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M O D E L S  FOR THE STUDY OF L O C A L  E F F E C T S  P R O D U C E D  
BY A H I G H - L E V E L  R A D I O A C T I V E  W A S T E  R E P O S I T O R Y

J.C. F e r r er i and G.M. Grandi 
C o m i s i o n  N a c i o n a l  de E n e r g í a  A t óm ic a 

Gcia. P r o t e c c i ó n  R a d i o l ó g i c a  y S e g u r i d a d  
Avda. del L i b e r t a d o r  8250 

1429 Buenos Aires, A r g e n t i n a

S U M M A R Y

N u m e r i c a l  r e s u lt a are o b t a i n e d  for the local e f fe ct s pro- 
d u c e d  by the e m p l a c e m e n t  of a h i g h - l e v e l  w a s t e  r e p o s i t o r y  in a 
g r a n i t i c  rock. Th es e r e su lt s imply c o n s i d e r i n g  the c o u p le d 
t h e r m a l - f l o w  p r o b l e m  in a po ro us media. The m e t h o d  d e s c r i b e d  
h e r e w i t h  is based in the s o l u t i o n  of the g o v e r n i n g  e q u a t i o n s  by 
b o u n d a r y - f i t t e d  finite d i f f e r e n c e s ,  with a s p e c i a l  t r e a t m e n t  of 
the heat sources. The c a l c u l a t i o n s  are p e r f o r m e d  in terms of 
p r i m i t i v e  v a r i a b l e s  by two s o l u t i o n  te ch n i q u e s ,  na m e l y  itera- 
tive and direct, the la t t e r  e m p l o y i n g  a sp ar se m a t r i x  solver. 
An e x t e n s i ó n  of the t e c h n i q u e  aimed at i n c l u d i n g  d i s c r e t e  f r a c ­
tures is also di sc us se d.

1. I N T R O D U C T I O N

The m ú l t i p l e  scales a s s o c i a t e d  w i t h  the m o d e l l i n g  of the 
local e f f e ct s of the e m p l a c e m e n t  of a n u c l e a r  waste r e p o s i t o r y  
have been d i s c u s s e d  in de ta il by F e r r e r i  and V e n t u r a  /1/, with 
r e f e r e n c e  to the t h er ma l h i s t o r y  of the system. In this refe- 
rence the a u th or s showed that p r o p e r  t r e a t m e n t  of the heat 
s o u r c e s  lead to s i g n i f i c a n t  e c o n o m y  and a c c u r a c y  in the p r e d i c -  
tions. The c o n v e n t i o n a l  a p p r o a c h  to the m o d e l l i n g  of flows with 
c o n c e n t r a t e d  heat sour ce s im pl y g e n e r o u s  grid r e f i n e m e n t s  in 
the v i c i n i t y  of the s o ur ce s and, c o n s e q u e n t l y , a large nu m b e r  
of nodes (of the order of 1 0 11) in the th r e e - d i m e n s  i ona 1 (3D) 
case. If it is c o n s i d e r e d  that one must usual'ly deal with a 
large n u m b e r  of heat s o ur ce s a n d / o r  a large n u m b e r  of time 
steps, then, k e e p i n g  a low n u m b e r  of nodes (of the or de r of 
2, 00 0 in 3D) makes the c o m p u t a t i o n s  a t t a i n a b l e  with a "gen er al 
p u r p o s e "  C o m p u t e r  (as the one a v a i l a b l e  at CNEA).

A n a t u r a l  e x t e n s i ó n  to the results of r e f e r e n c e  /1 / is 
s h o w n  in this paper, n a m e l y  c o n s i d e r i n g  the s i m u l a t i o n  of the 
f l o w - f i e l d  e v o l u t i o n  as time elapses. In this case, the g o v e r n ­
ing e q u a t i o n s  are solved by means of a b o u n d a r y - f i t t e d , f i n i te - 
d i f f e r e n c e  te ch ni qu e, in terms of the so called "p r i m i t i v e  
v a r i a b l e s "  in a po r o u s  media; i . e . , ve 1 o c i t y - p r e s s u r e  for the 
N a v i e r - S t o k e s  e q u a t i o n s  and t e m p e r a t u r e  for the e n e r g y  equa- 
tion. The m o m e n t u m  e q u a t i o n s  are solved u n d e r  D a r c y ' s  a p p r o x i -  
m a t i o n  with the fluid c o n s i d e r e d  as al mo st i n c o m p r e s s i b l e ,  al-



l o w i n g  for a t h e r ma l d r i v i n g  so u r c e  - o b t a i n e d  from the B o us si - 
nesq e x p a n s i ó n -  for the fluid density. We c o n s i d e r e d  that the 
rock was in t h e r ma l e q u i l i b r i u m  with the fluid, thus in turn 
a l l o w i n g  to c o n s i d e r  a single e n e r g y  e q u a t i o n  for a me di a with 
e q u i v a l e n t  pr op e r t i e s .

R e s u l t a  for some cases of i n te re st , to be sh ow n later, 
w e re o b t a i n e d  from two v e r s i o n s  of the code. The first one was 
of the i t e r a t i v e  type (r u n n i n g  an a d a p t a t i o n  of the code of 
M a r t í n e z  and F e r r e r i  /2/) w i th e x p l i c i t  a d v a n c e m e n t  of the 
e n e r g y  e q u a t i o n  and a s e m i - i m p l i c i t  s o l u t i o n  a l g o r i t h m  for the 
m o m e n t u m  and mass c o n s e r v a t i o n  e q u a t i o n s .  The se co nd v e r s i ó n  
was based in the same a p p r o x i m a t i o n  to the g o v e r n i n g  eq ua ti on s, 
a l t h o u g h  a di re ct s o l v e r  was e m p l o y e d  i n st ea d. In this way, a 
f u l l y  i m p l i c i t  a p p r o x i m a t i o n  to the flow e q u a t i o n s ,  t o g e t h e r  
witji the cha ra c t e r i s t i c s of the solver, a l l o w e d  for the ob te n- 
tion of a robust code. A recent e x t e n s i ó n  of this m e t h o d  per- 
m i t t e d  to i n c l u d e  d i s c r e t e  f r a c t u r e s  in the field.

In what follows, c o n s i d e r a t i o n  is gi ve n to the n u m e r i c a l  
a p p r o x i m a t i o n  to the g o v e r n i n g  e q u a t i o n s ,  the c o m p u t a t i o n a l  
a l g o r i t h m s  are d e s c r i b e d  and some c a l i b r a t i o n  r e s u lt a are 
shown, a l t h o u g h  for the t w o - d i m e n s i o n a l  .(2D) case.

2. G O V E R N I N G  E Q U A T I O N S

The e q u a t i o n s  for n a t u r a l  c o n v e c t i o n  in a po ro us media 
h a ve b e en d i s c u s s e d  by m a ny auth or s. A m o n g  them, Ene and 
Sa'nchez-Palenc ia / 3 / c o n s i d e r e d  the v a l i d i t y  of the us ua l 
a p p r o x í m a t i o ñ s  to the N a v i e r - S t o k e s  e q u a t i o n s  in g e ne ra l terms 
and H o d k i n g s o n  et al. / 4- / c o n s i d e r e d  the t h e r m a l  a s p e c t s  of a 
r e p o s i t o r y  be h a v i o u r ,  i n c l u d i n g  the v a l i d i t y  of the g o v e r n i n g  
e q u a t i o n s ,  in the c o nt ex t of r e p o s i t o r y  m o d e l l i n g .

Then, un de r D a r c y ' s  a p p r o x i m a t i o n  for the mo me n t u m ,  un de r 
B o u s s i n e s q ' s  e x p a n s i ó n  for fluid d e n s i t y  and c o n s i d e r i n g  an 
e q u i v a l e n t  porous media, the e q u a t i o n s  g o v e r n i n g  the flow are:

ü  « _ L _  (v P + B g A T )  (1)vf

Vu = 0 (2)

+ ex ü  VT = v t V 2T + Q (3)

In e q u a t i o n s  1-3, u is the v o l u m e - a v e r a g e d  fluid velocity, 
P is the fluid static p r e s s u r e  plus the st at ic head, g is the 
v o l u m e t r i c  t h e r m a l  e x p a n s i ó n  c o e f f i c i e n t  of the fluid, T is the 
t e m p e r a t u r e  of the system, g is the g r a v i t y  a c c e l e r a t i o n ,  p Q is 
the fluid r e fe re nc e density, k is the p e r m e a b i l i t y  of the rock,



vf is the m o m e n t u m  d i f f u s s i v i t y  (fluid kineraatic v i s c o s i t y  
d i v i d e d  by p Q) and Q r e p r e s e n t a  the heat sources. If the aver- 
age p r o p e r t i e s  of the solid are d e f i ne d as { }av = ( 1 - <(>) { }s + 
<t> tíf. wh e r e  cj) is the po ro si ty , s raeans the solid and f means 
the fluid, then, v̂ . is the ave r age t h er ma l d i f f u s s i v i t y .  F i n a 1- 
l y , a is the ratio b e t w e e n  the t h e r m a l  c a p a c i t y  of the fluid 
and the a v e r a g e  t h e r m a l  c a p a c i t y  of the po ro us media.

In e q u a t i o n s  1-3 it is a s s u m e d  that Vf and are not tem- 
p e r a t u r e  d e p e nd en t, the e x t e n s i ó n  to the g e n e r a l  case being 
s t r a i g h t - f o r w a r d .

The p r e s e n c e  of Q in e q u a t i o n  (3) i m p o s e s  some dif- 
f i c u l t i e s  for the n u m e r i c a l  s o l u t i o n  of the s y s t e m  of e q u a t i o n s  
b e c a u s e  the t e m p e r a t u r e  v a r i a t i o n s  in the n e i g h b o u r h o o d  of the 
s o u r c e s  are qu it e steep.

3. R E S O L U T I O N  M E T H O D S

The n u m e r i c a l  s o l u t i o n  of 1-3 was o b t a i n e d  by means of 
b o u n d a r y - f i t t e d  f i n i t e - d i f f e r e n e e  te ch n i q u e s .  The d i s c r e t e  v e r ­
s i ó n  of these e q u a t i o n s  can be ea s i l y  found from p r e v i o u s  work 
by J. F. T h o m p s o n  (see r e f e r e n c e  /5/, for in st an ce ) and by one 
of the a u t h o r s  /2/. As the p r es en t a p p r o a c h  is s o m e w h a t  dif- 
fe r e n t  from the us u a l  one in b o u n d a r y - f i t t e d  c o o r d i n a t e s ,  some 
a l g e b r a i c  d e t a i l s  are p r o v i d e d  in what f o l l o w s .

F i g u r e  1 shows a cell b e l o n g i n g  to a h y p o t h e t i c a l  grid in 
the p h y s i c a l  pl añ e and i l l u s t r a t e s  the l o c a t i o n  of the 
v a r i a b l e s .  As can be seen, we c o n s i d e r  v e l o c i t i e s  loca te d at 
the cell c o r n e r s  and c e l l - c e n t e r e d  p r e s su re s. T e m p e r a t u r e s  are 
l o c a t e d  at cell corners. Dj_j is a d i s c r e t e  r e p re s e n t a t i on of 
the flow d i v e r g e n c e  and is also l o c a te d at the cell center. The 
m e a n i n g  of Uf and V f  will be c l e a r e d  up later.

The e q u a t i o n s  ob ta ined, a f t e r  the t r a n sf o r í a t i o n  of the 
o r i g i n a l  e q u a t i o n s  in terms of U,V, are:

u = - A t f (AUX + AVX (4)

v = - Atf (AUY + AVY + 3 g AT) (5)

OTX l a  * BVX * BUY * BVY - 0 (6)



F i g u r e  1. A c o m p u t a t i o n a l  cell i l l u s t r a t i n g  
the c e n t e r i n g  of v a r i a b l e s

* « u ( AUX ^  * A V X  |£) * a V (A U Y  | |  ♦ A V Y  -

S 2m  ti 2m  2m  Jim Jim
* vt (AUU ♦ AVV ♦ Ativ ^  * AU ^  * AV £  * Q ( ! )

whe re At f = k / .

The c o e f f i c i e n t s  in e q u a t i o n s  1-7 d e t e r m i n e  the in fl ue nc e 
of the grid v a r i a t i o n s  and are n u m e r i c a l l y  c a l c u l a t e d  frora the 
f o l l o w i n g  e x p r e s s i o n s :

AUX = Ux AUU = U| + U|

AVX = v x AUV = 2 (Ux V x

AUY ¡>s

II a nd AVV = V * + V^

A V Y = v y = U XX + Uyy

AV = V XX + Vyy

The e x p r e s s i o n s  for BUX... are the same as the c o r r e s p o n d ­
an g ones p o r A U X . . . , the d i f f e r e n c e  b e t w e e n  them is that BUX...



are e v a l u a t e d  at cell cent er s and AUX... are e v a l u a t e d  at cell 
c o rne rs •

The d i s c r e t e  v e r s i ó n  of e q u a t i o n s  4-7 is o b t a i n e d  by means 
of c e n t e r e d - d i f f er e n c e  e x p r e s s i o n s ,  imp'lying a p p r o p r i a t e  
a v e r a g i n g  of the v a r i a b l e s  in the cell.

As an example, the p r e s s u r e  term on the r i g h t - h a n d  side of equa_ 
tion 4 is c a l c u l a t e d  as:

A U X ij (p i-i j-i + P i-i j " P i j — i " P i j ) / 2 +

A V X ij (p i-i j-i + P ij-i ' P i-i j - P i;j)/2

w i t h  s i m i l a r  e x p r e s s i o n s  f o r the r e m a i n i n g  terms of e q u a t i o n s  
4-7.

The t r e a t m e n t  of the heat s o u r c e s  in e q u a t i o n  7 is ac co m- 
p l i s h e d  by the t e c h n i q u e  in r e f e r e n c e  /1/- In this r e f e r e n c e  it 
«as sh ow n that c o n c e n t r a t e d  heat s o ur ce s can be a d e q u a t e l y  
tr e a t e d  if the s o l u t i o n  of the problera:

L {T} = Q

is o b t a i n e d  from:

Lh ÍT} = Lh {S}

where S is the a n a l y t i c a l  s o l u t i o n  of L{S} = Q in the ne ig h- 
b o u r h o o d  of the heat source and is the d i s c r e t e  v e r s i ó n  of
L .

W.e are non in a p o s i t i o n  to c o n s i d e r  the d i f f e r e n c e s  b e - 
tween the s o l u t i o n  a l g o r i t h m s .  The first one, as stated pre- 
viously, was of the s e m i - i m p l i c i t  type. In this versión, tempe- 
r a t u r e s  were a d v a n c e d  e x p l i c i t l y  from time nAt to time (n+1)At; 
this step p r o d u c e d  new d r i v i n g  fo rc es in the m o m e n t u m  e q u a t i o n s  
w h i c h  were "sol ve d" to p r od uc e t e n t a t i v e  valúes for u and v. 
P r e s s u r e s  and v e l o c i t i e s  were i t e r a t i v e l y  a d j u s t e d  to si m u l t a -  
n e o u s l y  s a t i s f y  e q u a t i o n s  4-6 t h r o u g h  the r e p e a t e d  a p p l i c a t i o n  
of the fo'llowing steps:

i) The d i s c r e t e  a n a l o g u e  of the cell d i v e r g e n c e  is
e v a l u a t e d  as f o l l o w s :

ü ij * (u i + 1 j+ 1
+

U i + 1 j - u ij + l ~ u i p BUXj^ j +

(U i+ 1 j+ 1 + U i .1 + 1 - U Í+ 1 3 - u i á ) B V X i;j +

( v i+l.í+ 1
+

V i + 1 3 ~ V ij+1 " v i j } BU Y i j +

(v i+ 1 j+ 1 +
V id+ 1 V i + 13 " v iJ> BVY i j } /2 (8)

ii) The pr e s s u r e  in the cell is a d j u s t e d  to b r i n g  cell d i ­
v e r g e n c e  to zero, as follows:



( 1 1 )

and CT m e a n s  C_ross Te rm s (i.e., h i g h e r  or de r terms im- 
p'lying c r o s se d d e r i v a t i v e s  of the t r a n s f o r m a t i o n  coef- 
f i c ie nt s ) .

(o is an o ve rre laxa t i on p a r a m e t e r  whose t y pi ca l valué 
i s 1.4 for this type of pr ob le ma .

iii) The v e l o c i t y  of c o m p o n e n t s  at the cell corners are 
a c c o r d i n g l y  m o d i f i e d  as follows:

B o u n d a r y  c o n d i t i o n s  were a p p r o p r i a t e l y  a p p l i e d  af te r each 
i t e r a t i o n  sweep and c o n v e r g e n c e  was u s u a l l y  reached. This con- 
v e r g e n c e  and s u b s e q u e n t  p r e s s u r e  s m o o t h i n g  a l l o w e d  us to start 
a new time s t e p .

The other v e r s i ó n  of the code i m p l ie d a fully c o up le d 
s o l u t i o n  of the s y s t e m  4-7- This v e r s i ó n  was o r i g i n a l i y  
i n t e n d e d  to test the p r o p e r  p o s i n g  of b o u n d a r y  c o n d it io ns ,

+ AVX .
i + 1 j + 1

AVX .
i + 1 j

u / k + O  * u í 1?) + C (-AUX. . + AVX..
1 1  1 J + 1 1 J + 1 1 J + 1

i j
+ C (-A U X . .

1 3

+ AVY
i + 1 j + 1

AVY.

+ AVY.
i j + 1

v (k+ 1 ) (k ) 
i j i j

AVY . .

and C = A t f /2



b e c a u s e  it was not always clear w h e t h e r  or not the systera of 
e q u a t i o n s  was o v e r - d e t e r m i n e d . A c a r e f u l  a r r a n g e m e n t  of 
e q u a t i o n s  was n e c e s s a r y  in order to avoid a large fill-in; 
s c a l i n g  of the c o e f f i c i e n t  was s o m e t i m e s  i n e v it ab le .

P o r  a g e n e r a l  coraputational celi, the o r d e r i n g  of the 
e q u a t i o n s  w a s :

i) u m o m e n t u m  (from wh i c h  u was ob ta i n e d )

ii) c o n t i n u i t y  (from wh ic h v was ob ta in ed )

iii) v m o m e n t u m  (from w h i c h  P was ob ta in ed )

iv) e n e r g y  e q u a t i o n  (from wh i c h  T was ob ta in ed )

B o u n d a r y  c o n d i t i o n s  were i n c o r p o r a t e d  e x p l i c i t l y  in the 
s y s t e m  of eq ua ti on s.

Por an a r b i t r a r y  R a l e i g h ' s  number, the p r o b l e m  is fully 
n o n - l i n e a r  in nature, due to the p r e s e n c e  of the a d v e c t i v e  
terms in e q u a t i o n  7- In the t y p i c a l  a p p l i c a t i o n s  of r e p o s i t o r y  
m o d e l l i n g ,  a d v e c t i v e  terms are not too im po rt an t. So, it was 
d e c i d e d  to l i n e a r i z e  the p r o b l e m  by menas of su i t a b l e  e x t r a p o -  
l a t i o n  of v e l o c i t i e s  as o b t a i n e d  f r o m  two p r e v i o u s  time steps. 
No a t t e m p t  was made to i t e r at e the s o l u t i o n  b e c a u s e  some com- 
p a r i s o n s  b e t w e e n  the codes sh ow ed cióse a g r e e m e n t  b e t w e e n  the 
c o m p u t e d  so l u t i o n s .  Howe ve r, in ot he r a p p l i c a t i o n s ,  the it er a- 
tion may be in ev i t a b l e .

The a l g e b r a i c  sy s t e m  of li n e a r  e q u a t i o n s  was so lv ed with a 
l i b r a r y  sp a r s e  m a t r i x  s o l v e r  na me d M A 2 8 A D  from the H a r w e l l  
p a c k a g é  /6/, wh i c h  pr o v e d  to be e f f i c i e n t  in most cases. 
H o w e v e r ,  one must be c a re fu l c o n c e r n i n g  the r e la ti ve we i g h t  of 
the c o e f f i c i e n t s , if w i l l i n g  to o b t a i n  m e a n i n g f u l  results.

It is i n t e r e s t i n g  to point out that, af te r p r o p e r  scaling, 
the direct v e r s i ó n  was far more robust than the i t e r a t i v e  one 
and, as a c o n s e q u e n c e ,  some g e n e r a 1 i z a t i o n s  were i m p l e m e n t e d .  
The first one was c o n s i d e r i n g  p e r m e a b i l i t y  as va ri able.

Th e  se co nd and most i m p o r t a n t  m o d i f i c a t i o n  was a l l o w i n g  
for the consi d e r a t i o n  of d i s c r e t e  f r a c t u r e s  in the gr a n i t i c  
mass .

This versión, i m pl ie d the d e f i n i t i o n  of o n e - d i m e n s i o n a  1 
paths am on g ce II c e n t r o i d s  and a whole set of fr a c t u r e  fluid 
v e l o c i t i e s ,  shown in figure 1 as u^ and v^. If the fr ac t u r e s  
are c o n s t r a i n e d  to fo ll ow the lines of c e n t r o i d s  (i.e., lines 
of c o ns ta nt U or V in the plañe of r e f e r e n c e ) ,  then:

(13)



v f = - At'f { — --- !— „  + B gU ¿T } (14)
1 1 J(CVV) l/ 2 3V

The c o e f f i c i e n t s  CUU and CVV are s i m i l a r  to AUU and AVV, 
ex c e p t  for the fact that they are e v a l u a t e d  at the c o r r e s p o n d -  
ing po in ts for u-¡> and v^. J is the J a c o b i a n  of the t r a n s f o r m a -  
tion and g y , gy are the c o m p o n e n t s  of g a l o n g  the U and V di- 
r e c t i o n s  in the p h y s i c a l  plañe.

4- R E S U L T S

In this s e c t i o n  we show s e v e r a l  c a l i b r a t i o n  resu lt s of 
i n t e r e s t  in the cont ex t of our a s s e s s m e n t s  for the n u c l e a r  
s a f e t y  of h i g h - l e v e l  wa st e r e p o s i t o r y .

The first case c o n s i s t s  in an is ol ated, i n f i n i t e l y  long 
line so ur ce located in the c e n t e r  of the i n t e g r a t i o n  domain, 
a s s u m e d  to be s e m i - i n f i n i t e  • The local a n a l y t i c a l  a p p r o x i m a t e  
s o l u t i o n  was o b t a i n e d  from a l i m i t i n g  s o l u t i o n  for a plañe r e c ­
t a n g u l a r  source with its s t r e n g t h  d e c a y i n g  in time. The compu- 
t a t i o n a l  grid is shown in figure 2a; the i n t e g r a t i o n  do m a i n  is 
1500 m as per x and 2000 m as per y. The so ur ce is l o ca te d at x 
= 0, y = 0 and the earth s u r f a c e  is l o ca te d at y = 500 m.

The t r a n s p o r t  p a r a m e t e r s  were = 0.11 1 0 -5 m 2 /s and
Vf = 6.58 10-7 m 2ys . ther ma l e x p a n s i ó n  c o e f f i c i e n t  of the
fluid was 0 = 3-85 10-1+ K~ 1 ; the p e r m e a b i l i t y  of the rock was 
k = 1.7 10- 1  ̂ m 2 . Th es e va lú es gave Atj- = 2.58 10-9 s. The time 
s t e p  for the i n t e g r a t i o n  was first fixed at At = 1 y, as a 
test. The i n t e g r a t i o n  d o m a i n  was d i s c r e t i z e d  in 12 x 12 r e c ­
t a n g u l a r  cells (note the low n u m b e r ! ) .  The R a l e i g h ' s  n u m b e r  of 
the flow, defi ne d as Ha = k g g L AT a / v̂ - /7/ was in the
o r d e r  of 0.5. This low valué p e r m i t t e d  to n e g l e c t  the effects 
of a d v e c t i o n  in the a n a l y t i c a l  s o l u t i o n  for the sourc-e. The 
codes gave i d e n t i c a l  r e s u l t s  and the f u l l y - c o u p l e d  versión, 
w i th f u 1 l y - i m p l i  c i t time i n t e g r a t i o n  for T and At = 10 y, was 
f i n a l ! y  adopted.

F i g u r e  2b shows a v e c t o r  plot of v e l o c i t i e s  as o b ta in ed 
for t = 500 y and figure 2c shows a zoom of the v e c t o r  plot in 
the v i c i n i t y  of the source.

The results for t e m p e r a t u r e s  are quite s i m i l a r  to those 
o b t a i n e d  with a fully a n a l y t i c a l ,  d e c o u p l e d  solution.

A second e x a m p l e  is shown in figure 3, wh i c h  shows the 
c a l c u l a t i o n s  c o r r e s p o n d i n g  to a case with s p e c i f i e d  input flow 
and heat input from a plañe source of finite width. The p a r a m e ­
ters are s i m i l a r  to those of the p r e v i o u s  case. Fi g u r e  3a shows 
the grid and figure 3b shows a ve c t o r  plot for t = 500 y, con- 
s i d e r i n g  the heat e m m i t e d  by the sources.



5. CONCLUSIONS

A description has been made of the results obtained with 
codes developed on the basis of a boundary-fitted finite-dif- 
fe.rence technique, as applied to the problem of natural convec- 
tion in a porous media. The code work in terms of primitive 
variables.

The method allows for considering si ngulariti es of heat 
generation and fractures in the bulk of the porous media (this 
versión is being calibrated at the time of writing). The codes 
incorpórate the proper consideration of the heat sources by 
means of local semi-analytical solutions.
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Fifjure 3- The flowfield 
oriRinattng in a plañe 
heat 3 0urce, Q = 5.25 W/ra2
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