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INTRODUCTION

The purpose of the study is to develop a sim-
plified model to match past performance of a
vapor—dominated geothermal reservoir and to
predict future production rates and ultimate
reserves. The data are fictitious, but are
based on real data. A lumped parameter model
was developed for the reservoir that is simi—
lar to the model developed by Brigham and
Neri (1979, 1980) for the Gabbro zone, and a
deliverability model was developed to predict
the life and future producing rate declines
of the reservoir. This report presents the
development and results of this geothermal
reservoir analysis.

DESCRIPTION CF THE RESERVOIR

During the course of production from the
reservoir, flow rates and pressures have
declined during several periods during which
the number of wells has remained approxi-
mately constant. This suggests tﬁat the
reservoir is undergoing depletion. It is
reasonable to assume that there exists a
boiling water zone deep in the reservoir.

The rock matrix between this deep zone and
the producing zone consists of relatively
tight vertical fractures. The model present-
ed in this report is based on this concept of
a deep boiling water zone which supplies
steam to a shallower producing horizon. The
pressure drawdown measured in the producing
zone is a combination of a pressure drop due
to depletion of the boiling water and a pres—
sure drop due to frictional flow of the steam
as it rises through these vertical fractures.

PRESSURE_AND PRODUCTION DATA

The fictitious pressure and production data used
for this study are presented in Table L The
value zero for the number of months corres-
ponds to the beginning of production.

The p/Z data listed in Table 1 are average
p/Z values for the entire reservoir. The z-
factor data were calculated assuming iso—
thermal conditions (480°F) exist in the
reservoir. The WT data for steam were taken
from Keenan and Keyes (1969), and the result-
ing Z-factors are listed in Table 2 Note
that for pressures above 570 psia, the z-

Table 1

CQUMULATIVE PRODUCTION 6 AVERAGE p/Z
Units A-C, D, E, and F

Cumulative Production
(10 ? bs.)1bs.)

Manths  Gross Net p/2
0 00 00 707
71 310 310 706
77 33.8 8 705
93 44 4.4 704
107 57.0 57.0 698
117 66.8 66.8 696
132 83 80. 1 695
144 105.3 ®.3 686
154 131.9 1200 672
167 166.3 148.8 660
175  139.4 167.0 643
182 211 184.5 626
192 M7 0.7 598
20 2720 214 585
206 BT 248.3 579
212 311.9 2.9 574
20 364 281.8 568
26 356.7 297.2 561
235 389.6 217 546
249 4414 30.2 533

factors were calculated by extrapolating the
values at the lower pressures. They result

from the fact that the data have been al-
tered. These synthetic values of 2 do not

affect the validity of the concepts used.

PREVIOUS HISTORY MATCHING EFFORTS

In their study of the Gabbro Zone, Brigham
and Neri(1979, 1980) combined the standard
gas material balance with an empirical power
law equation to describe pressure drawdown in
the producing zone. The empirical power law
equation was derived to model the transient
pressure behavior that existed between the
top of the reservoir, where the wells are
completed, and the constant pressure boiling
water interface deep in the reservoir. W
will review the development of Chis empirical
equation because of its importance to this
model.
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Table 2

REAL GAS COMPRESSIBILITY FACTORS
FCR SIEAM AT 480°F

Pressure Pressure

lpsiz 2 (psis 2
620 0.8038 460 0.8666
600 0.8124 440 0.8736
580 0.8207 420 0.8805
T80 T.8289 400 0.8872
540 0.8368 380 0.8938
520 0.8446 360 0.9003
500 0.8521 340 0.9067
480 0.8594

To derive an equation for the pressure drop
from the deep boiling zone through the frac-
tured zone to the producing horizon, we can
envision that the flow geometry is approxi-
mately linear. This is transient flow, and
therefore the magnitude of the pressure drop
will depend on the terms in the function
for linear flow, and the timing g? the pres-
sure transient will depend on the terms in
the ¢y function. Analytical solutions for
such problems have been published by Miller
(1962) and by Nabor and Barham (1964). Nabor
and Barham's solutions are summarized in Fig.
1, where their term ¥(t.) is the p. function
for linear flow at a constant rate.
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Figure 1. Dimensionless pressure change and
efflux functions, linear aquifers.
(After Nabor and Barham)

In Fig. 1, the system that most closely ap=
proximates a boiling water interface is the
constant pressure outer boundary, represented
by the F_{ty) curve. This is marked moe
heavily n Fig. 1. This curve also presumes
an inner boundary condition of constant flow
rate. For the actual variable flow rate, it
is necessary to use superposition to calcu-

late the transient pressure drop. A discus—
sion of the use of superposition is in
Brigham and Neri (1980). Only a brief
description follows.

Let us study the F,(ty) curve in Fig. 1in
detail. A good approximation to this curve
is to assume that pp is proportional to the
square root of time until ty = 0.785 and to
assume it is a constant equal to 1.00 after
tp = 0.785. The maximum error using the ap-
proximation is only about 10%. In most real
systems, we do not know the parameters in t,
well enough to be able to relate the real
time to ty however, we can assume a value
for the “real time that is equivalent to

t, = 0.785 and observe how this affects
Eq. 1. In this report, we will refer to this
time as the "lag time." This phrase was cho-
sen for it is meant to imply the time re-
quired to reach effective steady-~state

flow. If, for example, we were to use incre-
mental times of 10, 10, 5 and 10 months, and
a lag time of 30 months, by superposition the
equivalent steady state follow rate would be:

qeq = ql + % [(qz - ql)/_Zg + (43 - qz)ll—s

+ (g, = 95)/10 ] (1)

Equation 1 gives us a basis for a general
formulation for calculating the equivalent
flow rate as a function of the Lag time. No-
tice that any time longer ago than the lag
time does not affect the equivalent flow
rate.

Because the transient propertiea of the re-
servoir are not known, the lag time is not
known. Thus, it is necessary td calculate a
least—squares fit assuming various lag times,
and then choose the lag time which gives the
best fit to the data. The caleylated equiva-
lent flow rates were based on tHe gross steam
rate from the reservoir, calculated from the
data in Table 1. These flow rates are listed
in Table 3 for a lag time of 3Q months.
Other lag times were also used (40, 50
months) with similar results; but only the 30
month data are shown here.

When we combine the concept of peservoir
depletion in a deep boiling zone with the
concept of linear flow from that zone to the
producing horizon, the reservoiz depletion
model can be written in the following form:

(P/2) oy = (P/Z)geep = A(P/2) gy 4y (2)

where:

(p/2) = the p/z seen at the producing
Egﬁe; it is less than the value of p/z
within the deep boiling interval due to
linear flow from the deep zone to the
producing zone.
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(P/2) 3¢ = the value of p/z at the deep
goﬂing zone; this value drops azs the
zone depletes.

A(p/Z)flo = the drop in p/z due to steam
flow Irom the deep zone to the upper
producing interval.

The problem now is to define the changes in
p/%2 as a function of the volume produced and
the producing rate. First, let us consider
(P/2Z)3eep* The work by Brigham and Morrow
(1977) shows that the value of p/z ina
boiling system is nearly linear with cumula-
tive production, at least for the first 1/3
to 1/2 of the total depletion history.
Because some of the condensed water is rein-
Jected in this reservoir and clearly shovs
signs of evaporation, it seems proper to use
only the net cumulative production for this
depletion term (Gp_ . ). With this type of
model, the equation fs:

(p/2) = A-BGp (3)

deep net

where:

A = the initial p/z of the deep reservoir
system.

B = the constant which defines the depletion
rate of the reservoir; a larger B
signifies a smaller reservoir.

The next problem was to determine a(p/2)
due to linear flow. Dee (1983) showed that
an equation of the following form would be
accurate to within 2.2%.

(q )0.987
e

8P/D)g1gy = C 5.257 4
RS
P

We found that units A~C, Unit D and Unit 7
were acting in different ways. Units D end F
were causing a greater pressure drop than
Units A=C. Thus Eg. (4) was used separately
for each of these units and the history match
is shown on the left hand side of Fig. 2

The least squares fit to the data using Eq. 3
and 4 is the following:

q,_.)
(0/2),,, = 718.5 = 0.1544 Gp__ - 71.2 —A=C
P net

(P/2)¢0p

0.987 0.987
) (ap)

D
- 436.7 —535T 717.4 (_—172-57 (5)

(p/2) p/2)

top top

Let us now turn to prediction of future per-
formance of the reservoir. In order to
extrapolate the data, it was necessary to es-
timate the future reservoir production rates
subsequent to 249 months. It was also neces—
sary to predict whether new power plants

0.987

0.257

Table 3

GROSS EQUIVALENT FLOW RATES
(Units A-C, E together; Units D ¥ separate)
Equivalent flow rats, Qg 107 1bes/mo.

oas Rate tlag © 30 mo.
Onits Units
Mouths AC, T D r AC, E D v
7 o6 0 0 0uh6 0 0
” o 0 0 0.46 0 0
a3 0.66 0 0 0.60 0 0
17 0.98 0 0 0.2 0 0
12 117 0 0 m 0 0
1w 1.75 0 0 1.53 0 0
154 2% 0 0 2.19 0 0
167 2.64 0 0] 253 0 0 ‘
17 2.58 31 0 2.51 b o |
182 2.48 ® 0 2% 0.37 0
192 2.61 0.7% 0 2.58 a® 0 ‘
200 283 a® o0 2,80 0.71 0
06 2,43 0.74 QD 22 0% 0.046 |
212 26 0.64  0.13  2.58 0.1 007 |
220 2.38 0,55  0.13 2,47 0.64 01l
226 2.54 0.68 Qb 25 0.66 0.13 ‘
235 2.7¢ 0.68 0.2 2.6k 0.66 0,18
2419 2,74 0711 05 2.2 ® 0.2
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Figure 2. Projected P/z decline
(tlag = 30 months)

would act like Units A-C, Unit D, or Unit F
in their linear flow behavior. Table 4 sum-
marizes these estimates:

Next, it was necessary to calculate net cumu-
lative production and equivalent flow rates
for the future based on the data from Tables
3 and 4. A reinjection rate of 25%of the
gross production has been assumed for the net
cumulative production figures. These projec-
tions are listed in Table 5 for a lag time of
30 months. In Table 5, the column labelled
"Units A-C'" includes Units A, B, C, E, and
half of Unit G The columm labelled "Unit D
includes Unit D and Unit H,  The column
labelled "Unit F* includes Unit ¥ and half of
Unit G

Using the data from Table 5, it is possible
to project p/2 decline into the future using

-99-



Eq. 5. However, such predictions do not
take into account the deliverability of the
reservoir.

DELIVERABILITY AND_FUTURE PRODUCING RATES

In general, for gas flow from a reservoir, it
is possible to calculate flow rate based on a
version of the Forchheimer equation, known as
the universal deliverability equation.

Zable 4

SOMMARY OF PROJECTED NEW UNIT BEHAVIOR

Gross Production Equivalent

That equation (Dee, 1983) is:

- 2 2

P" - (8p)

inlet . a' + b'q (6)
q q

where:

E = the average producing zone pressure
(psi)

Pinler = the pressure at the inlet to the
power plant (psi)

q = the producing rate (M1b./mo./well)

a' 6 b = unknown constants

The constant, a', expresses the Darcy

resistance to flow in the reservoir.
constant, b’,

The
expresses the sum of non-Darcy

Latter  Memth.  Dutt stre | dses (100 Ibec/mos) | Bemavior flow in the reservoir plus flowing friction
R - within the well and surface flow lines.
] On Lice Large 0.49 A=C
4 On Line Small 0.2 r . 2
¢ 305 Seall 0.3 ac, ¥ Graphing 4(p)“/q versus g should produce a
] 269 Large 0.70 D - - . .
straight line whose slope and intercept yield
the desired values of the unknown constants,
a' 6 b. Various values of g and a(p)“/q for
Table § specific Unit areas are listed in Table 6,
while the corresponding values for all Units
TUTURE PRODUCTION AMD GALCULATED EQUIVALENT FLOW RATES combined are listed in Table 7.
N ho:“ 1. Daits A-C; Qeq Unit D; q.q Unit F; gaq
et - (07 1be)  tieg = tlag = ¥ tlag ” Some of the data from Tables 6 and 7 are
s \ shown graphically in Pigs. 3 and 4 Fig. 3
2.0 P Ee . 051 shows the result for Unit C. The other units
e &34 28 e oz |nd_|cated S|m|Ia_r results. However, when the
255 515.1 2.80 140 021 units were combined and the average reservoir
20 3.8 3 e o2l pressure wes used, (Table 7) the data also
27.0 577.8 291 140 0.32 fit a good straight line (Fig. 4), even
a2 pi4dH Tad 1ea 9.3 though theory Indicates that heae is no rea-
2.3 6420 291 Lo S son to expect this to happen. W found that
%878 4.9 ;:;;; 1.400 gju, the reservoir production rate cquld be
. 706.3 975 . . i i i
e 7993 Sone 400 9,385 matched with a maximum error of 6.0% using
3.0 749.1 2,978 1.400 0.385 the following equation:
Table 6
DELIVERABILITY DATA
Unit A Unit B Unit C Unit D
- - 2 - -
YR | T p e 8 P4 | P Pygee @ P | P Py @ Y AR Pinler ¢ »/q
2 | 482 70 1188,3 191.3 | = = - - - - - - - - - -
13 452 70 1076 1903 | 500 108 2000 119.4 | S48 105 .2140.7 135.1 - - - -
14 | 431 70 986 107 |469 105 1778.8 7S | 534 105 1942 1389 | = - - -
pL] 407 70 8s54.4 181 437 108 1655.4 187 | sol 105 1878.9 127.7 | 547 105 2605 110.0
16 380 0 7319 1906 410 108 1497.6 1049 | 464 105 1667 12%.6 | 501 1083 2000 106.2
17 354 0 6747 178.5 | 381 105 1369.7 979 | 435 105 1485.7 1199 470 103 1947.5 107.8
13 336 70 606 108 | 356 105 12038 B3 | 415 105 1285.2 125.4 | 450 MS 16666 114.9
19 324 70 584,1 1713 | 342 108 12374 B6 | 403 105 1297.2 116,7 | 430 308 1528,5 L13.8
2 317 70 7333 130.4 | 336 105 1139.1 D4 | 94 105 1281,2 112.6 | 423 105 13%0,1 1il.6
af - - - - - - - - - - - - 414 108 1364,8 1I75

-100-




A Y POV OV VPN PP

FLOY RATE, q  (MIb/day/well)

Figure 3. Deliverability analysis (Unit ¢
250 T T ]
200 - i

- 4
: a0 9 o :
o o J

g 180~ ° ° .

2 L ]
100 -—- —:' Eqvatien Mt Bete -
solao o Lo o Lo o by oo 1]

1000 1200 1400 1600 1800 2000
FLOW RATE, q (Mdb/dey/well)
Figure 4. Deliverability analysis
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Table 7
DELIVERABILITY DATA
(ALL UNITS COMBINED)

Year P Pinlet q sp?/q

13 560 105 1772.1 170.7

14 546 105 1616.9 177.6

15 527 105 1660.2 160.6

16 500 105 1502.0 159.1

17 483 105 1363.3 163.0

18 471 105 1203.4 175.2

19 461 105 1166.7 172.7

20 449 105 1119.7 170.2

p = (psia).

q = (Mlb/day/well).

5 22
P ™= P{nier = 554 9 (7

where:
q =

As Fig. 4 indicates, the non-Darcy component,
b', was found to be negligible. This does
not mean that the non-Darcy term is negligi-
ble for this reservoir. This is an artifact
of the reservoir pressure averaging process
used to fit the equation.

flow rate (Mlb./mo./well)

W can now project flow rates and pressures
into the future, assuming that plant inlet
pressures remain constant at 105 psi. These 1
projections require a trial and error calcu- |
lation, because both flow rate and pressure |
are interdependent in Egs. 5 and 7. Rapid
convergence to the answers occurred in 2 to 4 ‘
iterations. The trial and error method that
we used sets both the pressure and flow rate
at the new level of iteration equal to the 1
values at the old level of iteration. Eg. 5
then produced a new value for p/z, and Eq. 7
produced a new value for q. These new values |
were then used to continue the iteration in
Eg. 5 until convergence was achieved.

Inherent in these projections of flow rate
and pressure is the underlying assumption of

future drilling. W have assumed three
scenarios in our predictions: the future
deliverability will equal 2.0, 2.5, and 3.0

times the current deliverability of the re-
servoir. However, fewer than 2.0 times the
current number of wells will be needed to
produce twice the current deliverability of
the reservoir, because newer wells will be
drilled in higher pressure areas and will
therefore have better deliverability than
older wells.

The flow rates were projected for 32 years }
through the year 55. An example of these pro-
jections is listed in Table 8, where both
production rate and pressure are shown. The
gross flow rate projections are graphed in
Fig' 5.

An important point to notice is that there is
not a significant difference between the

three different assumptions of future
drilling. The three curves in Pig. 5, repre-—
senting 2.0, 2.5, and 3.0 times the current
deliverability of the reservoir are each
separated by only two to three years. This
emphasizes the fact that drilling new wells
can only temporarily relieve the problem of
deliverability.

Projections of future p/z decline are pre-
sented on the right hand side of Fig. 2. The
solid line is (p/Z) and the dashed line is
z « In Fig. the pressure begins t
é%p)?gﬁdly in tﬁe year 2F3) (Gp - g15.8 %
109 1bs./mo.) after Unit H goes on produc—
tion. This is because Unit H was assumed to
have the more tenuous connection with the
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Table 8

PROJECTIONS OF GROSS FLOW RATE (10° 1bs./wo.) 6 PRESSURE (psia)
(ASSUMES 25 TIMES THE CURRENT DELIVERABILITY OF THE RESERVOIR)

tlag = 30 months

Year GPret (109 1bs.) q p/Z
20 413.8 3.71 3215
20 M5 44 4740
50 452 44 40.0
20 54.9 4 431.6
Z0 5118 4% 457
B0 606 476 388.8
20 634 46 3772
0.0 5.1 41 371.0
30 “r9 461 367.1
20 789.0 453 32
B0 894 456 FHL3
30 80.2 43P B4
30 908.3 4 FH5
B0 45 B7
30 984.7 48 30.8
38.0 120 41 w1
39.0 1058.6 4,05 344.4
40.0 .7 338 7
40 “ 1130.2 3@ 3P0
42.0 1662 3B 34

8 T —T ™ v T -

2.0 TOMES § VEUS
25 TWVES § TELLS
40 THES § RIS

FLOW RATE (10° Ibs/mo.)
(7]
A RAASS LAMAS LARAS MAAMY LM
| N T O P

Y S N P RPN
20 30 40 50 80

DATE (YEAR}

Figure 5. Projected flow rates

(\'.lag = 30 months)

deep boiling zone like Unit D.  Another sud-
den dro ressure can be se n, peginnin

in the E/)e 6 (GPrgy * 53449 ¥ 103 ?bs./mg.
due to production |n the Unit G area. After
these rapid drops, the pressure tends to
level off again and almost flattens complete-
ly at about 340 psia. This flattened portion
of the (p/Z).,, curve corresponds to the
period of flow' rate decline seen'in Fig. 5.

CONCLUSIONS

The reservoir pressure and production data
used herein indicate that depletion is occur-
ring in this reservoir. A reasonable assump-
tion of the flaw behavior is that there
exists a zone of boiling water deep in the
reservoir, which supplies steam to the

producing horizon where the wells are com-
pleted. The pressure drop seen at this
producing zone is a combination of depletion
of the boiling water and frictional flaw ef-
fects. The frictional flow drawdown is a
transient pressure drop due to ffrictlonal
losses as the steam rises through relatively
tight vertical fractures.

Using the above concepts, we have success-
fully developed a lumped parameter model
describing pressure drawdown in the reser-
voir. Depletion of the boiling water zone is
assumed to fit linearly with p/Z. The tran-
sient linear vertical flow is calculated
using a lag time concept to change transient
flow into equivalent steady state flow. The
lag time is unknown, but a lag fime of 30
months has produced a reasonable fit. Var-
ious areas within the system have experienced
different drawdown behavior, and therefore,
the flow rates from these areas were sepa-
rated from the total flow rate and were then
incorporated into separate flow and pressure
drop parameters.

The deliverability problem descnibed by these
example data is a reservoir problem, and a
sustained flow rate can only be maintained
until approximately the 30th year. However,
subsequent to that time, the flaw rate de-
cline will be gradual, in the neighborhood of
two percent per year. This is quite similar
to the behavior of several geothermal
reservoirs.

Many people feel there is considerable
"perched" and adsorbed liquid water in inac—
cessible areas within producing horizons of
geothermal steam reservoirs. As the pressure
drops, this "perched" water could boil and
the resulting steam would then flow toward
the highly permeable channels connected to
the wells. Presumably, the flow connection
between the perched water and the permeable
channels is tenuous. In other words, we are
describing a two-porosity system.  An
important point is that the reservoir model
developed herein fits this physical picture
equally well. The resulting equations would
be identical.
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