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ABSTRACT

A method has been developed to infer the wettability
of steam-water-rock systems based on the
relationship between permesbility and capillary
pressure by Purcell. The Purcell model was extended
to two-phase flow to verify whether the wettability is
a function of water saturation. The results calculated
using the experimental data showed that the
wettability index in the drainage process was greater
than that in the imbibition. The corresponding contact
angle in drainage was smaller than that in imbibition,
which is redlistic and consistent with the existing
experimental results in capillary tubes. Both the
receding (drainage) and advancing (imbibition)
contact angles in steam-water-rock systems were
reasonably independent of water saturation ranging
from about 25 to 85%. It was also found that the
wettability model could be reduced to the model
reported by Slobod and Blum (1952) in specific
cases. The method developed in this study to estimate
wettability of steam-water-rock systems could be
applied directly to other gas-liquid-rock and liquid-
liquid-rock systems.

INTRODUCTION

Gas-liquid-rock systems are usually considered to be
strongly liquid-wet, which is true in most natural
fluid-rock systems. It is also often assumed that the
contact angle through the liquid phase is zero in gas-
liquid-rock systems (Slobod and Blum, 1952), which
may not be true. Li and Firoozabadi (2000) discussed
the phenomena of nonzero contact angle in more
detail. The wettability in different gas-liquid-rock (or
other porous media) systems may not be the same.
For example, the intrinsic contact angle of water
against air on smooth PTFE (Teflon) measured by
Morrow and McCaffery (1978) was 108° while the
contact angles in most natural gasliquid-rock
systems are much smaller, as is aready known. Al-
Siyabi et al. (1997) measured the gas-oil contact
angles of four binary mixtures (Cy/nC4 Ci/nCe,
C4/nCy, and C4/nCyy,) at reservoir conditions. Their
results showed that the gas-oil contact angles were
about 20°.

Li and Horne (2001a) found significant differences
between steam-water and air-water capillary
pressures, and Horne et al. (2000) found significant
differences between steam-water and air-water
relative permeabilities. We therefore speculated that
there might be differences of wettability in different
gas-liquid-rock systems such as steam-water-rock
and air-water-rock systems.

Slobod and Blum (1952) developed a method to
evaluate the wettability of reservoir rocks from the
threshold capillary pressures measured in oil-water-
rock and air-oil-rock systems respectively. However
the semiquantitative method was based on the
assumption that the contact angle through the liquid
phase in gas-liquid-rock systems is zero. Hence this
method would not be suitable for the wettability
determination in many gas-liquid-rock systems.

Purcell (1949) developed a model to correlate the
rock permeability and the pore size distribution that
could be inferred from capillary pressure curves
measured by the technique of mercury injection.
According to this relationship, we developed a
guantitative method to calculate the wettability index
or apparent contact angle in steam-water-rock
systems from the data of steam-water capillary
pressure. This method was also extended to two-
phase flow to verify whether the wettability is a
function of fluid saturation. In this case, both
capillary pressure and relative permeability data are
required to calculate the wettability index at different
values of water saturation.

Using the experimental data of capillary pressure and
relative permeability measured simultaneously in the
same rock at the same temperature of about 120°C,
the values of the wettability index in both the
drainage and the imbibition processes in steam-
water-Berea systems were calculated and compared.
Some other published experimental data of oil-water
flow were also used to conduct the calculation and
the comparison in order to further confirm the
phenomena observed in steam-water systems.



METHOD

The method to determine the wettability of gas-water
rock systems is derived in this section. Using
Poiseuille's equation and Darcy's Law, Purcell (1949)
derived a relationship between the rock permeability
and the capillary pressure curve as follows:
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where k and ¢ are the absolute permeability and
porosity of the rock; F is the so-called lithology
factor. oand @ are the interfacial tension between the
two fluids and the contact angle through the liquid
phase; P. and S, are the capillary pressure and the
saturation of the wetting phase.

To calculate the rock permeability using Eqg. 1, it is
convenient to have a mathematical representation for
the capillary pressure curve. Brooks and Corey
(1966) suggested a function to represent capillary
pressure curves in porous media as follows:

P, = pe(S) ™ )

where p. is the entry capillary pressure and A is the
pore size distribution index; S, is the normalized

wetting phase saturation. For the drainage process, it
isexpressed as follows:
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where S, is the residual saturation of the wetting
phase, representing the residual water saturation in
this study.

Although the capillary pressure function (see Eq. 2)
suggested by Brooks and Corey (1966) was originally
for the drainage cases instead of imbibition cases, in
this study it was used to calculate the wettability
index in the imbibition by defining the normalized
wetting phase saturation as follows:

Sy = _Sw=Sw (4
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where S, isthe residua saturation of the nonwetting
phase, representing the residual steam saturation in
this study.

Substituting Eg. 2 into Eq. 1 to obtain the rock
permeability by using the capillary pressure data:

ocosf ., A
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The wettability index W, was defined as cosé and
from Eq. 5, it can be calculated as follows:

W = cosé = f(ﬁ)( K ) Fe (6)

The only unknown parameter in Eq. 6 is the lithology
factor, F, once the capillary pressure curve is
available. Purcell (1949) measured the values of the
lithology factor for numerous rock samples by means
of comparing the air permesbility to the permeability
calculated using Eq. 1. The capillary pressure curves
were measured by the technique of mercury injection.
The lithology factor ranged from 0.08 to 0.36 and
was found to be smaller in lower permeability rocks
(Purcell, 1949).

The contact angle through the liquid phase can aso
be calculated from Eq. 6 once the capillary pressure
curve and the lithology factor are known. Note that
the contact angle calculated in such a way may be
different from that defined in a capillary tube or on a
flat solid surface. Actually, this value may represent
the macroscopic average contact angle of the fluid-
rock system. Such a contact angle may be named as
an apparent contact angle for the sake of
convenience.

Assuming that Eqg. 1 applies in two-phase flow, it is
written as follows:

k, = F¢(o cosé,,) jSW dSy (7
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where k,, and &, are the effective permeability of the
wetting phase and the contact angle through the
wetting phase. Because F is a parameter representing
lithology, it was assumed in this study that it does not
vary with the saturation of the wetting phase.

Substituting Eq. 2 into Eq. 7, the following equation
is obtained:
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where W,, is the wettability index, defined as cosé,,
at the wetting phase saturation of S,. The effective
permeability of the wetting phase and the capillary
pressure in Eq. 8 are a function of the wetting phase
saturation. In terms of relative permeability, Eq. 8
can also be expressed as follows:
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where k., is the relative permesbility of the wetting
phase. According to Eq. 9, the wettability of gas-
liquid-rock systems at any water saturation could be
determined once the experimental data of the
capillary pressure and the relative permeability are
available.

We can see from the process of the derivation of Eq.
9 that the method could be used to determine the
wettability in either gas-liquid-rock or liquid-liquid-
rock systems. This is because there are no specia
restrictions or assumptions assigned to a specific
system during the derivation.

It can be seen from Eqg. 9 that if the wettability of a
fluid-rock system does not change with the fluid

saturation, as it is usually assumed, then (krg‘”) P,

should be constant. This may be verified by using the
data from the simultaneous measurements of
capillary pressure and relative permeability curves.
The experimental confirmation will be discussed later
in more detail.

Another important significance of Eq. 9 isthat it may
be possible to determine the wettability of steam-
water-rock systems by using the data from a simple
spontaneous water imbibition experiment. Because
the relative permeability and the capillary pressure at
a specific water saturation can be calculated
simultaneously from one single spontaneous water
imbibition test according to the method developed by
Li and Horne (2000a), the wettabiblity index could be
obtained using Eqg. 9. Therefore, we may obtain the
wettability information without measuring the whole
capillary pressure curve if the wettability does not
vary with the water saturation.

The rock property factors, including the pore size
distribution index A, the permesability k, the porosity
@, and the lithology factor F, may be reduced when
Eq. 9 is used to compare the wettability differences
between two different fluid pairs such as air-water
and steam-water (in the same rock). The ratio of the
wettability index of fluid pair 1 to fluid pair 2 at the
same water saturation and in the same rock can be
obtained from Eq. 9 as follows:
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where Wy, ki, P!, and o" (n=1, 2) are the

wettability index, the relative permeability of the

wetting phase, the capillary pressure, and the
interfacial tension in fluid pair n (=1, 2) respectively.
It is only necessary to obtain the capillary pressure
and the relative permeability data in order to compare
the wettability in two different fluid systems.

Eg. 10 could be reduced to the form of the Slobod
and Blum (1952) model, which is expressed in Eq.
11, if the relative permeabilities of the wetting phase
in the two fluid pairs are equal.
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where W, is the ratio of the wettability index of fluid
pair 1 to fluid pair 2. As stated previoudly, it was
assumed that the contact angle through the liquid
phase in the gas-liquid-rock system was zero in the
Slobod and Blum model (1952). Hence W2
(representing wettability index of the gas-liquid fluid
pair) is equal to onein this case. Note that the relative
permeabilities of the wetting phase measured using
two different fluid pairs may not be always equal.

EXPERIMENTS

Experimental data of relative permeability and
capillary pressure measured simultaneoudly in the
same rock and at the same temperature have been
rare in the literature, especialy for steam-water flow.
Mahiya (1999) and Li and Horne (2000b) reported
such a set of data for steam-water flow in Berea
sandstone. These experimental data of steam-water
relative permeability and capillary pressure were
used in this study to determine the wettability of such
ageothermal system.

The experimental apparatus test procedures, and the
properties of the rock and fluid samples, were
described by Mahiya (1999) and Li and Horne
(2000b). For convenience, a brief summary of the
steam-water flow tests is given here. Distilled water
was used as the liquid phase and to generate steam;
the specific gravity and viscosity were 1.0 and 1.0 cp
at 20°C. The steam properties at high temperatures
were calculated from the steam property software
from Techware Engineering Applications, Inc., based
on the measured values of pressure and temperature.
The surface tension of vapor/water at 20°C was 72.75
dynes’cm. A Berea sandstone sample fired at a
temperature 450°C was used; its permesbility and
porosity were 1400 md and 24.8%; the length and
diameter were 43.2 cm and 5.04 cm, respectively.

RESULTS

As stated previously, the method developed in this
study to determine the wettability of gas-liquid-rock
systems could also be used in oil-water-rock systems.



To verify the method we devel oped, the experimental
data of relative permeability and capillary pressure of
oil-water flow in porous media from Kleppe and
Morse (1974) were used to calculate the wettability
indices at different water saturations. We could also
verify if the wettability varies with the fluid
satruation. The imbibition oil-water capillary
pressure data from Kleppe and Morse (1974) are
shown in Fig. 1 in log-log coordinates to obtain the
value of the pore size distribution index A.
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Figure 1. Imbibition oil-water capillary pressure
data from Kleppe and Morse (1974).

The capillary pressure data shown in Fig. 1 were
measured in a Berea sandstone sample by water
injection. The porosity and permeability of the core
sample were 22.5% and 290 md respectively. The oil
phase was kerosene. We can see from Fig. 1 that the
relationship between the capillary pressure and the
normalized water phase saturation is linear. So the
relationship could be represented by Eq. 2 suggested
by Brooks and Corey (1966). The value of the pore
size distribution index A that we obtained was about
2.06. This value is reasonable according to the study
of Brooks and Corey (1966).

Because the value of the lithology factor is unknown
for this rock sample, both the minimum and
maximum values determined by Purcell (1949) were
used in the calculation of the wettability index. The
calculated results may show whether the effect of the
lithology factor on the wettability index is significant
or not.

The values of the lithology factor determined by
Purcell (1949), as previously described, ranged from
0.08 to 0.36 for the rock samples with permeability
ranging from 3 to 1500 md. The permeability of the
rock sample used by Kleppe and Morse (1974) was
about 290 md which was within this range. The
wettability indices and the corresponding contact
angles in the oil-water-rock system studied by Kleppe
and Morse (1974) were calculated using the method
developed in this work (see Eg. 6) and the results are
listed in Table 1.

Table 1: Results of Wettability Index and Contact
Angle Using Different Values of the
Lithology Factor F.

F (Lithology W, (Wettability 6 (Contact
Factor) Index) Angle)
0.08 0.12 83.1
0.36 0.06 86.8

The calculated resultsin Table 1 demonstrate that the
effect of the lithology factor on the contact angle is
not very significant in this case. Therefore the
minimum value, 0.08, of the lithology factor
determined by Purcell (1949) was used in the rest of
the calculations in this study. Note that the effect of
the lithology factor on the contact angle may be
significant at some specific cases.

It can also be seen from Table 1 that the oil-water-
rock (Berea sandstone) system is water-wet, which is
consistent with the actual wettability. The
significance of the value of the wettability index in
Table 1 may not be exactly the same as those of the
wettability index obtained by the Amott (1959) and
the USBM (Donaldson et al., 1969) methods.
However, it is certain that the closer the value of the
wettability index to 1.0, the stronger the wettability
of the liquid phase.

To calculate the wettability index using Eq. 9 with
two-phase flow data, it is necessary to have the
corresponding relative permeability data. The
imbibition oil-water relative permeability data from
Kleppe and Morse (1974) are shown in Fig. 2

107

o

o]
I
t

©c o
S )]
) )
t t

Relative Permeability
o
N

20 40 60 80 100
Water Saturation (%)

o
o
o

Figure 2: Imbibition oil-water relative permeability
data from Kleppe and Morse (1974).

Even though it is usually assumed that the wettability
does not vary with water saturation, there are few
experimental data available to verify this assumption
due to the scarcity of methods to evaluate the
wettability at specific values of water saturation. For
this purpose, the vaues of the wettability index and
the corresponding contact angle at different water
saturations were calculated using Eq. 9 with the



measured data of the oil-water capillary pressure and
the relative permeability from Kleppe and Morse
(1974). The calculated results are plotted in Fig. 3.
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Figure 3: Wettability index calculated using the data
of relative permeability and capillary
pressure from Kleppe and Morse (1974).

The "model data' shown in Fig. 3 were calculated
using the data of the capillary pressure and the
relative permeability from modeling. In this study,
the capillary pressure data were calculated using Eq.
2 and the relative permeability data were computed
using the Purcell model, which is expressed as
follows:

2+1

Ko =(S)) * (12)

The reason we used the Purcell model was that Li
and Horne (2001b) found it the best fit to the wetting
phase rel ative permeability.

It can be seen from Fig. 3 that the wettability index
does not vary significantly with the water saturation
and is very close to the model data. The wettability
index calculated using the modeling capillary
pressure and the relative permeability data is equal to
that calculated using Eq. 6 (in which only capillary
pressure data were used).

The calculated results of the corresponding contact
angle are shown in Fig. 4. Accordingly, the contact
angles calculated at different water saturation are
almost constant and close to the model results. This
implies that we may be able to determine the
wettability index or the apparent contact angle using
the relative permeability and the capillary pressure at
only one point of specific water saturation instead of
over the whole range of the curve. Thisis interesting
because Li and Horne (2000a) reported that the
relative permeability of the wetting phase and the
capillary pressure at specific water saturation could
be calculated simultaneously from spontaneous water
imbibition tests in gas-saturated rocks.
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Figure 4: Apparent contact angle calculated using
the data of relative permeability and
capillary pressure from Kleppe and
Morse (1974).

Now we will discuss the calculations of the
wettability index in steam-water-rock systems. The
steam-water capillary pressure curves from Li and
Horne (2000b) were used. Both the drainage and the
imbibition capillary pressure curves are plotted in
Fig. 5 in log-log coordinates to obtain the values of
the pore size distribution index A for the calculations
using Eq. 6 or Eq. 9. These data were measured in a
fired Berea sandstone sample at a temperature of
about 120°C using a steady-state flow method. The
values of A in the drainage and the imbibition cases

were 0.543 and 0.715 respectively.
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Figure 5: Drainage and imbibition steam-water
capillary pressure data from Li and
Horne (2000b).

The experimental data of the steam-water relative
permeability from Mahiya (1999) are plotted in Fig.
6. These data were measured simultaneously along
with the capillary pressure shown in Fig. 5. The
relative permeabilities of the water phase in the
drainage and the imbibition processes are closely
similar. The two solid lines in Fig. 6 are regression
curves for the drainage process. Note that the steam
relative permeability data shown in Fig. 6 have been
calibrated under the consideration of gas dip effect



(Klinkenberg Effect) in two-phase flow measured by
Li and Horne (2001c).
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Figure 6;: Seam-water relative permeability data
from Mahiya (1999).

Fig. 7 shows the values of the wettability index
calculated using Eg. 9 with the model data of the
steam-water capillary pressure and the relative
permeability representing the experimental data from
Li and Horne (2000b) and Mahiya (1999). The results
calculated directly using the measured data are not
plotted in Fig. 7 because severa values of the
wettability index are greater than 1.0, which is not
reasonable. The reason may be due to the scattering
in the steam-water capillary pressure data. It takes a
long time to conduct steady-state steam-water flow
tests in porous media and it is very difficulty to keep
the steam-water flow in constant adiabatic
environment for such along time.
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Figure 7. Wettability indices calculated using the
experimental data from Li and Horne
(2000b) and Mahiya (1999).

We can see from Fig. 7 that the wettability index in
the imbibition process is less than that in the
drainage, which is theoretically correct and has been
proven experimentally by Morrow and McCaffery
(1978). The ratio of the wettability index in the

imbibition process to that in the drainage is about
0.59.

The values of the corresponding apparent contact
angle were calculated using the wettability index data
from Fig. 7 and the results are shown in Fig. 8.
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Figure 8: Apparent contact angle calculated using
the experimental data from Li and Horne
(2000b) and Mahiya (1999).

The apparent contact angle related to the drainage
process is usualy referred to as the receding contact
angle and that related to the imbibition process as the
advancing contact angle. As expected, Fig. 8 shows
that the receding contact angle is smaller than the
advancing contact angle.

Comparing the values of the wettability index in Fig.
7 to those in Fig. 3, we found that the wettability
indices (W=0.96 for drainage and 0.56 for
imbibition) in steam-water-rock systems are much
greater than that (W=0.12) in oil-water-rock systems
as expected. This observation demonstrates that the
method developed in this study to determine the
wettability of steam-water-rock systems would be
useful. An important feature of this method is that it
is not only appropriate for liquid-liquid-rock systems
but also for gas-liquid-rock systems.

DISCUSSION

Using the method developed here, we demonstrated
that the steam-water-rock system is much more
water-wet than the oil-water-rock system, as
expected. The apparent contact angle in the drainage
process is much smaller than that in imbibition,
which is reasonable and consistent with the existing
experimental results. One fundamental concern in the
study of geothermal fluid flow is the wettability
difference between the steam-water-rock and air-
water-rock systems. It is possible to determine the
wettability difference between the two systems once
the corresponding experimental data are available.
These data include the capillary pressure of both the
steam-water and the air-water flow in the same rock



and at the same temperature. The experimental data
of relative permeability in both steam-water and air-
water flow would also be useful. Unfortunately such
data have been very few.

The significance of the method that we developed to
determine the wettability is the ability to compare the
wettability difference between any two systems,
either gas-liquid-rock or liquid-liquid-rocks.

CONCLUSIONS

Based on the present study, the following conclusions
may be drawn:

1. A method was developed to determine the
wettability of steam-water-rock systems using
the data from experimental measurements of
steam-water capillary pressure and relative
permeability.

2. The method is appropriate to determine the
wettability of the gas-liquid-rock systems as well
asthe liquid-liquid-rock systems.

3. It is possible to determine the wettability at any
specific water saturation by using the method
developed in this study athough we verified that
the wettability would not change with water
saturation in the cases studied.

4. The wettability index calculated using the
method in the imbibition case is smaller than that
in the drainage, which has been proven
experimentally.

5. The vaues of the wettability index in the gas-
liquid-rock systems are much greater than that in
oil-water-rock systems, which is reasonable and
consistent with existing observations.
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NOMENCLATURE

F =lithology factor
k = absolute permeability
k., = effective permeability of the wetting
phase
k.w = relative permeability of the wetting
phase
kn, = relative permeability of the wetting
phase in fluid pair n (=1, 2)
P. = capillary pressure
P =capillary pressurein fluid pair n (=1, 2)
P. = entry capillary pressure
Swr =residual saturation of the nonwetting
phase

Sy =water saturation
Sy =residual water saturation
S,, = normalized water saturation
W = wettability index
W,,, = wettability index at the wetting phase
saturation of S,
W, =wettability index in fluid pair n (=1, 2)
W, =ratio of the wettability index of fluid pair
1 to fluid pair 2
¢ = porosity
A = pore size distribution index
6 = apparent contact angle through liquid
phase
6, = apparent contact angle through water
phase at the water saturation of S,

o =interfacial tension

o" =interfacial tensionin fluid pair n (=1, 2)
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