
' 
PROCEEDINGS, Tenth Workshop on GeotherPP.1 Reacrvoir Engineering 
Stnnford University,  Stanford, Californin, Jnnuary 22-24, 1985 
SCP-TR-84 

EVAULATION OF THE HAKUSHIN GEOTHERMAL RESERVOIR, 
UNALASKA ISLAND 

Hlchael J. Economldes(1). Charles W. Horrls(2). 
and Don A. Campbell(3) 

1. Unlverslty of Alaska, Fairbanks, AK 
Now wtth Dowell-Schlumberger, London 

2. Republlc Geothermal, Inc., Santa Fe Sprlngs, CA 
Now wlth Schlumberger Offshore Servlces, New Orleans, LA 

3. Republlc Geothermal, Inc., Santa Fe Sprlngs, CA 

ABSTRACT 

Analysis of an extended flow test of 
well ST-1 on the flanks of Hakushln 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 productlon wells. A productlvlty 
Index tn excess of 30.000 lb/hr/psl Implles 
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 l s  379°F. whlch I s  
lower than the measured statlc temperature 
at that depth (395'F). Thls phenomenon, 
coupled wlth an observed statlc temperature 
gradlent reversal from the maxlmum 399V 
observed at 1,500 feet, lndlcates that the 
reservolr proper 1s located some dlstance 
from the well. Presumably It I s  at a 
temperature sllghtly lower than 379'F and 
conunlcates wlth the wellbore Vla a hlgh 
conductlvlty fracture system. 

A materlal balance calculatlon ylelds 
an estlmate of reserves that are capable of 
sustalnlng all of the present power needs 
of the Island (132 MU peak) wlth a 
geothermal power plant for several hundred 
years. Theorettcally. a slngle large 
dlameter well at the slte of ST-1 could 
satlsfy thls requlrement. 
INTRODUCTION 

Unalaska Island, located In the central 
portlon of the Aleutlan Chaln has been the 
slte of a multl-year exploratton program 
for the evaluatlon of Its geothermal energy 
Potential (Flgure 1). Hakushln 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 
flelds. 

PROJECT LFCATION MAP 

Followlng extenslve geologlcal, geo- 
physical. and geochemlcal surveys of the 
Hakushln reglon. three :1,500-foot tempera- 
ture gradlent holes were slted and drllled 
ln the sumner 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 (Isselhardt. et 
al, 1983b). 

The heat source of the Hakushln geo- 
thermal system appears to be a burled 
Igneous intrusion associated wlth the 
volcano. The temperature and post-glaclal 
volcanlc dlstrlbutlons suggest that the 
heat source for the system 1s not dlrectly 
beneath the sumnlt, but rather 1 s  offset to 
the east. The locatlon of the Rakushln 
produclng horlzon, a fractured dlortte, 
appears to be structurally controlled by a 
major northeasterly strlklng fracture zone. 

In the sumner of 1983, a stratlgraphlc 
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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followed by a slgnlflcant fracture at 
1,946 feet, where the drlllstem dropped 
free for three feet. 

The 1983 well testlng descrlbed by 
Campbell and Economldes (1983) conftrmed a 
hlghly prollflc reservolr produclng 
47.000 lb/hr through three-Inch plpe wlth 
little or no detectable pressure drawdown. 
Inadequately sensltlve Amerada-type pres- 
sure lnstrumentatlon prevented rlgorous 
analysls. A productlvlty Index of over 
3.000 lb/hr/psl and a permeablllty thlck- 
ness of over 50.000 md-ft were Inferred. A 
long flow test in the sumner of 1984 was 
intended to provlde a better estlmate of 
these reservolr parameters as well as 
demonstrate sustalned flow capablllty. 

TEST FACILITIES AND INSTRUNENTATION 

The surface equlpment utlllzed durlng 
the 1984 testlng was baslcally the same as 
that used In 1983 and descrlbed In the 
report by Campbell and Economldes (1983). 
Flgure 2 shows the surface equlpment 
arrangements utlllzed durlng the long-term 
test of 1984. A relatlvely slmple two- 
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MAKUSHIN WELL TEST EQUIPMENT 

phase orlflce meter and James tube were 
Installed at the end of the flow llne to 
measure the flow rate. Upstream and doun- 
stream orlflce pressures were recorded 
slmultaneously wlth a dlfferentlal pressure 
flow meter. The James tube llp pressure 
was monltored contlnuously durlng the flow 
test utlllzlng both a test quality pressure 
gauge and a Barton pressure recordlng 
meter. In addltlon, the wellhead pressure 
and temperature were recorded contlnuously 
on Barton meters throughout the flow test. 
The orlflce plate descrlbed above was 
utlllzed to calculate the enthalpy of the 
fluld uslng the emplrlcal equatlon 
developed by Russel James (1980). 

Downhole pressure and temperature 
measurements were obtalned uslng two 
separate monltorlng systems. The pressure 
monltorlng equlpment was a caplllary tube 
system whlch utlllzed a gas fllled, volu- 
metric chamber downhole connected to a very 
small dlameter caplllary tube wlth a sur- 
face recordlng pressure transducer. Thls 
equlpment was fllled with hellum gas as the 
pressure transmlttlng medlum from the 

bottomhole to the surface transducer. The 
equlpment utlllzed In thls test has an 
accuracy o f  approxlmately 50.3 psl. wlth a 
sensltlvlty of t 0 . l  psl on the transducer. 
The temperature measurements were obtalned 
uslng a thermocouple cable system 
completely separate from the caplllary 
tube. Thls requlred that the temperature 
data and the pressure data be acqulred ln 
separate runs In the well. The thermo- 
couple was a chromel-alumel, grounded 
junctlon-type wlth an accuracy of + 3 
degrees F and a sensltlvlty of 2 3/4 o r  a 
degree F .  The thermocouple cable and the 
caplllary tube were contatned on two 
separate spools. As wlll be seen In the 
data dlscussed later, the pressure data and 
the temperature data were found to-be qulte 
reproduclble throughout the flow test 
(unllke the prlor years' data wlth Amerada- 
type lnstrumentatlon). 

FLOW TEST HEASUREHENTS 

The test of ST-1 conslsted of two flow 
perlods of approxlmately 33,000 lb/hr and 
63,000 lb/hr each. The test ratehellhead 
pressure/bottomhole pressure hlstory Is 
shown ln Flgure 3. The flrst flow perlod 

lasted 15 days, whlle the second flow 
perlod at the hlgher rate lasted 19 days. 
During the 34 days of flow from ST-1. there 
were several mlnor changes In the flow rate 
and/or a bypass of the measurlng system In 
order to perform sampllng experlments or to 
modlfy the flow equlpment. However, the 
test proceeded relatlvely smoothly, wlth 
the two flow rates belng malntalned at 
essentlally constant condltlons throughout 
thelr respectlve test perlods. 

Prlor to the lnltlatlon of flow from 
ST-1. a statlc temperature proflle of the 
wellbore was obtalned on July 3 and a 
statlc pressure proftle was obtalned on 
July 4, as shown ln Flgure 4. These 
surveys clearly lndlcate that the well has 
a steam zone, wlth the vapor-llquld lnter- 
face located at about 825 feet. Thls Is 
shown by the constant temperature and pres- 
sure condltlons exlstlng In the upper part 
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o f  the wellbore u n t l l  very near the surface 
(2200 fee t ) .  Below 825 fee t  there Is a 
l l q u l d  zone whlch Increases t o  a maxlmum 
temperature o f  399°F a t  the 1,500-foot 
depth, then shows a s l l g h t  decl lne t o  a 
temperature o f  395°F a t  the bottom o f  the 
wellbore (1,949 fee t ) .  

0 

200 

400 

800 

WQ 
Y r 
I twa 
E 
!4 lm 

1400 

le00 

moo 

FIGURE 4 
STATIC TEMPERATURE (JULY 3. 19841 

AND PRESSURE (JULY 4. 1984) I N  ST-1 
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Af te r  f low was I n l t l a t e d  on 
July 5, 1984, the we l l  s tab l l l zed  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. 
Ourlng t h l s  f low per lod the pressure too l  
was l e f t  a t  the bottom o f  the we l l  
(1,949 fee t ) ,  contlnuously recordlng 
bottomhole pressure, except f o r  the tlmes 
when wellbore 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 resu l t s  are shown I 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 ro f l l es .  About one p s l  o f  drawdown 
was observed over the 15 days a t  the low 
rate.  

Fol lowlng the change I n  the f low 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 t 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 hlgh-rate f low perlod, 
the pressure too l  was agaln l e f t  a t  the 
bottom o f  the hole contlnuously recordlng 
bottomhole pressure except when p r o f l l e s  
were run. An add l t lona l  one p s l  o f  draw- 

FIGURE 5 
FLOWING TEMPERATURE (JULY 8. 1984) 

AND PRESSURE (JULY 6. 1984) I N  ST-1 
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down was observed dur lng the 19-day hlgh 
r a t e  perlod. The we l l  was shut- in on 
August 8. 1984, w l t h  the pressure t o o l  
hanglng I n  the we l l  a t  bottom. The pres- 
sure too l  recorded bul ldup data fo r  the 
next 17 days, shoulng less than one p s l  o f  
Increase I n  bottomhole pressure. 

FIGURE 6 
FLOWING TEMPERATURE (JULY 20. 1984) 

AND PRESSURE (JULY 21, 1984) I N  ST-1 
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DISCUSSION AND INTERPRETATION OF RESULTS 

Although the resolution of the pressure 
equlpment durlng thls test was far supertor 
to that used durlng the 1983 test program, 
tt was agaln found that the drawdown 
pressure response In ST-1 was extremely 
small, perhaps beyond the true sensltlvlty 
of the Instrumentation. It appears that 
the pressure drawdown durlng the low-rate 
flow perlod was on the order of one psl. 
whlle the pressure drawdown In ST-1 durlng 
the hlgh-flow rate was on the order of 
two psl. Thus, the productlvlty lndex 
derlved from the two flow perlods equals 
31,000-33.000 lb/hr/psl. These values are 
very large (an order of magnltude more than 
the ones postulated In 1983). and lndlcate 
that the productlvlty of the Makushln 
reservolr I s  extremely hlgh. Preclse 
calculatlon of the permeabtllty-thickness 
product I s  not posslble wlth these data, 
although It 1s  easy to Infer that the value 
1 s  phenomenally large (1.e.. 500.000 to 
1,000,000 md-ft). 

Produced fluld enters the wellbore at 
the bottom of the well. 1.946-1.949 feet, 
at a temperature of 379OF. whlch Is less 
than the statlc temperature ln the wellbore 
at that level (395'F). Thls lndlcates that 
colder water I s  enterlng the well from some 
other area of the reservolr, probably 
shallower, along an unknown fracture path. 
After shut-tn. the wellbore re-equlllbrates 

. to Its statlc condltlon. Thus, the fluld 
denslty wlthtn much of the wellbore column 
llghtens over a perlod of tlme as It 
returns to a hlgher statlc temperature. 
Because there I s  essentlally only one 
Inflow polnt, however. and pressure bulldup 
was measured opposlte thls polnt, the 
re-equlllbratlon of the wellbore fluld 
denslty should have no effect on the 
accuracy of the measured reservolr pres- 
sure. Therefore, the lack of full pressure 
recovery (only one psi rather than two) I s  
not explalned by thermal equlllbratlon. but 
rather may be attrlbutable to a real 
decrease in average reservolr pressure. 

Well Potentlal 

The estlmatlon of Indlvldual well 
power potentlal for comnerclal operatlons 
requlres the fundamental assumptlon that an 
extenslve reservolr can be represented by 
the fluld propertles, lnltlal pressure, 
temperature, and productlvtty lndex derlved 
from sllm hole data such as that from 
ST-1. Glven thls as a basls, a wellbore 
flow model yleldlng wellhead pressure vs 
rate must first be valldated agalnst the 
measured sllm hole condlttons. Once a 
match 1 s  achleved. then wellhead pressure 
vs rate curves for varlous comnerclal-slze 
wellbore conflguratlons may be generated 
and related to approprlate power cycles 
wlth some degree of confldence. 

The flow slmulator used for thls study 
was developed by Intercomp (1982) and has 
been used extenslvely by the lndustry for 
geothermal and geopressured wellbore flow 
calculatlons for several years. It 1s a 
vertlcal, multlphase flow slmulator whlch 
lncorporates treatment for varlable well 
diameter wlth depth, heat losses, and 
noncondensable gases. The 'nomlnal' 
comnerclal well condlttons arrlved at were 
as follows: 

Inltlal Pressure P 494 pslg at 

Inflow Temperature = 379OF at 

Sal 1 nl t y 
CO2 Content E 200 ppm 
Productlvlty Index = 31.500 lb/hr/psl 
13-3/8 or 16 Inch Wellbore 

1,949 feet 

1.949 feet 
= 4,000 ppm TDS 

Uslng these condlttons. slmulator- 
generated curves for wellhead pressure vs 
flow rate were constructed for the two 
different 'comerclal' wellbore stzes 
(Figure 7). At a reasonably opttmum 
wellhead pressure of 60 psla (for power 
generatlon from thls resource), a flow rate 
o f  1,250,000 to 2.000.000 lb/hr Is 
predicted. dependlng on wellbore s i z e .  

I I W R E  I 

YAKUSWIN 
COMUERWU SUE WELL 

PREDICTED FLOW RATE va. wELu(EAD PRESSURE 

Reserve Estlmatton Uslnq a Materlal Balance 
Ca lcu la t 1 on 

Materlal balance calculatlons for 
largely lncompresslble systems, such as the 
one at the Makushln geothermal reservolr. 
have been developed and used by a number of 
lnvestlgators In the petroleum llterature. 
The lnltlatlng step I s  an expresslon 
provldlng the lsothermal compresslblllty. 

c = - 1  - a 
v ap T 
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Assumlng that the total compresslblllty of 
the system l s  constant, Equatlon 1 may be 
Integrated: 

and because the recovery tn terms of 
reservolr volumes I s  deflned as: 

r = =  
V1 

( 3 )  

then a comblnatlon o f  Equatlons 2 and 3 
results In: 

The cumulatlve productlon In terms of 
reservolr volumes I s ,  o f  course, Vz-Vl 
and, because the fluld 1s  consldered 
lncompresslble. the ratlo 

( 4 )  

may be taken as: 

!!I2 
W 

whlch Is the ratlo of the cumulatlve mass 
produced to the lnltlal mass-tn-place. 
Hence, Equatlon 4 becomes: 

( 5 )  

Of the varlables In Equatlon 5, WP 
Is the one known wlth certainty. In thls 
case Wp l s  equal to: 

Wp = 33,000 x 15 x 24 + 63.000 x 19 
x 24 = 4.06 x 107 lbs 

reflectlng the two flow perlods. 

The varlables contained ln the 
exponentlal expresslon conslst of the total 
compresslblllty o f  the system and the 
average reservolr pressure drop observed 
durlng the flow pertod. In thls system, 
the total compresslblllty Is the sum of the 
lndlvldual rock and fluld compresslbllltles. 

ct = cy + Cf ( 6 )  

Water compresslblllty Is normally taken as 
3 x 10-6 psl-1, whlle the compressl- 
blllty o f  the rock could reasonabl 
between 2 x 10-6 psl-1 and 6 x 10-g psl-1, 
dependlng on the llthology and the elastl- 
city of the geologlc Features. For most 
reservolrs the value o f  the compresslblllty 
Is taken as equal to 6 x 10-6 psl-1. 
Thls value wlll be used here wlth the 

range 
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knowledge that I t  could be somewhat higher 
or lower. 

The total observed bottomhole pressure 
drop at ST-1 durlng the 34 days o f  the flow 
test was less than two psl. The subsequent 
pressure buildup test resulted In less than 
one psl pressure galn. Both tests lndlcate 
an extremely large permeablllty-thlckness 
product whlch Is consistent wlth the small 
pressure dlfferences observed. The total 
average reservolr pressure drop 1 s  assumed 
to be roughly one psl. 

Uslng Equatlon 5. the lnltlal- 
fluld-ln-place may then be calculated: 

yleldlng W = 6.8 x 1012 lbs. Glven 
the uncertalnttes Inherent In thls 
calculatlon. the value of 'W' can be 
consldered order o f  magnltude only. 
Nonetheless, assumlng a slngle full- 
slze productton well drllled on the 
site of ST-1 yleldlng 1,500.000 lb/hr 
(dependlng on the power cycle used It 
could generate 7-12 We). the longevity 
o f  thls reservolr l s  extremely large 
relatlve to the needs of  Unalaska 
Island (currently only about 13 RW 
peak). The calculated lnltlal-mass-ln- 
place could dellver thls flow rate for 
over 500 years. 

CONCLUSIONS 

Results from the sllm hole ST-1 flow 
test In 1984 confirmed the baslc Makushln 
model of a shallow steam zone overlylng a 
llquld-dominated reservolr ln fractured 
dlorlte. A flowlng temperature at 
1.949 feet was found to be 379'F. Thls 
fluld appears to be enterlng the wellbore 
along a fracture whlch brlngs In colder 
water than would be expected by the 395°F 
statlc temperature of the fracture zone. 
The Flow testlng of the well In 1984 proved 
that the reservolr Is potentially hlghly 
productlve, even wlth only three feet of 
fracture interval open to the wellbore. 
Sustained flow through a three-Inch dla- 
meter wellbore o f  63,000 lb/hr was achleved 
wlth less than two psl of pressure drawdown 
from the inltlal pressure of 494 psl. Thls 
suggests a very large permeablllty- 
thlckness value for the reservolr. The 
well productlvlty Index obtalned durlng 
thls test wa s approximately 
30.000 lb/hr/psl. Wellbore flow modellng 
lndlcates that comnerlcal-slze wells should 
be capable of one to two mllllon lb/hr 
rates. A materlal balance calculatlon 
lndlcates a theoretlcal electrlclty reserve 
sufflclent For the needs of the Island for 
several hundred years at current consump- 
tlon rates. In general, the data obtained 
durlng the 1984 flow test Is  conslstent 



w l t h  the r e s u l t s  obta lned d u r l n g  the  sho r t -  
term f l o w  t e s t  of 1983. and conf l rms t h e  
ex ls tence o f  a s u b s t a n t l a l  resource. 
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