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PREFACE 
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I N T R O D U C T I O N  

When a  dam i s  b u i l , t  a c r o s s  a  s t ream,  a  t o t a l l y  d i f f e r e n t  regime i s  
e s t a b l i s h e d  which prcfoundly a f f e c t s  t h e  water  q u a l i t y  w i t h i n  and down- 
s t ream of t h e  impoundment f o r  many m i l e s .  The temperature  s t r u c t u r e  
wi . thin t h e  r e s e r v o i r  i.s t h e  most important cons i .dera t ion  when e s t a b l i s h i n g  
a  management p l a n  f o r  water  q u a l i t y  c o n t r o l .  

When a  s tudy of r e s e r v o i r  temperatures  i s  undertaken,  it i s  important 
t h a t  a l l  of t h e  p h y s i c a l  and meteoro logica l  h e a t  exchange processes  a r e  
inc luded ,  so  t h a t  c o n s i d e r a t i o n  of t h e  o v e r a l l  h e a t  ba lance  of t h e  r e s e r -  
v o i r  i s  assured .  A sound t h e o r e t i c a l  approach w i l l  i n s u r e  t h i s .  The 
a n a l y s i s  should provide a  r e a l i s t i c  assessment of t h e  i n t e r - r e l a t i o n s h i p  
between p r o j e c t  ope ra t i ons  and t h e  thermal  v a r i a t i o n s  w i t h i n  t h e  r e s e r v o i r .  
The use  of i npu t  d a t a  which cannot be measured " in  s i t u "  should be  kept  
t o  a  minimum i n  order  t o  i n s u r e  t h a t  p o s s i b l e  b i a s  i n  r e s u l t s  i s  e l imina ted .  
F i n a l l y ,  a p p l i c a t i o n  should be  s t r a igh t fo rward  and fol low s tandard  accepted 
procedures  i n  order  t o  provide confidence and guaran tee  un i formi ty  i n  
r e s u l t s .  

CONSERVATION OF HEAT 

The s imu la t i on  of t h e  annual  temperature  v a r i a t i o n s  w i t h i n  an 
impoundment begins  w i th  t h e  formula t ion  of a  mathematical d e s c r i p t i o n  
of t h e  p e r t i n e n t  hea t  t r a n s f e r  mechanisms. The s o l u t i o n  of t h e  mathe- 
ma t i ca l  formula t ion  r e s u l t s  i n  an account ing of t h e  e x t e r n a l  and 
i n t e r n a l  hea t  ba lance  f o r  t h e  r e s e r v o i r  over t h e  y e a r l y  cyc l e .  

The annual  temperature  c y c l e  of a  r e s e r v o i r  i,s t h e  r e s u l t  of a  
complex i n t e r - r e l a t i o n s h i p  among t h e  many hydrodynami,~ and thermodynamic 
processes  by whi.ch h e a t  e n t e r s ,  i s  d i s t r i b u t e d  w i t h i n ,  and leaves  an  
impoundment. S t r i c t l y  speaking,  t h e  on ly  mathematical d e s c r i p t i o n s  
which would be u n i v e r s a l l y  a p p l i c a b l e  would be t h e  t h r e e  dimensional 
equa t ions  of conserva t ion  of h e a t  and mass. However, s o l u t i o n  of t h e  
t h r e e  dimensional equa t ions  i.s v i x t u a l l y  impossible .  There a r e  many 
i n s t a n c e s ,  though, when t h e  r e s e r v o i r  hea t  ba lance  can be adequate ly  
determined by cons ide r ing  only  t h e  v e r t i c a l  d i s t r i b u t i o n  of h e a t  and 
t h e  h e a t  t r a n s f e r  mechanisms a s s o c i a t e d  wi th  movement a long t h e  v e r t i c a l  
a x i s .  Prototype d a t a  a r e  a v a i l a b l e  t o  suppor t  t h i s  assumption. The 
annual  temperature  c y c l e  f o r  t h e  B e l t z v i l l e  Reservoi r  i z i  n o r t h e a s t e r n  
Pennsylvania is shown on f i g u r e s  1 through 3. Examination of t h e s e  
f i g u r e s  shows t h n t  t h e  assumption of h o r i z o n t a l  isotherms ( l a y e r s  of 
equa l  temperatures)  i s  i.ndeed v a l i d .  Very 1 . i t t l e  v a r i a t i o n  was 
measured i.n e i t h e r  t h e  l o n g i t u d i n a l  o r  l a t e r a l  d i r e c t i o n s  a t  B e l t z v i l l e .  
A l a r g e  number of Corps r e s e r v o i r s  e x h i b i t  t h i s  same c h a r a c t e r i s t i c  



and a r e  r e a d i l y  ana lyzed  by c o n s i d e r i n g  h e a t  t r a n s f e r  i n  o n l y  t h e  v e r t i c a l  
d imension.  It shou ld  b e  emphasized,  however,  t h a t  each impoundment i s  
d i f f e r e n t  and b e f o r e  t h i s  s i m p l i f y i n g  assumpt ion i s  a c c e p t e d ,  i t  shou ld  
b e  s c r u t i n i z e d .  

Some g e n e r a l  gu tdance  i s  a v a i l a b l e  on t h e  a p p l i c a b i l i t y  of t h e  one 
di.mensiona1 assumpt ion  t o  a  p a r t i c u l a r  r e s e r v 0 i . r .  O r  l ob  (15) h a s  
sugges ted  a  method of r e s e r v o i r  c l a s s i f i . c a t i o n  based on a  r a t i o  of in f low 
volume t o  s t o r a g e  volume i n  t h e  r e s e r v o i r .  

1) Low flow/volume r a t i o .  - R e s e r v o i r s  i n  t h i s  c l a s s  a r e  ex t remely  
l a r g e  and have d e t e n t i o n  t imes  g r e a t e r  t h a n  one y e a r .  L i t t l e  s e a s o n a l  
v a r i a t i o n  i n  s t o r a g e  o c c u r s  and ou t f low i s  g e n e r a l l y  from s u r f a c e  l a y e r s .  

2 )  Medi.um flow/volume r a t i o .  - R e s e r v o i r s  i n  t h i s  c l a s s  a r e  l a r g e  
and d e t e n t i o n  t i m e s  a r e  i n  t h e  r a n g e  o f  from f o u r  months t o  one y e a r .  
These  r e s e r v o i r s  show s t r o n g  p a t t e r n s  of s t r a t i f i c a t i o n  and v a r i a t i o n s  
i n  s t o r a g e  may b e  Large. 

3) High f  low/volume r a t i o .  - R e s e r v o i r s  i n  t h i s  c l a s s  a r e  g e n e r a l l y  
r u n  of  r i v e r  t y p e s  w i t h  d e t e n t i o n  t imes  of l e s s  t h a n  f o u r  months. P a t t e r n s  
o f  s t r a t i f i c a t i o n  a r e  d i f f i c u l t  t o  a c c e s s  and l o n g i t u d i n a l  v a r i a t i o n s  i n  
t e m p e r a t u r e  a r e  common. Along w i t h  t h e s e  l o n g i t u d i n a l  t e m p e r a t u r e  
v a r i a t i o n s ,  c o n d i t i o n s  of under f low may deve lop .  

R e s e r v o i r s  i n  t h e  f i r s t  and second c l a s s  c a n  be  expec ted  t o  e x h i b i t  
a  s t r o n g  p a t t e r n  o f  the rmal  s t r a t i f i c a t i o n .  I n  o r d e r  t o  m a t h e m a t i c a l l y  
e v a l u a t e  t h e  a p p l i c a b i l i t y  of t h e  one d imens iona l  a s sumpt ion ,  Orlob (11) 
s u g g e s t s  t h e  u s e  of  a  d e n s i m e t r i c  Froude number computed a s  fo l lows :  

where : 

FD = d e n s i m e t r i c  Froude number 

L = l e n g t h  of  t h e  r e s e r v o i r  i n  f t . @  c o n s e r v a t i o n  poo l  

H = mean r e s e r v o i r  d e p t h  i n  f t .  

V = volume of t h e  r e s e r v 0 i . r  i n  f t 3  @ c o n s e r v a t i o n  p o o l  

Q = f low t h r o u  h r a t e  i n  c f s  (check mean a n n u a l  and s p r i n g  
mean monthfy) 

g  = g r a v i t a t i o n a l  c o n s t a n t  32 .2  f t / s e c  2 

e  = a v e r a g e  normal ized  d e n s i t y  g r a d i e n t  t a k e n  a s  0 .3 x  1 o m 6 / f t .  



According t o  t h i s  t h e o r y ,  i f  t h e  computed v a l u e  of FD i s  l e s s  t h a n  l / n  
a  s t r o n g  s t r a t i f i c a t i o n  p a t t e r n  w i l l  e x i s t  i n  t h e  r e s e r v o i r .  

MATHEENTICAL FORMJLATION 

S e v e r a l  approaches  t o  t h e  s i m u l a t i o n  of r e s e r v o i r  t e m p e r a t u r e s  
have been u t i l i z e d  by v a r i o u s  Corps o f f i c e s  ( 2 ,  11 ,  16) .  These methods 
have been ana lyzed  by E i k e r  (6) and each w a s  determined t o  be l a c k i n g  
i n  one o r  more a r e a s .  The s i m u l a t i o n  approach o u t l i n e d  below was 
developed by t h e  Baltimore D i s t r i c t  and h a s  been a p p l i e d  i n  s e v e r a l  
a n a l y s e s  of e x i s t i n g  and proposed r e s e r v o i r s .  The b a s i s  of t h e  
a n a l y s i s  i s  t h e  s imul taneous  s o l u t i o n  of t h e  t i m e  v a r y i n g ,  one- 
d imens iona l  e q u a t i o n s  f o r  c o n s e r v a t i o n  of h e a t  and c o n s e r v a t i o n  of mass. 

The e q u a t i o n s  d e s c r i b i n g  c o n s e r v a t i o n  of h e a t  and mass f o r  t h e  
r e s e r v o i r  a r e  d e r i v e d  i n  t h e  c l a s s i c a l  manner. The r e s e r v o i r  i s  
i d e a l i z e d  and a  c o n t r o l  volume i s  e s t a b l i s h e d  a s  shown on f i g u r e  4. 
The c o n t r o l  volume i s  of t h i c k n e s s  ( AZ ) and h a s  a n  average  a r e a  (A) 
which i s  a  f u n c t i o n  of e l e v a t i o n  Z .  Conserva t ion  of mass f o r  t h e  
c o n t r o l  volume i s  d e s c r i b e d  by: 

a Qv - Q i n  - Qout  
a z  - A z 

where: 

k 
a Z  = change i n  v e r t i c a l  f low per  u n i t  between t h e  bottom 

and top  of t h e  c o n t r o l  volume i n  c f s l f t .  

Qin = in f low t o  t h e  c o n t r o l  volume i n  c f s .  

Qout = out f low from t h e  c o n t r o l  volume i n  c f s .  

A Z  = t h i c k n e s s  of c o n t r o l  volume i n  f t .  

The equati .on t o  d e s c r i b e  t h e  c o n s e r v a t i o n  of h e a t  w i t h i n  t h e  c o n t r o l  
volume i s  : 

where : 

T  = t empera tu re  i n  OF. 

t = t ime  i n  s e c .  



A = h o r i z o n t a l  a r e a  of t h e  c o n t r o l  volume i n  f t  2  

Qv = v e r t i c a l  f low i n  c f s .  

Z = e l e v a t i o n  i n  f t .  

2 
K = d i f f u s i o n  c o e f f i c i e n t  (molecular  and t u r b u l e n t )  i n  f t  /set* 

T i n  = t empera tu re  of in f low i n  OF.  

Qin = in f low t o  t h e  c o n t r o l  volume i n  c f s .  

Tout = t empera tu re  of ou t f low = T i n  OF. 

Qout  = out f low from t h e  c o n t r o l  volume i n  c f s .  

3  p = d e n s i t y  of wa te r  i n  L B S / £ ~ .  

cp = s p e c i f i c  h e a t  o f  w a t e r  i n  B T U / L B S / ~ F .  

a ~ / a ~  = e x t e r n a l  h e a t  s o u r c e  i n  B T U / S ~ C .  

An examinat ion of e q u a t i o n  (3) conf i rms  t h a t  a l l  of  t h e  p e r t i n e n t  
h e a t  t r a n s f e r  mechanisms a r e  inc luded  i n  t h e  f o r m u l a t i o n .  The f i r s t  
t e r m  on t h e  l e f t  hand s i d e  o f  t h e  e q u a t i o n  r e p r e s e n t s  t h e  change i n  
t empera tu re  w i t h  r e s p e c t  t o  t ime.  The second term on t h e  l e f t  hand 
s i d e  of t h e  e q u a t i o n  accounts  f o r  t h e  v e r t i c a l  t r a n s f e r  of head due 
t o  a d v e c t i v e  p r o c e s s e s .  The f i r s t  t e rm on t h e  r i g h t  s i d e  of e q u a t i o n  
(3) i s  t h e  measure of h e a t  t r a n s f e r  r e l a t e d  t o  d i f f u s i o n .  The 
remain ing  t h r e e  terms account  f o r  t h e  e x t e r n a l  h e a t  b a l a n c e  of t h e  
r e s e r v o i r ,  t h a t  i s ,  i n f l o w ,  o u t f l o w ,  and i n t e r f a c i a l  h e a t  t r a n s f e r .  
Heat t r a n s f e r  a t  t h e  s o l i d  b o u n d a r i e s ,  i f  s i g n i f i c a n t ,  may be i n c l u d e d  
w i t h  a n  a d d i t i o n a l  t e r m  having t h e  same form a s  t h e  e x t e r n a l  h e a t  source  
term.  

The nex t  s t e p  i n  t h e  s i m u l a t i o n  i s  t o  i n c o r p o r a t e  t h e  c o n s e r v a t i o n  
of mass e q u a t i o n  i n t o  t h e  c o n s e r v a t i o n  of h e a t  e q u a t i o n .  T h i s  i s  
accomplished by expanding t h e  second te rm ( v e r t i c a l  a d v e c t i o n )  by t h e  
p r o d u c t  r u l e  and s u b s t i t u t i n g  e q u a t i o n  (2) i n t o  t h e  r e s u l t  a s  fo l lows :  

1 a(Qv T) - @ + 
T(Qin - Qout) 

A a z A Q v m  A z 

Now, when e q u a t i o n  (4) i s  s u b s t i t u t e d  back i n t o  e q u a t i o n  (3) and 
s i m p l i f i e d  t h e  r e s u l t  is: 



ADDITIONAL CONSIDERATIONS 

Before  p roceed ing  w i t h  t h e  s o l u t i o n  of e q u a t i o n  (5) , f u n c t i o n a l  
d e s c r i p t i o n s  f o r  t h e  in f low-ou t f low r e l a t i o n s h i p ,  d i f f u s i o n  p r o c e s s e s  
and t h e  e x t e r n a l  h e a t  s o u r c e  t e rm must be developed.  

The v e r t i c a l  ou t f low d i s t r i b u t i o n  used i n  t h e  model i s  deve loped ,  
based on methods p r e s e n t e d  i n  WES r e p o r t s  ( 3 ,  8) .  These methods e n a b l e  
a n  a c c u r a t e  p r e d i c t i o n  of t h e  v e r t i c a l  v a r i a t i o n  i n  ou t f low t o  be  made 
f o r  e i t h e r  a we i r  o r  a n  o r i f i c e  t y p e  o u t l e t .  The v e l o c i t y  d i s t r i b u t i o n  
i s  f i r s t  computed u s i n g  t h e  WES p r o c e d u r e s .  The ou t f low p e r  f o o t  i s  
t h e n  developed by m u l t i p l y i n g  t h e  v e l o c i t y  a t  each e l e v a t i o n  by t h e  
r e s e r v o i r  w i d t h .  A complete  e x p l a n a t i o n  o f  t h e  a p p l i c a t i o n  i s  c o n t a i n e d  
i n  t h e  above r e f e r e n c e s .  

When in f low e n t e r s  a  r e s e r v o i r  it  t e n d s  t o  s e e k  r e s i d e n c e  a t  a  
d e p t h  o f  s i m i l i a r  t e m p e r a t u r e  ( d e n s i t y ) .  V e l o c i t y  measurements of  
i n f l o w s  a t  Fon tans  R e s e r v o i r ,  t a k e n  by E l d e r  and Wunderlich ( 7 ) ,  show 
t h a t  t h e r e  i s  a v e r t i c a l  d i s t r i b u t i o n  of  i n f l o w .  T h i s  d i s t r i b u t i o n  
i s  approx imate ly  p a r a b o l i c  and i s  c e n t e r e d  abou t  t h e  e l e v a t i o n  where 
r e s e r v o i r  t e m p e r a t u r e  i s  e q u a l  t o  i n f l o w  t e m p e r a t u r e .  The v e r t i c a l  
l i m i t s  of  t h e  i n f l o w  d i s t r i b u t i o n  a r e  dependent  upon t h e  q u a n t i t y  o f  
f low and t h e  degree  o f  t h e r m a l  s t r a t i f i c a t i o n  e x i s t i n g  i n  t h e  r e s e r v o i r  
p o o l .  Or lob  (11) h a s  s u g g e s t e d  a  method f o r  d e t e r m i n i n g  t h e  v e r t i c a l  
l i m i t s  o f  t h e  in f low d i s t r i b u t i o n  a s  a  f u n c t i o n  of  d e n s i m e t r i c  Froude 
number f o l l o w i n g  Deb le r  's c r i t e r i a .  T h i s  r e l a t i o n s h i p  i s  as f o l l o w s :  

where: 

D = t h i c k n e s s  of t h e  i n f l o w  d i s t r i b u t i o n  i n  f t .  

Q = i n f l o w  i n  c f s .  

W = r e s e r v o i r  w i d t h  i n  f t .  

2  g  = g r a v i t a t i o n a l  c o n s t a n t  = 3 2 . 2  f t l s e c .  

E = s t a b i l i t y  = 1 d P  
P dZ 



The model uses equation (6) to estimate the thickness of the inflowing 
layer, fits a parabolic distribution of inflow velocity between the limits 
and centers this distribution about the point of corresponding density of 
inflow and reservoir. water. If the reservoir surface or bottom restricts 
the distribution, the center-line is moved up or down as required and the 
thickness of the inflowing water is kept constant. The inflow quantity 
distribution is next computed by multiplying the computed velocity 
distribution by the reservoir width at each elevation. Some mixing of the 
reservoir inflow occurs as it enters the pool. Based on model studies 
conducted at WES, this phenomenon is handled by assuming a quantity of 
water from the top layer of the reservoir is entrained and mixed with the 
inflow current. A modified volume and volume-weighted temperature for the 
inflow is computed, based on the assumed quantity of entrainment, prior to 
placement within the reservoir. 

Now, with a knowledge of the inflow and outflow distributions at any 
point in time, the vertical flows (Qv) at any elevation are uniquely estab- 
lished. The relationship may be written as: 

where : 
Qv (Z) = vertical flow at elevation Z in cfs. 

0 
= el.evation of reservoir bottom in ft. 

qin (Z)= inflow of distribution function in cfs/ft. 

Q,,~(Z)= outflow distribution function in cfs/ft. 

Relating equation (7) to the control volume the net vertical flow 
through the control volume ( &) is evaluated as: 

The external heat sources that are considered in the model are the 
seven heat exchange processes which operate at the air-water interface 
and may be written as: 

where : 

H, = the net heat transfer in BTU/F~'/DAY 

H~ = the short wave solar radiation arriving at the water surface in 
B T U / ~ ~ ~ / D A Y .  

H,,= the reflected short wave radiation in BTU/£~'/DAY. 



Ha = t h e  long wave a tmospher ic  r a d i a t i o n  i n  B T U / £ ~ ~ / D A Y .  

Ha, = t h e  r e f l e c t e d  long wave r a d i a t i o n  i n  B T U I ~ ~ ~ I D A Y .  

Hc = t h e  h e a t  t r a n s f e r  due t o  conduc t ion  i n  B T U I ~ ~ ~ I D A Y .  

Hbr = t h e  back r a d i a t i o n  from t h e  wa te r  s u r f a c e  i n  B T U / ~ ~ ~ / D A Y .  

2 He = t h e  h e a t  l o s s  due t o  e v a p o r a t i o n  i n  B T U / ~ ~  /DAY. 

Complete d i s c u s s i o n s  of t h e  i n d i v i d u a l  terms have been p r e s e n t e d  by 
Anderson (1) and i n  Tennessee  V a l l e y  A u t h o r i t y  r e p o r t  No. 14 (14) . A l l  
of t h e  h e a t  t r a n s f e r  mechanisms a t  t h e  w a t e r  s u r f a c e ,  w i t h  t h e  e x c e p t i o n  
of  s h o r t  wave s o l a r  r a d i a t i o n ,  a f f e c t  o n l y  t h e  t o p  one o r  two f e e t  o f  
t h e  r e s e r v o i r .  Shor t  wave r a d i a t i o n ,  however,  p e n e t r a t e s  t h e  w a t e r  
s u r f a c e  and may a f f e c t  w a t e r  t e m p e r a t u r e s  a t  g r e a t  d e p t h s .  T h i s  d e p t h  
of  p e n e t r a t i o n  v a r i e s  from r e s e r v o i r  t o  r e s e r v o i r  and i s  a  f u n c t i o n  of  
a b s o r p t i o n  and s c a t t e r i n g  p r o p e r t i e s  of  t h e  w a t e r  ( 9 ) .  

The method used i n  t h e  model t o  e v a l u a t e  t h e  n e t  r a t e  of h e a t  
t r a n s f e r  a t  t h e  a i r - w a t e r  i n t e r f a c e  h a s  been developed by Ed inger  and 
Geyer ( 5 ) .  T h e i r  method u t i l i z e d  t h e  c o n c e p t s  of e q u i l i b r i u m  t e m p e r a t u r e  
and c o e f f i c i e n t  of s u r f a c e  h e a t  exchange.  The e q u i l i b r i u m  t e m p e r a t u r e  
may be  d e f i n e d  a s  t h a t  w a t e r  t e m p e r a t u r e  a t  which t h e  n e t  r a t e  of  h e a t  
exchange between a  w a t e r  s u r f a c e  and t h e  a tmosphere  w i l l  b e  z e r o .  The 
c o e f f i c i e n t  o f  s u r f a c e  h e a t  exchange i s  t h e  r a t e  a t  which t h e  h e a t  t r a n s f e r  
p r o c e s s  w i l l  p roceed.  The e q u a t i o n  t o  d e s c r i b e  t h i s  r e l a t i o n s h i p  may be 
w r i t t e n  a s  f o l l o w s :  

where : 

Hn = t h e  n e t  r a t e  of  h e a t  t r a n s f e r  i n  B T U / £ ~ ~ / T I K E .  

2  . .  Ke = t h e  c o e f f i c i e n t  of s u r f a c e  h e a t  exchange i n  B T U / £ ~  /TLME. 

Te = t h e  e q u i l i b r i u m  t e m p e r a t u r e  i n  OF.  

Ts = t h e  s u r f a c e  t e m p e r a t u r e  i n  OF.  

Computation of T e ' s  and Kc's i s  dependent  s o l e l y  on m e t e o r o l o g i c a l  
v a r i a b l e s  and i s  o u t l i n e d  i n  t h e  l i t e r a t u r e  (5 ) .  



The evaluation of the external heat source term is completed by 
establishing a relationship for the heating effects of short wave solar 
radiation penetration. Based on laboratory and analytical studies, 
Dake and Harlemen (4) have developed an equation to describe the 
distribution of heat input due to solar radiation penetration below 
the water surface. Their approach is based on a surface absorption 
of the longer wave lengths of radiation and an exponential decay with 
depth for the remaining wave 1.engths of radiation. The equation to 
describe this exponential decay is: 

where : 
g4 (2) = the quantity of radiation arriving at a horizontal 

plane ( z feet below the water surface) in BTU. 

f3 = the fraction of radiation absorbed by the top 2 feet 
of water in the reservoir. 

do = total incoming radiation in BTU. 

X 
-1 

= the average absorption coefficient of the water in ft 

Z = depth below the water surface in ft. 

Guidance in the selection of fl  and A is provided by Dake and Harlemen 
and also in TVA Report No. 14 (14) . 

The final and perhaps the most difficult consideration to be made is 
with regard to the diffusion term. At this time, there is no adequate 
functional representation by which the variations over time and space 
in the diffusion coefficient (K) can be computed "a priori". The approach 
used in the model follows the arguments of Dake and Harleman and Stefan 
and Ford (13). That is, diffusion of heat in the epilimnion is handled 
indirectly by a combination of wind induced and convective mixing processes. 
In the model a coefficient may be used to increase or decrease wind speed 
effects due to fetch length, sheltering and water surface roughness (see 
App. 3 ) .  The result of this procedure is the computation of a uniformly 
mixed eplimnion. Diffusion in the hypolimnion is considered constant and 
may be assumed as equal to molecular diffusion in the absence of better data. 

SOLUTION TECHNIQUE 

Analytical solutions of equation (5) have been accomplished, but 
their practical application is restricted. Numerical methods are the 



t h e  on ly  means by which a  workable  s o l u t i o n  t o  e q u a t i o n  (5) may be  
o b t a i n e d .  The numerical  t echn ique  used i n  t h e  model i s  of t h e  i m p l i c i t  
t y p e .  The s o l u t i o n  r e q u i r e s  t h e  s t i p u l a t i o n  of an  i n i t i a l  c o n d i t i o n  
and two boundary c o n d i t i o n s .  The i n i t i a l  c o n d i t i o n  may be t a k e n  a s  
i s o t h e r m a l  a t  some t ime d u r i n g  t h e  s p r i n g .  The lower boundary c o n d i t i o n  
used i n  t h e  model assumes no h e a t  i s  t r a n s f e r r e d  a c r o s s  t h e  bottom 
boundary.  The upper boundary c o n d i t i o n  assumes t h e  h e a t  exchange a t  
t h e  r e s e r v o i r  s u r f a c e  i s  e q u a l  t o  t h e  n e t  h e a t  t r a n s f e r  a t  t h e  a i r -  
wa te r  i n t e r f a c e  minus t h e  q u a n t i t y  of h e a t  a t t r i b u t a b l e  t o  t h e  s h o r t  
wave s o l a r  r a d i a t i o n  t h a t  p e n e t r a t e s  i n t o  t h e  w a t e r  body. The mechanics 
of t h e  s o l u t i o n  a r e  c a r r i e d  o u t  by beg inn ing  from a  known o r  assumed 
i n i t i a l  c o n d i t i o n  and s t e p p i n g  forward i n  t ime ,  u s i n g  c o n s t a n t  increments  
f o r  h y d r o l o g i c  and meteoro log ic  i n p u t .  

I n  o r d e r  t o  e f f e c t  t h e  s o l u t i o n ,  t h e  r e s e r v o i r  i s  f i r s t  segmented 
i n t o  a f i n i t e  number of l a y e r s  a l o n g  t h e  v e r t i c a l  a x i s .  These l a y e r s  
may be thought  of a s  a  number of c o n t r o l  volumes s t a c k e d  v e r t i c a l l y  
between t h e  r e s e r v o i r  bottom and t h e  s u r f a c e .  Each element h a s  a  
t h i c k n e s s  of A2 and an  average  h o r i z o n t a l  a r e a  dependent on t h e  r e s e r v o i r  
e l e v a t i o n - a r e a  r e l a t i o n s h i p .  Heat and mass b a l a n c e s  a r e  nex t  developed 
f o r  each l a y e r  u s i n g  c e n t r a l  d i f f e r e n c e s  t o  approximate  t h e  d e r i v a t i v e s  
i n  e q u a t i o n  (5) .  The d i f f e r e n c e s  a r e  s u b s t i t u t e d  i n t o  e q u a t i o n  (5) and  
a  d i f f e r e n c e  e q u a t i o n  i s  developed f o r  each  l a y e r .  The r e s u l t i n g  e q u a t i o n s  
have t h e  fo l lowing  g e n e r a l  form: 

iAi+l, t+li Ti+l C(Ai, t f l )  Ti +iAi-1, t+l)  Ti+l = Ti, t + Av + Ex 

(12) 
where : 

4, t + l  = c o e f f i c i e n t  d e s c r i b i n g  internal mixing p r o c e s s e s  

Ti = t empera tu re  of each l a y e r  a t  t ime t + l  

Ti, = t e m p e r a t u r e  of each l a y e r  a t  t ime  t 

4 = t empera tu re  r i s e  i n  l a y e r  i due t o  in f low 

% = t empera tu re  r i s e  i n  l a y e r  i due t o  e x t e r n a l  h e a t  
sources. 

When e q u a t i o n  (12) i s  w r i . t t e n  f o r  each l a y e r ,  t h e r e  r e s u l t s  N 
e q u a t i o n s  (one f o r  each l a y e r )  i n  N unknowns. I n  m a t r i x  n o t a t i o n ,  t h e  
e q u a t i o n s  a r e  w r i t t e n :  



where: 

LAij] = a  t r i - d i a g o n a l  m a t r i x  of c o e f f i c i e n t s  

[Tj] = a  column m a t r i x  of t empera tu res  a t  t ime t+l 

j j  
= a column m a t r i x  of t e rms  on t h e  r i g h t  s i d e  of e q u a t i o n  (12). 

Equa t ion  (13) i s  s o l v e d  and t h e  r e s u l t  i s  t h e  t empera tu re  p r o f i l e  
a t  t ime  tS.1. A more complete d i s c u s s i o n  of t h e  numerical  t e c h n i q u e  i.s 
p r e s e n t e d  by K e l l e r  (10).  

COMF'UTER P R O G X  

The s i m u l a t i o n  of r e s e r v o i r  t empera tu res  a s  d e s c r i b e d  above i s  
accomplished by u s e  of computer programs 722-F5 -E1010, Heat Exchange Pro-  
gram and 722 -F5 -E1011, Thermal S i m u l a t i o n  Program. The Heat Exchange 
Program assembles  t h e  meteoro log ic  d a t a  needed t o  d e s c r i b e  t h e  i n t e r f a c i a l  
h e a t  exchange mechanism. The program t h e n  performs t h e  n e c e s s a r y  c a l c u l a -  
t i o n s  t o  de te rmine  t h e  c l i m a t o l o g i c  i n p u t  t o  t h e  r e s e r v o i r  h e a t  b a l a n c e .  
The o u t p u t  from t h e  f i r s t  program i s  t h e n  used a s  a  p o r t i o n  of t h e  i n p u t  
f o r  a c t u a l  the rmal  modeling of t h e  impoundment. 

HEAT EXCHANGE 

The Heat Exchange Program performs a l l  t h e  computat ions  n e c e s s a r y  t o  
de te rmine  t h e  n e t  r a t e  of h e a t  exchange a t  t h e  a i r - w a t e r  i n t e r f a c e .  
Computati.ons t o  de te rmine  E q u i l i b r i u m  Temperature and C o e f f i c i e n t s  of 
S u r f a c e  Heat Exchange a r e  c a r r i e d  o u t  u s i n g  t h e  methods of Edinger  and 
Geyer ( 5 ) ,  which have been d i s c u s s e d  p r e v i o u s l y .  I n  a d d i t i o n ,  i f  no 
measured v a l u e s  of s h o r t  wave s o l a r  r a d i a t i o n  a r e  a v a i l a b l e  t h e  a p p r o p r i a t e  
computat ions  a r e  made, u s i n g  methods p r e s e n t e d  i n  TVA r e p o r t  No. 14 (14) .  
I n p u t  t o  t h e  program c o r t s i s t s  o f  measured v a l u e s  of c loud  c o v e r ,  wet and 
d r y  bu lb  t e m p e r a t u r e s ,  and wind speed.  A l s o ,  p h y s i c a l  c h a r a c t e r i . s t i c s  
such a s  l a t i t u d e  and l o n g i t u d e ,  and s i t e  e l e v a t i o n  a r e  f u r n i s h e d .  D e t a i . 1 ~  
of t h e  program i n c l u d i n g  a  f low c h a r t ,  v a r i a b l e  d e f i n i t i o n s ,  i n p u t  
d e s c r i p t i o n  and sample o u t p u t  a r e  c o n t a i n e d  i n  Appendi,x A .  

THERMAL SIMULATION 

The Thermal Si .mulation Program t a k e s  t h e  r e q u i r e d  h y d r o l o g i c  and 
meteoro log ic  d a t a ,  assembles  i t ,  and performs t h e  c a l c u l a t i o n s  necessa ry  
t o  de te rmine  t h e  annua l  t empera tu re  c y c l e  f o r  t h e  r e s e r v o i r  under s t u d y .  



The computations are made, based on methods and assumptions discussed pre- 
viously. Input requirements of the model may be divided into four categories 
as site characterization, hydrologic, meteorologic, and water temperature 
data. Site characterization data are composed of reservoir width-elevation 
and area-elevation tables for the reservoir, project latitude and longitude, 
and site elevation. The hydrologic input requirements are daily average 
reservoir inflow and outflow, and daily pool elevation of the impoundment. 
Meteorologic data consists of mean daily values of Equilibrium Temperature, 
wind speed, Coefficient of Surface Heat Exchange and short wave solar 
radiationfrom the Heat Exchange Program. Input data for water temperature 
consists of daily average values of inflow water temperature and the tem- 
perature objective of release water. The geometric configuration of the 
outlet structure is required with reference to the location of various 
levels available for withdrawal. Details of the program including a flow 
chart, variable definitions, input description and sample output are con- 
tained in Appendix B. 

CONCLUSION 

A mathematical model capable of reservoir temperature prediction that 
is relatively easy to use has been presented. Consideration has been given 
to maintaining an accurate representation of the physical characteristics 
of the reservoir under study while adhering to the principles of conservation 
of heat and mass. Results of model verification studies are included in 
Appendix C. It is felt that the model presented offers the best combination 
of approaches to separate phases of the total problem that have been studied 
by various investigators. 
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Appendix A.l 

ELECTRONICCOMPUTER PROGRAMABSTRACT 
I 
T I T L E  OF PROGRAM 1 PROGRAM NO. 

Heat Exchange Pr0swIm 1 722-F5-El010 I - - 1 .- 
PREPARING AGENCY water Quality Section, Engineering Division, U. S .A.E .D. 
Baltimore District, P.O. Box 1'715, Baltimore,-Md. 21203 

AUT HOR(S) DATE PROGRAM COUPLE - 
STATUS OF PROGRAM 

C H A I L :  

Earl E. Eiker I Dec. 1972 1 Revised ( Nov. 1977 
A. PURPOSE OF PROORAM 

To analyze the day to day variations in meteorologic variables at a given 
location and using these variables to compute Equilibrium Temperatures and 
Coefficients of Surface Heat Exchange for use in estimating net heat exchange 
between a water surface and the atmosphere. 

8. PROGRAM SPIIClFlCATlONS 

1. Language - Fortran IV 
2. Input - card only 
3. Output- printer and punched card at users option 
4. Size of Program - 8500 words 
5. External storage - none 
6. Restrictions - none 1 

C. M E T ~ O D S  

Reference: 
Edinger, J. E. and Geyer , J. C., "Heat Exchange in the Environment" 

Dept. of Sanitary Engineering, Research Project no. 49, The Johns Hopkins 
University, Baltimore, Md., June 1965. 

D. EQUIPMENT DETAILS 

Program is written for the Univac 1108 computer but can be adapted to com- 
parable system. Normal configuration of reader/punch and printer required. 
Program is written for batch mode of time share operation. 

t. INPUT- OUTPUT i 
Input consists of physical data to describe the site and mean daily values 
of air temperature, wet bulb temperature, wind speed and cloud cover. 
Output consists of computed values of Equilibrium Temperature and Coefficients 
of Surface Heat Exchange for any time period from one hour to one day. Pun- 
ched card output is compatible with input requirements of program no. 722-F5- 
E1011, "Thermal Simulation Program." 

F. ADDITIONAL REMARKS I 
Complete documentation is available from The Hydrologic Engineering Center. 
Source deck available upon request . 



( START 

I S . W. RADIATION I I 

COEFFICIENT 

COMPUTE ETEMP 
FOR DESIRED PERIOD 

APPENDIX A . 2  
FLOW CHART 

.AST DAY 
A F  

HEAT 
EXCHANGE 
PROGRAM 
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Appexdix A . 3  
HEAT EXCHANGE PROGRAM 

DEFINITION OF VARIAB1;ES 

Variables 

A 1  
A l l  
AEV 
AIRT (365)  
AMASS 
AMP 
B V  
BOTEL 
C BR 
C L 
CLoUD (365') 
DEC 

(365) 
DSTL 
DUST 
EA 

ETEMP (365) 
ETEMPl 
FWIND 
HA 
HAB 
HAE 
HAN 
HHS (24) 
HR 
HSD (365) 
HSDAY 
HSN (24) 
IDAY 
IPNCH 
ISW 
LDAY 
m y  
NLAST 
NPER 
NSW 
PETEljrP (24) 
PHI 

Constant i n  S.W. radia t ion computation. 
Constant i n  S.W. rad ia t ion  computation. 
Constant i n  wind speed equation. 
Average da i l y  a i r  temperature i n  OF. 

Optical a i r  mass, dimensionless. 
Amplitude of Equilibrium Temperature var ia t ion.  
Constant i n  wind speed equation. 
Project  elevation i n  f t .  above m s l .  
Constant i n  Bowen Ratio. 
Cloud cover function. 
Average da i l y  cloud cover i n  tenths .  
Declination of sun i n  radians . 
Average d a i l y  dew point temperature i n  OF. 

Time difference between l o c a l  and standard meridians i n  hrs.  
Constant i n  S.W. radia t ion computation. 
Atmospheric vapor pressure i n  inches of Hg. 
Coefficient  of Surface Heat Exchange i n  BTU/FT~/DAY/OF, 
Saturation vapor pressure i n  inches of Hg. 
Equilibrium Temperature i n  OF. 
I n i t i a l  Equilibrium Temperature (IDAY) in OF. 
Wind speed equation. 
Atmospheric radia t ion i n  BTU/FT~/DAY. 
Hour angle a t  beginning of time period i n  radians. 
Hour angle a t  end of time period i n  radians. 
Net atmospheric radia t ion i n  BTU/FT~/DAY. 
Hourly so l a r  radia t ion (hemispheric) i n  BTU/FT~/HR- 
Absorbed radia t ion i n  BTU/FT~/DAY. 
Daily so l a r  rad ia t ion  i n  BTu/FT~/DAY. 
Dally s o l a r  radia t ion i n  BTU/FT~/DAY. 
Hourly so l a r  radia t ion a t  s i t e  i n  BTu/FT2/HR. 
F i r s t  day of computation ( ~ u l i a n )  . 
Eq. 2 i f  punched card output desired,  Eq. 1 otherwise. 
Eq, 1 i f  S.W. rad ia t ion  i s  furnished, Eq. 2 otherwise. 
Last day of computation ( ~ u l i a n )  , 
Day number f o r  computations. 
Number of b i t s  of meteorologic data furnished. 
Length of one period i n  hours. 
Number of b i t s  of S.W. data furnished. 
Period Equilibrium Temperature i n  OF. 

Latitude of project  i n  radians. 
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PKHS (24) 
PHSN (24) 
RATIO 
RFA 

RFG 
RE'S 
SGDAY 
SIG 
SLOPE 
STR 
STS 
SW (365) 
TABS 
TIIm 
WAT 
WIND (365) 
XDAY 
XLAT 
XLONG 
XPER 
XXLONG 

Period so l a r  rad ia t ion  (hemispheric) i n  ETCU/FT~/PERIOD. 
Period sola r rad ia t ion  (net)  in BTU/FT~/PERIOD. 
Relative distance between ear th  and sun. 
Water surface r e f l ec t i on  of atmospheric rad ia t ion  i n  
hundredths. 
Ref lec t iv i ty  of ground i n  hundredths. 
Water surface r e f l ec t i on  of S.W. radia t ion i n  hundredths. 
Mean d a i l y  so l a r  rad ia t ion  (hemispheric) i n  BTU/FT~/DAY. 
Stefan-Boltzmann constant. 
Slope of temperature vs. sa tu ra t ion  vapor pressure curve. 
Standard time of sunr ise  i n  hours. 
Standard time of sunset  i n  hour . 5 Daily so l a r  rad ia t ion  i n  EU/FT /DAY. 
Absolute temperature - 460 OF. 
Time of day i n  hours. 
Mean da i ly  precipi table  water content i n  CM. 
Mean da i l y  wind speed i n  knots. 
Day number f o r  computations. 
Latitude of project  i n  degrees. 
Longitude of project  i n  degrees. 
Length of time period i n  hours. 
Longitude of standard meridian i n  degrees. 

WORKING VARIABLES 

AL, ALF, ALT, AN, B, ETRY (3), KE, RNT, I;E, M, NEX, SIGN, ST, STT, 
SUMH, SUMQ, XI, X2, X3,  X I ,  XM, XTEM, XX, Y I ,  Y2, Y3,  YM. 
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i \ppcndi x A. 4 
tlt.A'T EXCt-IAiIGE PROGKAlYl 

I n p u t  D e s c r i p t i o n  

Card 140. --. 

1  FORMAT (21 10) 

NIIATA - Number of jobs to be run 
I H C J  - Output format; 0 for printer, 1 for LARM model input tile, 

-1 for HEC-5Q input file, -2 for WQRRS input file 

FORMB'T' (20A4) Job t i t l e  - one card. 

AOOC - cons tan t  t o  be added t o  c l oud  cover  (de fau l t=O)  
AUUW - cor is tant  t o  be added t o  w ind  speed (de fau l t=O)  
ADUT - cons tan t  t o  be added t o  d r y  b u l b  temperature 

(de fau l  t=O) 
AObU - cons tan t  t o  be added t o  dew p o i n t  temperature 

(de fau l  t=O) 
CMULT - f a c t o r  t o  be m u l t i p l i e d  t imes c l oud  cover 

( de fau l  t = l  ) 
WMULT - f a c t o r  t o  be ~ l ~ u l t i p l i e d  tirnes w ind  speed 

(de fau l  t = l  ) 
'TMULT - f a c t o r  t o  be m u l t i p l i e d  t imes d r y  b u l b  temperature 

( d e f a u l  t = l  ) 
UIiULT - f a c t o r  t o  be rnul t i p l i e d  tirnes dew p o i n t  temperature 

( d c f a u l  t=1)  

ULAST - IJurirber o f  b i t s  (e.g., days) of rne teoro log ica l  
da ta  furn ished.  Usual ly 365. 

I S \ /  - Equals 1 if s h o r t  wave r a d i a t i o n  fu rn ished ,  equals  2 
o t t ierwi  se. 

i4SW - t4umber o f  b i t s  o f  s h o r t  wave da ta  furn ished.  
IOAY - F i r s t  day o f  computation. Usua l l y  one. 
LDAY - L a s t  day of  computation. Usua l l y  365. 
IPIiCti - Equals 2 i f  punciied c a r d  ou tpu t  des i red,  equals  

1 o t l le rwise.  

fiT'EMP1 - t s t i n i a t e d  i n i t i a l  E q u i l i b r i u m  Temperature i n  
O F .  Usua l l y  use a i r  temperature.  

XPt.K - Lenyt l l  o f  cooiputat iot l  p e r i o d  and o u t p u t  
i n t e r v a l  f o r  s o l a r  r a d i a t i o n  on ly .  Usually 24. 
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AEV - Evaporat ion formula constant  (0 f o r  d a i l y  data) .  
BEV - Evaporat ion formula constant (426 f o r  d a i l y  

data from Lake Colorado City studies) .  
KFS - Ref lected S.N. r a d i a t i o n  i n  hundredths. Only 

used i f  ISW equals 1. (0.05 from Lake l le fner  
Studies). 

f?FA - Ref lec ted  l o r ~ g  wave r a d i a t i o n  i n  hundredths 
(0.03 fro111 Lake t ie fner  Studies).  

FOKEIAT (4F10.2) - ori l i t  t h i s  card  i f  card 12 i s  used. 

BOTEL - t l e v a t i o r ~  of p r o j e c t  i n  f e e t  above sea l eve l .  
XLAT - L a t i t u d e  o f  p r o j e c t  i n  degrees. 
XLONG - Lotlgitude o f  p r o j e c t  i n  degrees. 
KFG - K e f l e c t i v i t y  o f  ground surrounding the  lake. 

This  v a r i a b l e  ef fects r e f l u t e d  s o l a r  r a d i a t i o n  
i n t o  the lake. See t a b l e  on Appendix A.6. 

CLOUD (IILAST) - !+lean d a i l y  c loud cover i n  tenths. 

\IIIJD (I4LAST) - Ivlean d a i l y  wind speed i n  knots. Can be 
be used i n  m,p.h. i f  WMULT on card 3 
i s  equal t o  0.8684. 

A I R T  (IJLAST) - Islean d a i l y  a i r  temperature i n  OF. 

DENT (NLAST) - Mean d a i l y  dew p o i n t  temperature i n  OF. 

S \ I  (NLAST) - To ta l  d a i l y  s h o r t  wave s o l a r  r a d i a t i o n  i n  
Langleys/day. 

FORMAT (12X, 13F5.0) - OPTIONAL 

BP(NLAST) - Barometr ic  p r e s s u r e  needed i f  
o u t p u t  i s  f o r  WQRRS model. 
(Card 1.2 i s  - 2 )  

Appendix A,4 
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Appendix A . 6  
HEAT EXCHANGE PROGRAM 

Table of Values f o r  RFG 

Meadows and f i e l d s  
Leave and needle fo r e s t  
Dark, extended mixed fo r e s t  
Heath 
F l a t  ground, grass covered 
F l a t  ground, rock 
Sand 
Vegetation ea r ly  summer, leaves with high water 

content 
Vegetation l a t e  summer, leaves wZth low water content 
Fresh Snow 
Old Snow 

+:-May be too low 

Reference: 

Tennessee Valley Authority, Division of Water Control Planning, Engineering 
Laboratory, "Heat and Mass Transfer Between a Water Surface and The Atmosphere," 
Water Resources Research, Lab. Rept. No. 14, Norris, Tennessee, July  1967, Rev. 
May 1970. 
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APPENDIX A.7 

HEAT EXCHANGE PROGRAM 

SAMPLE INPUT 

t 
1974 CHAfiLESTUb / SUTf fJN L A K E ,  *, V A .  A X R  X DE* * 2,s DEO, P 
0 0 -2.5 9 Z . S  1 I 1 1 

365 2 8 0 1 365 2 
33 , a d ,  

a86 r 0 ,  O,O3 
38,661 10,699 0 ,e3 

101 10 4lQlOlOt01O10l~OlOIO 8 810 710 b 610 710 ~610101~010 710 8 3 E 710 i0  
102 10 6 i O ~ O l O  9 9 4 4 910 010 110 7 9 710 3 5 8 l l O l 0  ~ ~ i O l O l O l 0 1 0  B 7 9 

'I9" 

9 91014 810 2 1 0 7  31010 7 OlC10 Of9iO 6 710 I 0 6 7 2 9 8 6 1 5  9 71910 5 810 6 11 9 11110 010 5iS10 3 91OlO 7 6 6 910 7 8 6 8 Q 3 9 910 2 

kos 10 7 e 3 4 9 e e i i q  2 a i g j p i p i p  7 q i o  I 6 a 0 i g q 8 4 a 9 7 t-u s 
106 b, 9 lQlO 8 9 0 91C 7 6 b i 1 31010 7 81010 11 '9 6 1 9 6 4 719 7 ]I 610 

8 510 b 7 B 8 3 ; 3  410 71010 7 7 '9101010 8 1 B 7 710811 I 4 3 4 I B 7 
10% 6 9 9 n s x o i o i o t o  ~1 4 i o i o ~ o i o i o  7 9 910 7 9 7 4 i ' t o i o  7 9 e 8 5 7 110 
109 1 1 7 4 2 0 010 a 2 0 019 9 91010 010 710 0 0 4101010 0 a10 9 8 7 6 
St0  10 9 9 610 6 3 91% 9 710 2 6 ~5 lOiO 710 7 0 410 4 $5 0 T l O l Q l O  310 0 2 
111 1010 9 0101010 9tO 9101010 7 0 3 610 9 51014 910 19 

C 
801 b 6 3 6  3 5 7 5 1 6  4 8 7 4 61010 4 6 7 6 1 5  6 4 ; s  B 3 1 ) l Q  4 7  $ 
202 9 4 Q 9 b b 9 9 ~ 8 6 6 5 4 9 9 9 7 7 1 6 9 5 1 0 7 6 ~ O ~ ~ 7 1 0 1 0 9 4 I 4 8  
203 8 6 7 7 2 6 1 3 1 4 d b ~ ~ 9 4 3 8 I 7 2 4 l l l O 9 d b P 9 I O 9 5 7 I I 4 5 7  
804 7 9 1 1 ~ 4 5 b 2 b l O l 1 8 4 5 2 5 7 9 6 8 9 4 6 7 ~ 3 ~ 5 0 5 4 6 8 $ 7 4  
20s  6 5 1 3 4 9 4 k ~ 5 4 J 3 7 5 7 5 t ~ . 3 s b 4 7 5 3 9 7 4 2 3 9 7 5 5 6  
206 7 8 b 5 ~ 4 3 4 4 4 ~ 6 3 S 5 4 ~ 3 3 t 1 6 J 2 3 . 4 4 2 ~ 4 7 3 3 3 * 3  
207 4 3 2 2 2 7 3 5 1 4 ~ b i z 3 2 3 c 3 3 3 4 t z 3 3 1 s 2 4 a 4 3 s z r 1  
208 ~ a ~ ~ ~ 4 ~ ~ ~ ~ u i i ! a 0 ~ ~ ~ ~ 4 ~ e a a ~ , s u ~ e u ~ ~ 1 1 e i a  
209 9 ~ t 5 3 3 3 1 i ! ~ ~ 1 ~ 1 1 1 ~ ~ ~ 7 4 ~ 4 1 . 3 3 ~ e ~ s o 0 3 3 o 2 3  
210 ~ ~ 7 ~ ~ f l 1 1 2 6 ~ 1 1 1 0 9 3 6 1 4 1 0 1 1 9 5 7 8 3 7 f I 4 7 6 ~ ~ 4 ~ 2  
211 5 7 B 4 2 4 2 3 7 6 6 7 9 1 6 5 B 5 6 3 3 ; 3 C 5 ~ 5  

5 
301 30 31 95 30 31 33 33 30 4iz 44 42 84 L3 39 150 54 ;56 i59 60 6 1  1 3  192 
302 $ 1  37 39 91 6R 49 49 44 50 41 49 34 27 '23 41 37 g f + E # !  30 41i51, 
303 a 0  35 40 37 40 50 311 45 52 37 34 21 26 437 47 46 199 611 71 5a  64 
304 67 69 95 43 43 32 34 US 44 37 rta $ 8  411 48 4 7  51 :31 :3r 46 41 '55 is9 
305 49 44 67 62 68 68 49 U C  49 58 33 41 1 6  6 4 . 6 8  69 49 ge SO 54 94 ,S0 
306 70 66 94 46 48 ~ 3 9  64 71 1 5  73  63  SS 63  ;S f  198 51  "451 357 61 159 68 62 
367 59 70 72 73 75 F a  7R 7 2  73  71 69 69 b0 ,59 $59 60 4 8  69 78  65 62 66 
306 69 70 72 76 76 77 77 68 64 63  68 69 66 156 66 11 711 77 73 64 61 i59 
509 68 68 63 62 72 76 76 79 79 76 73 7 5  76 77 T5 7 3  68  70 70 7& 91 72 
310 78 75 72 70 70 70 78 71 73 75 74 74 71 71 71 73 74 72 67 64 72 7Z 
311 73 73 71 72 75 74 74 73 7 5  6 %  72 70 71 7 1  t 3  74 79 76 76 7 3  75 74 
312 73 71 67 63  58 39 99 65 68 67 69 72 72 73 *Po 1 8  60 s66 66 60 68 is9 
313 ~ 9 4  47 50 58 57 6 1  69 6 5  54 49 49 39 46 ,!bS $57 $0 # 4  48 54 is0 62 -65 
314 69 97 50 $2 48 42 36 34 43 50 58 6 1  5 3 , 4 7  53 6 3  6 3  4 4  64 64 63  66 
3 i 5  Sf 46 42 39 42 56 $8 45 4 1  40 34 96 39 :36 154 63 ;34 ;36 44 56 38 'a@ 
316 Js 39 3 4  3% 34 38 t a  a8 26 33 42 48 25 *ss +34 4 3  ,39 34 39 U Q  32 'a8 
317 39 30 38 36 50 5s 4a 9 9  39 41 44 a7 47 
401 27 84 34 28 08 32 29 84 40 43 40 $4 84 :3l  44 44 a47 46 355 ;93 46 4 1  
402 42 34 37 47 43 re 37 39 31 1% 43 38 20 $6  .;fr -38 aa 1)s 30  is a 0  :37 
403 $9 a6 30 a4 24 4 7  31 30 31 80 a6 IS 14 17 $10 32 *PI  17 aa  47 49 4 7  
QOB 54 92 90 33 4 1  cu IJ  ~9 3% 27 a% 47 sa is9 or 29 19 l o  29 36 44 .47 
uos 41 35 40  a3  46 16 56 an 26 44 29 81) 31 . 4 ~  192 32 ;34 1 4  :ae 40 :34 
406 43 5~ 36 30 eel 33 3s 46 $2 ss 47 49 ss 40 ,as se :so ao aar 47 55 194 
407 40 46 57 60 67 66 65 6 1  61 69 60 SB 46 ti8 44 48 62 64 66 63  58 is6 
408 56 $4 62 65 65 64 6 5  59 51 49 $4 6 1  $6 49 91 9 9 . 6 7  66 67 62 54 is4 
409 ,54 58 60 58 60 64 67 67 68 67 69 66 69 69 Q9 66 T57 57 60 66 63 64 
410 67 67 64 61 60 $5 66 4 4  64 67 67 67 6 1 i S 9 . 9 9  65 67 64 69 6Z 69 I#@ 
411 67 67 64 68 bB 64 46 4 6  67 66 64 65 68 6 3  &3 66 68 69 60 69 bQ.49 
412 66 66 6 3  60 SO $1 57 61 63  65 67 66 66 67 751 94 $56 799 60 60 69 is7 
413 49 38 41 47 50 56 63  92  41 37 27 a7 a 9  &2 45 4 6  . )6 41 44 49 ; I6  
414 $3 50 46 41 37 a4 28 24 25 34 47 42 43  :f 1 :a1 44 4 9  :54 ,$Q *59 199 i54 
415 47 3 %  33 30 38 4 3  31 30 87 29 a 0  a 3  3z :a3 48 a4  a7 e7 g7 oT s t  17 
416 20 i?3 20 1 3  S l  45 1 0  19 ;Li PIC ft 80 19 123 :f4 if4 '34 89 34 26 20 
417 30 29 30 rr ar  rr tr i r  34 39 39 r i  4s 

* 
The f i r s t  twelve columns of this card have been used for Identification. 
They can be l e f t  blank i f  desired. 
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Thermal Simulation Program 1 722-F5-E-,1011 
CRECARINO AOONCY 

I Earl E. Eiker 

To determine the annual temperature cycle of an impoundment by means of a 
mathematical accounting of the external and internal heat balance of the 
reservoir due to variations in inflow, outflow and heat transfer between the 
water surface and the atmosphere. 

1. Language - Fortran IV 
2. Input - card only 
3. Output - printer and punched card at users option 
4. Size of Program - 30,000 words (approximately) 
5. External Storage - none 
6 .  Restrictions - none 

The one-dimensional partial differential equations describing the vertical 
variations in temperature within a reservoir are solved using numerical 

Program is written for the Univac 1108 computer but can be adapted to any 
comparable system. Normal configuration of reader/punch and printer are 
required. Program is written for batch mode operation. 

Input consists of the hydrologic, meteorologic and physical parameters uni,- 
que to the site and year under study. Meteorologic input is developed by 
program no. '722-F5-~E101.0, "Heat Exchange Program." 
Output consists of a daily summary of pertinent hydrologic, meteorologic 
and thermal data and vertical temperature structure of the reservoir at se- 
lected time intervals. 

Complete documentation of this program is available from The Hydrologic Engi- 
neering Center. Source deck available upon request. 

t I 
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APPENDIX B. 2 

THERMAL SIMULATION PROGRAM 

DISCUSSION 

The Thermal. Simul.ation is divided into a main program and five sub- 
routines as follows. 

1. Main Program - The main program is used for assimilation of input and 
set up of the hydrologic, meteorologic and physical data required for the 
simulation. The main program acts as a control for the entire simulation. 
Computations are performed to establish the elevation-area and elevation- 
width relationships for the reservoir. Also, the short wave solar radia- 
tion distribution is calculated for each time step. All subroutines are 
called from the main program with the exception of subroutine WEIR. 

2. Subroutine REG - This subroutine performs the day by day regulations 
of the reservoir in order to meet a specified downstream release tempera- 
ture. Regulation is accomplished by an algorithm which scans existing 
temperature witin the lake and makes the selection of outlets to regulate. 
Regulation is made by using either one outlet, two adjacent outlets or an 
outlet and the flood control conduit. Maximum and minumum release capa- 
bility of the selective withdrawal system and maximum capacity of each out- 
let are considered for regulation. 

3. Subroutine EJM - This subroutine computes the inflow distribution, the 
outflow distribution and quantity of vertical flow generated by the inflow- 
outflow relationship. Outflow velocities for orifice type outlets are com- 
puted. If outf1.0~ from the reservoir is over a weir the actual velocities 
are computed by subroutine WEIR which is called from EJM. 

4. Subroutine WEIR - This subroutine computes the outflow velocity distri- 
bution due to outflow over a weir. Weir flows are considered if ungated 
spillway flow occurs, if a skimmer weir is utilized as the top outlet or if 
the outlet being regulated is not completely submerged. 

5. Subroutine COKE' - This subroutine sets up and solves the simultaneous; 
equations for each layer within the reservoir. After the temperature profile 
has been calculated wind stress is applied to the surface and mixing due to 
wind is computed. If an unstable profile exists at this point a convective 
mixing routine is performed to eliminate the unstable conditions. 

6. Subroutine OUTPUT - This subroutine prints the daily summary table, the 
selected amplified output and the plot of the reservoir temperature profile. 
The frequency of the amplified and profile output are selected by the pro- 
gram user. 

The major input parameters selected by the user are CDIFF, BETA, XNU, 
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UPMIXand WCOEF. Final selection should be based on the model verification 
runs presented in Appendix C of this manual and comparisons of the simu- 
lation output with measured data available in the area under study. If 
enough data is available at a nearby impoundment a verification study should 
be made. The effect of every parameter change has a definite effect on the 
shape of the computed profiles. An increase in CDIFF will result in a 
smoother profile with a less clearly defined thermocline. An increase in 
BETA will result in a cooler epilimnium. An increase in XNU will result in 
a thinner epilimnion. An increase in UPMIX will result in a warmer metalh- 
nion. An increase in WCOEF will result in a deeper epilimnion. Note that 
only one of the studies in Appendix C utilizes WCOEF. At present very little 
information is available to estimate this coefficient. It has been included 
in the model in anticipation of the completion of ongoing work at WES. In 
the meantime if the user desires to consider wind in the analysis a value of 
1.0 should be used (0.0 will eliminate wind from the computations however wind 
data is still required as input). 

If output is desired for use in graphical post-processor routines, tape 11 
and tape 12 are formatted output tapes which can be saved for later processing. 
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Appendix B.4 
THERMAL SIMULATION PROGRAM 
DEFINITION OF VARIABLES 

MAIN PROGRAM 

Variables 

A (100) 
AE (J) 
AMP 
AR (100) 
AREA (0 
BETA 

BOTEL 
CD IFF 
CP 
CRSTEL 
CTEMP 
DELZ 
DELl 
DEPTH 
DIFF (100) 
EKK (365) 
EK (24) 
EL (K) 
ELEV (100) 
ETEM (365) 
ETEMP (365) 
FLIN (3,365) 
FLOT (365) 
GAT (365) 

GATOP (N) 

GHT (J) 
GWT (J) 
HSN 
IDATA 
INPER 
IPNCH 

ITYPE 

JECHO 

JJFMT 

2 Planar areas at center of layer in ft . 
Outlet area in S.F. (J-NOUTS). 
Amplitude of daily variation in equilibrium temperature. 
Planar areas at top of layers in ft2. 
Area points, maximum K=100 (K=NAREA). 
Amount of short wave radiation retained in top layer in 
percent/100. 

Bottom elevation of reservoir in ft/sld. 
Constant diffusion coefficient in ft2/day. 
Specific heat of water - 1.0 BTU/£~~/~F. 
Spillway crest elevation in ft/sld. 
Constant initial temperature of reservoir in OF. 
Thickness of top layer in ft. 
Thickness of top layer in ft. 
Depth of water in ft. 
Diffusion in ft2/hr. 2 
Mean daily coefficient of surface heat exchangg in BTU/£~ /day. 
Coefficient of surface heat exchange in B~~/ft'/~eriod. 
Elevation Points, maximum K=100 (K=NAREA). 
Average elevation of layers in ft/sld. 
Mean daily equilibrium temperature in OF* 
Equilibr iurn temperature for simulation period in OF- 
Mean daily inflows in cfs. 
Mean daily inflows in cfs. 
Gate opening in ft. (controlled spillway) 
For an uncontrolled spillway - 0 = No spillway flow 

1 = Spillway flow 
Gate operation in ft. or whether or not spillway flow 
occurs. 
Port height in ft. (J=NOUTS). 
Port width in ft . (J=NOUTS) . 
Net short wave radiation in B~LJ/ft~/~eriod. 
Number of jobs to be run. 
Counter for daily print cycle. 
Set equal to 1 if punched card output. 
Set equal to 0 if no punched card output. 

Set equal to 1 for uniform temperature conditions (initial). 
Set equal to 2 for variable initial temperature conditions. 

Set equal to 0 for no input data listing. 
Set'equal to 1 if input data listing desired. 

Set equal to 1 for hydrologic data in 8 F 10.2 format. 
Set equal to 2 for hydrologic data in USGS format. 

Appendix B.4 
page 1 of 10 



J JGAT 

KDATA 
KWEIR 
LOL (J) 
N 
NAREA 
NDATA 
NDAY 
NDDD 
NDPN 
NDPT 

NIFLO 
NL 
NLAST 
NLAY 1 
NLPNT 
NNL 
NOUTS 
NPER 
NPRE 

NSTRT 
NDSEL (48) 
NSP 
NWR 
NVER 
OCAP 
OMIN 
OTEMP (19) 
PCAP (J) 
PER 
PFLOW (J) 
PLEL (N) 
QIN (N) 
O U T  (N) 
REW (K) 
RO 
ROW (I) 
SCAP 
SFCE (365) 
SMIN 
SPWTH 
SRT (100) 
SSW (365) 
SW (24) 
TAR (365) 

Set equal to 0 if no GAT data furnished. 
Set equal to 1 if GAT data furnished. 

Set equal to 0 if weir coef.claculated. 
Set equal to 1 if submerged weir flow coefficient to be used. 
Set equal to 2 if free weir flow coefficient to be used. 

Count of job being executed for multiple job runs. 
Print control for type of weir flow. 
Layer number at center line of each outlet (J=NOUTS). 
Counter of periods per day (24 maximum). 
Number of points on area - elevation table. (maximum - 100). 
Number of hydrologic data bits furnished. 
Counter of day number (365 - maximum). 
Counter of days between specified selected printout. 
Counter of days between selected printout. 
Frequency of selected printout in days, equals 0 if day 
numbers are specified. 

Number of tributary inflows. 
Present period number of layers. 
Last day of simulation. 
Number of layers on first day of simulation. 
Frequency of vertical printout, 
Previous period number of layers. 
Number of outlets (Maximum = 16) 
Number of periods - periods per day (Maximum = 24) 
Eq. 1 if multiple jobs change CDIFF, XNU, BETA, WCOEF and UPMIX 
Eq. 0 for complete data sets. 

First day of simulation. 
Specified days for selected printout. 
Equals 1 for controlled spillway, equals 2 for uncontrolled. 
Equals 0 for orifice at top outlet, equals 1 for weir. 
Equals 0 for simulation, 1 for verification. 
Maximum outlet capacity in cfs. 
Minumum flood control conduit outflow in cfs. 
Temperature at center line of each outlet in OF* 
Maximum port capacity in cfs. (J-NOUTS) 
Number of periods per day (PER = NPER) 
Peak flow for hydropower generation in cfs. 
Pool elevation in ftlsld per period. 
Inflow per period in cfs. 
Outflow per period in cfs. 
Reservoir width points, maximum K = 100 (K = NAREA). 
Specific weight of water 62.4 lb/ft3. 
Reservoir widths at delz increments in ft. 
Selective withdrawal system capacity in cfs. 
Mean daily pool elevation in ftlsld. 
Minimum selective withdrawal system release in cfs. 
Effective spillway width in ft. 
Temperature rise due to S.W. radiation in ach layer in OF* B Daily total short wave radiation in BTU/ft 4d?~= 
Period total short wave radiation in ~TlJlf t I peFiod 
Mean daily target temperature in OF. 

Appendix B.4 
Page 2 of 10 



TARGET (N) 
TEMP (100) 
TEMP1 (I) 
TFLI (3,365) 
TIN (N) 
TITLE (100) 
TW 
UPMIX 
WCOEF 

WIND (365) 
WR (J) 
XNU 
XPER 
XWIND 
YTEMP (100) 
z (100) 
ZCLE (J) 

Target temperature per period in OF. 
Present period temperature profile in OF. 
Initial Temperature if variable in OF (1 = NLAY1) 
Mean daily inflow temperature in OF. 
Inflow temperature per period in OF* 
Array of job titles (5 Cards). 
Reservoir width at spillway elevation in ft. 
Inflow mixing coefficient 
Wind speed coefficient - direct multiple of wind speed to account; 
for effects of sheltering, fetch, water surface roughness, etc. 

Mean daily wind speed in mph. 
Reservoir width at each outlet in ft. (J=NOUTS) 
Light extinction coefficient in ft-1. 
Length of simulation period in hours. 
Average wind speed per period in mph. 
Previous period temperature profile in OF. 
Distance from surface to bottom of layer in ft. 
Outlet centerline elevation in ft/sld (J=NOUTS). 

WORKING VARIABLES 

AFL, ARF, ATRY, HOLDB, HQ(200),IDON, IJJ, IKK, IKE, J, JCNT, JSTR, KA, KAR, 
KNL, KOEL, LN, LNL, LOC, LPER, My MOO, NAY NAP, NAPT, NDDD, NDEL, NHL, NIFL, 
NIFP, NLR, NPSAV, NRlSE, NSLC, SAAV, SLL, SUM, TOT, U(200), W, X, SDAY, XPSAV, 
XNL, ZAP, ZSOL 

Subroutines called: 

1. REG Determines outlets to regulate temperature to meet downstream 
objectives. 

2. EJM Computes withdrawal zone thickness for an orifice outflow. 

3. COMP Solves simultaneous equations. 

4. OUTPUT Prints output. 

5. WEIR Computes withdrawal zone for outflow over a weir; called from 
EJM. 
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SUBROUTINE REG - 
Variables 

DELT 
KOUT (2) 
NNN 
NO0 
NOS 
NOUTSl 
OFLOW 
OTEM (19) 
QMIX (2) 
QZZ (2) 
SPILL 
TMIX 

Difference between TMIX and TARGET. 
Number of outlets being regulated. 
Number of outlets open. 
Number of outlets open. 
Number of outlets open. 
(NOUTS + 1) Outlet number assigned to spillway. 
Outflow, conduit only, in cfs. 
Temperature at center line of each outlet in OF. 
Flow from each outlet in cfs. 
Specified flow from each outlet in cfs. 
Spillway flow in cfs. 
Estimate of mixed temperature due to regulation of 

outlets in OF. 

WORKING VARIABLES - REG 

CHECK, E A Y ,  LO, L001, NLOO, NV, NVER, QT, QX1, QX2, XI, XX, W. 
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SUBROUTINE EJM 

Variables 

A0 
AV 
CREST 
CD 
DOC 

DRHOS 2 > 
DRHOB 

DRHOS 

DRHOI M 

G 
GBT 
H 
HLIM 
HOR 
HRATIO 
HTEST 
HT RY 
IADD 
LAYER 
LIL 
LIU 
NC LD 

NHLIM 
NHOR 
NOVER 
NWAT 
NWHO 
NZLL 
NrnL 
OVER 
PARAM ( 1 00 ) 
PL A 

POOL 
Q 

Area of o r i f i c e  opening i n  s . f .  
Average veloci ty  through o r i f i c e  i n  f t / sec .  
Elevation of top of ~ i e i r  i n  f t y s l d .  
Coefficient of discharge f o r  weir. 
Ver t ical  s h i f t  of the ,~i thdrawal  l i m i t  i n  f t .  
Density difference of f l u i d  between the layers  of the  

o r ig ina l  withdra~~dal l i m i t  and the  sh i f t ed  withdrawal 
l i m i t .  

Density difference between o r i f i c e  center  l i n e  and bottom 
boundary of withdradal zone. 

Density difference between o r i f i c e  center l i n e  and f r e e  
suiface.  

Density difference betxeen maximum ve loc i ty  and l oca l  
ve loc i ty  i n  withdrawal l ayer .  

Density difference between max. ve loc i ty  and lower l i m i t  
of withdrawal zone. 

Density difference between max. ve loc i ty  e levat ion and 
upper l i m i t  of withdrawal zone. 

Density difference between o r i f i c e  center l i n e  and lower 
l i m i t .  

Density difference between o r i f i c e  center  l i n e  and upper 
l i m i t  . 

Acceleration due t o  gravi ty  (32 .2  f t / sec2)  
50% of the height of an o r i f i c e  gate i n  f t .  
Total thickness of withdrawal zone i n  f t .  
Ver t ical  distance of overlap of ve loc i t y  p ro f i l e s  i n  l ayers .  
Ver t ical  distance between o r i f i c e  center l ines  i n  l ayers .  
Extent of overlap of the  two withdrawal zones. 
Densimetric froude number. 
Densimetric froude number. 
Number of l ayers  inf lox d i s t r i bu t i on  i s  sh i f t ed .  
Layer with density corresponding t o  densi ty  of inflo.1. 
Layer of lor.rer l i m i t  of in f lov  d i s t r ibu t ion .  
Layer of upper l i m i t  of in f lo . "~  d i s t r ibu t ion .  
No. of l ayers  from xa te r  surface t o  center l i n e  of 

o r i f i c e .  
Ver t ical  distance of overlap of veloci ty  p ro f i l e s  i n  l ayers .  
Ver t ical  distance between o r i f i c e  center l ines  i n  layers .  
Number of l ayers  where outflow exceeds l ayer  volume. 
Ver t i ca l  s h i f t  of the  dithdrawal l i m i t  i n  l ayers .  
Ver t ical  s h i f t  of the  withdrawal l i m i t  i n  l ayers .  
Elevation of lower l i m i t  of withdrawal zone i n  f t / s l d .  
Elevation of upper l i m i t  of withdrawal zone i n  f t / s l d .  
Quanti ty of outflod i n  excess of l aye r  vol~unes. 
Density a r ray  of the reservoir  by layers .  
Ver t ical  distance from pool e levat ion t o  top  of the  

o r i f i c e  i n  f t .  
Elevation of wa.ter surface i n  f t / s l d .  
Total diskharge through o r i f i c e  i n  c f s .  
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QLAY 
QOUTL (365) 
QOT (2, 100) 
QVERT (100) 
RHO0 

RHOS2 
RHOVM 
RW 
s Q 
STAB 
THD 
THICK 
VAVG 
v (100) 
Vl (100) 

VLAY 
VRAl 

vv (2, 100) 
WHAT 
WHERE 
WHO 
WTEMP (100) 
XLW 
XPL 

ZCLO 
ZDEL 
ZMV 
z S 

Z1H 
z1 
22 
ZONE 

Layer inflow in f t3Iperiod. 
Array of discharge per layer in cfs. 
Array of discharges for 2 outlets in cfs. 
Array of discharges along vertical axis in cfs. 
Density at orifice center line elevation. 
Density of fluid at the layer of the original withdrawal 
limit. 

Density at maximum elevation in the withdrawal zone. 
Width of reservoir in ft. 
Total discharge for all ports open in cfs. 
Stability of reservoir. 
Vertical dimension of inflow in layers. 
Vertical dimension of inflow in ft. 
Average Velocity in any layer. in ftlsec. 
Array of velocities in entire layer system in ftlsec. 
Array of velocities at any layer below max. velocity 
in ftlsec. 
Array of velocities at any layer above max..vCloci~y 
in ftlsec. 
Average velocity in the zone of overlap of the lower 
withdrawal zone in ft/sec. 
Average velocity in the zone of overlap of the upper 
withdrawal zone in ftlsec. 
Layer volume in ft3. 
The ratio of a local velocity to the max. velocity 
below the maximum velocity elev. 
The ratio of a local velocity to the max. velocity 
above the maximum velocity elev. 
Array of outflow velocity for two outlets in ftlsec. 
Vertical shift of the withdrawal limit in layers. 
Vertical shift of the withdrawal limit in layers. 
Vertical shift of the withdrawal limit in ft. 
Previous period temperature plus solar radiation in OF. 
Width of spillway or width of gate used as weir in ft. 
Vertical distance from pool elev. to a point above the 
top of a gate. 
Vertical distance from orifice center line to bottom 
boundary in ft . 
Elevation of orifice center line in ftlsld. 
The elev. of the max. velocity in withdrawal zone in layers. 
Elevation of max. velocity in withdrawal zone in ft. 
Vertical distance from orifice center line to free surface 
in ft. 
Zl/H 
Vertical distance from orifice to lower limit in ft. 
Vertical distance from orifice to upper limit in ft. 
Vertical distance of overlap of velocity profiles in ft. 

Appendix B.4 
page 6 of 10 



WORKING VARIABLES - EJM 

ASQ, B y  BIGED, BSQ, BTEST, BTRY, C ,  DELIN, DELQ, DISTR, DZ, F I F J ,  I D ,  INEX, 
I S ,  JJ, K, KK, KR, K1, L I P ,  LL, L 1 ,  MEAN, ML,MLL, MUL, MMM, MMN, MN, NASQ, 
NBSQ, NH, NLL, NLL2, NNN, NOX, NUL, NIJLZ, NY1, NYlM, NYI, NZD, NZD1, NZMV, 
STEST, STRY, SUM, SUM1, SUM2, SUMIN, SUMIQ, SUMQ, TEST, TRY, VLAY, XD, X I ,  
XLEFT, XML, XR, XRAT, XNH, XHY, Y1, Y2, YlM, YlMH, Y2M, YDlM, YD2M, Y I ,  Z lLL,  
ZlLU, ZZLL, ZZLU. 
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SUBROUTINE WEIR 

Variables 

AW 
DELD 

DEPL 

DRHO 

H W 
KWEIR 

LVM 
ML 

Q w 
RHOW 
SUMl (100) 

2 Cross sectional area of flow over weir in ft . 
Density difference between the crest of the weir and the 
lower limit of the withdrawal zone. 
The distance from the free surface to the lower limit of 
the withdrawal zone in layers. 

Density difference between the layer of maximum velocity 
and the corresponding Iayer of local velocity. 
The head on the weir or the depth of flow over the weir. 
Equals 1 if submerged weir flow considered, equals 2 if 
free weir flow considered. 
The layer number that contains the maximum velocity. 
The distance in layers from the weir crest to the lower 
limit of the withdrawal. zone. 

Discharge over the weir. 
Density at the weir crest. 
The dimensionless velocity distribution for the portion 
below the maximum velocity. 
The dimensionless velocity distribution for the portion 
above the maximum velocity. 
The maximum velocity in the zone of withdrawal in ft/sec. 
The average velocity over the weir in ft/sec. 
The verti.cal distance in feet from the maximum velocity 
to the lower limit of the withdrawal zone. 

The vertical distance in feet from the maximum velocity 
to the upper limit in the withdrawal zone. 

The vertical di.stance in layers from the maximum velocity 
to the lower limit of the withdrawal zone. 
The distance from the elevation of the weir crest to the 
lower limit of the withdrawal zone in feet. 

WORKING VARIABLES - WEIR 

BDFR, DEN, DENZ, DEPF, DEF, EXZ, LDEP, LL, LVM1, LYlF, NYlL, SAM, SAM1, 
SAM2, Y1, Y2, YS1 
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SUBROUTINE COT@ 

Var iables 

ALG 1 (100) 
ALG 2 (100) 
AVT 
COEF (100, 3) 
EKIN 
EPOT 
FORCE (1.00) 
MIXl 
MIX2 
MIX3 
QHEAT 
SHEAR 
SHEAT 
SHVEL 
SUMV 
TOUT 
T SURF 
YAVT 

Computed coefficient for solution algorithm. 
Computed coefficient for solution algorithm. 
Average reservoir temperature in OF. 
Matrix coefficients. 
Kinetic energy in wind mixing computation. 
Potential energy in wind mixing computation. 
Computed values for right side of difference equations. 
Mixing depth for epilimnion in layers. 
Mixing depth for hypolimion in layers. 
No. layers to be mixed internally to produce stable profile. 
Temperature rise of reservoir due to advection in OF* 
Shear stress on surface due to wind. 
Temperature rise of reservoir due to surface heating in OF. 
Shear velocity on surface due to wind. 

3 Reservoir volume in ft . 
Outflow temperature in OF* 
Surface temperature in OF. 
Average reservoir temperature for previous time period in OF. 

WORKING VARIABLES - COMP 

CNTR, D, DEN1, DEN2, DIST, ETE, HOLDL, HOLDU, K, KFLAG, KL, KLOOP, KN, KNL, 
LM, LN, LNM, My QVBOT, QVL, QVTOP, QVU, SMT, SUMVT, TI, T2, TEMPL, TEMPU, 
TFN, TMPMX, V2, VLA, VLEFT, VO, V01, VOLL, VOLU, W1, XI, ZD 
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SUBROUTINE OUTPUT 

Var i ab le s  

PLOT (71) 
SAVE (71) 
B (100) 

WORKING VARIABLES - OUTPUT 

Var iab le  i n  p l o t  rou t ine .  
Var iab le  i n  p l o t  r o u t i n e .  
Layer a r e a s  i n  AC-FT. 

ITP, KPLOT, KXX, LINES, LN, LNP, NN, NOU, NTO, SCALE 
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APPEiiDIX B.5 
THERMAL SIMULATION PROGW1 

Input Description 

Card 140. -- 
FORMAT (110) No. jobs t o  be run. 

FORMAT (20A4) Job t i t l e  - f ive  cards. 

NSTRT - 1 s t  day of simulation. Usually i n  the spring;  
about 90. 

NLAST - Last day of simulation. Usually in the f a l l  ; 
about 300. 

NOUTS - Number of ou t l e t s  f o r  se lec t ive  withdrawal 
(max. 16) 

I ,~AREA - iiunber pts .  furnished fo r  elev., area, width 
curves. 

IIDPT - Iqurnber dags between p ro f i l e  ou.t;put (0 i f  day 
numbers specif ied by card no. 16) 

NLP12IT' - Vertical frequency of p ro f i l e  output. Usually one. 
IPiJCH - Equals 1 fo r  punched card output, equals zero other- 

wise. Usually zero. 
NPRE - Equals 1 f o r  data change of CDIFF, XNU, BETA, 

UPMIX and k/COEF f o r  addit ional  job runs, equals 
0 i f  additional data i s  read i n  coniplete se t s .  
I f  1 i s  used, on the next job following cards 
22 read 5 t i t l e  cards and 1 card w i t h  CDIFF, 
X N U ,  BETA, UPMIX, WCOEFF ( 5F10.2) 

1. NLAYl - riurnber layers 1 s t  day of simulation. The top 
layer  wi l l  always be g rea te r  than o r  equal t o  
2 feet .  

2. ITYPE - Equals 2 f o r  variable i n i t i a l  temperature 
condition, equals 1 otherwise. 

3. l iPER - tiumber periods per day. Usually one. 
4. ilDATA - Number hydrologic & meteorologic data points. 

furnished. Usually 365. 
5. iiSP - Code t o  describe spillway, 1 f o r  controlled,  

2 f o r  uncontrolled. Defines type of  flow; t a i n t e r  
gate is t reated l i ke  an o r f i c e  flow. 
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6. NWR - Code t o  descri be top out let ,  1 f o r  wei r, 0 f o r  
o r i f i ce .  (Spil lway i s  not  defined as an out le t ) .  

7. NVER - Equals 1 f o r  ve r i f i ca t ion ,  equals 0 f o r  simu'la- 
tion. This value controls the input o f  card 22. 

8. NIFLO - llumber o f  t r i b u t a r y  inflows. A t  l eas t  one i s  
i s  required. (maximum o f  3 t r i bu ta r i es )  

1, JJGAT - Equals 1 f f  card 12 included, equals 0 
otherwi se. 

2. JJFMT - Equals 1 f o r  8F10.2 format, equals 2 f o r  USGS 
format on cards 8-13 

3. JECHO - Equals 1 i f  inpu t  data l i s t i n g  desired, equals 
0 otherwise. 

4. JWEIR - Code t o  describe wei r  coef f ic ient ,  equals 0 
f o r  computed, 1 f o r  submerged, 2 f o r  f ree we i r  
flow. 

PHYSICAL INPUT 

6 FORMAT (8F10.5) 

XPER - Length o f  one time per iod i n  hrs. Usually 24. 
DELZ - Depth o f  one layer  i n  ft. 
BOTEL - Bottom elevat ion of reservo i r  i n  f ee t  above sea level .  
XNU* - L igh t  ex t inc t ion  coe f f i c i en t  i n  f t~ '  
BETA* - Fractf on o f  SW RAD placed i n  top layer, BETA 

a t  2 feet. 
TW - Ef fec t i ve  reservo i r  width a t  spi l lway crest  

i n  ft. 
CDIFF* - Di f fus ion c o e f f i  c i en t  i n ft2/day. 
CTEMP - I n i t i a l  reservo i r  temperature i f  constant 

i n  OF. Only used i f  ITYPE=l. 

FORMAT (8F10.2) 

1. CRSTEL - Spil lway c res t  e levat ion i n  f ee t  above sea level .  
2. SPWTH - Ef fec t i ve  sp i l lway width i n  ft. Subtract f o r  

p i e r  width. 
3. OCAP - Out le t  works capacity (max) f o r  f l ood  control  

i n  cfs, This i s  the bottom out le t .  
4. SCAP - Selective withdrawal system capacity (max.) i n  

cfs. 
5. OMIN - Minimum f lood  con t ro l  conduit release i n  cfs. 
6. SMIIl - Minimum se lect ive withdrawal system release 

i n  cfs. 
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7. UPHIX*+ - I n f l o w  n i x i n g  c o e f f i c i e n t  i n d i c a t i n g  q u a n t i t y  
o f  top l a y e r  water  t o  be en t ra ined (e.g, i f  
UPi4 IX  equals 0.5 a q u a n t i t y  o f  water  equal 
t o  1/2 the i n f l o w  volume w i l l  be withdrawn 
from the top l a y e r  ,and mixed w i t h  the  i n f l o w )  

8. WCOEF*+ - C o e f f i c i e n t  t o  modify wind speed t o  accounG 
f o r  fe tch ,  she1 te r i ng ,  over  water  e f f e c t s ,  etc.  

* Several values der ived i n  f i e l d  o f f i c e  a p p l i c a t i o n  are 
shown i n  Appendix C.3. 

+ Use zero i f  t h i s  value i s  n o t  t o  be considered i n  the 
c a l c u l a t i o n .  

HYDROLOGIC IiiPUT 

8-1 3 FORI4AT (SF10.2) or  (15X, SF7.0, 9X) - Defined on Card 5; 
J J FfjT 

0 
U FLIi'l (PIIFLO, NDATA) - i n f l o w s  beginning Jan. 1 ( d a i l y )  

i n  cfs. 

9 TFLI (NIFLO, IiDATA) - i n f l o w  temperature i n  "F. 

10 FLOT' ( id  DATA) - out f lows i n  cfs.  

11 TAR (illiA'TA) - ou t f l ow  temperatures i n  OF. 

12 GAT (IUATA) 
(Opt ional  ) - s p i l l w a y  operat ions, a p o s i t i v e  value 

i n d i c a t e s  s p i l l w a y  f low, a 0.0 
i n d i c a t e s  no s p i l l w a y  f l ow  f o r  day, 
i f  s p i l l w a y  i s  gated,posi t ive value 
should be gate opening i n  ft. ( i nc lude  
o n l y  i f  JJGAT equals 1 on card 5)  

13 SFCE ( i lDATA) - pool e leva t i ons  i n  ft. above sea l eve l .  

~ i o t e :  Cards 8-13 are read i n  complete sets. - 
Cards 8-9 are repeated f o r  each t r i b u t a r y  in f low,  
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RESERVOIR GEOMETRY - Not necessari ly a t  the top o f  each layer. These cards 
are input  from the ground elevat ion t o  the highest water 
surface expected. 

14 FORMAT (3F10.2) Q: 1 card f o r  each po in t  

EL (NAREA) - Elevation o f  area w i th  width pts. i n  f ee t  
fee t  above sea leve l .  

AREA (NAREA) - Surface area a t  EL i n  acres Should not  be 
zero. 

REW (NAREA) - E f fec t i ve  reservo i r  width a t  EL i n  ft. 

OUTLET DESCRIPTION - These cards are input  from the lowest o u t l e t  f i r s t  t o  
the highest out le t .  

15 FORMAT (6F10.2) Note: 1 card f o r  each o u t l e t  (max. 16) 

ZCLE (NOUTS) - Elevation center l i n e  o f  o u t l e t  i n  ft. above 
sea leve l  o r  i n v e r t  o f  weir i f  top ou le t  i s  
an overflow weir. 

AE (NOUTS) - Area o f  o u t l e t  i n  ft . 
GHT (NOUTS) - Height o f  o u t l e t  i n  ft. 

GWT (NOUTS) - Width o f  o u t l e t  i n  ft. 
WR (NOUTS) - Reservoir width a t  center l i n e  o f  o u t l e t  

i n  ft. 
PCAP (NOUTS) - Maximum Port  capacity i n  cfs. 
PFLOW(N0UTS) - Peak f low i n  c f s  occuring during hydropower 

generation. I f  t h i s  value i s  pos i t ive ,  i t  
w i l l  def ine the reservo i r  withdrawal zone. 
I f  t h i s  value i s  blank o r  zero, the withdrawal 
zone i s  defined by the f low data on e i t h e r  card 
10 o r  22. 

SPECIFIED DAYS FOR SELECTED PRINTOUT (OPTIONAL) 

16 FORMAT (1 61 5) 

NDSEL (48) - Ju l ian  day numbers f o r  selected output. 

Note: 3 cards always needed w i th  l a s t  spec i f ied day always equal t o  day - 
number 365. Set NDPT=O on card 3 i f  card 16 i s  used. 

INITIAL TEMPERATURE 

17 FORMAT (8F10.2) 

TEMP1 (NLAY 1)-  I n i t i a l  temperature values f o r  each layer  
i n  OF. (Read from bottom t o  top) 

Note: Card 17 t o  be deleted f o r  isothermal i n i t i a l  condi t ion (i.e., I[TYPE=l) - 
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ETEMP (JDATA) - Equilibrium Temperatures in O F .  

E K K  ( i i i r A T A )  - Surface heat exchange coef f i c ien t s  i n  BTU/ 
ftZ/day. 

20 FORiWT (16F5.1) 

XWIi iU (i4DATA) - rilean dai ly  wind speed i n  mph. 

SS:4 (iIDATA) - Short wave s o l a r  radiat ion i n  ~ ~ u / f t ' / ~ e r i o d .  

iiote: Cards 18, 19, 20 and 21 are  output from HEAT EXCHANGE PROGRAM. 

STIPULATED OUTFLONS - Omit these cards i f  ilVER=O. 

22 FCliil.iAT (16F5.0) 

QZZ (IIuUTS) - Outflow f o r  each o u t l e t  (one card per day) 
in cfs .  First card i s  f o r  f i r s t  day of 
ve r i f i ca t ion  (i .e., :ISTRT). 

iiote: Card 22 f o r  ve r i f i ca t ion  runs fo r  da i ly  time periods only. Outlets  
a re  numbered from bottom t o  top with discharge from o u t l e t  no. 1 
placed in f i r s t  5 colunn f i e ld .  I f  l e s s  than 16 ou t le t s  a re  
speci f ied  only t h a t  number (IIOUTS) of columns are used. 
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