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ABSTRACT

This paper reports preliminary experimental and
numerical efforts towards obtaining steam-water rela-
tive permeability and capillary pressure functions un-
der steady-state and adiabatic conditions. In the ex-
perimental direction, steady-state nitrogen-water rel-
ative permeability experiments were conducted in a
Berea sandstone core as a first step. Results obtained
from this type of experiment will be compared to those
from steam-water relative permeability experiments in
order to explore the importance of phase change and
heat transfer. Using a high resolution X-ray computer
tomography (CT) equipment, saturation distributions
along the core were obtained and relative permeabili-
ties for both nitrogen and water were calculated. Pre-
liminary results showed strong end effects for the core
length and total flow rate used in the experiment,
which therefore suggested either to use of a longer core
or to work at a higher total flow rate. Along with the
experiment, numerical simulations of simultaneous in-
jection of steam and water into a core were also car-
ried out by using a commercial thermal simulator. At
steady-state flow conditions, effects of steam quality
and total injection rate on saturation profiles were in-
vestigated. Numerical simulation results suggested a
core length of 38.10 cm for a flat saturation profile re-
gion to exist under typical experimental conditions.

INTRODUCTION

Reliable measurement of steam-water relative per-
meability functions is of great importance in geother-
mal reservoir simulation to match or forecast produc-
tion performance of geothermal reservoirs. Accord-
ingly, the subject has attracted attention in the past
and several experimental and theoretical attempts
have been made to study this important problem. In
spite of the large number of reported studies, there still
remains considerable uncertainty about the exact form
of these functions due to the difficulties encountered
in the interpretation of results and the lack of under-
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standing of microscopic pore-level phenomena such as
phase change, heat transfer and capillarity.

Unsteady- or steady-state methods are traditionally
used to determine relative permeability. Both meth-
ods measure the relative permeabilities as a function of
saturation. Unsteady-state methods are based on the
Buckley-Leverett (B-L) theory, therefore, they are re-
stricted by its assumptions. These methods have com-
monly been used for immiscible, isothermal and non-
condensing types of displacement processes. Steady-
state methods measure relative permeabilities that are
independent of time. During steady-state experiments
two fluids are injected simultaneously at a known frac-
tion until steady-state conditions are reached. At
steady state, relative permeabilities are calculated by
using a theory that relies on Darcy’s law extended for
multi phase flow. The corresponding saturation val-
ues should also be determined. The main assumption
of these methods is the requirement for existence of a
flat saturation profile, which can be achieved by using
a sufficiently long core or high flow rates. Otherwise,
the capillary end-effects commonly observed in many
experiments may complicate interpretation of the re-
sults.

Steady-state methods have been used to determine
steam-water relative permeabilities under adiabatic
conditions. Even though such experiments are sim-
pler, previous literature has pointed out major dif-
ficulties, particularly in the interpretation of results.
Problems have arisen in the determination of accurate
saturation profiles and also in the treatment of phase
change, heat transfer, capillarity and injection rate.
Two typical problems have been studied in the past:
one involving an injection of a subcooled liquid which
undergoes a phase change inside the porous medium
after the injection, and another involving simultaneous
injection of steam and water.

An early attempt was reported by Arihara (1974)
who was unable to measure saturation directly but
calculated it instead. The calculation was performed
by first measuring the temperature profile along the
core to obtain fluid properties, enthalpy and pressure,
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and by using steady-state, single-component, non-
isothermal and adiabatic flow equations, combined
with a relative permeability ratio and a water-oil per-
meability vs. saturation curve. Trimble and Menzie
(1975) developed relative permeability curves for Boise
and Berea sandstone cores. They reported unusually
low steam relative permeability. Later on, Chen(1976)
made an important advance hy measuring water sat-
uration directly using a capacitance probe technique,
but he assumed a nearly linear relationship between
the capacitance probe signal and the water satura-
tion. Counsil (1979) used Chen’s method to obtain
the water saturation for the process of in-situ evapora-
tion of flowing water. He obtained steady-state steam-
water relative permeabilities for a synthetic sandstone
core under adiabatic conditions. Counsil (1979) also
measured nitrogen-water relative permeabilities and
concluded that steam-water relative permeabilities are
very different from those of nitrogen-water al high
water saturations. His data indicated steam relative
permeability being large in all but a narrow region of
high water saturation. Later, Monsalve et al. (1984)
studied the effects of surfactants on steam-water sys-
tems and concluded that relative permeability to wa-
ter increased with increasing surfactant concentration
rather than holding constant. Additionally, Monsalve
(1984) observed that steam relative permeability de-
creased drastically at a certain water saturation, re-
sults similar t6 those of Counsil (1979). Verma (1986)
reported a study of relative permeability for two-phase
concurrent flow of steam and water. He compared
his results with those from oil/water, gas/water and
gas/oil systems. He found out that wetting phase rela-
tive permeability curves were in good agreement while
steam relative permeability was significantly higher
than that of non-wetting phase. Recently, Sanchez
(1987) reported steady-state adiabatic steam-water
relative permeabilify experiments for an unconsoli-
dated Ottawa sand pack. Sanchez (1987) measured lig-
uid saturations by analyzing the output of a 10 micro-
liter pulse input of NaCl-36 through an HPLC sample
injector. He concluded that steam-water relative per-
meabilities can be represented accurately by gas-liquid
permeability for high permeability reservoirs. Very re-
cently, similar results were also reported by Piquemal
(1994) who attempted to determine steam-water rela-
tive permeabilities in an unconsolidated sandstone.

The wide discrepancy observed in the previous ex-
perimental results suggests that the interpretation of
the data may not be correct. Additionally, a ma-
jor problem of obtaining reliable saturation profiles
has been emphasized. Recognizing that saturation
and temperature profiles are dependent on parame-
ters such as injection rate and temperature, steam
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Figure 1: Schematics of experimental apparatus for
(a) nitrogen-water and (b) steam-water injection.

quality, systemn pressure, core permeability and length
and also that determining accurate saturation profiles
is crucial, we initiated a systematic study to deter-
mine steady-state steam-water relative permeabilities
directly. With the use of our X-ray computer tomog-
raphy (CT) scanner equipment, which is capable of
producing high-resolution images, we can overcome
the difficulty of obtaining accurate saturation distri-
butions along the core samples while multi-phase ex-
periments are being conducted. This paper reports
our preliminary results towards the final goal. First,
we describe our experimental apparatus and proce-
dure. Next, we discuss some preliminary results from
a nitrogen-water injection experiment. Finally, we re-
port some numerical simulation results for the problem
of simultaneous injection of steam and water.

EXPERIMENTAL APPARATUS AND PRO-
CEDURE

The experimental apparatus used for the prelim-
inary nitrogen-water relative permeability measure-
ments is shown in Figure 1a. It consist of a core holder,
two pressure transducers, a liquid pump, a mass flow



controller, a mass flow meter, a balance and a wet-test
meter. Two pressure taps located at the inlet and out-
let ends of the core holder were used to measure the
water phase pressure during the experiment. Nitro-
gen injection and production rates are controlled and
monitored with the use of mass flow-controller, flow-
meter and wet-test meter while a liquid pump was used
to inject water into the core and a balance was used
to measure water production rate. However, a differ-
ent experimental apparatus is required for steam-water
relative permeability experiments. A schematic of the
tentative experimental design for the steam-water rel-
ative permeability experiments is shown in Figure 1b.
This design will consist of a core holder, two liquid
pumps, a steam generator and steam and water collec-
tion systems. Pressures will be measured at the inlet
and outlet ends of the core while temperatures will be
measured by thermocouples inserted at various loca-
tions along the core. Several heat flux sensors will be
placed along the length of the core holder to measure
heat losses.

During an experiment, the core holder is placed in-
side the high resolution X-ray computer tomography
(CT) equipment in order to obtain in-situ saturation
profiles along the core. The principles of the use of X-
ray CT are described in Johns et al. (1993). Here, we
shall summarize this method briefly. The X-ray CT
method, as a nondestructive imaging method, enables
us to construct an internal image of an object. Simply,
an X-ray source is revolved around the object to take
various projections at many angles and the data col-
lected are then used to reconstruct the internal image.
As X-ray beam travels through the object, changes in
density and/or thickness of the material cause differ-
ences in X-ray attenuation. The image data obtained
with the scanner are normalized to CT numbers whose
unit is called a Hounsfield.

The experimental procedure as follows. First, air
inside the pore space is displaced out by injecting
several pore volumes of CO; and then the core is
scanned at predetermined locations to obtain dry-core
CT (CTary) values. Next, water is injected into the
core to remove CO, and to eventually saturate it com-
pletely. This step continues until the core is completely
saturated with water, at which time the core is X-ray
scanned again at the same locations to obtain wet-core
CT (CTyet) values and, inlet and outlet end pressure
readings are taken at this time. Steady-state relative
permeability experiments involve injection of varying
fractions of nitrogen and water (or steam and water),
at a constant total flow rate, into the core. Measure-
ments done at each step result in a single data point
on relative permeability vs. saturation curve. Start-
ing from completely water saturated core and inject-
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ing nitrogen at increasing fractions will give rise to a
drainage process while the opposite procedure gives
rise to an imbibition process. Each step continues un-
til steady-state conditions at which injection and pro-
duction rates become the same for both nitrogen and
water and also inlet and outlet end pressures stabilize.
At the onset of steady-state conditions, another X-ray
scanning is done along the core at the same locations
to obtain CT (CT,zp) values corresponding to the par-
ticular gas-water fraction. To complete the step, in-
let and outlet end pressure readings are taken again.
Next, the nitrogen-water fraction is changed, keeping
total flow rate constant, and the procedure is repeated.

After the experiment is completed, interpretation
software is used to calculate the porosity and satura-
tion distributions from the CT values obtained with
the scanner. To calculate porosity the following ex-
pression is used:

C'TIUC‘ - C]kf'y (1)
CTwater - CTair
where CTyater, CTair are CT numbers for water and

air, respectively. Similarly, the expression used to cal-
culate saturations is:

S, = CTwel - CTezp
- CTwet - CTdry

¢ =

(2

and
w=1-25, (3)

where S, and Sy denote gas and water saturations,

. respectively. Relative permeabilities for water and ni-
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trogen can be calculated by using Darcy’s law,

k —_ l‘w‘IwL

rw — ’CApr (4)
for water and L
_ H9%g
krg = kAAp, ()

for gas. llere ky, t,q,k, A, L and Ap are relative per-
meability, flow rate, permeability, cross sectional area
and length of the core and pressure drop, respectively.
Subscripts w and g denote water and gas, respectively.
In these equations, all of the parameter values are ei-
ther measured or determined by using the experimen-
tal data. For the preliminary experiment, we measured
water and gas flow rates and water pressure drop but
calculated nitrogen pressure drop by using a nitrogen-
water capillary pressure curve.

PRELIMINARY RESULTS
EXPERIMENTAL

A preliminary experiment was conducted to mea-
sure nitrogen-water relative permeability. The core



Satik, et. al.

used in this experiment was a Berea sandstone, the
length and diameter of which were 25.4 cm and 5.08
cm, respectively. The total injection rate of fluids was
12 c¢/min. Porosity and saturation distributions, and
relative permeability were obtained by using the re-
sults of this experiment, as discussed below.

First, the absolute permeability of the core was cal-
culated by using Equation 4 with k., = 1 and also
with the results of the wet-core step. The value was
calculated to be 601 mD. Next, the porosity distribu-
tions along the core were obtained by inserting the CT
values in Equation 1. In Figure 2, we show the poros-
ity distributions at four different locations through the
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Figure 2: Porosity distributions obtained from X-ray
CT scanning at (a) 0.2 cm, (b) 8.2 cm, (c) 16.2 cm
and (d) 25.2 cm from the inlet end of the core.

core (at 0.2, 8.2, 16.2 and 25.2 cm from the inlet end
of the core). Average porosity was calculated to be
18.50 %. During the expcriment, we obtained a to-
tal of 26 slices from the X-ray CT scanning. All of
those slices indicated a fairly homogenous core with
average porosity decreasing slightly (from 18.4087 %
to 16.9672 %) towards the outlet.

Saturation distributions were also calculated by us-
ing Equations 2a and b. In Figure 3, we show nitro-
gen saturation distributions at four different locations
along the core (0.2, 8.2, 16.2 and 25.2 cm from the
inlet end of the core). Nitrogen saturation is higher
closer to the inlet and decreases closer towards the
oulet. Saturation distributions shown in the figure are
consistent with the porosity distributions (Figure 2).
Small gas saturations spots observed in Figures 3b, ¢
and d correspond to smaller porosity values, implying

Average: ©.184177

Ruerage: ©.1689672
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gas (non-wetting) phase residing in large pores with
water (wetting) phase residing in smaller pores.

Average water saturation distributions calculated
using Equation 2b for four different values of f, (gas
fraction), defined as the fraction of the gas flow rate to
the total flow rate), are shown in Figure 4. All of the
saturation distributions shown in the figure indicates
very strong inlet end effects (saturations starting from
about 60 % at the inlet and increasing with distance)
and a possible weak outlet end effect. Flat saturation
profiles do not exist probably due to the strong end ef-
fects. Moreover, water saturation changes significantly
as f, increases from 0.16 to 0.3333 although further in-
crease in fy (up to 0.84) does not seem to change the
saturation levels significantly. These preliminary re-
sults suggest either using a longer core or operating at
a higher total flow rate to obtain a flatter saturation
profile.

A summary of the preliminary experiment is given in
Table 1. Water pressure drops were ineasured directly

Table 1: Summary of preliminary results for a
nitrogen-water relative permeability experiment.
[f, TAP,, psi [ AP, psi | krw [ kyy |
0 5 0 1.0 0.0
0.16 | 16 20.17 0.312 | 0.0009
0.33 | 19 23.50 0.210 | 0.00155
0.50 | 15 19.67 0.1999 | 0.0028
0.67 | 11 15.67 0.1817 | 0.0046
0846 10.27 0.1666 | 0.0089

during the expcriment. Gas pressure drops, however,
were calculated by using a nitrogen-water capillary
pressure curve obtained for Berea sandstone (borrowed
from the study of Oak et al. (1990)). Finally, relative
permeabilities for cach phase were calculated by us-
ing Equations 4 and 5. Water relative permeabilities
decreases monotonically as f, increases while gas rel-
ative permeabilities are almost zero. This implies a
very sharp increase in the f; vs. S, curve within a
very narrow gas saturation range.Therefore, it is nec-
essary to increasc the f, value to between 0.84 and 1.0
to have an increase in gas relative permeability.

NUMERICAL

To investigate the effects of various parameters and
to determine a proper core length along which a flat
saturation profile may exist, we carried out numerical
simulations by using a commercial thermal simulator.
Simultaneous injection of steam and water under adia-
batic conditions were simulated. In the context of this



Table 2: Typical parameter values used in the numer-
ical simulations.

pw = 960.85 kg/m’

Cpw = 4.2092x10® J/kg—K
dw = 06808 W/m-K

pw = 24799%10~* N—s/m’
Ly = 22568x10° J/kg

ps = 0.5886 kg/m"

Cp» = 4.2092%10% J/kg—K
A, = 06808 W/m—K

ps = 24799x10"1 N—s/m’
pr = 22000 kg/m’

Cpr = 8.3732+10% J/kg— K
A, = 6.808 W/m-K

k = 400 mD

A = 5.08%10% m?

L = 0381 m

Pinit = 1.0133%10° N/m?
Tinit = 294.15 K

paper, we shall discuss only the effects of steam qual-
ity and total injection rates. Parameter values used
in the simulations are given in Table 2. In the ta-
ble, p,Cp, A, Ly, p and T denote density, specific heat
capacity, thermal conductivity, latent heat of evapo-
ration, pressure and temperature, respectively. Sub-
scripts w, s and r represent water and steam phases,
and rock, respectively.

In Figure 5, we show water saturation, temperature
and pressure profiles obtained from numerical simula-
tion for parameter values given in Table 2 and for a
total injection rate (m;) of 5 kg/D and a mass steam
quality (X,) of 0.25. In order to simulate end effects
numerically, the capillary pressure was set to zero and
the permeability was assigned a large value of 20000
mD in both the first and last grid blocks. The water
saturation profile shows both inlet (an increse in wa-
ter saturation) and outlet (first an increase or buildup
followed by a decrease in water saturation) end effects
which are restricted to narrow regions, otherwise a flat
saturation profile is observed. To interpret our results,
we followed a recent study of Parlar et al. (1990),
which showed an analytical attempt to understand the
end effects for steady-state, vapor-liquid concurrent
flows in porous media. Because capillary pressure is
zero at the inlet and oulet ends and is non-zero oth-
erwise steam entering the core condenses at the inlet,
causing a sudden temperature drop (Figure 5b). How-
ever, towards the outlet end, the effect is the opposite
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such that capillary pressure becomes zero from a non-
zero value. This will induce first a saturation buildup
and then a saturation decrease at the outlet, which are
associated with a condensation process followed by an
evaporation (see also Parlar et al., 1990). The tem-
perature profile is also consistent with this interpreta-
tion. The temperature decreases while condensation
occurs and flattens when evaporation takes place (see
Figure 5b). The pressure profile shown in Figure 5c
follows the trend of the temperature profile since both
steain and water phases are flowing under saturated
conditions.

Water saturation profiles obtained for five different
steamn quality values (X, = 0.0005, 0.05, 0.25, 0.50 and
0.75) are shown in Figure 6. As steam quality increases
greater displacement of water takes place therefore the
average water saturation value within the flat region
decreases. Figure 6 shows that the flat saturation value
is about 0.40 for X,=0.75 while it is about 0.74 for
X,=0.0005. As steam quality decreases the flat satu-
ration region becomes narrower.

The effect of total injection rate is shown in Figure 7.
Total flow rate has increased from 0.5 kg/D to 10 kg/D
while steam quality has been kept as 0.25. The results
shown are as expected. The region where oulet end
effects are dominant becomes narrower as total flow
rate increases since macroscopic capillary number also
increases. Finally, we investigated the effect of the
core length on saturation profiles. The simulation re-
sults suggested that a minimum core length of 38.10
cm would be required to avoid the end effects for typ-
ical experimental conditions.

CONCLUSIONS

Preliminary experimental and numerical efforts were
made towards the final goal of determining steam-
water relalive permeability and capillary pressure
functions in geothermal rocks. Experiments with ni-
trogen and water were carried out as a first step.
Porosity and saturation distributions were calculated
by using high resolution X-ray computer tomography
(CT) equipment. Results indicated strong end effects,
suggesting either use of a longer core or operation at
higher total flow rates.

Numerical simulations were also carried out by us-
ing a commercial thermal simulator to study the prob-
lem of simultenous steam-water injection into a porous
medium under adiabatic conditions. Numerical sim-
ulation results suggested the minimum core length to
maintain a flat saturation profile would be 38.10 ¢m for
typical laboratory conditions. Effects of steam quality
and total injection rate were investigated. The results
obtained were as expected.
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Figure 4: Water saturation distributions obtained in
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