
-- a) 
U CRL-52888 

Effect of permeability 
on cooling of 

a magmatic intrusion 
in a geothermal reservoir 

K. H. Lau 

January 11, 1980 



DISCLAIMER 
 

This report was prepared as an account of work sponsored by an 
agency of the United States Government.  Neither the United States 
Government nor any agency Thereof, nor any of their employees, 
makes any warranty, express or implied, or assumes any legal 
liability or responsibility for the accuracy, completeness, or 
usefulness of any information, apparatus, product, or process 
disclosed, or represents that its use would not infringe privately 
owned rights.  Reference herein to any specific commercial product, 
process, or service by trade name, trademark, manufacturer, or 
otherwise does not necessarily constitute or imply its endorsement, 
recommendation, or favoring by the United States Government or any 
agency thereof.  The views and opinions of authors expressed herein 
do not necessarily state or reflect those of the United States 
Government or any agency thereof. 



DISCLAIMER 
 
Portions of this document may be illegible in 
electronic image products.  Images are produced 
from the best available original document. 
 



DISC L A  I M E R 

This document was prepared as an account of work sponsored by an agency o f  the United States Government. 
Neither the United States Government nor the University o f  California nor any o f  their employees, makes 
any warranty. express or implied, or assumes any legal liability or responsibility for the accuracy, com- 
pleteness, or usefulness o f  ant information, apparatus, product, or process disclosed, or represents that its 
use would not infringe privately owned rights. Reference herein to any specific commercial products, process, 
or service by trade name, trademark, manufacturer, or otherwise, does not necessarily constitute or imply its 
endorsement. recommendation, or favoring by the United States Government or the University o f  California. 
The views and opinions o f  authors expressed herein do not necessarily state or reflect those o f  the United 
States Government thereof, and shall not be used for advertising or product endorsement purposes. 

Work performed under the auspices o f  the US. Department o f  Energy by Lawrence Livermore National 
Laboratory under Contract W-7405-Eng-48. 



UCRL-52888 
Distribution Category U C-66b 

_ _ _ - -  

Effect of permeability 
on cooling of 

a magmatic intrusion 
in a geothermal reservoir 

K. H. Lau* 

Manuscript date: January 11 ,  1980 

*University of Hawaii at Hilo, LLNL Summer Institute Employee. 

LAWRENCE LIVERMORE LABORATORY 
University of California Livermore, California 94550 

Available from: National Technical Information Service 0 U.S.  Depanmeni  of Commerce 
5285 Port Royal Road 0 Springfield, VA 22161 S6.00 per copy 0 (Microfiche$3.50 ) 

m4ur!cre Bc ms mmvr is ' i ; ! . L t ~ E u  





CONTENTS 

. . . . . . . . . . . . . . . . . . . .  V Nomenclature 

Abstract 

Introduction 

. . . . . . . . . . . . . . . . . . . . .  1 

. . . . . . . . . . . . . . . . . . . .  1 

Description of Modeling Process . . . . . . . . . . . . . .  3 

Governing Equations . . . . . . . . . . . . . . . .  3 

Boundary and Initial Conditions . . . . . . . . . . . .  
Numerical Method 5 

Numerical Results . . . . . . . . . . . . . . . .  15 
Acknowledgments . . . . . . . . . . . . . . . . . . .  27 

References . . . . . . . . . . . . . . . . . . . .  28 

Appendix: Computer Program . . . . . . . . . . . . . . .  29 

4 

. . . . . . . . . . . . . . . .  

iii 





KX 
K 

1-I 
Y 

P 

B 

'm 
t '  

t 

X 
Y 
rl 

PO 
Q 
HFU 

NOMENCLATURE 

v e l o c i t y  components i n  t h e  x and y d i r e c t i o n s ,  r e s p e c t i v e l y  

d i m e n s i o n l e s s  v e l o c i t y  component i n  t h e  x an6 y d i r e c t i o n s ,  

re spec t ive  l y  

g r a v  it a t  i ona 1 acce  l e  r a t i o n  

d e p t h  of  t h e  r e s e r v o i r  f l o o r  

w id th  o f  t h e  r e s e r v o i r  

t h e r m a l  c o n d u c t i v i t y  o f  t h e  po rous  meclium 

t h e r m a l  c o n d u c t i v i t y  o f  t h e  cap rock 

stream f u n c t i o n  

d i m e n s i o n l e s s  stream f u n c t i o n  

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

d i m e n s i o n l e s s  temperature 
0 

maximum t e m p e r a t u r e  r e f e r e n c e d  to  T 0 (= Tmax - T o )  

Cartesian c o o r d i n a t e s  

d imen s i o n  less coor d i n a  t e  s 

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  

Rayle  i g h  number 

p e r m e a b i l i t y  i n  x d i r e c t i o n  

p e r m e a b i l i t y  i n  y d i r e c t i o n  

v i s c o s i t y  o f  f l u i d  

d e n s i t y  o f  f l u i d  

t h e r m a l  expans ion  c o e f f i c i e n t  

t h e r m a l  d i f f u s i v i t y  of f l u i d  porous medium 

t i m e  

d imen s i o n  less t i m e  

p e r m e a b i l i t y  r a t i o  K /K 

h e a t  c a p a c i t y  r a t i o  ( p c )  , / (pc) ,  

d i m e n s i o n l e s s  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  

0 

V 



S u b s c r i p t s  

f f l u i d  

m c o u n t r y  rock 

i index  i n  x d i r e c t i o n  

j index  i n  y d i r e c t i o n  

Superscript 

k 

2n + 1 

index  i n  a r b i t r a r y  t i m e  s t e p  k 

i ndex  i n  ( 2 n + l ) t h  t i m e  s t e p  

v i  



EFFECT OF PERMEABILITY ON COOLING OF 

A MAGMATIC INTRUSION I N  A 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 conduc t 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  c a p  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 t h  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  c o n v e c t i o n  cells  are obse rved  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  

t h a n  v e r t i c a l  p e r m e a b i l i t y .  The s h a r p  drop-off  of s u r f a c e  h e a t  f l aw  

e x p e r i m e n t a l l y  obse rved  a t  SSGF is c o n s i s t e n t  w i t h  t h e  numer i ca 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  . 

INTRODUCTION 

Because hydro thermal  sys tems of  a p a r t i c u l a r  geothermal  f i e l d  are 

impor t an t  i n  a l l  aspects of geothermal  power p r o d u c t i o n ,  g e o p h y s i c i s t s  and 

geothermal  r e s e r v o i r  e n g i n e e r s  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  c rus t .  These i n t r u s i o n s ,  a lso known as p l u t o n s ,  are coo led  by 
s u r r o u n d i n g  c o u n t r y  r o c k .  If t h e  neighboring f o r m a t i o n s  are permeable and 

saturated w i t h  ground w a t e r ,  t h e n  c o n v e c t i v e  hydro thermal  sys t ems  can  r e s u l t .  

The n a t u r e  of t h e s e  hydro thermal  sys t ems  is de termined  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 rma t  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 .  

conduc t ion  a lone .  

also p l a y s  an impor t an t  role i n  h e a t  t r a n s f e r  i n  geo the rma l  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  c o n v e c t i o n  o f  ground water 

Numerical model ing s t u d i e s  of d ike- induced  c o n v e c t i o n  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  

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

s t r e s s - c r a c k i n g  t empera tu re .  

Norton and Knight4 r e s e a r c h e d  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 n c l u d e d  i n  t h e  a n a l y s i s .  

Kasameyer and Younker' s u g g e s t e d  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  geo the rma l  g r a d i e n t  i n  t h e  S a l t o n  Sea Geothermal F i e l d  (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  c o n v e c t i o n  takes i n t o  accoun t  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  

permeabilities 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. 

P H  m 
U 
S 
2 

Y 

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 geo the rma l  
r e s e r v o i r  w i t h  d i k e  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 

a u t  a v l  a x , + , y , = O  

u' = 

-K 

P 
v' = (F + Pg) I 

p = Po (1 - 6 0 ' )  

When one introduces the stream function 9'  and the fgllowing 
dimensionless variables, 

-aC1 a y '  u' - 

a m t = - t '  I 2 H 

X' 
H I  

x = -  

0 '  (3 = -  
AT I 
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u'H 

m 
u = -  

cy. 

v'H 
cy. m 

v = -  

P o  Rg K H AT 
R a  = I 

t h e  nondimensional  form of t h e  gove rn ing  e q u a t i o n s  becomes 

9ae 9 E - a2e E + (ay) (a,) - !a,) (ay) - a x  2 + - ay2  I 

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

2 
aY 

2 3, 

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  r e g i o n  e x c e p t  i n  t h e  i n t r u s i v e  a rea ,  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  t empera tu re ;  i .e . ,  

The b o u n d a r i e s  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 b o u n d a r i e s  benea th  t h e  cap rock  are impermeable to  f l o w  and t h e r -  

mally c o n d u c t i v e ;  i . e .  I 

4 



I 

I t  is assumed t h a t  X = X so t h a t  Eq. ( 1 6 )  a p p l i e s  to b o t h  t h e  c a p  rock 

and t h e  permeable  r eg ions .  
c a p  m 

The b o u n d a r i e s  a t  y = 0 are impermeable to  f low and t h e r m a l l y  

ncnconduct ive ;  i . e . ,  

* ( X I O )  = 0 , 
and 

a6 - (x ,O) = 0 . 
aY 

NUMERICAL mTHOD 

The energy  e q u a t i o n  ( 1 6 )  is s o l v e d  n u m e r i c a 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  Implicit  (ADI) methodI7 and t h e  f low f i e l d  e q u a t i o n  ( 1 7 )  by t h e  

Gauss-Seidel  i t e r a t i o n  method. The r e g i o n  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 v e n  by ( x i ,  y . ) ,  
7 

i j 

Y 

1 

F I G .  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 i ca l  s o l u t i o n .  
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A second-order  f i n i t e - d i f f e r e n c e  approximat 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 ima t ion  f o r  all 

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 r m u l a t i o n  can  be e a s i l y  adap ted  to  t h e  upwind scheme. 

The AD1 f o r m u l a t i o n  of t h e  ene rgy  e q u a t i o n  ( 1 6 )  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  approximat ion  €or ( 2 n + l ) t h  t i m e  s t e p  is g i v e n  a s  

2n+l  2n+l  + @2n+l  2n 2n 2n . - 2 4  . - 2 e i , .  + e i ,  i - L ,  + ‘ i , j + l  
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 i ons  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 s u r f a c e .  

6 



At the vertical boundary x = 0 (i.e., i = l), the condition ae /ax  = 0 

requ i res that 

k 
Note that e o  
time step k. With the aid of q. (29), Eq. (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 a e / a x  

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 e k  = e i,O 

7 



/ 

Combining Eqs. (33)  and (281, w e  o b t a i n  

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

i , 2  i ,I 
( A Y )  

A t  y = 1, t h e  boundary c o n d i t i o n  is 

e k  = o  
i , M  (35)  

f o r l < i L N .  - 

Equa t ions  ( 2 8 ) ,  (291, and (33)  l e a d  t o  

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

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

N s i m u l t a n e o u s  equat i -ons  of t h e  form 

8 



where 

2n 
1 U 

- i,j-- 
2 _ -  

(AX)  
A i , j  2Ax 

for 1 5 j 5 M - 1, 1 5 i 5 N - 1 I 

(44)  

f o r l 5 j Z M - 1  I 

9 



f o r l < i < N - l  . - -  

The s o l u t i o n  o f  Eqs. ( 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  

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 c o m p u t a t i o n a 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 i m u l t a n e o u s  e q u a t i o n s  is t h e  f o l l o w i n g .  

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

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

t h rough  (54)  are e v a l u a t e d ,  proceed t o  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  Eqs. (48)  th rough  

(54)  a t  p r e v i o u s  t i m e  s tep temperature v a l u e s .  

(48 )  t h rough  

The v a l u e s  o f  t h e  t e m p e r a t u r e  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  s tep is g i v e n  as 

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

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

2n+2 
i ,  j-1 

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

Equa t ion  (55)  can  b e  rewrit ten as 

\ 
2 n + 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  
i,j-- + 

2Ay ( A Y ) ~  

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

i-l,i . - 2e e 2n+l  
i + l  I 3 i,i + 

( A X )  

Equa t ion  ( 5 6 ) ,  when combined w i t h  boundary c o n d i t i o n s  ( 2 9 ) ,  (31), ( 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 - - 1 02n+l  + 2n+l 2n+l  2 + (*+) ( A Y )  '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 

(E + &) ' N , 1  (AY)  

E q u a t i o n s  ( 5 6 )  t h rough  (61)  c o n s i s t  of N sets of ( M  - 1) s i m u l t a n e o u s  

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  - 1, 1 - -  C j < M -  1 I 
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f o r l < j < M - 1  - -  . 
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 r a . i g h t f o r w a r d  manner. L e t  

w l = B  , 

C 
i l i  

j 
b -  

W j 

Di ,I - -  - 
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  

( 7 3  

(77)  

(78 

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

e q u a t i o n  (17)  is 

14 



'i+l , 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  flow 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 o w s :  

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

F i g u r e  3 

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  s tep u s i n g  

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  Eqs. (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  ( 2 n + 2 ) t h  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. I f  t he  maximum time s t e p  is reached ,  t hen  the  program is t e r m i n a t e d .  

Otherwise  a r e t u r n  t o  s t e p  2 is r e q u i r e d .  

Compute temperature field, 
stream function, and velocity . - 
field for (2N + 1 )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  4 

t 
Plotting 
routine 

F I G .  3. Flowchart  diagram of the  numer ica l  computat ion p rocedures .  
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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 i ca l  computation are 

Parameter  V a l u e  

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

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

L ( w i d t h ) ,  m 12 000 

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 i v e n  by 

AT ae  a 0  
- - - = 8 . 6  - (HFU ae 1 Q = X  - -  

m ay'  m H a y  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 i v e n  by 

H 2  t '  = - t = 870 ,000  t ( i n  y e a r s )  . a m 

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

) and d i m e n s i o n l e s s  time ( t )  is  

F i g u r e s  4 t h 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. A l l  resu l t s  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 i g .  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 i g s .  4 and 5 t h a t  t h e  s u r f a c e  h e a t  f l o w  

is h i g h e r  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 nea r  a v e r t i c a l  f l a t  p la te  and t h e r e f o r e  

p roduces  v e r y  l i t t l e  c o n v e c t i o n  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) p r o d u c e s  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  r e g i o n .  F i g u r e s  6 t h r o u g h  8 p r e s e n t  

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  dimension 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 ighe r  t h e  r e s u l t i n g  surface heat flow. 

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  flow. 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 con tour  plots a t  v a r i o u s  t i m e  steps. A 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  benea th  

a conduc t 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 k e .  I n  Fig.  11, 

t h e  resul ts  i n d i c a t e  t h a t  when X 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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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, x = 2.0, TI = 0.9, and t = 0.012.  
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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,  x = 0.25, q = 0.9 ,  and t = 0.012. 
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F I G .  7. E f f e c t  of t h e  v e r t i c a l  d imens ion  on t empera tu re  ( 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)  d u r i n g  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, ll = 0.9, and t = 0.012. Note 
change i n  s i z e  o f  d ike .  
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APPENDIX : 
COMPU'ITR PIEOGRAM 

* * * * * * *  
@OOOO 1 
000002 
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 5 
0000 1 7 
0 0 0 0 1  8 
0030 1 9 
000020 
00002 1 
000022 
000023 

CHAT 1 7 0 A  BOX W42 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  ( I . 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 % *  

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 05 
0 0 0 1  06 
000 1 07 
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 )=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 .  

I PWS= 1 
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. 
KRATIO=O.Ol 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
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 .  8 
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  

0001 15 
O@Ol 16 
0001 17 
0001 18 
0001 19 
000 1 20 
0001 21 
GOO 1 22 
oon 1 23 
000 124 
000 1 25 
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 37 
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 60 
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 I =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) + 2.rDELY21*(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 
Il=IMAX-I 
TS(Il)~G(Il)-B(1l)*TS(ll+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.*DELX)-DELXZl)/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 * *  

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 73 
000 1 74 
000 1 75 
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 I 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 )  + Z8*DELX2l*(T(2,J)-T(l,J)) 
G ( J ) = ( G l  + A * G ( J - l ) ) / W ( J )  
C B N T  I N U E  
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* * * * * * I  

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 P 
000249 
000250 
OOOZ5 1 
000252 
000253 

CHAT 
c 
C 

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

C 
C 
C 

DB 205 l=2, lMAX1 
G(l)=Dl(l,l)/W(l) 
DB 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(Jl)=G(Jl)-B(Jl)*TS(Jl+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 

DO 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 I NUE 

I (  J )  B(J)=(V(IMAX.J)/(2.*DELY) - DELY21 ) / 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 

ocjo3oo 
000301 
1)00302 
000303 

0003 1 3 
0003 1 4 
0003 1 5 
0003 i 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 07:51:30 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)) 
S T l  =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 
SMIN=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 
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m * x * * * m  

000343 
000344 
000345 
000346 
0 0 0 3 4 7  
000348 
0 0 0 3 4 9 
000350 
000351 
000352 

00036 i 

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

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 , I 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.*DELY) 
V(I,J)=(S(I-l,J1-S(l+l,J))/(2.*DELX) 
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 

000305 

430 

0004 i o  

0064 1 4  
0004 15 
0004 1 6 
0004 1 7 
0004 18 
0004 19 
000420 
00042 1 
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 

7 

500 

C 
C 
C 

5 1  0 

8 

1 7 0 A  BOX W 4 2  0 7 : 5 1 : 3 0  0 8 / 0 8 / 7 9 R  

DO 430 J.2, J M A X l  
X S = X (  I )  
Y S = Y ( J )  
F A C r 2 . 5  
XE=XS+FAC*U(I,J)*DELX/SMAX 
YE=YS+FAC*V(I,J)*DELY/SMAX 
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 I 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,JMAX2)-T(I,JMAX))/(2.*DELY) 
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 " )  
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I * * * * * *  

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 I 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  
EKD 

" S T R €AM 

, ( S (  I ,  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. S .  Government Printing Office: 1981/1-789402/5540 
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