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stream f u n c t i o n  

d imens ion less  stream f u n c t i o n  

temperature r e f e r e n c e d  to  TO zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(=  T - T ) 

d imens ion less  temperature 
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maximum tempera tu re  r e f e r e n c e d  to  T 0 (= Tmax - zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAT o )  

Cartesian c o o r d i n a t e s  
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h e a t  c a p a c i t y  o f  porous medium 

h e a t  c a p a c i t y  of f l u i d  
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d imens ion less  measurement from r e s e r v o i r  floor to cap rock 

d e n s i t y  of f l u i d  a t  T = T 

surface h e a t  f l o w  

h e a t  f low u n i t  

Y X  
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EFFECT OF PERMEABILITY ON COOLING OF zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
A MAGMATIC INTRUSION I N  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA GEOTHERMAL RESERVOIR 

ABSTRACT 

T h i s  report d e s c r i b e s  numer ica l  model ing of  t h e  t r a n s i e n t  c o o l i n g  of a 

magmatic i n t r u s i o n  i n  a geothermal  r e s e r v o i r  t h a t  results from conduct ion  and 

convec t ion ,  c o n s i d e r i n g  t h e  effects of o v e r l y i n g  cap  rock and d i f f e r i n g  

h o r i z o n t a l  and v e r t i c a l  p e r m e a b i l i t i e s  o f  t h e  r e s e r v o i r .  These r e s u l t s  are 

compared w i th  d a t a  from S a l t o n  Sea Geothermal F i e l d  (SSGF). M u l t i p l e  l a y e r s  

o f  convec t i on  cel ls are observed when h o r i z o n t a l  p e r m e a b i l i t y  is much l a r g e r  

than  v e r t i c a l  pe rmeab i l i t y .  The s h a r p  drop-of f  of s u r f a c e  h e a t  f law 

e x p e r i m e n t a l l y  observed a t  SSGF is c o n s i s t e n t  w i t h  t h e  numer ica l  r e s u l t s .  W e  

e s t i m a t e  t h e  age of t h e  i n t r u s i v e  body a t  SSGF to be between 6000 and 20,000 

y e a r s  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA. 

INTRODUCTION 

Because hydrothermal  systems of  a p a r t i c u l a r  geothermal  f i e l d  are 

impor tan t  i n  a l l  aspects of geothermal  power p roduc t i on ,  g e o p h y s i c i s t s  and 

geothermal  r e s e r v o i r  eng inee rs  a r e  g r e a t l y  i n t e r e s t e d  i n  magmatic i n t r u s i o n s  

i n  t h e  e a r t h ’ s  crust .  These i n t r u s i o n s ,  also known as p l u t o n s ,  are coo led  by 

su r round ing  coun t ry  r o c k .  If t h e  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAneighboring f o rma t ions  are permeable and 

saturated w i t h  ground w a t e r ,  t hen  convec t i ve  hydrothermal  sys tems can r e s u l t .  

The n a t u r e  of t h e s e  hydrothermal  sys tems is determined by t h e  p h y s i c a l  

proper ti es of t h e  s u r r  oundi  ng fo rmat  i ons . 
I n t r u s i v e  magma can take d i f f e r e n t  forms or s i z e s .  A s h e e t - l i k e  

i n t r u s i v e  body--perpendicular to t h e  s t r a t i f i c a t i o n  i n  t h e  bedded rocks--is 

c a l l e d  a d ike .  

conduct ion  a lone.  

also p l a y s  an impor tan t  role i n  h e a t  t r a n s f e r  i n  geothermal  f i e l d s .  

Jaeger ’  and Horai’ s t u d i e d  d i k e  i n t r u s i o n  based on h e a t  

Recent s t u d i e ~ ~ - ~  s u g g e s t  t h a t  convec t i on  o f  ground water 

Numerical model ing s t u d i e s  of dike- induced convec t i on  f low i n c l u d e  t h e  

w o r k  o f  Lau and Cheng3 on t h e  e f f e c t s  of  d i k e  i n t r u s i o n  on s t e a d y - s t a t e  

tempera tu re  d i s t r i b u t i o n ,  s t r e a m l i n e s  , and shape  of water tab le  i n  a v o l c a n i c  
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i s l a n d  a q u i f e r .  

c o n v e c t i v e  c i r c u l a t i o n  and i ts i n f l u e n c e  on t h e  c o o l i n g  ra te o f  mass ive  

p l u t o n s .  

t h a t  t h e  i n t r u s i o n  i t s e l f  becomes permeable below a s p e c i f i e d  the rma l  

s t r e s s - c r a c k i n g  tempera ture .  

Norton and Knight4 researched  t h e  time dependence Of 

Tor rance and Sheu5 s t u d i e d  t h e  c o o l i n g  of a p l u t o n  by assuming 

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

c o n s t a n t ,  and t h e  e x i s t e n c e  of cap rock is n o t  i nc luded  i n  t h e  a n a l y s i s .  

Kasameyer and Younker' sugges ted  t h a t  t h e  cap rock and a l a r g e  

h o r i z o n t a l - t o - v e r t i c a l  p e r m e a b i l i t y  ra t io  can be r e s p o n s i b l e  f o r  t h e  dramatic 

r e d u c t i o n  i n  geothermal  g r a d i e n t  i n  t h e  S a l t o n  Sea Geothermal F ie ld  (SSGF). 

The p r e s e n t  s t u d y  o f  t h e  c o o l i n g  o f  a magmatic i n t r u s i o n  because of 

n a t u r a l  convec t i on  takes i n t o  account  t h e  e f f e c t s  o f  o v e r l y i n g  cap rock of 

v a r i o u s  t h i c k n e s s e s  as w e l l  as o f  d i f f e r i n g  h o r i z o n t a l  and v e r t i c a l  

permeabil it ies i n  t h e  r e s e r v o i r .  R e s u l t s  are s p e c i f i c a l l y  related to t h e  

SSGF. F i g u r e  1 shows an i d e a l i z e d  model. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
P H  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
m 
U zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
S 

2 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Y zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
I Conducting and no flow boundary 

0 
Reservoir rock 

0 

L 

Insulating and no flow boundary 

FIG. 1. I d e a l i z e d  model o f  a geothermal  
r e s e r v o i r  w i th  d ike  i n t r u s i o n .  
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DESCRIPTION OF MODELING PROCESS 

GOVERNING EQUATIONS 

The governing equations for the hydrothermal system in a porous medium 

are the continuity equation, Darcy's law, the energy equation, and the 

equation of state. With the Boussinesq approximation, these equations can be 

written as zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
a u t  a v l  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
a x , + , y , = O  

u' = zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
-K 

P 
v' = (F + Pg) zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

p = Po (1 - 6 0 ' )  

When one introduces the stream function zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA9'  and the fgllowing 

dimensionless variables, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
-aC1 

a y '  u' - zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
a 

m t = - t '  I 
2 

H 

X' 

H I  

x = -  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
0 '  (3 = -  
AT I 

3 



u'H 

m 
u = -  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

cy. 

v'H 
cy. 

m 
v = -  

Po  Rg K H AT 
R a  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI 

t h e  nondimensional  form of t h e  govern ing  e q u a t i o n s  becomes zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
9ae zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA9 E - a2e E + (ay) (a,) - !a,) (ay) - a x  2 + - ay2 I 

ae 
- -Ra zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAax. + x - -  a 24J 

2 
aY 

2 3, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
BOUNDARY AND I N I T I A L  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 s  of t h e  problem are 4~ = 0 and 9 = 0 everywhere i n  

t h e  reg ion  e x c e p t  i n  t h e  i n t r u s i v e  area,  where 3 = 1. The boundary c o n d i t i o n  

3 t  t h e  s u r f a c e  is a c o n s t a n t  tempera ture ;  i .e. ,  

The boundar ies  a t  x = 0 and L/H are impermeable to f l o w  and t h e r m a l l y  

nonconduct ive i i . e. , 

The boundar ies  beneath  t h e  cap rock are impermeable to  f l o w  and t h e r -  

mally conduc t i ve ;  i .e .  I 

4 



I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

I t  is assumed t h a t  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAX zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= X so t h a t  Eq. (16 )  a p p l i e s  to bo th  t h e  c a p  rock 

and t h e  permeable reg ions .  
cap  m 

The boundar ies  a t  y = 0 are impermeable to  f low and the rma l l y  

ncnconduct ive;  i .e . ,  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
* ( X I O )  = 0 , 

and 

a6 - (x,O) = 0 . zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
aY 

NUMERICAL mTHOD 

The energy equa t ion  (16 )  is so lved  numer i ca l l y  hy t h e  A l t e r n a t i n g  

D i r e c t i o n  Implici t  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(ADI) methodI7 and t h e  f low f i e l d  e q u a t i o n  (17 )  by t h e  

Gauss-Seidel  i t e r a t i o n  method. The reg ion  is d i v i d e d  i n t o  a un i form mesh, a s  

shown i n  F ig .  2 .  

where x = (i-1)Ax and y = (j-1)Ay. 

The c o o r d i n a t e s  of t h e  grid p o i n t s  a r e  g i ven  by ( x i ,  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAy . ) ,  
7 

i j zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Y 

1 

FIG.  2 .  Uniform mesh f o r  t h e  f i n i t e  d i f f e r e n c e  
numer ica l  s o l u t i o n .  
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A zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAsecond-order f i n i t e - d i f f e r e n c e  approx imat ion formula is used €or all. 

s p a t i a l  Z e r i v a t i v e s  and a f i r s t - o r d e r  f i n i t e - d i f f e r e n c e  approx imat ion  f o r  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAall 

t i m e  d e r i v a t i v e s .  The upwind scheme for t h e  convec t ion  term i s  n o t  used,  h u t  

t h e  numer ica l  f o rmu la t i on  can be e a s i l y  adapted  to  t h e  upwind scheme. 

The zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAAD1 f o rmu la t i on  of t h e  energy  equa t ion  (16 )  follows. F i r s t ,  t h e  

f i n i t e  d i f f e r e n c e  approx imat ion €or ( 2 n + l ) t h  t i m e  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAs t e p  is g iven  as  

2n+l  2n+l  + @2n+l  2n 2n 2n 
. - 2 4  . - 2 e i , .  + e i ,  i - L ,  + ‘ i , j + l  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

I (25) 
- - 3i+l, 1 i l l  

( A Y )  
2 

(0x1 

2n 
i , j  u = Y  

Equat ion (25)  can h e  r e w r i t t e n  as 

Equat ion (28)  is v a l i d  f o r  a l l  g r i d  p o i n t s .  A t  t h e  boundary,  b o t h  Eq. (28)  

and a p p r o p r i a t e  boundary cond- i t ions  must be s a t i s f i e d .  We w i l l  now d e s c r i b e  

t h e  f i n i t e  d i f f e r e n c e  e q u a t i o n  f o r  each boundary su r face .  

6 



At the vertical boundary x zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= 0 (i.e., i = zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAl), the condition zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAae/ax = 0 

requ i res that 

k 
Note that e o  

time step k. With the aid of q. (29), zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAEq. (28) becomes 

is a grid point outside of the region of interest at any 

f o r 2 < j < M - l  - -  . 

At the vertical boundary x = L/H (i.e., i = N), the condition ae /ax  

requires that 

Combining Eqs. (31) and (28), we obtain 

At the lower boundary y = 0 (i.e. , j = 1) , the boundary condition 

ae/ay = o requires that 

k 
i,2 

ek  = zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAe 
i,O 

7 



/ zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Combining zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAEqs. (33) and (281, we o b t a i n  

) (34)  
+--+ ( e  2n - 02" 

i , 2  i ,I 
(AY)  

A t  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAy = 1, t h e  boundary c o n d i t i o n  is zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
e k  = o  
i , M  (35)  

f o r l < i L N .  - 

Equat ions  ( 2 8 ) ,  (291, and (33)  l e a d  to  

Equat ions  ( 2 8 ) ,  ( 3 1 ) ,  and (33)  l e a d  to 

Equat ions  ( 2 8 ) ,  ( 3 0 ) ,  ( 3 2 ) ,  ( 3 4 ) ,  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA( 3 6 ) ,  and ( 3 7 )  consist of M - 1 sets of 

N s imu l taneous  equat i -ons of t h e  form 
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where 

2n zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
1 U zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

- i,j-- 
2 

_ -  
(AX)  

A i , j  2Ax 

for 1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA5 j 5 M - 1, 1 5 i 5 N - 1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI 

(44)  

f o r l 5 j Z M - 1  I 
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f o r l < i < N - l  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA. - -  

The s o l u t i o n  o f  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAEqs. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA( 3 8 ) ,  ( 3 9 ) ,  and (40) can be o b t a i n e d  i n  a 

s t r a i g h t f o r w a r d  manner .7 L e t  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
w =  

1 

w =  i 

f o r  2 < i - 

- - 
bi 

for 1 < j - 

- 
41 - 

f o r  1 < j - 

- - 
'i 

for 2 < i - 

C 
i ,j 

i W 

D 
1, i 

1 
W 

< M - 1  , - 

Di . - Ai .gi-l 

i 

I J  ,-I 

W 

The s o l u t i o n s  of  t h e  t r i d i a g o n a l  system are 

2n+l - 
j - 'N 

( 4 8 )  

(49) 

(53 1 

lo 



The compu ta t i ona l  p rocedure  used to o b t a i n  s o l u t i o n s  of  t h e  t r i d i a g o n a l  

For a system f o r  each set o f  t h e  N s imu l taneous  e q u a t i o n s  is t h e  fo l l ow ing .  

g i ven  j ( j g  set o f  e q u a t i o n s  where zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAj is from 1 to  M zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA- l), zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAEqs. 

(54) are computed w i t h  ascend ing  v a l u e  o f  i from 1 to  N. A f t e r  Eqs. ( 4 8 )  

th rough (54) are e v a l u a t e d ,  proceed to  e v a l u a t e  Eqs. (54)  and (55) w i t h  

d e c r e a s i n g  v a l u e  o f  i from N to 1. 

s t o r e d  i n  temporary s t o r a g e  l o c a t i o n  to allow e v a l u a t i o n  of  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAEqs. (48) th rough 

(54) a t  p r e v i o u s  t i m e  step temperature va lues .  

(48)  th rough 

The v a l u e s  o f  t h e  tempera tu re  f u n c t i o n  are 

The d i f f e r e n c e  e q u a t i o n  f o r  JQ. (16)  a t  ( 2 n + 2 ) t h  t i m e  step is g i v e n  as 

,I i-1, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAi zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA. - e  
2Ax 

2n+2 2n+ l  e i  . - e  . 
A t  

+ u 

2n+2 
i ,  j-1 

(55)  
e2n+2 - 2 8 2 ~  + e 
i ,  j+l 1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI 3  + 

Equat ion  (55) can be  rewrit ten as 

\ 

2n+ l  g 2 n + l  - @ 2 n + l  
1 2n+2 1 82n+ l  i+l, j i-1, j 

2Ax 
- 

V 

' i , j + l  - - A t  i , j  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAi,j-- + 
2Ay ( A Y ) ~  

2n+ l  + e2n+ l  . -  
(56)  

i-l,i 
. - 2e e 2n+l 

i + l  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI 3 i,i + 
( A X )  

Equat ion  ( 5 6 ) ,  when combined w i t h  boundary c o n d i t i o n s  ( 2 9 ) ,  (31), zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA( 3 3 ) ,  and 

( 3 5 )  I r e s u l t s  i n  t h e  f o l l o w i n g  e q u a t i o n s :  

11 



2n+ l  
2n+2 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA- - 1 02n+l + zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2n+l 2n+ l  2 + (*+) (AY)  'N, j+l - A t  N , j  ( ~ ~ ~ 2  

f o r 2 z i z N - 1  , 

2 e2n+2 - _  1 e2n+l 
2 N,2 A t  N , 1  

- -  - 1 2n+2 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
(E + &) ' N , 1  (AY) 

E q u a t i o n s  (56 )  th rough (61) c o n s i s t  of N sets of ( M  - 1) s imu l taneous  

e q u a t i o n s  of t h e  form 

2n+2 e2n+2 - 
BBi, l  + 'i,l i , 2  - Di, l  

1 2  



where 

for 2 5  i l N  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA- 1, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1 - -  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAC j < M -  1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI 
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f o r l < j < M - 1  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA- -  . 

The s o l u t i o n s  o f  t h e  N sets of t r i d i a g o n a l  systems c a n  be o b t a i n e d  i n  a 

s t ra . i gh t fo rward  manner. L e t  

w l = B  , 

C 
i l i  

j 
b -  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

W j 

Di ,I - -  - zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
91 w 

i 

f o r 1 < i < N 1 2 < j < M - 1  - -  . 

The s o l u t i o n s  a r e  

_ -  

82n+2 - - 
i , M - l  'M-1 

2n+2 - b .8  82n+2 - 
i l j  - g j  J i , j + l  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

( 7 3  

(77) 

(78 

A second-order f i n i t e - d i f f e r e n c e  approx imat ion for t h e  stream f u n c t i o n  

e q u a t i o n  (17) is 
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'i+l zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA, j - 'i-1, 2n+1i ) (79)  
= -Ra ( 2 n + 1 2 h  

Equat ion (79)  can be r e w r i t t e n  as 

where 

NUMERICAL RESULTS 

The f low f i e l d  (stream f u n c t i o n ,  v e l o c i t y )  is i n i t i a l i z e d  to z e r o  

everywhere i n  t h e  f low reg ion .  

e x c e p t  i n  t h e  r e g i o n  of an i n t r u s i v e  d i k e ,  where it is equal t o  1. 

c h a r t s  t h e  numer ica l  computat ion procedure, which is as f o l l ows :  

The temperature f i e l d  is z e r o  everywhere 

F i g u r e  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA3 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
1. I n i t i a l  d a t a  v a l u e s  are set to conform w i t h  i n i t i a l  c o n d i t i o n s  of t h e  

problem. 

2. Temperature f i e l d  s o l u t i o n s  are o b t a i n e d  f o r  ( 2 n + l ) t h  t i m e  step u s i n g  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Eqs. ( 5 3 )  and ( 5 4 ) .  

3. The stre& f u n c t i o n  e q u a t i o n  (80) is s o l v e d  by t h e  Gauss-Seidel  

i t e r a t i o n  method. 

f u n c t i o n  v a l u e s  is less than  

The i t e r a t i o n  is t e r m i n a t e d  when maximum change i n  strearr! 

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

4.  V e l o c i t y  components are computed u s i n g  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAEqs. (26) and ( 2 7 ) .  

5. Temperature f i e l d  s o l u t i o n s  are o b t a i n e d  f o r  (2n+2) th  time step u s i n g  

Eqs. (77) and (78) .  

6. 

7. 

Steps 3 and 4 are performed aga in .  

I f  desired, t h e  temperature, stream f u n c t i o n ,  v e l o c i t y  v e c t o r ,  and 

s u r f a c e  h e a t  f low can be p l o t t e d .  

15 



8. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI f  the  maximum time s t e p  is reached,  then the  program is t e rm ina ted .  

Otherwise a r e t u r n  to  s t e p  2 is requ i red .  

Compute temperature field, 
stream function, and velocity . - 
field for (2N + 1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA)th time step 

START (2 
- 

Compute temperature field, 
stream function, and velocity 

field for (2N + 11th time step 

Init ialize variable 

valves 

,, NO 
n = n + l  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA4 

t 
Plotting 

routine 

F I G .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA3. Flowchart  diagram of the  numer ica l  computat ion procedures .  
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The r e s e r v o i r  parameter v a l u e s  used i n  t h e  numer ica l  computation are 

Parameter V a l u e  

K ( p e r m e a b i l i t y )  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI mD 16 0 

H ( d e p t h )  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA, m 6 , 000 
X 

L ( w i d t h ) ,  m 12 000 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
X ( c o n d u c t i v i t y )  , W / ( m * K )  3.3 

1 .33  x 
2 a ( d i f f u s i v i t y )  , m /s 

AT (maximum temperature) , K 700 

m 

m 

The s u r f a c e  h e a t  f low i n  terms o f  t h e  

a6/ay is g iven  by 

AT ae a 0  
- - - = 8 . 6  - (HFU 

ae 1 Q = X  - -  
m zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAay'  m H ay  a Y  

The r e l a t i o n s h i p  between r e a l  t i m e  ( t  

g iven  by 

H2 
t '  = - t = 870,000 t ( i n  y e a r s )  . zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAa 

m 

d imens ion less  the rma l  g r a d i e n t  

) and d imens ion less  time ( t )  is 

F i g u r e s  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA4 th rough 6 show t h e  g r a p h s  of temperature, stream f u n c t i o n ,  

v e l o c i t y  v e c t o r ,  and s u r f a c e  h e a t  f low produced by t h e  c o o l i n g  o f  an i n t r u s i v e  

d i k e  complex 1500 m i n  w i d t h  and 3900 m i n  h e i g h t  l o c a t e d  a t  t h e  l e f t  

boundary. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA l l  resul ts  were o b t a i n e d  w i t h  R a  = 200 and time ( t ' )  = 1 0 , 4 0 0  v. 

F i g u r e  4 is o b t a i n e d  w i t h  x = 2, F ig .  5 w i t h  X = 0 . 2 5 ,  F ig .  6 w i t h  x = 0.5. 
\ 

I t  is i n t e r e s t i n g  to n o t e  from F igs .  4 and 5 t h a t  t h e  s u r f a c e  h e a t  f l ow  

is h igher  f o r  t h e  case o f  lower p e r m e a b i l i t y  r a t i o  ( X I .  One can explain t h i s  

by o b s e r v i n g  t h e  f low p a t t e r n s  i n  t h e s e  f i g u r e s .  For t h e  case o f  t h e  h i g h e r  

x, t h e  f low is behaving l i k e  t h e  f low near  a v e r t i c a l  f l a t  plate and t h e r e f o r e  

produces  ve ry  l i t t l e  convec t i on  o f  h e a t  from t h e  top o f  t h e  d i k e  r e g i o n  to t h e  

s u r f a c e .  On t h e  o t h e r  hand t h e  lower p e r m e a b i l i t y  r a t i o  (x) produces  l a r g e  

c o n v e c t i v e  f low on t h e  top of t h e  d i k e  reg ion .  F i g u r e s  6 t h rough  8 p r e s e n t  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
17 



t h e  e f f e c t s  o f  t h e  d i k e ' s  v e r t i c a l  d imension on s u r f a c e  h e a t  flow. It is 

q u i t e  clear t h a t  t h e  closer t h e  top of t h e  i n t r u s i o n  is to t h e  surface, t h e  

h igher  t h e  r e s u l t i n g  surface heat f low. 

F i g u r e  9 p r e s e n t s  t h e  h i s t o r y  o f  s u r f a c e  h e a t  f low. The s h a r p  drop-off 

of s u r f a c e  h e a t  f l a w  i n  t h e  S a l t o n  Sea Geothermal F i e l d  (SSGF) as noted by 

Kasameyer and Younker' is c o n s i s t e n t  w i t h  t h e s e  numer ica l  r e s u l t s .  F i g u r e  

10 p r e s e n t s  t h e  temperature contour  plots a t  v a r i o u s  t i m e  steps. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA simple 

a n a l y t i c  model by Hanson8 i n v o l v i n g  h o r i z o n t a l  convec t ion  t r a n s p o r t  beneath 

a conduct ive  cap s u g g e s t s  t h a t  t h e  age o f  t h e  i n t r u s i v e  body is between 6000 

and 20,000 y ,  based on f i e l d  d a t a  from t h e  SSGF. F i g u r e  9 p r o v i d e s  more d a t a  

s u b s t a n t i a t i n g  t h i s  estimate of t h e  age o f  t h e  i n t r u s i v e  d i ke .  I n  Fig.  11, 

t h e  resul ts i n d i c a t e  t h a t  when zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAX is v e r y  small, m u l t i l a y e r  convec t ive  cells 

e x i s t .  

The appendix c o n t a i n s  t h e  f i n i t e - d i f f e r e n c e  h e a t  and mass t r a n s p o r t  

computer program used for t h e  above c a l c u l a t i o n s .  
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0 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
1 .o 

0.5 

1 

X zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI 1 1 1 1 I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1 1 
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2 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

3 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

h 

I 
(d) 

- 

I I 1 1 I I 

X 

. . .  ! . - - L - - - L i d  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAa !  . . . . . .  ! . . .  ! . . .  : I . .  . ! 
w - - - -  .. 3 . .  . . . . . . . . . . . . . .  -*.-..... . . . . . . . . . . . . . . . . . .  

\\\, . . . . . . . . . . . . . . . . . . . . . . . .  ~,, \ \ \  . . . . . . . . . . . . . . . . . . . . . .  

. . . . . . . . . . . . . . . . .  , , , , , ,  . . . . . . . . . . . . . . . . . . . .  
~ , ~ , , & , . . , . * , . . . . * . . . .  . . .  
J , , , .  . . . . . . . . . . . . . . . . . . . . .  
J , , , , . .  . . . . . . . . . . . . . . . . . . . .  
~ . . * ' # . . . . . . . . .  . . . . . . . . . . . .  

~ J # l ~ l # l * ~ ~ ~ ~ ~  I * I . I I I . * .  . -  

, , , . . . . .  . . . . . . . . . . . . . . . . . .  , * . . . - - . . . . . . . . . -  . . . . . . . . .  - -  C . . . .  . . . . . . . . . . . . . . . . . . .  *" . - . ' . -  . . . . . . . . . . . . . . . . . . . .  
" " C r . -  . . . . . . . . . . . . . . . . . .  

1 
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X 

F I G .  4 .  Temperature ( a ) ,  stream f u n c t i o n  ( b ) ,  v e l o c i t y  (c), and s u r f a c e  h e a t  
flow (d)  produced by c o o l i n g  of  i n t r u s i v e  d i k e  l o c a t e d  a t  l e f t  boundary. R a  = 

200, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAx = 2.0, TI = 0.9, and t = 0.012. 
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I 1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI 1 1 I I I 
I (a) zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1 .o 

1 .o 

0.5 

0 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
h 

I I 1 I I I 1 1 

/ 
1 - 1 

(b) 

I \. I 1 I I I 1 I I . zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAccww2 
X 

30 I I I I 1 1 I I I 

(d) 

- 

10 - - 

I I I I 1 1 1 0 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
FIG. 5. Temperature ( a ) ,  stream f u n c t i o n  ( b ) ,  v e l o c i t y  (c ) ,  and s u r f a c e  h e a t  
f l o w  (d )  produced by c o o l i n g  of i n t r u s i v e  d i k e  located a t  l e f t  boundary. R a  = 

200,  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAx = 0.25, q = 0.9,  and t = 0.012. 

20 



TZ zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
X zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA I I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA I I I 1 I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA OO 1 

Z 1 

Z 

X 

1 

X 

1 

0 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
5.0 

0'1 

:̂I 
X 

0' 1 



1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI I I I 

(a) 

- 

I I I 1 1 I 

1 .o 1 I f I I I 1 I I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
(b)' 

- 

'-- 
//j 

1 I I I 1 1 1 /' 

0.5 

) zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
0 

X 

FIG.  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA7. E f f e c t  of t h e  v e r t i c a l  d imension on tempera ture  ( a ) ,  stream f u n c t i o n  
(b) , v e l o c i t y  (c ) ,  and s u r f a c e  h e a t  flow (d) dur ing  c o o l i n g  of i n t r u s i v e  d i k e  
located a t  l e f t  boundary. R a  = 200, X = 0.5, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAll = 0.9, and t = 0.012. Note 
change i n  s i z e  o f  dike.  
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FIG. 8. E f f e c t  of t h e  v e r t i c a l  d imension on tempera ture  ( a ) ,  s t ream f u n c t i o n  
( b ) ,  v e l o c i t y  (c), and s u r f a c e  h e a t  f low (d )  du r ing  c o o l i n g  o f  i n t r u s i v e  d i k e  
l o c a t e d  a t  l e f t  boundary. Ra = 200,  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAx = 0.5, 11 = 0.9 ,  and t = 0.012. Note 
change i n  s i z e  of d i k e .  
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FIG. 9 .  History of surface heat flow for dike located a t  l e f t  boundary. Ra = 

200,  x = 0.5, rl = 0.9 w i t h  t = 0.004 a t  ( a ) ,  t = 0.008 a t  ( b ) ,  t = 0.012 a t  
( c ) ,  t = 0.016 a t  ( a ) ,  and t = 0.020 a t  (e ) .  
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F I G .  10.  Temperature contour  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAplots f o r  d i k e  l o c a t e d  a t  l e f t  boundary. R a  
= 200, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAx = 0.5, rl = 0.9 w i t h  t = 0.004 a t  ( a ) ,  t = 0.012 a t  ( b ) ,  and t = 0.02 
a t  (c ) .  
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FIG. 11. Multilayer convective ce l l s  a t  l o w  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAx rat io.  
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APPENDIX zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA: 
COMPU'ITR PIEOGRAM 

* * * * * * *  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
@OOOO 1 
000002 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
000003 
000004 
000005 

0 0 0 0 1  0 
00001 1 
0 0 0 0 1  2 
0 0 0 0 1  3 
0000 1 4 
0000 1 5 
0900 1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA5 
0000 1 7 
0 0 0 0 1  8 
0030 1 9 
000020 
00002 1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
000022 
000023 

CHAT 1 7 0 A  BOX zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAW42 0 7 : 5 1 : 3 0  0 8 / 0 8 / 7 9 R  

C 
C 
C 
C 
C 
C 

000057 
* * I ( * * % *  

V (  I ,  J )  
K R A T  I O 
I PWS 
i P w -  
: P H I  
I P H  
I U H  
I M A X  
JMAX 
D E L T  
D E L X  
D E L Y  
R E L A X  
R 
CYMAX 
I P L O T  

TEMPESATURE V A L U E  A T  G R I D  P O I N T  ( I , J )  
STREAM F U N C T I O N  VPILUE A T  G R I D  P O I N T  ( I , J )  
V E L O C I T Y  COMPONENT I N  X - D I R E C T I O N  A T  G R I D  P O I N T  ( 1 , J )  
V F I  A C I  TY COMPONENT 1 N 'f - D  I R E C T I  ON A T  G R I  D POI N T  ( zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI . J ) . _ _ _  - .  
V E R T I C A L  AND H O ~ I Z O N T A L  P E R M E A B i L l T Y  R A T I O  
L E F T  RCrUNDARY O F  D I K E  
R I G H T  POUNDARS O F  D I K E  
H E I G H T  OF T H E  D I K E  
H E I G H T  O F  T H E  D I K E  
L O C A T I O N  OF T H E  CAP ROCK 
MAXIMUM NUMBER O F  P O I N T  I N  X - D I R E C T I O N  
MAX I PllJM NLJMBER €IF P O  I N T  I N Y - D  I R E C T  I ON 
I N C R E M E N T A L  V A L 9 E  O F  E A C H  T I M E  S T E P  
I N C Y E M E N T 4 L  V A L U E  8F E A C H  G R I D  P O I N T  I N  X - D I R E C T I O N  
INCREMEPITPL V 4 L U E  O F  E A C H  G R I D  P O I N T  I N  Y - D I R E C T I O N  
R E L A X A T I O h  FACTOR U S E D  I N  S T R E A M  F U N C T I O N  I T E R A T I O N  
R A Y L E  I GH NUMSER 
M A X I M U M  NUMBEZ OF T I M E  S T E P S  D E S I R E D  
NUMDER OF T I M E  S T E P S  BETWEEN TWO R J E T  P L O T S  

000028 
olio029 
oono30 
OOO03 1 
0000:2 
000033 
000034 
000035 

C 
C 
C 

000040 
OOC04 1 
000542 
000043 
000044 
000045 
000046 
900047 
000048 
000049 
000050 
30005 1 
000052 
OG0053 

C 
C 
C 

C 
C 
C 

PROGRAM GEOTHERMAL(TAPE59 ,TAFE61)  
R E A L  K R A T I O  
D I  M E N S 1  ON T (  6 1  , 2 1  ) , S( 6 1  , 2 1  ) , U (  6 1  , 2 1  ) , V (  6 1  , 2 1  1 
D I M E N S I O N  C L ( 6 )  
D l P l E N S l O N  C S ( 6 )  
D I M E P i S I S N  )((61),Y(61),W(61),G(6l),B(61),TS(61) 
D A T A  T / 1 2 8 1  * O .  / 

C A L L  CHANGE ( " + G E O T H l  " 1 
C A L L  A S S I G N ( 6 1 , 6 H P R I N T 1 )  
C A L L  R J E T I D  
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n x % t t n % *  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
000058 
000059 
GOOOGO 

CHAT 

000064 
0 0 0 3 G 5  
OOOOC6 
000067 
000068 
003069 
000070 
0 0 0 0 7 1  
O C 0 0 7 2  
000073 
000074 
000075 
0 0 0 0 7 C  
000077 
000078 
000079 
000080 
00008 1 
000082 
000083 

000089 

000004 

000098 
oooc99 
0 0 0 1  00 
0 0 0 1 0 1  
0 0 0 1  02 
000 1 03 
000 1 04 
000 1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA05 
0 0 0 1  06 
000 1 07 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
000 1 08 
0 0 3 1  09 
0001 1 0  
0 0 0 1  1 1  
OClOl 1 2  
0 0 0 1  1 3  
0 0 0 1  1 4  

I n n * % * *  

50 

C 
C 
C 

C 
C 
C 

1 1  

1 2  

C 
C 

1 7 0 A  BOX W42 0 7 : 5 1 : 3 0  0 6 / 0 8 / 7 9 R  

C L (  1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA) = O .  1 
D B  50 1=2,6 
C L ( l ) = C L ( I - 1 ) + 0 . 2  
C B N T  I N U E  

MA1 N .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
I PWS= zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1 
I P W = 6  
CY MAX 20 
I P L B T = 4  
I U H - 2 0  
I P H I = 1 4  
1 P H =  I P H I  
D E L T = O . O O l  
I M A X = 4 1  
J M A X =  2 1 
R =  200. 
K R A T I O = O . O l  

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
B T H E R  C O M P U T A T I O N A L  C U N S T A N T S  _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -  

I MAX 1 = I MAX - 1 
J M P  Y 1 JMAX - 1 
I K A X 2 = 1 M A X - 2  
J M A X 2 - J M A X - 2  
T I M E = O .  
I C Y C - 0  
D E i Y = l . O / F L B A T ( J M A X l )  
D E L X = D E L Y  
X M A X = I M A X l * D E L X  
D E L T I N = l . / D E L T  
D E L X 2 1 = 1 . / ( D E L X * D E L X )  
D E L Y 2 I = l . / ( D E L Y % D E L Y )  
I P H l = I P H + l  
R E L A X = O .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA8 
I U H l  = I U H - 1  
E P S I = K R A T I U * D E L X * D E L Y 2 ) r D E L X  
R X =  R * D E L X r D E L X  
S M A X =  0 .  
S D E L = O .  
X (  1 ) = O .  
Y ( 1  ) = O .  
DO 1 1  1 = 2 , l M A X  
X ( I ) = X ( I - l ) + D E L X  
CONT I N U E  
DO 1 2  1 =2,  J M A X  
Y ( l ) = Y ( I - l ) + D E L Y  
C B N T  I N U E  

_ _ _ - - - - _ _ _ _ _ - _ _ _ _ _ _ - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -  
S E T  I N I T I A L  TEMPERATURE F I E L D  V A L U E S  
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* * * * * * x  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
0001 15 
O@Ol 16 
0001 17 
0001 18 
0001 19 
000 1 20 
0001 21 
GOO 1 22 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
oon 1 23 
000 124 
000 1 25 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
000 126 
0001 27 
000 1 28 
0001 29 
000 1 30 
OOCl31 
000 1 32 
000 1 33 
0001 34 
000 1 35 
0@01 36 
000 1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA37 
GOO 138 
0001 39 
OGO 140 
0001 41 
000 142 
0001 43 
OCOl44 
000 145 
000 1 46 
000 147 
0001 48 
0001 49 
000 1 50 
0001 51 
000 1 52 
000 1 53 
0001 54 
000 1 55 
000 1 56 
0001 57 
000 1 58 
000 1 59 
000 1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA60 
0001 61 
OOClb2 
0001 63 
GCO 1 64 
000 1 65 
000 1 56 
000 1 67 
O n 0  1 68 
000 1 69 
000 1 70 
0001 71 

I * * * * * *  

CHAT 170A BOX W42 07:51:30 08/08/79R MAIN. 

DO 10 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI =IPWS, IPW 
DO 10 J = l ,  I P H I  
T( I ,J )= l .O 

10 CONTINUE 

1 000 CONT I NUE 

\.I(l)=DELTIN + 2.*DELX21 
B(l)= -Z.*DELX2I/W(l) 
G(l)= DELTIN * T(1,l) + zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2 . r D E L Y 2 1 * ( T ( 1 , 2 ) - T ( l , l ) )  
G(l)=G(l)/W(l) 
DO 100 I r 2 , l M A X  
A=U(1,1)/(2 *DEL!() + DELX21 

100 

TS( IMAX)=G( IPlAX) 
DO 101 I=l,lMAXl 
I l=IMAX-I 
TS( I l )~G( I l ) -B (1 l ) *TS( l l + l )  

101 CONTINUE 

DO 105 J = 2 ,  JMAXl 
G ( 1 1 = D ( 1 , J ) / W ( 1 1 
DO 106 I =2, IMAX 
A=U(I.J)/(2.*DELX) +DELX21 
W(I)=W(l) + A*B(I-1) 
B ( I ) = ( U ( I . J ) / ( 2 . * D E L X ) - D E L X Z l ) / W ( I )  
G ( I ) = ( D ( I , J ) + A * G ( l - l ) ) / W ( I )  

106 CONTINUE 
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I I x x I I x * *  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
0 0 0 1  72 

CHAT 1 7 0 A  BOX W42 0 7 : 5 1  : 30 0 8 / 0 8 / 7 9 R  MA1 N 

000 1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA73 
000 1 74 
000 1 75 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
000 1 76 
000 1 77 
0001 78 
000 1 79 
0 0 0 1  80 
0 0 0 1 8 1  
0 0 0 1  82 
000 1 83 
000 1 84 
0001 85 
000 1 86 
OOGl87 

0 0 0 1  91 
000 1 92 
nno 1 93 
000 164 
0 0 0 1  95 
0 0 0 1  96 
000 1 97 

c00.206 
000207 

000209 
0002 1 0 
0 0 0 2 1  1 
0 0 0 2 1  2 
0002 1 3 

00020a 

3002 1 9 

000226 
000227 
000220 

n x * II x I * 

DO 107 1 = 1 , l M A X  
T ( I  J - l ) = T S ( I )  

i o 7  C O N ~ I N U E  

C 
C 
C 

T S ( l M A X ) = O ( I M A X )  
DO 108 I = l , l M A X l  
I l = I M A X - I  
T S (  I 1  )=G(I 1 ) - B (  I 1  ) * T S (  1 1 + 1  1 

i o 8  CONTINUE 
105 C O N T I N U E  

C 
C 
C 
C 

S T C R E  S O L U T I O N  FROM TEMPORARY STORAGE 
I N T O  TEMPERATURE F I E L D  

DO 109 I = l , l M A X  
T ( I , J M A X l ) = T S ( I )  

T I M E = T I M E + D E L T  
I C Y C = I C Y C + l  
GO T G  305 

1 0 9  C 9 N T I N U E  

C 
C 
C 

C 
C 
C 

180 

200 

C 

CONT zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI N U E  
I T I  M E = 2  
W (  1 ) = D E L T  
B ( l ) =  - 2 .  
G (  1 1 = D E L T  
G (  1 1 = G (  1 1 
DO 200 J= 

A = V (  1 .  J 

' I N  + 2 .  * D E L  
* D E L Y Z I  / W (  1 

' I N * T ( l , l )  + 
/ W (  1 )  
2, J M A X l  
) / ( 2 . * D E L Y )  

Y 2 1  
) 

2.  

+ 

x D E L X 2  

D E L Y  2 I 
W ( J ) = W t i )  + A * B ( J - l )  
B ( J ) = ( V ( l , J ) / ( 2 , * D E L Y ) - D E L Y 2 1 ) / W o )  
G l = D E L T I N * T ( l , J )  + Z 8 * D E L X 2 l * ( T ( 2 , J ) - T ( l , J ) )  
G ( J ) = ( G l  + A * G ( J - l ) ) / W ( J )  
C B N T  I N U E  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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* * * * * * I  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
000229 
000230 
00023 1 
000232 
000233 
GO0234 
000235 
000235 
000237 
000238 
000239 
000240 
OcJG24 1 
000242 
000243 
000244 
000245 
000246 
GO0247 
0 0 0 2 I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAP 
000249 
000250 
OOOZ5 1 
000252 
000253 

CHAT zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
c 
C 

J I  = J M A X ~  - J -  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
TS(J l )=G(J l ) -B (J l ) *TS(J l+ l )  
CBNT zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI NUE 20 1 

C 
C 
C 

D B  205 l=2, lMAX1 
G(l)=Dl(l,l)/W(l) 
D B  206 J-2,JMAXl 
A=V(I.J)/(2.*DELY) + DELY21 

206 

C 
C 
C 

000254 
000255 
000356 

DO 207 J = l ,  JMAXl 
T(I- l ,J)=TS(J) 
CONT 1 NUE 

__-_- .  

000257 
000258 
000259 
000260 
00026 1 
000262 
000253 
000264 
000265 

207 

C 
C 
C 

TS(JMAX1 )=G(JMAXl) 
DO 2 G e  J =  1 , JMAX2 
J1-JMAX1-J 
TS(J l )=G(J l ) -B(J l ) *TS(J l+ l )  
CBNT I NUE 
CONT I NUE 

208 
205 

C 
C 
C 

G ~ l ~ = D E L T I N * T O M A X , 1 ~ + 2 . * D E L X 2 I r ( T ( I M A X 1 , l ~ - T ~ I M A X , l ~ ~  
G( 1 1 = G (  1 )/W( 1 ) 

000276 
000277 
000278 
000279 

D O  21 0 J = 2 ,  JMAXl 
A=V(IMAX,J)/(2.*DELY) + DELY21 
WCJ)=W(l) + A*B(J-1) 

Gl=DELTINxT(lMAX,J) + 2 . * D E L X 2 1 * ( T ( I M A X l , J ) - T ( I M A X , J ) )  
G(J)=(Gl+A*G(J-l))/W(J) 
CBNT zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI NUE zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI (  J )  B ( J ) = ( V ( I M A X . J ) / ( 2 . * D E L Y )  - DELY21 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA) / k  

000280 
OOO28 1 
G@0282 
000283 
000284 
000285 

21 0 

C STORE SOLUTION INTO T 

* * * x x * *  
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f * l X * X I :  

000286 
COO287 
000288 
000289 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
ocjo3oo 
000301 
1)00302 
000303 

0003 1 3 
0003 1 4 
0003 1 5 
0003 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAi 6 
0003 1 7 
00031 8 
00031 9 
000320 
000321 
OC0322 
000323 
003324 
000325 
000326 
000327 
000328 
000329 
000330 
00033 1 
000332 

000336 
000337 
000338 
GO0339 
000340 
00034 1 
000342 

* * * * * * *  

CHAT 

21 1 

21 2 

C 
C 
C 

21 3 

C 
C 
C 

305 

31 1 
31 2 

31 6 

31 7 

31 5 
31 0 

C 
C 
C 

1 7 0 ~  BOX w42 0 7 : 5 1 : 3 0  08/0a/79~ 

DO 21 1 J = l ,  JMAXl 
T( lMAXl,J)=TS(J) 
COtrlTI NUE 

TS(JMAXl)=G(JMAXl) 
DO 21 2 J =  1 ,  JMAX2 
Jl=JMAXl - J  
TS(Jl)=G(Jl)-B(Jl)*TS 
CONT I NUE 

J 1 + 1  ) 

MA1 N .  

DO 213 J = l  JMAXl 
T ( I M A X . J ) = t S ( J )  
CONT I N U E  
TIME=TIME+DELT 
ICYC=ICYC+l 

GO TO 312 
JSTART=2 
DO 315 J=JSTART, lUHl 
ST=S(I+l,J)+S(I-l,J)+EPSl*(S(I,J+l)+S(l,J-l)) 
S T = S T + R X * ( T ( I + l , J ) - T ( l - l , J ) ) / ( 2 . * D E L X )  
ST=ST/(2*( l .+EPSI))  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
S T l  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA=S( I .  J )  

S(I,J) Sil,J)=RELAX*ST + (l.-RELAX)* 
IF(SMAX.GT.S(I .J))GO TO 316 
SMAX=S(I ,J)  
CONT I NUE 
IF(SMIN.LT.S(I,J))GB TO 317 
S M I N = S ( I , J )  
CONT I NUE 
DELSI=ABS(STl-S(I,J)) 
IF(DELS1.LT.DELS)GO TO 315 
DELS=DELSl 
CBNT I NUE 
CONT I NUE 

IF(DELS.GT.l.OE-5)GO TO 305 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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m * x * * * m  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
000343 
000344 
000345 
000346 
0 0 0 3 4 7  
000348 
0 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA0 0 3 4 9 
000350 
000351 
000352 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
00036 i 

CHAT 1 7 0 A  BOX W42 0 7 : 5 1 : 3 0  0 8 / 0 8 / 7 9 R  MA1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAN .  

W R i T E ( i 0 0 , 3 ) T I M E  

C A L L  RCONTR ( 6, C L ,  0, T ,  6 1 , X, 1 , zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI MAX,  1 , Y ,  1 , J M A X ,  1 1 
C A L L  FRAME 

3 F O K M A T ( " T E M P E R A T U R E  A T  T I M E  = " F 7 . 3 )  

C 
C 
C 

000366 360 

000570 
0 0 0 3 7 1  
000372 

000374 
000375 
000376 
000377 
000378 
000379 
000380 

000373 

0 0 0 3 8 1  
000382 
000383 
000384 
000385 
000336 
000387 
000388 
300389 
000390 
0 0 0 3 9 1  
000392 
000393 
000394 
000395 
000396 
000397 
000398 
000399 

* * * * * x *  

4 

C 
C 
C 

4000 

4 1 0  

400 

C 
C 
C 

5 

C S  ( 6 )  = O .  
D S = ( S M A X - S M I N ) / S . O  
DO 360 1=2,5 
C S ( I ) = C S ( I - l ) + D S  
CONT 1 NUE 
C A L L  M A P S ( 0 .  , X M A X , O . ,  1 .  , O .  1 1 ,  1 . O , O .  1 1  , O .  4 3 )  
C A L L  S E T L C H ( 0 . 5 , l  . 5 , 0 , 0 , 2 , 0 )  
WRI T E [  1 0 0 . 4 )  
FORMAT ( " S ~ R E A M  FUNCT I ON" ) 

C A L L  RCONTR(  6, CS, 0, S, 6 1  , X,  1 , I MAX,  1 , Y ,  1 , JMAX,  1 1 
C A L L  FRAME 

CUNT I NUE 
SMAX.0. 
DO 400 I = l , l M A X  
DO 400 J = l ; I U H  
U ( I , J ) = ( S ( I , J + l ) - S ( l , J - l ) ) / ( 2 . * D E L Y )  
V ( I , J ) = ( S ( I - l , J 1 - S ( l + l , J ) ) / ( 2 . * D E L X )  
IF(ABS(U( I ,J ) ) .LE.SMAX)G€I  TO 4 1 0  
S M A X = A B S ( U ( I , J ) )  
IF (kBS(V( I , J ) ) .LE .SMAX)GO TO 400 
S M A X = A B S ( V ( I , J ) )  
CONT 1 N U E  
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CHAT zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
000305 

430 

0004 i o  

0064 1 4  
0004 15 
0004 1 6 
0004 1 7 
0004 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA18 
0004 19 
000420 
00042 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1 
000422 
000423 
000A2.1 
000425 
000426 
000427 
000328 
CC0429 
000430 
OC043 1 
000432 
000433 

000437 
000438 
000439 
000440 
00044 1 
000442 
030443 
000444 
GO0445 
000446 
000447 
COO448 
DOC449 
OC0450 
00045 1 
000452 
000453 
000454 
000455 
000456 

X X + I X X *  

C 
C 
C 

6 

4 5  1 

460 

450 

C 
C 
C zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
7 

500 

C 
C 
C 

5 1  0 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
8 

1 7 0 A  BOX W 4 2  0 7 : 5 1 : 3 0  0 8 / 0 8 / 7 9 R  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
DO 430 J.2, J M A X l  
X S = X (  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI )  
Y S = Y ( J )  
F A C r 2 . 5  
X E = X S + F A C * U ( I , J ) * D E L X / S M A X  
Y E = Y S + F A C * V ( I , J ) * D E L Y / S M A X  
C A L L  P L O T V ( X S , Y S , X E , Y E )  
CONT 1 N U E  
C A L L  FRAME 

MA1 N.  

C A L L  M A P S  ( 0 .  , XMAX, 0 .  
C A L L  S E T L C H ( 0 . 5 ,  1 .5,6,0,2,0) 
W R I T E ( 1 0 0 , 6 )  
F B k M A T  ( " T E M P E R A T U R E  PROF I L E S "  ) 
DO 450 I = l . I M A X 1 . 1 0  

1 . , 0 .  1 1 ,  1 I 0 , O .  1 1 , 0 I 43 I 

X S = X (  I )  
C A L L  L I N E ( X S , l . O , X S , O .  
DO 460 J= 1 , J M A X  
T S ( J ) = T ( I , J ) * 0 . 5 + X ( I )  
CONT 1 N U E  
C A L L  T R A C E ( T S , Y , J M A X )  
CONT I N U E  
C A L L  F R A M E  

X S = X (  I )  
C A L L  L I N E ( X S , l . O , X S , O .  
DO 460 J= 1 , J M A X  
T S ( J ) = T ( I , J ) * 0 . 5 + X ( I )  

C A L L  

C A L L  F R A M E  

CONT zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI 1\11 IF 

CONT 1 I Y V L  

H M A X = O .  
C A L L  M A P S ( 0 .  
C A L L  S E T L C H  (0.5,24. , 0, 0,2,0 1 
W R I T E (  1 0 0 ,  7) 
F O R M A T (  " S U R F A C E  H E A T  FLOW" 1 
DO 530 I = l , l M A X  
W ( I ) = ( T ( I , J M A X 2 ) - T ( I , J M A X ) ) / ( 2 . * D E L Y )  
W ( l ) = W ( I ) * 8 . 6  
CONT I N U E  
C A L L  T R A C E ( X , W ,  I M A X )  

XMAX, 0 .  ,20. , O .  1 1 ,  1 . O , O .  1 1  , O .  3)  

C A L L  M A P S ( 0 .  , X M A X ,  O . ,  0 . 5 , O .  1 1 , l .  0 , O .  6 1 , O .  8 )  
DO 5 1 0  I = l . l M A X  
W ( I ) = T ( l , l U H )  
CONT I N U E  
C A L L  S E T L C H ( 0 . 5  
WRI T E (  1 0 0 , 8 )  
FORMAT ( " TEMPERA 
C A L L  T R A C E  ( X , W, 
C A L L  F R A M E  

, l  . o  

TURE 
I MAX 

0,2,0) 

: N E A T H  T H E  C A P " )  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

36 



I * * * * * *  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
000057 
000458 
000459 
000460 
0 0 0 4 6 1  
OO(3462 
000463 
0 0 0 4 6 4  
000165 

000471  
000472 
000473 
C O O 4 7 4  
0 0 0 4 7 5  
000476 
000477 
000478 
000479 
0 0 0 4 8 0  
0 0 0 4 8 1  
000482 
0 0 0 4 8 3  

.* I****  

CHAT 1 7 0 A  BOX W42 0 7 : 5 1 : 3 0  0 8 / 0 8 / 7 9 R  M A I N .  

4 0 1 0  C O N T I N U E  
I F ( I T I M E . E Q . 1 ) G U  TO 1 8 0  
I F ( I C Y C . L E . C Y M A X ) G O  TO 1 0 0 0  

900 

9 0 0 1  
20 

9002 

2 1  

P R I  N T  9000 I 
F O W l A T ( " 1  T H I S  IS 
DO 20 I = l , l M A X  
P R I N T  9 0 0 1 , ( T ( I , J ) ,  
FORMAT ( 1 H , 1 1 F 1 0 . 5  1 
CONT zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI N U E  
P R I N T  9002 
F B R M A T ( l H 1  
DO 2 1  1 = 1  
P R I N T  900: 
CONT I NUE 
C A L L  E X I T  
E K D  

" S T R €AM 

, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA( S (  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI ,  J ) ,  
i M A X  

T H E  TEMPE 

J = 1 ,  J M A X )  

F U N C T  I ON"  

J = l ,  J M A X )  

RATURE 

1 

D A T A "  ) 

U. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAS .  Government Printing Office: 1981/1-789402/5540 
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