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PRESSURE TESTING OF A H I G H  TEMPERATURF 
NATURALLY FRACTURED RESERVOIR 

SHARAD KELKAR, GEORGE ZWOLOSKI, ZORA DASH 

Earth and Space Sc ience  Div i s ion  
Los Alamos N a t i o n a l  Labora to ry  

Los Alamos ,  NM 87544 

ABSTRACT 

Los A l a m o s  N a t i o n a l  Labora to ry  has  conducted  
a number o f  pumping and f low- through tests a t  
t h e  Hot Dry Rock ( H D R )  tes t  s i te  a t  Fenton 
H i l l ,  N e w  Uexico. These tests c o n s i s t e d  o f  
i n j e c t i n g  f r e s h  wa te r  a t  c o n t r o l l e d  rates up  
t o  12 BPH (32 L/s) and s u r f a c e  p r e s s u r e s  u p  
t o  7,000 p s i  (48 HPa) i n t o  the HDR fo rma t ion  
a t  d e p t h s  f r o m  10,000 - 13,180 f e e t  (3050 
-4000 m ) .  The f o r m a t i o n  i s  a n a t u r a l l y  
f r a c t u r e d  g r a n i t e  a t  t empera tu res  o f  abou t  
250OC. The m a t r i x  p o r o s i t y  i s  (1% and 
p e r m q a b t l i t y  is on t h e  o r d e r  o f  1 nD 
(lo4 m ). Hence most of t h e  i n j e c t e d  f l u i d  
i s  b e l i e v e d  t o  move th rough  f r a c t u r e s .  There 
h a s  been no  ev idence  o f  f r a c t u r e  breakdown 
phenomena ,  a n d  h e n c e  i t  i s  b e l i e v e d  t h a t  

~ p r e - e x i s t i n g  j o i n t s  i n  t h e  fo rma t ion  are 
o p e n e d  b y  f l u i d  i n j e c t i o n .  Wate r  losses  
d u r i n g  pumping a r e  s i g n i f i c a n t ,  most l i k e l y  
r e s u l t i n g  from f l o w  i n t o  secondary  f r a c t u r e s  
i n t e r s e c t i n g  t h e  main f l u i d  conduc t ing  p a t h s .  

The p res su re - t ime  r e sponse  observed  i n  t h e s e  
tests can  be i n t e r p r e t e d  i n  terms o f  
non- i so thermal ,  f r ac tu re -domina ted  f low.  A s  
t h e  f l u i d  p r e s s u r e  i n c r e a s e s  from small 
v a l u e s  t o  t h o s e  comparable t o  f r a c t u r i n g  
p r e s s u r e s ,  t h e  fo rma t ion  r e sponse  changes  
from l i n e a r  f r a c t u r e  f low t o  t h e  h i g h l y  
n o n l i n e a r  s i t u a t i o n  where f r a c t u r e  l i f t  o f f  
occu r s .  A numer ica l  h e a t  and mass flow model 
was used t o  match t h e  observed  p r e s s u r e  
r e s p o n s e .  Good m a t c h e s  were o b t a i n e d  f o r  
p r e s s u r e  b u i l d  up  and s h u t - i n  d a t a  by 
a s s i g n i n g  p r e s s u r e  dependent  f r a c t u r e  and 
leak-of f  p e r m e a b i l i t i e s .  

I n t r o d u c t i o n :  The r e sponse  of a f r a c t u r e  
dominated, non- i so thermal  sys tem t o  h igh  
i n j e c t i o n / f a l l o f f  p r e s s u r e s  i s  s t r i k i n g l y  
d i f f e r e n t  from c o n v e n t i o n a l  pe t ro leum or 
geothermal  r e s e r v o i r s .  Pe t ro leum r e s e r v o i r s  
o f t e n  behave l i k e  media wi th  c o n s t a n t  
p o r o s i t y  and p e r m e a b i l i t y  and i s o t h e r m a l  
f low.  In  geo thenna l  r e s e r v o i r s ,  a l t hough  t h e  
t empera tu re  dependence of f l u i d  properties 
mus t  be a c c o u n t e d  f o r ,  t h e  f o r m a t i o n  c a n  
s t i l l  be t r e a t e d  a s  having  c o n s t a n t  p o r o s i t y  
and p e r m e a b i l i t y .  Non-isothermal i n j e c t i o n /  
f a l l o f f  t e s t s  a t  l o w  p r e s s u r e s  h a v e  been 
ana lyzed  f o r  geothermal  r e s e r v o i r s  

(Bodvarsson, P r u e s s ,  and O 'Su l l ivan  1985; 
Cox and Bodvarsson, 1985; H i l l e r ,  1980). 
I s o t h e r m a l  pressure behav io r  d u r i n g  h y d r a u l i c  
f r a c t u r i n g  treatments (Nolte, 1982; Nol te  and 
Smi th ,  1981 1 and i n - s i t u  stress measurements 
(Hickman a n d  Zoback ,  1981) h a s  a l s o  been  
d i s c u s s e d ,  

T h i s  behav io r  is i n  c o n t r a s t  t o  t h e  case of 
h o t  d r y  rock  (HDR) r e s e r v o i r s  a t  Fenton  H i l l ,  
N e w  Mexico, where c o l d  wa te r  i s  i n j e c t e d  i n t o  
a h o t  rock  mass a t  p r e s s u r e s  approach ing  t h e  
e a r t h  s tresses.  The p r e s s u r e  b e h a v i o r  o f  
t h i s  r e s e r v o i r  can be e x p l a i n e d  by 
c o n s i d e r i n g  t h e  f l u i d  f l o w  th rough  a s m a l l  
number o f  f r a c t u r e s .  T h e s e  f r a c t u r e s  a r e  
i n f l a t e d  a s  f l u i d  pressure increases, g i v i n g  
rise t o  a s t r o n g l y  pressure-dependent  
a p e r t u r e  a n d  c o n d u c t i v i t y .  A s  t h e  f l u i d  
p r e s s u r e  i n  t h e  f r a c t u r e  approaches  t h e  
normal e a r t h  stress t h e  f r a c t u r e  l i f t s  o f f  
and any  f u r t h e r  f l u i d  i n j e c t i o n  r e s u l t s  i n  
f r a c t u r e  volume i n c r e a s e ,  g i v i n g  rise t o  a 
n e a r l y  c o n s t a n t  w e l l b o r e  p r e s s u r e .  I f  t h e  
w e l l  i s  s h u t - i n  a f t e r  r e a c h i n g  t h e  c o n s t a n t  
p r e s s u r e  r ange ,  a sudden d r o p  i n  p r e s s u r e  i s  
observed  fo l lowed  by  a more g r a d u a l  decay ,  
r e s u l t i n g  f r o m  t h e  l e a k - o f f  o f  t h e  f l u i d  
s t o r e d  i n  t h e  wellbore t o  t h e  fo rma t ion  
through f r a c t u r e s .  

The t w o  most i m p o r t a n t  fo rma t ion  pa rame te r s  
de te rmined  f r o m  p r e s s u r e  tests i n  t h e  Fenton 
H i l l  r e s e r v o i r  are t h e  n e a r  w e l l b o r e  
impedance and f r a c t u r i n g  p r e s s u r e s .  The nea r  
wellbore impedance a t  l o w  p r e s s u r e s  can be  
de te rmined  from t h e  squa re - roo t  t i m e  p o r t i o n  
of t h e  i n j e c t i o n  d a t a .  I n  a t y p i c a l  t e s t  
t h i s  occurs d u r i n g  e a r l y  pumping  when t h e  
t r a n s i e n t  t he rma l  e f f e c t s  i n  t h e  wellbore a r e  
impor t an t .  The p r e s s u r e  f a l l  o f f  from t h e  
s h u t - i n  d a t a  can  be used t o  e s t i m a t e  
impedance and leak-of f  p e r m e a b i l i t i e s  a t  
h i g h e r  p r e s s u r e s .  Again the rma l  t r a n s i e n t  
e f f e c t s  are impor t an t .  F r a c t u r i n g  p r e s s u r e s  
are o b t a i n e d  from e x t r a p o l a t i n g  t h e  f r a c t u r e  
e x t e n s i o n  p r e s s u r e s  t o  z e r o  f low r a t e .  
Although t h e  f r a c t u r e  e x t e n s i o n  p r e s s u r e s ,  i n  
p r i n c i p a l ,  a r e  i n s e n s i t i v e  t o  thermal  
t r a n s i e n t s ,  t h e  t i m e  r e q u i r e d  t o  a p p r o a c h  
f r a c t u r i n g  p r e s s u r e s  depends on f r a c t u r e  
impedance and tempera ture-dependent  f l u i d  
p r o p e r t i e s .  Hence, i n  p r a c t i c a l  s i t u a t i o n s  



. 

where t h e  pumping times are l i m i t e d ,  
e r roneous  r e s u l t s  can be o b t a i n e d  u n l e s s  
t empera tu re  e f f e c t s  are t aken  i n t o  accoun t .  

These c o n s i d e r a t i o n s  have  mot iva t ed  a 
d e t a i l e d  m o d e l i n g  s t u d y  of t h e  e a r l y  t i m e  
p r e s s u r e  b u i l d u p  and f a l l - o f  d a t a  a c q u i r e d  
f r o m  f i e l d  tests. I n  t h i s  paper a numer ica l  
model of a pressure dependent  j o i n t  is used 
f o r  s t u d y i n g  its p r e s s u r e  response .  The d a t a  
from a r e c e n t  pumping test (Expt.  2061) is 
ana lyzed ,  p r o v i d i n g  a q u a n t i t a t i v e  a s ses smen t  
o f  t h e  e f f e c t  of both t h e  p re s su re -dependen t  
a p e r t u r e  and t empera tu re  on  r e s e r v o i r  
properties. 

D e s c r i p t i o n  of t h e  Pumping Experiment:  
Experiment 2061 was c a r r i e d  o u t  by i n j e c t i n g  
1.38 m i l l i o n  g a l l o n s  ( 5 . 2  m i l l i o n 1  )of  f r e s h  
w a t e r  i n t o  t h e  w e l l  EE-3A a t  d e p t h s  between 
1 2 , 5 5 5 ’  (3827  m )  a n d  1 3 , 1 8 0 ‘  (4017  m ) .  A 
.thief” zone  accepts w a t e r  a t  p r e s s u r e s  
s i g n i f i c a n t l y  l o w e r  t han  t h o s e  encoun te red  i n  
t h e  tests, and hence  t h e  tes t  i n t e r v a l  was 
i s o l a t e d  u s i n g  an i n f l a t a b l e  packe r  (Dreesen  
e t  a l ,  1 9 8 6 ) .  The i n j e c t i o n  r a t e s  r a n g e d  
from 1 bpm ( 2 . 7  l/s) t o  12 bpm ( 3 2  P/s). 
Water w a s  a lso i n j e c t e d  down the annu lus  i n t o  
the t h i e f  zone  to  improve packer  per formance  
by lower ing  t h e  pressure d i f f e r e n t i a l  across 
t h e  e lement .  P r e - t e s t  and post-test 
t e m p e r a t u r e  l o g s  were used  t o  i d e n t i f y  t h e  
f l u i d  o u t l e t s .  Most o f  t h e  f l u i d  e x i t e d  a t  
13,180’  w i t h  minor f l o w  e x i t s  th rough 6 o t h e r  
f r a c t u r e s .  

The p r e s s u r e  v s  t i m e  r e sponse  of t h e  sys tem 
e a r l y  i n  t h e  tes t  is shown by t h e  s o l i d  l i n e  
i n  F i g u r e  1 .  T h i s  i s  t h e  d a t a  u s e d  f o r  
h i s t o r y  matching .  A t  v e r y  e a r l y  times t h e  
r e s p o n s e  i s  l i n e a r ,  i n d i c a t i n g  wellbore 
s t o r a g e .  A t  a p r e s s u r e  o f  a b o u t  800  ps i  
( 5 . 5  MPa), t h e  c u r v e  d e v i a t e s  from t h e  
s t r a i g h t  l i n e  and  p r e s s u r e  i n c r e a s e s  a t  a 
slower r a t e ,  i n d i c a t i n g  f l o w  o u t  of t h e  
wellbore i n t o  a sys tem w i t h  i n c r e a s i n g l y  
lower f l o w  impedance. A t  abou t  4200 psi (29 

c h a n g e  i n  t h e  p r e s s u r e .  The pumping  was  
s topped  a f t e r  45 min . ,  r e s u l t i n g  i n  a sudden 
d r o p  of 145 p s i  ( 1  MPa), f o l l o w e d  b y  a 
g r a d u a l  decay. 

Description o f  t h e  Model: C a l c u l a t i o n s  were 
performed u s i n g  t h e  3-D f i n i t e  e l emen t  
r e s e r v o i r  s i m u l a t o r  FEW (Zyvo losk i ,  1983).  
The r e s e r v o i r  was modeled i n  r a d i a l  geometry 
as a wellbore i n t e r s e c t i n g  a h o r i z o n t a l  penny 
shaped  f r a c t u r e  wi th  r a d i a l  f l o w  bounded by a 
permeable s t r a t a .  Heat and mass t r a n s f e r  was 
a l lowed between t h e  f r a c t u r e ,  t h e  wellbore 
and t h e s e  strata.  The element g r i d  is shown 
i n  F igu re  2. A l l  o f  t h e  boundar i e s  a r e  “no  
flow.” Also shown i n  the f i g u r e  is a 
f r a c t u r e  n e a r  bo t tomhole  r e p r e s e n t i n g  t h e  
main f l u i d  o u t l e t ,  a s  w e l l  a s  an upper  zone  
f r a c t u r e  connec ted  o n l y  t o  t h e  annu lus .  T h i s  
upper  zone f r a c t u r e  r e p r e s e n t s  t h e  low 

H P a ) ,  f u r t h e r  pumping produced p r a c t i c a l l y  no 

p r e s s u r e  t h i e f  zone ,  i s o l a t e d  from t h e  t es t  
i n t e r v a l  by t h e  packer .  F lu id  f low through 
t h e  f r a c t u r e  was modeled u s i n g  t h e  p a r a l l e l  
p l a t e  law. 

2 
k = w /12 ( 1 )  

where k is  t h e  p e r m e a b i l i t y ,  f a c t o r ,  and w is  
t h e  a p e r t u r e .  The f r a c t u r e  a p e r t u r e ,  w ,  was 
r e l a t e d  t o  t h e  l o c a l  p r e s s u r e  u s i n g  an  
empirical  equation (Zyvoloski, 1985) given by 

( 2 )  

where w and B a r e  c o n s t a n t s  de te rmined  such 
t h a t  w %quais some prede termined  v a l u e  (see 
Eq. 3 )  a t  a f r a c t u r i n g  p r e s s u r e  AP . The 
form of t h e  a p e r t u r e  l a w  was m o t i v a t e d  by t h e  
work o f  Pa r ton  e t .  a l .  (Bar ton ,  19841, whose 
d a t a  s u g g e s t  an  e x p o n e n t i a l  rise i n  f r a c t u r e  
c o n d u c t i v i t y  w i t h  p r e s s u r e .  The e x p o n e n t i a l  
r e l a t i o n  p r o v i d e s  “ p r e s s u r e  r e g u l a t i o n ”  by 
a l lowing  t h e  a p e r t u r e  t o  open t o  l a r g e  v a l u e s  
o n c e  t h e  p r e s s u r e  r e a c h e s  a p r e d e t e r m i n e d  
e x t e n s i o n  c o n d i t i o n .  The e f f e c t  i s  
i l l u s t r a t e d  i n  F i g u r e  3 ,  w h i c h  shows t h e  
r e l a t i o n s h i p s  o f  a p e r t u r e  and j o i n t  

S ince  t h e  p e r m e a b i l i t y  w i t h  p r e s s u r e .  
pumping tes t  i s  s h o r t ,  t h e  p r e s s u r e  a f f e c t s  
o n l y  a s m a l l  r e g i o n  a r o u n d  t h e  w e l l b o r e .  
Thus  t h e  f o r m u l a  o f  G e e r t s m a  a n d  d e  K l e r k  
(Geertsma, 1969) f o r  maximum a p e r t u r e  i s  
used  : 

w = w e x p  ( U P )  

w = 2 ( p Q  R/G)”’  = w0 exp  ( B A P ~ )  ( 3 )  rnax 

where p i s  t h e  v i s c o s i t y ,  Q is t h e  f l o w  r a t e ,  
R i s  t h e  f r a c t u r e  r a d i u s ,  and G i s  t h e  rock 
s h e a r  modulus. Using values a p p r o p r i a t e  t o  
F n ton  H i l l  and Experiment 7861 (Q = .00265 
m /S ,  R = 5 m ,  G = 2.65 x 10 P a ) ,  w e  o b t a i n  
a maximum a p e r t u r e  of 0.0002 m. I n  a d d i t i o n  
t o  t h e  p r e s s u r e  dependence o f  t h e  j o i n t s ,  i t  
w a s  a l s o  n e c e s s a r y  to  assume p r e s s u r e  
dependent  l eak -o f f  p e r m e a b i l i t i e s  i n  o r d e r  t o  
match s h u t - i n  d a t a .  

R e s u l t s  and Di scuss ion :  F igu re  1 shows t h e  
computer model r e s u l t s  o f  t h e  s i m u l a t i o n  o f  
Exp. 2061, a long  wi th  t h e  expe r imen ta l  d a t a .  
The match is v e r y  good for bo th  t h e  b u i l d  u p  
and shu t - in .  The pa rame te r s  used t o  f i t  t h e  
expe r imen ta l  d a t a  are shown i n  Tab le  I. I n  
o b t a i n i n g  t h e  match s e v e r a l  i n t e r e s t i n g  f a c t s  
were uncovered. F i r s t ,  i t  was imposs ib l e  t o  
m a t c h  t h e  s h a r p  l e v e l i n g  o f f  o f  p r e s s u r e  
w h i l e  pumping w i t h o u t  a pressure-dependent  
aperture. Second, i t  was n e c e s s a r y  t o  assume 
p res su re -dependen t  p e r m e a b i l i t i e s  o r thogona l  
to  t h e  main f r a c t u r e .  H i  t h o u t  t h i s  
assumpt ion ,  the p r e s s u r e  dropped much f a s t e r  
t han  t h e  expe r imen ta l  r e s u l t s ,  as  shown i n  
F i g u r e  4 .  I t  was a l s o  encourag ing  t o  n o t e  
t h a t  t h e  same a p e r t u r e  l a w  was  n e e d e d  f o r  
bo th  t h e  bu i ld -up  and shu t - in  modeling. Th i s  
means, i n  c o n t r a s t  t o  t h e  commonly he ld  
b e l i e f ,  t h a t  a t  l e a s t  f o r  t h e  low p r e s s u r e  

f 



pumping  i n  t h e  new P h a s e  11 r e s e r v o i r  a t  
Fenton H i l l ,  i t  is no t  n e c e s s a r y  t o  invoke  
" s e l f  p ropping"  i n  o r d e r  t o  e x p l a i n  t h e  
observed  " s o f t "  s h u t - i n  behav io r .  

A l s o  shown i n  F i g u r e  1 a r e  t h e  c a l c u l a t e d  
p r e s s u r e s  f o r  t h e  c a s e  o f  i s o t h e r m a l  f l o w  
u s i n g  t h e  same pa rame te r s  a s  t h o s e  i n  Tab le  
I. F igure  5 shows a match ob ta ined  f o r  t h e  
i s o t h e r m a l  case by a d j u s t i n g  t h e  fo rma t ion  
pa rame te r s .  The pa rame te r s  needed f o r  t h e  
match are g iven  i n  Tab le  11. Note t h a t  t h e  
match i s  n o t  as good a s  t h a t  f o r  t h e  
tempara ture-dependent  s i m u l a t i o n .  While i t  
was n o t  n e c e s s a r y  t o  change t h e  a p e r t u r e  law 
t h e  maximum permeabi l i t ies  i n  t h e  x a n d  y 
d i r e c t i o n s  were l a r g e r  by a lmos t  an o r d e r  of 
m a g n i t u d e .  The  d i s c r e p e n c y  i s  d u e  t o  t h e  
d i f f e r e n c e  i n  viscosit ies of t h e  s u r f a c e  and 
b o t t o m h o l e  f l u i d s .  Thus  w e  h a v e  a r e s u l t  
s i m i l a r  t o  t h a t  observed  f o r  non- i so thermal  
pressure t e s t i n g  i n  homogeneous r e s e r v o i r s .  
The a p p a r e n t  f r a c t u r e  extension p r e s s u r e  f o r  
t h e  i s o t h e r m a l  c a s e  i s  10 p e r c e n t  h i g h e r  t han  
t h a t  f o r  t h e  non- i so thermal  case .  Also the 
slope of  t h e  s h u t - i n  c u r v e  i n d i c a t e s  a lower 
a p p a r e n t  f r a c t u r e  impedance f o r  t h e  non- 
i s o t h e r m a l  case. F u t u r e  work w i l l  be focused  
on  f u r t h e r  q u a n t i f y i n g  t h e s e  e f f e c t s  and 
e x t e n d i n g  them t o  l o n g e r  d u r a t i o n  tests. The 
parameters o b t a i n e d  from t h e s e  s i m u l a t i o n s  
w i l l  t h e n  be u s e d  f o r  e s t i m a t i n g  l o n g t e r m  
r e s e r v o i r  behav io r .  

CONCLUSION 

1.  

2. 

3 .  

4.  

The assumpt ion  o f  a p r e s s u r e  dependent  
a p e r t u r e  l a w  i n  a r e s e r v o i r  s i m u l a t o r  i s  
a n  e f f e c t i v e  way t o  model p r e s s u r e  
bu i ld -up  tests i n  f r a c t u r e d  r e s e r v o i r s .  

P r e s s u r e  dependence of l eak -o f f  
p e r m e a b i l i t y  was n e c e s s a r y  t o  e x p l a i n  
s h u t - i n  d a t a  i n  a r e c e n t  F e n t o n  H i l l  
pumping test. 

Apparent impedance v a l u e s  and I S I P  
p r e s s u r e s  w e r e  lower for t h e  non- 
i s o t h e r m a l  a n a l y s i s  t han  for t h e  
i s o t h e n n a l  ca se .  

Pressure-dependent  a p e r t u r e s  a re 
n e c e s s a r y  t o  d e s c r i b e  p r e s s u r e  behav io r  
o f  t h e  Fenton Hill r e s e r v o i r .  
S imula t ions  i n d i c a t e  t h a t  t empera tu re  
dependent  properties must be accounted  
f o r .  
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Table  I 

Parameters  f o r  Non-Isothermal Model 

~ 

Parameter  Value 

P e r m e a b i l i t y  r - d i r e c t i o n  
y-d irec ti on 
j o i n t  

f r a c t u r e  
P o r o s i t y  Mat r ix  

Rock Dens i ty  
Rock S p e c i f i c  Heat 
J o i n t  Radius 

F r a c t u r e  Width 
I n i t i a l  P r e s s u r e  
I n i t i a l  Temperature O<y<750m 

750<y<4100m 

I n j e c t i o n  r a t e  O<time<46 min 
46 < t i m e <  56m i n 

W 

Bo 

.01 
1.0 
2 5 OOk g /m 
1 OOOJ/kg°C 
30Om (maximum) 
5 m  (nomina l )  
, 0002~1  (maximum) 
0 .  m a  
12.35 -.0956y OC 
72.29 + 0 . 0 9 9 9 6 ~  
+O.O000105y 
lBPM(2.65 1/s) 
0.0 
.001 
32.7 

Table I1 

Paramete r s  f o r  I so the rma l  Modal 

Parameter  Value 

P e r m e a b i l i t y  r - d i r e c t i o n  
y - d i r e c t i o n  
j o i n t  

f r a c t u r e  
P o r o s i t y  Mat r ix  

Rock Dens i ty  
Rock S p e c i f i c  Heat 
J o i n t  Radius 

Fracture Width 
I n i t i a l  P r e s s u r e  
I n i t i a l  Temperature 
I n j e c t i o n  Rate  O<time<46 min 

46< time<56min 
W 

BO 

-15 2 5x10-lem2 (rnax) 
5x lp0  2m (max) 
10  m (max) 
.01 
1.0 
25OOkg/m 
1 OOOJ/kg°C 
300m (maximum) 
5 m  (nomina l )  
.0002m (maximum) 
O.MPa 
12.35OC 
lBPM(2.65 l/s) 
0.0 
.001 
32.7 

Data 
Temperature &del 
Isothermal Model 

O m a 0 m 

MINUTES 

Figure 1. Observed and Model Pressure Response. E x p t  206) 
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Figure 2. Schematics of the Model and Numerical Grid 
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Figure 4. Model Results Using 
Constant Leakoff Permeability, 
Comparec' dith Exoerimental Data. 

0 20 40 0 

MINUTES 

Figure 5. Isothermal Simulation o f  the 
Experimental data -Using Values 
From Tabel 2. 




