e  v a r i o u s  p o t e n t i a l  r e c e i v i n g  waters f o r  

waste  h e a t  from once-through cool ing:  r i v e r s ,  l a k e s ,  e s t u a r i e s ,  and marine 

c o a s t a l  waters .  I n  Sec. 3 ,  t y p i c a l  coo l ing  water  flow r a t e s  and power-cycle 

tempera ture  e l e v a t i o n s  of coo l ing  water  a r e  determined f o r  t y p i c a l  l a r g e  

f o s s i l - f u e l e d  and nuc lea r  e l e c t r i c  power p l a n t s .  The gene ra l  c h a r a c t e r i s t i c s  

of once-through-cooling d i scha rge  systems and t h e  p r e d i c t i v e  models and d a t a  

r ega rd ing  thermal plume behavior  a r e  summarized i n  Sec. 5. Given t h e  r e s t r i c -  

t i o n s  on plume behavior  i n  t h e  v a r i o u s  r e c e i v i n g  water  t ypes  and g iven  t h e  

coo l ing  water  d i scha rge  c h a r a c t e r i s t i c s ,  ana lyses  were made t o  determine,  i n  

genera2 terms, t h e  f e a s i b i l i t y  of e f f e c t i n g  once-through coo l ing  w i t h i n  t h e  



phys i ca l  environmental c o n s t r a i n t s .  Both s u r f a c e  and submerged 'd i scharge  

s t r u c t u r e s  were examined i n  terms of gene ra l i zed  r e s u l t s  based o n ' p r o t o t y p e  

f i e l d  measurements augmented by r e s u l t s  from phys i ca l  and mathematical model 

s t u d i e s .  The r e s u l t s  of measurements from s p e c i f i c  p l a n t s  o r  of s p e c i f i c  

p l a n t  des igns  a r e  g iven ,  where app ropr i a t e ,  as examples of s i t e - s p e c i f i c  

performance and c o n s t r a i n t s .  Guide l ines  were developed f o r  e i t h e r  t h e  l i m i t -  

ing  r ece iv ing  water  cond i t i ons  o r  t h e  d i scha rge  s t r u c t u r e  s i z e  and configura-  

t i o n  r equ i r ed  t o  s a t i s f y  phys i ca l  environmental c o n s t r a i n t s  f o r  r i v e r s  (Sec. 6 ) ,  

l a k e s  (Sec. 7), e s t u a r i e s  (Sec. 8),  and c o a s t a l  wa te r s  (Sec. 9 ) .  The t h r u s t  

of t h e  ana lyses  was t h e  formula t ion  of gene ra l  conclus ions  r ega rd ing  t h e  

e f f i c a c y  of once-through coo l ing  systems f o r  a v a r i e t y  of water environments,  

a s  s i t e  s p e c i f i c i t y  prec ludes  d e t a i l e d  conclus ions .  



2 THERMAL STANDARDS 

Concern i n  t h e  U.S. f o r  t h e  q u a l i t y  of t h e  environment as a whole, 

and water  r e sou rces  i n  p a r t i c u l a r ,  has  increased  g r e a t l y  i n  t h e  p a s t  20 

years .  The Fede ra l  Water P o l l u t i o n  Cont ro l  Act w a s  passed i n  1956, and t h e  

Water Qual i ty  Act of 1965 amended t h e  o r i g i n a l  Act and s p e c i f i e d  t h a t  water  

q u a l i t y  c r i t e r i a  and s t anda rds  be developed. The National  Technology Advisory 

Committee (NTAC) t o  t h e  Sec re t a ry  of t h e  I n t e r i o r  developed water  q u a l i t y  c r i -  

t e r i a  and publ ished t h e i r  recrommendations~ i n  A p r i l ,  1968. I n  t h e  meantime, 

i n d i v i d u a l  s t a t e s  i n s t i t u t e d ,  wi th  t h e  approval  of t h e  Sec re t a ry  of t h e  I n t e -  

r i o r ,  t h e i r  own s t anda rds  f o r  t h e  v a r i o u s  a s p e c t s  o f  water  q u a l i t y  i nc lud ing  

temperature.  I n  1970, t h e  du ty  of oversee ing  t h e  i n s t i t u t i o n  of s t anda rds  by 

i n d i v i d u a l  s t a t e s  was t r a n s f e r r e d  t o  t h e  Administrator  of t h e  newly formed 

U.S. Environmental P r o t e c t i o n  Agency (U.S. EPA). By 1971, most s t a t e s  had 

some form of approved s t anda rds  f o r  maximum temperature and maximum tempcra- 

t u r e  i n c r e a s e s  above ambient water  temperature.  Maximum temperature r e s t r i c -  

t i o n s  ranged from 60.0°F (15.6OC) t o  96.8OF (36.0°C) dependSng upon t h e  s t a t e  

and t h e  type  of water body. Maximum a l lowable  temperature i n c r e a s e s  above 

ambient ranged from 0-20.0 F0 (0-11.1 CO) depending on t h e  type  of water  body 

.and i t o  n a t u r a l  .Cei i~pei .aLu~e.  

The NTAC a l s o  s e t  f o r t h  recommendations f o r  temperature s t anda rds  

w i t h i n  t h e i r  w a t e r  q u a l i t y  c r i t e r i a  . They recdmmended a maximum pe rmis s ib l e  

tempera ture  rise above n a t u r a l l y  e x i s t i n g  temperatures  of 5.0 F0 (2.8 CO) f o r  

s t reams and 3.0 k 0  (1.7 CO) f o r  l a k e s .  They a l s o  recommended t h a t  co ld  water  

f i s h e r i e s . ( t r o u t  and salmon waters )  n o t  be  d i s t u r b e d .  I n  marine and e s t u a r i n e  

environments,  they  recommended t h a t  monthly. maximum d a i l y  , t empera tures  a t  a 

s i t e  n o t  be  r a i s e d  by more than  4.0 F0 (2.2 CO) i n  t h e  win te r  ( ~ e p t e m b e r - ~ a y )  

o r  more than  1.5 F0 (0.8 CO) i n  summer (June-August). I n  a d d i t i d n ,  t h e  NTAC 

recommended t h a t  mixing zones should be as smal l  a s  p o s s i b l e  and should be 

determined on a case-by-case b a s i s .  A mixing zone is  a r eg ion  near  t h e  d i s -  

charge  s t r u c t u r e  w i t h i n  which t h e  excess  temperature s t anda rds  do n o t  apply  

( t h a t  is ,  w i t h i n  which s t anda rds  may be exceeded).  

The U.S. Environmental P r o t e c t i o n  Agency eva lua ted  t h e  state s t anda rds  

and at tempted t o  guide  t h e  s t a t e s  i n  r e v i s i n g  t h e i r  s t anda rds  s o . a s  t o  be 

more p r e c i s e  and uniform. The U.S. EPA supported t h e  NTAC recommendations 

and used them as g u i d e l i n e s  i n  t h i s e f f o r t .  A s  a r e s u l t ,  many s t a t e  s t anda rds  

r e f l e c t  t h e s e  recommendations. 



In .1972 ,  Congress adopted t h e  Federa l  Water P o l l u t i o n  Cont ro l  Act 

Amendments (.Public Law 92-500). The Act s e t s  t h e  goa l  of e l i m i n a t i n g ' t h e  

d i scha rge  of p o l l u t a n t s  i n t o  navigable  waters  by 1985 (.Section 101) ;  waste  

h e a t  i s  s p e c i f i c a l l y  included a s  a p o l l u t a n t .  Sec t ion  301 of t h e  Act i s  con- 

cerned wi th  e x i s t i n g  sources'  of p o l l u t i o n  and r e q u i r e s  t h e  a p p l i c a t i o n  of t h e  

b e s t  p r a c t i c a b l e  c o n t r o l  technology c u r r e n t l y  a v a i l a b l e  by J u l y  1, 1977, and 

t h e  a p p l i c a t i o n  of t h e  b e s t  a v a i l a b l e  technology economically ach'ievable 

(BATEA) by J u l y  1, 1983. Sec t ion  306 of t h e  Act s t a t e s  t h a t  new sources  must 

employ " the  b e s t  a v a i l z b l e  demonstrated c o n t r o l  technology, process ,  opera t -  

ing  methods, o r  o t h e r  a l t e r n a t i v e s ,  i nc lud ing ,  where p r a c t i c a b l e ,  a  s tandard  

pe rmi t t i ng  no d i scha rge  of p o l l u t a n t s . "  The EPA i n t e r p r e t s  "best  a v a i l a b l e  

technology" f o r  t h e  d i s s i p a t i o n  of waste  h e a t  a t  l a r g e  (>25 MW) s team-e lec t r ic  

power p l a n t s  t o  be closed-cycle  evapora t ive  cool ing .  Sec t ion  316(a) of t h e  

Act,  however, a p p l i e s  s p e c i f i c a l l y  t o  waste  h e a t  and a u t h o r i z e s  t h e  Adminis- 

t r a t o r  of t h e  EPA t o  impose a l t e r n a t i v e  e f f l u e n t  l i m i t a t i o n s  on a case-by-case 

b a s i s  such t h a t  t h e  "p ro t ec t ion  and propagat ion of a balanced indigenous 

popula t ion  of s h e l l f i s h ,  f i s h  and w i l d l i f e "  i n  and on t h e  r e c e i v i n g  water body 

can be assured .  

The U.S. EPA has developed g u i d e l i n e s  f o r  t h e  p repa ra t ion  of documents 

t o  support  a  r eques t  f o r  a Sec t ion  316 ( a )  exemption. l 1  Among o t h e r  t h i n g s ,  . 

t h e s e  g u i d e l i n e s  e s s e n t i a l l y  r e q u i r e  t h a t  t h e  phys i ca l  c h a r a c t e r i s t i c s  of t h e  

thermal plume be documented, based on e i t h e r  f i e l d  measurements i n  t h e  c a s e  of 

e x i s t i n g  d i scha rges  o r  engineer ing  e s t i m a t e s  i n  t h e  c a s e  of proposed d i scha rges .  

A survey conducted by Nat iona l  Economic Research Assbc ia tes  , I n c  . ,.' of power 

p l a n t s  u s ing  o r  in tending  t o  u se  open-cycle coo l ing  systems as of t h e  end of 

1977 showed t h a t  59.3% (by gene ra t ing  capac i ty )  has  app l i ed  f o r  Sec t ion  316(a)  

exemptions. Of t h e  exemptions app l i ed  f o r ,  41.5% (by capac i ty )  had been 

g ran ted ,  57.2% were pending, and 1 .3% had been denied .  

The purpose of t h i s  s tudy  was a n  examination of t h e  v a r i o u s  types  of 

d i scha rge  concepts  a v a i l a b l e  f o r  once-through cool ing  systems t o  de te rmine  t h e  

circumstances under which each type  might be  environmental ly  accep tab le .  

Because t h e  ques t ion  of a c c e p t a b i l i t y  i s  c l e a r l y  s i t e  dependent and must be 

addressed on a case-by-case b a s i s ,  some gene ra l  c r i t e r i a  had t o  be  s e l e c t e d  

and used t o  determine a c c e p t a b i l i t y .  Any such gene ra l  c r i t e r i a  can  only  be 

used as g u i d e l i n e s  o r  f o r  i n i t i a l  sc reening  purposes,  because they  cannot t a k e  



i n t o  account t h e  v a r i a b i l i t y  and d i s t r i b u t i o n  'of a q u a t i c  organisms p r e s e n t  a t  

a p a r t i c u l a r  s i t e .  While 'not  , t h e  s o l e  c r i t e r i o n ,  complia-nce o r  . l a c k  of com- 

p l i a n c e  wi th  tempera ture  and mixing zone s t anda rds  is  o f t e n  included i n  t h e  

development and eva lua t ion  'of argumelits concerned wi th  t h e  a c c e p t a b i l i t y  of a  

thermal  d i scha rge .  Therefore ,  s p e c i f i c  temperature and mixing zone r equ i r e -  

ments ,were  used i n  t h i s  s tudy  t o  compare, c o n t r a s t ,  and e v a l u a t e  t h e  pe r fo r -  

mance of v a r i o u s  types  of d i scha rges  i n  v a r i o u s  types  of r ece iv ing  wa te r s .  

S t a t e  water  q u a l i t y  s t anda rds  vary  from s t a t e  t o  s t a t e ,  and a t  the 

present ,many a r e  undergoing review by . the U.S. EPA. A s  noted above, many a r e  

pa t t e rned  a f t e r  t h e  recommendations of t h e  NTAC and the re f  o r e  t h e s e ,  tempera- 

t u r e  s t anda rds  were s e l e c t e d  f o r  u s e  i n  t h i s  s tudy.  The maximum a l lowable  
3 .  

t empera ture  r i s e s  above ambient o u t s i d e  a  mixing zone near  t h e  d i scha rge  po in t  

a r e  summarized i n  Table 5  f o r  various types  nf water. bodies .  Mixing cone 

l i m i t a t i o n s  were not  s p e c i f i e d  e x p l i c i t l y  by t h e  NTAC but  a r e  t o  be determined 

on a  case-by-case b a s i s .  However, recommendations t o  be considered when 

e s t a b l i s h i n g  mixing zone l i m i t a t i o n s  were set fo r th .1°  A s  a  g u i d e l i n e ,  i n  t h e  

c a s e  of s t reams,  t h e  mixing zone should be  l i m i t e d  t o  l e s s  than  25% of t h e  

c r o s s - s e c t i o n a l  a r e a  o r  of t h e  volume f low of t h e  s t ream. I n  gene ra l ,  t h e  

maximum d i s t a n c e ,  i n  f e e t ,  t n  the edge of the  mixing zonc i n  any d i r c c t i o u  

should 11oL exceed t h e  number obta ined  by mul t ip ly ing  t h e  numerical v a l u e  of 

t h e  squa re  r o o t  of t h e  d i scha rge  f low r a t e ,  i n  m i l l i o n s  of g a l l o n s  per  .day,  

Table 5 .  Typica l  Excess Temperature (Above 
Ambient) Standards a s  Recommended 
by t h e  MTAC 

Water Body A Tmax 
( F O )  AT (CO) 

max 

Streams and Rivers  5.0 2.8 

Lakes 3.0 1 . 7  

E s t u a r i e s  and Marine 
Coas ta l  Waters - 

Summer 1 . 5  0.8 



by 200; and i n  no c a s e  t o  exceed 5,280,f t :  I n  S.I .  u n i t s ,  t h i s  l i m i t  can be  

expressed as :  

Lmz < J ~ ~ l ( 1 . 2  x lo-' m/s) f o r  Q < 30 m 3 / s ,  a n d .  
P  

< 1600 m f o r  Q > 30 m 3 / s  
P  

where 

Lm z  = maximum e x t e n t  of mixing zone, and 

QP 
= d i scha rge  f low r a t e  of t h e  p l a n t .  

This  recommendation i s  cons iderably  more re laxed  than  t h a t  suggested by many 

s t a t e  r e g u l a t i o n s .  I n  f a c t ,  most s t a t e  r e g u l a t i o n s  s p e c i f y  t h a t  t h e  mixing . 

zone be e s t a b l i s h e d  on a  case-by-case b a s i s .  When mixing zones a r e  de f ined ,  

they a r e  o f t e n  s t a t e d  i n  terms of s u r f a c e  a r e a s  o r  a r e a s  equ iva l en t  t o  c i r c l e s  

of s p e c i f i e d  r a d i i .  The s p e c i f i e d  r a d i i  t y p i c a l l y  range from 300 f t  (91  m) 

t o  1000 f t  (305 m). The corresponding s u r f a c e  a r e a s  range from 6.5 a c r e s  

(2.6 x l o 4  m2) t o  72 a c r e s  (2 .9  x l o 5  m2). For purposes of eva lua t ing  t h e  

v a r i o u s  d i scha rge  types ,  two'mixing zone s u r f a c e  a r e a  r e s t r i c t i o n s ,  co r r e -  

sponding t o  t h e s e  extremes, were considered i n  t h i s  s tudy .  

For t h e  purpose of t h i s  s tudy  excess  temperatures  were d e a l t  wi th ,  pre- 

c luding  t h e  n e c e s s i t y  of d e f i n i n g  "ambient temperature." It should be  noted,  

however, t h a t  s p e c i f i c a t  i ons  of "ambient" o r  "na tu ra l  water  temperature" 

vary  and a r e  s u b j e c t  t o  s e v e r a l  i n t e r p r e t a t i o n s  due t o  temporal and s p a t i a l  

v a r i a t i o n s  i n  water temperatures  i n  n a t u r a l  water bodies .  



3 HEAT REJECTION RATE 

Modern s team-elec t r i c  power p l a n t s  can  be d iv ided  i n t o  two c a t e g o r i e s  

depending o n ' t h e  f u e l  used -- f o s s i l  o r  nuc lea r .  The b a s i c  process  f o r  pro- 

ducing e l e c t r i c  power is  t h e  same f o r  both types.  High-pressure,  h i g h - t q p e r -  

a t u r e  steam is  produced i n  a boTler u s ing  h e a t  e i t h e r  from t h e  combustion of 

f o s s i l  f u e l s  o r  from a c o n t r o l l e d  nuc lea r  r e a c t i o n .  The steam i s  passed 

through a turb ine , -genera tor  u n i t  t h a t  conve r t s  thermal energy t o  mechanical 

a i d  t hen  e l e c t r i c a l  energy.  The spent  low-pressure steam is condensed and 

r e tu rned  t o  t h e  b o i l e r  t o  complete t h e  c y c l e .  The wss tc  hea t  removed fruul t h e  

low-pressure steam i n  a condenser must be  disposed of through e i t h e r  a 

c losed-cyc le  coo l ing  system, such a s  cool ing  towers,  o r  an  open-cycle system 

t h a t  t r a n s f e r s  t h e  h e a t  t o  a n-e tura l  water body. I n  e i t h e r  case, t h e  heat  

e v e n t u a l l y  reaches  t h e  atmosphere. Although t h e  b a s i c  process  i s  t h e  same 

f o r  both types  of f u e l s ,  s a f e t y  l i m i t a t i o n s  on t h e  ope ra t ing  p re s su res  and 

t a u p e r a t u r e s  of a nuc lea r  r e a c t o r  r e s u l t  i n  lower thermal e f f i c i e n c i e s  and 

t h e r e f o r e  l a r g e r  q u a n t i t i e s  of waste h e a t  per  u n i t  of e l e c t r i c  power genera- 

t i o n  f o r  nuc lea r  p l a n t s .  Therefore,  f o r  t h e  purposes of t h i s  s tudy ,  i t  was 

necessary  t o  conqider  power p l a n t s  i n  both  of t h e s e  c a t e g o r i e s .  

I n  t h e  c a s e  of f o s s i l - f u e l e d  p l a n t s ,  about  36% of t h e  energy used by 

t h e  p l a n t  ends up a s  . e l e c t r i c  energy, about 15% of t h e  energy i s  l o s t  d i r e c t l y  

t o  t h e  atmosphere through t h e  smokestack and with in  the plant ,  and t h e  rc- 

maining 49% of t h e  energy exids up i n  t h e  form of waste h e a t  t o  be d i s s i p a t e d  by 

t h e  coo l ing  system. A s  a r e s u l t ,  about 1 .4  u n i t s  of waste  h e a t  energy a r e  de l iv -  

e r ed  t o . t h e  cool ing  water  system f o r  each u n i t  of el.er.t,ric energy generated,  
. . 

I n  a nuc lea r  p l a n t ,  on ly  about  32% of t h e  energy used by thc p lnn t  ecds up as 

e l e c t r i c  energy. In-plant  l o s s e s  account  f o r  5Pt and t h c  remainillr  G3X of 
' 

t h e  energy must be  d i s s i p a t e d  a s  waste  hea t .  Consequently, f o r  each u n i t  of 

e l e c t r i c  energy genera ted ,  about  2.0 u n i t s  of waste  hea t  a r e  produced. It is  

ev iden t  t h a t  .nuc lear  power . p l a n t s  must d i spose  o£ about  45% more waste  h e a t  

t han  a f o s s i l - f u e l e d  p l a n t  of t h e  same gene ra t ing  capac i ty .  ' . 

The r a t e  a t  which waste  h e a t ,  dH/dt,  is de l ive red  t o  t h e  coo l ing  water 

system by t h e  condensers  can  be r e l a t e d  t o  t h e  cooling-water f low r a t e ,  Q 
P ' 

and t h e  r e s u l t i n g  temperature r i s e ,  ATo, by: 



where : 

P = d e n s i t y  of water , '  and , 

c  = hea t  capac i ty  of water .  
P  

The hea t  r e j e c t i o n  r a t e ,  dH/dt, is d i r e c t l y  r e l a t e d  t o  t h e  p l a n t  c a p a c i t y ,  C ,  

by t h e  f a c t o r s  d i scussed  above (1.4 f o r  f o s s i l - f u e l e d  p l a n t s  and 2.0 f o r  nu- 

c l e a r  p l a n t s ) .  The cooling-water flow r a t e  and r e s u l t i n g  temperature i n c r e a s e  

can then  be r e l a t e d  t o  t h e  p l a n t  capac i ty  by: 

where : 

(m3/s)c0 f o r  f o s s i l - f u e l e d  p l a n t s ,  and K = 0.33 MW 

K Z 0 . 4 7  (m31s)c0 MW f o r  nuc lear  p l a n t s .  

The temperature r f s e ,  ATo, experienced by t h e  cool ing  water i n  t h e  

condensers  depends on t h e  p a r t i c u l a r  power p l a n t  des ign .  A survey of over 50 

power p l a n t s  y ie lded  a  range f o r  AT of 4.6-17.5' C O  wi th  a n  average va lue  of 
0 

10 .0  C O .  This  average v a l u e  of 10.0 C O  appears  t o  be somewhat t y p i c a l  of new, 

l a r g e  power p l a n t s  and was used throughout t h i s  s tudy  a s  a  b a s i s  f o r  comparing 

and c o n t r a s t i n g  t h e  e f f i c a c y  of v a r i o u s  once-through-cooling-system d i scha rge  

types .  

Over t h e  next  5-10 yea r s ,  new genera t ing  capac i ty  i s  expected t o  be 

made up of an  approximately equal  mix of nuc lear  and f o s s i l - f u e l e d  p l a n t s .  

New capac i ty  w i l l  be  p r imar i ly  made up of l a r g e  genera t ing  u n i t s  wi th  capac- 

i t i e s  i n  t h e  500-1000 MW range.  For t h e  purposes of t h i s  s tudy ,  Iuui  ~ y p i c a l  

l a r g e  gene ra t ing  u n i t s  were considered -- a  500-MW f o s s i l - f u e l e d  p l a n t ,  a  

500-MW nuclear  p l a n t ,  a  1000-MW f o s s i l - f u e l e d  p l a n t ,  and a  1000-MW nuc lea r  

p l a n t .  I f  a  temperature rise of 10.0 C 0  i s  assumed, t h e  cooling-water flow- 

r a t e  requirement  of each of t h e s e  p l a n t s  can be est imated from t h e  previous  

d i s c u s s i o n  of hea t  r e j e c t i o n  r a t e s .  These es t imated  f low r a t e s  a r e  l i s t e d  i n  

Table 6. Although a c t u a l  flow r a t e s  and temperature r i s e s  w f l l  vary soraewhat 

wi th  p l a n t  des ign ,  t h e  t o t a l  h e a t  r e j e c t i o n  r a t e s  corresponding . to  t h e  v a l u e s  

of Qp and AT i n  Table 6  w i l l  be  approximately c o r r e c t .  
0 



Table  6 .  Typica l  Large Power P l a n t  
C a p a c i t i e s  and Assumed 
Cooling Water Character-  
i s t i c s  

- -  

P l a n t  AT ( C O )  Q ~ ( ~ ~ / s )  
0 

- -  

500-MW F o s s i l  10 .0  16.5 

500-MW Nuclear 10.0 23.5 

1000-MW F o s s i l  10 .0  33.0 

1000-MW Nuclear 10.0 47.0. 



4 DILUTION REQUIREMENTS 

I n  o rde r  t h a t  once-through cool ing  systems of s team-e lec t r ic  power 

p l a n t s  meet t h e  temperature s t anda rds  d iscussed  i n  Sec. 2 ,  o r  indeed any tem- 

p e r a t u r e  s t anda rds ,  t h e  heated e f f l u e n t  must mix s u f f i c i e n t l y  wi th  t h e  ambient 

r ece iv ing  water t o  reduce  t h e  excess  temperature (above t h e  n a t u r a l l y  occurrkng 

ambient temperature)  below t h e  s p e c i f i e d  maximum. I n  t h e  c a s e  of s u r f a c e  d i s -  

charges ,  t h i s  mixing must occur  near  t h e  s u r f a c e  w i t h i n  t h e  mixing zone. I n  

t h e  c a s e  of submerged d i scha rges ,  some mixing wi th  ambient water occurs  by 

t h e  t ime t h e  heated (buoyant) e f f l u e n t  reaches  t h e  su r f ace .  The d i l u t i o n  at 

t h e  poin t  where t h e  e f f l u e n t  reaches  t h e  s u r f a c e  (corresponding t o  t h e  h ighes t  

excess  temperature a t  t h e  su r f ace )  is  r e f e r r e d  t o  a s  t h e  minimwn surface 

di lu t ion .  I f  t h e  excess  temperature a t  t h i s  po in t  exceeds t h e  1imi.t s e t  by 

t h e  a p p r o p r i a t e  temperature s t anda rd ,  a d d i t i o n a l  mixing must occur a f t e r  t h e  

e f f l u e n t  has su r f  aced,  w i t h i n  some s p e c i f i e d  mixing zone. 

I f  i t  i s  assumed t h a t  t h e  temperature of t h e  ambient r ece iv ing  water 

is  a t  approximately t h e  same temperature a s  t h e  coo l ing  water a t  t h e  system 

in take ,  and t h a t  t h e  temperature of t h e  cool ing  water is r a i s e d  by about 

10.0 C0 (18.0 FO), then t h e  temperature s t anda rds  impose a lower l i m i t  on t h e  

d i l u t i o n  t h a t  must be achieved.  I n  a c t u a l i t y ,  coo l ing  water i n t a k e s  a r e  

o f t e n  designed t o  withdraw water from below t h e  s u r f a c e  where cooler  tempera- 

t u r e s  may e x i s t  due t o  n a t u r a l  temperature s t r a t i f i c a t i o n .  This  procedure may 

a l low t h e  d i l u t i o n  requirements  t o  be re laxed  somewhat because t h e  w a t e r  is 

"precooled" compared t o  n a t u r a l  ambient temperatures  a t  t h e  s u r f a c e  where 

mixing zone r e s t r i c t i o n s  axe o f t e n  app l i ed .  Fu r the r ,  temperature s t r a t i f i -  

c a t i o n  and t h e  r e s u l t i n g  d e n s i t y  s t r a t i f i c a t i o n  can  i n h i b i t  v e r t i c a l  mixing 

w i t h i n  t h e  ambient r e c e i v i n g  water  body, markedly reducing t h e  mixing a t t a i n e d  

by a shal low,  s u r f a c e  d ischarge  d ischarg ing  i n t o  a t h i n  s u r f a c e  l a y e r  above a 

sha l low thermocline. A s  water  temperature s t r a t i f i c a t i o n  is s i t e - s p e c i f i c  and 

seasona l ly  v a r i a b l e  and may a i d  o r  i n h i b i t  d i l u t i o n  depending on t h e  s i t u a t i o n ,  

i t  was not considered i n  t h i s  s tudy  of t h e  e f f i c a c y  of  v a r i o u s  types  of once- 

through coo l ing  d ischarges .  

For t h e  purposes of t h i s  s tudy ,  t h e  minimum d i l u t i o n  t h a t  must be at- 

t a ined  was e s t b a t e d  by t h e  r a t i o  of t h e  tenper .a ture  risc a c r o s s  t h e  condens.er 

to  t h e  maximum temperature r i s e  allowed by t h e  t y p i c a l  temperature standar.d.s. 

Table 7 l ists t h e  minimum d i l u t i o n  requirements  f o r  t h e  v a r i o u s  types  of r e -  

ce iv ing  waters  and cor.r.esponding temperature s t anda rds  .discussed i n  Sec. 2. 



Table 7. D i l u t i o n  Requirements f o r  Various 
Receiving Water Bodies Assuming a 
Typica l  I n i t i a l  Excess Temperature 
of 10.0 C0 

Water Body ATmax (CO D i l u t i o n  

Streams and R ive r s  2.8 3.6 

Lakes 1 .7  6.0 

E s t u a r i e s  and Marine 
Coas ta l  Waters - 

Winter 

Summer 

I n  t h i o  otudy, i t  was asswnerl t11a.t. these d i l ~ ~ i 0 i i 8  must be met w i t h i n  

a mixing zone t h a t  - ( l )  does  no t  have a s u r f a c e  a r e a  t h a t  exceeds a s p e c i f i c  

limf t, and (2) does n o t  ( , in t h e  c a s e  o£ streams, ri:ve.rs, and narrola. conf 5 ncd 

reaches  of e s t u a r i e s )  encompass more than  25% of t h e  c ros s - sec t iona l  a rea  

o r  volume, flow of t h e  water  passage. , The a r e a  l i m i t  of t h e  f i r s t  r e s t r i c t i o n  

i s  u s u a l l y  s p e c i f i e d  on a case-by-case b a s i s .  I n  t h i s  s tudy ,  two v a l u e s  

(2.6 x l o 4  m2 and 2.9 x l u 5  m2) were considered, correspn<ding t o  t h e  lower 

and upper limits of t h e  range  of mixing zone s u r f a c e  a r e a s  u s u a l l y  s p e c i f i e d .  



5 TECHNIQUES AVAILABLE FOR THERMAL PLUME ASSESSMENT 

There a r e  almost a s  many types  of once-through-cooling d i scha rge .de -  

s i g n s  a s  t h e r e  a r e  power p l a n t s ,  and s e v e r a l  techniques a r e  a v a i l a b l e  f o r  t h e  

p r e d i c t i o n . o f  t h e  behavior of thermal plumes from such d i scha rges .  In t ake  

and d ischarge  conf igu ra t ions  a r e  u s u a l l y  developed f o r  each power p l a n t  s i t e  

t o  meet t h e  requirements  of l o c a l  s h o r e l i n e  and bottom topography and natu- 

r a l l y  occurr ing  c u r r e n t s  a n d . t i d a 1  flows. However, t h e  v a r i o u s  d i scha rge  

des igns  t h a t  have been u t i l i z e d  can  be d iv ided  i n t o  t h r e e  b a s i c  c a t e g o r i e s :  

s h o r e l i n e  s u r f a c e  d i scha rges ,  s ing le-por t  submerged d i scha rges ,  and submerged 

m u l t i p o r t  d i f f u s e r s .  . 

Shore l ine  s u r f a c e  d i scha rges  have long been used by power p l a n t s  t o  

r e t u r n  t h e  heated e f f l u e n t  t o  t h e  n a t u r a l  water body. Besides having a  low 

c a p i t a l  c o s t ,  t h i s  type  of o u t f a l l  i s  e a s i l y  maintained.  The i d e a l i z e d  sur -  

f a c e  d i scha rge  (Fig. 1 )  is  an  open r ec t angu la r  channel te rmina t ing  a t  t h e  

s h o r e l i n e ,  however, a  g r e a t  d e a l  of v a r i a t i o n  i n  a c t u a l  con f igu ra t ions  e x i s t s .  

The o u t f a l l  may c o n s i s t  of a  conc re t e  o r  s t e e l  channel w i th  a  r e c t a n g u l a r  

c r o s s  s e c t i o n  o r  i t  may c o n s i s t  of a  dredged channel wi th  an i r r e g u l a r  c r o s s  

s e c t i o n .  The flow may be d i r e c t e d  perpendicular  t o  t h e  s h o r e l i n e ,  o r  i t  may 

be d i r e c t e d  a t  a n  ang le  t o  t ake  advantage of n a t u r a l  c u r r e n t s ,  a s  i n  t h e  c a s e  

of r i v e r s .  The channel may end a t  t h e  s h o r e l i n e  o r  i t  may extend some d i s -  

tance  i n t o  t h e  water body. Discharge v e l o c i t i e s  a r e  u s u a l l y  low (-0.5 m/s) ,1 

but  may be a s  high a s  s e v e r a l  meters  a  second. Many mathematical models 

have been developed t o  d e s c r i b e  and p r e d i c t  t h e  behavior of s u r f a c e  d i scha rges ,  

and . severa l  of , the  more o f t e n  c i t e d  models inc lude  those  of P r i t c h a r d  ,I2 * I 3  

Stolzenbach and ~ a r l e m a n , ' ~  and S h i r a z i  and ~ a v i s . '  These and many o t h e r s  

have been d iscussed  i n  Refs. 16-19. Attempts a t  v e r i f i c a t i o n  of t h e s e  models 

have met wi th  l i m i t e d  success .  No s i n g l e  mathematical model has  been demon- 

s t r a t e d  t o  be gene ra l ly  a p p l i c a b l e  t o  t h e  wide spectrum of d i scha rge  configu- 

r a t i o n s  and r ece iv ing  water c o n d i t i u ~ ~ s  eacountered i n  p r a c t i c e .  

1n r e c e n t  yea r s  more s t r i n g e n t  thermal s tandards  and a  c h a n g e i n  t h e  

philosophy of d i spos ing  of waste hea t  have brought about  increased  use  of 

submerged d ischarges .  Submerged d i scha rges  a r e  u s u a l l y  designed t o  have 

higher  o u t f a l l  v e l o c i t i e s  than  s u r f a c e  d i scha rges .  Such submerged d i scha rges  

a r e  o f t e n  used f o r  ocean sewage n i l t f a l l s  where high d i l u t i o n  i s  achieved by 

j 'et-induced entrainment .  Cons t ruc t ion  ' c o s t s  g e n e r a l l y  make t h i s  a l t e r n a t i v e  
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Fig. 1. I d e a l i z e d  Shore l ine  Surface  O u t f a l l  and Single-  
Po r t  Submerged O u t f a l l  



more expensive than  a  s u r f a c e  d i s cha rge ,  but  submerged d i scha rges  may y i e l d  

h igher  i n i t i a l  d i l u t i o n s ,  t hus  enabl ing  thermal  s t anda rds  t o  be m e t  wi thout  

r e s o r t i n g  t o  c losed-cyc le  cool ing  systems. Submerged d i scha rges  can  be d i -  

vided i n t o  two c a t e g o r i e s  -- s ing l e -po r t  d i s cha rges  and m u l t i p o r t  d i f  f u s e r s .  

The i d e a l i z e d  s ing l e -po r t  submerged d i scha rge  (F ig .  1 )  i s  a n  open 

round p ipe  l oca t ed  i n  deep water  so  t h a t  boundaries ,  inc lud ing  t h e  bottom 

and s u r f a c e ,  have l i t t l e  i n f l u e n c e  on t h e  behavior  of t h e  e f f l u e n t .  I n  

p r a c t i c e ,  t h e  depth  a t  which t h e  o u t f a l l  can be  placed is  l i m i t e d  by t h e  

bottom topography of t h e  r e c e i v i n g  water body, c o n s t r u c t i o n  c o s t s  t o  r each  a  

g iven  depth ,  and ope ra t i ng  c o s t s  t o  pump t h e  coo l ing  water t o  t h a t  o f f s h o r e  

l o c a t i o n .  Fu r the r ,  t h e  o u t f a l l  may n o t  n e c e s s a r i l y  be a  s i n g l e  round F o r t ,  i t  

may be.made up of one o r  more c l o s e l y  spaced p o r t s  of a r b i t r a r y  shape t h a t  

do n o t  n e c e s s a r i l y  d i s cha rge  i n  a  u n i d i r e c t i o n a l  manner. I f ,  however, t h e  

p o r t  s e p a r a t i o n  becomes l a r g e  w i t h  r e s p e c t  t o  t h e  p o r t  s i z e  and t h e  o v e r a l l  

l e n g t h  of t h e  d i s cha rge  s t r u c t u r e  becomes l a r g e  w i th  r e s p e c t  t o  t h e  dep th  

of t h e  r e c e i v i n g  water ,  t h e  d i s cha rge  i s  r e f e r r e d  t o  a s  a  submerged m u l t i p o r t  

d i f f u s e r .  Many i n v e s t i g a t o r s ,  such a s  Fan and ~ r o o k s , ~ '  ~ i r s t  ,21 Koh and 

  an, 2 2  and S h i r a z i  and ~ a v i s  , have developed and app l i ed  mathematical models 

t h a t  d e s c r i b e  t h e  behavior  of s i n g l e  submerged j e t s  under s i m p l i f i e d  and 

approximate s i t u a t i o n s  t h a t  make t h e  r e s u l t i n g . e q u a t i o n s  t r a c t a b l e .  Applica- 

t i o n  of any one of t h e s e  models t o  an a c t u a l  d i s cha rge  s i t e  r e q u i r e s  t h a t  

t h e  l i m i t a t i o n s  of t h e  model be c a r e f u l l y  examined i n  l i g h t  of t h e  c o n d i t i o n s  

t h a t  a c t u a l l y  e x i s t  a t  t h e  s i t e .  

The i d e a l i z e d  submerged m u l t i p o r t  d i f f u s e r  c o n s i s t s  of many round p o r t s  

spaced uniformly a long  a  long p ipe  ( t h e  d i f f u s e r  p ipe)  l o c a t e d  a t  t h e  bottom 

of t h e  r e c e i v i n g  water body. The coo l ing  water  f lows  from t h e  power p l a n t  t o  

t h e  d i f f u s e r  p i p e ' t h r o u g h  a  feeder  p ipe  bur ied  under t h e  bottom. Again, many 

v a r i a t i a n s  - e x i s t .  The i n d i v i d u a l  d i s c h a r g e  p o r t s  may be d i r e c t e d  v e r t i c a l l y  

o r  h o r i z o n t a l l y ;  they  a3.I may be d i r e c t e d  in t h e  same d i r e c t i o n  o r  they  may 

be d i r e c t e d  i n  a l t e r n a t e  d i r e c t i o n s .  The p o r t s  may be spaced s u f f i c i e n t l ' y .  

f a r  a p a r t  s o  t h a t  they behave' a s  i n d i v i d u a l  submerged p o r t s  o r  they  may be  

c l o s e  enough toge ther '  so  t h a t  t h e  jets  quick ly  merge and behave l i k e  a  s i n g l e  

long s l o t .  The p o r t s  may be d i r e c t e d  a t  r i g h t  a n g l e s  t o  t h e  d i f f u s e r  p ipe  

o r  p a r a l l e l  t o  i t ;  t h e  d i f f u s e r  p ipe  may be o r i e n t e d  p a r a l l e l  t o  t h e  dominant 

n a t u r a l  c u r r e n t  o r  i t  may be a t  r i g h t  a n g l e s  t o  it. The p a r t i c u l a r  de s ign  



depends on the  c u r r e n t s ,  t i d a l  f lows,  depth ,  and o t h e r  c h a r a c t e r i s t i c s ~ o f  t h e  

r e c e i v i n g  water and t h e  d i l u t i o n s  t h a t  must be a t t a i n e d .  Four genera l '  types' 

o f , m u l t i p o r t  d i f f u s e r s  t h a t  are o f t e n  considered a r e  dep ic t ed  i n  Fig. 2. The 

co-flowing d i f f u s e r  has  t h e  d i f f u s e r  p ipe  o r i e n t e d  perpendicular  t o  t h e  domi- 

nant  ambient c u r r e n t  d i r e c t i o n ,  and t h e  ind iv idua l  p o r t s  a r e  d i r e c t e d  i n  t h e  . . 

same d i r e c t i o n  a s  t h e  ambient flow. The "tee" d i f f u s e r  has  t h e  d i f f u s e r  p i p e  

o r i e n t e d  p a r a l l e l  t o  t h e  shore  and t h e  ind iv idua l  p o r t s  a r e  d i r e c t e d  i n  t h e  

o f f  sho re  d i r e c t i o n .  A f low of ambient water i s  induced' over t h e  d i f f u s e r  by 

t h e  momentum of t h e  e f f l u e n t .  The a l t e r n a t i n g  d i f f u s e r  d i r e c t s  t h e  e f f l u e n t  

i n  both d i r e c t i o n s  perpendicular  t o  t h e  d i f f u s e r  p i p e , . r e s u l t i n g  i n  t h e  i n t r o -  

d u c t i o n  of no n e t  h o r i z o n t a l  momentum. under s t aanan t  r ece iv ing  water  condi- 

t i o n s ,  t h i s  type  of d i f f u s e r  depends p r i m a r i l y  on buoyancy-driven f lows ' to  

d i s p e r s e  t h e  heated e f f l u e n t .   he d i f f u s e r  p ipe  of a  s taged  d i f f u s e r  is  

o r i e n t e d  perpendicular  t o  ' t h e  shore  and t h e  ind iv idua l  p o r t s  a r e  d i r e c t e d  i n  

CQ- FLOWING 

ALTERNATING 

Fig.. 2. Submerged M u l t i p o r t . D i f f u s e r  Design Concepts 



t h e  o f f sho re  d i r e c t i o n .  A genera l  a n a l y s i s  of t h e  behavior of such m u l t i p o r t  

d i f f u s e r s  does not e x i s t .  For mu l t ipo r t  d i f f u s e r s  i n  deep water ,  S h i r a z i  and 

~ a v i s ~ ~  employed t h e  r e s u l t s  of i n t e g r a l  ana lyses  t o  prepare  a  compi la t ion  of 

plume c h a r a c t e r i s t i c s .  They used s i n g l e  round p o r t  r e s u l t s  u n t i l  ad j acen t  

j e t s  merged and then app l i ed  t h e  r e s u l t s  of long s i n g l e - s l o t  ana lyses .  I n  t h e  

c a s e  of long m u l t i p o r t  d i f f u s e r s  i n  shal low water ,  ana lyses  such a s  t hose  by 

  dams, 24 J i r k a  and ~ a r l e m a n ,  and Almquist and ~ t o l z e n b a c h ~ ~  have been used.  

Mathematical.models such a s  t hose  mentioned above, t h a t  a t tempt  t o  pre- 

d i c t  t h e  behavior of t h e  e f f l u e n t  from a once-through-cooling system d i scha rge ,  

can be r e l i e d  on t o  g i v e  only  genera l  e s t ima te s  of plume c h a r a c t e r i s t i c s  and 

d i l u t i o n s .  These models r e q u i r e  s impl i fy ing  approximations and assumptions 

i n  order  toU a l low a s o l u t i o n  t o  be obtained wi th  a  reasonable  amount of compu- 

t a t i o n a l  e f f o r t .  Usual ly ambient c u r r e n t s  must be assumed t o  be uniform i n  

space and time. Ambient c u r r e n t  shear  t h a t  o f t e n  e x i s t s  due t o  wind-induced 

s u r f a c e  c u r r e n t s  and p e r i o d i c a l l y  vary ing  c u r r e n t s  t h a t  e x i s t  a t  e s t u a r i n e  

s i t e s  a r e  neglec ted .  Shore l ine  and bottom topography must b e . s i m p l i f i e d  o r  

e v e n ' e n t i r e l y  omit ted from cons ide ra t ion .  O u t f a l l  geometry usua l ly  has  t o  be 

schematized i n  some manner t o  f i t  t h e  assumptions. of t h e  model. S t r a t i f i c a t i o n  

i n  t h e  r ece iv ing  water o f t e n  must be neglec ted  o r ,  a t  most, approximated by 

some simple func t ion .  The d e t a i l e d  e f f e c t s  of winds, s o l a r  r a d i a t i o n ,  s u r f a c e  

hea t  exchange, and o the r  l e s s  d i r e c t  i n f luences  on t h e  plume a r e  o f t e n  ne- 

g l ec t ed .  The temperature and v e l o c i t y  s t r u c t u r e s  w i th in  t h e  d i scha rge  - jet .. 

usua l ly  a r e  approximated by some convenient  a n a l y t i c a l  d i s t r i b u t i o n  t h a t  o f t e n  

does not  a l low f o r  asymmetries. The f low es tab l i shment  reg ion  j u s t  beyond t h e  

o u t f a l l  i s  o f t e n  d e a l t  wi th  by means of a s imple semi-empirical t rea tment .  

The important phys i ca l  phenomena themselves,  such a s  entrainment  and i n t e r -  

a c t i o n  wi th  t h e  ambient c u r r e n t ,  must be modeled i n  an  approximate way t h a t  

o f t e n  involves  c o e f f i c i e n t s  t h a t  must be determined from experiment o r  d a t a  

f i t t i n g .  Entrainment is  o f t e n  descr ibed  i n  terms of a  s imple entrainment  

c o e f f i c i e n t  o r  spreading r a t e .  I n t e r a c t i o n  wi th  t h e  ambient c u r r e n t  i s  u s u a l l y  

t r e a t e d  i n  analogy t o  form drag  on a  s o l i d  body us ing  a  drag  c o e f f i c i e n t .  A l l  

of t h e s e  s i m p l i f i c a t i o n s  and approximations used i n  developing p r e d i c t i v e  mathe- 

ma t i ca l  models make i t  e s s e n t i a l  t h a t  s p e c i f i c  p r e d i c t i o n s  be used wi th  cau- 

t i o n  un le s s  t h e  model has  been ve r i f5ed  under similar circumstances by compar- 

i s o n  wi th  experimental  d a t a .  



Laboratory-scale  phys i ca l  modeling i s  an  a d d i t i o n a l  p r e d l c t i v e  t o o l  

f o r  t h e  des ign  of once-through-cooling d i scha rge  systems and f o r  t h e  a s se s s -  

ment of thermal  plume behavior.  Phys ica l  o r  hydrau l i c  models of heated water 

d i s c h a r g e s  o f t e n  provide  t h e  means of i n v e s t i g a t i n g  s i t e - s p e c i f i c  f e a t u r e s  

and complex d i scha rge  geometr ies  t h a t  may no t  be p r e s e n t l y  amenable t o  mathe- 

m a t i c a l  modeling. I n  f a c t ,  phys i ca l  modeling is  one of t h e  p r i n c i p a l  s t a t e -  

o f - the -a r t  t o o l s  employed i n  t h e  des ign  of submerged d i f f u s e r  systems. While 

pe rmi t t i ng  the  i n c l u s i o n  of many s i t e - s p e c i f i c  a s p e c t s  of both t h e  r ece iv ing  

w a t e r  and the  d i scha rge ,  phys i ca l  models a r e  not  without  their 1imitat i .nns.  

App l i ca t ion  of hydrodynamic s c a l i n g  laws is  requi red  f o r  t h e  proper s imu la t ion  

of plume and ambient water behavior a t  reduced geometric s c a l e s .  For near- 

f i e l d  o r  near-discharge plume behavior ,  exper ience  has  indicated t h a t  s c a l i n g  

by means of t h e  dens ime t r i c  Froude number i s  appropr i a t e .  For t h e  in te rmedia te -  

f i e l d  and f a r - f i e l d  r eg ions  of t h e  plume, ambient tu rbulence  and i n t e r f a c i a l  

mixing processes  a r e  more important  than  jet-induced mixing, and d i f f e r e n t  

s c a l i n g  laws may be appropr i a t e .  Thus, i n  most ca ses ,  i t  i s  d i f f i c u l t  t o  model 

e x a c t l y  t h e  e n t i r e  thermal plume o r  r e c e i v i n g  w a t e r  r eg ion  a f f e c t e d  by t h e  

plume i n  a  s i n g l e  phys i ca l  model. This  problem i s  sometimes solved i n  p a r t  

by t h e  u s e  of more than  one phys i ca l  model o r  a  combinatian of physical.  and 

mathematical models f o r  t h e  d i f f e r e n t  r eg ions  of interest.  The phycicol  s i z e  

of t h e  model may be a  c o n s t r a i n t  on t h e  r eg ion  modeled, and hea t  bui ldup o r  

exchange a L  model boundaries  can  p re sen t  problems. Wind e f f e c t s  cannot h e  

modeled we l l ,  and s u r f a c e  h e a t  exchange i n  t h e  l a b o r a t o r y  i s  d i f f e r e n t  than  

i n  t h e  pro to type  and must be co r r ec t ed  f o r .  Ambient c u r r e n t s  and d e n s i t y  

s t r a t i f i c a t i o n  a r e  u s u a l l y  handled in a  schematic f a s h i o n  i n  phys i ca l  models. 

Despi te  t h e  l i m i t a t i o n s  inhe ren t  i n  phys i ca l  modeling, c a r e f u l  i n t e r -  

p r e t a t i o n  of t h e  r e s u l t s  from well-designed, %&boratory-scale  models provides 

a n  important  p r e d i c t i v e  t o o l .  Because many of t h e  thermal s t anda rds  r e q u i r e  

that s u b s r a n t i a l  mixing occur  i n  t h e  nea r - f i e ld  r eg ion ,  t h e  r e s u l t s  of physi- 

c a l  modeling a r e  p a r t i c u l a r l y  h e l p f u l .  Although most phys i ca l  model s t u d i e s  

a r e  designed f o r  s p e c i f i c  s i t e s ,  some s t u d i e s  provide d a t a  on gene r i c  d ischarge  

types  t h a t  a r e  more g e n e r a l l y  app l i cab le .  

The r e s u l t s  of f i e l d  measurements of thermal plumes of pro to type  s c a l e s  

a t  e x i s t i n g  power p l a n t s  a r e  l e s s  numerous than  mathematical o r  phys i ca l  model 

r e s u l t s .  While such measurements do inco rpora t e  many of t h e  f a c t o r s  omit ted 



o r  poorly represen ted  i n  mathematical and phys i ca l  models (such a s  winds, com- 

p l ex  ambient c u r r e n t s ,  e t c . ) ,  they s u f f e r  from t h e  l i m i t a t i o n s  of s i te  s p e c i f i -  

c i t y  and of r e l a t i v e l y  uncont ro l led  experimental  cond i t i ons .  The f a c t  t h a t  

p ro to type  measurements i nc lude  a l l  of t h e  complexi t ies  of t h e  " r e a l  environ- 

ment" is  a  double-edged sword: on one s i d e ,  t h e  e f f e c t s  of many v a r i a b l e s  

a r e  d i f f i c u l t  t o  d i s agg rega t e  t o  provide meaningful g e n e r a l i z a t i o n s ,  and, on 

t h e  o t h e r ,  p ro to type  measurements are t h e  on ly  source  of d a t a  t h a t  r e f l e c t  t h e  

aggrega te  e f f e c t  of t h e  processes  a t  work. Cognizance'of t h e  e f f e c t s . o f  t h e  

v a r i a b i l i t y  of r e c e i v i n g  water  cond i t i ons  on plume m e a ~ u r e m e n t s * ~  and selec- 

t i v e  a p p l i c a t i o n  of t h e  r e s u l t s  t o  s i m i l a r  c a s e s  a l l ow  some g e n e r a l i z a t i o n s  

' t o  be  gleaned from p ro to type  d a t a .  I n  t h i s  r e p o r t ,  p ro to type  d a t a  are examined 

and used,  where a v a i l a b l e  and a p p r o p r i a t e ,  t o  provide e s t i m a t e s  of t h e  ranges  

of cool ing  water d i s cha rge  performance. 



6 ONCE-THROUGH COOLING ON RIVERS 

6.1 GENERAL FEATURES 

The major c h a r a c t e r i s t i c s  of a r i v e r  t h a t  are important  i n  a s s e s s i n g  

i t s  e f f e c t i v e n e s s  a s  a r ece iv ing  water  body f o r  t h e  purposes of once-through 

coo l ing  a r e  (1) l i m i t e d  l a t e r a l  e x t e n t ,  (2) e s s e n t i a l l y  u n i d i r e c t i o n a l  flow, 

and ( 3 )  l i m i t e d  f low r a t e .  Limited l a t e r a l  e x t e n t  impl ies  t h a t  both banks of 

a r i v e r  may in f luence  t h e  behavior of t h e  thermal e f f l u e n t ,  a l though t h e  degree  

of i n f luence  c l e a r l y  depends on t h e  s i z e  of t h e  thermal  d i scha rge  and t h e  

f low c h a r a c t e r i s t i c s  and geometry of t h e  r i v e r .  For a  s u f f i c k e n t l y  smal l  

thermal  d i scha rge  o r  a s u f f i c i e n t l y  l a r g e  r i v e r ,  t h i s  i n f luence  may be mini- 

inal, bu t ,  i n  gene ra l ,  t h e  width of t h e  r ece iv ing  water must be taken i n t o  con- 

s i d e r a t i o n .  Th i s  i s  p a r t i c u l a r l y  t r u e  i n  t e r m s  nf t h ~  mixing zone requirements  

t h a t  gene ra l ly  l i m i t  t h e  ex t en t  of t h e  mixing zone t o  l e s s  than  25% of t h e  

c ros s - sec t iona l  a r e a  o r  volume f low of t h e  r i v e r ,  The f low i n  a  r i v e r  i s  

g e n e r a l l y  u n i d i r e c t i o n a l ,  bu t  t h e  volume f l u x  may vary  s i g n i f i c a n t l y ,  espe- 

c i a l l y  wi th  t h e  season. River f lows a r e  o f t e n  c o n t r o l l e d  .by dams t h a t  form 

run-of- the-r iver  r e s e r v o i r s .  These dams may se rve  h y d r o e l e c t r i c  genera t ing  

f a c i l i t i e s  t h a t  a c t  a s  "peaking" u n i t s .  River f low r a t e s  may' then vary  s ig -  

n i f i c a n t l y  wi th  d a i l y  and hour ly  f l u c t u a t i o n s  i n  e l e c t r i c  power demands. . 

During per iods  of extremely low flow, t h e  e f f l u e n t  from a once-through cool ing  

system may a c t u a l l y  extend upstream on t h e  s u r f a c e  i f  spreading  due t o  buoy- 

ancy exceeds t h e  e f f e c t  of t h e  downstream momentum of t h e  r i v e r  flow. Avail- 

a b i l i t y  of r i v e r  f low f o r  d i l u t i o n  can c l e a r l y  be a  l i m i t i n g  f a c t o r  i n , r e g a r d  

t o  t h e  u s e  of once-through coo l ing . sys t ems .  Other f a c t o r s  t h a t  may a f f e c t  

t h e  p o s i t i o n ,  e x t e n t ,  and d i s p e r s a l  of a . t he rma1  plume i n  a  r i v e r  a r e :  channel  

geometry, l a t e r a l  and v e r t i c a l  v a r i a t i o n s  i n  r i v e r  v e l o c i t y ,  temperature 

s t r a t i f i c a t i o n ,  and ambient turbulence.  

The water a v a i l a b l e  f o r  t h e  d i l u t i o n  of t h e  thermal e f f l u e n t  from a 

power p l a n t  on a r i v e r  i s ' l i m i t e d  by t h e  f i n i t e  f low r a t e  of t h e  r i v e r ,  

- p l a c i n g  an  upper l i m i t  on t h e  capac i ty  of a power p l a n t  w i t h  once-through 

coo l ing  t h a t  can be supported and s t i l l  meet t h e  temperature s t anda rds  d iscussed  

i n  Sec. 2. conversely,  f o r  a g iven  capac i ty ,  a  lower l i m i t  on r i v e r  f low r a t e  

e x i s t s .  I f  t h e  waste h e a t  is  f u l l y  mixed wi th  t h e  e n t i r e  f low of t h e  r i v e r ,  

t h e  l o w e r l i m i t  on t h e  r i v e r  flow r a t e ,  QR, t h a t  w i l l  s t i l l  meet t h e  excess  

temperature s tandard 
A Tmax f o r  a p l a n t  of capac i ty  C is  g iven  by 



where : 
( m 3 / s ) ~ "  K - 0.33 MW f o r  f o s s i l - f u e l e d  p l a n t s ,  and 

f o r  nuc lear  p l a n t s .  

For a  maximum temperature excess  of 5.0 FO (2.8 CO) a s  suggested by t h e  NTAC 

f o r  s t reams and r i v e r s ,  a  500-MW foss i l - fue l ed  p l a n t  would r e q u i r e  a r i v e r  

flow r a t e  of a t  l e a s t  59 m 3 / s ,  a  500-MW nuc lea r  p l a n t  85 m 3 / s ,  a  1000-MW f o s s i l -  

fue led  p l a n t  119 m 3 / s ,  and a  1000-MW nuc lea r  p l a n t  169 m 3 / s .  I n  p r a c t i c e ,  

complete mixing is no t  a t t a i n e d  nor allowed, and l a r g e r  r i v e r  f low r a t e s  a r e  

needed. This  example, however, i n d i c a t e s  t h a t  r i v e r  d i scha rge  w i l l  be an  

important f a c t o r  i n  determining when once-through cool ing  may be appropr i a t e .  

' 6.2 SHORELINE SURFACE DISC.mGES 

Shore l ine  s u r f a c e  d i scha rges  have been used by power p l a n t s  a long many 

r i v e r s ,  e s p e c i a l l y  i n  t h e  sou theas t e rn  U.S. Many of t h e s e  d i scha rges  were 

designed and b u i l t  be fo re  thermal s t anda rds  such a s  o u t l i n e d  i n  Sec. 2 were 

promulgated, and t h e  p r i n c i p a l  concern of t h e  des igne r s  of t h e s e  d i scha rges  

was t h e  avoidance of r e c i r c u l a t i o n  of t h e  heated e f f l u e n t  i n t o  t h e  cool ing  

water i n t akes .  To accomplish t h i s ,  wide, shal low,  low-veloci ty  o u t f a l l  channels  

a r e  used t o  conf ine  t h e  heated e f f l u e n t - t o  t h e  near -sur face  r eg ion  wi th  minimal 

v e r t i c a l  mixing. Skimmer wa l l s  a r e  o f t e n  employed i n  f r o n t  of t h e  i n t a k e s  t o  

e f f e c t  s e l e c t i v e  withdrawal .of  deep coo l  water .  F i e l d  measurements a t  s e v e r a l  

of ' t he se  power p l a n t  s i t e s  c a r r i e d  ou t  by Vanderb i l t  ~ n i v e r s i t ~ ~ ' , ~ ~  showed 

t h a t ,  i n  most . cases ,  s u r f a c e  plumes extended we l l  beyond t h e  limits of mixing 

zones t h a t  have s i n c e  been recommended. Tn fact ; the boundaries  of t h e  plumes 

o f t e n  extended beyond t h e  limits of t h e  f i e l d  surveys.  Three surveys  a t  t h e  

Widows Creek Steam P l a n t ,  however, d id  y i e l d  s u f f i c i e n t  d a t a  t o  determine t h e  

e x t e n t  of .  t h e  mixing zone def ined  i n  terms of a  d i l u t i o n  of 3.6 ( t y p i c a l  d i l u -  

t i o n  r equ i r ed  on r i v e r s ,  s e e  Sec. 4 ) .  

TVA's Widows Creek p l a n t  has  a  c a p a c i t y  of 1750 MW and i s  loca t ed  near  

Stevenson, Alabama, on t h e  Tennessee River.  The average width of t h e  r i v e r  

a t  t h a t  po in t  is  about 350 m and t h e  average depth, about 6  m. The o u t f a l l  

c ana l  i s  loca t ed  on one bank of t h e  r i v e r  and is  about  75 m wide and 1 . 8  m 



deep. From dat,g on plume s u r f a c e  a r e a s  w i t h i n  s p e c i f i c  i so thermal   contour^,^' 
a n  e s t i m a t e  can be made of t h e  s u r f a c e  a r e a  of t h e  zone requi red  t o  r each  a 

d i l u t i o n  of 3 .6.  These a r e a s ,  denoted A 
3.6'  

a r e  t abu la t ed  i n  Table 8 a s  a r e  

r i v e r  flow r a t e ,  QR, and average  r i v e r  v e l o c i t y ,  UR, du r ing  t h e s e  surveys.  

The Vermont Yankee Nuclear Power S t a t i o n  is  loca t ed  i n  Vernon, Vermont, 

' a long  t h e  Connecticut River .  It c o n s i s t s  of a s i n g l e  514-MW u n i t  o r i g i n a l l y  

designed f o r  once-through cool ing .  The r i v e r  is  about 490 m wide wi th  a n  aver- 

age  dep th  of about  4.5 m. Except dur ing  sp r ing  r u n o f f ,  r i v e r  f low i s  con- 

, t r o l l e d  by h y d r o e l e c t r i c  s t a t i o n s  about 1 km downstream. The o u t f a l l  s t r u c t u r e  

i s  about  32 m wide and c o n s i s t s  of a ramp-like s t r u c t u r e .  The s lope  such 

t h a t  t h e  d i scha rge  v e l o c i t y  is  about  1 .8  m / s  f o r  a l l  reasonable  d i scha rge  flow 

: rates. A t  t h e  normal d i scha rge  f low r a t e  0.f 23 m 3 / s ,  t h e  depth  a t  t h e  po in t  

o f , d i s c h a r g e  i s  0.4 m, r e s u l t i n g  i n  a very  shal low plume. The p l a n t  was r e t r o -  

f i t t e d  wi th  cool ing  towers and p r e s e n t l y  ope ra t e s  i n  a c losed-cycle  cool ing  

mode. However, i n  1974, many surveys  of t h e  thermal plume were c a r r i e d  ou t  

under v a r i o u s  d i scha rge  and r iver - f  low cond i t i ons .  30 The cool ing  towers were 

used t o  d i s s i p a t e  p a r t  of t h e  waste  hea t  so t h a t  t h e  plume could be s tud ied  

Table'8. Seleceed ~Cxing-Zone Uata f o r  Shore l ine  
Surface  Discharges on Rivers  

Power P l a n t  Qp (m3/s) Q~ h 3 / s )  up, (mls) 

6 7 741 3 .3  x l o 5  Widows Creek '0.33 

Vermont Yankee 6.7 

10.4 

15 .1  

17.3 

16.5 

Mont ice l lo  



under v a r i o u s  cool ing  water flow rates. The d a t a  were reduced i n  terms of 

s u r f a c e  a r e a  w i t h i n  i so thermal  contours  and were compiled i n t o  f i v e  groups by 

cool ing  water  flow r a t e  and r i v e r  f low r a t e .  The average a r e a  of t h e  mixing 

zone a s soc i a t ed  wi th  a  d i l u t i o n  of 3.6 f o r  each of t h e  f i v e  groups i s  g iven  

i n  Table 8 along wi th  t h e  average p l a n t  d i scharge  f low r a t e  and t h e  average . 

r i v e r  v e l o c i t y  (est imated from t h e  r i v e r  d i scha rge ) ,  t h e  r i v e r  width,  and t h e  

average r i v e r  depth .  

The Mont ice l lo  Nuclear Power Generating S t a t i o n  i s  loca t ed  on t h e  

M i s s i s s i p p i  River near  Monticel lo ,  Minnesota. It c o n s i s t s  of a s i n g l e  u n i t  

wi th  a  capac i ty  of 545 MW. A combination of mechanical d r a f t  towers and 

once-through cool ing  i s  used. During 1971-1973, 32 temperature surveys w e r e ,  

conducted by power company personnel  downstream of t h e  power p l a n t  under 

v a r i o u s  r i v e r  flow r a t e s .  These d a t a ' w e r e  analyzed by S te fan  e t  a1.3.l and 

d iv ided  i n t o  four  groups by r i v e r  f low r a t e .  The r i v e r  is  about 145 m wide 

a t  t h i s  po in t  wi th  an  average depth of 0.6-1.7 m f o r  t h e  r i v e r  f lows s tud ied .  

The average width and depth  of t h e  o u t f a l l  from t h e  s u r f a c e  s h o r e l i n e  d i s -  

charge c a n a l  v s r i c s  markedly wi th  r i v e r  flow r a r e .  For t h e  r i v e r  f low 

r a t e s  s tud ied ,  t h e  width v a r i e d  from 25-45 m and t h e  depth  from 0.5-1.5 m.  

The depth  of t h e  o u t f a l l  i s  j u s t  s l i g h t l y  l e s s  than  t h e  average depth  of t h e  

r i v e r .  The average s u r f a c e  a r e a  of t h e  mixing zone f o r  a  d i l u t i o n ~ o f  3.6 f o r  

each of t h e  fou r  d a t a  groups mentioned above a r e  repor ted  i n  Table 8. The 

p l a n t  d i scha rge  f low r a t e  w a s  r e l a t i v e l y  cons tan t ,  .whereas t h e  average  r i v e r  

v e l o c i t y  v a r i e d  s u b s t a n t i a l l y .  The two c a s e s  f o r  low r i v e r  v e l o c i t y  (0.70 and 

0.88 m/s) correspond t o  ve ry  shal low average r i v e r  depths  (0.65 and 0.83 m). 

The shal lowness~may have placed a s i g n i f i c a n t  l i m i t a t i o n  on v e r t i c a l  mixing 

and t h e r e f o r e  r e s u l t e d  i n  t h e  l a r g e  mixing zone s u r f a c e  a r e a s  observed. 

I n  o r d e r  t o  u se  t h e  r e s u l t s  of t h e s e  f i e l d  measurements t o  e s t i m a t e  

cond i t i ons  under which a  t y p i c a l  power p l a n t  us ing  a  s h o r e l i n e  d i scha rge  on a  

r i v e r  w i l l  meet t h e  temperature s t anda rds  and mixing zone requirements  es tab-  

l i s h e d  i n  Sec. 2, a  scheme should be developed t o  parameter ize  t h e  d a t a  so  

t h a t  t h e  r e s u l t s  can  be i n t e r p o l a t e d  o r  ex t r apo la t ed  t o  t h e  d i scha rge  condi- 

t i o n s  of t h e  fou r  t y p i c a l  p l a n t s  considered i n  t h i s  s tudy.  F i r s t ,  t h e  impor- 

t a n t  parameter o r  parameters  t h a t  c h a r a c t e r i z e  t h e  s u r f a c e  d i scha rge  i t s e l f  

have t o  be e s t a b l i s h e d .  For a t y p i c a l  low-velocity,  s h o r e l i n e  s u r f a c e  o u t f a l l ,  

t h e  most important parameter ( i n  terms of governing t h e  g r o s s  behavior of t h e  



effluent) is the discharge flow rate, Q . The discharge velocity and the geo- 
P 

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 the cross-sectionally averaged river velocity, U The vertical 
R' 

and horizontal velocity and depth profiles of.the river also affect the size 

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, 

A3. 6 ,  as a function of plant discharge flow rate, %. and average river 
velocity, UR, to be developed with much con£ idence. However, the data appear 

to suggest that in order to meet the more.restrictive mixing zone surface 
2 

area requirement of 2.6 x lo4 m (area equivalent to a circle of 300 f t radius), 

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

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

ATo = 10.0 C O )  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 lo5 m2 

(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 8.3 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, UR. 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 
P R' 

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 

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

sectional area of the'river, a restriction is placed on the total flow rate 



of t h e  r i v e r ,  QR. I n  p a r t i c u l a r ,  t h e  f low r a t e  of t h e  river must be a t  least 

about 11 .2  t imes t h e  d i scha rge  f low r a t e  of t h e ' p l a n t .  This  r i v e r  f low r a t e  

is  about t h r e e  t imes t h a t  which would be  r equ i r ed  i f  r a p t d ,  complete mixing 

wi th  t h e  e n t i r e  r i v e r  were allowed. The minimum r i v e r  f low rates r equ i r ed  by 

th i s , compu ta t ion  f o r  t h e  fou r  t y p i c a l  power p l a n t s  d i scussed  i n  Sec. 3 t o  

meet t h e  "25% r e s t r i c t i o n t '  a r e  l i s t e d  i n  Table 9. Only t h e  major r i v e r  sys- 

tems of t h e  U.S. have f low r a t e s  t h a t  a r e  c o n s i s t e n t l y  t h i s  l a r g e .  For exam- 

p l e ,  t h e  monthly, 20-year low f low exceeds 340 m 3 / s  (12,000 cf  s )  on ly  i n  t h e  

M i s s i s s i p p i ,  Missouri ,  Ohio, and Tennessee Rivers ,  t h e  Columbia and Snake 

Rivers ,  and t h e  S t .  Lawrence, Niagara,  D e t r o i t ,  S t .  C l a i r  and S t .  Mary's 

~ i v e r s .  The, Mobile and Alabama Rivers ,  t h e  Apalachicola  River ,  and t h e  

Sacramento River can be added t o  t h i s  l i s t  i f  r i v e r s  wi th  monthly, 20-year low 

f lows g r e a t e r  than  170 m 3 / s  (6000 c f s )  a r e  considered.  C lea r ly ,  s u r f a c e  d i s -  

charges,  i n  t h e  genera l  sense  d iscussed  he re ,  have l i m i t e d  e f f i c a c y  a s  a 

once-through cool ing  water c o n t r o l  technology on r i v e r s .  

Table 9.  Estimated Minimum River Flow Rates  
f o r . S h o r e l i n e  Surface  Discharges 
Based on ~ i m i t i n g  t h e  Mixing Zone 
(Di lu t ion  of 3.6) t o  25% of t h e  
Cross-Sectional Area of t h e  River 

Power P l a n t  Q~ (m3 1 s )  qR(m3 / s Ia  

500-MW F o s s i l  16.5 185 

500-MW .Nuclear 23.5 263 

1000-MW F o s s i l  33.0 370 

1000-MW Nuclear 47.0 526 

a 
Required minimum r i v e r  flow r a t e  i s  11.2 
t imes t h e  p l a n t  d i scha rge  flow r a t e .  



6 . 3  SUBMERGED MULTIPORT DIFFUSERS 

Submerged m u l t i p o r t  d i f f u s e r s  provide a n  oppor tuni ty  f o r  more r a p i d  

mixing than  can be a t t a i n e d  by a  s h o r e l i n e  s u r f a c e  d ischarge .  Smaller r i v e r  

f lows  may be r equ i r ed ,  t h e r e f o r e ,  t o  meet t h e  same thermal s tandards .  Typi- 

c a l l y ,  a  submerged m u l t i p o r t  d i f f u s e r  i n  a  r i v e r  c o n s i s t s  of a  p ipe  extending 

i n t o  t h e  r i v e r ,  a long  t h e  bottom, perpendicular  t o  t h e  d i r e c t i o n  of flow. The 

coo l ing  water is  discharged a t  a  r e l a t i v e l y  h igh  v e l o c i t y  through many p o r t s  

a long  t h e  p i p e , ' u s u a l l y  i n  t h e  downstream d i r e c t i o n .  I f  a d i f f u s e r  could be 

b u i l t  a c r o s s  t h e  e n t i r e  width of a  r i v e r  so  t h a t  e s s e n t i a l l y  t h e  fu1.3. f 3 . o ~  of 

t h e  r i v e r  passed over  t h e  d i f f u s e r  and i f  t h e  d i f f u s e r  could be designed t o  

produce r a p i d ,  f u l l  mixing wi th  t h e  e n t i r e  r i v e r  flow, t hen  t h e  minimum r i v e r  

f low r e q u i r e d '  t o  meet t h e  temperature s t anda rds  d f scussed  i n  Sec . 2 would be . . 

3 . 6  t imes  t h e  f low r a t e  of t h e  p l a n t ,  Q . I f  mixing is  s u f f i c i e n t l y  r a p i d ,  
P 

t h e  s u r f a c e  a r e a  r e s t r i c t i o n s  on t h e  mixing zone would probably not  be  a  

l i m i t a t i o n .  A r i v e r  flow rate as much as fou r  t i m e s  l a r g e r  than  t h i s  might be 

needed due t o  t h e  a d d i t i o n a l  r e s t r i c t i o n  t h a t  l e s s  than  25% of t h e  c ross -  

s e c t i o n a l  a r e a  and volume f low of t h e  r i v e r  be blocked by t h e  mixing zone. 

Mixing wi th  a  p o r t i o n  of t h e  r i v e r  i s  addressed l a t e r  a f t e r  t h e  cond i t i ons  

necessary  f o r  r a p i d ,  f u l l  mixing w i t h  t h e  e n t i r e  r i v e r  are discussed. 

Argue and ~ a ~ r e ~ ~  have s t u d i e d ,  i n  t h e  l abo ra to ry ,  t h e  mixing cha rac t e r -  

i s t i c s  of submerged m u l t i p o r t  d i f f u s e r s  t h a t  extend a c r o s s  . the  .entire channel.  

Thei r  r e s u l t s  f o r  d i scha rges  i n c l i n e d  s l i g h t l y  (20') upward suggest  t h a t  f u l l  

mixing over  t h e  v e r t i c a l  w i l l  occur  when 

where : 

u 
0 F = = d i scha rge  dens ime t r i c  Froude number of equ iva l en t  ,:'. ,.:: 

Q = d i scha rge  f low rate of p l a n t ,  
P 

QR = r i v e r  f low r a t e ,  

Uo = d i scha rge  velocity, 

Apo = i n i t i a l  d e n s i t y  d i f f e r e n c e  a t  p o i n t  of d i scha rge ,  

'a = ambient r e c e i v i n g  water  d e n s i t y ,  



g  = a c c e l e r a t i o n  due t o  g r a v i t y ,  

BO = Q / U  L = equiva len t  s l o t  he igh t ,  and 
. P  0 

L = l eng th  of d i £ f u s e r .  

I f  f u l l  mixing i s  sought when t h e  r i v e r  f low r a t e  i s  a t  t h e  minimum va lue  

t h a t  w i l l  r e s u l t  i n  a d i l u t i o n  of 3.6 ( i . e . ,  QR = 3.6 Q ), t h e  r e s t r i c t i o n  
P  

f o r  f u l l  mixing becomes 

Using t h e  d e f i n i t i o n  of t h e  equ iva l en t  s l o t  Froude number, t h e  r e s t r i c ' t i o n  

can  be r e w r i t t e n  a s :  

I f  i t  i s  assumed t h a t  t h e  d i f f u s e r  extends a c r o s s  t h e  e n t i r e  r i v e r  and i f  a n  

i n i t i a l  d e n s i t y  d i f f e r e n c e  corresponding t o  an  i n i t i a l  excess  temperature of 

10 .0  C O  ( s ee  Sec. 3 )  and an  ambient temperature of 15.0°C i s  assumed, t h e  

r e s t r i c t i o n  becomes : 

where : 

H = average depth  of r i v e r ,  

U = average r i v e r  v e l o c i t y ,  and 
R 
L = l eng th  of d i f f u s e r  (width of r i v e r  i n  t h i s  ca se ) .  

..This r e s t r i c t i o n  does n o t  p re sen t  a s t rong  c o n s t r a i n t  on t h e  des ign  of a  mul t i -  

pbrf ' d i f f d ~ ~ ~ .  E'of exampie, f o r  a  t y p i c a l  i000-MW nuc lea r  p l a n t  (0 = 41 .U m3/sj 
P 

on a  r i v e r  of 10-m width, t h e  d i scha rge  v e l o c i t y  must be g r e a t e r  than  3 'm/s .  

The r i v e r  pos tu l a t ed  is unreasonably narrow, and t h e  r e s t r i c t i o n  would be much 

l e s s  f o r  more reasonable  widths.  I n  any case ,  submerged mul t ipo r t  d i f f u s e r s  

t y p i c a l l y  have d ischarge  v e l o c i t i e s  of 3-5 m / s  and, t h e r e f o r e ,  i t  should be  pos- 

s i b l e  t o  des ign  a  d i f f u s e r  t h a t  produces f u l l  mixing a t  minimum r i v e r  flow r a t e s .  

Once f u l l  mixing has  been achieved,  t h e  r i v e r  v e l o c i t y  must b e  s u f f i -  

c i e n t l y  l a r g e  t o  a s s u r e  t h a t  t h e  mixed water w i l l  be pushed downstream so  t h a t  

heated water does n o t ' b u i l d  up i n  t h e  v i c i n i t y  of t h e  d ischarge .  J i r k a  and 

~ a r l e m a n ~ '  suggest  t h a t  t h e  a p p r o p r i a t e  c r i t e r i o n  t o  a s s u r e  t h i s  is t h a t  t h e  

dens imet r ic  Froude .number of t h e  mixed f low i s  g r e a t e r  t han  u n i t y .  The r e -  

s t r i c t i o n  can be w r i t t e n  a s :  



where : 

Fmf = dens ime t r i c  Froude number of t h e  miu'ed flow, and 

Apm = d e n s i t y  d i f f e r e n c e  of mixed water w i th  r e s p e c t  t o  ambient r i v e r  
water .  

The d e n s i t y  d i f f e r e n c e  of t h e  mixed water  w i l l  be  apprnximately 113.6 that of 

t h e  i n i t i a l  d e n s i t y  d i f f e r e n c e . i f  t h e  r i v e r  flow is  such t h a t  t h e  requi red  

d i l u t i o n  of 3 .6 i s  a t t a i n e d .  The r e s t r i c t i o n  then  can b e . w r i t t e n  a s :  

Using t h e  i n i t i a l  d e n s i t y  d i f f e r e n c e  used previous ly  corresponding t o  a n  i n i -  

t i a l  excess  temperature of 10.0 C o y  t h i s  becomes: 

This  r e s t r i c t i o n  i s  f o r  r i v e r s  where f low r a t e  i s  j u s t  s u f f i c i e n t  t o  produce 

t h e  r equ i r ed  d i l u t i o n  upon f u l l  mixing w i t h  t h e  power p l a n t  e f f l u e n t .  It i s  

a r e s t r i c t i o n  on t h e  n a t u r a l  c h a r a c t e r i s t i c s  of t h e  r i v e r  and cannot be m e t  

through manipulat ion o f , t h e  d i scha rge  des ign .  For a  r i v e r  wi th  a depth  of 3  m y  

t h e  minimum r i v e r  v e l o c i t y  r equ i r ed  t o  counter  upstream spreading i s  0.13 m / s  

and f o r  a  10-m deep r i v e r ,  t h e  minimum r i v e r  v e l o c i t y  i s  0.24 m / s .  It is 

d i f f i c u l t  t o  determine,  i n  gene ra l ,  whether t h i s  r e s t r i c t i o n  w i l l  be a  l i m i t a -  

t i o n  i n  p r a c t i c e ,  because i t  i s  e n t i r e l y  s i t e  s p e c i f i c .  However, i t  appears  

t h a t  i t  could be  a  r e a l  l i m i t a t i o n  a t  some s i t e s .  Var i a t ion  of r i v e r  v e l o c i t y  

a c r o s s  t h e  c r o s s  s e c t i o n  of t h e  r i v e r  could r e s u l t  i n  r eg ions  where heated 

water  b u i l d s  up a t  t h e  s u r f a c e  even though the  average r i v e r  velncity exceeds 

t h i s  r e s t r i c t i o n .  

The preceding d i scuss ion  sugges ts  t h a t  the 'ach ievement  of r a p i d ,  f u l l  

mixing i n  a r i v e r  w i t h  a subme?ged'multiport  d i f f u s e r  i s  pnssihl.e and u s u a l l y  

p r a c t i c a l .  However, t h e  a d d i t i o n a l  r e s t r i c t i o n  t h a t  t h e  mixing 'zone block l e s s  

t han  25% of t h e  c ros s - sec t iona l  area and of t h e  volume flow of t h e  r i v e r  must 

a l s o  be considered.  I n  most ca ses ,  t h i s  r e s t r i c t i o n  would mean t h a t  t h e ,  

. . d i f f u s e r  could occupy only  1 / 4  of t h e  width of t h e  r i v e r .  ~ h &  d i f f u s e r  



would no longer  be l a t e r a l l y  con f ined 'by  t h e '  channel '  boundarLea. The case of 

a long d i f f u s e r  i n  a  sha l low co-flowlng water  body without  t h e ' p r e s e n c e  of 

conf in ing  w a l l s  has  been s t u d i e d '  by  dams. 24 '  .He obserired. a c o n t r a c t i o n  of t h e  

f low downstream of t h e  d i f f u s e r .  The'momentum of t h e  d i f f u s e r  dischai-ge 

d i s t u r b s  t h e  uniform f low f i e l d  i n  such '  a way t h a t  upstream water t h a t  would 

pass  beyond t h e  ends of t h e  d i f f u s e r  i f  t h e  d i f f u s e r  were not  p re sen t  i s  drawn 

over t h e  d i f f u s e r  and i n c r e a s e s  t h e '  d i l u t i o n .  Through t h e '  a p p l i c a t i o n  of 

Be rnou l l i '  s theorem and conserirat  ion  of m o m e n b ,  Adams .developed'  a n  expres- 

s i o n  f o r  t h e  d i l u t i o n ,  S, downstreain of t h e ' d i f f u s e r  wheke t h e ' d i l u t i o n  f low 

and t h e  d ischarge  flow become f u l l y  mixed' wer' the ' .depth .  ' The' .kesul t ing 

express ion  f o r  t h e  d i l u t i o n  can  be i m i t t e n :  

1 'aH S = -  - 
112 

2 ' U B  
0 0 0 0 

where : 

Ua = ambient v e l o c i t y  t h a t  would .be  p re sen t  without  t h e ' d i s c h e g e ,  

U = d i scha rge  v e l o c i t y ,  
0 

H = dep th  of r ece iv ing  water ,  

Bo 
' = Qp/L U = he igh t '  of equ iva l en t  s l o t ,  

0 

Q = d i scha rge  f low r a t e  of p l a n t , .  and 
P 
L = l e n g t h  of d i f  f u s e r  . 

The fol lowing l i m i t a t i o n s  s p e c t f y  the ' kange  of a p p l i c a b i l i t y  of t h i s  a n a l y s i s 3 3  

t h a t  is  r e s t r i c t e d  t o  long d i f f u s e r s  i n  shaZZow water:  

and 

Despi te  t h e  approximations and s imp l i fy ing  assumptions used '  i n  the ' .dwelopment  

of t h i s  e s t ima te  of t h e  d i l u t i o n  a t t a i n e d  by s u c h ' a  d i f f u s e r ,  Adams found 

s a t i s f a c t o r y  agreement w i th  experimental  results o b t a i n e d ' i n  t h e  l abo ra to ry .  

The above express ion  f o r  t h e  d i l u t i o n  downstream o f  a  long d i f f u s e r  i n  a 

shal low co-flowing open water  body can be  rear ranged  t o  y i e l d  t h e  £ o h :  



S u b s t i t u t i n g  t h e  d e f i n i t i o n  of t h e ' e q u l v a l e n t  s l o t ,  t h i s  express ion  becomes 

The e s t i m a t e  of t h e  d i l u t i o n  assumes t h a t  t h e r e  a r e  no l a t e r a l  boundaries  

and, t h e r e f o r e ,  a  s u f f i c i e n t l y  h igh  d i scha rge  v e l o c i t y  w i l l  y i e l d  t h e  requi red  

d i l u t i o n .  I n  a r i v e r ,  t h e r e  a r e  l a t e r a l '  boundaries and t h e  t o t a l  water a v a i l -  

a b l e  f o r  d i l u t i o n  i s  l i m i t e d  by t h e  f low r a t e  of t h e  r i v e r .  A s u f S i c i e n t l y  

h i g h  d i scha rge  v e l o c i t y  might draw e s s e n t i a l l y  t h e ' e n t i r e  f low of t h e  r i v e r  

over  t h e  d i f f u s e r .  This  would r e s u l t  i n  s t agnan t  r eg ions  beyond t h e  ends of 

t h e  d i f f u s e r  and t h e  d i l u t i o n  would be  l i m i t e d  t o  Q IQ where QR i s  t h e  t o t a l  
R P 

f low r a t e  of t h e  r i v e r .  The r e s t r i c t t o n  t h a t  l e s s  than 25% of t h e  f low of t h e  

r i v e r  be blocked by t h e  mixing zone would not  be met, ,whereas, i f  t h e  d i f f u s e r  

extended only 114 of the 'way a c r o s s  t h e ' r i v e r ,  t h e  r e s t r i c t i o n  t h a t  l e s s  t han  

25% of t h e  c ros s - sec t iona l  a r e a  of the' river be blocked by t h e  mixing zone 

could be met. 

The Adams' express ion  f o r  t h e  d i l u t i o n  probably can be used f o r  a  

d i f f u s e r  i n  a r i v e r ,  i f  t h e  d i f f u s e r  is  loca t ed  near  t h e '  middle of t h e  r i v e r  

o r  t h e  main channel and i f  t h e ' r e s u l t i n g  d i l u t i o n  i s  s u f f i c i e n t l y  l e s s  than 

Q ~ / Q ~ .  
S p e c i f i c a l l y ,  f o r  a  r i v e r  of width W ,  t o t a l  flow r a t e  QR, and average 

v e l o c i t y  U t h e  d i l u t i o n  can  be expressed a s :  
R* 

Consider a  d i f f u s e r  t h a t  extends 114 of the 'way a c r o s s  t h e  middle of a r i v e r  

(L/W = 114).  I f  t h e  r i v e r  v e l o c i t y  is  1 . 0  m / s  and t h e  maximum d i scha rge  velo-  

c i t y  r e a s o n a b l y . a t t a i n a b l e  by such a  d i f f u s e r  is  5.0 m / s  (U /U = 0.2) ,  a 
R 0 

r i v e r  f low r a t e  of 9.5 t imes t h e  f low rate of t h e  p l a n t  would be r equ i r ed  



t o  produce a  d i l u t i o n  of 3 . 6 .  ThiS is  about  2.6 t imes t h a t  which would be 
. . .  

requi red  i f  f u l l  mixing wi th .  t h e ' e n t f r e  r i v e r  were allowed. A lower river . . 
v e l o c i t y  would a l low t h e  d i f f u s e r  t o  draw a l a r g e r  f r a c t i o n  of t h e  r i v e r  flow 

8 .  

over t h e  d i f f u s e r  and thus  r e q u i r e  a lower r i v e r  flow r a t e  t o  produce t h e  

same d i l u t i o n .  For example, a  r i v e r  v e l o c t t y  of 0.5 m / s  (UR/Uo = 0.1) would . . 
r e q u i r e  a  r i v e r  flow r a t e  of only '7.0 t imes t h e  d i scha rge  flow r a t e  of t h e  

p l an t .  Because t h e  d i f f u s e r  extends only a c r o s s  114 of t h e  width of t h e  

r i v e r ,  t h e  r e s t r i c t i o n  t h a t  l e s s  than  25% of t h e ' c r o s s - s e c t i o n a l  a r e a  of  t h e  

r i v e r  be blocked by t h e  mixing zone w i l l  probably be met. However, more than  

25% of t h e  r i v e r  flow w i l l  pass  over t h e ' d i f f u s e r ,  t h e r e f o r e ,  i t  i s  probable 

t h a t  t h e  second r e s t r i c t i o n ,  t h a t  l e s s  than  25% of t h e  volume f low of t h e  . . .. . 

r i v e r  be blocked by t h e  mixing z o n e , ' w i l l  no t  be met. 

The "25% r e s t r i c t i o n t '  can a l t e r n a t i v e l y  be i n t e r p r e t e d  i n  a  more 

re laxed  manner. I n  most ca ses ,  a  d i f f u s e r  is  made up of many s e p a r a t e  p o r t s  

and, a t  l e a s t  i n i t i a l l y ,  s e p a r a t e  j e t s  emerge from t h e s e  p o r t s  and expand, 

d i l u t e ,  and cool  by e n t r a i n i n g  ambient r i v e r  water t h a t  flows around and 

between t h e  ind iv idua l  j e t s .  Therefore,  t h e r e  w i l l  be r eg ions  around each 

j e t  where t h e  excess  temperature is  l e s s  t han  t h e  app ropr i a t e  temperature 

s tandard .  These r eg ions  could be c o n s i d e r e d ' t o  be o u t s i d e  t h e  mixing zone 

and, t h e r e f o r e ,  c o n t r i b u t e  t o  t$e '75% of t h e ' c r o s s  s e c t i o n a l  a r e a  o r  volume 

flow t h a t  must no t  be blocked'  by the 'mix ing  zone. P a r r  and ~ a ~ r e ~ ~  have coq- 

s idered  t h i s  i n t e r p r e t a t i o n  i n  t h e r r  s t u d i e s ' o f  t h e ' d i f f u s e r  f o r  t h e  Quad- 

C i t i e s  Nuclear Power S t a t i o n  on t h e ' M i s s i s s i p p i  River near  Cordwa,  I l l i n o i s .  

They assumed t h a t  downstream of t h e ' i n d i v i d u a l  d i scha rge  p o r t s ,  t h e  excess  

temperature d i s t r i b u t i o n  a t  a  p a r t i c u l a r  downstream c f o s s - s e c t i b n  Can be 

approximated by a n  axisymmetric Gaussian d i s t r i b u t i o n  of t h e  form 

where : 

CT(r) = excess  temperature a t  r a d i a l  d i s t a n c e  r from t h e  j e t  c e n t e r l i n e ,  

ATCL = excess  temperature a t  t h e  j e t  c e n t e r l i n e ,  and 

a = s tandard  d e v i a t i o n  of excess  temperature d i s t r i b u t i o n .  T 

qo th  ATCL and a are func t ions  of downstream dtsraace. The c e n t e r l i n e  excess  T 
temperature dec reases  whi le  s i n c r e a s e s  a s  t h e  j e t  e n t r a i n s  ambient water  and T 



coo l s .  I f  t h e  i n d i v i d u a l  j e t s  do no t  s i g n i f i c a n t l y  i n t e r f e r e  wi th  one another  

o r  w i t h  t h e  r i v e r  boundaries ,  conse rva t ion  of hea t  energy y i e l d s :  

where : 

QP 
= d i scha rge  f low rate of p l a n t ,  

N = number of p o r t s ,  

AT = i n i r i a l  excess  temperature at  po in t  of d i scha rge ,  and O 
0 
- 
u = r ~ p ~ ~ ~  :A t h e  excess  temperature weighted mean v e l o c i t y  a t  t h e  

downstream c r o s s  s e c t i o n .  

' Both o and u a r e  f u n c t i o n s  of downstream d i s t a n c e .  A t  t h e  po in t  of d i scha rge ,  
- T 
u i s  equal  t o  a  maximum, t h e  d i scha rge  v e l o c i t y  U . .  By t h e  t ime f u l l  mixing - 0 

is  a t t a i n e d ,  u  reaches  a  minimum va lue  of U t h e  ambient r i v e r  v e l o c i t y .  
R ' 

. For a  d i f f u s e r  extending a c r o s s  t h e  e n t i r e  r i v e r ,  t h e  f r a c t i o n  of t h e  

t o t a l  r i v e r  c ros s - sec t iona l  a r e a ,  fA,  a t  a given downstream d i s t a n c e ,  exposed 

t o  excess  temperatures  g r e a t e r  t han  some excess  temperature s tandard  o r  l i m i t ,  

c an  be expressed as: 

where : 

r '  = r a d i a l  d i s t a n c e  a t  whrch AT{.r) = ATmax, 

H = depth  of river, 

L = l e n g t h  of d i f f u s e r  (width of rtver), and 

A Tmax 
= excess  temperature s t anda rd  o r  l i m i t .  

Th i s  f r a c t i o n  v a r i e s  with d i s t a n c e  dmetream nf; cr and u v a r y .  It rcaches  T 
a  m a x i m u ~ . a t  some downstream c r o s s  s e c t i o n  and then  decreases  as d i l u t i o n  

cont inues .  I n  o r d e r  t o  f a c i l i t a t e  f i n d i n g  t h e  maximum v a l u e . o f  f  P a r r  and 
.A' 

Sayre made t h e  s imp l i fy ing  assumption t h a t  t h e  v a r i a t i o n  of f  depends most A 
s t r o n g l y  on t h e  v a r i a t i o n  of' o and n o t  on u . The maximum can  then  be  found T 
by s e t t i n g  t h e  d e r i v a t i v e  of f  w i th  r e s p e c t  t o  a t o  zero, which y i e l d s :  A T 



For a conse rva t ive  e s t ima te  of t h e  maximum v a l u e  of fA, ; can be  approximated 

by i t s  minimum v a l u e  U The' express ion  becomes 
R' 

where : 

= U HL = volume f low rate of t h e  r iver .  
QR R 

The requirement t h a t  t h e  maximum v a l u e  of f be l e s s  than  o r  equal  t o  114 f o r  A 
AT /AT equal  t o  3.6 y i e l d s  t h e  fol lowing r e s t r i c t i o n  on t h e  r i v e r  f low 

o max 
r a t e :  

This  is  47% g r e a t e r  than t h e  minimum r i v e r  f low r a t e  requi red  f o r  a d i l u t i o n  

of 3.6 upon f u l l  mixing wi th  t h e  e n t i r e  river flow. 

Pa r r  and Sayre a l s o  developed a n  express ion  f o r  t h e  f r a c t i o n  of t h e  , 

t o t a l  volume flow of t h e  r i v e r  exposed t o  excess  temperatures  g r e a t e r  than  

some s tandard  o r  limit. This f r a c t i o n  is  defined a s :  

The maximum va lue  of t h i s  q u a n t i t y  was determined i n  a manner s i m i l a r  t o  t h e  

above procedure us ing  s i m i l a r  approximations. The r e s u l t s  cannot be  expressed '  

i n  simple a n a l y t i c  form but  have been presented  g raph ica l ly  by P a r r  and Sayre. 

Requir ing t h a t  t h e  maximum va lue  of f be less than  o r  equal  t o  1 / 4  l e a d s  t o  
Q 

t h e  fol lowing r e s t r i c t i o n  on r i v e r  f low r a t e :  

> 5 . 6 6 Q  . QR - P 

This r e s t r i c t i o n  i s  57% g r e a t e r  t han  t h e  minimum r i v e r  flow r a t e  r equ i r ed  f o r  

a d i l u t i o n  of 3.6 upon f u l l . m i x i n g  w i t h  t h e  e n t i r e  r i v e r  flow. 

P a r r  and Sayre compared t h e  express ions  f o r  t h e  maximum v a l u e s  of f A 
and f as a func t ion  of Q /Q with  t h e  r e s u l t s  of t h e i r  l a b o r a t o r y  s t u d i e s .  

Q R P 
They found t h a t  t h e  l a b o r a t o r y  r e s u l t s  f o r  t h e  maximum v a l u e  of f showed a n  

A 
a d d i t i o n a l  dependence on Uo/UR. Larger v a l u e s  of lJ0/uR produced smal le r  

v a l u e s  f o r  t h e  maximum of f f o r  t h e  same va lue  of Q / Q  . For t h e  range  of 
A R P 

Uo/UR t e s t e d  (3.8-33.8), t h e  a n a l y t i c a l  e s t ima te  f o r  t h e  maximum v a l u e  of f A  



was found t o  be  conse rva t ive  and overpredic ted  t h e  f r a c t i o n  of t h e  c ross -  

s e c t i o n a l  a r e a  of t h e  r i v e r . b l o c k e d  by t h e ' m h i n g  zone. The l a b o r a t o r y  

r e s u l t s  f o r  - t h e  maximum v a l u e  of f  showed much l e s s  dependence on U /UR and 
Q 0 

agreed w e l l  w i t h  t h e  a n a l y t i c a l  p r e d i c t i o n .  

I f  t h i s  second, l e s s  s t r i c t  i n t e r p r e t a t i o n  of t h e  "25% r e s t r i c t i o n "  is  

al lowed,  a d i f f u s e r  can be  designed t h a t  extends a c r o s s  e s s e n t i a l l y  t h e  , 

e n t i r e  r i v e r  and a r i v e r  f low r a t e . o f  about  5.7 t b e s  the .  flow r a t e  of t h e  

power p l a n t  i s . a l l  t h a t  would be r equ i r ed  t o  meet t h e  temperature s t anda rds  

and mixing zone requirements .  This  r a t e  is  about  ha l f  t h e  r i v e r  flow r a t e  

es t imated  i n  Sec. 6.2 f o r  s h o r e l i n e  s u r f a c e  d ischarges  on r i v e r s .  

Table 1 0  summarizes t h e '  e s t i m a t e s  of minimum r i v e r  f low r a t e s  r equ i r ed  

t o  achieve  a  mixing zone ( d i l u t i o n  of 3.'6) t h a t  b locks ,  less than  25% of t h e  

c ross -sec t iona l '  a r e a  of t h e  river' f o r  t h e '  f ou r  t y p i c a l  power p l a n t s  descr ibed  

i n  Sec. 3 (Table 6 ) .  Shore l ine  s u r f a c e  d i scha rges ,  m l t i p o r t  d i f f u s e r s  t h a t  

extend 114 of t h e  way a c r o s s  t h e '  c e n t e r  .of t h e '  r i v e r  (:Adams a n a l y s i s ) ,  and . 

m u l t i p o r t  d i f f u s e r s  t h a t  extend a c r o s s  t h e ' e n t i r e  r i v e r  but  a r e  s u b j e c t  t o  t h e  

r e l axed  i n t e r p r e t a t i o n  of t h e '  "25% r e s t r t c t i o n "  (pa r r  and Sayre a n a l y s i s )  a r e  

cons idered .  While t h e  e f f i c a c y ' o f  swrface .d2scharges  a s  a  c o n t r o l  technology 

f o r  waste  hea t  d i s p o s a l  appears  l i m i t e d ,  t h e ' a p p l i c a t i o n  of submerged m u l t i p o r t  

d i f f u s e r s  f o r  t h i s  purpose seeins f e a s t b l e  f o r  a  l a r g e r  range of r i v e r s .  De-  

pending on t h e  i n t e r p r e t a t i o n  of t h e ' k e s t r 2 c t f o n  t h a t  the 'mix ing  zone not  

encroach upon more than  25% of t h e ' i r i v e r '  c ros s - sec t iona l  a r e a  and flow, r i v e r  

f low r a t e s  r equ i r ed  t o  m e e t  s t anda rds  r ange  from 9.'5 t o  a s  low as 5.7 t imes 

t h e  coo l ing  water f low r a t e  of t h e . p l a n t .  



Tak'le 10. Estimated Minimum River Flow Rates  Based on Limit ing t h e  Mixing Zone 
(Di lu t ion  of 3.6) t o  25% of t h e  Cross-Sectional Area of t h e  River ,  
Except a s  Noted 

Minimum River Flow Rate,  ~ ~ ( . m ~ / s )  

114 River Width 

P l a n t  Shore l ine  Mult i p o r t  Mu1 t ipo r  t Mu1 t ipo r  t 
Type of Flow Rate,  Surf ace  Di f fuse r  D i f fuse r  Dif £usera Ful lyb  

Power P l a n t  qP (m3 1 s )  Discharge uR/U0 = 0.2 uR/U0 = 0.1 (Relaxed) Mixed 

500-MW F o s s i l  16.5 

500-MW Nuclear 23.5 

1000-MW F o s s i l  33.0 

1000-MW Nuclear 47.0 

a Discounting a r e a s  surrounding j e t s  i n  25% c a l c u l a t i o n .  
6 

blgnoring 25% r e s t r i c t i o n ,  f u l l  mixing wi th  e n t i r e  r i v e r  flow. 
C 
Mul t ip l e  of p l a n t  cool ing  water flow r a t e .  
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. 7 ONCE-THROUGH COOLING ON LAKES 

7.1 GENERAL FEATURES 

The major c h a r a c t e r i s t i c s  of a  l a k e  t h a t  are important  i n  a s s e s s i n g  i ts  

e f f e c t i v e n e s s  as a r e c e i v i n g  water body f o r  t h e  purposes of once-through cool- 

ing  a r e :  (1) l a r g e ,  e s s e n t i a l l y  un l imi t ed ,  l a t e r a l  e x t e n t ,  (2)  c u r r e n t s  t h a t  

a r e  v a r i a b l e  i n  both magnitude and d i r e c t i o n ,  and (3 )  no s i g n i f i c a n t  t i d a l  

v a r i a t i o n  of c u r r e n t s  o r  water depth .  Large l a t e r a l  e x t e n t  impl ies  t h a t  on ly  

t h e  shore  boundary near  t h e  power p l a n t  can  a f f e c t  t h e  behavior of t h e  d i s -  

charge  and t h e  r e s u l t i n g  thermal plume. For the l a k e s  c o n s i d ~ r ~ d ,  the hea t  

added by t h e  power p l a n t  i s  small compared t o  the t o t a l  h e a t  budget 04 t h e  

l a k e ;  t h e r e f o r e ,  t h e  measurable phys i ca l  e f f e c t  of t h e  d i scha rge  i s  confined 

t o  t h e  v i c i n i t y  of t h e  power p l a n t  and does n o t  extend over  a s i g n i f i c a n t  

f r a c t i o n  of t h e  e n t i r e  water body. Impoundments f o r  which t h i s  is  no t  t r u e  

should be t r e a t e d  a s  cool ing  ponds o r  l a k e s .  The v a r i a b i l i t y  of t h e  ambient 

c u r r e n t s  imp l i e s  t h a t ,  a l though they  c l e a r l y  w i l l  a f f e c t  t h e  d i s p e r s a l  of t h e  

was te  hea t ,  they  cannot be r e l i e d  upon t o  have a  uniform, c o n s i s t e n t  e f f e c t  

on t h e  thermal plilme. Other f e a t u r e s ' o f  t he ' ambien t  r e c e i v i n g  w a t e r  t h a t  

a f f e c t  d i s p e r s a l  of t h e  heated e f f l u e n t  inc lude :  water depth ,  bottom topogra- 

phy, c u r r e n t  shear  i n  both  t h e  h o r i z o n t a l  and v e r t i c a l  d i r e c t i o n s ,  and thermal  

( ,densi ty)  s t r u c t u r e  i n  t h e  h o r i z o n t a l  and v e r t i c a l  d i r e c t i o n s .  These f e a t u r e s  

a r e  s i t e  s p e c i f i c  and may be  t r a n s i e n t . .  Veloc i ty  and thermal  s t r u c t u r e s  may 

v a r y  over time pe r iods  ranging from hours  to .months,  depending on such t h i n g s  

a s  s o l a r  hea t ing ,  lake-wide c i r c u l a t i o n ,  and l o c a l  and lakewide meteoro logica l  

cond i t i ons .  

The previous  d i s c u s s i o n  of t y p i c a l  temperature s t anda rds  f o r  lakes and 

t y p i c a l  d i scha rge  temperatures  i n d i c a t e s  that a d i l u t i o n  of a t  l e a s t  6,O i o  

r e q u i r e d  f o r  l a k e s .  Typica l  mixing zone limitations r e q u i r e  t h a t  t h i s  d i l u -  

t i o n  be accomplished w i t h i n  a zone wi th  a s u r f a c e  a r e a  of 2.6 x l o 4  m2 (area 

equ iva l en t  t o  a  c i r c l e  of 300 f t  r a d i u s )  t o  2.9 x 10' m2 (1000-ft r a d i u s  

c i r c l e ) .  

7.2 SHOELPNE SURFACE DISCHARGES 

U n t i l  t h e  e a r l y  t o  mid 1970s, most power p l a n t s  s i t e d  on l a r g e  l a k e s  

used s h o r e l i n e  s u r f a c e  d i scha rges  t o  d t spose  of waste hea t .  T.he'6utfalls 

g e n e r a l l y  c o n s i s t  of open channels  t h a t  t e r h l n a t e  a t  o r  near  t h e  sho re l ine .  



The depth  of t h e  channel a t  t h e  po in t  of d i scha rge  i s  u s u a l l y  l i m i t e d  by t h e  

water depth  a t  t h a t  po in t  t o  1.5-4.0 m. Discharge v e l o c i t i e s  a r e  s m a l l ,  usu- 

a l l y  i n  t h e  0.5-1.0 m / s  range.  The r e s u l t i n g  d i scha rge  j e t s  a r e  o f t e n  char-  

a c t e r i z e d ,  i n  f l u i d  mechanical t e rms ,  by a  d i scha rge  dens imet r ic  Froude number 

def ined  a s :  

where : 

U = d i scha rge  v e l o c i t y ,  
0 

Apo = i n i t i a l  d e n s i t y  d i f f e r e n c e  between d i scha rge  and ambient r e c e i v i n g  
wafer ,  

= d e n s i t y  of ambient r ece iv ing  water ,  
'a 

g  = a c c e l e r a t i o n  due t o  g r a v i t y ,  and 

h = depth  a t  po in t  of d i scharge .  
0 

The Froude number i s  a s  a  r u l e  i n  t h e  range 2-8 f o r  t y p i c a l  s h o r e l i n e  s u r f a c e "  

d ischarges .  I n i t i a l  mixing wi th  t h e  ambient r ece iv ing  water is  governed p r i -  

mar i ly  by t h e  o u t f a l l  con f igu ra t ion  and t h e  d i scha rge  dens imet r ic  Froude num- 

b e r ,  bu t ,  l a k e  c u r r e n t s ,  e s p e c i a l l y  s t rong  sho re -pa ra l l e l  c u r r e n t s ,  can  

in f luence  i n i t i a l  mixing. By t h e  time a d i l u t i o n  of 5-6 has  taken p lace ,  

v e l o c i t i e s  and d e n s i t i e s  w i t h i n  t h e  heated plume a r e  only  s l i g h t l y  d i f f e r e n t  ., 

from those  i n  surrounding ambient '  water ;  t he re f  o r e ,  c u r r e n t s  and turbulence  

a s soc i a t ed  wi th  t h e  ambient r ece iv ing  water dominate t h e  plume d i s p e r s a l  

processes .  

Because s u r f a c e  d i scha rges  on l a k e s  have been used f o r  a  number of yea r s ,  

a  cons iderable  amount of d a t a  from f i e l d  measurements e x i s t s  i n  t h e  form of ho r i -  

zon ta l  isotherm a r e a s  of t h e  plume a s  a  f u n c t i o n - o f  excess  temperature and depth.  

Ear ly  i n  1971, Asbury and ~ r i ~ o ~ ~  examined t h e  l i t e r a t u r e  and i d e n t i f i e d  sets 

of published, lake-plume d a t a  from six d i f f e r e n t  l a k e  s i t e s  t h a t  they  considered 

u s e f u l  f o r  t h e i r  a t tempt  t o  f i n d  a  phenomenological c o r r e l a t i o n  between plume 

s u r f a c e  a r e a  and excess  temperature.  They only  included measurements f o r  which 

d i scha rge  f low r a t e ,  discha'rge temperature,  and ambient temperature were re- . 

ported.  I n  a d d i t i o n ,  they  r equ i r ed  t h a t  t h e  plume appear t o  be a d e q u a t e l y .  . 

def ined  by t h e  measurements and t h a t  no s t r o n g  thermal g r a d i e n t s  were p r e s e n t '  



i n  t h e  ambient r ece iv ing  water .  4 he: f i n a l  d a t a  set used by Asbury and Frigo 

c o n s i s t e d  of 23 plume measurements a t  six d i f f e r e n t  power p l a n t s  w i th  d i scha rge  
. . 

f low r a t e s  ranging from 3-53 m 3 / s .  They found t h a t ,  f o r  t h e  parameters  a v a i l -  

a b l e  t o  them, t h e  b e s t  c o r r e l a t i o n  occurred when t h e  excess-temperature r a t i o ,  

AT/ATo, of a g iven  s u r f a c e  isothei-m was p l o t t e d  a g a i n s t  t h e  s u r f a c e  a r e a  of 

t h e  isotherm, A, d iv ided  by t h e '  d i s cha rge  flow r a t e  of t h e  p l a n t ,  Q The 
P ' 

excess- temperature r a t i o  is def ined  a s :  

AT T - T  
- - -  a 

T - T  ATo o a 

T = temperature of isotherm, 

T = ambient r e c e i v i n g  water  temperature,  and 
a 

To = i n i t i a l  d i scha rge  tempeyature. 

I f  t h e  ambient r e c e i v i n g  water  i s  of a uniform temperature,  t h e  d i l u t i o n  

a t t a i n e d  wi th in  a g iven  isotherm i s  simply t h e  r e c i p r o c a l  of t h e  excess- 

temperature r a t i o .  For t h e  purposes of t h i s  s tudy ,  t h e  s u r f a c e  a r e a  of t h e  

zone r equ i r ed  t o  a t t a i n  a d i l u t i o n  of 6.0 (or an  excess-temperature r a t i o  of 

0.17) i s  of i n t e r e s t .  The d a t a  compiled by Asbury and Fr igo  were used t o  

e s t i m a t e  t h e  s u r f a c e  a r e a  a s s o c i a t e d  wi th  a d i l u t i o n  of 6.0. These s u r f a c e  

a r e a s ,  denoted a s  Ah.- , ,  a r e  l i s t e d  i n  t h e  f i r s t  p a r t  of Table 11. I n  p a r t i c -  

u l a r  i n s t ances ,  when t h e  f i e l d  measurements were n o t  adcquate  t o  make a 

reasonable  e s t ima te  of A g a O ,  t h e  survey w a s  omit ted from t h e  t a b l e .  

Since t h e  t ime of t h e  Asbury-Frigo ana lys is , 'Argonne  Nat iona l  Laboratory 

has  c o l l e c t e d  a d d i t i o n a l  d a t a ' a t  sites of sh.nreline s u r f a c e  d i scha rges  on Lake 

~ i c h i ~ a n .  36-39 I n  p a r t i c u l a r ,  s tu .d i e s  were conducted a t  t h e  Poin t  Beach 

Nuclear Power P l a n t ,  t h e  Pa l i s ades .Nuc lea r  Power P l a n t ,  and t h e  Waukegan 

Generat ing S t a t i o n .  Those measurements f o r  which su f f i c i en t ,  d a t a  a r e  a v a i l  ah1 e. 

t o  e s t i m a t e  t h e  s u r f a c e  a r e a  a s s o c i a t e d  wi th  a d i l u t i o n  of 6.0 have been in-  

c luded i n  Table 11. E l l i o t  and ~ a r k n e s s ~ ~  have a l s o  r epo r t ed  measurements of 

t h e  thermal  plume from , the  Lakeview Generat ing s t a t i o n  on Lake Ontar io  and re-.  

s u l t s  based on those  measurements have a l s o  been included i n  t h e  t a b l e .  Following 

t h e  sugges t ion  of Asbury and Fr igo ,  t h e  r a t i o  A 6 ,  0/4p h a s  been included i n  t h e  

t a b l e .  It i s  ev iden t  t h a t  t h e ' s i z e  of t h e  plume v a r i e s  w i th  d i scha rge  f low 

r a t e  and t h a t  t h e  parameter A / Q  e x h i b i t s  s i g n i f i c a n t l y  l e s s  v a r i a t i o n  than  
6.0 p 



Table 11. Summary of Thermal Plume Surface Area Data Corresponding t o  a Di lu t ion  of 6.0 f o r  
Shorel ine Surface Discharges on Lakes 

*oweT. . . p l an t  

waukegana 

Waukgana 

waukegana 

wiukegaaa 
a Waukegaa 

waukegana 

~ i l l i k e a ~  7.2 3.1 x l o 5  4.26 

Michigan c i t y a  15.2 . 1.6 x lo5  - 1.04 

Allen S. Kinga 18.7 5.3 x lo5  2.83 

. ~ l l e n  S. ' ~ i n g ~  18.7 2.8 x l o 5  1.50 

Power Plant  . Q~ (m3 /s) *6 .0b2 )  A ~ . ~ / Q ~  x 10' (s/m) 

. - 
Point Beach, Unit 1 25.1 5.8 x l o 5  4.40 . 

Point  Beach, Unit 1 25.1 3 . 6 ~ 1 0 ~  
. . 2.73 

Pa l i sades  25.6 8.1 x l o5  3.16 
Pa l i sades  25.6 . .2.0 x lo6  7.81 
Pal isades 25.6 1 . 7 X 1 o 6  . . 

' 6.64 

Pa l i sades  25.6 . 4.8 x lo5 1.88 

Pal isades 

Pal isades 

Pal isades 

Waukegan 

Waukegan 

Allen S. ~ i n g ~  12.9 5.6 x lo5  4.34 Lakeview 49.6 2.3 x lo6 4.64 
. P 

u l e n  S. ~ i n g ~  . . 18.1 2.0 x l o 5  - 1.13 Lakev iew : 49.6 8.6 x 10' 1.73 

Allen 5. Kinga 17.7 5.6 x l o5  3.16 Lakeview 49.3 1 .5  x lo6 3.04 . 
Douglas pointa 11.2 7.2 x lo5 6.43 

Douglas pointa 11.2 1.1 x l o 5  1.01 

Point  Beach, Unit 1 25.1 4.8 x l o 5  1.91 

Point  Beach, Unit 1 25.1 5.1 x l o5  2.03 

Point  Beach, Unit 1 24.7 7 . 6 x ' 1 0 5  3.08 

Poin t  Beach, Unit 1 25.1 9.0 x l o5  3.59 

Poin t  ~ e a c h ,  Unit 1 25.1 3.8 x lo5  1.51 

Poin t  Beach, Unit 1 25.1 5 . 6 ~ 1 0 ~  4.25 

Poin t  Beach, Unit 1 25.1 3.6 x l o5  . . 2.73 

%om d a t a  set compiled by Asbury and Frigo,  Ref. 35. 

Lakeview 

Lakeview 

Lakeview 

Lakeview 

Lakeview 

Lakeview 

Lakeview 

Lakeview 

Lakeview 

Lakeview 



e i t h e r  A6.-, o r  Qp s e p a r a t e l y .  However, i t  is a l s o  ev ident  t h a t  whi le  t h e  

s i z e  of t h e  isotherm corresponding t o  a  d i l u t i o n  of 6.0 depends on t h e  d e t a i l s  

of t h e  o u t f a l l  such as f low r a t e ,  depth ,  'd i scharge  v e l o c i t y ,  and Froiide num- 

b e r ,  i t  a l s o  depends on t h e  c h a r a c t e r i s t i c s  of t h e  ambient r e c e i v i n g  waters 

t h a t  a r e  more d i f f i c u l t  t o  i d e n t i f y  and measure. This  f e a t u r e  can  be  noted i n  

t h e  v a r i a t i o n  of A f o r  d i f f e r e n t  surveys a t  t h e  same power p l a n t  w i th  
6.0 

e s s e n t i a l l y  t h e  same o u t f a l l  cond i t i ons .  

.The q u a n t i t y  A /Q  is  h a r d l y  s a t i s f a c t o r y  from a fundamental view- 
6.0 p 

p o i n t  a s  t h e  n e a r - f i e l d  hehavior  of t h e  plume c l e a r l y  depends on t h e  d e t a i l s  

of t h e  d i scha rge  geometry and the ' d i schakge  v e l o c i t y  as we l l  as t h e  d i scha rge  

f low r a t e .  Also, t h e  behavior of t h e '  plume i n  t h e  r eg ion  corresponding t o  a  

d i l u t i o n ' o f  6.0 i s  v e r y  much dependent on f a r - f i e l d  o r  ambient processes. 

However, a t  l e a s t  f o r  t h e  n ine  power p l a n t s . l i s t e d  i n  Table 11, t h e  q u a n t i t y  

A / Q  appears ,  t o  f i r s t  o r d e r ,  t o  be  independent of t h e  d e t a i l s  of t h e  out-  6 .0 p 
f a l l  f o r  t h e  l i m i t e d  bu t  t y p i c a l  range of s h o r e l i n e  s u r f a c e  o u t f a l l  de s igns  

cons idered .  The average v a l u e  of A /Q f o r  a l l  t h e  thermal plume surveys  
6.0 p 

l i s t e d  i n  Table 11 is 3.15 x l o 4  s/m wi th  a  staxidard d e v i a t i o n  of 1 .70 x l o 4  s / m .  

Severa l  a n a l y t i c a l  models have been developed t o  p r e d i c t  t h e  behavlor  

of t h e  j e t  and t h e  s i z e  of t h e  r e s u l t i n g  thermal  plume from s u r f a c e  d ischarges .  

Many of t h e s e  have been reviewed and eva lua ted  by P o l i c a s t r o  and Tokar, 1 6  

J i r k a  e t  a1. ,I9 and Dunn e t  a1..18 Most of the ' inodels  are basad on a n  i n t e g r a l  

a n a l y s i s  of t h e  d i scha rge  jet .  By t h e  t ime a d i l u t i o n  of 6.0 has  been reached,  

t h e  jet v e l o c i t y  has  u s u a l l y  diminished markedly and t h e  model assumptions 

begin  t o  break down. I n  a n  a t tempt  t o  determine whether such models,  might 

be  u s e f u l  i n  e s t ima t ing  t h e  s i z e  of t h e  .mixing zone, t w p  models t h a t  .have 

o f t e n  been c i t e d  i n  environmental impact eva lua t ions  and t h a t  are easy t o  

u s e  have been a p p l i e d ' t o  f o u r  of the 'power p l a n t s . l i s t e d  i n  Table 11 f o r  which 

s i g n i f i c a n t  amounts of f i e l d  d a t a  are a v a i l a b l e .  The ' fou r  power p l a n t s  a r e  

P o i n t  Beach Nuclear Power P l a n t  ( U n i t . l ) ,  P a l i s a d e s  Nuclear Power P l a n t ,  . 

Waukegan Generating S t a t i o n ,  and Lakeview.Generating S t a t i o n .  The two .models 

are t h o s e  of p r i t cha rd12  and Sh ikaz i  and ~ a v i s l '  (prepared f o r  t h e  U.S. EPA). 

The P r i t c h a r d  model i s  semi-empirical and based 'on  a  s y n t h e s i s  of prev ious  

t h e o r e t i c a l  and phys i ca l  modeling r e s u l t s  of buoyant and nonbuoyant jets, 

complemented wi th  r e s u l t s  P r i t c h a r d  g leaned ' f rom f i e l d  d a t a  obta ined  a t  some 

e x i s t i n g  power p lan t ,  sites. The' Shirazi-Davis  model is  based on t h e  i n t e g r a l  

model of prych4.1 modif ied by means of c a l l b r a t i o n  wi th  e x i s t i n g  l a b o r a t o r y  



and f i e l d  d a t a .  This  m o d e l ' i s  easy t o  apply because r e s u l t s  have been pre- 

sented as a c o l l e c t i o n  of nomograms i n  a workbook, Table 12  l i s ts  va lues  of 

t h e  parameters  t h a t  d e s c r i b e  t h e  d i scha rges  of t h e  four  power p l a n t s .  They 

r ep resen t  average v a l u e s  f o r  t h e  surveys  l i s t e d  i n  Table 11. When s i g n i f i -  

c a n t  v a r i a t i o n  e x i s t s ,  t h e  s tandard  d e v i a t i o n  i s  a l s o  l i s t e d .  The coo l ing  

water d i scha rge  f low r a t e  is denoted Q and t h e  average d i scha rge  v e l o c i t y  
P ' 

i s  denoted U . The average depth  and width of t h e  o u t f a l l  a t  t h e  p o i n t  of 
0 

d i scha rge  a r e  denoted by h and bo, r e spec t ive ly .  The d i scha rge  dens imet r ic  
0 

Froude number i s  a l s o  included i n  t h i s  t a b l e .  F igure  3 r e p r e s e n t s  t h e  model 

p r e d i c t i o n s  along wi th  t h e  average r e s u l t s  of t h e  f i e l d  surveys.  Var i a t ions  

among t h e  f i e l d  measurements a t  a  g iven  power p l a n t  a r e  i nd ica t ed  by horizon- 

t a l  b a r s  t h a t  r e p r e s e n t  one s tandard  d e v i a t i o n  on e i t h e r  s i d e  of t h e  mean. 

The Shirazi-Davis  model is  q u i t e  s e n s i t i v e  t o  t h e  d i scha rge  dens ime t r i c  Froude 

number and the.. h o r i z o n t a l  b a r s  on t h e s e  p r e d i c t i o n s  represent .  t h e  e f f e c t s  of 

t h e  v a r i a t i o n s  of input  parameters  i n d i c a t e d i n . . ~ a b l e  12. I n  a d d i t i o n ,  t h e  

Shirazi-Davis model .runs i n t o  d i f  f Zcul tg when t h e  jet v e l o c i t y  and, t he re f  o r e ,  

t h e  l b c a l  dens imet r ic  Froude h n b 2  become small .  ~ h &  nomograms do no t  extend 

t o  a  d i l u t i o n  of 6.0 when t h e r e  is  no ambient c u r r e n t  p re sen t .  Therefore ,  

t h e  p r e d i c t i o n s  presented i n  Pig. 3 a r e  f o ~  a n  ambient c r o s s  c u r r e n t  t h a t  is  

30% of t h e  d ischarge  ye loc i t 'y  i n  magnitude and d i r e c t e d  a t  r i g h t  ang le s  t o  

t h e  d ischarge .  This  c r o s s  c u r r e n t  i s  t h e  smallest shown on t h e  nomograms f o r  

which r e s u l t s  extend t o  a  d i l u t i o n  of .6.0. Smaller c u r r e n t  would presumably 

Table 12. Summary-of t h e  Discharge Parameters f o r  Four Power 
P l a n t s  w i th  Shore l ine  Surface  Discharges on Large 
Lakes 

Power P l a n t  

Po in t  Beach, Unit 1 . 25.1 0.56 4.2 10.7 2.27 
t o .  1 2.  24 

. P a l i s a d e s  

Waukegan 

Lakeview 53.4 0.44 3.0 39.6 3.1 
2 9 . 0 .  5.07 2.7 
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r e s u l t  i n  s i g n i f i c a n t l y  1 a r g e r . s u r f a c e  axeas but s p e c i f i c  p red ic t ions  a r e  not  

ava i l ab le .  Neither model p r e d i c t s  the '  su r face  a r e a s ~ ' c o r r e c t 1 y ;  indeed, t h e  

p red ic t ions  a r e .  genera l ly  off  by an order  oE magnitude. These r e s u l t s  and, 
' 

. 1 8  i n  f a c t ,  t h e  more d e t a i l e d  comparisons of p red ic t ions  and da ta  by Dunn e t  a l . ,  

i n d i c a t e  t h a t . a n a l y t i c a 1  models 'cannot be used t o  make r e l i a b l e  p red ic t ions  of 

plume su r face  a r e a s . .  For t h e  purposes of t h i s  general ized assessment of once- 

through cooling water technology, t h e  simple c o r r e l a t i o n  of the  su r face  a r e a  

with p lan t  discharge flow r a t e ,  while not  t h e o r e t i c a l l y  s a t i s f y i n g  and pre- 

sumably not e n t i r e l y  genera l ,  is  probably s u f f i c i e n t .  

Based on t h i s  simple c o r r e l a t i o n ,  a  500-MW foss i l - fue led  p lan t  (Q = 
P 

16.5 m 3 / s ,  ATo = 10  C O )  would r e q u i r e  a  mixing zone with a su r face  a rea  of 

2.4-8.0 x l o 5  m2 t o  a t t a i n  a  d i l u t i o n  of 6.0 using a t y p i c a l  shore l ine  su r face  

discharge.  Such a p lan t  might, under c e r t a i n  condi t ions ,  m e e t  t h e  l e s s  s t r i n -  

gent mixing zone su r face  a r e a  r e s t r i c t i o n  of 2.9 x l o5  m2 (area equivalent  t o  

a  c i r c l e  of 1000 f t  r ad ius ) .  However, i t  i s  very un l ike ly  t h a t  t h e  more 

s t r i n g e n t  mixing zone su r face  a r e a  r e s t r i c t i o n  of 2.6 x l o 4  m2 ( 3 0 0 4  t r a d i u s  

c i r c l e )  could be m e t  by such a p lan t .  It appears t h a t  power p l a n t s ,  e i t h e r  

foss i l - fue led  o r  nuclear ,  with capaci ty  g rea te r  than 500 MW, w i l l  not  be a b l e  

t o  meet thermal s tandards on l a k e s  using once-through cooling and a conven- 

t i o n a l  su r face  discharge.  

7.3 OFFSHORE SUBMERGED DISCHARGES 

Only r e c e n t l y  have submerged'dischai-ges been used by power p l a n t s  on 

l a r g e  l akes  f o r  the .d i sposa1  of waste heat .  Submerged discharges  have gener- 

a l l y  higher ' ouef a l l  v e l o c i t i e s  than surf  ace. d ischarges ,  and, because of d i s -  

charge a t  depth, can r e s u l t  i n  s u b s t a n t i a l  d i l u t i o n  of t h e  e f f l u e n t b y  t h e  

time i t  reacheb t h e  surface .  T h e . i n c r e a s e d ' d i l u t i o n  due t o  mixing r e s u l t s  

i n  correspondingly smaller  plume a r e a s  a t  the '  su r face  where mixing zone 

l i m i t a t i o n s  usua l ly  apply. The 'conf igura t ion  of submerged discharge  systems 

vary,  but ,  i n  genera l  terms, they can be put i n t o  two ca tegor ies :  s i n g l e  

s t r u c t u r e s  with a few discharge  openings and mul t lpor t  d i f f u s e r s  wi th  numerous 

d ischarge  por t s .  

Submerged s i n g l e  s t r u c t u r e s  seem t o  have unique designs and,.geneqal;i- 

za t ions  about t h e i r  performance a r e  few. Of course,  a s  is t h e  case  with a l l  

submerged discharges ,  increased r e l a t i v e  submergence ( r a t i o  of t h e  water depth 



above t h e  d i scha rge  opening t o  t h e  c h a r a c t e r i s t i c  v e r t i c a l  dimension of t h e  

d i s c h a r g e  opening) l e a d s  t o  increased  d i l u t i o n  a t  t h e  su r f ace .  Two submerged 

s i n g l e - s t r u c t u r e  type  d i scha rges  on l a k e s  a t  which f i e l d  measurements of t h e  

thermal  plyme have been made are t h e  Zion Nuclear Power ,43 and t h e  

D. C. Cook Nuclear Power p l a n t  ,44 s4' both on Lake Michigan. The r e s u l t s  of 

t h e s e  f i e l d  measurements a r e  d iscussed  b r i e f l y  a s  examples of submerged 

s i n g l e - s t r u c t u r e  type  d i scha rges .  

The Zion Nuclear Power S t a t i o n  is  made up of two s e p a r a t e  1100-MW u n i t s  

w i t h  two s imi la f  cooling-water d i scha rge  s t r u c t u r e s  about  100 m a p a r t . i n  t h e  

longshore  d i r e c t i o n .  Each s t r u c t u r e  c o n s i s t s  of a r ec t angu la r  box 23 m long ,  

9  m wide, and 1 m high,  o r i e n t e d  wi th  t h e  long a x i s  perpendicular  t o  t h e  

s h o r e l i n e .  The boxes are on  t h e  bottom i n  4.5 m'of water .  The o u t l e t  from 

each d i scha rge  s t r u c t u r e  c o n s i s t s  of 14 p o r t s ,  each of which is  roughly 1 .6  m 

wide by 0.9 m h igh ,  formed by louve r s  s e t  a t  45' ang le s  on t h e  o f f s h o r e  end 

and one s i d e  ( t h e  s i d e  away from t h e  o t h e r  s t r u c t u r e )  of t h e  box. I n  t h i s  

way, t h e  e f f l u e n t  is d i r e c t e d  away from t h e  shore  and away from t h e  o t h e r  

d i scha rge  s t r u c t u r e .  The r e s u l t i n g  r e l a t i v e  submergence of !  t h e  d i scha rges  

is about  4 . ,2 .  The.norma1 cooling-water f low rate f o r  each u n i t  is  about  

50.m3/s  y i e l d i n g  a  d i scha rge  v e l o c i t y  of 2.4 m / s .  Eight  surveys of t h e  thermal  

plume were made when only  one u n i t  was i n  ope ra t ion .42  These surveys show 

t h a t  t h e  minimum s u r f a c e  d i l u t i o n  ( i . e . ,  d i l u t i o n  corresponding t o  t h e  maximum 

' s u r f a c e  excess  temperature)  i s  only  1.4-2.0. Addi t iona l  mixing once t h e  plume . 

has  reached t h e  s u r f a c e  i s  needed i n ' o r d e r  t o  meet t y p i c a l  temperature s tan-  

dards .  The s i z e  of t h e  plume w a s  found t o  depend s t r o n g l y  on t h e  presence 

and d i r e c t i o n  of a n  ambient l a k e  c u r r e n t .  For ope ra t ion  of on ly  one u n i t ,  t h e  
4 2 s u r f a c e  a r e a  corresponding t o  a  d i l u t i o n  of  6.0 w a s  found t o  be 6-8 x 1 0  m 

when t h e  d i scha rge  w a s  i n  t h e  same d i r e c t i o n  a s  t h e  ambient c u r r e n t  and 

1-6 x l o 5  m2 when t h e  d i scha rge  was i n t o  a n  oncoming c u r r s n t .  Measurements 

when both  u n i t s  were i n  opera t ion42 9 rlemnnst.ra,ted' t h a t  si 'gni f i c a n t  inter- 

a c t i o n  can occur between t h e  ad j acen t  thermal plumes. It can be concluded 

t h a t  t h e  s i z e  of t h e  plume a t  Zion is  s t r o n g l y  inf luenced  by t h e  a v a i l a b i l i t y  

of co ld  d i l u t i o n  water  brought i n  by t h e  ambient c u r r e n t .  Such a d i scha rge  

could meet thermal s t anda rds  under c e r t a i n  circumstances,  but  i t s  a b i l i t y  t o  

do so  depends on ambient l a k e  c u r r e n t s  t h a t  a r e  h igh ly  v a r i a b l e .  



The D.C. Cook Nuclear Power Plant  w i l l  eventual ly  c o n s i s t  of two 1100-MW 

u n i t s ,  each with i t s  own discharge  s t r u c t u r e .  Only Unit 1 is presen t ly  i n  

operat ion.  The Unit 1 discharge  s t r u c t u r e  c o n s i s t s  of two adjacent  hor i zon ta l  

s l o t s ,  each 9.1 m wide and 0.6 m high, near t h e  bottom i n  about 5.7 m of water.  

One s l o t  :ts d i rec ted  offshore  while t h e  o the r  is  a t  a 75' angle wi th  r e spec t  

t o  the  f i r s t .  The' r e s u l t i n g  r e l a t i v e  submergence of the  d ischarge  is 8.1. 

The 'normal cooling-water flow r a t e  is. 46 m 3 / s ,  r e s u l t i n g  i n  .a discharge v e l o c i t y  

of 4.1 m / s .  The r e s u l t s  of seven surveys- o£ t h e  thermal plume a t  t h e  D.C. 

Cook site45 show t h a t  the  minimum sur face  d i l u t i o n  i s  about 2.2-3.3. 'Again,' 

add i t iona l  mixing once t h e  plume has surfaced is  necessary i n  order  t o  m e e t  

t y p i c a l  temperature s tandards.  The su r face  a r e a  corresponding.to a d i l u t i o n  

of 6.0 was found t o  be 9-20. x l o 4  m2 f o r  most surveys. However, on two occa- 

s ions ,  the  su r face  a rea  was s u b s t a n t i a l l y  l a r g e r ,  about 1 x - l o 6  m2. I n  one 

case,  t h e  l a r g e  su r face  a r e a  appeared t o  be due t o  t h e  heated su r face  w a t e r  

being pushed i n  t h e  o f f shore  d i r e c t i o n  by a su r face  cu r ren t  caused by t h e  o f f -  

shore component of t h e  wind, which resu l t ed  i n  a pime with l a r g e r  than -usual  

hor i zon ta l  extent  a t  t h e  su r face  but  with smaller than usual  v e r t i c a l  extent .  

I n  t h e  second case,  a cu r ren t  r e v e r s a l  t h a t  occurred j u s t  p r i o r  t o  and during 

t h e  plume mapping survey apparently brought t h e  plume back upgn. i t s e l f ,  're- 
' s u l t i n g  i n  less e f f e c t i v e  d i l u t i o n  because t h e  plume was en t ra in ing  heated 

w a t e r .  A s  i n  t h e  case  of t h e  Zion discharge,  t h i s  discharge could meet thermal 

s tandards under c e r t a i n  circumstances. However, t h e  s i z e  o f L t h e  plume is  again 

s t rong ly  dependent upon t h e  ambient current  and ambient cu r ren t .  s t ruc tu re ,  and, 

a s  such, can be highly va r i ab le .  

I n  order  t h a t  once-through cooling be an acceptable  a l t e r n a t i v e  f o r  

power-plant condenser cooling,  t h e  discharge s t r u c t u r e  should be designed so  

t h a t  thermal s tandards w i l l  be m e t  f o r . t h e  complete range of normally expected 

rece iv ing water condit ions.  To accomplish t h i s ,  most of t h e  d i l u t i o n  must take  

p lace  near t h e  outf a l l  where mixing is governed pr imar i ly  by t h e  cha rac te r i s -  

t i c s  of the  discharge,  such a s  densimetric  Froude number and r e l a t i v e  submer- 

gence, r a t h e r  than by t h e  c h a r a c t e r i s t i c s  of t h e  ambient rece iv ing water,  such 

a s  cu r ren t s ,  ambient turbulence,  and dens i ty  s t r a t i f i c a t i o n .  Because of t h e  

l a r g e  q u a n t i t i e s  of cooling water . requi red  and t h e  r e l a t i v e l y  shallow receiv ing 

water a v a i l a b l e  i n  t h e  near-shore region of l akes ,  high-velocity submerged , 

discharges  with s i g n i f i c a n t  l a t e r a 1 , e x t e n t s  w i l l  be necessary. A mul t ipor t  

d i f f u s e r  with a number of openings o r  p o r t s  spread along a .pipe o r  tunnel  on 



o r  under t h e  l a k e  bottom i s  t,he most l i k e l y  candida te .  The i n d i v i d u a l  p o r t s  

a r e  u s u a l l y  smal le r  than  t h e  openings i n  s i n g l e - s t r u c t u r e  type  submerged d i s -  

charges  r e s u l t i n g  i n  l a r g e r  r e l a t i v e  submergence and g r e a t e r  s u r f a c e  d i l u t i o n  

f o r  t h e  same r ece iv ing  water depth.  

The J .A.  F i t z P a t r i c k  Nuclear Power P lan t  on Lake Ontar io  has  such a 

m u l t i p o r t  d i f f u s e r .  The p l a n t  has  one 850-MJ u n i t  and d i scha rges  coo l ing  water 

a t  a  r a t e  of 23.4 m 3 / s .   h he d i f f u s e r  . c o n s i s t s  .of s i x  p a i r s  of p o r t s  spread 

a long  a  236-m long'  d i f f u s e r  t unne l  o r i e n t e d  approximately p a r a l l e l  t o  t h e  

s h o r e l i n e .  The p o r t s  d i r e c t  t h e  e f f l u e n t  h o r i z o n t a l l y  i n  a  gene ra l ly  of £shore  

d i r e c t i o n . '  A f eede r  t unne l ,  under t h e  l a k e  bottom, c a r r i e s  t h e . c o o l i n g  water 

from t h e  p l a n t  t o  t h e  c e n t e r  of t h e  d i f f u s e r  tunnel .  This  con f igu ra t ion  is  

r e f e r r e d  t o  a s  a "tee" d i f  f u s e r  (Fig.  2) . Each p o r t  has  a  diameter  of 0.76 m,, 

and t h e  v e l o c i t y  a t  t h e  p o i n t  of d i scha rge  is 4.3 m / s .  The p o r t s  a r e  l oca t ed  

about  1 .5  m above t h e  l a k e  bottom i n  about  9-10 m of water ,  r e s u l t i n g  i n  a  

r e l a t i v e  submergence of about  10 .  F i e ld  surveys of t h e  thermal plume have 

been r epor t ed  by T s a i  and ~ u r r i s . ~ ~  Based on t h e  h ighes t  observed s u r f a c e  

tempera ture  excess ,  t h e  minimum s u r f a c e  d i l u t i o n  a t t a i n e d  by t h i s  d i f f u s e r  is  

i n  t h e  range  of 6-14. Although t h e r e  is ,  aga in ,  appa ren t ly  s i g n i f i c a n t  

dependence on ambient r e c e i v i n g  water  cond i t i ons ,  t h e  i n i t i a l  d i l u t i o n  induced 

by t h e  m u l t i p o r t  d i f f u s e r  i s  such t h a t ,  over a range of cond i t i ons ,  cons ider -  

a b l e  d i l u t i o n  a t  t h e  s u r f a c e  i s  achieved i n  c l o s e  proximity t o  t h e  d i f f u s e r .  

Mul t ipo r t  d i f f u s e r s  appear t o  be t h e  most promising method (wi th in  t h e  

p h y s i c a l  c o n s t r a i n t s  assumed f o r  t h i s  s tudy)  of d i spos ing  of l a r g e  q u a n t i t i e s  

of waste  h e a t  from once-through coo l ing  systems on l a r g e  l a k e s .  Because t h e  

d i l u t i o n  a t t a i n e d  a t  t h e  s u r f a c e  above a  m u l t i p o r t  d i f f u s e r  depends on water 

depth ,  p o r t  d iameter ,  p o r t  o r i e n t a t i o n ,  number of p o r t s ,  d i f f u s e r  l e n g t h  (o r  

p o r t  spac ing ) ,  d i scha rge  v e l o c i t y ,  and ambient c u r r e n t ,  s e v e r a l  des ign  op t ions  

a r e  a v a i l a b l e  t o  achieve  t h e  r equ i r ed  s u r f a c e  d i lu t ' i on .  Various methods e x i s t  

t h a t  can  be used t o  determine,  i n  gene ra l  terms, t h e  circumstances under which 

i t  would be reasonable  t o  a t tempt  t o  des ign  a  m u l t i p o r t  d i f f u s e r  capable  of 

meeting a  given s e t  of thermal s tandards .  A f i r s t  approach might be t o  con- 

s i d e r  t h e  d i f f u s e r  a s  made up of a  number of s e p a r a t e  p o r t s .  I f  t h e  plume 

from each p o r t  ' a t t a i n s  t h e  r equ i r ed  d i l u t i o n  a t  t h e  su r f ace ,  t h e  d i f f u s e r  w i l l  

meet t h e  s t anda rds  i f  t h e  p o r t s  a r e  s u f f i c i e n t l y  f a r  a p a r t  so  t h a t  no s i g n i f i -  

c a n t  i n t e r f e r e n c e  occurs  among them. Th i s  approach may 'be conse rva t ive  i n  



t h a t  it does not  take  i n t o  account any a d d i t i o n a l  d i l u t i o n  t h a t  ,may occur a t  

the  su r face  wi th in  some spec i f i ed  su r face  mixing zone. I f  t h i s  a d d i t i o n a l  

mixing were taken i n t o  account,  smaller  d i f f u s e r s  might be 'adequate. 

Several r e sea rchers  have rep.orted r e s u l t s  of laboratory-scale experi-  

ments involving s i n g l e  round buoyant jets discharging hor izon ta l ly  near t h e  

bottom i n t o  quiescent  rece iv ing water of uniform temperature. I n  genera l ,  

minimum surface  d i l u t i o n  was .measured a s  a funct ion  of d ischarge  densimetric  

Froude number, Fo, and r e l a t i v e  water depth,  H/Do. The d ischarge  densimetric  

Froude . number is defined by : 

where : 

Uo = discharge  v e l o c i t y ,  

Ap0 = i n i t i a l  dens i ty  d i f fe rence  between discharge  and ambient rece iv ing 
water,  

pa  = dens i ty  of ambient rece iv ing water ,  

g = acce le ra t ion  due t o  g rav i ty ,  and 

D = discharge por t  diameter.  
0 

T h e . r e l a t i v e  water depth is t h e  r a t i o  of t h e  t o t a l  rece iv ing water depth,  H,  

t o  the  diameter of t h e  d.ischarge por t .  Re la t ive  water depths a r e  o f t e n  small 

(less than 10-15) f o r  t y p i c a l  submerged o u t f a l l s  due t o  t h e  shallowness of 

t h e  near-shore regions  of most rece iv ing water bodies and due t o  t h e  l a r g e  

por t  s i z e s  needed t o  accommodate l a r g e  cooling water flows. The inf luence  of 

t h e  rece iv ing water bottom and su r face  on t h e  thermal plume may have a 

l a r g e  e f f e c t  on t h e  d i l u t i o n  a t t a i n e d  by a submerged discharge,  e spec ia l ly  

when t h e  r e l a t i v e  water depth is small .  The presence of an ambient c r o s s  cur- 

r e n t  w i l l ,  i n  genera l ,  increase  t h e  su r face  d i l u t i o n  a t t a i n e d  by a s i n g l e  sub- 

merged round p o r t  ,23 but i n  t h e  case  of a mul t ipor t  d i f f u s e r ,  i n t e r a c t i o n  

among t h e  plumes from t h e  individual  p o r t s  may occur r e s u l t i n g  i n  smaller  

e f f e c t i v e  d i l u t i o n .  The o r i e n t a t i o n  of t h e  individual  p o r t s  with r e spec t  t o  

t h e  d i f f u s e r ,  t h e  o r i e n t a t i o n  of . the  d i f fuse r '  wi th  r e spec t  ' to  t h e  ambient 

cu r ren t ,  and t h e  magnftude, of the  ambient cu r ren t  c l e a r l y  a f f e c t  t h e  

extent  of i n t e r a c t i o n .  The d e t a i l s  of t h e  e f f e c t  of c u r r e n t s  on t h e  behavior 

of mul t ipor t  d i f f u s e r s  a r e  n o t ,  w e l l  understood; they a r e  considered l a t e r .  



Partheniades e t  a1.47,48 c a r r i e d  out  more than 100 l abora to ry  s c a l e  

experiments designed t o  measure t h e  maximum su r face  temperature (minimum 

s u r f a c e  d i l u t i o n )  r e s u l t i n g  from a discharge of heated water hor i zon ta l ly  from 

a s i n g l e  round por t  loca ted  near t h e  bottom of a r e l a t i v e l y  shallow experimental 

bas in .  Their r e s u l t s  were presented a s  contours of s p e c i f i c  va lues  of d i l u t i o n  

on a p l o t  of r e l a t i v e  water depth versus  discharge densimetric  Froude number. 

By i n t e r p o l a t i o n ,  t h e  contour corresponding t o  a minimum sur face  d i l u t i o n  of 

6.0 has been est imated from t h e i r  r e s u l t s  and i s  p lo t t ed  i n  Fig. 4. Resul ts  

of s i m i l a r  labora tory  experiments have been reported by ~ o e s t e r  ,49 ~ a f  e t z  

and Balasubramanian and ~ a i n .  Again, by in te rpo la t ion ,  estimates of t h e  d is -  

charge densimetric  Froude number needed t o  achieve a minimum sur face  d i l u t i o n  

of 6.0 f o r  a given r e l a t i v e  water depth have been p l o t t e d  i n  t h e  f igure .  I n  

add i t ion ,  S h i r a z i  and ~ a v i s ~ ~  have developed a series of nomograms based on an 

i n t e g r a l  a n a l y s i s  of t h e  equations of motion t h a t  desc r ibe  t h e  g ross  charac ter -  

i s t i c s  of deeply submerged, round buoyant j e t s .  The r e s u l t s  f o r  t h e  s i t u a t i o n  

analogous t o  t h e  l abora to ry  experiments a l ready discussed (hor izonta l  d ischarge  

i n t o  a quiescent  rece iv ing water of uniform temperature) a r e  p l o t t e d  on t h e  

f igure .  This a n a l y t i c a l  model does not  take  i n t o  account t h e  e f f e c t s  on jet 

d i l u t i o n  of i n t e r a c t i o n  of t h e  plume wi th  the  bottom o r  t h e  f r e e  surface .  

However, t h e  r e s u l t s . a p p e a r  t o  be i n  good agreement with t h e  experimental r e s u l t s  

f o r  l a r g e  Froude numbers and somewhat conservative f o r  small Froude numbers. 

Figure 4 shows t h a t  i n  order  f o r  a s i n g l e  hor izonta l  round j e t  t o  a t t a i n  a 

minimum sur face  d i l u t i o n  of a t  l e a s t  6.0, t h e r e  e x i s t s . a  minimum discharge  

dens imetr ic  Froude number f o r  a given r e l a t i v e  water depth. Larser  Froude num- 

be r s ,  a t  a given water depth, w i l l  g ive  l a r g e r  d i l u t i o n s  and smaller  Froude 

numbers w i l l  y i e l d ' d i l u t , i o n s  less than 6.0. 

I n  order  t o  demonstrate t h e  e f f e c t  of t h e  Froude. numberlrelat ive depth 

r e l a t i o n  on mul t ipor t  d i f f u s e r  design,  Table 1 3  has been constructed f o r  t h e  

case  of a t y p i c a l  1000-MW nuclear  power p lan t  with a discharge flow r a t e .  Qp. of 

47 m 3 / s  and an i n i t i a l  temperature rise, ATo, of 10  C O .  The maximum por t  diame- 

ter, D and associa ted  minimum number of p o r t s ,  N, has been determined f o r  a 
0 

series of rece iv ing water depths (H = 2.5, 5.0, 10.0, and 15.0 m) and a s e r i e s  

of d ischarge  v e l o c i t i e s  (U = 2,  3 ,  4,  and 5 m/s). The curve r e s u l t i n g  from 
0 

t h e  experiments by Partheniades e t  a l .  was used f o r  r e l a t i v e  water depths less 

than 4.5 and the  curve based on t h e  Shirazi-Davis nomograms was used f o r  r e l a -  

t i v e  water depths g r e a t e r  than 4.5. These two'curve segments should l ead  



Pig. 4.  Minimum Discharge Densimetric Froude Number Needed 
for the Plume from a Single Submerged Round Port 
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Table 13. Estimated ~ u l t i ~ o r t  Diffuse7 Pa.rameters f o r  a 
Typica l  1 0 0 0 w  ~ u c l e a r  Power P l a n t  when a 
D i l u t i o n  of 6.0 i s  Required (Quiescent 
Receiving Water) 

~ - ~ - -  - - -  - 

a Not a.shaZZow d i f f u s e r  by c r i t e r i o n  d iscussed  i n  t e x t  
2 4 f o r  .. Adams , , a n a l y s i s .  . .. ,, 

b ~ o t  a long d i f f u s e r  by c r i t e r i o n  d iscussed  i n  t e x t  f o r  
Adarns ana lys i s .  2 4 

t o  conse rva t ive  p r e d i c t i o n s  of maximum p o r t  diameter .  It can  be seen  from 

t h e  t a b l e  t h a t ,  except  f o r  low-veloc.ity d i scha rges  i n  'very shal low water, a 

d i l u t i o n  of 6.0 can be  a t t a i n e d  w i t h  reason$ble. . 'port  s i z e s  and reasonable  

numbers .of p o r t s .  It should be noted t h a t  l a rge r  numbers of smal le r  diameter  

p o r t s  can  be s u b s t i t u t e d  f o r  t h e  arrangement l i s t e d  i n  t h e  t a b l e  as t h a t  

would r e s u l t  i n  even h igher  Froude numbers -and r e l a t i v e  water  depths  and, 

t h e r e f o r e ,  poss ib ly  b e t t e r  d i l u t i o n .  For example, f o r  t h e  c a s e  of H = 10.0 m 

and U = 4 m / s ,  t h e  t h r e e  2.23-m diameter  p o r t s  could be rep laced  by 1 5  p o r t s ,  
0 

1 . 0  m i n  d iameter .  I f  t h e  1 5  p o r t s  a r e  separa ted  s u f f i c i e n t l y  s o  t h a t  



i n t e r f e r e n c e  is  unl ike ly ,  a su r face  d i l u t i o n  of 12 would r e s u l t  according t o  

both t h e  labora tory  d a t a  of Hafetz and t h e  Shirazi-Davis nomograms. 

An es t imate  of t h e  t o t a l  d i f f u s e r  length ,  L, is a l s o  sought because 

t o t a l  length ,  a s  well  a s  t h e  number of p o r t s  and por t  diameter,  w i l l  e n t e r  

i n t o  t h e  determination of whether i t  is reasonable t o  expect t o  be a b l e  t o  

design an adequate d i f f u s e r  under a given set of ciircumstances;.  dams^^ 
has applied a one-dimensional momentum a n a l y s i s  t o  a long d i f f u s e r  i n  shal-  

low, quiescent  water.  He assumed t h a t  t h e  momentum of t h e  d i f f u s e r  induces 

a flow of ambient water over t h e  d i f f u s e r  r e s u l t i n g  i n  an average d i l u t i o n ,  
- 
S,  downstream upon complete mixing t h a t  i s  given by: 

where : 

Bo = Q p / ~ u  . = equivalent  s l o t  width. 
0 

Adams and ~ t o l z e n b a c h ~ ~  suggest t h a t  t h e  a p p l i c a b i l i t y  of the!  a n a l y s i s  is  

r e s t r i c t e d  by t h e  following l i m i t a t i o n s  on d i f f u s e r  l eng th  and water depth: 

L 2 . 1 0  H, 

and 

t h a t  is,  long d i f f u s e r s  i n  shaZZou water. The d i f f u s e r  l eng th  requi red  t o  

achieve a given average d i l u t i o n  is then given by: 

The l eng th  of t h e  d i f f u s e r  needed t o  y ie ld  an average d i l u t i o n  o f  6.0, ac- 

cording t o  t h i s  a n a l y s i s ,  has .been included i n  Table 13  'for t h e  var ious  

rece iv ing water depths and d ischarge  v e l o c i t i e s .  The r a t i o  L/N, an  es t ima te  

of t h e  requi red  por t  spacing, i s  a l s o  included i n  t h e  t a b l e .  A s  a check on 

whether' t h i s  spacing is reasonable,  t h e  widths, W, of t h e  individual  jets a t  
, :. . . 

t h e  surface ,  as estimated from t h e  Shirazi-Davis nomograms, a r e  included i n  
. . I . .  



t h e  t a b l e .  The width i s  defined a s  twice t h e ' r a d i a l  d i s t a n c e  from t h e  jet 

c e n t e r l i n e  t o  t h e  r a d i u s  a t  which the  excess temperature has dropped t o  l / e 2  

(13.5%) of the  c e n t e r l i n e  value.  These widths a r e  comparable t o  t h e  por t  

spacing previously est imated and, the re fo re ,  i n d i c a t e  s i g n i f i c a n t  in te r fe rence  

between adjacent  j e t s  w i l l  be indeed unl ike ly .  

The es t imates  given i n  Table 1 3  a r e  f o r  a 1000-MW nuclear  power p lan t  

wi th  a  d ischarge  flow r a t e  of 47 m 3 / s .  For d i f f e r e n t  c a p a c i t i e s  and d i s -  

charge flow r a t e s ,  the  number of p o r t s  and t h e  t o t a l  length  of t h e  d i f f u s e r  

would change while maximum port  diameter,  po r t  spacing, and jet width would 

reinain unchanged. .For example, a  ,500-MW nuclear  p lan t  w i t h ' a  d ischarge  flow 

rate of 23.5 m 3 / s  would r e q u i r e  one-half t h e  number of p o r t s  along a  d i f f u s e r  

of only one-half t h e  l eng th  of those spec i f i ed  i n  71ahI.e 1.3. 

The above es t imates  a r e  based on discharges i n t o  a  quiescent .  rece iv ing 

water body. I n  a  l a k e  s i t u a t i o n ,  ambient cu r ren t s  are o f t e n  pre'sent and 

a r e  shore p a r a l l e l .  These cu r ren t s  w i l l  vary i n  magnitude and d i r e c t i o n .  

I f  t h e  individual  p o r t s  a r e  or iented  perpendicular t o  t h e  d i f f u s e r  and t h e  

d i f f u s e r  i s  or iented  so t h a t  t h e  ambient flow is  i n  t h e  same d i r e c t i o n ' a s  t h e  

d i f f u s e r  flow, i n i t i a l  d i l u t i o n  w i l l  probably be somewhat enhanced. However,. 

i f  t h e  ambient cu r ren t  and . d i f f u s e r  d ischarge  flow a r e  opposed, d i l u t i o n  w i l l  . 

be s i g n i f i c a n t l y  inh ib i t ed .  33 I f  t h e  d i f f u s e r  i s  or iented  approximately 

p a r a l l e l  t o  the  shore with the  individual  p o r t s  d i rec ted  o f f shore  (a "tee" 

d i f f u s e r ) ,  t he  ambient cu r ren t  wlll'. most l i k e l y  be along t h e  a x i s  of t h e  

d i f f u s e r  . For s u f f i c i e n t l y  la rge .  cu r ren t s ,  t h i s  nross  flow w i l l  cause ' increased 

i n t e r f e r e n c e  among ind iv idua l  j e t s  and a l s o  i n h i b i t  t h e  flow of d i l u t i o n  water 

over t h e  d i f f y s e r ,  thus  reducing t h e  o v e r a l l  d i l u t i o n .  Adams afid ~ t o l z e n b a c h ~ ~  

have suggested t h e  following r e l a t i o n s h i p  between t h e  d i l u t i o n  when no ambient 

c u r r e n t  is  present ,  
So ' and the  d i l u t i o n ,  S, i n  the  presence,of  a  cu r ren t  

U along t h e  a x i s  of  a  "tee" d i f f u s e r :  
a  

Adams and Stolzenbach chose a , =  5 based on l imi ted  labora tory  and f i e l d  ob- 

se rva t ions  t h a t  show a  wide range of v a r i a b i l i t y .  Figure 5' i s  a  p l o t  of 

t h e  v a r i a t i o n  of d i l u t i o n  with ambient cu r ren t  observed during ' labora tory  

model s t u d i e s  of t h e  J.A. ~ i t z ~ a t r i c k  d i f f u s e r  repor ted  by ~unwaldsen e t  al. 52 



Fig. 5 .  Effect of Cross Currents on the Dilution Attained by the 
Physical Model of the J.A. FitzPatrick Diffuser 



The r e s u l t s  are presented  i n  a format c o n s i s t e n t  w i t h  t h e  Adams-Stolzenbach 

r e l a t i o n .  Two va lues  of  t h e  r a t i o  S  /S a r e  p l o t t e d  f o r  each ambient c u r r e n t  
0 

. va lue ,  one f o r  t h e  minimum s u r f a c e  d i l u t i o n  and one f o r  t h e  average  d i l u t i o n .  

Thd  dams-~tolzenbach r e l a t i o n  i s  a l s o  p l o t t e d  i n  t h e  f i g u r e  f o r  v a r i o u s  

v a l u e s  of t h e  parameter a .  The p l o t  sugges ts  t h a t  a  v a l u e . o f  1 o r  2  f o r  a 

would be more a p p r o p r i a t e  than  5, a t  l e a s t  f o r  t h i s  p a r t i c u l a r  case .  

I n  o rde r  t o  compensate f o r  t h e  r educ t ion  i n  d i l u t i o n  caused by a c r o s s  

c u r r e n t ,  t h e  l e n g t h  of t h e  d i f f u s e r  would have t o  be increased  f o r  a  f i x e d  

water dep th  and d i scha rge  v e l o c i t y .  Th i s  i nc rease  can  be est imated by apply- 

ing  t h e  Adams-Stolzenbach express ion  t o  t h e  equat ion  used t o  e s t ima te  d i f f u s e r  

l e n g t h  based on Adams' momentum a n a l y s i s , 2 4  r e s u l t i n g  i n  

where : 

L = d i f f u s e r  l e n g t h  need when no c u r r e n t  i s  p r e s e n t ,  and 

L '  - d i f f u s e r  l e n g t h  when a  c r o s s  c u r r e n t  U is p re sen t .  
a  

The l a r g e r  t h e  d i scha rge  v e l o c i t y  wi th  r e s p e c t  t.0 t h e .  ambient c u r r e n t ,  t h e  

sma l l e r  t h e  e f f e c t  on t h e  d i l u t i o n  and t h e  l e n g t h  of t h e  d i f f u s e r .  .For 

example, f o r  a = 5, t h e  l e n g t h  of a  d i f f u s e r  wi th  a d i scha rge  v e l o c i t y  of 

2  m / s  would have t o  be increased  t e n f o l d  t o  main ta in  a d i l u t i o n  of 6.0 i n  a 

smal l  c r o s s  c u r r e n t  of 0 .1 m / s ,  whi le  t h e  l e n g t h  of a d i f f u s e r  w i t h  a d i s -  

charge  v e i o c i t y  of 5  m / s  would on ly 'have  t o  be increased  15-20% t o  main ta in  

t h e  same d i l u t i o n  under t h e  same c r o s s  c u r r e n t .  'C lear ly ,  l a r g e  d i scha rge  . 

v e l o c i t i e s  a r e  d e s i r a b l e ;  however, pumping power c o s t s  and environmental con-, 

s i d e r a t i o n s  near  t h e  d i scha rge  p o r t s .  p l ace  a p r a c t i c a l  l i m i t  on t h e  

d i scha rge  v e l o c i t y .  The proper  cho ice  f o r  t h e ' v a l u e  of a ,  as noted e a r l i e r ,  

is  nor well-determined and may b e  site-dependent.  It has  a  l a r g e  e f f e c t  on 

t h e  e s t i m a t e  of t h e  r equ i r ed  d i f  f u s e r  l e n g t h  i n  a c r o s s  c u r r e n t .  'For example, 

f o r  a d i scha rge  v e l o c i t y  of 5  m / s  and a c u r r e n t  of 0.25 m / s ,  which i s  a .rea- 

sonable  upper l i m i t  on t h e  c u r r e n t s  normally &pect&d i n  t h e  near-shore 

r e g i o n  of l a r g e  l a k e s ,  a va lue  of 5  f o r  'a i n d i c a t e s  t h a t  a t e n f o l d  i n c r e a s e  i n  

d i f f u s e r  l e n g t h  is necessary  t o  ma in t a in  a  d i l u t i o n  of 6 .0,  wh i l e  a va lue  of 

2  i n d i c a t e s  t h a t  on ly  a  50-60% i n c r e a s e  i n  l e n g t h  i s  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. 

A staged diffuser is another alternative that is being considered more 

frequently.   he' 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 f1ow.i~ induced along the axis of the diffuser 

i.n 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 Secs. 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. 



8 ONCE-THROUGH COOLTNG ON ESTUARIES 

8 . 1  GENERAL FEATURES 

. E s t u a r i e s  a r e  water  bodies  i n  which 'both  s a l i n e  t i d a l  waters  and f r e s h  

water  runoff produce d i v e r s e  phys i ca l  and b i o l o g i c a l  processes .  C i r c u l a t i o n  

is  o f t e n  a  complex f u n c t i o n  of s easona l ly  vary ing  r i v e r  in f low and of pe r iod ic  

ocean t i d e s  modified by geometric f e a t u r e s ' s u c h  as i s l a n d s ,  peninsulas ,  embay- 

ments,  and t i d a l  f l a t s .  Complex d e n s i t y .  s t r u c t u r e s ' e x % s t  due t o  both  temper- 

a t u r e  and s a l i n i t y  d i f f e r e n c e s  between' t h e .  r i v e r '  water '  and t h e '  ocean water .  

E s t u a r i e . ~  u s u a l l y  a l s o  support  a wide i r a r i e t l  of benth ic  and free-swimming 

a q u a t i c  organisms as w e l l  as water fowl and certain m m a l . s .  . Anadromous 

s p e c i e s  r e l y  on passage through e s t u a r i n e  r eg ions  t o  reach  t h e i r  n a t u r a l  

spawning grounds. The complexity of t h e ' p h y s i c a l  and b i o l o g i c a l  systems i n  

e s t u a r i e s  has  made ' i f  d i f f i c u l t  t o  determine t h e ' d i v e r s e  po ten tga l  e f f e c t s  

of t h e  a d d i t i o n  of waste  hea t .  Consequently, s t r i c t , t e m p e r a t u r e  s t anda rds  

a r e  o f t e n , e s t a b l i s h e d ,  e s p e c i a l l y  f o r  t h e ' ~ e r ' m o n t h s ' w h e n  n a t u r a l  water 

tempera tures  a r e  a l r e a d y  h igh . '  Also, s t anda rds  o f t e n  r e q u i r e  t h a t  zones of .c 

passage be maintained s o  t h a t  . t he  mixing zone inust no t  extend a c r o s s  t h e  

e n t i r e  c ros s - sec t iona l  a r e a  of t h e '  e s tua ry .  

The phys i ca l  c h a r a c t e r i s t i c s  of e s t u a r i e s ' v a r y  widely, and c l a s s i f i c a -  

t i o n s  suc.h a s  "saline-wedge;"."partially-mixed," and "well-mixed" have been 

used t o  d i f f e r e n t i a t e  among e s t u a r i n e  eniriromients. For t h e '  purposes of t h i s  

s tudy ,  it i s  s u f f i c i e n t  t o  n o t e  t h a t  nea r  t h e  mouth of a n  e s t u a r y  c u r r e n t s  

are predominantly t i d a l l y  d r i v e n  and s a l i n e  ocean water.,makes up  t h e ' g r e a t e s t  

p a r t  of t h e  flow. Depending on the' ,geometry, t h e ' c h a r a c t e r i s t i c s  may resemble 

those  of a n  ocean embayment. Near t h e  head, t h e ' . f r e s h  w a t e r ' r i v e r  flow may 

make up a  s i g n i f i c a n t  p o r t i o n  . of . t h e '  t o t a l  flow, and t h e '  cha i - ac t e r i s t i c s  may 

c l o s e l y  resemble those  of a r i v e r .  Thus, no s i n g l e  s e t ' o f  c h a r a c t e r i s t i c s  is  

g e n e r a l l y  a p p l i c a b l e  to .  a l l  waste h e a t  d i scha rge  s i t u a t i o n s  on e s t u a r i e s .  

For the purposes of t h i s  s tudy ,  t h e  major f e a t u r e s  t h a t  a r e  important i n  

governing t h e  d i s p e r s a l  o f  t h e .  , e f f l u e n t  from a once-thrimgh cobl ing  system 

d i s c h a r g e  on a n  e s t u a r y  a r e .  (1) l i m i t e d  l a t e r a l  e x t e n t ,  (2) b i - d i r e c t ' i o n a l  

flow, and (3)  s i g n i f i c a n t  v a r i a t i o n  ( t i d a l )  i n  c u r r e n t  magnltude. Changes 

i n  water  depth  may a l s o  be s i g n i f i c a n t  a t  some s i t e s ' a n d  t h e ' o u t f a l l  may have 

t o  be designed t o  o p e r a t e  e f f e c t i v e l y  a t  mean-low-water'condition,~. L h P t e d  

l a t e r a l  e x t e n t  imp l i e s  t h a t  bo th  t h e  near  and f a r  shores 'may in f luence  t h e  



behavior of t h e  e f f l u e n t .  T ida l  v a r i a t i o n s  of t h e  c u r r e n t  r e s u l t  i n  pe r iods  

of l a r g e  c u r r e n t  ( f l ood  o r  ebb t i d e )  followed by per iods  of very  sma l i  c u r r e n t  

( s l a c k  t i d e ) ,  followed aga in  by l a r g e  c u r r e n t s  i n  t h e  oppos i t e  d i r e c t i o n .  This  

r e v e r s a l  of t h e  flow c o n t i n u a l l y  r e t u r n s  some f r a c t i o n  of t h e  waste h e a t  d i s -  

charged dur ing  a  prev ious  p a r t  of t h e  t i d a l  cyc le .  Of course ,  mixing occurs  

dur ing  u n i d i r e c t i o n a l  t i d a l  excurs ions  s o  t h a t  excess  temperatures  w i l l  be  

lower when t h e  heated water r e t u r n s .  Also, p a r t  of t hk  h e a t  w i l l  be  f lushed  

out  of t h e  a r e a  due t o  t h e  n e t  r i v e r  f low ( e s p e c i a l l y  near  t h e  head of t h e  

e s tua ry )  and/or  t h e  c o a s t a l  c u r r e n t s  of t h e  ocean ( e s p e c i a l l y  near  t h e  mouth 

of t h e  e s t u a r y ) .  An a d d i t i o n a l  complicat ion t h a t  must be considered i n  t h e  

des ign  of a  once-through cool ing  system a t  a n  e s t u a r i n e  s i t e  is t h e  s e l e c t i o n  

of a  l o c a t i o n  f o r  t h e  cool ing  water i n t ake .  Designs u s u a l l y  a t tempt  t o  avoid 

s i g n i f i c a n t  r e c i r c u l a t i o n  of t h e  heated e f f l u e n t  back i n t o  t h e  system i n t a k e  

t o  ach ieve  t h e  lowest  p r a c t i c a l  coo l ing  water temperature.  The p e r i o d i c  

r e v e r s a l s  of t h e  c u r r e n t  tend t o  cause  t h e  thermal  plume t o  b e  swept both  up- 

stream and downstream making i t  d i f f i c u l t  t o  f i n d  a l o c a t i o n  t h a t  is  n o t  ' 

inf luenced by t h e  plume a t  l e a s t  dur ing  p a r t  of each t i d a l  cyc l e .  

P r e d i c t i o n  of t h e  f a t e  of waste  h e a t  from a power p l a n t  s i t e d  on a n  

e s tua ry  i s  extremely d i f f i c u l t  due t o  t h e  compiexi t ies  descr ibed  above. Ana- 

l y t i c a l  models f o r  thermal plumes u s u a l l y  cannot handle t h e  complicated geom- 

e t r i e s  and f low p a t t e r n s  o f t e n  p re sen t  a t  such s i t e s .  Numerical modeling 

techniques  have been app l i ed  t o  e s t u a r i e s  ; however, it is  d i f f i c u l t  t o  treat 

r e a l i s t i c a l l y  t h e  .near - f ie ld  behavior of t h e  thermal plume where o u t f a l l  geom- 

' e t r y  and i n i t i a l  d i scha rge  momentum a r e  important .  ~ u m e r i c a i  models can  be 

used t o  p r e d i c t  f a r - f i e l d  plume behavior where t r a n s p o r t  and mixing a r e  

governed p r imar i ly  by,ambient  c u r r e n t s  and turbulence .  Such models may be 

p a r t i c u l a r l y  h e l p f u l  i n  e s t ima t ing  t h e  q u a n t i t y  of h e a t  r e tu rned  t o  t h e  out-  

f a l l  s i t e  dur ing  a c u r r e n t  r e v e r s a l .  The e f f e c t  of t h e  r e t u r n  of h e a t  due t o  

c u r r e n t  r e v e r s a l s  can  a l s o  be t r e a t e d  a n a l y t i c a l l y  based on t h e  r e s u l t s  of 

f i e l d  measurements involving t h e  t r ack ing  of dye r e l e a s e s  over s e v e r a l  t i d a l  

cycles .19 .Physical  (hydraul ic )  models o f t e n  cannot be made l a r g e  enough t o  

i nc lude  enough of t h e  e s t u a r y  so  t h a t  they  may be operated over  s e v e r a l  t i d a l  

c y c l e s  and s t i l l  inc lude  t h e  e f f e c t  of r e t u r n  hea t .  Even i f  t h e  model were 

l a r g e  enough, hydrau l i c  s c a l i n g  l a w s  a r e  d i f f e r e n t  f o r  near-f i e l d  e f f e c t s  

such as' jet-induced mixing and j e t - cu r r en t  i n t e r a c t i o n  and ' f o r  f ar-f i e l d  

' e f f e c t s  s u c h a s  buoyant spreadsng, n a t u r a l  t u r b u l e n t  mixing, and s u r f a c e  hea t  



l o s s .  Thus t h e  complete thermal f i e l d  cannot be s imulated i n  one phys i ca l  

model. The approach most o f t e n  used t o  des ign  d i scha rges  f o r  e s t u a r i n e  a p p l i -  

c a t i o n  is  t o  c o n s t r u c t  a  phys i ca l  model of t h e  near- and in t e rmed ia t e - f i e ld  

region's and o p e r a t e  i t  over d i f f e r e n t  c r i t i c a l  segments of t h e  t i d a l  cycle: 

I n  t h i s  way, t h e  mixing t h a t  can be  expected i n  t h e  v i c i n i t y  of t h e  o u t f a l l  

due t o  t h e  d i scha rge  j e t  i t s e l f  and t h e  immediate i n t e r a c t i o n  wi th  t h e  l o c a l  

c u r r e n t s  can  be determined. Fa r - f i e ld  mixing and t h e  e f f e c t ' o f  t h e  r e t u r n  

of h e a t  due t o  c u r r e n t  r e v e r s a l s  must then  be t r e a t e d  independently.  

A gene ra l  a n a l y s i s  of thermal d i scha rges  a t  e s t u a r i n e  s i t e s  is  no t  

p o s s i b l e  due. t o  t h e  wide range  of s i t e - s p e c i f i c  £&tors tha t  can influence the 
thermal  plume. Therefore,  most of t h e s e  f a c t o r s  w i l l  no t  be  t r e a t e d  i n  the.  

fo l lowing  gene ra l  assessment of once-through' cool ing  a t  e s t u a r i n e  sites. I n  

t h e  des ign  o r  e v a l u a t i o n  of a proposed once-through coo l ing  system a t  a spe- 

c i f i c  s i te ,  a l l  t h e  l o c a l  c h a r a c t e r i s t i c s  of t h e  e s t u a r y  t h a t  might a f f e c t  t h e  

thermal  plume o r  t h a t  might be a f f e c t e d  by t'he thermal plume should be con- 

s i d e r e d .  

8 .2 SHORELINE DISCHARGES 

Conventional s h o r e l i n e  s u r f a c e  o u t f a l l s  (open channels)  do no t  appear 

t o  be accep tab le  a l t e r n a t i v e s  f o r  once-through cool ing  f o r  l a r g e  power. p l a n t s  

on e s t u a r i e s  due t o  t h e  l a r g e  i n i t i a l  d i l u t i o n  t h a t  is  r equ i r ed .  Based on . 

t h e  t y p i c a l  thermal s t anda rds  and t h e  t y p i c a l  temperature r i s e  a t  t h e  po in t  

of d i scha rge  d iscussed  i n  Secs.  2  and 3 ,  a  d i l u t i o n  of 4.5 would have t o  be . 
a t t a i n e d  wi th in  t h e  mixing zone dur ing  t h e  coo le r  months, whi le  a d i l u t i o n  

of 1 2  would be needed dur ing  t h e  summer. I n  o rde r  t o  o p e r a t e  on a year-round. 

b a s i s ,  a  once-through coo l ing  system would have t o  be designed t o  meet t h e  

more r e s t r i c t i v e  summer s tandards .  

I n  c o n t r a s t  t o  t h e  s i t u a t i o n  f o r  l a k e s ,  no t  many f i e l d  d a t a  e x l s t  f o r  

s u r f a c e  d i scha rges  on e s t u a r i e s .  Measurements a t  t h e  Surry Nuclear Power 

P l a n t  on t h e  James River  e s t u a r y  i n  V i r g i n i a  have been r epor t ed  by Parker  and 

  an^.^^ The Surry  p l a n t  is  loca t ed  about  50 lan upstream of Chesapeake Bay 

and c o n s i s t s  of two 8 2 2 4 '  u n i t s .  The two u n i t s  s h a r e  a  common d i scha rge  

c a n a l  t h a t  extends about  300 m beyond t h e  s h o r e l i n e .  The coo l ing  water f low 

r a t e  i s  normally about  100 m 3 / s  and, a t  f u l l  capac i ty ,  t h e  temperature rise 

a c r o s s  t h e  condensers i s  about  8  C O .  The cool ing  water i n t a k e  is  9.2 lan 



downstream of t h e  o u t f a l l ;  t he re fo re ,  t h e  s a l i n i t y  of t h e  e f f l u e n t  is s i g n i f i -  

c a n t l y  g r e a t e r  than t h e  s a l i n i t y  of t h e  rece iv ing water.  The decrease i n  den- 

s i t y  due t o  t h e  add i t ion  of hea t ' by  t h e  p lan t  is  p a r t i a l l y  cancelled out  by t h e  

increase  i n  dens i ty  due t o  s a l i n i t y .  Measurements of t h e  thermal plume a t  t h e  

Surry s i t e  were made during a v a r i e t y  of condi t ions  due t o  frequent  changes i n  

p lan t  load and t o  t i d a l  and seasonal  changes i n  t h e  ambient rece iv ing water 

condit ions.  Result ing da ta  a r e  the re fo re  d i f f i c u l t  t o  i n t e r p r e t  i n  d e t a i l ;  

however, t h e  su r face  a r e a ,  A12, enclosed wi th in  the  isotherm corresponding t o  a 

d i l u t i o n  of 12 was genera l ly  about 2-7 x lo6  m2 and t h e  isotherm extended about 

30-50% of t h e  way ac ross  t h e  e s tua ry  near  t h e  surface .  This mixing zone appears 

t o  be notably l a r g e r  than t h e  l i m i t  o f t e n  placed on mixing zones. Using 

t h e  same type of c o r r e l a t i o n  between plume surface  a r e a  and p lan t  d ischarge  flow 

r a t e ,  Qp, discussed i n S e c .  7 with regard t o  su r face  discharges on l akes ,  t h e  

observations a t  the  Surry p lan t  y iq ld  A 1 2 / ~  = 2-7 x lo4  s / m .  This range o i  
P 

values  appears t o  be t y p i c a l  of shore l ine  su r face  discharges.  The Asbury-Frigo 

~ o ~ r e l a t i o n ~ ~  based on f i e l d  measurements a t  sites of shore l ine  su r face  d i s -  

charges on l akes  yielded 7 x l o 4  s / m  with t h e  r e s u l t s  .of individual  measurements 

ranging from 2 x l o 4  s / m  t o  l a r g e r  than 10  x lo4 s / m .  Lakes and e s t u a r i e s  

c l e a r l y  e x h i b i t  d i f f e r e n t  rece iv ing water c h a r a c t e r i s t i c s ;  however, t h e  r e s u l t s  

from measurements a t  l a k e  s i t e s  should a t  l e a s t  g ive  an order-of-magnitude 

estimate of t h e  s i z e  of t h e  mixing zone needed by shore l ine  su r face  d ischarges  

t o  a t t a i n  a d i l u t i o n  o f  12. Based on a va lue  of 7 x 10' s / m  f o r  A ~ ~ / Q ~ ,  only 

power p l a n t s  with c a p a c i t i e s  of less than 10  MW could meet t h e  mixing zone l i m i -  
4 2 t a t i o n s  of 2.6 x 10 m (equivalent  t o  a c i r c l e  of 300-ft radius)  and only 

p l a n t s  of less than 100 MW could meet t h e  l i m i t a t i o n  of 2.9 x l o 4  m2' (1000-ft- 

r a d i u s  c i r c l e )  f o r  t h e  t y p i c a l  summer temperature standard a t  e s t u a r i n e  sites. 

Power p l a n t s  wi th  c a p a c i t i e s  of 500-1000 MW would requ i re  mixing zones 10-100 

times l a r g e r  and, the re fo re ,  conventional shore l ine  su r face  o u t f a l l s  would 

probably not  be acceptable  i n  terms of meeting t h e  t y p i c a l  thermal 's tandards.  

Shorel ine discharges,  o the r  than open su r face  channels,  have a l s o  been 

used a t  e s t u a r i n e  sites. The Indian Point  Nuclear Generatipg S t a t i o n  uses a 

side-channel discharge with l a r g e  submerged por t s .  The s t a t i o n ,  operated by 

Consolidated Edison, is  located  about 70 km up t h e  Hudson River e s tua ry  near 

Peekski l l ,  New York. A t  t h i s  point  t h e  r i v e r  i s , a b o u t  1.5 lan wide with a 

maximum depth of about 15  m. T ida l  c u r r e n t s  a r e  prcccnt  wi th  a maximum vela- 
-. . -.. 

c i t y  of about 0.5 m / s ,  There; a r e  t h r e e  u n i t s  a t  t h e  s i te  wi th  a t o t a l  gross  
. . 



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 difficult to in- 

terpret in general terms due to the intricate thermal structure that 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 area (one 

1.7 km downstream and one 8.1 km downstream), the reversing tidal flows that 

return heat to the region from previous tidal cycles, and a shallow tidal pond 

that releases stored solar energy during flood tide. The high-velocity sub- 

merged discharge ports produce initial mixing and dilution within 50-100 m 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 dilutions 

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 



of e s t u a r i e s .  The r e s t r i c t i o n  t h a t  t h e  mixing zone no t  encroach upon more 

than  a  c e r t a i n  f r a c t i o n  of t h e  width and/or  c ros s - sec t iona l  a r e a  of a n  

e s t u a r y  i s  probably t h e  most l i m i t i n g  environmental c o n s t r a i n t  dur ing  such 

a n  occurrerice. 

8 . 3  SUBMERGED MULTIPORT DIFFUSERS 

Submerged m u l t i p o r t  d i f f u s e r s  o f f e r  t h e  oppor tun i ty  of des igning  once- 

through cool ing  system o u t f a l l s  t h a t  produce r a p i d  complete mixing wi th  a t  

l e a s t  a  p o r t i o n  of t h e  f low of t h e  e s tua ry .  D i l u t i o n s  on t h e  o rde r  of 1 2  

can then  be a t t a i n e d  w i t h i n  mixing zones of smal le r  l a t e r a l  e x t e n t  than  

those  produced by s h o r e l i n e  d i scha rges .  Rapid d i l u t i o n  no t  on ly  reduces  t h e  

s i z e  of t h e  mixing zone dur ing  a g iven  phase of t h e  t i d a l  c y c l e , b u t  a l s o  

tends  t o  reduce t h e  excess  temperature associated wi th  h e a t  r e tu rned  t o  

.the s i t e  dur ing  subsequent t i d a l  phases.  Again, a s  i n  t h e  c a s e  of a  r i v e r  

s i t e ,  t h e  d i f f u s e r  cannot extend a c r o s s  t h e  e n t i r e  e s t u a r y  so  t h a t  a  zone of 

passage, f r e e  from l a r g e  excess  temperatures ,  i s  maintained. 

A co-flowing d i f f u s e r  (Fig.  -2), such a s  i s  o f t e n  considered f o r  r i v e r i n e  

a p p l i c a t i o n s ,  w i l l  u s u a l l y  n o t  be appropr ia te .  i n , a n  e s t u a r y  where t h e  f low i s  

b i -d i r ec t iona l .  When t h e  e s t u a r y  f low i s  i n  t h e  same d i r e c t i o n  a s  t h e ' f l o w  of 

t h e  d i f f u s e r  d i scharge ,  o r  when t h e  f low is l a r g e ,  t h e  d i f f u s e r  may perform 

s a t i s f a c t o r i l y .  However, when t h e  f low is  smal l  and opposed t o  t h e  d i r e c t i o n  

of t h e  d ischarge ,  t h e  e f f e c t i v e  d i l u t i o n  w i l l  dec rease  sharp ly .  

A "tee" d i f f u s e r  (Fig.  2 ) ,  such as has  been used i n  some l a k e  app l i ca -  

t i o n s ,  could be  considered for .  a n  e s tua ry ,  i f  on ly  small. t i d a l  c u r r e n t s  a r e  

present .  Th i s  type  of d i f f u s e r  has  i t s  main a x i s  e s s e n t i a l l y ~ p a r a l l e l  t o  t h e  

s h o r e l i n e  w i t h . t h e  p o r t s  o r i e n t e d  i n  t h e  o f f s h o r e  d i r e c t i o n .  I n  o rde r  t o  

e s t ima te  t h e  l e n g t h  of t h e  d i f f u s e r  and t h e  s i z e  and number of p o r t s  necessary  

t o  produce t h e  requi red  d i l u t i o n ,  t h e  same procedure used f o r  submerged d i s -  

charges  i n  l a k e s ,  d i scussed  i n  Sec. 7 ,  c an  be  followed. The d i f f u s e r  i s  

considered t o  be made up of a series of p o r t s  s u f f i c i e n t l y  separa ted  s o  t h a t  

no s i g n i f i c a n t  i n t e r f e r e n c e  occurs  among t h e  jets from i n d i v i d u a l  p o r t s  when 

no c r o s s  c u r r e n t  i s  p re sen t .  The d i scha rge  dens ime t r i c  Froude number of t h e  

ind iv idua l  p o r t s ,  Fo, must exceed some minimum va lue  f o r  a  g iven  r e l a t i v e  

water depth, HIDO,  i n  o rde r  t h a t  t h e  plumes from t h e  i n d i v i d u a l  p o r t s  a t t a i n  

t h e  r equ i r ed  d i l u t i o n  by t h e  time t h e y e r e a c h  t h e  su r f ace .  The d i scha rge  



dens ime t r i c  Froude number i s  def ined  by: 

where : 

U = d i scha rge  v e l o c i t y ,  
0 

Apo = d e n s i t y  d i f f e r e n c e  between d i scha rge  water  and ambient r e c e i v i n g  
water ,  

P a  
= ambient r e c e i v i n g  water  d e n s i t y ,  

g = a c c e l e r a t i o n  due t o  g r a v i t y ,  and 

Do = d i scha rge  p o r t  diameter .  

The r e l a t i v e  water  dep th  is  t h e  r a t i o  of t h e  ' t o t a l  r ece iv ing  water depth ,  H, 

t o  t h e  diameter  of t h e  d i scha rge  p o r t s .  An e s t ima te  of t h e  minimum Froude ,' 

number r equ i r ed  t o  y i e l d  a minimum s u r f a c e  d i l u t i o n  of 1 2 . c a n  be made based 

on t h e  r e s u l t s  of l a b o r a t o r y  s c a l e  experiments47 Y 50 and a n a l y t i c a l  model pre- 

d i c t i o n ~ . ~ ~  These r e s u l t s  and p r e d i c t i o n s  are '  p l o t t e d  i n  Fig.  6. Shallower 

r e l a t i v e  water dep ths  r e q u i r e  l a r g e r  Froude numbers t o  achieve  a d i l u t i o n  of 

I n  order  t o  demonstrate  t h e  e f f e c t  of t h e  Froude number l re la t ive  depth  

r e l a t i o n  on m u l t i p o r t  d i f f u s e r  des ign ,  Table 14 has  been construc.ted f n r  t h e  

c a s e  of a t y p i c a l  1000-MU nuc lea r  power p l a n t  w i t h  a d i scha rge  f low r a t e ,  

QP 
, of 47 m 3 / s  and a n  i n i t i a l  temperature r i s e ,  ATo, of 1 0  c'. The maximum 

p o r t  diameter  , Do, and a s soc i a t ed  minimum number of p o r t s ,  N ,  ha s  been d e t e r -  

mined f o r  a series of r e c e i v i n g  water  depths  (2.5,  5.0,  10.0,  and 15.0 m) and 

a s e r i e s  of d i scha rge  v e l o c i t i e s  (2 ,  3 ,  4 ,  and 5 m/s) ,  The curve based on 

t h e  Shirazi-Davis  nomograms was used because i t  appears  t o  be c o n s i s t e n t  wi th  

t h e  l a b o r a t o r y  r e s u l t s  o r  on t h e  conse rva t ive  s i d e  of them. An e s t ima te  of 

t h e  t o t a l  d i f f u s e r . l e n g t h ,  L, i s  included i n  t h e  t a b l e  based on Adams' one-' 

dimensional  momentum a n a l y s i s 2 4  d iscussed  i n  Sec. 7.3. Also included i n  t h e  

t a b l e  is L/N, which i-s an  e s t i m a t e  of t h e  r equ i r ed  p o r t  spacing.  Again, as a 

check on whether t h i s  s e p a r a t i o n  i s  reasonable ,  t h e  width,  W ,  of t h e  ind i -  

v i d u a l  jets a t  t h e  s u r f a c e ,  a s  es t imated  from t h e  Shirazi-Davis  nomograms, 

i s  included i n  t h e  t a b l e .  The r e s u l t s  show t h a t  except  f o r  high-veloci ty  

d i scha rges  (24 'm/s) '  i n  deep water (210 m) , long d i f  f u s e r s  (500-1000 m) 



' .  . 
iig. 6 .  Minimum Discharge Densimetric Froude Number 

. . . Needed for the Plume from a S i n g l e  Submerged 
Round Port t o  Attain a Centerline Dilution 

" .  of  12 a t  the Surface v s  Relative Water 
Depth 



Table 14. Estimated Mul t ipo r t  "Tee" Di f fuse r  Parameters  
f o r  a Typical  1000-MW Nuclear Power P l a n t  
when a D i l u t i o n  of 12 i s  Required (Quiescent 
Receiving Water) 

a 
Not a sha t ta ,  d i f f u s e r  by c r i t e r i o n  d iscussed  i n  Sec. 7 . 3  
f o r  Adams ana lys i s .24  

Wfll  be  needed t o  produce a minimum s u r f a c e  d i l u t i o n  of 12 ,  even i n  t h e  ab- 

sence  uf a cross c u r r e n t .  

The e s t ima te s  g iven  i n  Table 14 a r e  f o r  a 1000-MW nuclear  power p l a n t  

w i t h  a cool ing  water f low rate of 47 m 3 / s .  For d i f f e r e n t  c a p a c i t i e s  and cool- 

i ng  water f l o w - r a t e s ,  t h e  maximum p o r t  d i a m e t e r ,  p o r t  spacing,  and jet width 

w i l l  remain unchanged whi le  a number of p o r t s  and t o t a l  d i f f u s e r  l e n g t h  w i l l  

change i n  d i r e c t  p ropor t ion  t o  t h e  f low r a t e .  

The above e s t ima te s  a r e  based on d i scha rges  i n t o  a qu ie scen t  r ece iv ing  

water  body. I n  a n  e s t u a r y ,  t i d a l  c u r r e n t s  w i l l  be  p re sen t  and, i n  gene ra l ,  . 

w i l l  b e  along t h e  a x i s  of t h e  " tee" d i f  £user .  Such c u r r e n t s  w i l l  tend t o  - . 



reduce t h e  e f f e c t i v e  d i l u t i o n  a t t a i n e d  by causing i n t e r f e r e n c e  between jets 

from adjacent  p o r t s  and by promoting entrainment  of heated water by down- 

stream j e t s .  Based on t h e  empir ica l  c o r r e l a t i o n s  suggested by Adams and 

~ t o l z e n b a c h ~ ~  and d iscussed  i n  Sec. 7 .3 on submerged d i scha rges  i n  l a k e s ,  

an  e s t ima te  can be made of t h e  increased  d i f f u s e r  l e n g t h  needed t o  compensate 

f o r  t h i s  r educ t ion  i n  d i l u t i o n  caused by c r o s s  c u r r e n t s .  Using a va lue  of 

5 f o r  t he  parameter a i n  t h e  c o r r e l a t i o n  a s  suggested by Adams and Stolzenbach, 

i c u r r e n t  of more than  0.1 m / s  would completely negate  t h e  p o s s i b i l i t y  of 

designing a  " tee" d i f  f u s e r  t h a t  would r e s u l t  i n  a d i l u t i o n  of 12 .  For a = 2 ,  

a s  suggested by t h e  l abo ra to ry  model s t u d i e s  f o r  t h e  J . A .  F i t z P a t r i c k  d i f f u s -  

e r  ( s ee  Sec. 7.3, a c u r r e n t  of 0.2 m / s  would r e q u i r e  a  13-fdld i n c r e a s e  i n  

t h e  l eng th  of t h e  d i f f u s e r ,  even f o r , t h e  c a s e  of a  d i scharge  v e l o c i t y  of 5 m / s .  

These r e s u l t s  i n d i c a t e  t h a t  t h e a f t t e e "  d i f f u s e r  concept is  probably no t  appro- 

p r i a t e  i n  e s t u a r i e s  where l a r g e  d i l u t i o n s  a r e  requi red  i n . t h e  presence of 

s i g n i f i c a n t  t i d a l  c r o s s  c u r r e n t s .  

. An a l t e r n a t i v e  d i f f u s e r  des ign  concept  is  t h a t  of t h e  a l t e r n a t i n g  d i f -  

f u s e r  (Fig. 2 ) .  'Discharge p o r t s  a r e  d i r e c t e d  normal t o  t h e  d i f f u s e r  p i p e  o r  

tunnel  i n  both d i r e c t i o n s  so  t h a t  no n e t  h o r i z o n t a l  momentum is  in t roduced .  

:The d i f f u s e r  p ipe  o r  tunnel,  . is  u s u a l l y  o r i e n t e d  perpendicular  t o  t h e  d i r e c t i o n  

.of  t h e  ambient c u r r e n t  i f  p resent .  When no ambient c u r r e n t  i s  p re sen t , '  t h e  

d i l u t t o n  is governed by a densi ty-driven exchange flow.25 Such a  d i f f u s e r  

would be loca t ed  a c r o s s  a po r t ion  of t h e  e s t u a r y ,  perpendicular  t o  t h e  t i d a l  

flow. I n  t h i s  way, t h e  d i l u t i o n  would a c t u a l l y  i nc rease  i n  t h e  presence  of 

c u r r e n t s  i n  e i t h e r  d i r e c t i o n .  

According t o  s tudie 's  by J i r k a  and . ~ a r l e m a n ~ ~  and by Adams and 

~ t o l z e n b a c h , ~ ~  t h e  d i l u t i o n  d i r e c t l y  above t h e  d i f f u s e r ,  a t t a i n e d  by a n  

a l t e r n a t i n g  d i f f u s e r  i n  s tagnant  r ece iv ing  water ;  i s  given by: 

where : 

FH = dens imet r ic  Froude number of t h e  exchange flow system, 

Fs = dens imet r ic  Froude number of t h e  equ iva l en t  s l o t ,  



a 

Bo = equ iva l en t  s l o t  width 

= QP/uo L . 
  his r e s u l t  can be rear ranged  to.. g ive  . t h e '  fol lowing e s t ima te  of t h e  requi red  

d i f f u s e r  length :  
s3l2 Q 

L =  . 

( 2 F H ) ( % , g r 2  H 3 l 2  . 

According t o  Adams and Stolzenbach, t h e  par'ameter F i s  a func t ion  of. i n t e r -  
H 

f a c i a l  f r i c t i o n  and ranges  from 0.25 f o r  no f r i c t i o n  t o  l e s s  than  0.15 f o r  

' l a r g e  f r i c t i o n a l  e f f e c t s .  P r e d i c t i o n s  of t h e  d i f f u s e r  l e n g t h  r equ i r ed  t o  

produce a d i l u t i o n  of 12,  under s t agnan t  r ece iv ing  water cond i t i ons ,  a r e  given 

i n  Table 15' f o r  v a r i o u s  r ece iv ing  water depths  f o r  a  t y p i c a l  1000-MW nuc lea r  

power p l a n t  wi th  a d i scha rge  flow r a t e  of 47 m 3 / s  and a n  i n i t i a l  excess  t em-  

p e r a t u r e  of 10  C'. The predic ted  l e n g t h s  a r e  s ' i g i i f i c a n t l y  longer  t han  those  

of Table 14  f o r  a "tee" d i f f u s e r  i n  quiescent  r ece iv ing  water .  However, i n  

t h e  c a s e  of an  a l t e r n a t i n g  d i f f u s e r ,  c u r r e n t s  w i l l  i nc rease  t h e  .di lut ion,33 

Table 15. Estimated Di f fuse r  Length t o  
Attain a Di lu t lor i  oL: 12,. 
Under Stagnant  Condit ions,  
f o r  a 1006-MW Nuclear Power 
P lan t  Using a n  Al t e rna t ing  
Di f fuse r  Design 



whi le  i n  t h e  case  of a  " tee" d i f f u s e r ,  c r o s s  c u r r e n t s  tend t o  decrease  

d i l u t i o n  and could r e q u i r e  s i g n i f i c a n t l y  longer  d i f f u s e r s  .than a r e  l i s t e d - . i n  

Table 14 t o  compensate f o r  t h e  decrease  i n  d i l u t i o n .  

Recent ly,  s taged d i f f u s e r s  (Fig.  2) have rece ived  cons iderable  a t t e n -  

t i o n  a s  a  p o s s i b l e  means of d i spos ing  of waste h e a t  a t  shal low l a k e ,  e s t u a r y ,  

and c o a s t a l  s i t e s .  The d i f f u s e r  p ipe  o r  tunnel  i s  o r i en t ed  p-erpendicular t o  

t h e  shore  and t h e  p o r t s  a r e  l oca t ed  on a l t e r n a t e  s i d e s  of t h e  p ipe  d i r e c t e d  

i n  t h e  gene ra l  o f f sho re  d i r e c t i o n .  A j e t - l i k e  flow is  induced a long  t h e  a x i s  

of t h e  d i f f u s e r  i n  a n  o f f sho re  d i r e c t i o n  and water is  en t r a ined  p r i m a r i l y  

from t h e  s i d e s .  The o r i e n t a t i o n  of t h e  ind iv idua l  p o r t s  is such t h a t  s i g n i f i -  

c a n t  i n t e r f e r e n c e  occurs  among ind iv idua l  jets. Therefore,  i n  t h e  c a s e  of 

qu iescent  r ece iv ing  waters ,  a  s i g n i f i c a n t l y  longer  s taged d i f f u s e r  would be 

needed t o  y i e l d  t h e  same d , i l u t i o n  a s  a  "tee" d i f f u s e r .  However; s taged  a i f -  

f u s e r s  havk the  d i s t i n c t  advantage t h a t  c r o s s  cur ren t ' s  tend t o  enhance t h e  

d i l u t i o n  r a t h e r  than  hinder  i t ,  i n  c o n t r a s t  t o  t h e  c a s e  of a  "tee" d i f fuser . .  . r r: 

I 

Almquist and ~ t o l z e n b a c h ~ ~  have c a r r i e d  ou t  an  approximate a n a l y s i s  

of t h e  behavior of a  long s taged  d i f f u s e r  i n  shal low qu ie scen t  r ece iv ing  water .  

They suggest  t h a t  t h e  minimum s u r f a c e  d i l u t i o n  near  t h e  o f f s h o r e  end of t h e  

d i f f u s e r  can  be est imated by a n  express ion  of t h e  fo l lowing  form: 

The symbols used i n  t h e  above express ion  a r e  t h e  same a s  t hose  used through- 

o u t  t h i s  d i scuss ion  of submerged m u l t i p o r t  d i f f u s e r s .  ~ i m ~ u i s t  and Stolzenbach 

found thar for  va lues  of H/L In the  rahge corresponding t o  t y p i c a l  pro to type  

s i t u a t i o n s  (0.01-0.07), t h e  f u n c t i o n  f(H/L) i s  no t  s t r o n g l y  dependent upon 

H/L and has a  numerical va lue  of about  0.38. The fo l lowing  1 , imi t a t ions  spec i fy  

t h e  range of a p p l i c a b i l i t y  of t h e  a n a l y s i s , 2 6  which i s  r e s t r i c t e d  t o  Zqng d i f -  

f u s e r s  i n  sha2Z.o~ water:  

and 



Almquist and Stolzenbach c a r r i e d  ou t  a s e r i e s  of 10  l abo ra to ry - sca l e  

experiments  t o  measure d i l u t i o n  as a func t ion  of and H/L. The r e s u l t s  

are p l o t t e d  i n  F ig .  7 i n  t h e  form of $ ve r sus  H/L.  Although a consider-  
0 

a b l e  amount of s c a t t e r  e x i s t s ,  t h e  r e s u l t s  appear t o  i n d i c a t e  a monotonic 
1 r e l a t i o n s h i p  between -g and H/L, which i s  approximately l i n e a r ,  t hus  

0 

implying t h a t  ~ / £ ( H / L )  is  a l i n e a r  func t ion  of H/L. A l i n e a r  leas t - squares-  

f i t  t o  t h e  d a t a  y i e l d s :  

= 3 . 2 - 1 5 H / ~  . 
f (H/L) 

Th i s  func t ion  i s  p l o t t e d  a s  a s o l i d  l i n e  on t h e  f i g u r e .  For t h e  range  of H/L 

s t u d i e d  (0.02-0.067), t h i s  f i t  & p l i e s  t h a t  £(H/L) v a r i e s  from 0.35-0.46. 

~ r o c a r d ~ ~  r epor t ed  on another  s e r i e s  of l a b o r a t o r y  s c a l e  experiments 

conducted a t  Alden Research Labora to r i e s  dur ing  des ign  s t u d i e s  f o r  a s taged 

d i f f u s e r  contemplated f o r  u s e  near  Charlestown, Rhode I s l and .  Minimum s u r f a c e  

d i l u t i o n  was measured f o r  a v a r i e t y  of d i f f u s e r  l e n g t h s  under s e v e r a l  c ross -  

f low cond i t i ons .  The d i scha rge  v e l o c i t y ,  
Uo ' w a s  f i xed  a t  5.5 m / s .  One 

s e r i e s  of experiments corresponds t o  a uniform cross-f low v e l o c i t y , U a ,  of 

0.15 m / s  (U / U  = 0.028). I n  a d d i t i o n ,  a s i n g l e  experiment was conducted a t  
a o 

a c r o s s  f low of 0.3 m / s  (Ua/U0 = 0.056). The r e s u l t s  of t h e s e  measurements 

are p l o t t e d  on Fig .  7 a long  wi th  , t h e  , Almquist-Stolzenbach r e s u l t s .  Although 

t h e  measurements were no t  c a r r i e d  ou t  over  a very  wide range  of H/L, t h e  

r e s u l t s  i n d i c a t e  t h a t  t h e  d i l u t i o n  is  s i g n i f i c a n t l y  increased  over t h a t  

expected from t h e  Almquist-Stolzenbach r e s u l t s  f o r  no c u r r e n t .  Measurements 

w e r e  a l s o  made f o r  t h e  t r a n s i e n t  cond i t i on  of no c u r r e n t  dur ing  t h e  r e v e r s a l  

of a c u r r e n t  t h a t  o r i g i n a l l y  was cons t an t  a t  0.15 m / s .  These experiments 

were meant t o  s imu la t e  d i f f u s e r  behavior  dur ing  pe r iods  of s l a c k  t i d e .  The 

r e s u l t s  a l s o  a r e  p l o t t e d  i n  Fig.  7 .  It i s  apparent  t h a t  even though t h e  

in s t an t aneous  c u r r e n t  is  zero ,  t h e  d i l u t i o n  i s  l e s s  than  expected from t h e  

Almquist-Stolzenbach r e s u l t s .  The process  of r eve r s ing  t h e  c u r r e n t  appa ren t ly  

causes  p a r t  of t h e  heated w a t e r  p r ev ious ly  discharged t o  be r een t r a ined  by 

t h e  d i f f u s e r  jet reducing t h e  e f f e c t i v e . d i l u t i o n .  Dashed l i n e s  a r e  drawn 

through t h e  d a t a  r epo r t ed  by Brocard wi th  t h e  same s l o p e  a s  t h e  f i t  t o  t h e  

Almquist-Stolzenbach d a t a .  Although t h e r e  i s  no t  s u f f i c i e n t  d a t a  t o  confirm 

t h a t  t h e s e  s lopes  should be  t h e  same, t h e  d a t a  do no t  r e f u t e  t h i s  t r end .  

Based on t h e  l i n e a r  f i t  t o  t h e  Almquist-Stolzenbach d a t a  and t h e  func- 

t i o n a l  form suggested by Almquist and Stolzenbach,  a n  e s t ima te  can  be made of 
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t h e  l e n g t h  of t h e  s taged d i f f u s e r  requi red  t o  produce a minimum s u r f a c e  d i l u -  

t i o n  of 1 2 ,  i n  t h e  absence of a n  ambient c u r r e n t .  Table 16  lists t h e  r e -  . 

qui red  d i f f u s e r  l eng th ,  des igna ted  L, f o r  va r ious  r ece iv ing  water depths  and 

d i s c h a r g e  v e l o c i t i e s  f o r  a  t y p i c a l  1000-MW nuclear .power . p l an t  wi th  a  d i s -  
. . 

charge  f low r a t e  of 47 m 3 / s .  The l e n g t h  needed t o  y i e l d  a  minimum s u r f a c e  

d i l u t i o n  of 12 i s  very  l a r g e  i n  most cases .  It should be noted t h a t  ' these  

correspond t o  a  quiescent  r ece iv ing  water .  During a  c u r r e n t  r e v e r s a l  ( i . e . ,  

s l a c k  t i d e ) ,  t h e  e f f e c t i v e  d i l u t i o n  may be l e s s  than  1 2  a s  noted from t h e  ~. 

r e s u l t s  of t h e  ~ h a r l e s t o w n  phys i ca l  model s tudy.  Table 17 con ta ins  a n  

equ iva l en t  s e t  of p red ic t ions -  f o r  a  t y p i c a l  500-MW f o s s i l - f u e l e d  p l a n t  with 

a d i s c h a r g e  f low r a t e  of 16 .5  mY 1s. Th i s  second compi la t ion  has been included 

because t h e  p r e d i c t i o n s  a r e  no t  simply l i n e a r l y  r e l a t e d  t o  d i scha rge  flow 

r a t e s .  The es t imated  d i f f u s e r  l eng ths ,  a l though smal le r  t han  f o r  t h e  1000-MW 

p l a n t ,  a r e  s t i l l  q u i t e  l a r g e  except  f o r  t h e ' c a s e  of deep ( ~ 1 5  m) r ece iv ing  

water .  However, according t o  Almquist and Stolzenbach, t h e  a n a l y s i s  breaks 

down f o r  s h o r t  d i f f u s e r s  i n  deep water .  

The preceeding e s t ima te s  of t h e  requi red  l e n g t h  of a s taged d i f f u s e r  

a r e  probably more conse rva t ive  than  necessary  t o  meet t y p i c a l  thermal s tan-  

da rds .  Usual ly t h e  temperature s t anda rds  and, t h e r e f o r e ,  t h e  d i l u t i o n  r e -  

quirements  must be m e t  beyond some s p e c i f i e d  mixing zone. Mixing zones a r e  

g e n e r a l l y  s p e c i f i e d  i n  terms of s u r f a c e  a r e a s  and t y p i c a l  va lues  a r e  

2.6 x 104m2 (equiva len t  t o  a c i r c l e  of 300-ft r ad ius )  and 2.9 x lo5 m' (equiva- 

l e n t  t o  a 1000-ft r a d i u s ) .  Therefore,  d i l u t i o n  a t  t h e  edge of a mixing zone 

of  f i n i t e  a r e a l  e x t e ~ t  a t  t h e  s u r f a c e , n o t  theminimum s u r f a c e  d i l u t i o n ,  i s  

t h e  l i m i t i n g  f a c t o r .  ' 

Almquist and ~ t o l z e n b a c h ' ~  have developed a  s imple a n a l y t i c a l  model 

f0.r t h e  j e t - l i k e  flow produced by a  s taged d i f f u s e r .  The model can p r e d i c t  

s u r f a c e  areas wi th in ,  isotherms of a  g iven  excess .  temperature corresponding 

t o  a p a r t i c u l a r  d i l u t i o n .  Using a s imple top-hat shape t o  r e p r e s e n t  l a t e r a l  

excess-temperature and v e l o c i t y  p r o f i l e s  (assumed t o  be s e l f - s i m i l a r  a long 

t h e ' a x i s  of t h e  j e t ) ,  they  f i n d  t h a t  t h e  s u r f a c e  a r e a ,  AS,  corresponding t o  

a p a r t i c u l a r  d i l u t i o n  S, can  be expressed a s :  

A / L ~  = f u n c t i o n  S 



Table 16.  Estimated Staged Di f fuse r ,  Length fob a :  
Typical  1000-MW Nuclear Power P lan t  . 

. When a Di lu t ion  of 12. i s  Required 

a 
Length requi red  t o  produce a minimum s u r f a c e  d i l u -  , , 

t i o n  of 12. . . 

b ~ e n g t h  requi red  t o  a t t a i n  a d i l u t i o n  of 1 2  w i t h i n  a 
mixing nonc wi th  n ourfacc  ,arcs cquivalcrlt  t o  ti 
300-ft r a d i u s  c i r c l e .  . .. 

C 
Length requi red  t o  a t t a i n '  a d i l u t i o n  of 12' w i t h i n  a 
mixing zone wi th  a s u r f a c e  a r e a  equ iva l en t  t o  a .. , 

1000-ft  r a d i u s  c i r c l e .  , 

d ~ o t  a shazzo~l d i f f u s e r  by c r i t e r i o n  d iscussed  i n  
t e x t  f o r  Almquist-Stalzenbach analysis .26 

e 
Almquist-Stolzenbach a n a l y s i s  l i m i t e d  t o  Zong . 

d i f f u s e r s ,  L 2 158.26 



Table .17. Est imated 'Staged Dif fuser  Length f o r  a  
Typical  500-MW Fossil-Fueled Power 
P l a n t  When a Minimum Surface D i l u t i o n  
of 12 is, Required 

a  
Length r equ i r ed  t o  produce a  minhum s u r f a c e  
d i l u t i o n  of 12 .  

b ~ e n g t h  r equ i r ed  t o  a t t a i n  a d i l u t i o n  'of 1 2  with- 
i n  a Infiring nonc with  n aurfdcc  area cquivnlcnr  
t o  a  300-ft r a d i u s  c i r c l e .  

C 
Length r equ i r ed  t o  a t t a i n  a d i l u t i o n  of 1 2  with- 
i n  a  mixing zone wi th  a s u r f a c e  area equiva len t  
t o  a 1000-ft  r a d i u s  c i r c l e .  

d ~ o t  a shazzow d i f f u s e r  by c r i t e r i o n  d iscussed  i n  
. t e x t  f o r  Almquist-Stolzenbach a n a l y s i s  .26 

e  
~ l m ~ u i s t - ~ t o l z e n b a c h  a n a l y s i s  l i m i t e d  t o  Zong 
d i f f u s e r s ,  L 2 1 5 ~ ~ ~ ~  



This  conclusion i s  t h e  r e s u l t  of a ' n e a r - f i e l d  'model 'and i s  probably v a l i d  only  

near  t h e  d i f f u s e r  where A /L2 < 1. 
. S 

Almquist and Stolzenbach show t h a t ,  according t o  t h e i r  model, t h e  depen- 

dence of plume s u r f a c e  a r e a  on H/L is  smal l  f o r  A ~ / L ~  2 0.1 and e s s e n t i a l l y  
- 

nonex i s t en t  f o r  A /L2 1 0.2. Although t h e  d e t a i l s  of t h i s  f u n c t i o n a l  r e l a -  S 
t i o n s h i p  a r e  pred ic ted  by t h e  model, t h e  r e s u l t s  have no t  been we l l  v e r i f i e d  

and ace-'-not used here .  In s t ead ,  t h e  r e s u l t s  of t h e  1abora t ' o ry . sca l e  

experiments repor ted  by ~ r o c a r d ~ ~  have been p l o t t e d  i n  Fig. 8 i n  t h e  form of 
1 - v s  ~ ~ 1 1 ~ .  The c i r c l e s  r e p r e s e n t  t h e  r e s u l t s  f o r  a uniform c r o s s  S 0 

c u r r e n t  of 0.15 m / s  (Ua/Uo = 0.028) and t h e  squares  i n d i c a t e  t h e r e s u i t s  f o r  

t h e  c a s e  where t h e  ins tan taneous  c u r r e n t  i s  zero  fo l lowing  a c u r r e n t  r e v e r s a l  

r ep re sen t ing  s l a c k  t i d e .  Any dependence on t h e  parameters  H/L i s  n o t  noted 

on t h e  f i g u r e  because, :'if presen t ,  i t  appears  t o  be  less than  t h e  s c a t t e r  

due t o  experimental u n c e r t a i n t i e s  and experimental  r ep roduc iab i l i t y .  However, 

a s i g n i f i c a n t  sys temat ic  d i f f e r e n c e  i n  t h e  observed s u r f a c e  a rea ' i s  apparent  

between t h e  two d i f f e r e n t  c u r r e n t  cases .  . A s  noted e a r l i e r ,  i n  t h e  d iscuss io ,n  

of minimum s u r f a c e  d i l u t i o n ,  t h e  c a s e  o f - d i s c h a r g e  i n t o  a quiescent  r ece iv ing  

water  r e s u l t e d  i n  i n i t i a l  d i l u t i o n s  t h a t  were in t e rmed ia t e  between t h e  two 

c a s e s  s fudied  by Alden Research Labora to r i e s  ( s e e  Fig. 7 ) .  It t h e r e f o r e  seems 

reasonable  t o  assume .that t h e  quiescent  r ece iv ing  water. c a s e  should f a l l  

between t h e  two sets of r e s u l t s  p l o t t e d  i n , F i g .  8. The s o l i d  l i n e s  drawn on 

t h e  f i g u r e  can t h e r e f o r e  be  considered t o  be  reasonable  e s t ima te s  of a func- 
1 

t i o n a l  r e l a t i o n s h i p  between - and A /L2 . for  a s taged  d i f f u s e r  i n  quies -  
S 0 S 1 

c e n t  r ece iv ing  water.  The l i m i t i n g  v a l u e  of t h e  parameter Jq, corre-  

sponding t o  t h e  minimum s u r f a c e  d i l u t i o n  and thus  a s u r f a c e  a r e a  of zero ,  has  

prev ious ly  been e s t a b l i s h e d  based on t h e  f i t  t o  t h e  d a t a  of Almquist and 

Stolzenbach presented i n  Fig. 7. This  l i m i t i n g  v a l u e  w a s  shown t o  be  depen- 

den t  on t h e  parameter H/L and w a s  used a s  a guide  when drawing t h e  s o l i d  l i n e s  

on Fig. 8. 

Es t imates  of t h e  s taged  d i f f u s e r  l e n g t h  needed t o  produce a d i l u t i o n  

of 12 w i t h i n  a mixing zone w i t h  a s p e c i f i e d  s u r f a c e  a r e a  can b e  made based on 

t h e  s u r f a c e  a r e a  p r e d i c t i o n s  of t h e  s o l i d  curves  i n  Fig. 8 .  Tables  1 6  and 17 

con ta in  such e s t ima te s  f o r  a t y p i c a l  1000-MW nuc lea r  power p l a n t  and a typ i -  

c a l  500-tlW fos s i l - fue l ed  power p lan t , .  respec . t ivd ly ,  f d r  mixing zone ' s u r f a c e  

a r e a s  of 2.6 x l o 4  m2 (equiva len t  t o  a 300-f t  r a d i u s  c f r c l e ) ,  .designated L1, and 



- . BROCARD DATA ( UaI  Uo = 0.028 ) - . . . BROCAR'D DATA ( ua 1 U. = 0.0. TRANSIENT) 
r MIL ~ 0 . 0  

, . 

H/L =0.05 

Fig :  8. Parametric Representation of Plume Surface Area as  a Function of 
Df lu t ion foraStagedDi f fuser  . 



2.9 x l o 5  m2 (1000-ft r a d i u s  c i r c l e ) ,  des igna ted  L2. These r e s u l t s  show t h a t  

s u b s t a n t i a l l y  s h o r t e r  d i f f u s e r  l e n g t h s  can  be u t i l i z e d  f o r  high-veloci ty  d i s -  

charges  (4-5, m/s) i n  r ece iv ing  wa te r s  of g r e a t e r  than  5-m depth  than  a r e  pos- 

s i b l e  when r e q u i r i n g  a minimum.surface d i l u t i o n  of 12. 
. . 

It can  be  concluded from t h e  above 'd i scuss ion  of' thermal d i scha rges  

i n t o  e s t u a r i e s  t h a t  some type  of h igh-ve loc i ty  submerged d i scha rge  s t r u c t u r e  

w i l l  probably have t o  be  used t o  d i spose  of t h e  waste  h e a t  from l a r g e  power 

p l a n t s .  The des ign  of a s p e c i f i c  d i scha rge  s t r u c t u r e  f o r  u s e  a t  a s p e c i f i c  

s i te  w i l l  r e q u i r e  t h a t  many complicat ing f a c t o r s  be  taken i n t o  account.. 

These f a c t o r s  inc lude :  t h e  requirement of a l a r g e  i n i t i a l  d i l u t i o n ,  t h e :  . 

l i m i t e d  l a t e r a l  ex t en t  of t h e  r ece iv ing  water ,  t h e  complex temperature,  

d e n s i t y , . a n d  c u r r e n t  ' s t r u c t u r e s  t h a t  a r e  t y p i c a l l y  p re sen t  i n  a n  e s t u a r y ,  and 

t h e  r e t u r n  and reent ra inment .of  p rev ious ly  discharged h e a t  fo l lowing  a c u r r e n t  

r e v e r s a l .  

The d e c i s i o n  as t o  whether once-through coo l ing  w i l l  be  a n  accep tab le  

method f o r  d i spos ing  of waste  hea t  from a s team-e lec t r ic  gene ra t ing  s t a t i o n  

loca t ed  on an  e s t u a r y  w i l l  have t o ' b e  made on a case-by-case b a s i s .  The 

d e c i s i 6 n  w i l l  have t p  i nc lude  a n a l y s i s  of ' s i t e - s p e c i f i c  ' d a t a  and may 

have t o  i nc lude  labora tory-sca le  phys i ca l  model s t u d i e s  t o  e s t i m a t e  t h e  

e f f e c t s  of complex s i t e - spec i f  i c  geometric c o n s t r a i n t s  and c u r r e n t s ,  and 

f i e l d  experiments t o  e s t a b l i s h  l o c a l  h e a t  r e t u r n  and f l u s h i n g  r a t e s .  However, 

it. appears  t h a t ,  a t  l e a s t  under c e r t a i n  circumstances,  submerged .multipart d i f -  

f u s e r s  of reasonable  l e n g t h  can be  designed t h a t  w i l l  ~ r o d u c e ' t h e  l a r g e  d i l u -  

t i o n s  t h a t  a r e  r equ i r ed  i n  an  e s t u a r i n e  environment. 
. . . , 



9 ' ONCE-THROUGH COOLING ON OPEN COASTAL WATERS 

9.1 GENERAL FEATURES 

Open c o a s t a l  waters ,  by t h e i r  very nature ,  o f f e r  a l a r g e  s i n k  f o r  t h e  

d i sposa l  of waste heat .  Large q u a n t i t i e s  of heat  can be accommodated wi th  

l i t t l e  o r  no e f f e c t  on ' the o v e r a l l  thermal regime of t h e  water body. The 

only physical  environmental concern i s  l imi ted  t o  t h e . l o c a 1  increase  i n  water 

temperature i n  t h e  immediate v i c i n i t y  of t h e  o u t f a l l  and poss ib ly  t h e  impact 

on close-by', shallow, nearshore areas .  Currents a r e  genera l ly  shore p a r a l l e l  

and may be predominantly i n  one d i rec t ion .  While these  c u r r e n t s  may help  t o  

b r ing  i n  cool d i l u t i o n  water,  c a r e  must be taken t h a t  cooling system s t ruc -  

t u r e s  extending from t h e  shore do not  i n t e r f e r e  wi th  n a t u r a l  l i t t o r a l  t rans-  

por t ,  In genera l ,  open c o a s t a l  waters  should serve  w e l l  a s  rece iv ing water 
. . 

bodies f o r  once-through-cooling waste heat  discharges.  

Certain regions of very l a r g e  l akes  such a s  t h e  Great Lakes might be 

c l a s s i f i e d  a s  open c o a s t a l  waters.  Y e t ,  l a r g e r  induced excess tempera- 

t u r e s  a r e  usual ly  allowed than i n  marine waters  due t o  t h e  l a r g e r  n a t u r a l  . . 

temperature v a r i a t i o n s  t h a t  occur i n  lakes.  Use of t h e  Great Lakes f o r  d i s -  

posal  of waste heat  has been discussed i n  Sec. 7. 

Rays and i n l e t s  may not  f a l l  d i r e c t l y  i n t o ' a n y  of t h e  preceding 

, c l a s s e s  of water bodies. Exchange flow wfth: t h e  open ocean may be l imi ted  

by t h e  geometry of t h e  connecting passage, e spec ia l ly  when s t r a t f f f c a c l o n  

exists . ' '  Complex dens i ty  and cur ren t  s t r u c t u r e s  may requ i re  t h a t  a s p e c i f i c  

bay o r  i n l e t . b e  t r e a t e d  a s  a n , e s t u a r y  i n  terms of e s t ab l i sh ing  t h e  applica-  

b i l i t y  of once-through cooling. Larger bays with s i g n i f i c a n t  t i d a l  f lush ing  

may a s  a r u l e  be treaeed as open c u s ~ a l  waters. 

An i n t e r e s t  i n  using o f f shore  waters  f o r  t h e  d i sposa l  of waste hea t  

has developed due t o  s e v e r a l  novel concepts t h a t  can be appl ied  t o  t h e  conven- 

t i o n a l  s team-electr ic  generat ing process. One 1 s  offshore  power generat ion 

on a f l o a t i n g  barge o r  a r t i f i c i a l  i s l and  and another  is t h e  nuclear  energy 

c e n t e r  (NEC). An o f f shore  p lan t  would al low the  generat ing s t a t i o n  t o  be 

loca ted  near  t h e  load cen te r  without r equ i r ing  t h e  dedica t ion  of l a r g e  land 

area.& t h a t  might be b e t t e r  u t i l i z e d .  An NEC is  a group of many (210) l a r g e  

nuclear  generat ing u n i t s  located  a t  one site.  .Such a cen te r  could be located  

somewhat inland t o  avoid us ing .va luab le  shore l ine  land,  and t h e  cen te r  could 



use common pipes or tunnels to bring in cooling water from offshore intakes 

and'return it to offshore out fall^..^^ 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 landwse, 

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 

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 (AGS), a floating nuclear 

plant, is tentatively sited about 5 km off the coast of New Jersey, ye.t is in 

only about 10-13 m of water. The proposed plant has two separate 1150-MW 

units: moored inside a breakwater. The cooling water flow rate will be 

65.7 m3/s for each unit with a temperature rise of 8.9 CO. 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 

.13.2-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 pe,r unit), each 4.5 m in diameter. The third design, a submerged 

discharge, is similar to the firstexcept that the ports are located near the 

bottom of the breakwater. Physical model studies conducted by MIT'~ showed 
a very little differences in the temperature and velocity fields beyond 150 m 

from the outfall induced by,these three d'esigns. 

Another example of an offshore 'discharge on the Atlantic coast :is the 

one planned- for the Seabrook Station near Seabrook, New ~am~shire. 58,59 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 CO. 'Compared to the'proposed AGS with the same capacity, the cooling , . '  

water flow rate is 2-112 times smaller, while the temperature rise. is. 2-112 

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 



about 60 m below sea  l e v e l ,  w i l l  a l low the  p lan t  t o  be located about 3.1 km 
. . 

in land of t h e  open coas t  and t h e  in takes  and discharges t o  be located 0.9 krn 

and 1 .5  km offshore,  respect ively .  Even with the  long tunnels ,  t h e  discharge 

w i l l  be i n  only about 15  m of water. The proposed discharge s t r u c t u r e  i s  a 

305-m long d i f f u s e r  with 22 por t s  d i rec ted  i n  a general  of fshore  d i r e c t i o n .  

Each por t  i s  0.8 m i n  diameter and t h e  r e s u l t i n g  discharge ve loc i ty  i s  4.6 m / s .  

A s  with t h e  design of any o u t f a l l ,  t.he process of s e l e c t i n g  an o u t f a l l  

design t o  be used a t  an open coas ta l  s i te  w i l l  have t o  take  i n t o  considera- 

t i o n  l o c a l  cu r ren t s  and bottom topography. A l a r g e  d i l u t i o n ' w i l l  be required 

(-12 f o r  t h e  t y p i c a l  summer thermal standard and t y p i c a l  o u t f a l l  excess t e m -  

pe ra tu re  discussed e a r l i e r ) .  

c 

9.2 SHORELINE SURFACE DISCHARGES 

Based on t h e  d iscuss ion i n  Sec. 8 on e s t u a r i e s ,  conventional shore l ine  

su r face  o u t f a l l s  usua l ly  w i l l  not  be adequate a t  marine c o a s t a l  sites. Even 

a 500-MW foss i l - fueled  p lan t  would requ i re ,  i n  general ,  a mixing zone with a 

su r face  a r e a  2 1 x lo6 rn2 t o  a t t a i n  a d i l u t i o n  of 12. However, s p e c i f i c  

ambient condi t ions  a t  c e r t a i n  sites may produce g rea te r  mixing and r e s u l t  i n  

smaller  mixing zones. For example, t h e  shore l fne  su r face  o u t f a l l  a t  t h e  

Pilgram Nuclear Power S t a t i o n  produces a thermal plume t h a t  i s  somewhat smal- 

l e r  than might be expected based on t h e  average of plumes from o ther  su r face  

o u t f a l l s .  The Pi lgr im s t a t i o n  is located  on t h e  western shore of Cape Cod 

Bay near Plymouth, Massachusetts, and c o n s i s t s  of a s i n g l e  650-MW u n i t .  Cool- 

ing  water i s  discharged a t  a r a t e  of 20.4 m 3 / s  through an open channel with 

an inver ted  t r apezo ida l  c r o s s  sec t ion.  The bottom of t h e  channel is a t  mean 

low water so t h a t  changes i n  water l e v e l  with t i d a l  phase produce s i g n i f i -  

can t  changes i n  t h e  water depth a t  t h e  point  of discharge,  i n  t h e  d ischarge  

v e l o c i t y ,  and, the re fo re ,  i n  t h e  discharge densimetric Froude number. Accor- 

ding t o  f i e l d  measurements reported by Pagenkopf e t  a l .  t h e  Yroude number 

v a r i e s  from l e s s  than 2 t o  g r e a t e r  than 16 with t i d a l  cycle ,  Based on t h e  

r e s u l t s  of f i e l d  measurements of t h e  thermal plume,60 t h e  surface  a rea  con- 

ta ined within t h e  isotherm corresponding t o  a d i l u t i o n  of 12 is about 

3-15 x 10' m2. This a r e a  i s  genera l ly  smaller  than t h e  1 .4  x l o 6  m2 predicted. 

by t h e  c o r r e l a t i o n  between su r face  a r e a  and p lan t  discharge flow r a t e  discussed 

i n  Sec. 8.2. Apparently t h e  non-steady na tu re  of the .d i scharge  (due t o  t i d a l  



v a r i a t i o n s  i n  water  l e v e l )  and t h e  complex ambient c u r r e n t  s t r u c t u r e  (due t o  

t i d a l  and wind-induced components) r e s u l t  i n  increased  mixing. However, t h e  

mixing zone i s  s t i l l  l a r g e r  than  t h e  l i m i t s  o f t e n  imposed by thermal  s t anda rds .  

9.3 SUBMERGED MULTIPORT DIFFUSERS 
> 

High-velocity submerged d i scha rges  w i l l  be  necessary  t o  produce t h e  

l a r g e  d i l u t i o n s  needed t o  m e e t  t y p i c a l  thermal  s t anda rds  f o r  marine waters: 

The e s s e n t i a l l y  i n f i n i t e  o f f s h o r e  e x t e n t  of t h e  r e c e i v i n g  waters  and t h e  

shore  p a r a l l e l  o r i e n t a t i o n  of t y p i c a l  c o a s t a l  c u r r e n t s  makes s taged  d i f f u s e r s  

one of t h e  most promising d i scha rge  des ign  concepts  f o r  u se  a t  open c o a s t a l  

s i t e s .  Other d i f f u s e r  des igns  such as t h e  "tee" d i f f u s e r  o r  t h e  d i f f u s e r  

w i th  t h e  d i scha rge  d i r e c t i o n  p a r a l l e l  wi th  t h e  shore  have the  disadvantage 

t h a t  c u r r e n t s  tend  t o  dec rease  t h e  e f f e c t i v e  d i l u t i o n .  Koh e t  

have conducted phys i ca l  model s t u d i e s  t o  e v a l u a t e  v a r i o u s  d i f f u s e r  des igns  

f o r  u s e  wi th  Un i t s  2 and 3 (1100 MW each) a t  t h e  San Onofre Nuclear Power 

P l a n t  on t h e  c o a s t  of Southern C a l i f o r n i a .  Each u n i t  i s  expected t o  have a 

coo l ing  water  f low r a t e  of 52.4 m 3 / s  w i t h  a temperature r i s e  of 11.1 C O .  

They concluded t h a t  a s taged  d i f f u s e r  des ign  would b e s t  meet t h e  requirements  

a t  t h a t  site. Each u n i t  would have i ts own d i f f u s e r  about  768 m l ong  w i t h  

63 p o r t s .  Each p o r t  would be about  0.6 m i n  diameter  r e s u l t i n g  i n  a d i s -  

charge v e l o c i t y  of 4.0 m / s .  One d i f f u s e r  would be  i n  9-13 m of water  ane 

t h e  o t h e r ,  f a r t h e r  o f f s h o r e ,  i n  13-17 m of water .  Resu l t s  of t h e  p h y s i c a l  

model s t u d i e s  i nd ica t ed  t h a t  t h e  momentum of t h e  d i scha rge  produces a n  o f f -  

sho re  d r i f t  of t h e  d i l u t e d  warm water  plume. The maximum temperature rise 

a t  t h e  s u r f a c e  i n  t h e  model was observed t o  dec rease  w i t h  inc reas ing  longshore 

c u r r e n t  speed (minimum s u r f a c e  d i l u t i o n  v a r i e d  from 7 .1  f o r  no c u r r e n t  t o  

14.7 f o r  a 0.26 m / s  c u r r e n t ) .  Beyond 1000 f t  (305 m) from t h e  o u t f a l l  t h e  

d i l u t i o n  a t  t h e  s u r f a c e  ranged from 8.6 f o r  no c u r r e n t  t o  22.2 f o r  a 0.26 m / s  

c u r r e n t .  These r e s u l t s  appear  t o  be  c h a r a c t e r i s t i c  of s taged  d i f f u s e r s .  

Typical  d i f f u s e r  l e n g t h s  t h a t  might be needed f o r  a s taged  d i f f u s e r  t o  a t t a i n  

a d i l u t i o n  of 12 were es t imated  i n  Sec. 8 .3  and presented  i n  Tables  16  and 17  
I .  

i n  connect ion wi th  t h e i r  a p p l i c a t i o n  t o  e s t u a r i n e  sites. 

A s  i n  t h e  e s t u a r i n e , c a s e ,  i t  appears  t h a t  m u l t i p o r t  d i f f u s e r s  can be  

designed s o  as t o  make once-through coo l ing  an  accep tab le  a l t e r n a t i v e  a t  many 

open c o a s t a l  s i t e s ,  a t  least i n  terms of t y p i c a l  thermal  s t anda rds .  



1 0  SUMMARY AND CONCLUSIONS 

Once-through-cooling-water c o n t r o l  technology has  been reviewed t o  

de te rmine  t h e  c i rcumstances  under which forms of t h i s  technology might pro- 

v i d e  accep tab le  a l t e r n a t i v e s  f o r  t h e  d i s p o s a l  of waste  h e a t  from l a r g e  steam- 

e l e c t r i c  power p l a n t s .  The f i n a l  de te rmina t ion  of t h e  a c c e p t a b i l i t y  of once- 

through cool ing  a t  a  p a r t i c u l a r  s i t e  must be  made on a case-by-case b a s i s .  

Many f a c t o r s  e n t e r  i n t o  t h e  eva lua t ion  process ,  inc luding:  (1) t h e  hea t  r e j ec -  

t i o n  rate of t h e  p l a n t ,  (2)  t h e  s i z e  and type  of t h e  r e c e i v i n g  w a t e r  body, 

(3)  l o c a l  phys i ca l  c h a r a c t e r i s t i c s  of t h e  water  body, (4) t h e  e x i s t e n c e  of 

o t h e r  nearby sou rces  of  h e a t ,  (5) t h e  c h a r a c t e r  and d i s t r i b u t i o n  of indige-  

nous popula t ions  of s h e l l f i s h ,  f i s h ,  and w i l d l i f e ,  (6) t h e  phys i ca l  e x t e n t  of 

t h e  r e s u l t i n g  thermal  plume, (7 )  t h e  impact of t h e  thermal  plume on a q u a t i c  

organisms, (8) t h e  impact of t h e  cool ing  water  i n t a k e  on a q u a t i c  organisms, 

and (9)  t h e  c o s t s  and . impacts  of a l t e r n a t i v e  waste  hea t  d i s p o s a l  technologies .  

Th i s  s tudy  was l i m i t e d  t o  a s s e s s i n g  t h e  e f f i c a c y  of once-through coo l ing  i n  

t e r m s  of t h e  r e s t r i c t i o n s  on t h e  phys i ca l  e x t e n t  of t h e  thermal  plume produced. 

Typica l  water  q u a l i t y  s t anda rds  and g u i d e l i n e s  were used a s  measures of t h e  

a c c e p t a b i l i t y  of once-through coo l ing  systems and a s  t h e  means of comparing 

t h e  v a r i o u s  o u t f a l l  de s ign  concepts .  This  u s e  of such s t anda rds  and guide- 

l i n e s  is, i n  one sense ,  a r b i t r a r y  i n  t h a t  a l l  of t h e  o t h e r  f a c t o r s  mentioned 

above a r e  a l s o  taken i n t o  account  i n  t h e  a c t u a l  eva lua t ion  of a  proposed once- 

through coo l ing  system. However, i t  does a l low a n  assessment o£ t h e  f e a s i -  

b i l i t y ,  i n  gene ra l  t e r m s ,  of u s ing  once-through coo l ing  f o r  v a r i o u s  combina- 

t i o n s  of power p l a n t  gene ra t ing  c a p a c i t i e s ,  r ece iv ing  water types ,  and out-  

f a l l  de s ign  concepts .  . . 

Four gene r i c  c l a s s e s  of r e c e i v i n g  water bodies  ( r i v e r s ,  l a k e s ,  e s tu -  

a r i e s ,  and open c o a s t a l  waters )  and fou r  t y p i c a l  l a r g e  power p l a n t s  (500-MW 

f o s s i l - f u e l e d ,  500-MW nuc lea r ,  1000-MW f o s s i l - f u e l e d  , and 1000-MW nuc lea r )  

were used t o  form a framework f o r  t h e  assessment.  Typica l  thermal  s t anda rds  

f o r  each of t h e  four  c l a s s e s  of water  bodies  were i d e n t i f i e d .  These s tan-  

d a r d s  a r e  u s u a l l y  expressed i n  t-erms of upper l i m i t s  on t h e  allowed Inc rease  

i n  water  temperature above t h e  n a t u r a l  ambient temperature.  A r eg ion  near  

t h e  o u t f a l l  w i t h i n  which t h e  l i m i t  on excess  temperature does no t  apply,  

r e f e r r e d  t o  a s  t h e  mixing z o n e , ' i s  o f t e n  allowed. R e s t r i c t i o n s  on t h e  physi- 

c a l  s i z e  of t h i s  mixing zone, u s u a l l y  i n  terms of maximum s u r f a c e  a r e a  and 

maximum l a t e r a l  e x t e n t ,  a r e  imposed by t h e  thermal  s t anda rds  o r  on a  case-by- 



case  bas i s .  Estimates of cooling water flow r a t e s  and i n i t i a l  excess tempera- 

t u r e s  were made f o r  each of the  four t y p i c a l  power p lants .  Because t h e  i n i -  

t i a l  excess temperature a t  t h e  point  of discharge i s  usual ly  l a r g e r  than t h a t  

spec i f i ed  by thermal s tandards,  a c e r t a i n  amount of mixing of t h e  heated 

e f f l u e n t  with cooler  ambient water must take  p lace  wi th in  t h e  mixing zone. 

Estimates of t h e  d i l u t i o n  required wi th in  t h e  mixing zone were made f o r  each 

of t h e  c l a s s e s  of water bodies based on t h e  i n i t i a l  excess temperature and 

t h e  appropr ia te  temperature standard. 

. Various o u t f a l l  designs ranging from conventional ,  low-velocity, shore- 

l i n e ,  su r face  discharges t o  long, high-velocity, of fshore ,  submerged mul t ipor t  

d i f f u s e r s  were considered. The mixing and d i l u t i o n  c h a r a c t e r i s t i c s  of t h e s e  

o u t f a l l  designs were examined t o  determine t h e  circumstances under which they 

could produce t h e  required d i l u t i o q w i t h i n  t h e  appropr ia te  mixing zone l i m i t s .  

The r e s u l t s  of prototype measurements, a n a l y t i c a l  model p red ic t ions ,  and lab-' 

o ra to ry  physica l  model s t u d i e s  were used t o  ,make t h i s  determination. Many of 

t h e  r e s u l t s  a r e  sub jec t  t o  numerous q u a l i f i c a t i o n s  and l i m i t a t i o n s .  .&ny t i m e s ,  

however, one o r  two parameters c h a r a c t e r i s t i c  of t h e  o u t f a l l  and/or t h e  receiv-  

ing  water were i d e n t i f i e d  and used t o  quant i fy  t h e  r e s u l t s ,  thus  allowing a 

few general  conclusions t o  be drawn. 

The i n i t i a l  d i l u t i o n  a t t a i n e d  by a s t iorel ine surfac'e discharge,  and 

the re fo re  t h e  s i z e  of t h e  mixing zone, is  s t rong ly  inf1uenc.ed by t h e  phYsic.al ' .  

c h a r a c t e r i s t i c s  of t h e  ambient rece iv ing water. I n  t h e  case  of r i v e r s ,  t h e  

su r face  a r e a  and l a t e r a l  extent  of t h e  mixing zone a r e  pr imar i ly  determined 

by t h e  average r i v e r  ve loc i ty .  The requirement t h a t  t h e  mixing zone not  

extend ac ross  t h e  e n t i r e  r i v e r  and t h e  f a c t  that a v a i l a b l e  d i l u t i o n  water is  

l imi ted  by t h e  f i n i t e ' f l o w  r a t e  of t h e  r i v e r  p lace  l i m i t s  on t h e  minimum r i v e r  

flow r a t e  f o r  which t y p i c a l  thermal s tandards  can be m e t .  For example, a 

500-MW f oss i l - fue led  p lan t  would r e q u i r e  a r i v e r  flow r a t e  of about 180 m3 /s 

and a 1000-MW nuclear  p lan t  would r e q u i r e  520 m 3 / s .  Only t h e  major r i v e r  

systems i n  t h e  U.S. have flow r a t e s . t l i a t  a r e  c o n s i s t e n t l y  t h i s  l a rge .  I n  

l a r g e  . lake app l i ca t ions ,  su r face  d ischarges  might be acceptable  f o r  power 

p l a n t s  wi th  c a p a c i t i e s  5500 MW i f  a mixing zone with a su r face  a r e a  of 

.2.9 x lo5  m2 (equivalent  t o  a c i r c l e  wi th  a 1000-ft r ad ius )  o r  l a r g e r  w e r e  

allowed. ~ a r ~ e ' r  power p l a n t s . w i t h  su r face  d ischarges  would r e q u i r e  mixing 

zones t h a t  would exceed most s.tandards and guidel ines.  The l a r g e  d i l u t i o n  



t y p i c a l l y  r equ i r ed  a t  e s t u a r i n e  and marine s i t e s  e s s e n t i a l l y  prec ludes  t h e  

u s e  of sh.orel ine s u r f a c e  d i scha rges  f o r  l a r g e  power p l a n t s .  

,The i n i t i a l  d i l u t i o n  a t t a i n e d  by submerged o u t f a l l s ,  e s p e c i a l l y  high-. 

v e l o c i t y  mu l t ipo r t  d i f f u s e r s ,  is  governed p r imar i ly  by t h e  c h a r a c t e r i s t i c s  

of t h e  d ischarge  r a t h e r  than  the  c h a r a c t e r i s t i c s  of t h e  r ece iv ing  water .  

Therefore,  water  depth ,  r a t h e r  than  t h e  magnitude and d i r e c t i o n  of ambient 

c u r r e n t s ,  i s  g e n e r a l l y  t h e  most important  c h a r a c t e r i s t i c  of t h e  r ece iv ing  

water  body, except  i n  r i v e r i n e  and c e r t a i n  e s t u a r i n e  cases  where t h e  t o t a l  

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

It appears  t o  be  p o s s i b l e  t o  des ign  a  mu l t ipo r t  d i f f u s e r  w i th  a  reasonable  

d i scha rge  v e l o c i t y  t h a t  w i l l  r e s u l t  i n  f u l l  mixing of t h e  e f f l u e n t  w i th  t h e  

t o t a l  r i v e r  flow. I f  f u l l  mixing i s  assumed, excess  temperature s t anda rds  

p l a c e  an  extreme lower l i m i t  on t h e  r i v e r  flow r a t e  necessary  t o  suppor t  once- 

through cool ing.  However, t h e  r e s t r i c t i o n  t h a t  a zone of passage equ iva l en t  

t o  t h ree -qua r t e r s  of t h e  c ros s - sec t iona l  a r e a  of t h e  r i v e r  b e  maintained,  

r e q u i r e s  l a r g e r  r i v e r  flow r a t e s .  For example, a  500-MW f o s s i l - f u e l e d  p l a n t  

would probably r e q u i r e  a  r i v e r  flow r a t e  of 100-150 m 3 / s  and a 1000-MW nuclear  

p l a n t  would r e q u i r e  300-400 m 3 / s .  Mul t ipo r t  d i f f u s e r s  appear t o  b e  very  prom- 

i s i n g  f o r  u se  i n  l a r g e  l a k e s .  Even i n  f a i r l y  shal low water  (=5  m), a d i f f u s e r  

of reasonable  l e n g t h  (<350 m) and d i scha rge  v e l o c i t y  (>2 m/s) should be  a b l e  

t o  produce the  d i l u t i o n  r equ i r ed  f o r  a power p l a n t  a s  l a r g e  as 1000 MW t o  

meet t y p i c a l  thermal s t anda rds .  Mul t ipo r t  d i f f u s e r s  f o r  u s e  a t  e s t u a r i n e  and 

marine open c o a s t a l  s i t e s  must be  designed t o  produce l a r g e  d i l u t i o n s  (-12). 

I n  e s t u a r i e s ,  complex d e n s i t y  and c u r r e n t  s t r u c t u r e s  and o t h e r  complicat ing 

f a c t o r s  make a  gene ra l  a n a l y s i s  of submerged mul t ipo r t  d i f f u s e r s  impossible .  

The need f o r  l a r g e  d i l u t i o n s ,  t h e  presence  of b i - d i r e c t i o n a l  t i d a l  c u r r e n t s ,  

l i m i t e d  f l u s h i n g ,  and t h e  need t o  main ta in  a  zone of passage r e q u i r e s  t h a t  

much c a r e  be taken  i n  s e l e c t i n g  t h e  type  of d i f f u s e r  t o  be  used a t  a s p e c i f i c  

si te.  Open c o a s t a l  s i t e s  a r e  less r e s t r i c t i v e  i n  t h a t  on ly  t h e  i n i t i a l  

d i l u t i o n  i n  t h e  v i c i n i t y  of t h e  o u t f a l l  i s  c r i t i c a l .  Coas ta l  c u r r e n t s  a r e  

o f t e n  p re sen t  t o  c a r r y  away t h e  d i l u t e d  e f f l u e n t  and t h e  l a c k  of a f a r  boundary 

and t h e  o f f s h o r e  l o c a t i o n  of  t h e  o u t f a l l  p rec lude  t h e  need of a  zone of passage. 

I n  gene ra l ,  d i f f u s e r s  w i l l  have t o  b e  a t  l e a s t  3-5 t i m e s  longer  than  those  

needed f o r  l a k e  s i t e s  where comparable water  depths  a r e  a v a i l a b l e .  



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 a 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 mulkiple plants with once- 

through cooiing, 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 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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