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L INTRODUCTION 

B e c a u s e  o f  i t s  e c o l o g i c a l  i m p o r t a n c e  t h e  m i x i n g  

p r o c e s s e s  a s s o c i a t e d  w i t h  t h e  d i l u t i o n  a n d  t h e  s p r e a d  

o f  a n  e f f l u e n t  s u c h  a s  warm w a t e r  d i s c h a r g i n g  f r o m  a  

p o w e r  p l a n t  i n t o  s t a g n a n t  o r  s t e a d y  f l o w i n g  w a t e r  h a s  

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

y e a r s .  T h e  o b j e c t  o f  t h e s e  s t u d i e s  w a s  t o  d e t e r m i n e  

t h e  i n t e r a c t i o n  o f  e f f l u e n t  w i t h  i t s  c h e m i c a l  a n d  

b i o l o g i c a l  s u r r o u n d i n g s ,  a n d  m o r e  i m m e d i a t e l y  t o  

i n s u r e  t h a t  t h e  a f f e c t e d  a r e a  w i l l  m e e t  s t a n d a r d  

r e g u l a t i o n s .  N u m e r i c a l  s i m u l a t i o n  a p p r o a c h e s  h a v e  

a l s o  b e e n  d e v e l o p e d  a n d  r e f i n e d  ( R e f s  1 t o  3 ) ,  now 

a l l o w i n g  g o o d  p r e d i c t i o n s  f o r  a  r a n g e  o f  c o n d i t i o n s  

( R e f  4 ) .  T h e  d i f f i c u l t  p a r t  o f  n u m e r i c a l  m o d e l l i n g  i s  

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

t h a t  a  l a r g e  m i x i n g  o f  a n  e f f l u e n t  w i t h  a m b i e n t  w a t e r  

o c c u r s  i n  t h e  v i c i n i t y  o f  t h e  o u t f a l l .  T h e  n e a r  f i e l d  

r e g i o n  h a s  b e e n  s i m u l a t e d ,  w i t h  some  s u c c e s s ,  u s i n g  

t u r b u l e n c e  c l o s u r e  s i m u l a t i o n s ,  i n c l u d i n g  t h e  k - E  

m o d e l  ( R e f s  5 a n d  6 ) .  N u m e r i c a l  s i m u l a t i o n s ,  h o w e v e r ,  

r e q u i r e  c a l i b r a t i o n  u s i n g  m e a s u r e d  d a t a  o b t a i n e d  f r o m  

l a b o r a t o r y  o r  f i e l d  e x p e r i m e n t s ,  w h i c h  a l s o  p r o v i d e  a  

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

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

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

b e e n  c a r r i e d  o u t  i n  l a b o r a t o r i e s  w i t h  s t e a d y  a m b i e n t  

c u r r e n t s  a t  l o w  R e y n o l d s  n u m b e r s ,  u s u a l l y  two  o r d e r s  

o f  m a g n i t u d e  s m a l l e r  t h a n  t h e  u s u a l  f i e l d  K e y n o l d s  

n u m b e r s .  I t  h a s  b e e n  shown  t h a t  p l u n t  m i x i n g  i n  

s t e a d y  a m b i e n t  f l o w s  i s  d o m i n a t e d  b y  t h e i r  l a r g e - s c a l e  

t u r b u l e n c e  s t r u c t u r e s  w h i c h  a r e  e s s e n t i a l l y  

t h r e e - d  i m e n s i o n a  l  a n d  Re y n o  l d s  n u m b e r  d e p e n d e n t  ( R e f  

7 ) .  B u t ,  s t u d i e s  o f  b u o y a n t  p l u m e  m i x i n g  i n  a n  

u n s t e a d y  a m b i e n t  c u r r e n t  a r e  v e r y  f e w ,  d e s p i t e  t h e i r  

f r e q u e n t  o c c u r r e n c e  i n  n a t u r e .  H e n c e  i t  i s  f e l t  t h a t  

a f i e l d  s t u d y  o f  a t h e r m a l  p l u m e  s p r e a d  i n  an u n s t e a d y  



t i d a l  c u r r e n t  w o u l d  b e  m o r e  r e w a r d i n g  t h a n  f u r t h e r  

l a b o r a t o r y  e x p e r i m e n t s .  I n  t h e  a b s e n c e  o f  a d e q u a t e  

e x p e r i m e n t a l  i n f o r m a t i o n ,  a  s e r i e s  o f  f i e l d  

m e a s u r e m e n t s  w a s  u n d e r t a k e n  when  t h e  o u t f a l l  o f  F a w l e v  

P o w e r  S t a t i o n  d i s c h a r g e d  warm w a t e r  o n t o  t h e  S o l e n t  a t  

S o u t h a m p t o n  W a t e r .  T e m p e r a t u r e  w a s  m e a s u r e d  i n  t h e  

warm w a t e r  a r e a  a t  v a r i o u s  d e p t h  d u r i n g  a  s p r i n g  e b b  

t i d e .  

A y e a r  l a t e r  mean  v e l o c i t y  p r o f i l e s  w e r e  m e a s u r e d  

w i t h i n  a  d e p t h  o f  1.50m f r o m  t h e  b e d ,  a n d  a l s o  a t  lm 

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

w h i c h  t h e  f l o w  c o n d i t i o n s  m u s t  h a v e  b e e n  v e r y  c l o s e  t o  

t h o s e  d u r i n g  t h e  t e m p e r a t u r e  m e a s u r e m e n t s .  

From t h e  m e a s u r e d  t e m p e r a t u r e  d a t a  h o r i z o n t a l  

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

p o s i t i o n  o f  p l u m e  a x i s ,  p l u m e  d i m e n s i o n s  a n d  t h e  

d i l u t i o n  f a c t o r  a l o n g  t h e  p l u m e  a x i s  w e r e  d e t e r m i n e d .  

From t h e  v e l o c i t y  d a t a  t h e  f r i c t i o n  v e l o c i t y  a n d  b e d  

r o u g h n e s s  w e r e  c a l c u l a t e d .  

T h e  a i m  o f  t h e  s t u d y  p r e s e n t e d  h e r e  i s  t o  d e t e r m i n e  

t h e  t e r m s  r e q u i r e d  f o r  t h e  d e s i g n  o f  a  s u r f a c e  o u t f a l l  

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

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

r e g i o n  w h e r e  b u o y a n c y  a f f e c t s  t h e  m i x i n g .  I t  i s  h o p e d  

t h a t  t h e  r e s u l t s  w i l l  a l s o  p r o v i d e  a  b e t t e r  

u n d e r s t a n d i n g  o f  t h e  c o m p l e x  p l u m e  f l o w  s t r u c t u r e  i n  

t h e  p r e s e n c e  o f  b u o y a n c y  f o r c e s .  

EXPERIMENTS 

F i e l d  m e a s u r e m e n t s  w e r e  c a r r i e d  o u t  i n  t h e  S o l e n t  o n  

2 0  M a r c h  1 9 8 5 ,  when  F a w l e y  P o w e r  S t a t i o n  w a s  o p e r a t i n g  

a t  i t s  f u l l  l o a d ,  d i s c h a r g i n g  c o o l i n g  w a t e r  o n t o  t h e  

S o l e n t  ( s e e  F i g  l ) .  A f u l l  d e s c r i p t i o n  o f  t h e  

e x p e r i m e n t a l  p r o c e d u r e ,  a n d  m e a s u r e m e n t  r e s u l t s ,  a r e  

g i v e n  by  W a t e r s  ( R e f  8 ) .  



E x p e r i m e n t a l  c o n d i t i o n s  a n d  c o n f i g u r a t i o n  o f  t h e  Power  

S t a t i o n  w h i c h  a r e  r e l e v a n t  t o  t h e  p r e s e n t  s t u d y  w i l l  

b e  g i v e n  h e r e .  

The  power  s t a t i o n  w a s  o p e r a t i n g  a t  f u l l  l o a d  o f  1350MW 

a n d  d i s c h a r g i n g  2 7 . 3 m 3 s - I  o f  warm water a t  12.6OC f r o m  

t h e  o u t f a l l  i n t o  t h e  S o l e n t  wa te r  a t  5 .8"C .  The  

o u t f a l l  h e a d w o r k  ( s e e  F i g  2 )  h a s  i t s  l o n g e r  a x i s  i n  

t h e  mean f l o w  d i r e c t i o n ,  w h i c h  i s  g e n e r a l l y  w e s t w a r d s  

a t  h i g h  w a t e r  a n d  e a s t w a r d s  a t  l o w  w a t e r ,  a n d  

d i s c h a r g e s  v i a  s i x t e e n  s u b m e r g e d  a p e r t u r e s  e a c h  1.7m 

h i g h  a n d  2.4m w i d e  e v e n l y  s p a c e d  a r o u n d  t h e  o u t f a l l  

s t r u c t u r e .  T h e  a p e r t u r e s  e x t e n d  o v e r  2 5 %  a n d  75% o f  

t h e  a v a i l a b l e  w a t e r  d e p t h  a t  h i g h  a n d  low w a t e r  

r e s p e c t i v e l y  ( R e f  9 ) .  

M e a s u r e m e n t s  were t a k e n  d u r i n g  h i g h  w a t e r  o v e r  a  

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

t i d e .  T h e  p l u m e  t e m p e r a t u r e s  were m e a s u r e d  n e a r  t h e  

f r e e  s u r f a c e  a n d  a t  l m ,  2m, 3m a n d  4m b e l o w ,  u s i n g  

t h e r m i s t o r s  h a v i n g  a  t i m e  c o n s t a n t  o f  3s a n d  a c c u r a t e  

t o  f l . l ° C  f r o m  z e r o  t o  3 0 ° C  ( R e f  8 ) .  T h e s e  s e n s o r s ,  

t o g e t h e r  w i t h  a  p r e s s u r e  s e n s i n g  d e p t h  meter ,  w e r e  

a t t a c h e d  t o  a  c a b l e  w i t h  a  s t r e a m l i n e  w e i g h t  a t  t h e  

b o t t o m ,  w h i c h  c o u l d  h o l d  t h e  c a b l e  v e r t i c a l l y  a t  

t o w i n g  s p e e d s  r a n g i n g  b e t w e e n  l m s -  l a n d  1 .5ms-  l. 

T e m p e r a t u r e s  w e r e  r e c o r d e d  e v e r y  1 0  s e c o n d s  u s i n g  a  

m u l t i - c h a n n e l  p r i n t - o u t  u n i t  o n  b o a r d  t h e  t r a c k i n g  

v e s s e l  w h i l s t  i t  c r i s s - c r o s s e d  t h e  warm w a t e r  a r e a .  

The  p o s i t i o n  o f  t h e  v e s s e l  was  r e c o r d e d  u s i n g  a 

Y o t o r o l a  M i n i r a n g e  ILL m i c r o w a v e  s y s t e m  ( ~ e f  8 ) .  

The  s a l i n i t i t s  a n d  t e m p e r a t u r e s  o f  t h e  r e c e i v i n g  w a t e r  

w e r e  m e a s u r e d  u p s t r e a m  f r o m  t h e  o u t f a l l  w i t h i n  t h e  4m 

d e p t h  u s i n g  a s a l i n i t y / t e m p e r a t u r e  b r i d g e ,  Type  YC5, 

w h i c h  had  a c c u r a c i e s  f o r  s a l i n i t y  a n d  t e m p e r a t u r e  of  

?0 .1  ( p p t )  a n d  ? 0 . l o C  r e s p e c t i v e l y .  The  d i f f e r e n c e s  

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

quantities w e r e  i n  t h e  o r d e r  of t h e i r  s e n s o r s '  
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t h e  maximum t e m p e r a t u r e s  i n  t h e  d i v i d e d  plume. The 

v a r i a t i o n  of t h e  d i s t a n c e  be tween t h e s e  a x i s  i n  t h e  

mean f l o w  d i r e c t i o n  w i l l  b e  g i v e n  l a t e r .  F i g u r e s  4 t o  

6 ,  t o g e t h e r  w i t h  t h e  i s o t h e r m  p a t t e r n s  a t  o t h e r  d e p t h s  

d i s c l o s e  t h a t  t h e  e x c e s s  t e m p e r a t u r e  AT d e c r e a s e s  w i t h  

i n c r e a s i n g  d e p t h s  be low t h e  f r e e  s u r f a c e  which w i l l  be 

shown l a t e r .  I n  F i g u r e s  4  t o  6  a r e  a l s o  shown t h e  

t r a c k i n g  c o u r s e s ,  s t a r t i n g  a t  a  d i s t a n c e  of abou t  180m 

downst ream from t h e  o u t f a l l .  

5 LATERAL 

TEMPERATURE 

PROFILES 

From t h e  measured  d a t a  l a t e r a l  t e m p e r a t u r e  p r o f i l e s  

a l o n g  e a c h  t r a c k i n g  c o u r s e  were d e t e r m i n e d ,  and t h e  

r e s u l t s  i n  t h e i r  n o r m a l i z e d  forms a t  two d e p t h s  a r e  

shown i n  F i g u r e s  7 and  8 f o r  Runs 1  and 2 

r e s p e c t i v e l y .  I n  F i g u r e s  7 and  8 ,  y ,  d e n o t e s  t h e  

l a t e r a l  d i s t a n c e  measured  from t h e  r e l e v a n t  plume 

a x i s ,  and d l i s  a  l a t e r a l  l e n g t h  s c a l e ,  s o  t h a t  when 
T-Ta 

y=d l  t h e  n o r m a l i z e d  e x c e s s  t e m p e r a t u r e  - - T  :T - 3 ,  
m a  

where  T  o c c u r s  a t  t h e  plume a x i s .  The s o l i d  l i n e  i n  
m 

F i g u r e s  7 and 8  i s  t h e  G a u s s i a n  p r o f i l e  e x p r e s s e d  by: 

T-T Y 
- -  2 a - e x p  [-0.693 (-) ] 
Tm-Ta 6  1  . . 

Al though  t h e r e  i s  some s c a t t e r ,  i t  i s - r e a s o n a b l e  t o  

assume t h a t  t h e  n o r m a l i z e d  p r o f i l e s  f o l l o w  

E q u a t i o n  ( 2 1 ,  e x c e p t  i n  t h e  warm w a t e r  r e g i o n  (dashed  

l i n e )  o c c u r r i n g  be tween t h e  R.H and L.H s i d e  plumes. 

The o c c u r r e n c e  of  a  warm w a t e r  r e g i o n ,  which  w i l l  be  

d i s c u s s e d  l a t e r ,  i n d i c a t e s  t :ha t  t h e  b e h a v i o u r  of  t h e  

b r a n c h i n g  and merging  plume of  t h e  p r e s e n t  s t u d y  

d i f f e r s  from t h o s e  of  s t r o n g  b u o y a n t  b i f u r c a t e d  plumes 

i n  s t e a d y  a m b i e n t  c u r r e n t s  s t u d i e d  by o t h e r s  (Re f s  1 3  

and  1 4 1 ,  which  showed t h a t  t:he s e p a r a t i o n ,  s t a r t i n g  a t  

some d i s t a n c e  from t h e  o u t f a l l ,  i n c r e a s e d  w i t h  



i n c r e a s i n g  downst ream d i s t a n c e  f rom t h e  o u t f a l l ,  and 

e a c h  b r a n c h  behaved much l i k e  a  s i n g l e  plume. F i g u r e s  

4 t o  6 show t h a t  t h e  plume b ranched  a l m o s t  a t  t h e  

o u t f a  l 1  headwork.  

6 VERTICAL 

TEMPERATURE 

PROFILES 

V e r t i c a l  t e m p e r a t u r e  p r o f i l e s  w'ere d e t e r m i n e d  a l o n g  

t h e  R.H and L.H s i d e  plume a x e s  ( s e e  a l s o  F i g s  4 t o  

6 ) ,  and  t h e  r e s u l t s  i n  t h e i r  n o r m a l i z e d  forms a r e  

shown i n  F i g u r e s  9  and 1 0  f o r  Runs 1 t o  3 ;  t h e  

downst reams d i s t a n c e  X was measured  a l o n g  t h e  r e l e v a n t  

plume a x i s .  I n  F i g u r e s  9  and 1'0, T  -T i s  t h e  
max a  

maximum e x c e s s  t e m p e r a t u r e ,  o c c u r r i n g  n e a r  t h e  f r e e  
Tm-Ta - l 

s u r f a c e ,  and b  i s  a  d e p t h  s c a l e  a t  which  - - 
z  Tmax-Ta " 

The s o l i d  l i n e s  a r e  t h e  G a u s s i a n  p r o f i l e  of t h e  

f o l l o w i n g  form: 

T  -T z 
m a  = exp  [ -0 .693  ( F )  * ]  

T  -T 
a  z 

max 

i n  which z i s  measured  f rom t h e  f r e e  s u r f a c e  

v e r t i c a l l y  downwards. A s  may be  s e e n  t h e  n o r m a l i z e d  

p r o f i l e s  a g r e e  r e a s o n a b l y  w e l l  w i t h  Eq ( 3 ) .  

7 ANALYSIS 

The r e s u l t s  shown i n  F i g u r e s  7 t o  L0 i n d i c a t e  t h a t  t h e  

t e m p e r a t u r e  p r o f i l e s  i n  t h e  l a t e r a l  and v e r t i c a l  

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

downstream d i s t a n c e s ,  X ,  w i t h  bZ,  (Tm-Ta) and 

( T ~ ~ ~ - T ~ )  a s  s c a l e  q u a n t i t i e s  ( s e e  a l s o  Eqs 2 and 3 ) .  

F u r t h e r m o r e  i t  h a s  been  shown by Eq ( 1 )  t h a t  t h e  

f r i c t i o n  v e l o c i t y  U ,  and t h e  r o u g h n e s s  l e n g t h  z  can  
0 

be used  a s  s c a l e  q u a n t i t i e s  t o  s p e c i f y  t h e  n e a r - b e d  

f l ow;  w i t h  t h e  c o n c l u s i o n  t h a t  t h e  f low w i t h i n  t h e  

t r a c k i n g  a r e a  i s  s i m i l a r  t o  t h a t  of a  t u r b u l e n t  



boundary layer type flow and thus is self-similar 

because it depends solely on the instantaneous 

parameters and not on the flow history. Hence it is 

legitimate to use dimensional analysis to derive a set 

of non-dimensional parameters from an appropriate set 

of independent variables to describe the spread of a 

buoyant surface plume in an unsteady ambient current. 

These independent variables are: the outfall 

densimetric Froude number F defined previously, the 
r 

unsteady ambient velocity U (see Fig 3) with 
a ' 

temperature T the warm water velocity U with 
a ' j 

temperature T. and finally the acceleration due to 
J 

gravity, g. When the density difference, arising from 

buoyancy produced by the temperature excess T -T , is 
j a 

small, it is customary to replace g by the effective 

Pa-Pj 
gravitational acceleration g'=g-- , where pa and pj 

'a 
are the mass densities of the ambient current and the 

warm water at the outfall respectively. The dependent 

variables are: the dilution factor S (defined later) 

along the plume axis, and the plume dimensions 6 and 
z 

bl. 
Dimensional analysis then leads to the following 

expressions: 

in which f l  to f3 denote universal functions of the 

arguments in parenthesis. It is worth mentioning that 

the first term on the right-hand side of Eqs (4 to 6) 

can be written in terms of travelling time T = x/U, 

and thus becomes 



U .  
J ~ ' ~  , w h e r e  U i s  t i m e - d e p e n d e n t .  F u r t h e r  more i t  

U U a  

s h o u l d  b e  p o i n t e d  t h a t  U i n  Eqs  ( 4  t o  6 )  c a n  be  
a 

r e p l a c e d  by  t h e  f r i c t i o n  v e l o c i t y  U, ( s e e  F i g  2 ) ,  b u t  

i n  p r a c t i c e  U a t  a  d e p t h  l m  o r  2m, i s  u s u a l l y  
a  ' 

m e a s u r e d .  

8 PLUME DILUTION 

The  d i l u t i o n  f a c t o r  S  d e f i n e d  by  Eq ( 4 )  was e v a l u a t e d  

f r o m  t h e  d a t a  o b t a i n e d  f o r  t h e  R.H and  L.H plume a x e s  

a t  t h r e e  d e p t h s  o f  Runs l a n d  2  ( s e e  a l s o  F i g s  4 a n d  

5 ) ,  a n d  t h e  r e s u l t s  a r e  shown i n  F i g u r e  11 i n  which  

R  = U j / U a  i s  t h e  v e l o c i t y  r a t i o .  F i g u r e  11 shows t h a t  

t h e  e v a l u a t e d  d a t a  f a l l  w i t h i n  a n a r r o w  band  

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

T h e  s o l i d  l i n e  i n  F i g u r e  11 i n d i c a t e s  a n  e m p i r i c a l l y  

f i t t e d  c u r v e  e x p r e s s e d  by:  

w h i c h  i n d i c a t e s  t h a t  t h e  d i l u t i o n  f a c t o r  S i n c r e a s e s  

w i t h  a  0 .9  power  o f  t h e  n o r m a l i z e d  d o w n s t r e a m  d i s t a n c e  

f r o m  t h e  o u t f a l l .  I t  i s  t o  b e  n o t e d  t h a t  t h e  

d e n s i m e t r i c  F r o u d e  number  F  ( s e e  Eq 4 )  h a s  n o t  
r 

o c c u r r e d  i n  F i g  11 a n d  i n  Eq ( l l ) ,  b e c a u s e  F  = 1 . 9 3  
r 

r e m a i n e d  u n c h a n g e d  d u r i n g  Runs 1 a n d  2. T h e r e  a r e  

v e r y  few s t u d i e s  o f  s u r f a c e  p lumes  i n  u n s t e a d y  a m b i e n t  

c u r r e n t ;  more m e a s u r e m e n t s  a r e  d e s i r a b l e  f o r  

c o m p a r i s o n ,  a n d  a l s o  t o  d e t e r m i n e  t h e  F  - e f f e c t .  
r 

The d i l u t i o n  f a c t o r  S  h a s  b e e n  e v a l u a t e d  f o r  t h e  

s t e a d y  a m b i e n t  c u r r e n t  o f  t h e  G r e a t  L a k e s  a t  t h e  P o i n t  

Beach  Power  P l a n t  w i t h  F  = 1.50 (Ref  1 5 )  a n d  t h e  L a k e  
r  

View G e n e r a t i n g  S t a t i o n ,  F = 3 ,  ( R e f s  1  a n d  1 6 )  w e r e  
r 

d i s c h a r g i n g  warm w a t e r  o n t o  L a k e  M i c h i g a n  a n d  L a k e  

O n t a r i o  r e s p e c t i v e l y .  The  r e s u l t s  a r e  shown i n  F i g u r e  

12 w i t h  a n  e m p i r i c a l l y  f i t t e d  c u r v e  ( s o l i d  l i n e )  o f  

t h e  f o l l o w i n g  fo rm:  



I t  i s  i n t e r e s t i n g  t o  n o t e  t h a t  a l t h o u g h  t h e  v a l u e  o f  

F f o r  e a c h  power  p l a n t  r e m a i n e d  p r a c t i c a l l y  c o n s t a n t  
r 

i t s  v a r i a t i o n  d i d  n o t  a f f e c t  t h e  r e s u l t s  shown i n  F i g  

1 2  a n d  E q  ( 8 ) .  By c o m p a r i n g  Eq ( 7 )  w i t h  Eq ( 8 )  ( s e e  

a l s o  F i g s  11 a n d  1 2 )  i t  c a n  b e  c o n c l u d e d  t h a t  b o t h  t h e  

plume b i f u r c a t i o n  a n d  t h e  f l o w  u n s t e a d i n e s s  c a u s e d  a  

l a r g e  i n c r e a s e  i n  plume d i l u t i o n .  On t h e  o t h e r  hand 

i t  was shown ( R e f s  7  a n d  1 0 )  t h a t  t h e  u n s t e a d i n e s s  o f  

f l o w ,  a f f e c t i n g  t h e  mechan i sm of t u r b u l e n c e ,  i n c r e a s e d  

t h e  plume d i l u t i o n ,  b u t  n o t  t o  t h e  e x t e n t  g i v e n  i n  

F i g u r e  11. T h i s  l e a d s  t o  t h e  c c l n c l u s i o n  t h a t  t h e  

plume b i f u r c a t i o n  o f  t h e  p r e s e n t  s t u d y  c r e a t e d  a 

s u b s t a n t i a l  i n c r e a s e  i n  plume d i l u t i o n .  

9  PLUME SPREADS 

N o n - d i m e n s i o n a l  p a r a m e t e r s  d e s c r i b i n g  t h e  v e r t i c a l  

p lume s p r e a d  g i v e n  i n  Eq ( 5 )  w e r e  e v a l u a t e d  f r o m  t h e  

m e a s u r e d  d a t a  a n d  t h e  r e s u l t s ,  t o g e t h e r  w i t h  a n  

e m p i r i c a l l y  f i t t e d  c u r v e  ( s o l i d  l i n e )  O F  t h e  F o l l o w i n g  

f o r m ,  a r e  shown i n  F i g u r e  1 3 :  

F i g u r e  1 3  a n d  E q  ( 9 )  d i s c l o s e  t h a t  t h e  plume became 

t h i n n e r  w i t h  i n c r e a s i n g  d o w n s t r e a m  d i s t a n c e  p a r a m e t e r ,  

R -  g ' x ,  i m p l y i n g  t h a t  b u o y a n c y  a n d  t h e  o c c u r a n c e  o f  a  
U 

a  
warm w a t e r  r e g i o n  ( s e e  F i g s  7  a n d  8 )  i n h i b i t  t h e  

v e r t i c a l  g r o w t h .  Our k n o w l e d g e  a b o u t  t h e  e f f e c t  o f  

b u o y a n c y  on t u r b u l e n t  m i x i n g  i s  s e v e r e l y  l i m i t e d ;  

f u r t h e r  work  i n  t h i s  a r e a  i s  r e q u i r e d .  

N o n - d i m e n s i o n a l  p a r a m e t e r s  f o r  t h e  l a t e r a l  p lume 

s p r e a d  g i v e n  i n  E q  ( 6 ) ,  w e r e  e v a l u a t e d  f r o m  t h e  

m e a s u r e d  d a t a  t a k e n  i n  t h e  o u t e r  r e g i o n s  o f  t h e  plume.  

g '  6, 
L t  was f o u n d  t h a t  t h e  l a t e r a l  s p r e a d  p a r a m e t e r ,  

1 0  "a2 



remained unchanged a s  t h e  d i s t a n c e  p a r a m e t e r ,  

R -  g ' x  , i n c r e a s e d .  
2 

'a 

Th i s  i s  due  t o  t h e  o c c u r r e n c e  o f  a  warm w a t e r  r e g i o n  

between t h e  R . H  and L.H s i d e  p lumes ,  d e s c r i b e d  

p r e v i o u s l y  ( s e e  a l s o  F i g s  7 and  8) .  The w i d t h  of  t h e  

warm w a t e r  r e g i o n ,  d e f i n e d  by t h e  d i s t a n c e ,  D ,  between 

t h e  R.H and L.H s i d e  plume a x e s  ( s e e  a l s o  F i g s  4  t o  

6 ) ,  i n c r e a s e d  w i t h  i n c r e a s i n g  downst ream d i s t a n c e  X 

and then  d e c r e a s e d  when t h e  o u t f a l l  e f f e c t  d i m i n i s h e d  
' X  

a s  may be s e e n  i n  F i g  1 4 ,  i n  which  0 and R g 
U 

2 
a  

u 
a  

d e n o t e  no rma l i zed  p a r a m e t e r s  f o r  D a n d  X r e s p e c t i v e l y  

( s e e  a l s o  Eqs 4 t o  6 ) .  F i g  1 4  shows t h a t  when 

g ' x  '10 t h e  d i s t a n c e  p a r a m e t e r ,  - R -  g ' D  i n c r e a s e d  w i t h  
u 

a  
u2  

a  
i n c r e a s i n g  downs trearn d i s  t a n ~ c e  p a r a m e t e r  R g  ' X  / U  

a  ' 
e x p r e s s i b l e  by t h e  £01 lowing e m p i r i c a l  r e l a t i o n s h i p  

( s o l i d  l i n e )  : 

The l e f t - h a n d  s i d e  p a r a m e t e r  o f  Eq ( 1 0 )  t h e n  d e c r e a s e d  

s lowly  w i t h  f u r t h e r  i n c r e a s e  of  downst ream d i s t a n c e  

pa rame te r ,  imp ly ing  t h e  d i m ~ i n i s h i n g  e f f e c t  of t h e  

o u t f a l l  s t r u c t u r e ,  t h e  dashed  l i n e  i n  F i g  14 i s  drawn 

t o  g u i d e  t h e  eye .  

10 CONCLUSIONS 

The s p r e a d  of a  warm w a t e r  plume d i s c h a r g i n g  from a  

power p l a n t  o n t o  c o a s t a l  w a t e r  d u r i n g  a  s p r i n g  ebb 

t i d e  was measured w i t h  t h e  f o l l o w i n g  r e s u l t s :  



1. The warm w a t e r  plume was d i v i d e d  i n t o  two p a r t s  

d u e  t o  a  d i v i s i o n  o f  t h e  a m b i e n t  c u r r e n t  by t h e  

o u t f a l l  headwork .  

2 .  The two p a r t s  o f  t h e  plume merged  a g a i n ,  when t h e  

o u t f a l l  e f f e c t  had d i m i n i s h e d .  

3. Between t h e  d i v i d e d  plume t : h e r e  o c c u r r e d  a n  i n n e r  

warm w a t e r  r e g i o n  i n  w h i c h  t h e  l o n g i t u d i n a l  

v a r i a t i o n  o f  t e m p e r a t u r e  was l e s s  t h a n  t h a t  

o c c u r r i n g  a l o n g  t h e  R.H and  L.H plume a x e s .  

4 .  The w i d t h  o f  t h e  warm w a t e r  r e g i o n  i n c r e a s e d  w i t h  

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

i t  t h e n  d e c r e a s e d  a s  t h e  o u t f a l l  e f f e c t  

d i m i n i s h e d .  

5.  The l a t e r a l  a n d  t h e  v e r t i c a l  t e m p e r a t u r e  p r o f i l e s  

w e r e  o f  t h e  G a u s s i a n  fo rm.  

6 .  The d i l u t i o n  f a c t o r  i n c r e a s e d  w i t h  a  0.9 power o f  

t h e  d o w n s t r e a m  d i s t a n c e  p a r a m e t e r ,  d i s c l o s i n g  a  

l a r g e  i n c r e a s e  i n  plume d i l u t i o n  i n  c o m p a r i s o n  

w i t h  n o n - b i f u r c a t e d  p l u m e s  i n  s t e a d y  c u r r e n t s .  

7 .  The v e r t i c a l  s p r e a d  p a r a m e t e r  d e c r e a s e d  w i t h  t h e  

-% power o f  t h e  d o w n s t r e a m  d i s t a n c e  p a r a m e t e r .  

8. The l a t e r a l  s p r e a d  p a r a m e t e r  o f  t h e  o u t e r  r e g i o n  

o f  t h e  plume r e m a i n e d  u n c h a n g e d  d u e  t o  t h e  

o c c u r r e n c e  o f  a n  i n n e r  warm w a t e r  r e g i o n .  
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Fig 14 Variation o f  normalized distance between the 
right-hand and Left-hand side plume axes with 
downstream distance X (see Fig 4) 




