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WELL TEST ANALYSIS IN NATURALLY FISSURED, GEOTHERMAL RESERVOIRS WITH FRACTURE SKIN 

A . F .  Moench 

U.S. Geologica l  Survey, Menlo Park,  CA 

ASSTRACT 

Yinera i  d e p o s i t i o n  o r  a i t e r a t i o n  is  commonly 
found a t  f r a c t a r e - b l o c k  l n t e r f a c e s  i n  f i s s u r e d ,  
geothermal  r e s e r v o l r s .  I n  response t o  p r e s s u r e  
red-uctlon i n  t h e  f i s s u r e s  such m i n e r a l i z a t i o n ,  
i f  less permeable than t h e  mat r ix  rock ,  w i l l  
r e t a r d  t h e  f low of  f i a i d  from t h e  b locks  t o  t h e  
f i s s u r e s  and i s  termed f r a c t u r e  s k i n  i n  t h i s  
paper .  ??le problem of  f l u i d  f low t o  a 
prodilction wel l  i n  a double-porosi ty  r e s e r v o i r  
wl th  f r a c t u r e  s k i n  was analyzed t h e o r e t i c a l l y .  
One of  t h e  f i n d i n g s  of  t h e  a n a l y s i s  was t h a t  
f i l i l y  t r a n s i e n t  b l o c k - t o - f i s s u r e  flow can be 
approximazed by pseudo-steady s t a t e  flow i f  
f r a c t u r e  s k i n  P e r m e a b i l i t y  is  s u f f i c i e n t l y  low. 
Type cilrves genera ted  by numerical  i n v e r s i o n  of  
Laplace t ransform s o i u t i o n s  a r e  used t o  
i l l i l s t r a t e  t h i s  e f fecz .  They a r e  a l s o  used t o  
c o r r o b o r a t e  t h e  r e s u l t s  of a f i n i t e - d i f f e r e n c e  
model of steam t r a n s p o r t  t o  a wel l  i n  a 
n a t u r a l l y  f i s s u r e d ,  geothermal  r e s e r v o i r  with 
f r a c t u r e  sk in .  

InT?~RODVC?ION 

Geothermal r e s e r v o i r s  a r e  commonly composed o f  
f r a c t u r e d  rocks t h a t  have been subjec ted  i n  
vary ing  degrees  t o  hydrothermal a l t e r a t i o n .  
Busr tz ,  c a i c i t e ,  and o t h e r  minera ls  a r e  o f t e n  
f o m d  i i ncng  o r  f i l l i n g  f r a c t u r e s  i n  s u r f a c e  
outcrops  and wel l -core  samples. 
In te rconnec ted ,  h i g h l y  permeable f i s s u r e s  s e r v e  
a s  primary condui t s  f o r  mineral-charged water  
c i r c u l a t i n g  n a t u r a l l y  i n  geothermal r e s e r v o i r s .  
Suck f l u i d s ,  when n o t  i n  chemical equi l ibr ium 
with t h e  w a l l  rock,  a l t e r  o r  d e p o s i t  minera ls  
a t  f i ss i l re -b lock  i n t e r f a c e s .  The p a r t i c u l a r  
products  of  hydrothermal a l t e r a t i o n  o r  
d e p o s i t i o n  depend upon p h y s i c a l  and chemical 
parameters  t h a t  vary  from place  t o  p lace .  
Types of  products  t h a t  occur  i n  geothermal  
systems a r e  descr ibed  by E l l i s  and Mahon 
( 1  977).  Such a l t e r a t i o n  products  are termed 
" f r a c t u r e  skin" i n  t h i s  paper  and a r e  assumed 
t o  impede t h e  free exchange of  f l u i d  between 
b l o c k s  and f i s s u r e s .  

N a t u r a l l y  f i s s u r e d  r e s e r v o i r s  are o f t e n  t r e a t e d  
mathemat ica l ly  as double-porosi ty  systems 
whereby pr imary p o r o s i t y  blocks of  low 
permeabi l i ty  and h igh  s t o r a g e  c a p a c i t y  are 
s e p a r a t e d  by secondary p o r o s i t y  f i s s u r e s  of  

h igh  p e r m e a b i l i t y  and low s t o r a g e  c a p a c i t v .  
Two approaches have been taken t o  problems of  
well-test  a n a l y s i s  i n  double-poros i ty  
r e s e r v o i r s  : one approach assumes t h a t  f3 ow 
from blocks  t o  f i s s u r e s  occurs  under 
pseudo-steady s t a t e  c o n d i t i o n s  and t h e  o t h e r  
assumes f u l l y  t r a n s i e n t  c o n d i t i o n s .  In  t h e  
pseudo-steady s t a t e  approximation,  one n e g l e c t s  
divergence of  f low w i t h i n  t h e  pr imary p o r o s i t y  
b locks .  Therefore ,  t h i s  approach l a c k s  t h e  
f i r m  t h e o r e t i c a l  foundat ion  of  t h e  
t r a n s i e n t - f l o w  assumption. However, well-test  
d a t a  e x i s t  t h a t  suppor t  both approaches 
(Bourdet and Gr ingar ten ,  1980; S t r e l t s o v a ,  
1983). 

nloench (1983) has  reviewe3 t h e  t h e o r y  of  f low 
i n  double-poros i ty  r e s e r v o i r s .  By i n t r o d u c i n g  
f r a c t u r e  s k i n  t o  t h e  t h e o r e t i c a l  a n a l y s i s ,  he 
showed t h a t  t h e  pseado-steady s t a t e  
approximation is a s p e c i a l  case  of  t h e  theory  
t h a t  i s  based upon t r a n s i e n t  b lock- to- f i ssure  
flow. For  l a r g e  f r a c t i l r e  s k i n  i t  was shorn 
g r a p h i c a l l y  t h a t  t h e  d ivergence  of  t h e  flow i n  
t h e  blocks is  small and t h u s  t h e  pseudo-steady 
s taTe  approximation i s  reasonable .  In  t L s  
paper  dimensionless  p r e s s u r e  responses  obtained 
by numerical  i n v e r s i o n  of  Laplace t r a n s f n m  
s o i u t i o n s  a r e  used t o  i l l u s t r a t e  t h e  e f f e c t s  o f  
f r a c t u r e  sk in .  R e s u l t s  a r e  compared t o  t h e  
response p r e d i c t e d  by a f i n i t e - d i f f e r e n c e  model 
descr ibed  by Moench and Denl inger  (1980) zhat  
was modif ied t o  i n c o r p o r a t e  f r a c t u r e  s k i n .  

MATHEEilATICAL MODELS 

De Swaan (1976) proposed t h e  use  of  e i t h p -  
slab-shaped o r  sphere-shaped b locks  t o  
r e p r e s e n t  t h e  geometry of  t h e  mat r ix  rocks i n  a 
double-poros i ty  r e s e r v o i r  and presented t h e  
e q u a t i o n s  t h a t  d e s c r i b e  t h e  t r a n s i e n t  f l o x  o f  
f l u i d s  i n  t h e  f i s s u r e s  and blocks.  I n  t h i s  
s t u d y  both  t h e s e  geometr ies  are used. 

F igure  1 shows a schematic  diagram o f  a t h i n  
b u t  f i n i t e - t h i c k n e s s  s k i n  of  low-permeabilit:. 
material  on t h e  s u r f a c e  o f  a h y p o t h e t i c a l  block 
i n  a n a t u r a l l y  f r a c t u r e d  r e s e r v o i r .  It i s  
assumed t h a t  t h e  p e r m e a b i l i t y  of  t h e  s k i n  i s  
less than  t h a t  of  t h e  block and possesses  no 
s t o r a g e  capac i ty .  'Flux of  f l u i d  from t h e  b l r c k  
t o  t h e  f i s s u r e  is  assu-aed t o  be perpendi r i i l a r  
t o  t h e  i n t e r f a c e  and t o  obey Darcy 's  l a w .  Br 
c o n t i n u i t y  a t  t h e  b l o c k - f i s s u r e  i n t e r f a c e  
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The parameter  

m =  

m i s  def ined a s  

Y (9 )  

where y i s  a genera l ized  c o o r d i n a t e , w i t h  i ts  . 
o r i g i n  a t  t h e  c e n t e r  o f  t h e  block.  Symbols a r e  
def ined i n  t h e  nomenclature and i n  Figure 1. where 

U' 
with commonly used d e f i n i t i o n s ,  
p ressure  i s  def ined  a s  

I n  accordance 
dimensionless  (IO' 

2 
y2 =(?) g ( 1 1 )  

time is  def ined as  d imens ionless  

I f  t h e  dimensionless  f r a c t u r e  s k i n ,  SF, i s  zero 
t h e s e  s o l u t i o n s  reduce t o  prev ious ly  publ ished 
s o l u t i o n s  ( s e e ,  f o r  example, Deruyck an3 
o t h e r s ,  1932; Gringar ten ,  1982). 

The p r e s s u r e  response p r e d i c t e d  by models t h a t  
assume sphere-shaped block? is  very s i m i l a r  t o  
t h a t  obtained by assuming slab-shaped b l o r k s .  
Examinatlon o f  ( 6 )  and (I) r e v e a l s  t h a t  f o r  
S =O and a t  e a r l y  t ime,  _ s D ~ y f l  
sPab-shaped b locks ,  and qD- 7 y m  f o r  
sphere-shaped b locks .  Hence a t  e a r l y  t i s e ,  t h e  
response due t o  sphere-shaped b locks  w i l l  be 
t h e  same as t h a t  due t o  slab-shaped block? i f  
t h e  p e r m e a b i l i t y  of t h e  sphere-shaped blocks i s  
reduced by a f a c t o r  of nine  ( s e e  Figure 2 ) .  A t  
l a t e  time the  responses  w i l l  be the  same by 
v i r t . ae  of t h e  f a c t  t h a t  q D = U s  i n  ( 6 )  and ( 7 ) .  

F o r  the  s p e c i a l  case  i n  which dimenslonless  
f r a c t i l r e  s k i n  is l a r g e  and m is small  ( 6 )  
becomes 

f o r  

an3 dimensionless  d i s t a n c e  is  def ined a s  

rD = r/rW (4) 

Becailse o f  t h e  l o w  p e m e a b i l i t y  of t h e  mat r ix  
rock,  the  problem of flow t o  a prodilction wel l  
i s  u s u a l l y  solved by assuming f l u i d  e n t e r s  t h e  
wel lbore only through f i s s u r e s  and n o t  through 
mat r ix  rock. The mathematical  development 
req; l i res  t h a t  g r a v i t a t i o n a l  e f f e c t s  a r e  
n e g l i g i b l e  and t h a t  pressi l re  i n  t h e  r e s e r v o i r  
is l n i t i a l l y  uniform throughout .  F u r t h e r  
d e t a t l s  and complete boundary va lue  problems 
a r e  given by Moench (1983). Assuming r a d i a l  
f iow t o  a f u l l y  p e n e t r a t i n g  wel l  d i scharg ing  a t  
a cons tan t  r a t e  from an i n f i n i t e l y  e x t e n s i v e  
double-poros i ty  r e s e r v o i r  confined above and 
below by impermeable format ions ,  t h e  Laplace 
t ransform,  1ine-so.arce s o l u t i o n  f o r  
dimensionless  pressure  drawdown i n  t h e  f i s s u r e  
system is  

( 1 2 )  

and ( 7 )  becomes 

where, f o r  slab-shaped b locks ,  

2 - - Y m tanh(m) 
'D - 1 + S p  tanh(m) The express ions  (12)  and (11;) when combined 

w i t h  ( 5 )  can be shown t o  be i d e n t i c a l  t o  t h e  
commoniy user]. pseudo-steady s t a t e ,  
b l o c k - t o - f i s s u r e  flow models f o r  
double-poros i ty  systems. It i s  necessary ,  
however, t o  s u b s t i t u t e  f r a c t u r e - s k i n  
p e r m e a b i l i t y  f o r  block p e r m e a b i l i t y  i n  t h e  
pseudo-steady s t a t e  flow model (Moench, 13q7). 
The dimensionless  parameter ,  A ,  def ined  by 
Warren and R o o t  (1963) t o  r e l a t e  block and 
f i s s u r e  system permeabi l i ty ,  becomes 

and,  f o r  sphere-shaped b locks ,  

- 1;yZrm coth(m)-l l  
'D = l + S F ' m  coth(m)-l 1 

k '  bs 
where S = F k s b '  
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f o r  slap-shaped b locks ,  and 

f o r  sphere-shaped b locks .  S u b s t i t u t i o n  of 
these  express ions  i n t o  (12) and (13) y i e l d s  

Aithough expressed I n  d i f f e r e n t  n o t a t i o n ,  (16)  
and 1 5 )  combine t o  form the  same s o l u t i o n  a s  
given by Kazemi and o t h e r s  (1969) which is an 
ex tens ion  f o r  i n t e r f e r e n c e  t e s t s  of the  Warren 
and R o o t  model. 

F o r  the  purpose of ana lyz ing  product ion-well  
d a t a  i t  is o f t e n  necessary  t o  inc lude  e f f e c t s  
o f  wel lbore s t o r a g e  and s k i n .  I n  t h i s  paper ,  
f o r  t h e  purpose of s i m p l i c i t y ,  wel lbore s k i n  i s  
neglec ted .  ?he Laplace t ransform s o l u t i o n  t h a t  
included e f f e c t s  of wel ibore s t o r a g e  b;lt 
n e g l e c t s  wel lbore s k i n  is  

- K o ' r  x )  

pD = srsCnKo(x\ + xK,(x) l  

D 
(17) 

where x =G 
The wellbore s t o r a g e  parameter  is  def ined i n  
the  usual  manner a s  

C 
2 2nrw @ctH 

CD = 

"E CURVES 

( 1 8 )  

?he Laplace t ransform s o l u t i o n s  given.  by ( 5 )  
and (17) a r e  e a s i l y  i n v e r t e d  with t h e  S t e h f e s t  
(1970) a lgori thm. Figure 2 shows a comparison 
o f  l ine-source  type curves f o r .  slab-shaped 
b locks  and sphere-shgped b locks ,  ' u s i n g  ( 5 ) - ( 7 ) ,  
i n  t h e  absence of f r a  t u r e  s k i n .  Only f o r  
l a r g e  va lues  of (r,y) do t h e  type curves f o r  
t h e  two geometr ies  d e v i a t e  from one another  
s i g n i f i c a n t l y .  Also shown in Figure 2 and i n  
t h e  f i g u r e s  t h a t  fol low a r e  t w o  dashed curves 
t h a t  a r e  the  Theis  curve (o=O) and t h e  Theis  
curve s h i f t e d  t o  t h e  r i g h t  by a f a c t o r  o f  l+a .  
These can be obtained from (5) by l e t t i n g  
q =os.  

Figure  Ia shows l ine-source  type curves f o r  
d i f f e r e n t  Val-des of SF f o r  slab-shaped b locks .  
?he same curves p l o t t e d  on semi- logari thmic 

5 

D 
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paper a r e  shown i n  Figure I b .  I n  t h e  absence 
of f r a c t u r e  s k i n  Figure I b  shows t h e  expected 
semi- logari thmic h a l f  s lope  dur ing  t h e  
in te rmedia te - t ime t r a n s i t i o n  per iod .  A s  SF 
i n c r e a s e s  t h e  response approaches t h a t  expected 
f o r  pseudo-steady s t a t e ,  b lock- to- f i ssure  Plow. 

F igure  4 shows a comparison of t h e  type cilrves 
i n  Figure ?a with t h e  corresponding curves f o r  
t h e  pseudo-steady s t a t e  approximation. The 
l a  ter werp obtained us ing  ( 5 )  and ( 1 6 )  whore 
r 
syab-shaped bPocks. As S F i n c r e a s e s  t h e  two 
type curves approach one another .  A s imi!?r  
correspondence can be shown f o r  sphere-shsped 
b locks .  

S i m i l a r  type curves were used by Moench (133) 
t o  ana lyse  groundwater pmping-well  and 
observat ion-well  d a t a  from t h e  f r a c t u r e d ,  
hydrothermally a l t e r e d ,  v o l c a n i c  rock t e r r a n e  
of t h e  Nevada Tes t  S i t e .  The d a t a  compare 
favorably  with t h e  theory  f o r  double-poro-!.ty 
r e s e r v o i r s  with f r a c t ; l r e  s k i n .  

3 X=(rDy) /S  , a s  requi red  by (14)  f o r  

COMPARISON WITH FINITE-DIFFERENCE MODEL 

?he f i n i t e - d i f f e r e n c e  model f o r  steam t r a n s p o r t  
i n  a n a t a r a l l y  f i s s u r e d ,  vapor-dominated, 
r e s e r v o i r  descr ibed  by Yoench and Denl ingt r  
(1950) was modified t o  i n c o r p o r a t e  f r a c t u r e  
s k i n  a t  t h e  s u r f a c e  of t h e  slab-shaped b lcqks .  
It was assumed t h a t  pore water  and adsorbtd 
water  were absent  s o  t h a t  t h e  steam behaved a s  
a noncondensable gas .  I n  t h e  absence of 
v a p o r i z a t i o n  or a d s o r p t i o n  t h e  
f i n i t e - d i f f e r e n c e  model becomes i so thermal .  
The wel l  d i scharge  r a t e  was made s u f f i c i e p t i y  
small  s o  t h a t  t h e  pressure  changes t h a t  occur  
i n  t h e  f i s s u r e s  and b locks  do not  in t roduce  
n o n l i n e a r  e f f e c t s .  Since t h e  f i n i t e - d i f f e F e n c e  
model was designed f o r  slab-shaped b locks  dnd 
i n c l u d e s  wel lbore s t o r a g e  t h e  comparison with 
t h e  a n a l y t i c a l  model is  made us ing  ( 6 )  an3 
(17) .  

For  steam t r a n s p o r t ,  assamlng rock 
c o m p r e s s i b i l i t y  i s  n e g l i g i b l e  compared with 
steam c o m p r e s s i b i l i t y ,  t h e  dimensionless  
parameters ,  a r e  t h e  fol lowing:  

$ ' b '  =qF 



Yw molecular  weight of water 
n number of producing f i s s u r e s  
p p r e s s u r e  i n  f i s s u r e  
p '  p r e s s u r e  i n  block 
pD dimens ionless  p r e s s u r e  i n  f i s s u r e  

pD Laplace t ransform of  p 

pi i n i t i a l  p r e s s u r e  

- 
D 

L = -  
4 4fbn 

H 
2b'  

n =  - where 

F igures  5 and 6 show t h e  r e s u l t s  ob ta ined  with 
t h s  f i n i t e - d i f f e r e n c e  model u s i n g  t h e  r e s e r v o i r  
p a r m e t e r s  l i s t e d  i n  Table 1 .  R e s u l t s  obtained 
by n - m e r i c a i  i n v e r s i o n  of  t h e  Laplace t r a n s f o m  
s o l u t i o n ,  a i s 0  shown i n  F igures  5 and 6 ,  appear  
t o  c o r r o b o r a t e  t h e  r e s u l t s  ob ta ined  with the  
f i n i t e - d i f f e r e n c e  model. 

CONCLUTIONS 

The g r a p h i c a l  r e s u l t s  presented  I n  F igures  2-4 
show t h a t  f r ac t . u re  s k l n  can have a p ro fomd 
l n f i u e n c e  on t h e  p r e s s a r e  response i n  a 
n a t - a r a i l y  f r a c t u r e d  r e s e r v o i r .  They a l s o  show 
t h a t  t h e  p r e v a i l i n g  t h e o r i e s  of  f low t h a t  
assane e i t h e r  t r a n s i e n t  o r  pseado-steady s t a t e ,  
b l o c k - t o - f i s s u r e  f low can be u n i f i e d  by 
i n c o r p o r a t i n g  f r a c t i l r e  s k i n  i n  t h e  mathematical  
development. 

%cause o f  f r a c t u r e  s k i n ,  d a t a  p l o t t e d  on 
semi- logar i thv ic  paper  may appear  t o  have an 
in te rmedia te - t ime s l o p e  of  between zero  and 
one-haif  t h a t  o f  t h e  late-time s l o p e .  Hence 
cai l t ion i s  urged i n  t h e  use of  t h e  s tandard  
semi- logar i thmic ,  s t r a i g h t - i l n e  method f o r  
e v a l u a t i n g  t h e  permeabi l i ty - th ickness  product .  
This  is e s p e c l a l l y  t r u e  i f  t h e  t es t  i s  t o g  
s h o r t  f o r  t h e  l a t e - t i m e  p o r t i o n  of  t h e  pressi l re  
response t o  mani fes t  i t s e l f .  

2b 
2b'  

b 
CS 

CQ 

Ct 
C '  

H 

k 

t 

kf  
k '  
k 

u: 

K 1  
L 
m 

average  a p e r t a r e  of  f i s s u r e  
average f r a c t a r e  s p a c i n g  
average t h i c k n e s s  of  f r a c t u r e  s k i n  
wel lbore  s t o r a g e  c o e f f i c i e n t  
d imens ionless  wel lbore  s t o r a g e  

f i s s u r e  system c o m p r e s s i b i l i t y  

block system c o m p r e s s i b i l i t y  

r e s e r v o i r  t h i c k n e s s  

I=k b / b ' J  f i s s u r e  system permeabi l i ty  

I=(2b) / 1 2 1  average f i s s u r e  p e r m e a b i l i t v  

block system p e r m e a b i l i t y  
average f r a c t u r e  s k i n  p e r m e a b i l i t y  
modif ied Ressel f u n c t i o n  of t h e  f i r s t ,  
second and o r d e r  zero  
modified Ressel f u n c t i o n  of t h e  f i r s t ,  
second and o r d e r  u n i t y  
l e n g t h  of wel lbore  
def ined  by (9) 

f 2  

t o t a l  w e l l  d i s c h a r g e  ra te  
d i s c h a r g e  r a t e  t o  w e l l  from an average 
f i s s u r e  
source  term f o r  f low from blocks  t o  
f i s s u r e s  
Laplace t ransform of  qD 
r a d i a l  d i s t a n c e  
e f f e c t i v e  r a d i u s  of  pumped w e l l  
g a s  c o n s t a n t  
Laplace t ransform v a r i a b l e  
d imens ionless  f r a c t u r e  s k i n  def ined by 

time 
temperatnre  
g e n e r a l i z e d  block c o o r d i n a t e  
steam c o m p r e s s i b i l i t y  f a c t o r  ( d e v i a t l o n  
from i d e a l  gas)  
parameter  def ined  by Warren and Root 
(1963) and by (14) and (15) 
v i s c o s i t y  of  t h e  f l -uid 

( 3 )  

Ofb/b ' l  f issure  system p o r o s i t y  

+f average  f i s s u r e  p o r o s i t y  

4 '  block system p o r o s i t y  
u def ined  by (19)  
y def ined  by  ( 1  1 ) 
6 steam c o m p r e s s t b i l i t y  
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Table 1 .  
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7.3 x I Q - ~  cm 

10-1 * cm2 (0.1 m i l l i d a r c y s )  

and 10-" cm2 ( 1  and 1 Q  
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2.77 g / s  

2 7 4 O C  

70 b a r s  
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Figure  1. Schematic diagram of b lock  and 
f i s s u r e  w i t h  f r a c t u r e  s k i n .  
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0 
Q 

r '8 

Figure  2 .  Line-source,  t ype  cu rve  comparisons 
f o r  slab-shaped b locks  ( s o l i d  l i n e s )  and 
sphere-shaped b locks  (symbols) w i thou t  f r a c t u r e  
s k i n .  

0 
Q 

Figure  3a. Line-source type  cu rves  f o r  
t r a n s i e n t  f low from slab-shaped b locks  w i t h  
f r a c t u r e  s k i n  

parameters  not l i s t e d  a re  known p r o p e r t i e s  of 
warer a t  preva--l:ng temperatdre  and p res sa re .  
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Figure 3b. Semi-logarimthmic plot of Figure 3a. Figure 5. Comparison of the finite-difference 
model for simulated pressure drawdown in a 
dry-steam, double-porosity reservoir with the 
analytical model for the indicated parameters. 
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Figure 4 .  Comparison of type curves for Figure 6 .  Comparison of the finite-difference 
transient flow from slab-shaped blocks with 
fracture skin (solid lines) with corresponding 
type curves for the pseudo-steady state flow 
model (symbols). 

model for simulated pressure drawdown in a 
dry-steam, double-porosity reservoir with the 
analytical model for the indicated parameters. 
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