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, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
THE PRESSURE TRANSIENT TESTING OF A MANMADE FRACTURED GEOTHERMAL R E S E R V O I R :  

AN EXAMINATION OF FRACTURE VERSUS MATRIX DOMINATED FLOW EFFECTS 

Henry N. Fisher 
Jefferson zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAW. Tester 

ABSTRACT 

The Los Alamos Hot Dry Rock ( H D R )  geothermal 
reservoir system consisting of hydraulic frac- 
tures connecting two wellbores was f i r s t  estab- 
lished i n  October 1975 a t  the Fenton Hill s i t e  in 
north-central New Mexico. The fracture system, 
which i s  located i n  crystal l ine rock a t  a d e p t h  
of approximately zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2900 m y  has been altered since 
then by two redr i l l ing operations and subsequent 
hydraulic fracturing attempts. Many experiments 
involving the pressurization of one or b o t h  
borehol es have a1 so a1 tered the flow characteri s- 
t i c s  of the system. 
t o  provide information on the permeation flow 
into the surrounding format ion,  the properties of 
the reservoir rock, the geometry and extent of 
the main f ractures,  and the flow-through proper- 
t i e s  of the heat-exchange pa ths .  

voirs, the d a t a  analysis i s  in terms o f  a diffu- 
sion e q u a t i o n  t h a t  determines the flow of water 
and hence the pressure i n  t h e  main fracture 
system, associated jo in ts ,  and the matrix per- 
meability. 
curve solutions of the diffusion equation with 
pressure-dependent properties for various flow 
geometries are presented. The following points 
are considered,in deta i l .  (1) The l imits on the 
fracture geometry, aperture, and diffusing areas 
are determined from the diffusion parameters. 
( 2 )  Dependence of the parameters (impedance, 
d i f fus iv i ty )  of the flow-through systems are 
related t o  the inf lat ion of the major fractures. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
( 3 )  The rock properties are related t o  the reser- 
voir compressibility and permeability. I n  part i -  
cular,  laboratory experiments have shown t h a t  the 
properties of a l l  sizes of cracks from large 
single fractures t o  the microstructure are 

These tes ts  have continued 

As i n  the analysis of conventional reser- 

The f i t s  of the flow d a t a  t o  type 

1 
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pressure dependent i f  the f lu id pressure i s  near 
the confining stress.  The ef fects of th is  pres- 
sure dependence on the form of the type curves 
are included. 
the various types of porosity (main fractures, 
jo in ts ,  and microstructure) and the effect on the 
interpretation of type curves are considered. 

The approach described in th i s  report makes 
an important departure from conventional pres- 
sure-transient reservoir analysis in t h a t  pres- 
sure-dependent properties (including matrix and 
fracture permeabilities and compressibilities 
and pore porosit ies) are incorporated into a 
numerically simulated generation of type curves 
resulting from one- and two-dimensional diffu- 
sion. I n  addition, the problem of specifying a 
unique flow geometry where both  matrix and frac- 
ture-dominated, non-Darcy flow ef fects are pos- 
s ib le i s  analyzed using a large amount of f ie ld  
and laboratory d a t a  in conjunction with a theo- 
ret ical treatment t h a t  reviews the existing 
s ta te  of the art  in reservoir mechanics. This 
includes pore pressure-dependent effect ive stress 
concepts as applied t o  f racture and pore strain 
laws, roughness induced turbulent f l o w  in frac- 
tures,  permeability-porosity relat ionship, and 
early-and late-time pressure buildup during 
injection tests .  

( 4 )  The competition of flow into 

I .  INTRODUCTION 

The reservoir i s  shown schematically in Fig. 1. 

Briefly, the chronology i s  as follows. 

Detailed descriptions of 

GT-2 was dri l led f i r s t  t o  a 

the dr i l l i ng ,  fracturing, and test ing history are provided in previous re- 

ports . 1-5 

depth of 2.929 k m  and cased t o  2.917 km. Hydraulic fracturing experiments 

produced a fracture system with the ma in  ex i t  from the wellbore a t  2.81 km. 

E € - 1  was dri l led t o  a depth of 3.06 km b u t  did no t  intercept the main fracture 

system of GT-2. 

were made by cementing off and redr i l l ing GT-2A and GT-2B as sidetracked sec- 

t ions out of GT-2 ( F i g .  1). 

did not produce the desired impedance. 

Two further attempts. t o  obtain a low-impedance connection 

Hydraulic fracturing experiments in GT-2A again 

However, GT-2B d i d  produce a . 

2 
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Fig .  1. 

Schematic e l e v a t i o n  o f  t h e  Fenton H i l l  r e s e r v o i r  as o f  January 1979. 

connect ion  w i t h  a low enough impedance t o  pe rm i t  t h e  l ong - te rm h e a t - e x t r a c t i o n  

and back-pressure t e s t s .  

I n j e c t i o n  

t e s t s  were done on t h e  f o u r  we l l bo res  w i t h  t h e  o t h e r  a c t i v e  w e l l  s h u t - i n .  

These c o n s i s t  ma in l y  o f  c o n s t a n t - f l o w  o r  s tep - f l ow  t e s t s ;  and, t h e  m a j o r i t y  

were i n j e c t i o n  i n t o  EE-1. 

f r a c t u r i n g .  The c i r c u l a t i o n  t e s t s  were u s u a l l y  performed by pumping i n t o  E E - 1  

and v e n t i n g  th rough t h e  a c t i v e  branch o f  GT-2. The GT-2 we l lhead pressure  was 

most o f t e n  main ta ined near zero; t h e  n o t a b l e  excep t~ ion  was t h e  h i g h  back-pres- 

sure f l o w  t e s t s  between EE-1  and GT-29 where t h e  wel lhead p r o d u c t i o n  pressure  

was main ta ined a t  ~ 1 0  MPa (1500 p s i ) .  

The data a v a i l a b l e  a re  from two main types  o f  experiments. 

They i n c l u d e  t h e  a t tempts  a t  massive h y d r a u l i c  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
3 



t zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
P r e s s u r i z a t i o n  o f  t h e  r e s e r v o i r  can r e s u l t  i n  water  s to rage  i n  o r  permea- 

The sma l l - sca le  p o r o s i t y  a s s o c i a t e d  w i t h  t h e  g r a i n  boundar ies has been 

and t h e  

t i o n  th rough  severa l  d i f f e r e n t  t y p e s  o f  pores o r  f r a c t u r e s .  

exami ned i n  t h e  1 aboratory .  7 -9  

assoc ia ted  p e r m e a b i l i t y  i s  10 

T h i s  p o r o s i t y  i s  o f  t h e  o r d e r  

(0.1 t o  0.01 pDarcy) a t  t h e  con- 
-19 to 10-20 m2 

f i n i n g  s t r e s s  encountered i n  t h e  r e s e r v o i r .  

Considerable n a t u r a l  j o i n t i n g  i s  observed i n  t h e  cores and i n  w e l l -  

Eores. 3 y 5  

meters. It i s  p o s s i b l e  t h a t  t hese  j o i n t s  can b r i n g  t h e  t o t a l  rock  pe rmeab i l -  

i t y  up t o  2 x 10- 

c o u l d  be i n i t i a l l y  homogeneous th roughou t  t h e  r e s e r v o i r ,  b u t  t h e r e  i s  no c e r -  

t a i n t y ,  e s p e c i a l l y  f o r  t h e  l a r g e - s c a l e  j o i n t i n g .  

r i n g  p o r o s i t y  may a l s o  be a n i s o t r o p i c .  

n o t  n e c e s s a r i l y  i s o t r o p i c  and a n i  s o t r o p i c  e a r t h  s t resses  can induce a n i  s o t r o -  

p i c  f l o w  p r o p e r t i e s  i n  t h e  j o i n t  and s m a l l - s c a l e  p o r o s i t y .  

s u r i z a t i o n  and f l o w  o f  t h e  system and new f r a c t u r e s  can be created.  The ex- 

t e n t  t o  which a l t e r e d  e x i s t i n g  j o i n t s  and new f r a c t u r e s  compete t o  de te rm ine  

t h e  dominant c h a r a c t e r i s t i c s  of t h e  system i s  n o t  y e t  known. 

f r a c t u r e s  a re  expected t o  be p e r p e n d i c u l a r  t o  t h e  minimum e a r t h  s t r e s s  and t h e  

e x i s t i n g  f r a c t u r e s  t h a t  a re  n e a r l y  p e r p e n d i c u l a r  t o  t h e  minimum e a r t h  s t r e s s  

a r e  expected t o  open more r e a d i l y  under p ressu re  and become t h e  dominant f l o w  

paths.  

ex tens i ve ,  a n i s o t r o p i c ,  and heterogeneous r e s e r v o i r .  The i n f l a t i o n ,  and pos- 

s i b l y  t h e  f l ow- th rough  c h a r a c t e r i s t i c s ,  o f  t h e  EE-1 ,  GT-2B system were d e t e r -  

mined i n  p a r t  by t h e  presence o f  t h e  GT-2 and GT-2A f r a c t u r e s  and t h e  connec- 

t i o n s  of these f r a c t u r e s  t o  EE-1.  

As i n  convent ional  r e s e r v o i r  a n a l y s i s  t h e  model d e s c r i b i n g  t h e  system i s  

based on a d i f f u s i o n  equa t ion  f o r  pressure,  d e r i v e d  from a Darcy- type f l o w  l a w  

and t h e  conserva t i on  o f  mass. The e a r l y  i n  s i t u  data4 and l a b o r a t o r y  e x p e r i -  

n e c e s s i t a t e d  t h e  use of pressure-dependent p e r m e a b i l i t i e s  and system compres- 

s i b i l i t i e s .  Th i s  model has p r o v i d e d  reasonable f i t s  t o  t h e  d a t a  examined t h u s  

f a r  i n  a number o f  t e s t s  on t h i s  r e s e r v o i r .  

media and f r a c t u r e s  can be expected t o  depend on t h e  f l o w  r a t e .  

These j o i n t s  have many o r i e n t a t i o n s  and a spacing o f  c e n t i m e t e r s  t o  

(20 ~ D a r c y ) . ~ ’ ~  T h i s  and t h e  sma l l - sca le  p o r o s i t y  
17 m2 

Flow i n  t h e  n a t u r a l l y  occu r -  

The o r i e n t a t i o n  o f  t h e  l a r g e  j o i n t s  i s  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
T h e  n a t u r a l l y  occur r ing  p o r o s i t y  and j o i n t s  can be a l t e r e d  by t h e  pres- 

However, new 

I n  any event, t h e  p r e s s u r i z a t i o n  o f  t h e  f o u r  we l l bo res  produced an 

-- 
ments on sma l l - sca le  po ros i t y7 - ’  and on l a r g e - s c a l e  s i n g l e  f r a c t u r e s  10-12 

4-6 

Under some c o n d i t i o n s ,  t h e  f l o w  laws a t  h i g h - f l o w  r a t e s  f o r  b o t h  porous 

However, i n  

4 
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most of the d a t a  no strong f low dependence was observed and hence was not 
needed. 

approximately over 1 arge flow ranges. 

As will be seen la te r ,  a systematic analysis of the injection t e s t  d a t a  

indicates some flow dependence in the diffusion parameter t h a t  determines the 

pressure response o f  the system. This moderate flow dependence contains in- 

formation on the nature of the system and will be included i n  future models. 

A survey of the flow-through impedance d a t a  indicates no strong flow depen- 

dence unti l the EE-1  t o  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAGT-2B connection was examined a t  low pressures a f te r  

the long heat-extraction and high back-pressure ( H B P )  experiments. 

nature of the development of th is  flow dependence has been obscured by the 

strong pressure dependence of the impedance or by inaccurate flow measure- 

ments. 

t o  E E - 1  connection, no flow dependence was measured. 

flow dependence for the interpretat ion o f  the model i s  discussed below. 

d a t a ,  the diffusion parameters t h u s  measured cannot be interpreted in terms o f  

a unique flow or fracture geometry. 

f i r s t  fractures a t  Fenton H i l l  , i t  has been assumed t h a t  the early time pres- 

sure and flow history of the fracture system were determined by permeation 

flow o u t  of a large low-impedance ( i n f i n i t e  conductivity) main fracture into 

the surrounding matrix or jo in ts .  3,4 

much of the d a t a  can be f i t  w i t h  an alternat ive geometry; t h a t  i s ,  f low into 

and  inf lat ion of discrete fractures of high impedance. To determine the 
degree of competition between m a t r i x  and f racture flow we m u s t  examine a 

number of points: (1) the general nature of the type curve f i t s  t o  the d a t a ,  

( 2 )  the nature of the pressure-dependent rock and fracture properties, (3)  the 

significance of flow-dependent parameters, ( 4 )  relat ionship of the fracture 

inf lat ion parameters to  those governing the flow t h r o u g h  the system, and ( 5 )  

the range of fracture dimensions implied by the diffusion parameters n each 

case. The objective of t h i s  type of analysis i s  to  produce a geometr c mode 

of the reservoir consistent with the pressure and flow d a t a .  However even 

w i t h  the aid of other d a t a  sets  (temperature, seismic, t racer,  e t c . ) ,  i t  may 

n o t  be possible t o  uniquely specify the reservoir. 

T h a t  i s ,  Darcy 1 aw with a pressure-dependent permeabi 1 i ty holds 

The exact 

A t  the low flow rates allowed by the high impedance of the early GT-2 

The significance of th is  

Even t h o u g h  the mathematical model provides good f i t s  t o  much of the 

From the time of the formation of the 

Considerable evidence now exis ts  t h a t  

5 



11. MATHEMATICAL MODEL 

I t  i s  assumed here t h a t  t h e  volume f l u x  i s  determined by t h e  Darcy 

equat  i on, 

. , = - L ; v P  , 

where k i s  t h e  p e r m e a b i l i t y  tensor ,  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBACI t h e  f l u i d  v i s c o s i t y ,  and P t h e  pore  

pressure. The c o n t i n u i t y  equa t ion  i s  

w i t h  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAp w  t h e  f l u i d  d e n s i t y  and + t h e  p o r o s i t y .  

s o l u t i o n  t o  

The pressure  then, i s  t h e  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
1 

The d e n s i t y  o f  t h e  permeating f l u i d  pw can be expanded as pw = p 0 ( 1  + cwP). 

Then s i n c e  cw zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAIP 5.0 x MPa-' f o r  water  

Here, d+/dP depends on t h e  p r o p e r t i e s  o f  t h e  rock ,  which i s  20 t imes l e s s  

compress ib le  than water. So i t  i s  no t  c l e a r  which term, i f  e i t h e r ,  of Eq. ( 4 )  

w i l l  dominate. S i m i l a r  c o n s i d e r a t i o n s  h o l d  f o r  t h e  l e f t - h a n d  s i d e  o f  Eq. ( 3 ) .  

I t  will be assumed here t h a t  t h e  t e r m  +cwp0 i n  Eq. ( 4 )  w i l l  no t  dominate and 

t h a t  pW can be considered cons tan t .  

F o r  now 

T h i s  assumption must be j u s t i f i e d  l a t e r .  

d+ aP 
dP a t  

V (kVP) = p -- 

6 
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The r e l a t e d  q u a n t i t i e s  k, +,  and c = d+/dP, and i n  p a r t i c u l a r  t h e  dependence 

on pressure cannot be determined e x a c t l y  s ince  t h e y  a l s o  depend on t h e  pore 

volumes, shapes, o r i e n t a t i o n s ,  and d i s t r i b u t i o n  i n  space, which a r e  n o t  known. 

I n  a d d i t i o n ,  each depends on t h e  t h r e e  components o f  s t r e s s ,  which i n  t u r n  a r e  

determined by t h e  -- i n  s i t u  e a r t h  s t r e s s e s  and, t o  some e x t e n t ,  t h e  po re  f l u i d  

pressure.  

For  t h e  a n a l y s i s  p resen ted  here, Eq. ( 5 )  i s , s o l v e d  on t h e  computer w i t h  

t h e  one- o r  two-dimensional  f i n i t e  element AYER code.13 To o b t a i n  f i t s  t o  t h e  

-- i n  s i t u  data i t  was necessary t o  develop e m p i r i c a l  f i t s  t o  t h e  p o r o s i t y  + ,  t h e  

c o m p r e s s i b i l i t y  c y  and t h e  p e r m e a b i l i t y  k .4y5  These e m p i r i c a l  exp ress ions  

a1 so f i t  l a b o r a t o r y  da ta  on t h e  GT-2 cores reasonably we1 1. 
9 

The p o r o s i t y  i s  assumed t o  be c o n t r o l l e d ' b y  t h e  minimum e a r t h  s t r e s s  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAa3,  

* 

The p e r m e a b i l i t y  t e n s o r  i s  assumed t o  have t h r e e  non-zero components. 

components p e r p e n d i c u l a r  t o  t h e  l e a s t  s t r e s s  a r e  

The two 

* 

The component para1 l e 1  ' t o  t h e  l e a s t  s t r e s s  i s  

where a2 i s  t h e  i n t e r m e d i a t e  s t r e s s .  

Kozeny-Carmen r e l a t i o n  f o r  smal l  p o r o s i t y ,  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAk = +3.1 

here, P < zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAS 3  t h e  minimum p r i n c i p l e  e a r t h  s t ress .  

seen t h a t  t h e  f o l l o w i n g  approx ima t ions  p r o v i d e  accu ra te  f i t s  t o  t h e  data.  

The fo rm o f  k i s  c o n s i s t e n t  w i t h  t h e  

F o r  t h i s  case i t  w i l l  be 

For  t h e  d a t a  c o n s i d e r e d  

( a )  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAa 3  = zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAS 3 ,  minimum e a r t h  s t r e s s .  

7 
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( b )  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAa2 = S2, t h e  i n t e r m e d i a t e  e a r t h  s t ress .  

. ( c )  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAII = 0.6, f i t s  a l l  -- i n  s i t u  data.  

Then i n  t h i s  case zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
$ 0  

$ =  
( 1  - C3P)"*6 

' zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
k O  k3  = 

( 1  - c3P)'*g 
Y 

k O  
1.8 ' k2 = 

(1 - C 2 P )  

and 

Here , 

C 
1 - cs* , c. = '  and C2 = 

3 1 - cs3 

and ao, k o ,  and co a re  eva lua ted  a t  P = 0. 

111. I N  S I T U  DATA F I T S  -- 

The f i r s t  d e t a i l e d  computer f i t s  t o  t h e  Fenton H i l l  pressu re  and f l o w  

da ta  were produced w i t h  AYER.4 

dimensional g r i d  w i t h  t h e  po re  p r o p e r t i e s  g iven by Eq. ( 9 ) .  

T h i s  produced s o l u t i o n s  o f  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAE q .  ( 3 )  on a two- 

However, i$. was 



found t h a t  two-dimensional ef fects were not observed. Also, no flow depend- 

ence was included in the flow parameters. 

dependence been apparent, a f te r  the accumulation of much d a t a .  

discussed la te r .  

Only recently has the role of flow 

This will be 

These circumstances have resulted in the specification of a limited num- 

The inf lat ion d a t a  i s  determined ent i re ly by zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAa zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= ber of flow parameters. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
A&. 
has n o t  been measured b u t  lower l imits have been obtained. For interference 

or  flow-through tes ts ,  the time constant for flow or pressurization between 

wells, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAT~ = R p c / k  and the flow impedance I = zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAb P / 4  = k p / A k ,  are determined. 

The discussion of how the fracture or rock properties determine these parame- 

te rs  i s  deferred until la te r .  For now we examine the d a t a  f i t s  t h a t  determine 

the magnitudes and pressure-and flow-dependences. 

The time constant for  the conversion t o  multidimension flow T A  = Apc/k 

2 

A. Pressure, B u i l d u p ,  and Injection Testing 

The f i r s t  g r o u p  of experiments t o  be compared t o  the diffusion model with 

pressure-dependent properties i s  described i n  detai l  i n  Ref. 4. Figures ‘2 and 

3 show results from typical early experiments performed in E E - 1  and GT-2. 

Experiment 111 (Figs. 2 and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA3 )  i s  described i n  more detai l  in Refs. 2 ,  

3,  and 4. I t  consisted of a pressurization of E E - 1  in steps, in constant flow 

and constant pressure phases (upper curve of Fig. 2 ) .  The flow and pressure 

were recorded in E E - 1  and the pressure was recorded in GT-2, which was shut- 

i n .  The numerical f i t  t o  the GT-2 pressure response (lower curve of Fig. 2 )  

veri f ies the pressure dependence of c/k. The f i t s  t o  the E E - 1  pressure f o r  
the constant f l ow  phases ( F i g .  3 )  give the pressure dependence o f  Adkc. I n  

F i g .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA3 ,  P o  i s  the start ing pressure for  each constant f low phase. 

t a n t  conclusions are as follows. 

c f i t  b o t h  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA f i  and c/k the assumption t h a t  the fracture area ( A )  i s  independ- 

ent of pressure a t  low pressures i s  just i f ied.  

of kc and c/k has 

has been specified. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
o f  E E - 1  or GT-2 with the other well shut-in. They are for constant inject ion 

flow rates and are presented i n  order of increasing flow period. The f i t s  t o  
the d a t a  were produced with the two-dimensional A Y E R  w i t h  the goal of deter- 

mining the time constant T~ = Apc/k for the conversion from one- t o  

The impor- 

Since the same pressure dependence of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAk and 

Since the pressure dependence 

been determined the pressure dependence of b o t h  c and k 

The second group of experiments (Figs. 4 t h r o u g h  6 )  i s  pressurizations 

9 
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1 I I I I I I I 

DATA, EE-I, E X P  111 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA* MODEL ---- -400 

C, = Q09 MPo-' 

C, = C,/5.0 

DATA - E X P  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAm 
€E-I - 
GT-2 8 

C, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA8 C,/5.0 

k =  k0 

( I -  c, P )IJ 

cO 

(I-C,P 
C =  

- 

I 1 1 

an 

t 

-300 '5 
n 

no 
Y 

I 

-2200 u" 
3 
u) zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
cn 
w 
a n 

loo 

'0 

-Jm 

Y zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
w t  G zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA4 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAf 

F i g .  2. 
Pressure i n  EE-1 and GT-2 d u r i n g  exper iment  111. 

-- 
SQUARE ROOT OF TIME ( S I " ~  

F ig .  3. 
Pressure i n  EE-1 d u r i n g  cons tan t  f l ow  phases o f  exper iment  111. 
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CI zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
c) a zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
2 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Y zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
w 10- e 

F i g .  4. 
Pressure i n  GT-2 f o r  a c o n s t a n t  i n j e c t i o n  f l o w  r a t e  d u r i n g  exper iment  113. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

GT-2 PRESSURE, EXP 113 

CI .- 
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0 1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI 1 1 1 

-1m - 

h - 
m 
a 

z -  
W 
Y 

--E 
-400 % 

a 
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I 1 

F i g .  5 .  
Pressure i n  EE-1 f o r  a c o n s t a n t  i n j e c t i o n  f l o w  r a t e  d u r i n g  exper iment  154. 

3 
v) 

(I: 

- l O O O ~  

a 

500 

0 

11 



I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1 I I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI 1 - 
€€-/ zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAPR€SSUR€: zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAMAY zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA/977 

*k CHANGE OF FLOW RATE 

1400 

A 

0 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
a 
2 6  
Y 

W 
Cr zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAa 
p’ 

0 CALC. (AYER) 

A& = 4.4 x Idom’ /Po”* 

11200 

400 

200 

0 I I 1 I I I 1 
0 I 2 3 x ~ ~ 5  

TIME ( S I  

Fig .  6. 

Pressure i n  E E - 1  f o r  two cons tan t  f l o w  phases o f  t h e  May 1977 pump up. 

mu l t i - d imens iona l  f low.  There are  t h r e e  impor tan t  aspects  o f  t hese  f i t s .  

Longer f l ows  d i d  no t  g i v e  any i n d i c a t i o n  t h a t  t h e  f l o w  changed f rom one- 

t o  mu l t i - d imens iona l  f l o w  and o n l y  a lower  l i m i t  t o  T A  was e s t a b l i s h e d .  

F i g u r e  4 shows t h a t  t h e  same pressure  dependence ho lds  f o r  t h e  f r a c t u r e s  con- 

nected t o  GT-2 and EE-1 .  The pressure  dependence o f  t h e  r e s e r v o i r  p r o p e r t i e s  

e s t a b l i s h e d  by t h e  s h o r t - t e r m  pumping ho lds  f o r  t h e  l o n g e r  f l ows ,  as l o n g  as 

t h e  f r a c t u r e  p ressure  i s  s m a l l e r  t han  t h e  minimum e a r t h  s t ress .  

The t h i r d  group o f  exper iments has f l o w  pe r iods  l o n g e r  than  @ l o 0  h. The 

long- te rm (75-day) c l o s e d - l o o p  cont inuous  f l o w  experiment, which i s  d iscussed 

i n  d e t a i l  el.sewhere,14 added new i n f o r m a t i o n  rega rd ing  t h e  t r a n s i e n t  water  

s torage by permeat ion f l ow .  

i n g  and t h e  i n j e c t i o n  h o l e  (EE-1) p ressur ized ,  t h e  f l o w  i n t o  permeat ion  was 

from a s e r i e s  of f r a c t u r e s  connected t o  t h e  EE-1 wel lbore .  The f l o w  r a t e  and 

t h e  i n t e g r a t e d  f l ow  i n t o  permeat ion  a f t e r  t h e  s t a r t - u p  t r a n s i e n t s  a r e  p l o t t e d  

i n  Figs. 7 and 8. 

(shutdowns f o r  pump mai ntenance , etc .  ) but  t h e  t h e o r e t i c a l  c a l  c u l  a t  i ons agree 

w i t h  an average l o s s  r a t e .  

Wi th  t h e  p roduc t i on  h o l e  (GT-26) vented and f l o w -  

The r a t e  has many t r a n s i e n t s  due t o  o p e r a t i o n a l  changes 

For  t h e  i n t e g r a t e d  f l o w  t h e  t r a n s i e n t s  a r e  n o t  

12 



Permeation zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAf l  
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75-day expesi 
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0 

0 
I I I 

I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA0 

0 DATA 

I - THEORETICAL FIT 

1.0 so.: s 
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obvious and the f i t  i s  good. The calculations were done with the two-dimen- 

sional zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAAYER w i t h  the pressure-dependent properties. However, the time con- 

stant was so large t h a t  the flow was essential ly one dimensional. T h a t  i s ,  

for flows as long as 75 days the d a t a  f i t s  a one-dimensional model. 

B. Flow Dependence of Diffusion Parameters 

The search for a flow dependence of a a t  hydrostatic pressure in the 

Fenton H i 1  1 reservoir has been d i f f i cu l t  because the systems undergo permanent 

changes during many experiments. I n  part icular, a has exhibited permanent 

increases af ter  some of the hydraulic fracturing experiments. However, i f  

sequences of measurements can be f ound  t h a t  contain smaller values o f  a 

obtained in la ter  experiments, the effect may be f low dependent. Figure 9 i s  

a p l o t  of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAa versus flow rate zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA( 4 )  for three such sequences over the E E - 1  pres- 

surization history. Some trends are indicated; a n d ,  since, the specif ic f low 

rate i s  i n  the denominator of the permeability zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA( k  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAa 4-l) for turbulent flow, 

the  decrease o f  Q w i t h  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA6 i s  expected. suggests t h a t  the 

appropriate flow l aw  contains a term quadratic i n  the flux { rather t h a n  a 

Darcy-type law, or 

This behavior w i t h  

1 * 2  - V P  = T: + 6 q  . 
u 

Then 

i s  the effect ive flow dependent permeability. 

by comparing the d a t a  t o  
We can check th is  approximately zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

0 
a 

- 
. a -  , 

1 4  



0 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
where zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAQ i s  the t o t a l  flow rate.  The solid l ines on the g r a p h  of Fig. 9 show 

reasonable agreement with the d a t a  f o r  a single value of the parameter zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAB o  
Since the trends i n  the d a t a  are consistent w i t h  the presence of a quad- 

ra t i c  term i n  the flow l a w ,  i t  may be possible t o  o b t a i n  additional informa- 

t i o n  on the f l ow  regime and  hence on the permeation character ist ics of the 

fracture system. 

The general character ist ics of the impedance d a t a  for the three connec- 

tions of EE-1 t o  the three branches of GT-2 are given in the g r a p h  of Fig. 10. 

On th is p l o t  a zero slope indicates no flow or  pressure dependence. A posi- 

t ive slope indicates t h a t  the flow dependence dominates. 

indicates ei ther a pressure dependence because h i g h  pressures are associated 

w i t h  h i g h  flows, or  i t  indicates t h a t  an int r insic i r reversible change i s  

t a k i n g  place in the system. Most of the measurements are n o t  t rue steady 

s ta te  but are made a f te r  several hours of flow. I n  each case the p r o d u c t i o n  

side ( G T - 2 )  was fu l ly  vented and hence near hydrostatic pressure. The E E - 1  

wellbore was pressurized between 4 t o  10 MPa (600 t o  1450 psi)  above hydro- 

s ta t ic .  The GT-2 connection showed l i t t l e  or no pressure or flow dependence. 

Any firm conclusion concerning the GT-2A connection was obscured by the small 

f low ranges examined and by uncertainties i n  the measurements. Any trends 

indicating a flow dependence fo r  the GT-2B connection prior t o  the 75-day f low 

t es t  are obscured by pressure dependences and in t r ins ic  changes i n  the system 

(experiments 169 t h r o u g h  1 9 0 ) .  

flows and low pressures (<800 psi )  a f te r  the system had been al tered by the 

75-day heat extraction experiment and a 28-day high back-pressure heat-extrac- 
t i o n  test .  The impedance was f o u n d  t o  have been reduced t o  permanently zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAl o w  

values and despite the considerable scat ter  i n  the flow rate d a t a  as measured 

by a turbine meter, a real dependence on the GT-2B flow i s  indicated. 

The few measurements of t h i s  type are covered i n  detail by Brown.” 

used la ter  t o  obtain f racture compressibil i t ies. 

fractures. I n  th is  case i t  can be shown t h a t  the Reynolds number i s  in the 

transit ion region between laminar and turbulent flow for the flow rates nor- 

mally used and f o r  the expected fracture dimensions. If the surfaces of the 

fracture are rough,  turbulent f l ow  i s  induced a t  much lower Re. Figure 11 

i l lus t ra tes the approximate d i v i d i n g  l ine (dashed curve) between l a m i n a r  and 

A negative slope 

Experiment 184 measured the impedance a t  low 

I f  b o t h  E E - 1  and GT-2 are pressurized, the pressure dependence dominates. 

They are 

We f i r s t  consider the case of the inf lat ion of a single (or few) discrete 

1 5  



1 6  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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7n 

I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI 1 I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1 I 

Q2 Q4 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI 0.6 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA0.8 I .o 1.2 6 
FLOW RATE zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(m3/s) 

F i g .  9 .  
Recept iv i t y  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(a  = A m R )  versus f low r a t e  f o r  EE-1. 

o-I lo" IO1 IO2 

GT-2 FLOW RATE (dm3/s) 

F i g .  10.  
Flow impedance f o r  t h e  var ious E E - 1  t o  GT-2 connect ions.  



Re zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Fig. 11. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

16 Transition region for laminar-to-turbulent flow. 

turbulent flow as determined by Reynolds number (Re) and re la t ive roughness, 

2c/W.16 The sol id 

vertical l ine i s  Re for a f low of 1.26 x lo-* m3/S zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(200 gpm) into a f racture 

of 80 m (262 f t )  in height. I n  the Fenton Hill inf lat ion tes ts  the total  

input flow has been v a r i e d  from 0.21 t o  over 1.26 x lo-* m3/s. However, the 

specific flow rate in any p a r t  of the fracture i s  unknown because the fracture 

geometry, as well as the exact condition of roughness, i s  unknown. For these 

reasons the distr ibution of laminar, induced turbulent, or  turbulent flow 

t h r o u g h o u t  the fracture cannot be specified. Any ra t io  of l inear and  quadra-  

t i c  terms in E q .  (11) is possible and relates only t o  average conditions. 

Here W i s  the f racture thickness and E i s  the roughness. 

The usual interpretat ion of the early time pressure response i s  t h a t  i t  

i s  due t o  permeation into the porous rock surrounding a large f racture with 

zero internal impedance or  i n f in i te  conductivity. However, the flow depend- 

ence o f  the d a t a  suggest t h a t  the conditions be examined for which Darcy’s law 

no longer holds. Furthermore, i t  has been suspected t h a t  any permeation flow 

would be dominated by larger scale jo in ts  rather t h a n  the microstructure of 

grain b ~ u n d a r i e s . ~  I f  t h i s  i s  the case, the extremely low Reynolds numbers 

associated with the flow in the microstructure would not be appropriate and 

non-Darcy ef fects may appear. I n  addition, flow in permeable (packed) beds 
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REGIME LOCAL 

LAM zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI NAR 
STRAIGHT a=o zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

L = hf = 100 rn 

LAM I NAR zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAd0 
TORTUOUS 

I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAN DU C E 0 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAdO 
TURBULENT b+O 

TURBULENT a=O 

I 

R e  

I I 
( R e  < R, o r  b v / a  << 1) 

F i g .  1 2 .  

Table of parameters determining flow regimes. 

exhibits a gradua l  t rans i t ion from l inear t o  quadratic flow a t  low Reynolds 

numbers. The various reasons for th is  are discussed by many authors. 
16-18 

The table of Fig. 12 summarizes the situation f o r  flow i n t o  a f racture or  

mat r i x  permeation. The size parameters are defined in the nomenclature. 

Considerable uncertainty ex is ts  i n  the l i terature as t o  which ef fects  are most 

important in the c lass i f icat ion of the flow regimes. Here the general discus- 

sion of the previously c i ted references has been followed. W i t h  a flow law of 
the type given by E q .  (11) b u t  i n  terms of the local f l u i d  velocity v ,  

2 
vP = av t bv Y 

four  flow regimes can be recognized. 

no q u a d r a t i c  term exists.  

because the flow i s  constantly changing directions. Here the onset of quadra-  

t i c  flow i s  gradua l  w i t h  the c r i t i ca l  Reynolds (Re) number determined when the 

rat io of the quadratic-to-l inear term ( b v / a )  approaches one. 

In  the laminar straight regime a t  low Re 

For  laminar tortuous the q u a d r a t i c  terms ar ise 

For turbulence 
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induced by w a l l  roughness t h e  onset i s  a l s o  gradual and t h e  c r i t i c a l  Reynolds 

number i s  aga in  s p e c i f i e d  when t h e  r a t i o  o f  t h e  q u a d r a t i c  t o  t h e  l i n e a r  t e r m  

approaches one. I n  t h e  t u r b u l e n t  regime t h e  Reynolds number i s  t h e  f a m i l i a r  

one w i t h  a c r i t i c a l  va lue  o f  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA@2000. I n  F ig .  12 t h e  Re a re  l i s t e d  i n  terms o f  

t h r e e  se ts  o f  parameters. The f i r s t  i s  t h e  l o c a l  parameters. The second i s  

f o r  f l o w  i n  a s i n g l e  f r a c t u r e  o f  c r o s s - s e c t i o n a l  area W x hf. 
2 

f o r  permeation over  an area ( L  ) w i t h  permeat ing cracks o f  w i d t h  W and spacing 

d. The next  column i s  t h e  c r i t i c a l  va lues o f  each. The l a s t  two columns a r e  

t h e  values o f  Rc r e s u l t i n g  f r o m  t h e  p o s s i b l e  se t  o f  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA4 = 200 gpm, d = 1.0 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAm y  

and L = hf = 100. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Q ,  d, L, hf,  W/R and c / D h  t h a t  t h e  q u a d r a t i c  term can c o n t r i b u t e  s i g n i f i c a n t l y  

t o  e i t h e r  o r  b o t h  f r a c t u r e  f l o w  o r  m a t r i x  permeation. The s i t u a t i o n  i s  even 

l e s s  c l e a r  i f  t h e  permeat ion i s  o c c u r r i n g  ma in l y  i n  high-impedance ex tens ions  

o f  t h e  main f r a c t u r e .  

The t h i r d  i s  

It i s  obv ious t h a t  because o f  t h e  wide p o s s i b l e  ranges o f  

I V .  FRACTURE COMPRESSIBILITY 

P o s s i b l y  -- i n  s i t u  measured f r a c t u r e  c o m p r e s s i b i l i t i e s  c o u l d  h e l p  d i s t i n -  

g u i s h  between permeat ion and f r a c t u r e  f l ow .  

spacing)  of t h e  permeat ion i s  l a r g e  compared t o  t h e  m i c r o s t r u c t u r e  t h i s  i s  

probably  n o t  t h e  case. An i n t e r n a l l y  c o n s i s t e n t  i n t e r p r e t a t i o n  o f  t h e  ob- 

served -- i n  s i t u  pore c o m p r e s s i b i l i t y  and r e l a t e d  p e r m e a b i l i t y  i n  terms o f  per-  

meat ing cracks w i t h  a spac ing  o f  t h e  o r d e r  o f  1 m was g i v e n  i n  an e a r l i e r  

r e p ~ r t . ~  Here we i n t e r p r e t  t h i s  i n  terms o f  f l o w  i n  a s i n g l e  f r a c t u r e  and 

examine t h e  evidence t h a t  many l a r g e  f r a c t u r e s  have approx ima te l y  t h e  same 

c o m p r e s s i b i l i t y  and t h a t  i t  i s  determined l a r g e l y  by t h e  e f f e c t i v e  c o n f i n i n g  

s t r e s s .  

However, i f  t h e  s c a l e  ( c r a c k  

We are i n t e r e s t e d  i n  t h e  f r a c t u r e  c o m p r e s s i b i l i t y ,  

1 dV f 
C f  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA=qdP 

f o r  a f r a c t u r e  o f  volume V f  and w i t h  i n t e r n a l .  pressure P. 

f r a c t u r e  s u r f a c e  area, 

F o r  a c o n s t a n t  

1 9  



1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAdW 
c f = J $  

where W i s  t h e  f r a c t u r e  w i d t h  o r  aper ture.  As shown by Witherspoon e t  a l .  

(Ref. Y ) ,  and t h e  o t h e r  cases t h a t  f o l l o w ,  f r a c t u r e  aper tu res  obey t h e  l a w  

, 0 = P c - P  , 
1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

W a  

+ zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(o/Mo)ln 

where Pc i s  t h e  c o n f i n i n g  s t r e s s ,  P i s  t h e  f l u i d  pressure,  and Mo i s  a f r a c -  

t u r e  modulus. Then, 

and 

And, a t  P = 0 

c = c  = q c  . 
f f o  

Four est imates o f  c f o  = n C  f o r  l a r g e  f r a c t u r e s  f o l l o w .  

p r e t e d  as f l ow  i n  a s i n g l e  f r a c t u r e  f i t s  

The low f l o w  p a r t  o f  t h e  d i f f u s i o n  parameter f o r  Fenton H i l l  when i n t e r -  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
o = A c G  = hfW ($ cf)”* zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAa 

1 

(1 - c P ) n  

Where, n c  1 and C = 0.1 MPa-’. 

(4  + 1 ) / 2  = 1 g ives  rl = 0.25 and c f o  = 2.5 x lo- ’  MPa-’. 

t h rough  impedances. 

had an impedance g i v e n  by 

Then f rom Eqs. (18), (lY), and ( 2 1 ) ,  n = 

The f r a c t u r e  compressi b i  1 i ty  a1 so a f f e c t s  t h e  pressure-dependent f l o w  

For  exper iment  161 t h e  connect ion between E E - 1  and GT-2A 
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For experiment 186 fo r  EE-1 and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAGT-2B 

I n  both  cases the E E - 1  pressure was constant, P i s  the GT-2 back pressure, rl = 

1.0, and Pc = 10.4 MPa. For most flow regimes I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAa W - 3 ;  then 

w O  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
/ 3  , 

W =  
(1 - P / l O . 4 ) l  

and cfo = 3.2 x l o - *  MPa. 

on single fractures in large ( ~ 1  m )  blocks of granite. 

the crack displacement in Sierra White granite for saw cu t  fractures t o  be 

Similar values o f  compressibility c n be ded iced from measurements made 

Witherspoon," f inds 

1 
W a C  

c1 + ( ( J / M , ) ] ~ ' ~ ~  ' 

where Mo = 0.305 MPa. 

Assuming t h a t  the ef fect ive s t ress (J = Pc - P appropriate, we have 

wO W =  
c1 - (P/Mo + Pc)] "e48 

For the confining stress o f  10 MPa (approximately t h a t  of the Fenton Hill 

reservoi r )  , c fo  = 4.6 x lo-' MPa-'. 
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Investigators a t  the Lamont Dougherty Laboratories” have measured the 

product of fracture permeability and cross-sectional area for tension frac- 

tures in Barre granite. They f i n d  

1 

kfAc zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= c1 - ( P / P c ) l l * l  ’ 

or 

Then c f o  = 3.6 x 10-* MPa-l. 

large fractures. 

the confining stress.  The pressure dependences of receptivity A, /kfcf and 

impedance I ,  as measured a t  Fenton Hi l l ,  give values o f  the exponent rl t h a t  

are close t o  those measured in the laboratory. 

The exponent TI seems t o  have a small range and Mo i s  generally small for  
Hence the compressibility a t  P = 0 i s  determined main ly  by 

V .  APPROXIMATE 

We next rev 

then present two 

R E S E R V O I R  SIZE C A L C U L A T I O N S  

ew the parameters t h a t  depend on the reservoir dimens 

graphical summaries of the l imi ts on these parameters 

early and l a te  time flows. 

A .  Fracture Dimensions from ImDedance Measurements 

ons and 

for  

I f  t h e  inf lat ion process consists of flow in discrete fractures, i t  i s  

reasonable t o  assume t h a t  they have roughly the same characterist ics as the 

through-flow paths. I n  fac t ,  they could be wholly or partly the same. As 

indicated i n  the las t  section and ear l ie r  reports?’l5 the impedances have a 
pressure dependence. 

in question. 

cular depends strongly on the GT-2B pressure. 

flow dependence t h a t  has not been obvious in the other connections. Since 

The degree of t h i s  dependence depends on the connection 

The impedance of the connection between E E - 1  and GT-2B in p a r t i -  

This connection has exhibited a zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
2 2  



. . .. . . ... 

cons ide rab le  da ta  e x i s t  f o r  t h i s  connect ion,  we w i l l  use i t  t o  c a l c u l a t e  a 

range o f  p o s s i b l e  f r a c t u r e  dimensions. 

For t h e  approximate c a l c u l a t i o n  of f r a c t u r e  dimensions we w i l l  p i c k  nomi- 

na l  va lues o f  impedance and f l o w  r a t e  f o r  t h e  case o f  l ow  GT-2B pressure.  Fo r  

a low EE-1 pressu re  (exper imen t  184) t h e  impedance was 0.55 MPa -s/dm 

( 5  psi/ypm) a t  3.15 dm3/s (50 gpm); f o r  a h i g h  E E - 1  pressu re  (exper imen t  190)  

t h e  impedance was 0.55 MPa - s/dm The 

l i n e a r  dependence o f  impedance on f l o w  r a t e  i n  exper iment 184 i n d i c a t e s  t h a t  

t u r b u l e n t  o r  rough-wal l  t h e o r y  i s  app rop r ia te .  Large r e l a t i v e  roughness 

va lues  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA( E / D  = 1 /3  and 1 )  a r e  used i n  t h i s  c a l c u l a t i o n .  The wel l -known t h e o r y  

o f  B l a s i u s  f o r  t u r b u l e n t  f l o w  i n  a smooth w a l l  c o n d u i t  g i ves ,  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
3 

3 3 
( 5  psi /gpm) a t  12.6 dm / s  (200 gpm). 

1B zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
P L  3 /4 

W zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI = 0.004 (Re) 

w i t h  

. 
2pwQ 

V k f  
R e = -  . 

From t h e  t h e o r y  o f  f l o w  p a s t  rough \i 11s b Nikuradse8 t h e  impedance i s  

L a t e r  i n  t h i s  r e p o r t  t h e  f r a c t u r e  dimensions g iven by these  f o r m u l a s  a r e  com- 

pared g r a p h i c a l l y  w i t h  t h o s e  o b t a i n e d  f r o m  t h e  c o n s i d e r a t i o n s  p resen ted  i n  

e a r l  i e r  sect  i ons . 

B. The Zero Impedance Volume a t  H y d r o s t a t i c  Pressure 

When t h e  f r a c t u r e  system connected t o  t h e  E E - 1  i n j e c t i o n  w e l l b o r e  i s  

p ressu r i zed  a t  a cons tan t  f l o w  r a t e ,  t h e  pressure begins zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAt o  r i s e  a lmost  immedi- 

a t e l y  as t h e  square r o o t  o f  t ime. F o r  va lues o f  af = AcJkfcf/co g r e a t e r  t h a n  

1OU cm any l i n e a r  r i s e  due t o  w e l l b o r e  o r  f r a c t u r e  c o m p r e s s i b i l i t y  i s  b a r e l y  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA3 
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detectable. 

fracture t h a t  i s  d i rect ly connected (by zero impedance) t o  the wellbore i s  

small compared t o  the change of volume of the water i n  the wellbore, 

This can be interpreted t o  mean t h a t  the change of volume of the 

c zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAv < cwvw , (33 f f -  

and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
3 Using the values of V w  = 79 m for  EE-1,  cw = 50 x 

of cf 3.0 x MPa obtained ear l ie r ,  we have 

MPa- l ,  and the value zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
5.0 79 ,,,3 , v <  

- 3 x 10-2  
(35 )  

o r  

V < 1.3 m3 . (36 f -  

However, the fracture width for th is  zero impedance volume must be large, 

rn, or the permeabil i ty  will contribute direct ly t o  A c J i ( f C f ,  which W > 2 x 

i s  the condition for nonzero impedance. Then 

( 3 7  1 3 V f  = WAf - < 1.3 m , 

and 

24 
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- - - - . . . . . . . . .. . . - . . . . ... . . . . . . . . . . . . . . - - - 

imp ly  t h a t  

2 
Af < 600 m (39) 

O r  i n  e q u i v a l e n t  f r a c t u r e  r a d i u s  

rf < 14 m . 

The s i g n i f i c a n c e  o f  t h i s  smal l  zero  impedance v 

cussed l a t e r .  

lume and area w i l l  be d i s -  

c. F r a c t u r e  Dimensions f r o m  t h e  D i f f u s i o n  Parameter 

As desc r ibed  e a r l i e r ,  t h e  d i f f u s i o n  parameter af = A& has b o t h  a f l o w  

dependent p a r t  and a f i n i t e  l i m i t  f o r  ze ro  f l o w  (F ig.  9). T h i s  l ow  f l o w  va lue  

o f  af can be i n t e r p r e t e d  as t h e  l am ina r  f l o w  p roper t y  o f  a d i s c r e t e  f r a c t u r e .  

I n  t h i s  case t h e  area t e r m  A i n  af  becomes t h e  c r o s s - s e c t i o n  area o f  t h e  f r a c -  

t u r e  pe rpend icu la r  t o  t h e  f l o w ,  

A, = hfW , \ 

( 4 1  1 

where hf i s  t h e  l a r g e  f r a c t u r e  dimension pe rpend icu la r  t o  t h e  f l ow .  

p r i a t e  p e r m e a b i l i t y  i s  t h e  f r a c t u r e  p e r m e a b i l i t y  f o r  Darcy f l o w ,  

The appro- 

and the  c o m p r e s s i b i l i t y  i s  t h e  f r a c t u r e  c o m p r e s s i b i l i t y  g i ven  by Eqs. ( 1 5 )  and 

(16) zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAY 

1 dVf 
C f = q d P  (43)  

Then 

(44)  
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and 

T h i s  r e l a t i o n s h i p  w i l l  be used t o  c a l c u l a t e  t h  

c f  a t  h y d r o s t a t i c  pressure. 

The use o f  t h e  f l o w  dependent p a r t  o f  t h e  

Eq. (13 ) ]  r e q u i r e s  an assumption r e g a r d i n g  t h e  

t i c  t e rm i n  t h e  f l o w  law ( E q .  11) .  A l so  t h e  d 

p o s s i b l e  ranges o f  hf, W,  and 

p e r m e a b i l i t y  [ t h e  cons tan t  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAB i n  

phys i ca l  o r i g i n  o f  t h e  quadra- 

s t r i b u t i o n  o f  f l o w  must be 

known s i n c e  d i f f e r e n t  f l o w  regimes can occu r  a t  d i f f e r e n t  p o s i t i o n s  i n  t h e  

f r a c t u r e s .  

same s i z e  i n  t h e  f low law can r e s u l t  f r o m  a l am ina r  t o r t u o u s  regime o r  an 

induced t u r b u l e n t  regime. A1 so, t h e  occur rence o f  t u r b u l e n t  f l  ow and 1 aminar 

f l o w  i n  d i f f e r e n t  p a r t s  o f  t h e  f r a c t u r e s  o r  any combinat ion o f  these e f f e c t s  

can r e s u l t  i n  t h e  observed f l o w  dependence o f  t h e  r e c e p t i v i t y .  

The simultaneous occurrence o f  l i n e a r  and quadra t i c  terms o f  t h e  

Desp i te  a l l  these d i f f i c u l t i e s  we w i l l  do an order-of -magni tude e s t i m a t e  

of t h e  f r a c t u r e  s i ze .  

l i n e a r  and q u a d r a t i c  terms were equal a t  (j = 100 gpm = 6.309 dm /s. 

t a b l e  of F ig .  12 f o r  f l o w  i n  a f r a c t u r e  o f  c r o s s - s e c t i o n a l  area W x hf and 

roughness c o e f f i c i e n t  c = 4 l o g  (3.7 Dh/E) we have, 

From t h e  f i t  t o  t h e  da ta  o f  F ig .  9 we saw t h a t  t h e  
3 

From t h e  

P w i l  
= 1.0 . 

O r ,  f o r  a nominal c /Dh = 0.37 and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA6 = 6.3 dm 3 / s  (100 gpm), hf = 230 m. T h i s  

i s  c o n s i s t e n t  w i t h  t h e  o t h e r  es t imates .  F o r  t h e  l am ina r  t o r t u o u s  regime zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
b 

pWQ W 

hf =ma 

O r  a t  6 = 6.3 dm3/s (100 gpm) 

w = 3.75 x W / R  , 

26 
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and a r e l a t i v e l y  l a r g e  l o c a l  r a d i u s  o f  c u r v a t u r e  w i l l  g i v e  a s i g n i f i c a n t  con- 

t r i b u t i o n  t o  t h e  quadra t i c  term. 

D. F r a c t u r e  Dimensions from Dye S t u d i e s  and Temperature Data 

The f l o w  volume and heat-exchange areas have been measured f o r  t h e  case 

of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAE E - 1  p r e s s u r i z e d  t o  *1400 p s i  and GT-2B a t  zero. 

c o n d i t i o n s  can be expected t o  be l a r g e r  t h a n  those  a t  h y d r o s t a t i c  pressure.  

A t  t h e  end o f  t he  75-day exper iment  t h e  mean f l o w  volume was *56 m3 as 

measured by  t h e  dye t r a c e r s .  

The dimension under these 

19 
I n  terms o f  average dimensions zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

3 
V f  = WAf = 56 m . 

F o r  a s e p a r a t i o n  o f  i n l e t  and o u t l e t  o f  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAcl00 m, 

0.56 w = -  

hf 

(49 1 

-3 m3 
The heat-exchange area measured a t  t h e  same t i m e  was A, * 8 x 10 

I f  t h i s  area i s  approx imate ly  t h a t  appear ing  i n  E q .  (49), then  W zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAIP 7 x lo-’ m. 

V I .  GRAPHICAL SUMMARIES 

A l l  o f  t h e  f l o w  c h a r a c t e r i s t i c s  d iscussed i n  t h e  p rev ious  s e c t i o n s  can 

come f rom f r a c t u r e s  of r o u g h l y  t h e  same average dimensions, W and hf. 

due, a t  l e a s t  i n  p a r t ,  t o  t h e  number o f  parameters t h a t  have n o t  y e t  been 

determined.  

of t h e  p o s s i b l e  f l o w  regimes th roughou t  t h e  f r a c t u r e  a r e  unce r ta in .  

t h e  hypo thes i s  o u t l i n e d  i n  t h e  i n t r o d u c t i o n  does n o t  l e a d  t o  any immediate 

i n c o n s i s t e n c i e s .  Two impor tan t  p o i n t s  must be k e p t  i n  mind. 

t i o n  has been made t h a t  t h e  f l o w  i n t o  what may be a complex f r a c t u r e  system 

can be c h a r a c t e r i z e d  by t h e  t h r e e  average parameters c f ,  W, and hf. 

W and c f  may be averages over  severa l  f r a c t u r e s  and hf may be t h e  combined 

l e n g t h  of severa l  f r a c t u r e s .  

p o s s i b i l i t y  o f  r a d i a l  f l o w  have been in t roduced .  Fo r  i ns tance ,  i f  t h e  imped- 

ances a re  concent ra ted  near t h e  w e l l b o r e s  by convergent  f l ow ,  more f r e e  para- 

meters  can be i n t roduced  and t h e  s i t u a t i o n  becomes even l e s s  c e r t a i n .  

T h i s  i s  

I n  p a r t i c u l a r ,  those parameters t h a t  de termine  t h e  d i s t r i b u t i o n  

However, 

(1) The assump- 

That  i s ,  

( 2 )  None o f  t h e  c o m p l i c a t i o n s  a r i s i n g  f rom t h e  
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I n  F i g .  13 the relat ion of W t o  hf f o r  an average value of cf zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= 3.0 x 
lo-* MPa-' as estimated f o r  the Fenton H i l l  fractures. The solid l ines 
labeled w i t h  the values of af are from E q .  ( 4 5 ) .  The range of af  i s  from the 

zero f low l imit observed i n  F i g .  9 so the l aminar  theory i s  appropriate. The 

dashed lines indicate a possible range of W and hf as calculated w i t h  Eq.  ( 2 9 )  

and (31) and impedance values obtained in experiments 184 and  150. A value of 

€ / o h  = 1 was used f o r  experiment 184 and fu l ly  turbulent conditions for experi- 

ment 190. I t  should be kept i n  mind t h a t  the impedance measurements have been 

made with one side ( E E - 1 )  of the system pressurized and i t  would be expected 

t h a t  the resulting values of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA would be somewhat l a rger  t h a n  those obtained 

from a f  measurements. 

ture volume estimates. 

volume as deterpined ear l ie r .  

th is  curve b u t  well above the two af  curves. i s  the fracture 
18 volume from dye tracer studies a t  the end of the 75-day experiment. 

The vertical l ine labeled KT i s  the square roo t  o f  the heat-exchakge 

area of the 75-day experiment. 

dimension transverse t o  the f low as obtained from the r a t i o  of the l inear-to- 

q u a d r a t i c  terms in a f  for a rough f racture,  c /Dh = 0.37. 

mine the long-term water losses of the system. 

l inear water loss is  a formation flow and by assuming a canonical value of 
pore compressibility as obtained in the l a b o r a t o r y  ( c  = 4.0 x MPa- l ) ,  an 

upper limit on the permeating area and on the effect ive value of permeability 

can be determined. 

the system versus the square roo t  of the permeating area. Each s t ra ight  l ine 

represents a l i m i t  set by some measured parameter, the allowable portion of  

the g r a p h  i s  indicated by the direction of the arrow. The parameters and 

l imits annotated on the f igure are 

The l ines labeled w i t h  values of V f  are for t h e  frac- 

set l imits on the zero impedance 3 The curve V o  = 1 m 
The dimension of th is  volume must f a l l  below 

The V f  = 56 m 3 

The vertical l ine labeled B{ = 1 i s  the 

Approximate l imits can also be obtained for those parameters t h a t  deter- 

By assuming t h a t  the long-term 

Figure 14 i s  a p l o t  of effective permeability confining 

l imits set by one-dimensional nature the flow 

l i m i t  set by small value of long-term water loss rate 

l i m i t  set by assuming t h a t  the permeating area i s  larger t h a n  

the heat exchange area zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAT A  ' zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
6 : 

Jiif : 

k : l i m i t  set by smallest l a b o r a t o r y  permeability 
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% : zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAl imit set by assuming t h a t  t h i s  parameter i s  determined only  by 
the small-scale porosity 

V v  : l imit set by approximate venting volumes. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
V I I .  SUMMARY 

The general characterist ics of the pressure transient test ing d a t a  for  

the f i r s t  Fenton Hill H D R  reservoir have been summarized. The d a t a  have been 

analyzed i n  terms of a diffusion equation f o r  pore pressure with pressure- 

dependent permeability and compressibility. 

( I  = P / G )  were determined by f i t t i n g  model calculations t o  the d a t a .  This 

empirically determined pressure dependence for the fracture properties was 

shown t o  be similar t o  those obtained by other investigators in l a b o r a t o r y  

experiments on large fractures. 

t i o n  t e s t s  spanning several years. 

of a permeability h a v i n g  a flow-dependent and  a constant (laminar) p a r t .  

was shown t h a t  th is  behavior could resul t  from ei ther  fracture flow or  forma- 

t ion ( m a t r i x )  flow i f  the format ion f l ow  i s  dominated by cracks and jo in ts  

rather t h a n  the microporosity. 

Of the three flow-through connections the impedance of the f inal one 

between E E - 1  and GT-26 was found t o  be flow dependent as well as pressure de- 

pendent. 

t rans i t ion t o  nonlaminar flow occurred a t  reasonable specif ic flow rates. 

The diffusion parameters governing injection zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA( a  = A&) and circulat ion 

A flow dependence of the receptivi ty a was observed in the d a t a  for  injec- 

This receptivi ty was interpreted in terms 

I t  

Rough wall and turbulent flow theories were used t o  show t h a t  the 

Finally the parameters obtained from the f l ow  d a t a  were combined w i t h  

those from dye tracer,  thermal drawdown, and laboratory permeability d a t a  t o  

obtain approximate fracture dimensions and l imi ts on permeating area and ef- 

fect ive confining permeability. 

the early-time injection d a t a  were dominated by l inear fracture flow with 

pressure- and flow-dependent properties and t h a t  the long-term l inear water 

loss i s  associated with a large permeating area. 

in Figs. 13 and 14,  and show t h a t  an internal ly consistent picture can be 

developed in terms of average fracture dimensions. 

To o b t a i n  these estimates i t  was assumed t h a t  

These resul ts are summarized 
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0- zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA' 

~ zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI 

B Q = l  

- 5  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
10 

IO0 IO' IO2 lo3 lo4 
FRACTURE HEIGHT (m) 

F i g .  13.  
Approximate l i m i t s  on  f r a c t u r e  w i d t h  ( W )  and f r a c t u r e  h e i g h t  ( h f )  s e t  by s h o r t -  
te rm i n j e c t i o n  and f l ow- th rough  parameters.  

SQUARE ROOT OF PERMEATING AREA (m2) 
F i g .  14. 

L i m i t s  on p e r m e a b i l i t y  and f r a c t u r e  area s e t  by l ong- te rm f l o w  parameters. 
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V I I I .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBANOMENCLATURE 

A 

A, 
a, a 

B 

b, 

C 

Cf 

R 

Dh 
d 

C 

C zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
W 

hf zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
I 

L 

n 

P 

P zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
6 . 
9 

R 

Re 

R C  

"f 
V 

W zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
a 

E 

0 

p W  

T 

area o f  f r a c t u r e  o r  permeat ing area 

c r o s s - s e c t i o n a l  area o f  a f r a c t u r e  pe rpend icu la r  t o  d i r e c t i o n  o f  f l o w  

c o e f f i c i e n t s  i n  t h e  non-Darcy f l o w  laws, Eqs. ( 1 1 )  and ( 1 4 )  

c o e f f i c i e n t  i n  t h e  f low-dependent r e c e p t i v i t y ,  Eq. (13) .  

c o e f f i c i e n t s  i n  t h e  non-Darcy f l o w  laws, Eqs. (11) and (14 ) .  

roughness c o e f f i c i e n t  

format ion o r  pore c o m p r e s s i b i l i t y  

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

r e f e r e n c e  rock  compressi b i l  i t y  = 2.7 x 

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

h y d r a u l i c  d iamete r  

spacing o f  permeat i  ng c racks  

l e n g t h  o f  f r a c t u r e  p e r p e n d i c u l a r  t o  t h e  d i r e c t i o n  o f  f l ow  

impedance t o  f l o w  d e f i n e d  as zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA P / ~  

f r a c t u r e  l e n g t h  i n  d i r e c t i o n  o f  f l o w  

exponent i n  pressure-dependent r e c e p t i v i t y ,  Eq. (21) .  

f l  u i d  p ressu re  

c o n f i n i n g  p ressu re  

t o t a l  f l o w  r a t e  

vo l  ume f l  ux 

l o c a l  r a d i u s  o f  c u r v a t u r e  

Reynolds number 

c r i t i c a l  Val ue o f  Reynolds number 

volume o f  f r a c t u r e  

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

f r a c t u r e  w id th ,  perpendicu:ar t o  t h e  d i r e c t i o n  o f  f l o w  

A& = r e c e p t i v i t y  

exponent i n  pore o r  f r a c t u r e  volume pressure r e l a t i o n ,  Eq. ( 1 8 )  

ampl i tude o f  roughness 

an e f f e c t i v e  s t r e s s  d e f i n e d  i n  Eq. ( 1 7 )  

d e n s i t y  o f  water 

d i f f u s i o n  t i m e  c o n s t a n t  

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

MPa-' 
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