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ABSTRACT Armstead and Tester ( 1987 1 concluded t h a t  
these requirements d i c t a t e  the  fo l low ing  four  

A b r i e f  o u t l i n e  o f  t h e  development o f  a t t r i b u t e s  t h a t  any po ten t i a l  reservo i r  design 
conceptual designs i n  Hot Dry Rock geothermal must have: 
reservoirs,  based on heat ex t rac t ion  
requirements, leads t o  todays favoured 1 A very large contact area between the  
volumetric models, which depend on the  working f l u i d  and the  hot rock. 
s t imu la t ion  o f  na tura l  j o in t i ng .  Evidence 
from f i e l d  experiments i s  used t o  demonstrate 2 Adequate conductive communication between 
t h a t  no new f low. paths have been created by the  working f l u i d  and a s u f f i c i e n t  volume 
st imulat ion,  and t h a t  t he  nature, p a r t i c u l a r l y  
cont inu i ty ,  o f  t h e  na tura l  j o i n t i n g  has a 
cont ro l  1 i ng in f luence on reservo i r  3 f i c i e n t  vo id  volume i n  the  reservo i r  t o  
development. ensure tha t  the  working f l u i d  e x i t s  a t  as 

high a temperature as possible, even when 
The paper goes on t o  show how f rac tu re  network c i r cu la ted  a t  ra tes  we l l  i n  excess o f  the 
models can play a s i g n i f i c a n t  r o l e  i n  economic minimum. 
understanding the  develapment process, and 
presents a small study undertaken t o  4 A con f igura t ion  o f  voids and f low paths 
I 1  l u s t r a t e  the  j o i n t  con t i nu i t y  problem. The t h a t  o f f e r  minimum impedance t o  t h e  passage 
study shows how on ly  a very small number o f  o f  t h e  working f l u i d ,  so minimising pumping 
the  la rger  j o i n t s  may be requ i red  t o  form a power, whi le also containing i t  w i th in  the  
connection between two wells, and how under reservo i r  t o  avoid loss  t o  non-productive 
these circumstances a low area f l ow  path may 
be created. 

hot rock t o  ensure a long l i f e t ime .  

OR HOT DRY ROCK 

potent i  a1 temperature drawdown. 
Phase I1  reservo i r  were based on heat transfer 
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ca lculat ions,  which d ic ta ted  tha t  an e f f e c t i v e  
heat t rans fe r  area o f  two m i l l i o n  square 
metres was required. This was t rans la ted  i n t o  
an ac t ive  rock volume o f  200 m i l l i o n  cubic 
metres, assuming t h a t  one square metre of heat 
t rans fe r  area would be avai lable from every 
100 cubic metres o f  rock. 

The one i n  a hundred fac to r  incorporated both 
the  area-volume r a t i o  and the  swept-available 
area r a t i o .  The rock volume could be 
t rans la ted  i n t o  an approximate reservo i r  
geometry t o  speci fy the  we l l  spacing. For 
example, 450 m by 150 m, w i th  a we l l  spacing 
o f  300 m. An assumed f low path width o f  1 mm 
gives r i s e  t o  a c i r c u l a t i n g  volume o f  2000 
cubic metres. 

THE EVOLUTION OF HDR CONCEPTS 

I n  recogni t ion o f  the  paradoxical nature o f  
t he  requirements f o r  a successful HDR system, 
researchers have s t r i v e d  t o  develop the  best 
possible compromise reservoir .  

Los Alamos National labora tory  (LANL) 
developed the  f i r s t  conceptual model, 
comprising a s ing le  a r t i f i c i a l  penny shaped 
f rac tu re  with an i n j e c t i o n  po in t  a t  t he  bottom 
and a production po in t  a t  the  top. The 
r e a l i s a t i o n  tha t  t o  s a t i s f y  the  heat 
ex t rac t ion  requirements t h i s  f rac tu re  would 
need t o  be impossibly b i g  l e d  t o  the  
development' o f  t he  mu l t i p le  a r t i f i c i a l  
f racture models. 

A t  CSM, learning from t h e  LANL experience, 
emphasis was placed on the  r o l e  o f  na tura l  
j o i n t i n g  i n  the  reservo i r  c rea t ion  process. 
Researchers a t  CSM assumed t h a t  t he  
s t imu la t ion  o f  na tura l  j o i n t i n g  would dominate 
over the  c rea t ion  o f  a r t i f i c i a l  fractures, and 
a volumetric reservo i r  would be created. 

The evolut ion o f  these concepts i s  shown 
schematically i n  Figure 1 a), b l  and c), 
respect ively.  

Volumetric models are probably the  favoured 
va r ie t y  today, although they e x i s t  i n  various 
forms w i th  various assumed configurations. The 
reservoirs a t  LANL and CSM both appear t o  be 
general ly volumetric, although there seem t o  
be a small number o f  major, probably ve r t i ca l ,  
s t ruc tu res  which tend t o  dominate the  f lowing 
charac ter is t i cs  (Figure IC). 

It i s  i n te res t i ng  t o  note tha t  e a r l i e r  
concepts have not been completely abandoned 
(eg Kappelmeyer and Rummel, 1987; Tosaya e t  
a l ,  1988). 

STIMULATION 

Simi la r  approaches t o  s t imu la t ing  la rge  
volumes o f  na tu ra l l y  j o i n t e d  hard rock masses 
have been adopted a t  LANL and CSM. The r o l e  
of s t imu la t ion  i s  t o  enhance the  passage of 
flow through the  po ten t ia l  reservo i r  region, 
e i t he r  by improving e x i s t i n g  f l ow  paths o r  by 

FIGURE 1 a) SINGLE PENHY W E D  FRACTURE 
b) I I ILTIPLE PM(Y SWUPU) FiutTuRES 
e) VOLIJMEI'RIC SYSTEM YITH DMIMTING VERTICAL FEATURES 

crea t ing  new ones. 

Three kinds o f  improvement o f  a f low path seem 
t o  be p o t e n t i a l l y  possible; increasing the  
aperture, lengthening, and widening of t he  
f l ow  channel i n  t h e  j o i n t .  Widening here 
re fe rs  t o  increasing the  breadth o f  the  f low 
channel, or increasing the  e f f e c t i v e  swept 
area. 

There i s  no doubt t h a t  apertures can, and have 
been improved s i g n i f i c a n t l y  a t  t he  wellbores 
i n  a l l  t he  major f i e l d  t r i a l s  o f  st imulat ion 
techniques. This increase can be supported 
fo r  some distance i n t o  the  rock mass, bu t  
spreading f low and d iss ipa t ing  pressure 
reduces the  s t imu la t ing  po ten t i a l  of t he  
f l u id ,  and t h e  aperture enhancement reduces. 

The length o f  'wide aperture' f low paths can 
there fore  be increased t o  some extent, but a t  
some distance away from the  i n j e c t i o n  point, 
the  s t imu la t ion  w i l l  e f f e c t i v e l y  stop and 
continued f low w i l l  only be possible if the  
j o i n t  has s u f f i c i e n t  'undisturbed' f l ow  
capacity. Physical extension o f  j o i n t s  by 
f rac tu r ing  away from the  wellbore i s  h igh l y  
unl  i kley.  
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The various t racer studies carr ied out a t  LANL gal lon i n jec t i on  o f  medium viscosi ty gel a t  
and CSM (Armstead and Tester, 1987) have shown very high pressures and rates (Pine, 1987). 
that  the modal volumes o f  c i r cu la t i ng  systems Geophysical logging showed that  extensive 
are s ign i f i can t l y  less than the potent ia l ly  ax ia l  f ractur ing o f  the wellbore had taken 
available volume i n  the j o i n t s  between the place, but production logging during and af ter  
wells. It fol lows that  the e f fec t i ve  heat the stimulation demonstrated that  the 
t ransfer  area, or  swept area, i s  less than the a r t i f i c i a l  fracture d id  not accept f l u i d  a t  
j o i n t  area available, and i t  i s  reasonable t o  any time (CSM, 1988). The only zones i n  the 
conclude tha t  f low ex is ts  i n  channels i n  wel l  which accepted f l u i d ,  and which have 

subsequently produced f l u i d  during c i rcu la t ion 
experiments, were the j o i n t s  which flowed jus t  

j o in t s .  

It i s  unclear from f i e l d  experiments whether a f te r  the well was d r i l l ed .  
stimulation increases the breadth o f  these 
f l o w  channels, or  what proportion of the It i s  therefore c lear t h a t  the distr ibut ion,  
potent ia l  heat t ransfer  area i s  i n  f a c t  swept nature, and pa r t i cu la r l y  the cont inui ty o f  

. by the f l u i d .  This has s ign i f icant  bearing on undisturbed natural j o i n t s  i n  the potent ia l  
the relat ionship between required area and resevoir region have a contro l l ing influence 
act ive rock volume described ea r l i e r .  However, on the development o f  that  system. 
no increase i n  channel width w i l l  be useful i f  
the f low capacity of the j o i n t  i s  inadequate. Conventional f racture models used i n  HDR 

development are based on regular, mostly 
I n  conceptual terms, therefore, pears gr id- l ike,  j o i n t  patterns which have 
that  st imulat ion can succeed in imp the e r t i f i c i a l l y  high j o i n t  cont inui t ies,  and 
passage o f  f l u i d  through the rock mass, which consequently overestimate the degree of 
possibly f o r  some distance away from the stimulation and communication between wells. 
wellbore, but that  there i s  some point  beyond To properly understand the HDR environment and 
which f low can only progress fu r the r  i f  there i t s  potent ia l  f o r  exploitation, f racture 
i s  a pre ex is t ing f low path. I f  t h i s  point  i s  network models which more accurately r e f l e c t  
nearer t o  the i n jec t i on  wel l  than the the natural s i tuat ion are required. 
stimulated region around the production well, 
the we1 1 s w i  11 not be hydraul ica l ly  connected FRACTURE NEWORK MODELS 
unless they were so i n  the undisturbed state. 

It i s  the focus on natural j o i n t s  and the 30 
There i s  s ign i f i can t  evidence from the geometry of the reservoir  t ha t  make fracture 
Camborne work t o  support t h i s  hypothesis. When network models at t ract ive.  Because they t rea t  
the f i r s t  two deep wel ls were d r i l l ed ,  f ractures exp l i c i t l y ,  they are well suited t o  
geophysical logging showed hundreds o f  natural answering questions about the geometry of flow 
j o i n t s  in tersect ing each well, but even the paths, and f low t o  area relationships. The 
ea r l i es t  hydraulic testing, a t  low flow rates, incorporation o f  stochastic network generation 
showed that  only a very few accepted o r  means tha t  they can provide answers t o  

important t o  understand the assumptions behind 
The well was stimulated by a 1.2 m i l l i o n  these models, and the problems with using them 
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a t  great depth. 

Network models are based on the  fol lowing 
s imp l i f y ing  assumptions, they are drawn from 
Robinson ( 1986 1 : 

The rock mass i s  impermeable. 

Jo in t  propert ies can be described by 
stochast ic d is t r ibu t ions .  

. O  There i s  no head loss across intersect ions.  

Ind iv idua l  models make further assumptions 
such as planar f l ow  w i t h i n  t h e  f rac tu re  or 
channelled f low between intersect ions.  Some 
models even al low some mat r ix  permeabil i ty, 
but  most models fo l l ow  the  above assumptions. 

It i s  possible t h a t  some of the above 
assumptions wh i le  v a l i d  f o r  shallow disposal 
s i tes,  are not appropriate fo r  models o f  deep 
reservoirs a t  h igh rock stresses. 

There i s  one fu r the r  important assumpt'ion, 
t h a t  f l ow  can be modelled by using a f i n i t e  
number o f  f ractures.  This number must 
i nev i tab l y  be smaller than the  t o t a l  number of 
d i scon t inu i t i es  ( fau l t s ,  j o in t s ,  
microcracks. ..) i n  the  rock. A t  some po in t  it 
i s  necessary t o  set  l i m i t s  on what minimum 
s ize  o f  f rac tu re  w i l l  be included i n  the  
model. A simple cu t -o f f  can be derived from 
the  system used t o  measure the  presence of 
f ractures,  such a c u t - o f f  i s  v a l i d  as long as 
i t  can be shown t h a t  no appreciable f l ow  
occurs away from those f rac tu res  t h a t  have 
been detected. Lanyon (1988) used f rac tu re  
s t a t i s t i c s  from borehole te leviewer logs on 
the  basis tha t  a l l  major f lows could be 
associated w i th  f rac tu res  shown on these logs. 

FRACTURE NETUORK INPUT DATA 

A major problem i n  f rac tu re  network modell ing 
i s  t he  acqu is i t ion  o f  inpu t  data. I f  the  
model i s  t o  be used as a p red ic t i ve  
engineering too l ,  r igorous condi t ions must be 
met by the  input  data. This may be 
p r o h i b i t i v e l y  expensive or impossible for  some 
fracture parameters. 

Or ientat ion data has, i n  general, been 
r e l a t i v e l y  simple t o  c o l l e c t  and analyse for 
sample bias. Aperture data can be co l lec ted  
from packer tests, but  assumptions must be 
made about the  underlying d i s t r i b u t i o n  o f  
f racture aperture. These assumptions may 
cause problems because o f  t h e  dominating 
effect o f  a few la rge  aperture f rac tu res  on 
flow. Figure 2 shows aperture data from a 
t e s t  borehole a t  Carwynnen i n  Cornwall (Heath 
and Durrance, 1984). Note the  dominating 
effect o f  t he  permeabi l i ty  o f  the  th ree  
la rges t  f ractures.  

Size and shape data <are  very d i f f i c u l t  t o  
ex t rac t  from exposure data and impossible t o  
ex t rac t  from borehole data. Fracture density 
can be found from f rac tu re  spacing data i f  

:. :: 

:: 
i i  .. .. 
i :  
: I  

assumptions are made about the  f rac tu re  
extent. 

It i s  also important t o  determine any 
cor re la t ions  between parameters. Long e t  a1 
(19871 ou t l i ned  methods for  creat ing 
hypothet ical  f racture networks from borehole 
data which w i l l  have comparable hydraul ic 
propert ies t o  those of t he  measured system. I n  
general, the  networks produced w i  11 be 
s t a t i s t i c a l  analogues o f  t he  r e a l  system. 

A SIMPLE GEUMETRIC HODEL 

The r e s t  of t h i s  paper ou t l i nes  how a network 
model can be used t o  study the  pa r t i cu la r  
problem o f  p r e d i c i t i n g  j o i n t  c o i n t i n u i t y  
between two we l ls  i n  an HDR doublet, and how 
the  i n te r -we l l  connect iv i t y  i s  a f fec ted  by 
f rac tu re  size. 

The model i s  based on a percolat ion theory 
approach. Fractures from two sets are 
generated according t o  a random process t o  
form a complete f rac tu re  network around and 
between the  we l ls  (Figure 31. The fractures 

FIGURE 3 SIl*IUTIQI OF 50 II CUBE WaYIffi MI. FRACTURES 
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are then considered i n  order o f  descending 
aperture u n t i l  a l i n k  between the  two wel ls i s  
created. 

Since the  biggest, and therefore the  most 
transmissive, f rac tu res  are considered f i r s t ,  
the  f i r s t  connection generated w i l l  be the  one 
w i th  the  highest minimum aperture ( i e  a l l  
other connections inc lude lower aperture 
f rac tu res  1. Where t h e  d i s t r i b u t i o n  o f  
f rac tu re  aperture i s  h igh l y  skewed such a 
connection w i l l  dominate the  hydraul ic 
performance o f  t he  reservo i r .  

A ' t y p i c a l  HDR doublet con f igura t ion  was 
used; two we l ls  deviated a t  30 degrees from 
the  v e r t i c a l ,  separated by 300 m v e r t i c a l l y ,  
w i th  open hole lengths o f  300 m. A st imulated 
zone o f  20 m radius was assumed around both 
wells. 

Fractures were modelled as constant radius 
discs whose centres were uni formly d i s t r i bu ted  
by a Poi sson process. Numerical experiments, 
comprising a minimum o f  50 rea l i sa t i ons  were 
run  w i t h  f rac tu re  r a d i i  of 20, 30, 50, and 
75 m. The f rac tu res  ex is ted  i n  two orthogonal 
sets o f f s e t  a t  20 degrees t o  the  we l l  
d i rec t ion .  

The fracture densi ty was re la ted  t o  the  radius 
used, and was set i n  each case so t h a t  there  
was a constant mean value o f  one square metre 
s ing le  sided f rac tu re  area per cubic metre o f  
rock. This area t o  volume r a t i o  was based on 
the  f rac tu re  data acquired a t  CSM and r e f l e c t s  
the  high frequency o f  j o i n t i n g  t h a t  was 
measured, t y p i c a l l y  a j o i n t  i n  the  boreholes 
every two t o  th ree  metres. 

I n  each rea l i sa t ion ,  th ree  parameters were 
der ived f o r  t he  f i r s t  connection: 

e 
ede 

2 The number o f  f rac tu res  i n  the  connection. 

percentage o f  t o t a l  f rac tu re  area needed f o r  
connection t o  occur. It i s  c lea r  tha t ,  i n  a l l  

I FRACTURE FLOWING AREA I INTERSECnONS 
~ 

FIB IL  4 ILulsTluTION ff 'FLWING AREA' MFIllITIffl I N  THE GEOIETRIC 
"1 

cases run, only a small percentage o f  the  
t o t a l  f rac tu res  i n  the  model were required t o  
form a connection, and t h a t  i n  the  case o f  the  
la rges t  j o in t s ,  only one o r  two percent were 
necessary. 

w i t h  the  observation a t  
I d  experiments t h a t  only a 
e o f  na tura l  j o i n t s  f low. 

Where only a few j o i n t s  were required, the  
r e s u l t i n g  surface area o f  t he  connection was 
ra the r  small, rewesent ina  the  undesirable 
' shor t  c i r c u i t '  connection. I n  order t o  
achieve a heat t rans fer  area o f  one m i l l i o n  
square metres (500 000 s ing le  sided areal, a t  
l eas t  three percent o f  f ractures must be 
involved, t h i s  percentage increasing as 
f rac tu re  s i  r e  decreases. 

.... . -..I. 

I anPAuIsow Q 
OR DIFFERENT 
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Note t h a t  t h i s  only represents the  f i r s t  
connection. Other connections w i  11 increase 

generated f low ing  surface area 
e radius considered.. In each 

case the  d i s t r i b u t i o n  i s  skewed towards low 
area. No trends dependent on f rac tu re  radius 
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FIGURE 6 CotpARIsoII ff INTERCOIIIIEClIOI( 'FLW AREA' FOR VARYING 
FRACTURE RAOII 

are apparent, but only a r e l a t i v e l y  few (50 t o  
100) real isat ions were carr ied out. 

Figure 7 shows the d i s t r i bu t i on  o f  the 
percentage o f  f ractures required t o  form a 
connection a t  each f racture radius. I n  

' general, the unsurpri s i  ng trend emerges that  
fewer large radius j o i n t s  are required than 
small radius ones. 

The same trend i s  apparent i n  Table 1, which 
shows the percentage o f  runs wheTe very low 
surface area connections existed, formed 
solely o f  f ractures i n  the top one and two 
percent. This circumstance becomes 
increasingly mare l i k e l y  wi th  increasing 
f racture radius. 

TABLE 1 FREQUENCY OF LoGI SURFACE AREA 
CONNECTIONS 

Fracture X Connected by Z Connected by 
radlus top 1% top 2% 

20 m 0 0 
30 m 0 1% 
50 m 4% 20% 
75 m 5% 30% 

CONCLUSIONS 

1 Experimental resul ts  from two major f i e l d  
t r i a l s  o f  HDR technology have demonstrated 
the control 1 i ng i nf 1 uence o f  the character 
and cont inu i ty  o f  natural j o i n t s  on the 
creation o f  successful c i r cu la t i ng  systems. 

2 The importance o f  r e a l i s t i c  f racture 
network models has been established, and a 
small study re la t i ng  t o  the j o i n t  
cont inu i ty  problem has been carr ied out. 

c 

K i20L!L 0 IL 
0 5 10 0 5 10 

X fractures X fractures 

3 The study demonstrated how the presence of . 
a few large j o i n t s  forming a connection . 
between the wel ls could dominate the 
behaviour o f  the system, and that  there was 
a s ign i f icant  probabi l i ty ,  i n  the f racture 
networks tested, that  a low area connection 
coul d be formed . 
The probabi 1 i t y  depended 1 argely on the 
assumed radius o f  the f ractures i n  the 
model. 

4 The study produced numerical experf mental 
resul ts  consistent w i th  f i e l d  experiments, 
and suggested tha t  o r i g ina l  estimates of 
j o i n t  properties used i n  conceptual designs 
were reasonable. 

5 Fracture network models o f f e r  a valuable 
too l  f o r  the design and understanding of 
the processes involved i n  creating HDR 
systems. Probably the greatest problem 
facing the modelling e f f o r t  i s  the 
acquis i t ion o f  r e l i a b l e  input data. 
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