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Abstract  Analyses are presented of

downhole pressure buildup data for

located in the Redondo Creek area of the
Baca Geothermal Field. The downhole drill-
ing information and pressure/ temperature
surveys are first interpreted to locate

zones at which fluid enters the wellbore
from the fractured formation and to estimate
the initial reservoir temperature and pres-
sure in these zones. Interpretation of the
buildup data for each well considers well-
bore effects, the C0p content of the fluid
and differentiates between the single-phase
. and two-phase portions of the data. Differ-
ent straight-line approximations to the two
portions of the data on the Horner plot for
a flow test yield corresponding estimates
for the single and two-phase mobilities.
Estimates for the formation kh are made for
the wells.

Introduction The Baca Geothermal Field is
located in the Valles Caldera in north cen-

tral New Mexico, 60 miles north of
Albuquerque, and about 35 miles northwest of
Santa Fe. Analysis of the downhole data

from wells drilled in the Redondo Creek area
of tne field indicates that the bulk of the
formation permeability is in a fracture net-
work. Consequently, the performance of a
well depends largely upon whether it inter-
sects one or more fractures, how large each
intersected fracture is and the degree to
which it is connected to the rest of the
network. The reservoir pressures identified
from the downhole analysis define a vertical
gradient of 0.348 psi/ft.

Chemical analyses of the discharge fluids
from Baca wells indicate that the reservoir
fluid is of low salinity (< 8000 ppm) with
an incondensible gas content (principally
€02) of about 04 to 1.5 percent by mass
(a =0.004 to 0.015). The effect of the in-
condensible gas content on the fluid state
may be examined using an equation of state
for a mixture of pure water and carbon di-
oxide (Pritchett, et al. [19811). Figure 1
illustrates the effect” in p-T space for a
0.01. The probable extent of the initial
two-phase region in the Baca reservoir and
the extent to which the wells will induce
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flashing in the formation upon production
are very sensitive to the €02 content of
the fluid.

The $3 reservoir simulator CHARGR was re-
cently employed in a series of radial flow
calculations to investigate the response of
initially single-phase and initially two-

pnase reservoirs undergoing production or
injection from a single well (Garg and
Pritchett [1980]). Figure 2 shows the

Horner plot for the simulated buildup his-
tory of an initially single-phase reservoir
that wundergoes flashing wupon production.
The initial buildup behavior (wellbore stor-
age effects were not simulated) is governed
by the two-phase region of the reservoir;
the slope on the Horner plot of the curve
yields a value for the total kinematic vis-
cosity vt which is characteristic of the
two-phase region created during drawdown.
The detailed calculations show that the
pressure buildup is accompanied by the pro-
pagation of a condensation front, origina-
ting at the well, into the formation; the
condensation front eventually engulfs the
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Figure 2. Pressure and temperature buildup
data for Case B-1 simulated well
test (Garg and Pritchett [1980]).
entire two-phase region after which the

buildup behavior is essentially that of a
single-phase fluid. The two-phase buildup
extends over a full log cycle; the slope of
this straight line implies a kinematic vis-
cosity which is in fair agreement with the
actual two-phase value. The single-phase
buildup in this case extends over less than
. one-half cycle; the slope of this straight
line implies a kinematic viscosity which is
about 40 percent larger than the actual
single-phase value. This example, and other
cases treated, illustrate the importance of
selecting the correct straight line.

W have used the results of the numerical
simulations to provide guidance in our
interpretation of the flow data from several
Baca wells. The interpretation considers
the effects of the CO content and frac-
ture permeability of the reservoir. The
analysis also accounts for the fact that the
downhole  pressure/temperature gages are
usually located several hundred feet from
the primary production zone. In the follow-
ing we will present representative buildup
analyses of data from two Baca wells.

Well Baca No. 4 Figures 3 and 4 present
selected temperature and pressure profiles
recorded in well B-4. Survey S8 was taken
prior to any production testing, but the
well had been deepened from 5048 ft (4301
ASL) to 6378 ft (2987 ASL) five weeks
earlier. Temperature survey S11 was made 17
days after a 9-day production test and is in
close agreement with S8 for depths less than
5000 ft. For very long shutin times the
measured temperatures (profiles S24 and S40)
are much higher than for the shorter shutin
times (profiles S8 and S11) except for close
agreement at the bottom of the hole. This
is attributed to the influx of hot fluid
from a minor entry near the bottom of the
well. Survey S16 was recorded two days
after shutin following a 64-day drawdown
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Figure 3. B-4 temperature surveys before,
during and after Flow Test No. 2
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Figure 4. B-4 pressure surveys before,
during and after Flow Test No. 2.

period. The primary production is appar-
ently located at = 4800 ft (4546 ASL); the
reservoir rock is cooled by the flashing of
the fluid within the production zone. The
corresponding pressure profile (S16 in
Figure 4) shows that the fluid in the well-
bore two days after shutin is liquid below
2100 ft. The long-term stable profiles (S24
and S32) cross the early time profile (S8)
at = 4500-5000 ft. Pressure equilibrium
between the wellbore and reservoir fluid is
maintained at the zone of primary permeabil-
ity = 4800 ft.

In summary, the zone of primary permeability
in B-4 is located at ~ 4800 ft (4546 ASL)
with minor entries located near the well-
bottom and at shallower depths noted during
drilling. The initial temperature and pres-
sure at 4800 ft are estimated to be 1170

psig, (~ p(a) = 814 bars)* and - 500°F
(260°C).

Although B-4 has been flow tested three
times, downhole measurements are available

only for the buildup period following Flow
Test No. 2 (9/10/73-11/13/73). During the
64-day drawdown portion of this test the
fluid flowed to a separator vessel and the




steam and water phases were measured in-
dividually. After 50 days, the flow rate
stabilized with a wellhead pressure of 120
psig and a separator pressure of 113 psig
(Hartz [1976]). At separator conditions the
steam fraction and total fluid enthalpy were
reported to be 27.5 percent and hy = 556.1
BTU/1bm. The mass flow rate and the
duration of Flow Test No. 2 are taken as

M= 172,500 Tbm/hr ~ 21.73 kg/s
t = 1538 hours.
Figure 5 shows a semi-log plot of the

buildup data recorded by Union at a depth of
~ 6350 ft (3000 ASL). Since the measurements
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Figure 5. B-4 pressure and temperature

buildup following Flow Test No. 2.

were made SO far below the primary produc-
tion zone at 4800 ft (4546 ASL), we must ac-
count for the pressure difference in the
data interpretation.

During drawdown the wellbore is filled with
two-phase fluid which enters from the pri-
mary production zone. The reservoir rock is
cooled by the flashing of the fluid within
the production zone. After shutin the temp-
erature within this zone recovers along with
pressure until condensation occurs; it
subsequently recovers slowly, primarily by
conduction. From the temperature survey
made on 11/15/73 (S-16) we estimate the
temperature in the wellbore at 4800 ft (4546

ASL) after condensation is initiated to be ~
464°F (240°C).

The €O, content of the discharge fluid
from B-4 has been measured to be 0.85-1.1
percent (a = 0.0085-0.011). Although the
in-situ value may be different (Pritchett,
et al_ [1981]), we assume for the moment

that a = 0.01.  Then according to Figure 1,

* Here and in the sequel we add 10 psi
(0.7 bars) to the gage pressure to
correct for tne atmospheric pressure
at~9000 ASL.
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the pressure required to ensure that the
464°F (240°C) wellbore fluid be single-phase
liqguid is Ppax = 812 psia (56 bars). Cor-
respondingly, the recorded shutin pressure
at ~ 6350 ft (3000 ASL) must satisfy the
inequality p > 812 + 0.35 (4546-3000) =
1353 psia = 1343 psig

This value is attained at ~ 43 minutes after
shutin; hereafter there is a constant hydro-
static head of 541 psi between the gage
pressure and the corresponding pressures in
the production zone. Only the single-phase
portion of the Horner plot (Figure 5) may be
used in this case (a = 0.01) in evaluating
formation properties of the production zone.

Further, if the CO» content were 1 percent
(a = 0.01), then from Figure 1 we see that
the ina‘itial reservoir conditions (81.4 bars,
- 260°C) would correspond to single-phase
liquid. During drawdown the formation fluid
flashes in the vicinity of the wellbore and
the flash front propagates laterally into
the producing zone. After shutin, condensa-
tion commences but a two-phase region cre-
ated during drawdown would not return to
single-phase liquid until the pressure
builds up to the value of Ppay associated
with ~ 260°C, i.e., Ppax = 67 bars (972
psia). The corresponding pressure at the
recording depth of 6350 ft (3000 ASL) is
given by pyg = 972 .+ 0.35 (4546-3000) =
1513 psia = 15503 psig. This value is close
to the transition pressure (~ 1575 psig)
between the two-phase and single-phase be-
havior shown in Figure 5.

¥ note in passing that if we had ignored
tne presence of COp and assumed the fluid
to be pure water {ag = 0), we would com-
pute that the producing zone at 4800 ft
would recover from two-phase to single-phase
water when the pressure builds up to pyg =
1212 psig. This value is considerably below
the observed transition pressure (- 1575
psig).

Because of the uncertainty in the values of
a and the initial temperature in the
production zone, it is of interest to
determine the values of these parameters
which  correspond to the two-phase to
single-phase transition pressure indicated
by the Horner plot. The equation-of-state
for COz/water mixtures (Pritchett, et al.
[1981]1) has been used to determine  those
points (ag, Tg) which correspond to a
pressure in the production zone of Ppay =
1575 - 541 = 1034 psig = 1044 psia (72
bars). The estimated initial temperature
(To ~ 500°F) corresponds to the higher
measured value of COp in the discharge
fluid (ag = 0.011) whereas the lower
measured value (ag = 0.0085) corresponds
to an intial temperature of Ty ~ 512°F (-
267°C). These values are within the
uncertainties of the measurements.



The slope mp = 50 psi/cycle = 3.44 x 10
Pa/cycle in the single-phase portion of the
Horner plot reflects the buildup behavior in
the production zone and extends over two
full log cycles. It can, therefore, be used
to estimate the kinematic mobility-thickness
product from the relation

x
=

A5 M _ _1.15 (21.73)
w

- £ = 1.16 x 10"5 ms
2w(3.44 x 107)

1
T2

<

t

To estimate the formation kh product we need
an approximate value for the total kinematic
viscosity of the reservoir fluid during the
single-phase portion of the buildup re-
sponse. W use the viscosity of liquid
water the initial conditions of the
producing zone _(81.4 bars, 260°C), vt =

vy = 1.315 x 10~/ mé/s and compute

at

kh = 152 x 10-12 m3 = 5050 md-ft.

Well Baca No. 20 The temperature surveys,
in Figure 6 especially S5 and S10, indicate
that relatively low temperature fluid enters
the wellbore at approximately 4000 ft (5165
ASL). This implies that the primary
production zone is located at 4000 ft and
the fluid entering the wellbore at this
, depth during buildup subsequent to Flow Test
No. 4 has been cooled by flashing within the
formation. Below 5000 ft (4237 ASL) there
appears to be conductive heating of the
wellbore fluid (see S5 and S10).
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Figure 6. 8-20 temperature surveys following

Flow Test No. 4.

The initial pressure at 4000 ft is estimated
from & (not shown) and S12 (Figure 7) to be
~ 975 psig (p(a) = 67.9 bars). Since no
stable temperature profile is available, we
extrapolate S12 from 3500 ft to estimate the
initial temperature at 4000 ft to be =
485-515°F (252-268°C). From S3 the tempera-
ture in the primary production zone at 4000
ft (5165 ASL) is estimated to be reduced to
~ 432°F by the in-formation flashing.
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Figure 7. 6-20 pressure surveys following

Flow Test No. 4.

Four flow tests have been performed on 6-20
but only Flow Test No. 4 (9/24/80-1/6/81)
was of sufficient duration (104 days) and
with sufficient pressure transient measure-
ments to warrant analysis. During the flow
test the well was flowed through a vertical
separator. The wellhead pressure and total
flow rates varied over the test period but
stabilized over the last two months. For
the purposes of analysis we use

M = 56,100 1bm/hr (averaged over last 10 days)
~ 7.06 kg/s
t = 2,653 hours (equivalent production time)

Time t is calculated by dividing the cumula-
tive fluid mass produced during the 104-day
Flow Test No. 4 (148,830,000 Ibm) by the
total mass flow rate averaged over the last
ten days of the production.

Figure 8 presents a semi-log plot of the
pressure buildup at a depth of 4500 ft (4700
ASL) where most of the downhole recordings
were made. Since the primary production is
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Figure 8. 6-20 pressure and temperature

buildup following Flow Test No. 4.

at 4000 ft and the bulk of the pressure data
were recorded at 4500 ft, it is necessary to
account for the pressure difference in in-
terpreting the data. The pressure profiles
in Figure 7 show that the wellbore fluid is




two-phase during the buildup period. The
fluid below 4500 ft is two-phase at three
hours (S3) and two days (S5) after shutin.

After seven days (S7) the fluid below 4500
ft is single-phase liquid, the fluid above
4000 ft is single-phase gas and there ap-
pears to be a two-phase section at 4000-4500
ft. After one month there is liquid below
3000 ft with a gas cap above this depth.

Since the wellbore pressure at the gage
depth must be corrected by different amounts

at different buildup times, we have
replotted the Horner plot in Figure 9. The
data points at 4000 ft (5165 ASL) recorded

during profile surveys are indicated as are
the estimates made from surveys in which re-
cordings were only made at 4500 ft (4700
ASL). In this case the estimates for the
primary production depth (4000 ft) contain
corrections which account for changes in the
wellbore state with changes in buildup

time. From the corrected plot (Figure 9) we
see that the transition from slope m] to
myp is actually completed at pyg > 900
psig rather than the much larger apparent
value inferred from Figure 8.
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Figure 9. Corrected 6-20 pressure buildup
following Flow Test No. 4.
A CO0p mass fraction of 147 percent has

been measured in the discharge fluid from

well 6-20. This is higher than that measur-
ed in all but one other well and may be
higner or lower than the in-situ value
(Pritchett, et al. [1981l]). If we assume
that the (0 ~ content in the primary
production zone is in fact the same as
measured in the discharge fluid, then the
zone at 4000 ft would be initially two-phase
for any temperature within our range of
uncertainity (- 252-268°C). According to
the equation-of- state for COp/water
mixtures, at 252 C the initial in situ gas
saturation would be Sq = 0.077 whereas the
temperature of 268 would imply Sq =
0.409. In this case, the transition Trom
slope m} to slope mg in Figure 9 would
merely reflect the recovery of the

production zone to its initial conditions.
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On the other hand, if we assume the change
in slope corresponds to a transition from

two-phase to single-phase behavior during
buildup, then the equation-of-state for
COp/water mixtures may be wused to de-

termine the set of permissible points (Tg,
ag) for which Ppay = 62.8 bars (910 psia
= 900 psig). A value of Ty = 252°C would
imply a5 = 0.01 whereas a value of Tg =
268 C would imply ag = 0.003.

Because of the uncertainty in ay and T,
we cannot establish if the primary pro-
duction zone is initially single-phase
liguid (e.g., Pq = 679  bars, T4 =
252°C, ap = 0.01% or initially two-phase
(e.g., Py = 679 bars, T, = 252°C, a4
= 0.0147}). In either case, however, the
slope my in Figure 9 approximates the

two-phase portion of the pressure build-up
for a full log cycle and this portion of the

data can be wused to infer formation
properties.

From the value of mj = 265 psi/cycle (18.3
x 100 Palcycle) we can calculate the

corresponding value of the two-phase kine-
matic mobility-thickness product

kh

t

115 M 115 (7.06)

-7
= =7.06 x 107" ms
2y 50(18.3 x 10°)

To estimate the formation kh product we
first note that during the last ten days of
Flow Test No. 4 the wellhead pressure and
effective (total) enthalpy of the produced
fluid were essentially constant: WHP = 116
psig; hy = 7943 BTU/lbm. V¢ have used
these values, and an isenthalpic model for
two-phase flow in the wellbore that assumes
no slippage between the liquid and gas
components, to estimate the downhole flowing
conditions during the final ten days of
drawdown.  The calculated pressure at 4000
ft (5165 ASL) is pyf = 180 psig (p(a) =
13.1 bars) and the corresponding downhole
flowing kinematic viscosities of the liquid
and gas components and the mass ratio of the
mixture entering the wellbore are as follows:

-7 m2

vp = 1.59 x 10 /s
vg = 229 x 1072 m2/s
mg/m,Z = 1.12
The linearized equations in the Appendix can
now be wused to estimate wv¢. From Eaq.
(A-5) we compute

k

rg _ 22.9 _

krﬁ = 112 159~ 16.2

If we assume that the flow within the for-
mation is primarily through a fracture




network then from Eg. (A-6) we can calculate

the individual relative permeabilities kp
= 0942 and kpg= 0.058. From Eg. (A-2) w
estimate the total kinematic V|sc03|ty
during the last ten days of drawdown.
\ ( 0.058 . 0.942 ’)'1
t=\150 x 1077 229 x 107

= 1.29 x 1078 n?ss
W assume that the kinematic viscosity

during the two-phase portion of the buildup
is approximated by this value. An estimate
of the formation kh product from the
two-phase portion of the buildup data can
now be made.

kh = (129 x 107%) (7.06 x 107)
- 908 x 107* m® = 3030 md-ft
Discussion The objective of this paper was

to illustrate an analysis procedure which is
based on the synthesis of field measurements
and theoretical results in interpreting
geothermal well flow data. The interpreta-
tion given here for well B-4 is based on the
single-phase portion of the buildup data and
yields a value of kh which is in reasonable

agreement with the value of 4207 md-ft
estimated by Hartz [1976] from a conven-
tional Horner plot analysis. The inter-
pretation given for well 6-20, however, is

based on the two-phase portion of the build-
up data and a correction of the Horner plot
to account for the fact that gage is located
several hundred feet from the primary pro-
duction zone. A conventional Horner analy-
sis would not be applicable.

Acknowledgements  This work was performed
under Contract 4514510 with the Lawrence
Berkeley Laboratory as part of the evalua-
tion of the Baca reservoir being conducted
under a cooperative agreement between Union
Oil Company and the Department of Energy.
The assistance of Ms. Mary Margaret Pierce
is gratefully acknowledged.

References

Garg, S. K. and J. W Pritchett (1980),
"Pressure Transient Analysis for Hot Water
and Two-Phase Geothermal Wells: Some
Numerical  Results,"” Topical Report No.
DOE/ET/27163-5, Prepared by Systems, Science
and Software Under Baca Geothermal
Demonstration Project, October.

-52-

Grant, M. A and S. K Garg (1981), "Inter-
pretation of Downhole Data from the Baca
Geothermal  Field," Topical Report No.
DOE/ET/27163-12 Prepared by Systems, Science
and Software Under Baca Geothermal

Demonstration Project, May.

(1976), "Geothermal Reservoir
the Redondo Creek Area,

County, New Mexico," Union O0il

of California, Santa Rosa,
September 9 and November 23.

Hartz, J. D.
Evaluation
Sandoval
Company
California,

of

Pritchett, J. W, M H Rice and T. D. Riney
(1980), "Equation-of-State for Water-Carbon
Dioxide Mixtures: Implications for Baca
Reservoir, " Topical Report No.
DOE/ET/27163-8, Prepared by Systems, Science
and Software Under Baca Geothermal
Demonstration Project, October.

Appendix  Several authors (e.g., Garg and
Pritchett [1980]) have obtained approximate
analytical solutions for a geothermal
reservoir undergoing two-phase production at
a constant rate. In these studies the
balance equations for radial two-phase flow
in porous media are linearized by assuming
that the total and the component kinematic
mobilities are related as follows:

(K) ) k er Lk kr (A1)
vy T vg

k k
1 re . _rg (A=2)

v v v

t L g
Given the flowing enthalpy hy of the
two-phase mixture, it is also possible to

obtain the separate kinematic mobilities.

kk'"‘Z=(5) Rt kkr9=(5) i
Vo h -hy Vg h - hy
, (A-3)
The expression
ht = mg hg + (l-mg) hy (A-4)
relating the total and fluid component
enthalpies may be used with Egs (A-3) to
write
k. v m m
rg ¢
— = = (A-5)
g 5 g T,
Here mgq and 1l-mq are the gas and liquid
componénts of the fluid flow.
If we assume that the flow within the
formation is primarily through a fracture
network, then
- A-6
Kp* Kpg =1 (A-6)

=R,




