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ABSTRACT 

Analysls of an extended flow test of 
well ST-1 on the flanks of Makushln Volcano 
lndlcates an extenslve. water-domlnated, 
naturally fractured reservolr. The reser- 
volr appears to be capable of dellverlng 
extremely large flows when tapped by full- 
slze productton wells. A productlvlty 
Index ln excess of 30.000 lb/hr/psl lmplles 
a phenomenal permeablllty-thlckness 
product, In the range of 500.000 to 
1,000.000 md-ft. 

The flowlng bottomhole (1,949-foot) 
temperature of the fluld I s  379°F. whlch 1s 
lower than the measured statlc temperature 
at that depth (395'F). Thls phenomenon, 
coupled wlth an observed statlc temperature 
gradlent reversal from the maxlmum 399'F 
observed at 1,500 feet, lndlcates that the 
reservolr proper I s  located some dlstance 
from the well. Presumably It I s  at a 
temperature sllghtly lower than 379°F and 
comnunlcates wlth the wellbore Vla a hlgh 
conductlvlty fracture system. 

A materlal balance calculatlon ylelds 
an estlmate of reserves that are capable of 
sustalning all of the present power needs 
of the Island (13+ IIW peak) wlth a 
geothermal power plant for several hundred 
years. Theoretlcally, a slngle large 
dlameter well at the slte of ST-1 could 
sattsfy thls requlrement. 

INTRODUCTION 

Unalaska Island, located ln the central 
portlon of the Aleutlan Chaln has been the 
slte of a multl-year exploratlon program 
for' the evaluatlon of tts geothermal energy 
potentlal (Flgure 1). Makushln Volcano, 
the 6.680-foot hlgh actlve volcano, 
situated on the northern end of the Island, 
has a large number of surface manlfesta- 
tlons, lncludlng several large fumarole 
f lelds. 

PROJECT LFCATION MAP 

Followlng extenslve geolqglcal, geo- 
physical, and geochemlcal surveys of the 
Makushln reglon, three +1,500-foot tempera- 
ture gradlent holes were stted and drllled 
In the s u m r  of 1982. The holes and thelr 
temperature gradlents were descrlbed by 
Isselhardt, et a1 (1983a). who also 
provlded a geothermal resource model of the 
Hakushln geothermal area (Isbelhardt. et 
al, 1983b). 

The heat source of the Ibkushln geo- 
thermal system appears to be a burled 
Igneous Intruston associated wlth the 
volcano. The temperature and post-glaclal 
volcanlc dlstrlbutlons suggest that the 
heat source for the system 1s not dltectly 
beneath the sumnlt. but rather I s  offset to 
the east. The location of the Makushln 
productng horlzon. a fracturtd dlorlte, 
appears to be structurally controlled by a 
major northeasterly strlklng fracture zone. 

In the s u m r  of 1983, a ttratlgraphlc 
test well (ST-1) was drllled near one of 
the 1982 temperature gradlent holes (E-1). 
A steam zone was encountered at 672 feet, 
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fol lowed by a s l g n l f l c a n t  f r a c t u r e  a t  
1,946 feet ,  where the d r l l l s t e m  dropped 
f r e e  f o r  three fee t .  

The 1983 w e l l  t e s t l n g  descrlbed by 
Campbell and Economldes (1983) conflrmed a 
h l g h l y  p r o l l f l c  reservo l r  produclng 
47.000 lb /hr  through three- Inch p lpe  w l t h  
l l t t l e  or  no detectable pressure drawdown. 
Inadequately sens t t l ve  Amerada-type pres- 
sure Inst rumentat lon prevented r lgo rous  
analysls. A p r o d u c t l v l t y  Index o f  over 
3.000 lb /hr /ps l  and a permeab l l l t y  t h l c k -  
ness of over 50.000 md-ft were In fe r red .  A 
long f low t e s t  I n  the  sumer o f  1984 was 
Intended t o  prov lde a b e t t e r  est lmate o f  
these reservo l r  parameters as w e l l  as 
demonstrate sustalned f low c a p a b l l l t y .  

TEST FACILITIES AND INSTRUMENTATION 

The surface equlpment u t l l l z e d  dur lng  
the 1984 t e s t l n g  was b a s l c a l l y  the same as 
tha t  used I n  1983 and descrlbed I n  the 
r e p o r t  by Campbell and Economldes (1983). 
Flgure 2 shows the surface equlpment 
arrangements u t l l l z e d  dur lng  the long- term 
t e s t  of 1984. A r e l a t l v e l y  slmple two- 
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MAKUSHIN WELL TEST EQUIPMENT 
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phase o r l f l c e  meter and James tube were 
I n s t a l l e d  a t  the end o f  the f l o w  l l n e  t o  
measure the f l o w  rate.  Upstream and down- 
stream o r l f l c e  pressures were recorded 
slmultaneously w l t h  a d l f f e r e n t l a l  pressure 
f l o w  meter. The James tube l l p  pressure 
was monltored contlnuously dur lng  the  f l o w  
t e s t  u t l l l z l n q  both a t e s t  q u a l l t y  pressure 
gauge and a Barton pressure record lng 
meter. I n  addl t lon,  the wellhead pressure 
and temperature were recorded cont lnuously  
on Barton meters throughout the f l o w  test .  
The o r l f l c e  p l a t e  descrlbed above was 
u t l l l z e d  t o  ca lcu la te  the enthalpy o f  the  
f l u l d  us lnq the emplr lca l  equatlon 
developed by Russel James (1980). 

Downhole pressure and temperature 
measurements were obtalned us lng two 
separate monl tor lng systems. The pressure 
monl tor lng equlpment was a c a p l l l a r y  tube 
system whlch u t l l l z e d  a gas f l l l e d ,  volu-  
metric chamber downhole connected t o  a very 
small dlameter c a p l l l a r y  tube w l t h  a sur- 
face record lng pressure transducer. Thls  
equlpment was f l l l e d  w l t h  hel lum gas as the 
pressure t r a n s m l t t l n g  medlum from the 

bottomhole t o  the surface transducer. The 
equlpment u t l l l z e d  I n  t h l s  t e s t  has an 
accuracy o f  approxlmately 20.3 PSI. w l t h  a 
s e n s l t l v l t y  o f  0 . 1  p s l  on the transducer. 
The temperature measurements were obtalned 
us lng a thermocouple cable system 
completely separate from the c a p l l l a r y  
tube. Thls requl red t h a t  the temperature 
data and the pressure data be acqulred I n  
separate runs I n  the wel l .  The thermo- 
couple was a chromel-alumel, grounded 
junct lon- type w l t h  an accuracy o f  + 3 
degrees F and a s e n s l t l v l t y  o f  2 3/4 OF a 
degree F .  The thermocouple cable and the 
c a p l l l a r y  tube were contalned on two 
separate spools. As w l l l  be seen I n  the  
data dlscussed l a t e r ,  the  pressure data and 
the temperature data were found t o n b e  q u l t e  
reproduclb le throughout the f l o w  t e s t  
( u n l l k e  the p r l o r  years'  data w l t h  Amerada- 
type lnstrumentat lon). 

FLOW TEST HEASURERFNTS 

The t e s t  o f  ST-1 conslsted o f  two f l o w  
perlods o f  approxlmately 33.000 lb /hr  and 
63,000 lb /h r  each. The t e s t  f a t e h e l l h e a d  
pressure/bot tomhole pressure h l  s t o r y  1 s 
shown I n  Flgure 3. The f l r s t  f l o w  per iod  

las ted  15 days, wh l l e  the second f l o w  
per lod  a t  the hlgher r a t e  l a s t e d  19 days. 
Durlng the 34 days o f  f l ow front ST-1, there 
were several minor changes I n  tihe f l o w  r a t e  
and/or a bypass o f  the measurlng system I n  
order t o  perform sampling experlments o r  t o  
modlfy the f l o w  equlpment. Hlowever. the 
t e s t  proceeded r e l a t l v e l y  smoothly, w l t h  
the  two f low r a t e s  belng malntalned a t  
e s s e n t l a l l y  constant condl t lons throughout 
t h e l r  respect ive t e s t  perlods. 

P r l o r  t o  the l n l t l a t l o n  o f  f l o w  from 
ST-1. a s t a t l c  temperature p r o f l l e  o f  the 
wel lbore was obtalned on Ju ly  3 and a 
s t a t l c  pressure p r o f l l e  was obtalned on 
Ju ly  4, as shown I n  Flgure 4. These 
surveys c l e a r l y  l n d l c a t e  t h a t  the w e l l  has 
a steam zone, wl th the vapor- l lqu ld I n t e r -  
face located a t  about 825 feet .  Thls  Is 
shown by the constant temperature and pres- 
sure condl t lons e x l s t l n g  I n  the upper p a r t  
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o f  the wel lbore u n t l l  very near the surface 
(+ZOO feet ) .  Below 825 fee t  there Is a 
l l q u l d  zone whlch Increases t o  a nraxlmum 
temperature o f  399°F a t  the 1,500-foot 
depth, then shows a s l l g h t  dec l lne  t o  a 
temperature o f  395°F a t  the bottom o f  the 
wel lbore (1,949 fee t ) .  

FIGURE 4 
STATIC TEMPERATURE (JULY 3. 1984) 

AND PRESSW. (JULY 4. 1884) I N  ST-1 
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Af ter  f low was l n l t l a t e d  on 
July 5. 1984, the w e l l  s t a b l l l z e d  a t  a f low 
r a t e  o f  about 33,000 lb /hr  and t h l s  condl- 
t l o n  was malntalned u n t l l  Ju ly  20, 1984. 
Durlng t h l s  f low per lod  the pressure t o o l  
was l e f t  a t  the bottom o f  the w e l l  
(1,949 fee t ) ,  contlnuously recordlng 
bottomhole pressure, except f o r  the t t n s  
when wel lbore pressure and temperature 
p r o f l l e s  were obtalned. Flowlng pressure 
and temperature p r o f l l e s  were obtalned on 
July 6. The r e s u l t s  are shown t n  
Flgure 5. A second set o f  pressure/ 
temperature p r o f l l e s  were obtalned on 
July 19. whlch were exact overlays o f  the 
July 6 p r o f l l e s .  About one p s l  o f  drawdown 
was observed over the 15 days a t  the low 
ra te .  

Fol lowlng the change I n  the f l ow  t o  the 
hlgher r a t e  o f  63.000 lb /hr  on Ju ly  20-21, 
another pressure/temperature p r o f l l e  was 
obtalned (Flgure 6). On August 7. 1984, a 
f l n a l  pressure p r o f l l e  was obtalned whlch 
was agaln an exact overlay o f  the Ju ly  21 
p r o f l l e .  Durlng the h lgh- rate f low perlod, 
the pressure t o o l  was agaln l e f t  a t  the 
bottom of the hole contlnuously recordlng 
bottomhole pressure except when p r o f l l e s  
were run. An add l t tona l  one p s l  o f  draw- 

FIGWlE 5 
FLOWING TEMPERATURE (JULY 18. 1&4) 

AND PRESSURE (JULY 8. 1984) I N  ST-1 
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down was observed dur lng the 19-day h lgh  
r a t e  perlod. The we l l  was shut- ln on 
August 8, 1984, w l t h  the pressure t o o l  
hangtng I n  the w e l l  a t  bottom, The pres- 
sure t o o l  recorded butldup d8ta fo r  the 
next 17 days, showlng less  thaln one p s l  o f  
Increase I n  bottomhole pressure. 

FIGURE 8 
FLOWING TEMPERATURE [JULY 40. 1884) 
AN0 PRESSURE (JULY 21. 1584) I N  ST-1 
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DISCUSSION AND INTERPRETATION OF RESULTS 

Although the reso lu t l on  o f  the pressure 
equlpment dur lng t h l s  t e s t  was f a r  superlor 
t o  t ha t  used dur lng the 1983 t e s t  program, 
I t  was agaln found tha t  the drawdown 
pressure response I n  ST-1 was extremely 
small, perhaps beyond the t r u e  s e n s t t l v l t y  
o f  the Instrumentatton. I t  appears t ha t  
the pressure drawdown dur lng the low- rate 
f low per lod  was on the order o f  one ps l ,  
wh i le  the pressure drawdown I n  ST-1 dur lng  
the h lgh- f low r a t e  was on the order o f  
two ps l .  Thus, the p r o d u c t l v l t y  lndex 
der lved from the two f low perlods equals 
31,000-33,000 lb /h r /ps l .  These values are  
very l a rge  (an order o f  magnltude more than 
the ones postulated l n  1983). and l nd l ca te  
t ha t  the p r o d u c t l v l t y  o f  the R k u s h l n  
reservo l r  l s  extremely hlgh. Preclse 
ca l cu la t t on  o f  the permeabl l l ty- th lckness 
product Is not poss lb le  wlth these data, 
although I t  I s  easy t o  I n f e r  t ha t  the value 
1 s  phenomenally l a rge  (1.e.. 500,000 t o  
1,000,000 md- f t ) .  

Produced f l u l d  enters the wel lbore a t  
the bottom o f  the we l l ,  1,946-1.949 feet, 
a t  a temperature o f  379.F. whlch Is l ess  
than the s t a t l c  temperature I n  the wel lbore 
a t  t h a t  l e v e l  (395.F). Thls lnd lca tes  t h a t  
colder water Is enter lng  the w e l l  from some 
other area o f  the reservo l r ,  probably 
shallower, along an unknown Fracture path. 
A f te r  shut- ln, the we1 lbore  r e - e q u l l l  brates 
t o  I t s  s t a t l c  condl t lon.  Thus, the f l u l d  
densl ty  w l t h l n  much o f  the ue l l bo re  column 
l lgh tens  over a per lod  o f  t lme as l t  
re turns  t o  a hlgher s t a t l c  temperature. 
Because there l s  essen t l a l l y  on ly  one 
In f l ow  polnt ,  however. and pressure bu l ldup 
was measured opposlte t h l s  po ln t ,  the 
r e - e q u l l l b r a t l o n  o f  the wel lbore f l u l d  
densl ty  should have no e f f e c t  on the 
accuracy o f  the measured reservo l r  pres-  
sure. Therefore, the lack  o f  f u l l  pressure 
recovery (on ly  one p s l  ra ther  than two) Is 
not explalned by thermal equ l l l b ra t l on ,  but  
ra ther  may be a t t r i b u t a b l e  t o  a r e a l  
decrease I n  average reservo l r  pressure. 

Well Po ten t l a l  

The es t lmat lon  o f  l n d l v l d u a l  w e l l  
power p o t e n t l a l  f o r  comnerclal operattons 
requlres the fundamental assumptlon tha t  an 
extenslve reservo l r  can be represented by 
the f l u l d  propert les.  l n l t l a l  pressure, 
temperature, and p roduc t l v l t y  lndex derlved 
from s l l m  hole data such as tha t  from 
ST-1. Glven t h l s  as a basls, a wel lbore 
f l o w  model y l e l d l n g  wellhead pressure vs 
r a t e  must f l rs t  be va l lda ted  agalnst  the 
measured s l l m  ho le  condl t lons.  Once a 
match Is achleved. then wellhead pressure 
vs r a t e  curves f o r  vartous comnerclal-slze 
wel lbore conf lgurat lons may be generated 
and re la ted  t o  appropr late power cycles 
w l t h  some degree o f  confldence. 

The f l o w  stmulator used fo r  t h l s  study 
was developed by Intercomp (1982) and has 
been used extenslvely by the Indust ry  f o r  
geothermal and geopressured ve l l bo re  f low 
ca lcu la t lons  f o r  several years. I t  1s a 
v e r t l c a l ,  mult lphase f low s imulator  whlch 
Incorporates treatment f o r  3ar lab le  w e l l  
diameter w l t h  depth, heat losses, and 
noncondensable gases. The 'nominal. 
comnerclal w e l l  condl t tons a r r i v e d  a t  were 
as fo l lows:  

I n l t t a l  Pressure 

I n f l o w  Temperature = 379.F a t  

Sa 1 l n 1 t y 
COP Content = 200 ppm 
Produc t l v l t y  Index = 31.500 l W h r / p s l  
13-3/8 or 16 lnch Wellbore 

Uslng these condl t lons,  s tmulator-  
generated curves f o r  wellhead pressure vs 
f l ow  r a t e  were constructed f o r  the two 
d 1 f f e t  en t s l ze s 
(Flgure 7) .  A t  a reasonably optlmum 
wellhead pressure o f  60 ps la  ( f o r  power 
generatlon from t h l s  resource), a f low r a t e  
o f  1,250.000 t o  2,000.000 lb /hr  I s  
predlcted, dependlnq on wel lbore slze. 

= 494 ps tg  a t  
1,949 fee t  

1,949 f e e t  
= 4,000 ppm TDS 

' c omner c l a 1 we1 1 bore 

Reserve Est lmat lon Uslnq a Hater la1  Balance 
Ca lcu la t ton  

Mater ta l  balance ca lcu ta t lons  f o r  
l a r g e l y  lncompresstble systems, such as the 
one a t  the Makushln geothermal reservo l r .  
have been developed and used by a number o f  
lnves t lga tors  I n  the petroleum l l t e r a t u r e .  
The l n l t l a t l n g  step Is an1 expresslon 
prov ld lng  the Isothermal compre fs l b l l l t y .  

c = - 1  - 2 
v ap T 
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Assumlng that  the t o t a l  compress lb t l l t y  o f  
the system Is constant, Equatlon 1 may be 
Integrated:  

and because the recovery I n  terns o f  
reservo l r  volumes Is deflned as: 

( 3 )  

then a comblnatlon o f  Equatlons 2 and 3 
r e s u l t s  In :  

The cumulatlve product lon I n  terms o f  
reservo l r  volumes i s ,  o f  course, V z - V l  
and, because the f l u l d  Is consldered 
lncompresslble, the r a t l o  

(4 )  

may be taken as: 

!!E 
Y 

whlch 1s the r a t l o  o f  the c u m l a t l v e  inass 
produced t o  the l n l t l a l  mass-ln-place. 
Hence, Equatlon 4 becomes: 

( 5 )  

O f  the var lables I n  Equatlon 5, Up 
Is the one known w l t h  ce r ta ln t y .  I n  t h l s  
case Up Is equal to: 

P 33.000 x 15 x 24 t 63,000 x 19 
!'24 = 4.06 x 107 l b s  

r e f l e c t l n g  the two f low perlods. 

The var lables contalned I n  the 
exponentlal expresslon conslst  o f  the t o t a l  
compress lb l l l t y  o f  the system and the 
average reservo t r  pressure drop observed 
dur lng the f low perlod. I n  t h l s  system, 
the t o t a l  compress lb l l l t y  Is the sum o f  the 
I nd l v l dua l  rock and f l u l d  compress lb l l l t les .  

(6 )  

Yater compress lb l l l t y  Is normally taken as 
3 x 10-6 psl-1, wh l le  the compressl- 
b l l l t y  o f  the rock could reasonabl range 
between 2 x 10-6 pst-1 and 6 x 1 0 - i  ps l -1,  
dependlng on the l l t h o l o g y  and the e l a s t l -  
c l t y  o f  the geologlc features. For most 
reservo l rs  the value o f  the compress lb l l l t y  
Is taken as equal t o  6 x 10-6 psi-1. 
Thls value w i l l  be used here w l t h  the 

C t  = c y  t C f  

knowledge tha t  I t  could be sonewhat hlgher 
or lower. 

The t o t a l  observed bottomhole pressure 
drop a t  ST-1 dur lng  the 34 days o f  the f l ow  
t e s t  was less than two ps l .  The subsequent 
pressure bul ldup t e s t  resu l ted  t n  less  than 
one p s l  pressure galn. Both t k s t s  l nd l ca te  
an extremely la rge permeabll' l ty-thlckness 
product whlch Is consistent  u l t h  the small 
pressure dt f ferences observed, The t o t a l  
average reservo l r  pressure drap Is assumed 
t o  be roughly one ps l .  

Uslng Equatlon 5. the  l n l t l a l -  
f lu ld- In- p lace may then be calculated:  

- 1  
Y 

y l e l d l n g  W .E 6.8 x 1012 lbs .  Glven 
the uncer ta ln t les  Inherent I n  t h l s  
ca lcu la t lon .  the value oP .Urn can be 
consldered order o f  maghltude only. 
Nonetheless. assumlng a s l ng le  f u l l -  
s lze  product lon w e l l  d r i l l e d  on the 
s i t e  o f  ST-1 y l e l d l n g  1 ,$OO,OOO l b /h r  
(dependlng on the power cyc le  used I t  
could generate 7-12 We),  the longev l ty  
o f  t h l s  reservo l r  Is exlremely l a rge  
r e l a t l v e  t o  the needs o f  Unalaska 
I s l and  ( c u r r e n t l y  on ly  about 13 MU 
peak). The ca lcu la ted  l n l t l a l -mass - l n -  
p lace could de l l ve r  t h l s  f low r a t e  f o r  
over 500 years. 

CONCLUSIONS 

Results from the s l l m  hohe ST-1 f low 
t e s t  I n  1984 conftrmed the bdslc Hakushln 
model o f  a shallow steam zone ove r l y l ng  a 
l lquld-domlnated reservo l r  I n  f rac tured 
d l o r l t e .  A f low lng tern()erature a t  
1,949 fee t  was found t o  be 379'F. Thls 
f l u l d  appears t o  be en ter lng  the wel lbore 
along a f r ac tu re  whlch brtnqs I n  colder 
water than would be expected by the 395°F 
s t a t l c  temperature o f  the fnacture zone. 
The f low t e s t l n g  o f  the w e l l  1t1 1984 proved 
tha t  the rese rvo l r  l s  p o t e n t l a l l y  h l g h l y  
productlve, even w l t h  on ly  three fee t  o f  
f r ac tu re  I n t e r v a l  open t o  the wellbore. 
Sustalned f low through a t h r w - I n c h  d la -  
meter wel lbore o f  63,000 lb /hr  was achleved 
w l t h  less than two ps l  o f  pressure drawdown 
from the l n l t l a l  pressure o f  494 ps l .  Thls 
suggests a very la rge permeabl l l ty-  
thickness value f o r  the resk rvo l r .  The 
w e l l  p r o d u c t l v l t y  Index obtalned dur lng  
t h l s  t e s t  wa s appr oxlma t e l  y 
30,000 lb/hr /psl .  Yel lbore f low modellng 
lnd lca tes  tha t  conmerlcal-slze we l ls  should 
be capable o f  one t o  two a l l l l o n  lb /h r  
rates.  A mater la l  balance ca l cu la t l on  
lnd lca tes  a t heo re t l ca l  e l e c t r l c l t y  reserve 
s u f f l c l e n t  f o r  the needs o f  the I s l and  f o r  
several hundred years a t  current  consump- 
t l o n  rates.  I n  general, the data obtalned 
dur lng the 1984 f l ow  t e s t  l a  conslstent  
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u l t h  the resu l t s  obtained durlng the shot t -  
term f low tes t  o f  1983. and confltms the 
existence o f  a substant la l  resource. 

1. 

2. 

3. 

4. 

5.  
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