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where the ~ubscripts c and Y =fer to confined and 
unconfined conditions (Graxt et al., 1982). Other sym- 
bols an f m t i o n  porosity 0, fluid compressibility e. 
formation thickness h, fluid density p and the gravity 

ABSTRACT 
A water influx model was used to history match the 
pressure drawdown behavior of three liquid-dominated 
geothermal rescwoirs. The compressibilities of constant g. 
confined and unconfined liquid-only resawir systems Sample Val of the storage c=.fficiens with m- 
W e n  shown to differ by one to W O  Orders Of a@- 

tory matching o&udon dam f r ~ m  three high 'em- 
Perawe fields (fimchapm, Sf'wen@ and w d e l )  
yielded ~ s r v o i r  compressibility values similar to 
what would be expected for unconfined ( h e  liquid 
level) systems. 

pctanue an in Fig. 1, assuming 10 percent 

m. The confind storage coefficient s, ranges fiom 
about 5xl(r to 3x1W ( e a )  from loO°C to 3W0C. 

this temp== rangc warn density deneases from 
958 to 712 @g/m3, its viz-ity d e m w s  from 
283xlod to 91x1 od (Pas) and the compressibility 

rude h the Ne range 3WoC t0 loO°C. His- porosity (0 = 0.1) and a t h i c k  h p 

(liquid water only) increases from about 0.50 to 3.22 
(1KiPa). In other words, the density changes 1.3 INTRODUCTION 

For idea! conditions, therefore, an unconfihed rcscr- 
voir is 200 times more compressible than a confined 
reservoir at l00OC and 40 times more compressible at 
a temperature of 30OOC. These findings agnt  with 
Za is  and Bodvarsson (1980) who state that the 
compressibility of unconfined (free liquid surface) sys- 
tems is 100 to lo00 times greater than that of 

& =  2L (2) Fig. 1. Sample values of storage coefficients. 
PS ' 
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HURST'S SIMPLIFIED METHOD 
It was reponed by Gudmundsson and Olsen (1987) 
that the Hurst (1958) simplified water infiux method 
gives a satisfactory match to production data from the 
Svarrsengi high temperatun. liquiddominated geoth- 
ermal field. Likewise. Marcou and Gudmundsson 
(1986) found the Hum method satisfactory in the 
modeling of the Ahuachapan and Wairakei liquid- 
dominated reservoirs. 
In the Hurst (1958) water influx method the reservoir 
and aquifer compressibility arc assumed different and 
constant. See Olsen (1984) and Brock (1986) for corn- 
plete derivation of the method for liquiddominated 
rcscNoirs. For a radial nscwoir/aquifer system, 
Hurst (1958) introduced the ratio 

CP. a=2- 
CP 

(3) 

where the numaafor refers to aquifer properties and 
the denominator to that of the reservoir. Hurst (1958) 
gave the following drawdown solution for an infinite 
radial aquifer 

(4) 

written in superposition form. The Hurst function N 
is in Laplace space and is expressed as 

The function is not analytically invertible to real 
space. Therefore, a numerical inversion method must 
be used, The Stehfest (1970) algorithm was used in 
the present work. 
Consider two limiting solutions of the pressure draw- 
down in Equation 4: a small and o large. When c w c. 
the reservoir will dominate the overall system pressure 
behavior, surrounding aquifers will not affect draw- 

reservoir responds to fluid production as a confined 
system (Gudmundsson and Olsen, 1987). 
When c t c .  the aquifer will dominate the overall 
system pressure response. In effect, the aquifer is the 
reservoir. Hurst (1958) showed that in this case the 
pressure drawdown solution is the same as the general 
radial system solution; the line source solution 
applies. 

HISTORY MATCHING 
In history matching the production data of a rcservOir 
is fined to a model. The fitting consists of adjusting 
one or morc parameten of the model to find the best 
match; permeability and permeability-thickness p m  
duct arc commonly used Compressibility is the 
parameter that exhibits the greatest range in values; it 
is also likely to be the least known parameter in mer- 
voir modeling. It follows, that mmpressibility should 
be a good parameter to use in history matching for 
liquiddominated reservoirs. In the Hunt water influx 
model the compressibility ratio a in Equation 3 was 
Used. 

down in reservoir pressure with time. In this case, the 

The history matching method used in the present work 
has been detailed by Brock (1986). Marcou (1985) 
and Olsen (1984). The matching procedure consisted 
of plotting the drawdown in tCrms of water head 

against the Hunt function term 

(6) 

. 
5 = Dwpfl(CJD - bj) 0 

A liquiddominated reservoir system conforming to 
the Hurst water influx model assumptions will exhibit 
a straight line having the slope 

io 

The fitting p c d u r e  was the following: 
Select a value for a 

Find slope m using least 
calculate standard deviation of fit 
Select a new a value and repeat above steps 
Plot standard deviation versus a values 
Select a value giving minimum standard devia- 
tion 
Select comsponding slope m 

Calculste X. and yn 
fit my.=-  

Foman 77 computer programs were written for his- 
tory matching and forecasting (Brock, 1986). Because 
the Hurst function in Equation 5 cannot be expressed 
analytically in real space. numerical inversion had to 
be used, the Stehfest (1970) algorithm was used. 
Although this algorithm is well behaved in the Hurst 
function application, it is slow in execution. In the 
history matching method xn and yn arc calculaM 
several times for each data point (often in the hun- 
drab); the Hurst function is inside a doubly nested 
loop. For a data history of 200 points. say, the Hurst 
function is evaluated over twenty thousand timcs. 
Therefore. a table lookup method was devised to 
spced up the execution time. For a given a value a 

tine was then used to obtain by interpolation the 
appropriate Hurst function value, rather d m  rcpcat- 
edly performing the Stehfest algorithm inversion. On 
a data set of 66 points (time, flowrate, drawdown) tbc 
execution time on a VAX 111750 was mon than 
1100 seconds of BU-time while the table lookup 
merhod took only 45 seconds. By using the table 
lookup method it seems d e l  calculations can wen 
be &cd out on a typical microcomputer. 

FIELD DATA 
The production histories of two liquiddominated 
fields have been unnpiled by Marcou (1985): 

land. The production history of the Svarisengi 
liquiddominated field in Iceland has been rcponcd by 
Olsen (1984). These data were d y  available for 
the purpose of the present study (Brock. 1986; Gud- 
mundson et aL, 1985) report the data also. The 

table Of N(t0) was cddated. A table loohrp S ~ b r o u -  

1 

Ah~achapm in El Sal~ador and Wairakti in New Zea- 
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Ahuachapan., Sva 'trip and Wairakei fields arc all 
high-temperature: :?IO C, 240°C and 26006, respec- 
tively. Grant et al. (1982) provide general information 
about these fields. 
In addition to tmperanve (both in reservoir and 
aquifer) and production history (flow rate and draw- 
down with time), three reservoir parameters arc 
required for the Hum (1958) watcr influx model: 
reseNoit radius, porosity and permeability. These 

dominated resewom and used in the present study. 
The parameters arc shown in Table 1. where resexvoir 
radius is expressed in tenns of surface ma. 

p a r a ~ ~ ~ ~ t c r s  wefe g~esstimated for the thne liquid- 

hing procedun was 
the selection of the G value, which gave the minimum 
standard deviation (optimum match) between field 
data and water influx model. The standard deviations 
vs. G values for the three fields an shown in Fig. 2. 
A a h h u m  was observed for the three fields 
(Ahuachapan. Svartsengi, Wairakei). The optimum o 
value and tht c~rre nding slope m shown in 
Table 2 for the three%& 
History matches for the daet liquiddominated fields 
~ T C  shown h Figs. 3,4 and 5. 

I I I Table 1. Reservoir parameters &put to history matching. I 

. 
I I I Table 2. Hurst-model p&ters output from history matching. I 
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Fig. 4. Drawdown match to the Svartsengi field data. 

TIME ole=) 

Fig. 3. Drawdown match to the Ahuachapan field data. 

Fig. 5. Drawdown match to the Wairalcei field data. 
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To estimate the reservoir compressibiIity. c, of the 
high- temperature fields from their optimum o value, 
the aquifer compressibility must first be estimated. 
However, should the aquifer be assumed confined or 
unconfined? The density of the reservoir and aquifer 
fluids must also be estimated - the aquifer temperature 
was assumed 100°C in the present work. In Table 3 
arc shown the calculated compressibility values for 
the Ahuachapan. Svansengi and Wairakei high- 

we. liquid-dominated reservoirs, for both krnS and unconfined aquifer conditions. Also 
shown arc the aquifer permeability-thickness product, 
(kh),. derived from the slope, m, obtained by history 
matching. 
The reservoir compres$bility values in Table 3 arc 
rather high, particularl when unconfined aquifer con- 
ditionsanassumed. X, e storage coefficients for each 
of the thrtc reservoirs arc given in Table 4 and plot- 
ted in Fig. 6. They were calculated using the porosity 
values in Table 1. the compressibility values in Table 
3, and for an assumed resemir thickness of lo00 m. 
Two values arc shown for each resmroir, confined 
(lower) and unconfined (higher). 
Grant et al. (1982) presented a numerical approxima- 
tion for the compressibility of two-phase reservoir 
zones. At 240OC this approximation gives the 
porosity-compressibility product, (E, a value of 1400 
(l/GPa). For a resewoir thickness of lo00 tn, there- 
f a ,  it corrtsponds to a storage coefficient of 1.4 
( e a ) .  This value exceeds that of an unconfined 
reservoir by two to three orders of magnitude when 

orders 
when the aquifer is unconhed 
The results show that the Svaruengi reservoir is more 
compressible, by one order of magnitude, than both 
Ahuachapan and Wairakci. The compressibility of the 

the aquifer is confined, and by one 

loo I OUnconfined 
0 Confined - c 
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0 
I 

0 
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Fig. 6. Storage cotfficients for the thne fields. 

Table 3. Reservov c 

-307- 



Svartsengi reservoir is well above that of an idealized, 
unconfined system (fm liquid surface), no matter 
what the confinement of the aquifer. This suggests 
that the two-phase zone, known to exist near the top 

I of the Svartsengi resenroir (Gudmundsson and 
Thorhallsson. 1986), may to some extent affect the 

' overall pressure response of the system. 

CONCLUSIONS 
(1) For idealized conditions, an unconfined r e ~ o k  

is 200 times more compressible at 100°C than a 
conhed reservoir and 40 times more compressi- 
ble at 300°C. 

(2) The Hunt (1958) simplifid water M u x  method 
gave a satisfactory match to production data 
from the high- tempem Ahuachapan, Svart- 
sengi and Wairakei fields. 

(3) Compressibility is a highly variable parameter in 
liquiddominated rcservoirS. much more so than 
porosity and permeability. In water influx and 
other lumped-parameter modeling, therefort. 
Compressibility should be an output rather than 
an input parameter. 

(4) The effective compressibility of high-tempcraturc 
liquiddominated rtservoin is similar to that 

tems. 
Shown by unconfined (fm liquid surface) SYS- 
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