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ABSTRACT 

The  Hijiori 90-day circulation t e s t  is unique 
in  t h e  development of HDR technology in t h a t  it 
was  t h e  f i r s t  ( a n d  t h u s  f a r  t h e  only)  multi- 
product ion well test r u n  fo r  a sufficient product ion 
per iod to  obtain observed  cooldown c u r v e s  a t  
multiple product ion horizons in  t h e  stimulated 
r e se rvo i r  volume. The  experimental  da t a  have 
been analyzed b y  t h e  SGP 1-D linear hea t  sweep 
model to examine t h e  ex ten t  of thermal cooldown in 
th i s  relatively small ,  multi-well, multi-zone 
r e se rvo i r .  Although changes  in  product ion flow 
were  car r ied  out  in  specific wells a t  specific times 
d u r i n g  t h e  90 d a y s  of circulation, matching of t h e  
observed  cooldown c u r v e s  in conjunction with t h e  
s t r u c t u r a l  a n d  tempera ture  logging da ta  allows 
estimation of t h e  r e se rvo i r  volume and t h e  mean 
f r a c t u r e  spac ing  between rock blocks fo r  heat  
ex t rac t ion  d u r i n g  t h e  90-day test. 

INTRODUCTION 

In 1991, a 90-day circulation t e s t  was 
conducted a t  t h e  HGiori geothermal s i te  in  Japan  
(Yamaguchi,  1992) a s  p a r t  of t h e  New Energy  a n d  
Industrial Technology Development Organization 
(NEDO) program fo r  t h e  development of HDR 
technology. I t  was t h e  f i r s t  multi-well, multi- 
product ion zone circulation t e s t  in a HDR re se rvo i r  
d u r i n g  which ex tens ive  diagnost ic  da ta  were 
accumulated.  In addition, from f r equen t  downhole 
logging,  product ion fluid tempera ture  histories 
were measured a t  t h e  respec t ive  feed zones of each 
product ion well. These da ta  provide a unique 
oppor tuni ty  to examine thermal drawdown in a 
f r ac tu red  HDR re se rvo i r  u n d e r  sus ta ined  
product ion.  They also allow s t u d y  of two major 
problems ex is t ing  in assess ing  economic feasibility 
of long-term thermal e n e r g y  extract ion from 
deposi ts  of high-temperature  rock formations, 
namely: ( 1 )  t h e  size of t h e  r e se rvo i r  available f o r  
heat  t r ans fe r  ( t h e  total  ex t rac tab le  heat  con ten t ) ,  
and  ( 2 )  t h e  mean size of t h e  rock blocks in t h e  
formation which a r e  in contact  with circulating 
fluid ( t h e  hea t  t r ans fe r  capacity for  a given 
product ion f lowra te) .  
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Fig. 1. Location of t h e  Hfiiori HDR t e s t  site in 
n o r t h e r n  Honshu.  

The Hijiori t e s t  is t h e  second of two exis t ing  
HDR circulation tests which provide  da ta  fo r  
matching a n  observed  cooldown h is tory  with 
simulated cooldown based  on models of r e se rvo i r  
geometry and  product ion flow. The  f i r s t  example 
of thermal drawdown matching in a sustained HDR 
circulation t e s t  was r epor t ed  b y  Kruge r  (1990) for  
t h e  shallow (2-km) Rosemanowes experimental HDR 
re se rvo i r  in  Cornwall, England.  The 3-year  
cont inuous product ion h is tory  and  observed  fluid 
tempera ture  cooldown were  provided b y  Nicol 
(1989). An estimate of t h e  r e se rvo i r  volume, made 
from t r a c e r  tests (Nicol and  Robinson, 1990) and  
an ellipsoid envelope a round t h e  swarm of 
microseismic locations observed  d u r i n g  t h e  
hydraul ic  stimulation of t h e  r e se rvo i r  ( P a r k e r ,  
1989) indicated a r e se rvo i r  volume of about  5 x loa 
m3. The  observed  cooldown could not be matched 
fo r  t ha t  volume fo r  a n y  value of rock block mean 
f r a c t u r e  spac ing .  A match was obtained fo r  t h e  set 
of r e se rvo i r  volume of 3.25 x loa m3 and  a mean 
f r a c t u r e  spac ing  of 50 m. The model was ex tended  
to a proposed deeper  (6-  km) reservoi r  in t h e  same 
formation ( K r u g e r ,  Hicks, and  Willis-Richards, 
1992) to evaluate  t h e  e n e r g y  extract ion capabili ty 
fo r  a commercial-size system. 
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Fig. 2 .  Plan view of t h e  4-well system a t  t h e  
Hijiori HDR t e s t  s i te .  

Analysis of t h e  obse rved  thermal drawdown 
f o r  t h e  shallow Rosemanowes r e s e r v o i r  was much 
simpler t han  for  t h e  Hijiori r e s e r v o i r  in  t h a t  t h e  
experiment was r u n  a t  cons t an t  product ion r a t e  a s  
a  two-well doublet  sys tem (one injection well - one 
production well) ove r  a  long per iod of time ( 3  
y e a r s ) .  In  c o n t r a s t ,  t h e  Hijiori experiment was 
r u n  a s  a four-well  sys tem (one  injection well - 
t h r e e  production wells)  a t  cons t an t  injection r a t e  
ove r  a  s h o r t  period of time (90 d a y s ) ,  b u t  with an  
ear ly  br ief  excursion in  flowrate to t e s t  enhanced  
stimulation a n d  occasional shut in  of two of t h e  wells 
to t e s t  t h e  t h i r d  well. However, with t h e  detailed 
da ta  acquired b y  t h e  Hijiori s taff  ove r  t h e  lifetime 
of t h e  sys t em,  analysis  of t h e  observed  cooldowns 
a t  t h e  main feed zones in  t h e  t h r e e  production wells 
reveals  much ins ight  on t h e  volume and  mean 
f r a c t u r e  spacing d is t r ibu t ions  in  t h e  r e s e r v o i r .  

THE HIJIORI 90-DAY CIRCULATION TEST 

The  Hijiori geothermal s i t e  is located in 
no r the rn  Honshu a s  noted in  F igu re  1. I t  has  been  
a  s i te  for  development of HDR technology s ince 
1985 (Yamaguchi, 1992) .  In  1986, hydraul ic  
f r a c t u r i n g  s tudies  were initiated in  well SKG-2. 
Two wells, HDR-1 a n d  HDR-2 were subsequen t ly  
dr i l led,  each with s h o r t  ( 2  weeks to 1 month) 
circulation t e s t s  to charac te r ize  t h e  r e su l t s  of t h e  
stimulation. In 1991, following creation of well 
HDR-3, a  3-month circulation t e s t  was car r ied  ou t  
to t e s t  t h e  reservoi r .  

A plan view of t h e  Hijiori HDR t e s t  s i t e  is 
shown in F igu re  2 .  The horizontal  dis tances  from 
t h e  bottom hole of injection well SKG-2 to  t h e  main 
production zones of t h e  t h r e e  wells were 41  m for  
HDR-1, 38 m fo r  HDR-2, a n d  80 m for  HDR-3. A 
gene ra l  synops i s  of t h e  90-day t e s t  is given in 
Table 1. The  t e s t  was r u n  from Augus t  6 t h r o u g h  
November 3.  The  injection flowrate was  kep t  

T a b l e  1 
P a r a m e t e r s  of t h e  H i j i o r i  90-Day T e s t *  

P a r a m e t e r  

P r o d u c t i o n  W e l l s  
I n j e c t i o n  W e l l  
I n j e c t i o n  F l o w r a t e  
I n j e c t i o n  P r e s s u r e  
I n j e c t i o n  T e m p e r a t u r e  
P r o d u c t i o n  T e m p e r a t u r e  
Pumping  D u r a t i o n  
F l u i d  R e c o v e r y  
T h e r m a l  o u t p u t  

* f r o m  Yamaguchi  ( 1 9 9 2 )  

V a l u e  ----------- 
HDR-1,2 ,3  
SKG-2 
1 6 . 7  kg/s 
3 MPa 
55 oc 
1 6 0 - 1 9 0  OC 
90 d a y s  
7 7  % 
8 MW 

essentially constant  a t  1 ton/min (16.7 k g / s )  
except  fo r  two ear ly excur s ions  for  enhanced  
stimulation. Following t h e  f i r s t  23 d a y s  of 
c i rculat ion,  single well production t e s t s  were  
conducted for  about  5 d a y s  each ,  in o r d e r .  T h e  
r e s u l t  of t h e  two 5-day s h u t i n s  of each well was a  
pe r tu rba t ion  in  t h e  constant-flowrate cooldown 
c u r v e s  for  t h e  production wells. Dur ing  t h e  t e s t ,  
f r e q u e n t  (weekly)  logs were  r u n  downhole to  
measure p r e s s u r e ,  t empera tu re ,  and  flowrate 
(PTS) in  each product ion well (Miyairi, e t  a l ,  
1992) 1 

A schematic view of t h e  wellbore geometry a t  
d e p t h s  1500-1900 m is shown in  F igu re  3. I t  was  
noted (NEDO,  1992) t h a t  each of t h e  t h r e e  
production wells had multiple feed zones.  From t h e  
f r e q u e n t  PTS downhole s u r v e y s ,  t h e  dep th  a n d  
in te rva l  of each  feed zone was estimated fo r  each 
product ion well. F igu re  4 shows t h e  multiple feed  
zones infer red  from t h e  data  a n d  confirmed a f t e r  
t h e  t e s t  with a  borehole televiewer.  For each well 
a  feed fract ion was defined a s  t h e  rat io  of 
product ion flowrate to  t h e  total  flowrate fo r  t h a t  
well. A summary of t h e  product ion flow 
d is t r ibu t ion  is given in  Table 2 .  

The r e s u l t s  of t h e  90-day t e s t  were r epor t ed  
b y  Yamaguchi (1992) a n d  Yamaguchi, e t  al, 
(1992).  T h e  his tory of injected fluid r ecove ry  
showed t h e  effects  of t h e  two stimulation e f for t s  at 
t h e  ear ly  p a r t  of t h e  90-day t e s t .  Initial 
recoveries  were  less  t han  60 % a n d  following t h e  
two stimulations,  water  r ecove ry  increased to 
near ly  80 %. The mean value of water  loss ove r  t h e  
t e s t  period was  23.1 %. Figure  5 shows t h e  
obse rved  fluid tempera ture  h is tory  a t  t h e  main 
product ion in te rva l  a t  d e p t h s  abou t  1750-1780 m. 
The  fluid tempera ture  of well HDR-1, with t h e  
smallest f lowrate,  reached  a  su r face  tempera ture  of 
190 O C  and  was still inc reas ing  a t  t h e  end  of t h e  
t e s t .  In  c o n t r a s t ,  wells HDR-2 a n d  HDR-3, with 
l a r g e r  f ract ional  f lowrates , exhibi ted measurable 
cooldown with decline to  temperatures  of 145 OC 
a n d  165 O C ,  respect ively,  at t h e  end  of t h e  t e s t .  
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Fig .  3 .  Schematic view of injection well SKG-2 and  
product ion wells HDR-1, 2 ,  and  3 fo r  t h e  

F ig .  4. Tempera ture  profiles obtained fo r  t h e  
t h r e e  product ion wells showing the  indicated 
zonal th icknesses  fo r  t h e  feed zones relative 
to t h e  injection d e p t h  a t  1801 m 
(from Miyairi, e t  a l ,  1992). 

Table 2 
Production Flow Distribution* 

Designated Main Production Feed 
Well Feed Zone Interval Fraction 

(m) (m) ( % I  __-_ ___--_-_-__--__ - _ . _ - - - - - - -  -------- 
HDR- 1 1790 1530 15 

1628-1767 30 
17 9 0 - 180 3 55 

1860 
11.6 1564 - 15 94 

1654-1668 17.4 
17 53- 17 5 9 34.2 
17 6 6 - 17 7 5 31.7 

1810 5.1 

1649 10.4 
1754 68.9 
1759 12.7 
1861 8.0 

HDR- 2 17 53 - 17 7 5 

HDR- 3 1754 1550 0.0 

*from Yamaguchi, et a1 (1992). 
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product ion zone a t  dep-ths about  1750-1780 m 
calculated from downhole logs.  

Fig. 5. Fluid tempera ture  h is tor ies  fo r  t h e  main 

THE SGP 1-D HEAT-SWEEP MODEL 

The  SGP 1-D Heat Sweep Model was 
developed experimentally b y  Hunsbedt ,  e t  a1 
(1978) to simulate hea t  .extraction in f r ac tu red  
r e se rvo i r s  with fluid reinjection o r  circulation. 
The  model is based  on hea t  t r a n s f e r  proper t ies  of 
regular -shaped  rock blocks s u r r o u n d e d  b y  
circulating hea t - ca r r i e r  f luid.  Kuo, et a1 (1977) 
showed from experimental  measurements t h a t  hea t  
t r a n s f e r  p rope r t i e s  of i r regular -shaped  rock 
blocks can be  successful ly  approximated as 
spherical-shaped rocks  of equivalent  rad ius  fo r  
which t h e  hea t  t r a n s f e r  equat ions can be  solved 
analytically (Carslaw and  Jaege r ,  1973). I regui  
( in  Hunsbedt ,  et a l ,  1979) showed t h a t  a 
d is t r ibu t ion  of v a r y i n g  size and  shape  rock blocks 
could be  effectively modeled f o r  hea t  t r a n s f e r  b y  a 
single mean size spher ica l  rock with mean 
equivalent  r ad ius .  
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The  governing equat ions descr ib ing  hea t  
t r a n s f e r  from the  equivalent  spher ica l  rock blocks 
to t h e  circulating fluid u n d e r  l inear hea t  sweep a r e  
given in Hunsbedt ,  e t  a1 (1983). The  solution for  
prescr ibed  l inear sweep boundar ies  and  initial 
conditions is obtained b y  conversion to Laplace 
t ransform equat ions with numerical inversion b y  
t h e  S tehfes t  (1970) algorithm. Two major model 
parameters  a r e  t h e  effective r e se rvo i r  volume and  
t h e  mean f r a c t u r e  spac ing .  

For  t h e  Hi ior i  flow regime, with injected 
fluid parti t ioned between water  loss ,  t h ree  
product ion wells, and  multiple feed zones in  each 
well, one-dimensional hea t  sweep was difficult  to 
define.  In pr ior  applications of t h e  model to two- 
well sys tems,  1-D linear flow geometry was 
developed fo r  rec tangular ,  ' radial ,  a n d  doublet 
flows. 

To model t he  hea t  sweep in t h e  Hi ior i  
experiment from one injection well to t h r e e  
product ion wells with multiple feed zones a n d  
significant water  loss ,  a conceptual  model was 
adopted in  which t h e  injection flow was divided into 
a set of independent  flows fo r  each product ion well 
and  each feed zone. F igure  6a shows t h e  model of 
t h e  HGiori zonal flow d is t r ibu t ion  including w a t e r  
loss and  radial  flow to  t h e  product ion wells 
proport ional  t o  t h e  flow recovery  measured for  
each zonal th ickness .  F igure  6b shows t h e  
simplified zonal sec tor  flow geometry fo r  t h e  1-D 
radial  flow hea t  sweep model. 

Table 3 lists t h e  r e su l t i ng  calculated zonal 
sec tor  flowrates,  Q ( i , j ) ,  where i is t h e  product ion 
well number and  j is the  feed zone number ,  
ad jus ted  fo r  cons tan t  water  loss of 23.1 %. Test ing  
of t h e  conceptual  model was made fo r  t h e  observed  
cooldowns given in  F igure  5 .  The  s e t  of i npu t  da ta  
fo r  these  cases  is given in  Table 4 .  Constan ts  in 
t h e  da ta  set fo r  t h e  zonal sec tor  simulations 
included injection tempera ture ,  poros i ty ,  well 
diameter ,  a n d  thermal proper t ies  of t h e  sec tor  rock  
blocks. 

Table 3 
S e c t o r  s w e e p  F l o w r a t e s  

I n j e c t i o n  F l o w r a t e  = 16.7 k g / s  
P r o d u c t i o n  F l o w r a t e s  

WL = 0.231 Q ( i , j )  k g / s  

z o n e  for HDR w e l l :  1 2 3 
j = z o n a l  f r a c t i o n  i = w e l l  f r a c t i o n  

j 1 2  3 0.138 0.299 0.332 

1 0.15 0.116 -- 0.346 0.578 0 
2 w/3 0.174 0.104 -- 0.867 0.576 
3 0.30 0.342 0.689 0.691 1.71 3.81 
4 0.55 0.317 0.127 1.27 1.58 0.703 
5 w/4 0.051 0.080 -- 0.254 0.443 

--- ---- ----- ----- ----- ----- ----- 

Qi = 16.7kg/s 

WL=23% 

Fig .  6 .  ( a )  Conceptual model of t h e  Hi ior i  zonal 
flow d is t r ibu t ion:  ( b )  radial  flow model f o r  
each individual  zonal s ec to r .  

T a b l e  4 
I n p u t  Data f o r  t h e  S i m u l a t i o n s  

H e a t  Sweep z o n a l  D a t a  
C o n s t a n t s :  

T, = 55 OC R L  = 0 . 0 1  m 
p o r o s i t y  = 0.01 T h e r m a l  D a t a  

Main  z o n e  D a t a :  
HDR-2,23 HDR-3,23 HDR-1,24 -------- -------- -------_ 

Temp ( i n i t )  OC 240.6 240.6 252 
Q ( i , j )  k g / s  1.71 3.81 1.27 
T h i c k n e s s  m 5 5 13 
Radius m 38 80 41 
Flow A n g l e  ( O )  140 155 65 

-114- 



Several  charac te r i s t ics  of t h e  zonal s ec to r s  
can b e  estimated from t h e  da ta  i n  Table 4: t h e  rock 
block volume, V=(a/360)rrZR2; t h e  maximum MFS as 
a cubic  block with no in t r ins ic  permeabi l i ty ,  
MFS=V1/=; t h e  equivalent  r a d i u s  as a s p h e r e  f o r  
hea t  t r a n s f e r  with equal  su r f ace  to volume rat io ,  
Re, =(3V/4n)’/=; and  t h e  init ial  hea t  conten t  
above a given abandonment tempera ture ,  
HC=PVCv(Ti-Tm). Table  5 lists these  
charac te r i s t ics  f o r  t h e  t h r e e  test zonal s ec to r s  fo r  
a n  abandonment tempera ture  of 150 OC . 

120 

T a b l e  5 
ca lcu la ted  Zonal S e c t o r  C h a r a c t e r i s t i c s  

Observed 
- at 1764 m 

HDR-2,Z3 HDR-3,Z3 HDR-l,Z4 -------- -------- -------- 
Volume (lo’m”) 8.82 43.3 12.4 
M F S ( c u b i c )  ( m )  20.7 35.1 23.1 
R , , ( s p h e r e )  ( m )  12.8 21.8 14.4 
HC (lo1” J )  2.16 10.6 3.41 

SIMULATIONS 

The  first case examined was t h e  th i rd  zone 
of well HDR-2, where t h e  accumulated da ta  seemed 
to of fe r  t h e  most definit ive i n p u t  da ta  fo r  sec tor  
flow a t  t h e  feed level of 1754 m.  F igure  7 shows 
t h e  simulation r e su l t s  fo r  t h e  da t a  given in Table  
4 .  Although t h e  observed  cooldown c u r v e  shows 
t h e  excurs ion  in  bottom-hole tempera ture  d u e  to  
t h e  two one-week s h u t i n s  of t h e  well a f t e r  day  23, 
two t r e n d s  a r e  clear:  (1) t h e  initial cooldown 
proceeds with MFS cons is ten t  with the  dimensions 
estimated in  Table 5 ;  and  ( 2 )  all of t h e  family of 
MFS cooldown c u r v e s  show a n  a rea  fo r  hea t  
ex t rac t ion  less  than  t h e  hea t  ex t rac t ion  indicated 
b y  t h e  observed  cooldown c u r v e .  For  t h e  given 
thermal proper t ies ,  i t  is evident  t ha t  t h e  estimated 
volume of zonal sec tor  HDR-2,23 is too small. 
F igures  Ea and 8b show t h e  effect  of doubling the 
volume, Z changed to 22 ,  and  quadrupl ing  t h e  
volume, R changed to 2R .  In t h e  first case ,  t h e  
initial cooldown follows a MFS of 20 m, b u t  t h e  total  
hea t  ex t r ac t ed  is still too small; in t he  second case ,  
t h e  initial cooldown follows a MFS g rea t e r  than  25 
m, b u t  t h e  full  c u r v e  shows a be t t e r  f i t .  The  
excursion in tempera ture  over  t h e  cri t ical  early 
period makes it difficult to dis t inguish between 
these  two a l t e rna te  cases .  The  sec tor  volume 
probably falls  between these  two values ,  with some 
degree  of doublet  flow account ing fo r  a g r e a t e r  
sec tor  r ad ius  t h a t  t h e  d i r ec t  linear d i s tance  
between t h e  two wells. 

F igure  9 shows t h e  r e su l t s  for zonal s ec to r  
HDR-3,Z3 fo r  t h e  da t a  given in Table 4 .  Here 
again t h e  observed  cooldown follows an initial 
cooldown simulated b y  MFS of about  20 m, b u t  the  

HDR-2 at zone 3 
T(f) - I(MFSj 

Temp IC) 
280 

260 Q - 1.71 kgls 
- 

2 - 6 m  
R - 3 8 m  

Obaerved 
at 1764 rn 

120 - 

0 10 20 30 40 60 60 70 80 00 
Clrculallon Tima (deye) 

Fig. 7 .  Simulated cooldown c u r v e s  of bottom-hole 
fluid tempera ture  a s  a funct ion of mean 
f r a c t u r e  spac ing  fo r  zonal sec tor  HDR-2 ,Z3 
for  t h e  initial estimated dimensions. 

HDR-2 at zone 3 
T(t) - f(MFS) 

Temp IC1 
200 

280 Q 1.71 kQ/S 
2-10m 
R - 3 8 m  

120 - 

, -- 
0 10 20  30 40 60 60 70 80 90 

Clrculatlon Time (days) 

(a) 

HDR-2 at zone 3 
T(f) - f(MFS) 

Temo (CJ 
260 [ 

Q - 1.71 kgls 
2 - 5 m  

100‘ 
o IO 20 30 40 60 eo 70 80 eo 

Clrculetlon Tlme (ijeya) 

( b )  

Fig. 8, Simulated cooldown c u r v e s  for  HDR-2,23 
with (a) twice the  zonal th ickness  (2Vo) and 
( b )  twice t h e  zonal r ad ius  ( 4 v o ) .  
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HDR-3 et Zone 3 
T(f) = f(MFS) Temp (C )  

280 

2eo 0 - 3.81 kg/s 
270 

HDR-1 at Zone 4 

Q - 1.27 kg /3  
Z - 1 3 m  

- 

2 - 6 m  
R = 8 0 m  

1 2 0 -  

2 - 6 m  24r L I 

100' I 
0 10 20 30 4 0  60 60 70 80 00 

Clrculetlon Tlme (days) 

Fig.  9 .  Simulated cooldown c u r v e s  of bottom-hole 
fluid tempera ture  as a function of mean 
f r a c t u r e  spacing for  zonal sec tor  HDR-3 ,23  
for  t h e  initial estimated dimensions. 

longer-per iod temperature  excursion on t e n  days  
of well s h u t i n  p r e v e n t s  g r e a t e r  definition of t h e  
u n p e r t u r b e d  cooldown. However, h e r e  again,  t h e  
t r e n d  does indicates  a zonal sec tor  volume g r e a t e r  
t han  t h a t  initially estimated. 

The  obse rved  cooldown fo r  zonal sec tor  
HDR-1,24 in  F igu re  5 indicates  a more classical S- 
shaped  cooldown c u r v e  ( o r  a v e r y  long 
pe r tu rba t ion  period on s h u t i n )  and  g r e a t e r  e f for t  
to match it is underway.  F igu re  10 shows the  
simulations for  t h e  d a t a  s e t  in  Table 4 .  The  
observed  cooldown follows a small MFS, b u t  t h e  
heat  extract ion a r e a  is much l a r g e r  t han  t h e  
simulated c u r v e s  for  all ME'S. Figure  11 shows the 
r e su l t s  of t h e  analysis  to  match both t h e  volume of 
t h e  zonal sec tor  and  its mean f r a c t u r e  spacing with 
t h e  cons t ra in t  of maintaining a cons t an t  a spec t  
ra t io  (0.3171)  of th ickness ,  Z = 13 m ,  to r a d i u s ,  R 
= 41  m.  The  f igure  shows t h e  progression of 
simulated cooldowns fo r  v a r y i n g  MFS with 
increased volume, from 2Vo to  ~ V O ,  where  V o  = 
12 ,400  m3 (Table  5 ) .  I t  is c lear ,  even  fo r  t h e  
s h o r t  90-day t e s t ,  t h a t  for volume 2V0,  t h e  
obse rved  cooldown will have  an  a r e a  g r e a t e r  t han  
t h e  c u r v e s  fo r  all ME'S and  t h a t  for  5v0, t h e  
obse rved  cooldown will fall below t h e  c u r v e s  fo r  
maximum MFS. Even with t h e  excursion in 
t empera tu re  d u r i n g  t h e  s h u t i n  per iods ,  the  b e s t  f i t  
a p p e a r s  to  b e  for  a volume between 3Vo a n d  4Vo 
with Ml?S between 13 a n d  1 7  m. The  cor responding  
dimensions of t h e  zonal sec tor  would b e  a t h i ckness  
of 19-21 m a n d  a mean flow r a d i u s  of 59-65 m, The  
l a r g e r  flow rad ius  is consis tent  with t h e  l a r g e r  
rad ius  a p p a r e n t  for  zonal s e c t o r s  HDR-Z,Z3 and  
HDR-3,Z3, where  t h e  major p a r t  of t h e  injected 
flow was r ecove red .  

I I "  

0 10 20 30 40 60 60 70 EO 00 
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Fig.  10. Simulated cooldown c u r v e s  of bottom-hole 
fluid temperature  a s  a funct ion of mean 
f r a c t u r e  spacing fo r  zonal sec tor  HDR-1,24 
for  t h e  initial estimated dimensions. 

DISCUSSION 

The  thermal analysis of t h e  90-day Hijiori 
t e s t  points  o u t  severa l  in te res t ing  a spec t s  with 
r e spec t  to t h e  e x t e n t  of heat  extract ion from t h e  
reservoi r .  F i r s t ,  it is a p p a r e n t  t h a t  t h e  t e s t  itself 
can ha rd ly  b e  called a long-term flow t e s t ;  it is 
essentially a time-connected s t r i n g  of exper iments  
with s e v e r a l ,  conflicting objectives : to  st imulate 
f r a c t u r e  growth  with flow s u r g e s ,  to evaluate  
behavior  of individual wells on shut in  of t h e  o t h e r  
wells, a n d  to  t e s t  heat  extract ion from t h e  
r e s e r v o i r .  Second, following t h e  ear ly  
experiments ,  t h e  t e s t  was not r u n  sufficiently long 
a t  cons t an t  flowrate to  overcome t h e  s h u t i n  
pe r tu rba t ions  and  establ ish cooldown t r e n d s .  In 
sp i te  of these  p e r t u r b a t i o n s ,  t h e  detailed downhole 
observat ions were  suff ic ient  to narrow t h e  r a n g e  of 
t h e  two key parameters  of a HDR reservoi r  for  hea t  
ex t rac t ion ,  t h e  volume of rock a n d  MFS account ing 
for  t h e  obse rved  cooldown. 

Table 6 shows t h e  e x t e n t  to which t h e  heat-  
sweep simulations with t h e  available thermal  
drawdown d a t a  can indicate  t h e  r a n g e  of reservoi r  
hea t  con ten t  a n d  heat  extract ion pa rame te r s .  The  
estimates of reservoi r  rock  block volume a n d  mean 
f r a c t u r e  spacing were obtained fo r  a cons t an t  
a spec t  ra t io  of zonal sec tor  t h i ckness  to r a d i u s  a s  
estimated from p r e s s u r e ,  temperature ,  s p i n n e r  
logs.  Other  dimensions fo r  t h e  same volume could 
have  been used .  The  hea t  ex t r ac t ed  was 
calculated from 

HE = Q ( t ) A h ( T F T i , t )  d t  I: 
whereAh(Ti-Ti) is t h e  increase  in enthalpy of t h e  
produced  f luid above t h e  enthalpy of t h e  injected 
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Fig. 11. Simulated cooldown curves for HDR-1 ,24  for the progression of zonal sector 
volume from 2Vo to 5vo. 
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S e c t o r  Dimensions Mean Hea t  Hea t  F r a c t i o n  
Zonal  Z R V F r . S p  C o n t e n t  E x t r a c t e d  Produced 

S e c t o r  ( m )  ( m )  (lo’m’) ( In)  (10I’J) ( l O 1 ‘ J )  ( % )  -___---- ---_- ----- ------- ----- ------- --------- -------- 
HDR-2,Z3 5+ 38+ >9 15-30 >2.16 5.75 266 

270 

HDR-3,23 5+ 80+ >40 15-20 >10.6 13.7 129 

HDR-1,24 19-21 59-65 36-50 13-17 >3.41 8.05 236 
f o r  3.5vo 11.9 67 

fluid. 
approximated from mean’ parameters as  

For T, >> Ti, the heat extracted can be 

HE = & & A t  

The fraction produced is the ratio HE/HC. 

The fractions produced for the three well 
sectors, shown in Table 6, were based on ini t id  
estimated dimensions of the sectors. They range 
from 129 to 266 3, again indicating that the actual 
sector size (and heat content) is much larger. For 
example, for sector HDR-1 ,24 ,  with sector 
dimensions of 20 m thickness and 62 m radius 
( 3 .  ~ V O ) ,  the heat content would be 11.9 x 10 12 J 
and the fraction produced a t  T, = 150 O C  would be 

67 %. The 1-D heat sweep simulation for these 
dimensions gives a fraction produced of 77 X. 
Considering the large uncertainty in the cooldown 
data, these values are’in good agreement. For 
these dimensions of sector HDR-1,24 ,  the 
simulation estimates a lifetime to the abandonment 
temperature of 150 OC of 0.6’7 years.  

One fur ther  uncertainty is noted which 
affects the definition of observed cooldowns noted 
for the zonal flows. The observed temperature of 
the downhole fluid in HDR-3 ,23 ,  for example, is 
the temperature of the mixed fluid from zones, 5 ,  
4 ,  and 3 a s  it passes the FITS log. Thus,  the 
temperature shown for HDR-3 ,23  is actually an 
estimate calculated from the logging data. This is 
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also t rue for HDR-3.23. However. f o r  HDR-1, 
where spinner logging was not possible because of 
the well casing. the data shown are the actual 
measured temperature of the produced fluid at 
zone 4 .  In view of the compounding problem of the 
temperature excursions during the shutins.  the 
extent of uncertainty of the observed cooldown 
curves due to mixed production fluid are  difficult 
to estimate. 

CONCLUSIONS 

Several conclusions can be inferred from the 
thermal analysis of the Hijiori 90-day flow test .  
primary among them is the apparent need to run  
flow tests for both sufficient time and at  constant 
flowrate to establish a clearly defined cooldown 
history. The thermal analysis indicates that  the 
feed zones deduced from the PTS logs are  
representative of the rock-block dimensions for 
heat extraction and that the observed cooldown 
curves can be approximately modeled with mean 
fracture spacing for equivalent cubic or spherical 
dimensions. Another primary conclusion is the 
that in spite of the many problems associated with 
the data as a 'long-term' flow test .  i t  is possible to  
estimate the approximate size of the Hijiori 
reservoir as i t  was constituted during the 90-day 
test  period. If it is assumed that  the approximate 
fraction recovered for sector H D R - l , Z 4  is 
representative of the whole reservoir, then the 
total heat extracted would be QP/QB x HE,, where 
the total production flowrate, Q, = QI (1 -WL)  = 
12.8 kg/s.  The total heat extracted would be 
(12.8/1.27) x 1 1 . 9 ~ 1 0 ~ ~  J = 1 . 2 ~ 1 0 ~ ~  J .  For a 
recovery fraction of 0.67 (Table 6 ) ,  the available 
heat content of the reservoir above the 
abandonment temperature of 150 OC would be 
1 . 8 ~ 1 0 ~ ~  J and the volume of the reservoir would 
he 6 . 6 ~ 1 0 ~  m3. 

The uncertainty in reservoir size and 
available heat content caused by the water loss of 
23 % remains. If 'tavailabletl, the  reservoir volume 
would be 8 . 7 ~ 1 0 6  m3 and the heat content would be 
2 .  3x1OX4 J .  Whether this difference in available 
heat is actuallv 'lost' o r  'stored' needs to be 
determined. 

For the multi-purpose test  a t  Hijiori, the  
zonal sector model does permit at least a cursory 
evaluation of the sector rock-block dimensions, the 
extractable heat content for a given application 
abandonment temperature, and an idea of the 
lifetime expectancy for a given circulation 
flowrate. These data should be of great value in 
planning the next (deeper) phase of the HGiori test  
facility in the near future .  
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