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ABSTRACT

Estimates for the pressure decline in high TDS
geothermal fluids containing dissolved gases are
extremely sensitive to the PVT representation of the
reservoir fluid. Significant errors in predicted pres-
sures will occur if the geothermal fluid is repre-
sented by one or two pseudo components with
modified water properties. As a result, we have
developed a PVT model to predict the thermody-
namic properties of a prototype geothermal fluid as
represented by three-component H,0O-CO,-NaCl
mixtures. The range of applicability of the model is:
Temperatures from 75 to 700+°F, pressures from
14.7 to 5000 psi, carbon dioxide content from O - 5
wt%, and salt concentrations to 30 wt%.

The model has been implemented into Unocal’s
version of a commercially available reservoir simu-
lator and is currently being used to study one of
Unocal’s high salinity reservoirs located in the
Imperial Valley of California.

INTRODUCTION

The first geothermal fields to be commercially ex-
ploited contained essentially hot water and steam.
As a result, lumped and distributed parameter reser-
voir simulation models have provided reasonable
performance predictions using steam table thermo-
dynamic data.

More recently, a number of reservoirs have come
under development in which the reservoir fluid can
not be adequately represented by pure water with
the most obvious examples being the Salton Sea
and Broadlands fields in the United States and New
Zealand respectively. These fields contains large
quantities of either dissolved solids or non-
condensable gases, components which substantially
alter the thermodynamic behavior of the reservoir
fluid. Preliminary modeling by our engineers and
others have indicated that the presence of both
components can drastically alter the pressure de-
cline of a reservoir through their impact on the
saturation pressure of the fluid. However, these
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previous studies have used models of the liquid-
vapor equilibria that are severely limited in the
range of pressures, temperatures and compositions
that can be considered. Additionally, no systematic
effort has been undertaken to test the accuracy of
these models against the large quantity of known
experimental data on these systems.

Unocal recognizes that accurate reservoir modeling
of their geothermal resources has to explicitly take
into account the multicomponent nature of the
reservoir fluid. As a result we have developed a
thermodynamic model which can represent the
thermodynamic behavior of a prototype geothermal
fluid as represented by mixtures of water, carbon
dioxide and sodium chloride. The model has been
tested against a wide class of literature data on
H,0-NaCl, H,0-CO,, and H,0-CO,-NaCl mixtures
and accurately reproduces the known saturation
pressures, densities and enthalpies at conditions
appropriate to most known geothermal fields. This
model has been implemented into a commercially
available geothermal reservoir simulator and is
currently being used to model the Salton Sea reser-
voir located in California’s Imperial Valley.

PHASE EQUILIBRIUM CALCULATIONS

The presence of two coexisting phases in the reser-
voir has a dramatic effect on the reservoir pressure
decline and the production well enthalpies. Thus, in
reservoir modeling it is essential to accurately de-
termine the quantity and composition of the liquid
and vapor phases. This is performed through a
combination of heat, material balance and phase
equilibrium conditions.

The Condition for Phase Equilibria:

A requirement of phase equilibrium in any two-
component liquid-vapor system is the equality of
the chemical potential, or fugacity, of the compo-
nents in the two phases:

g = )

1




where i indicates a given component and 1 and g
refers to the liquid and vapor phases respectively.
The individual fugacities can be written as follows:
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where

P = System pressure

Yeoz = CO, mole fraction in the vapor
phase

bcor = Vapo.r Phase fugacity
coefficient for CO,

H,, = Henry’s law constant along the
water saturation line

Xcoz2 = CO, mole fraction in the liquid
phase

Ycoz = ° Liquid phase activity coefficient
for CO,

Peepn = Poynting correction for CO,

Py = Saturation pressure of H,O

®sar Fugacity coefficient of H,O at
Psat

b0 = Vapo.r Phase fugacity
coefficient for H,O

Ao = Liquid phase activity for H,0

Peyoo = Poynting correction for H,O

The APPENDIX lists the functional forms for most
of the above listed variables.

The approach summarized in EQUATIONS 2a-d
has been quite successful in correlating gas solubili-
ties in a wide class of systems(Prausnitz, 1986).
The model assumes a reference condition that is
centered on the pure solvent with most of the terms
in EQUATION 1 being correction factors calculated
from this point. It is these correction factors that
have been generally ignored in previous studies.
Additionally, previous works have used correlations
for the temperature dependence of the Henry’s law
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constant that have questionable accuracy above
600°F. In the present model we describe a method
for linearizing the temperature dependence of H,,
which allows the function to be accurately extended
up to the critical point of water.

The above thermodynamic model does have limita-
tions with respect to geothermal applications.
Quantities such as the saturation pressure and
Henry’s law constant in EQUATION 2 are formally
defined only for temperatures below the critical
point of the solvent which, for H,O, is approxi-
mately 700°F. For geothermal systems containing
high levels of dissolved solids the reservoir temper-
ature can exceed this value. Our experience has
shown that our correlations for those previously
mentioned properties appear to be extrapolatable
and give reasonable results for many thermodynam-
ic properties up to approximately 750°F.

We also recognize that the above approach is prob-
ably not appropriate for describing near critical
mixtures. For these situations we feel that equa-
tions of states which assume a continuity between
liquid and vapor phases will provide a better de-
scription. As of this time, this has not been a limi-
tation in our reservoir modeling.

H,0-NaCl SYSTEM

Bubble Point Pressures

For the two-component H,O-NaCl system the
change in the vapor pressure from its pure water
value is accounted for in the composition depen-
dence of the activity of water. The activity was fit
to the saturation pressures reported by Haas(1976),
Pitzer(1984), and Bischoff(1989). In FIGURE 1 we
compare model predictions for the saturation pres-
sure at a series of sodium chloride concentrations
with that reported by Haas for temperatures up to
575°F. The maximum deviation is less than 1%.
For more extreme conditions comparisons are with
the data from Bischoff and Pitzer. At the highest
temperature and salt concentration the error is
around 2%. These results indicate that the model
can accurately reproduce the experimental satura-
tion pressures up to 750°F.

CO,-H,0 SYSTEM

Experimental Data:

The data used to construct and test the model was
obtained from six different sources and spans tem-
peratures from 60 to 660°F and pressures from 20
to 50,000 psi. These data contain measurements of
carbon dioxide solubility at conditions that cover



most known geothermal reservoir conditions of
pressure, temperature and CO, concentration. All
of the available data at pressures less than 5000 psi
has been used to test the model.

Henry’s Law Constant

The calculation of the solubility of CO, in water is
primarily determined by the Henry’s Law constant
Hg,,. The experimental data available on H,, are
not entirely consistent, particularly at higher tem-
peratures. FIGURE 2 presents the reported Henry’s
law constants, and those calculated by ourselves for
the data of Takenouchi(1964) and Toedheide(1963),
as a function of temperature. The maximum in the
Henry’s Law constant at approximately 300°F is a
feature common to slightly soluble gases. It pres-
ents difficulties in developing a simple empirical
correlation that can be accurately extrapolated to
higher temperatures. As a result we have used an
approach recently developed by Harvey & Levelt-
Sengers(1990) which expresses the Henry’s con-
stant as a function of the density of the solvent. The
exact form of the correlation is given in the Appen-
dix. In FIGURE 3 we compare calculated versus
observed Henry’s law constants for CO, along the
saturation line of pure water.

Vapor-Phase Fugacity Coefficients, Poynting
Corrections and Activity Coefficients

Fugacity coefficients were initially calculated using
the Peng-Robinson(Peng, 1980) equation-of-state.
In order to minimize the computational overhead in
the reservoir simulator we also evaluated using a
composition independent correlation for the fugacity
coefficient. The correlation provided minimal deg-
radation in accuracy from the equation-of-state
solution and as a result, all phase equilibrium calcu-
lations were performed using the latter. Apparent
molar volumes of CO, for the Poynting correction
and activity coefficient parameters for CO, in pure
water were obtained from the literature.

Saturation and Bubble Point Pressures

We also compared model predictions for the equi-
librium saturation pressures with the reported val-
ues. Model results were generated from the reported
liquid-phase compositions. This is shown in FIG-
URE 4 where the deviation between model predic-
tions and the data is less than 5% for the majority
of the measurements. At higher temperatures the
data is less certain and the error can be as large as
15%.

Zawisza(1981) provided information on the bubble
point pressure in the carbon dioxide-water system
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over the temperature range of 120-400°F and the

pressure range of 20-800 psi. Experimental versus
predicted results are shown in FIGURE 5 and the
agreement has a standard deviation of 5%.

Dew Point Pressures

Zawisza also determined the dew point pressures
for a number of different H,O-CO, mixtures. In
TABLE 1 we show that model predictions are in
good agreement with the data at two compositions,
at three different temperatures.

TABLE 1
TF Yoo, Pexp®)  Proge(Psi) Error (%)
392 0065 2395 241.8 1.0
347 0065 1353 138.5 2.3
392 0297 3284 331.1 0.8
347 0297  189.6 187.6 1.1
302 0297 969 99.0 22

H,0-CO,-NaCl SYSTEM

Extending the model from the two-component sys-
tems to three components involves including the
effect of NaCl on the activity coefficient of CO,.
The actual form of the activity coefficient is given
in the Appendix and is derived from the data of
Ellis et. al. as reported by Mason and Kao(1980).

Bubble Point Pressures

FIGURE 6 compares the predicted equilibrium
pressure of two-phase solutions to the experimental
data of Ellis @ Golding(1963) which spans concen-
trations from O to 10.5 wt % NaCl and 0 to 5 wt %
CO2. The standard deviation between the model’s
predictions and the experimental data is approxi-
mately 5%. The predicted pressures are somewhat
lower than those reported by Ellis. This was expect-
ed since Ellis’s Henry’s Law constant was consis-
tently lower than those predicted by the model.

In FIGURE 7 we compare model predictions for
the bubble point pressures in the three-component
system with the data of Gehrig(1980) for a 6 wt %
NaCl solution with 0.42 and 8.4 wt % CO,. At the
lower CO, concentrations there is good agreement
between model and experimental data at all temper-
atures. At the higher CO, concentrations the agree-
ment degrades. However, this pressure and concen-
tration of CO, is well above what is normally seen
in two-phase geothermal reservoirs but was includ-
ed to show that, even in extreme cases, the model




gives good qualitative predictions of the experimen-
tal data.

Gehrig also measured a few data points at higher
salt concentrations. Model predictions versus ex-
perimental results for those conditions are given in
TABLE 2 where compositions are expressed in
weight percent.

TABLE 2

TCF) Xnac1 *co2 PmoderPsh Pexp(psi) Error(%)

619 95 47 4200 4400 -4.8
536 199 0.6 1800 1700 535
701 199 0.6 3300 3400 -3.0

These results indicate that the model provides rea-
sonable predictions for the saturation pressure at
NaCl concentrations significantly greater than those
covered in the Ellis experiments. The latter were
used to determine the NaCl dependence of the
activity coefficient of CO, in the model.

VAPOR-PHASE DENSITY

The density of the two-component vapor-phase
composed of CO, and H,0 is calculated using a
four parameter cubic equation-of-state developed by
P. K. Vinsome(1991). FIGURE 8 compares the
predicted vapor densities for pure water vapor at
the saturation pressure to steam table data
(Burnham, 1969). Predicted densities for pure
carbon dioxide at the saturation pressure of water
are also compared to the experimental data of
Chen(1959). Predicted densities for carbon dioxide
are in good agreement with the experimental data
over the entire range of temperatures considered.
Predicted steam densities agree with the steam table
data to approximately 675°F. However, as the
temperature approaches the critical point the density
estimate is less accurate.

LIQUID-PHASE DENSITY

A variety of approaches were evaluated for model-
ing the liquid density. The first method considered
was that used by our reservoir simulator which
expresses the volume of the solution as a sum of
partial molar volumes of the individual components
V = Zxv°(1.0 + G{P-Pg,) 3
where, V is the liquid volume and x;, v;° and C; are
the mole fraction, saturated partial molar volume

and compressibility factor for each component. The
term (P-Pg, ) is the deviation of the pressure from
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its saturation value. Notice that the pressure de-
pendence is represented by linearized compressibili-

.ty factors of the individual components.

H,0-CO,

The effect of CO, on the liquid phase density was
calculated using EQUATION 3. Essentially no
information is available on the effect of CO, on the
compressibility of the liquid phase. We neglect this
effect by assuming that the fluid compresses as if
the CO, were not present.

NaCl-H,0

While EQUATION 3 works well over a broad
range of temperatures for the above two-component
system, problems were encountered with the meth-
od for small salt concentrations near the critical
temperature of water. In that region of the phase
diagram the system is extremely compressible and
the partial molar volume of NaCl approaches nega-
tive infinity. An alternative approach that gave good
results for all concentrations and temperatures was
a corresponding states-like expression in which the
molar volume of the salt solution along the satura-
tion line is expressed in terms of a function of the
reduced temperature (T/T,jicq) Of the mixture. The
expression used was similar to that of Torquato and
Stell(1982) and accurately reproduces the experi-
mental density of water up to its critical point. A
correlation for the critical temperature of sodium
chloride solutions was derived from the data of
Marshall and Jones(1974). The experimental density
data of Potter{(1978) was then used to fit the one
remaining adjustable parameter in the correlation.
The compressibility factor for the NaCl solution
was also correlated to the reduced temperature of
the mixture using the Potter data at 4350 psi. The
derivation of these correlations is detailed in the
APPENDIX.

FIGURE 9 compares the model predicted densities
to experimental data for the pure water and two-
component system at various NaCl concentrations.
The density correlation accurately reproduces the
water data to the critical point, 705°F. and is with-
in 1% of the experimental data of sodium chloride
brines to 800°F. Errors are slightly higher for low
salinity solutions at higher temperatures.

NaCl-H,0-CO,

The effect of CO, on a NaCl-H,O liquid phase
density was calculated using EQUATION 3 assum-
ing that the partial molar volume of CO, was equal
to its pure water value. This is a reasonable
assumption except near the critical temperature of



water. Due to its low solubility, carbon dioxide has
only a marginal impact on the brine density. At
200°F, the addition of 1.0 weight percent carbon
dioxide increases the density of a 30 wt% NaCl
solution by 0.3%.

LIQUID-PHASE ENTHALPY

NaCl-H,0

For both the liquid and vapor phases we assume the
enthalpy is given by

where, x; and H; are the mole fraction and partial
molar enthalpy of each component. As for the den-
sities, we assume the enthalpy of the water-NaCl
component is given by a corresponding states-like
expression. The actual functional form is given in
the appendix and the adjustable parameters were fit
to the data of Haas(1976). The partial molar
enthalpy of CO, in the liquid is obtained from the
appropriate temperature derivative of its K value
combined with the CO, vapor phase enthalpy.

FIGURE 10 shows the comparison of the experi-
mental and predicted enthalpies for the NaCl-H,O
system. Pure water enthalpies are accurately repro-
duced to the critical point of water. Model generat-
ed brine enthalpies are within 1% of the experimen-
tal data from 250 to 600°F. At lower temperatures,
the discrepancy between the predicted and experi-
mental values is somewhat larger. At higher tem-
peratures model predictions agree with those of the
recently developed Tanger(1989) equation-of-state
for NaCl-H,O mixtures.

VAPOR-PHASE ENTHALPY

‘We assume that NaCl does not partition into the
vapor phase and the remaining two partial molar
enthalpies are approximated by their pure compo-
nent vapor-phase values. The detailed correlations
for each component are given in the APPENDIX.
Experimental and predicted enthalpies for CO, in
the vapor phase are compared in FIGURE 11. All
enthalpy predictions are well within 1% of the
experimental values. Experimental and predicted
enthalpies for steam and water are compared in
FIGURE 12. The agreement with the experimental
data is excellent over the temperature range 25-
700°F.

CONCLUSIONS

The model described above provides accurate pre-
dictions of the thermodynamic of mixtures contain-
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ing H,0, CO, and NaCl for temperatures in excess
of 600°F and NaCl concentrations up to 20 wt %.
Model predictions at higher temperatures and salt
concentrations in the three-component system have
not been verified due to the lack of experimental
data. We are currently starting an experimental
program that will obtain such data. The model is
sufficiently general that it can be specifically tuned
to match the properties of real geothermal fluids
comprised of multiple chloride salts and
noncondensable gases given the appropriate mea-
sured data. We are currently pursuing such a pro-
gram for the Salton Sea reservoir in California.
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APPENDIX

HENRY’S LAW CONSTANT

Ho = Poar®saexp( HLSC/ T)

HLSC =  -491 + 3863 pyoq
-150pgpp0 €xpl[(272.15-T)/50]

where

Hg,, = Henry’s law constant for CO, along
pure water saturation line

P20 = Density of liquid H,O at saturation
(g/cc)

T = Temperature (°K)

ACTIVITY OF WATER

_ 2
820 = L+ Amg,ey + B .0

A = 0.13635 - 1.3885¢-3°T
+4.1784e-6 T - 5.5362¢-9°T3
+2.8178¢-12-T%

B = -0.01113 + 6.875¢-5T
+1.8375e-7 T2 + 2.4087¢-10-T3
-1.23545¢-13 T*

ACTIVITY COEFFICIENT QF CO,

_ 2
In(Yeopsy = Beoz Moz + Braci M Nac

Boop =  -0.143 + 34.56/T

Bnacr = 0.30912 - 2.024898e-3 T
+7.8867¢-6T




Here, mgq, and my,~ are the molalities of carbon
dioxide and sodium chloride in the solution. T is
the temperature in °K.

H,0-NaCl MOLAR VOLUME

In (V) = VO + V140325 4 y208915
+Vv310825 | v4q + V542
+V613 + V714 + V81>

1 = 1.0 - T/T,

VO = 4.0208 + 3.30 X,y

V1 = -1.9286

V2 = -34.214

V3 = +20.1

V4 = +15.45 - 47X,y

V5 = -1.2059

V6 = +0.63339

V7 = +0.0

V8 = +0.47437

The volume of compressed fluids is determined
relative to the volume of the saturated fluid as
follows:

vV = Var (1.0 + C(P-Pg, )

C = -1.14e-6 / [ - 5.6 %,
+0.0035]

V and Vg, are in cc/gm-mole, T and T, are in °K,

P and P, are in psi, and Xy,cp 18 the mole fraction

of sodium chloride in the solution.

PARTIAL MOLAR VOLUME OF CO,

Vooy® = 3736 - 7.109¢-2T - 3.812e-5 T2
3
+3.296¢-6T3 - 3.702¢-9 T4
T = ° C, V = cc/g-mole

H,0-NaCl MOLAR ENTHALPY

Hy,op = VO + V110325 4 v240825
+V3112165 | vaq + V542
1=10-T/T,
V1 = -1.9286
V2 = -34.214
V3 = +20.1
V5 = -1.2059
XNaCl < 0.0089 ml pct.
VO = +17036 + 161850. X,y
V4 = -138743. - 221842 X0
XNaCl > 0.0089 ml pct
V0 = +17036. + 80511. X,
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V4 = -140011. - 79426. %y,

Hypcy 18 in BTU/Ib-mole, T and T, are in °K, and
Xnacy 18 the mole fraction of sodium chloride in the

solution.

CO,(vapor) ENTHALPY

298.833 + .2055°T + (.03821-9.35¢

Heopy =
Y 5 T+6.875¢-8 T2) (P-P

sat)

Here, T is the temperature in °F and P is the pressure
of carbon dioxide gas in psi. The resulting enthalpy
is in BTU/Ib.

STEAM ENTHALPY

The steam enthalpy is expressed as follows:

Hsteam = Hsat + Hsupcrheat
H., = 2083.81 + 1113.41325 + 748591825
sat 1.2165 ‘ 2

+7408.241-2165 . 14125, - 40311
+ 1832713 + 1184.8 1% - 832.14°

AHperheat = (19976 + 04177 P - 4.2979-5 P2
+ 7.9985¢-7P3)-AT - (6.3805¢-7
+7.1562¢-5P + 2.575¢-6-P2 )-AT?

I(T,) = .136111n(P,) + 7.4972¢-3-(In(P,))?
+2.2713¢-4- (In(P)>

AT = T - T,

T = 1.0-T,

T, = T, /647.067

P, = P/220.52

r

Here, temperature is °K, the pressure is bar and
enthalpy is cal/g.

CARBON DIOXIDE HEAT OF SOLUTION

The heat of solution for CO, is derived from the

derivative(Denbigh, 1971) of our equilibrium expres-

sion for the K-value for carbon dioxide as follows:
2

Heogsol = - RTYIn(Kgp/P)AT

Hegpgol = -119.94+1.33324e-2-T-1.298e-2-T2

-3.267e-5-T> +2.810e-8 T*

At temperatures greater than 650°F, the heat of

solution changes rapidly and we add an additional

term to the above relationship as follows:

Heoosol = Heo2,s0l @ 6500 + 44.86-(T-650)



In these equations the temperature is °F and the heat

of solution is BTU/Ib.

Our predicted values are

close to those derived by Ellis and Golding(1963).
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Fig. 4. Pressures for H2O-CO2 system (experimental
vs. calculated)
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Fig. 5. Bubble point pressure for CO2-H20 system
(calculated vs. Zawisza experimental data)
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Fig. 6. Pressures for NaCl-H20-CO2 system (Ellis
data vs. calculated values)
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Fig. 7. Gehrig bubble point data (6.0 wt% NaCl-CO2-
H20 system)
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Fig. 8. Gas density from EOS (at home saturation
pressure)
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Fig. 9. Density of NaCl solutions (at water saturation
pressure)
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Fig. 10. Enthalpy of NaCl solutions
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Fig. 11. Enthalpy of vapor-phase CO2
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Fig. 12. Vapor and liquid enthalpy for water (at water
saturation pressure)





