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Geological storage of acid gas has been identified as a promising approach to reduce atmospheric carbon
dioxide (CO2), hydrogen sulfide (H2S) and alleviate public concern resulting from the sour gas produc-
tion. A good understanding of the relative permeability and capillary pressure characteristics is crucial to
predict the process of acid gas injection and migration. The prediction of injection and redistribution of
acid gas is important to determine storage capacity, formation pressure, plume extent, shape, and
leakage potential. Herein, the existing experimental data and theoretical models were reviewed to gain a
better understanding of the issue how the H2S content affects gas density, gas viscosity, interfacial
tension, wettability, relative permeability and capillary pressure characteristics of acid gas/brine/rock
systems. The densities and viscosities of the acid gas with different H2S mole fractions are both tem-
perature- and pressure-dependent, which vary among the gas, liquid and supercritical phases. Water/
acid gas interfacial tension decreases strongly with increasing H2S content. For mica and clean quartz,
water contact angle increases with increasing H2S mole fraction. In particular, wettability reversal of mica
to a H2S -wet behavior occurs in the presence of dense H2S. The capillary pressure increases with
decreasing contact angle. At a given saturation, the relative permeability of a fluid is higher when the
fluid is nonwetting. The capillary pressure decreases with decreasing interfacial tension at a given
saturation. However, the existing datasets do not show a consistent link between capillary number and
relative permeability. The capillary pressure decreases with increasing H2S mole fraction. However, there
is no consensus on the effect of the H2S content on the relative permeability curves. This may be due to
the limited availability of the relative permeability and capillary pressure data for acid gas/brine/rock
systems; thus, more experimental measurements are required.
� 2022 Institute of Rock and Soil Mechanics, Chinese Academy of Sciences. Production and hosting by
Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/

licenses/by-nc-nd/4.0/).
1. Introduction

Global climate change due to anthropogenic greenhouse gas
emissions, including carbon dioxide (CO2), is of a significant
concern (Monastersky, 2013). Despite recent advances made in
CO2-free renewable energy power generation technology (Ma et al.,
2018), fossil fuels are likely to continue to play a major role in
mechanics and Geotechnical
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energy production for many years, for example in China (Li et al.,
2012a; Wei et al., 2021). CO2 capture and storage can be used to
reduce emissions to the atmosphere (Bachu, 2015).

As an increasing number of sour hydrocarbon reservoirs are
being exploited worldwide, significant quantities of acid gas, pri-
marily comprised of CO2 and hydrogen sulfide (H2S), are being
generated in gas processing plants (Shah et al., 2008a; Zhang et al.,
2020). Acid gas injection and storage in geological formations are
receiving increasing interest as away of dealing with waste acid gas
generated in exploitation of the sour hydrocarbon reservoirs. Acid
gas injection is thought to have less environmental impact than
that gas flaring does and is more effective than sulfur recovery
(Bachu et al., 2003; British Columbia Geological Survey, 2003; Shah
et al., 2008a). On one hand, acid gas injection into geological
oduction and hosting by Elsevier B.V. This is an open access article under the CC BY-
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Fig. 1. The variation of (a) Pressure and (b) Temperature with H2S mole fraction in acid
gas injection projects (Bachu and Carroll, 2005; Trivedi et al., 2005; Stopa et al., 2006;
Smith et al., 2008; Jacquemet et al., 2012; Zhang et al., 2020).
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formations avoids the cost of desulfurization. On the other hand,
injection of H2S with CO2 is beneficial to avoid atmospheric emis-
sions of noxious substances and mitigate the effects of global
warming.

Successful geological sequestration of acid gas requires a good
understanding of how the injected acid gas will interact with and
displace the original pore fluids (Bachu and Carroll, 2005; Bennion
and Bachu, 2006a, b, 2007). Displacement characteristics strongly
control how the gas, liquid and aqueous phases are distributed and
the extent to which the injected gas plume migrates and/or is
trapped within the geological formation. The relative permeability
and capillary pressure are two important characteristics used to
describe the displacement process (Zhang et al., 2012; Pini and
Benson, 2013) and are the essential input parameters for numeri-
cal models used to predict the effectiveness of the acid gas injection
(Bennion and Bachu, 2005, 2006b; Shi et al., 2018).

Aside from CO2, significant amounts of H2S are presented in the
acid gas stream stored in geological media. For example, in the acid
gas injection projects in western Canada, the composition of the
acid gas ranges from 2% H2S and 95% CO2 to 83% H2S and 14% CO2,
with the remaining acid gas being composed of hydrocarbon gases
and water vapor. Varying the H2S content brings about changes in
fluid properties and interactions between the rock, brine and acid
gas. As the H2S content varies, the thermophysical properties of gas,
including density and viscosity, can change significantly (Li and
Yan, 2008). The H2S content also affects the interfacial tension
(IFT) and wettability of the acid gas/brine/rock system (Herrick and
Gaines, 1973; McCaffery and Bennion, 1974; Shah et al., 2008a, b;
Broseta et al., 2012; Chen et al., 2018). The viscosity, IFT and
wettability all have a strong control effect on the relative perme-
ability and capillary pressure characteristics (Mungan, 1966;
Lefebvre, 1973; McCaffery and Bennion, 1974; Craig, 1993; Bennion
and Bachu, 2005, 2006b, c; Iglauer et al., 2015).

Theoretically, the capillary pressure and relative pressure char-
acteristics depend on five factors: (i) interfacial properties, i.e. IFT
and wettability, (ii) pore dimension and morphology, (iii) fluid
properties, i.e. fluid viscosities (m1 and m2), (iv) temperature and
pressure, and (v) external conditions, i.e. mean velocity (u) or
pressure gradient in the investigated zone (Thomeer, 1960;
Lefebvre, 1973; Huang et al., 1997; Silin and Patzek, 2004).

In this article, we reviewed the existing experimental data and
mathematical models to understand how the H2S content affects
the relative permeability and capillary pressure characteristics. As
the H2S content varies, the interfacial properties and fluid proper-
ties will change. Thus, the alterations of the interfacial character-
istics of the acid gas/brine/rock system and thermophysical
properties induced by changes in the H2S content, and how these
alterations affect the relative permeability and capillary pressure
characteristics are explored firstly. Next, the experimental study is
critically examined to investigate the effects of the H2S content on
the relative permeability and capillary pressure curves of acid gas/
brine/rock systems.

2. Pressure and temperature conditions of acid gas injection
projects

In addition to the fluid composition and rock characteristics, the
relative permeability and capillary pressure characteristics that
control the geological co-storage of CO2 and H2S depend on the in
situ conditions of pressure and temperature (Bachu and Bennion,
2008). To date, there are approximately 85 acid gas injection pro-
jects across the world, mostly in western Canada and the United
States. In western Canada, approximately 48 projects have been
approved to inject acid gas into geological formations (British
Columbia Geological Survey, 2003; Bachu and Carroll, 2005;
Trivedi et al., 2005; Smith et al., 2008, 2009; Carroll et al., 2009). In
the United States, the acid gas is injected into deep saline aquifers
and depleted oil and/or natural gas reservoirs at nearly 30 sites
(Klewicki et al., 2006). Furthermore, projects are being carried out
in other prolific hydrocarbon places around the world, such as the
Caspian Sea (Jacquemet et al., 2012), Qatar (Wu et al., 2014), Abu
Dhabi (Miwa et al., 2002), Iceland (Alfredsson et al., 2013; Aradóttir
et al., 2015; Clark et al., 2018, 2020) and Poland (Stopa et al., 2006).
Currently, China’s first acid gas injection project is in the feasibility
study stage (Li et al., 2013; Zhang et al., 2020). Moreover, acid gas
injection has broad application prospects in western China and
Central Asia (Li et al., 2014; Zhang et al., 2021).

However, only 51 acid gas injection sites are fully characterized
in terms of temperature, pressure, and composition (Bachu and
Carroll, 2005; Trivedi et al., 2005; Stopa et al., 2006; Smith et al.,
2008; Jacquemet et al., 2012; Alfredsson et al., 2013; Gunnarsson
et al., 2013, 2018; Aradóttir et al., 2015; Clark et al., 2018., 2020;
Zhang et al., 2020). Among them, three projects in Iceland, namely
CarbFix 1, SulFix 1, and CarbFix 2, first dissolved acid gas in pure
water and injected CO2eH2S charged water into basaltic sites. Thus,
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only 48 cases of acid gas injection projects are presented here. As
shown in Fig. 1, the H2S mole fraction in acid gas ranges from 2% to
83%. The projects cover pressures from 6.6 MPa to 60 MPa and
temperatures from 302 K to 402 K.

3. Effect of H2S content on thermophysical properties of acid
gas

The relative permeability and capillary pressure characteristics
for the geological co-storage of CO2 and H2S represent the in-
teractions between the acid gas, reservoir rocks, and brine, which
may be influenced by the thermophysical properties of the acid gas.
Compared with pure CO2, the presence of H2S in the acid gas will
change the thermophysical properties of the acid gas. In this sec-
tion, we examined the impact of the H2S content on properties that
can have substantial effects on the relative permeability and
capillary pressure characteristics of acid gas/brine/rock systems.

Thermodynamic properties can be measured directly. However,
due to the broad range of temperature, pressure, and H2S content
encountered in the acid gas projects, experiments alone cannot
satisfy the requirements of engineering applications. Therefore,
theoretical models are often used to extrapolate these data. Herein,
we reviewed both the experimental data and the theoretical
models. The influence of the H2S mole fraction on its thermody-
namic properties was then investigated.

3.1. Phase diagram

In acid gas geological sequestration, it is usually desirable for the
fluids to be in a supercritical state (Bachu, 2000; Yang et al., 2010).
Under these pressure and temperature conditions, the acid gas has
a high density like a liquid but moves like a gas, resulting in com-
plete pore volume utilization and greater mobility within a reser-
voir. Hence, knowledge of pressure-temperature diagram for the
CO2eH2S mixtures is essential.

For the pure CO2 and H2S, the phase envelopes are the vapor
pressure curves. Note that the vapor pressure of the pure CO2 is
greater than that of H2S (Fig. 2). For the CO2eH2S mixtures, the
phase envelope is the combined loci of the bubble and dew points,
which intersects at a critical point (Bierlein and Kay,1953). The dew
point curves and bubble point curves extend from the vapor
pressure curve of CO2 and terminate at the vapor pressure curve of
H2S. The critical locus extends continuously from the critical point
Fig. 2. Temperature-pressure diagram for a CO2eH2S system (Bierlein and Kay, 1953;
Sobocinski and Kurata, 1959).
of CO2 to that of H2S (Fig. 2). Based on the experimental data
determined by Bierlein and Kay (1953), two regression curves were
calculated to develop empirical correlations that could predict the
critical pressure and temperature of a CO2eH2S mixture. The
empirical correlations as functions of the H2S mole fraction can be
derived as follows:

Pc ¼ �4.7906x3 þ 6.6973x2 - 0.5888x þ 7.397 (R2 ¼ 0.9996) (1)

Tc ¼ 42.75x2 þ 27.517x þ 303.49 (R2 ¼ 0.9997) (2)

where Pc is the critical pressure (MPa), Tc is the critical temperature
(K), x is the H2S mole fraction, and R2 is the determination coeffi-
cient. As shown in Fig. 3, a good agreement with the experimental
data can be observed. At a given H2Smole fraction, the critical point
of a binary mixture can be estimated to indicate the phase condi-
tions in subsurface formations.
Fig. 3. Verification of proposed empirical correlations for (a) Critical pressure and (b)
Critical temperature (Bierlein and Kay, 1953).
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Table 2
Performances of different EOSs for the calculation of the properties of acid gas
mixtures.

EOS Year Author Temperature
(K)/Pressure
(MPa)/ xH2S

Accuracy (Average
absolute deviation b, %)

Gas molar
volume, Vg

c
Liquid
molar
volume, Vl

d

RK 1949 Li and Yan
(2009b)

273-360/1.5
e8.5/0.15e1

8.84 4.95

SRK 1972 Boyle and
Carroll (2002)

250-450/0e20/
0.06e0.5

0.51 (2.79 a) 9.23

Li and Yan
(2009b)

273-360/1.5
e8.5/0.15e1

7.34 4.18

PR 1976 Boyle and
Carroll (2002)

250-450/0e20/
0.06e0.5

1.26 (2.76 a) 2.81

Li and Yan
(2009b)

273-360/1.5
e8.5/0.15e1

4.71 3.03

SRK-
Peneloux

1982 Boyle and
Carroll (2002)

250-450/0e20/
0.06e0.5

0.65 (2.89 a) 5.00

Li and Yan
(2009b)

273-360/1.5
e8.5/0.15e1

4.26 4.97

PT 1982 Boyle and
Carroll (2002)

250-450/0e20
0.06e0.5

1.02 (2.26 a) 2.16

Li and Yan
(2009b)

273-360 1.5
e8.5/0.15e1

5.57 2.43

Duan96 1996 Duan et al.
(1996)

<2000/<2500 (<2 a) e

a In supercritical area.

b Average absolute deviation ¼
P

abs
�Mcal �Mexp

Mexp

�
� 100%

N
, where Mexp is the

experimental data, Mcal is the calculated data, and N is the number of data point.
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3.2. Density

Available experimental data of the density of the acid gas are
summarized in Table 1, with the corresponding ranges in temper-
ature, pressure, H2S content and fluid state. There are many avail-
able experimental data on pure CO2 and H2S, covering a wide range
of temperature and pressure conditions. However, considering the
pressure and temperature conditions given in Fig. 1, there are large
gaps between the available experimental data and the data re-
quirements with respect to the density of CO2eH2S mixtures.
Notably, the density measurements have added freedom as the H2S
content can be varied, in contrast to the density measurements of
pure CO2 or H2S. As shown in Table 1, the experimental data for
CO2eH2S mixtures are scarce. Only five binary mixtures of CO2 and
H2S are measured, and no experimental data are available for H2S
mole fractions greater than 50%. Furthermore, most of the density
data were measured at pressures below 25 MPa.

Based on the available experimental data, the development of
theoretical models to predict the thermophysical properties of acid
gas has progressed over the past years. The theoretical model for
the gas density, i.e. the equation of state (EOS), is a mathematical
relation connecting the volume, pressure, temperature, and H2S
content of the acid gas. The reliabilities of EOSs for CO2eH2S mix-
tures vary for different gas properties and components and envi-
ronmental conditions (Li and Yan, 2009a, b). Li et al. (2011) and
Munkejord et al. (2016) reviewed the theoretical models associated
with the thermophysical properties of CO2 mixtures.

The EOSs of CO2eH2S mixtures can be classified into families
according to their origin: the van der Waals family of cubic equa-
tions, such as the Redlich-Kwong (RK) EOS (Redlich and Kwong,
1949), Redlich-Kwong-Soave (SRK) EOS (Soave, 1972), Peng-
Robinson (PR) EOS (Peng and Robinson, 1976), modified SRK
(SRK-Peneloux) EOS (Péneloux et al., 1982), Patel-Teja (PT) EOS
(Patel and Teja, 1982), and Duan96 EOS (Duan et al., 1996); and a
Table 1
Experimental data of the density of acid gas.

Author System xH2S
a Number

of points
Temperature
(K)

Pressure
(MPa)

Fluid state

Span and
Wagner
(1996)

CO2 0 5508 203e1273 0e800 Gas, liquid,
supercritical

Lau et al.
(1997)

CO2 0 44 240e350 1.6e34.5 Gas, liquid,
supercritical

Lemmon and
Span (2006)

CO2 0 734 203e473 0.1e99.8 Gas, liquid,
supercritical

Mantilla et al.
(2010)

CO2 0 49 310e450 1e160 Gas,
supercritical

Giri et al.
(2011)

CO2 0 28 273e423 1e100 Gas, liquid,
supercritical

Zhang et al.
(2014)

CO2 0 303 308e470 1e160 Gas,
supercritical

Stouffer et al.
(2001)

CO2

eH2S
0.4999 226 220e450 0.1e22.4 Gas, liquid,

supercritical
0.2933 189 230e400 0.1e24.2 Gas, liquid,

supercritical
0.0955 196 230e350 0.1e21.1 Gas, liquid,

supercritical
0.0607 251 220e450 0.1e23.7 Gas, liquid,

supercritical
Nazeri et al.

(2016)
CO2

eH2S
0.0495 456 273e353 0.3e40.7 Gas, liquid,

supercritical
Sakoda and

Uematsu
(2004)

H2S 1 1274 273e548 0.1e171 Gas, liquid,
supercritical

Giri et al.
(2011)

H2S 1 14 373e423 1e75 Gas

a Mole fraction.
family of extended virial equations, such as the Benedict-Webb-
Rubin (BWR) EOS.

The cubic EOSs have simple structures and reasonable accuracy
and are popular in engineering applications. The reliabilities of the
cubic EOSs have been evaluated for predicting the density of CO2e

H2Smixtures (Duan et al., 1996; Boyle and Carroll, 2002; Li and Yan,
2009b). The performances of these EOSs are summarized in Table 2.
The PR EOS and PT EOS are superior in calculation of the density of
the acid gas in gas, liquid, and supercritical phases.

To investigate the impact of the H2S content on acid gas density,
the PR EOS was chosen to calculate the densities of CO2eH2S
mixtures in gas, liquid, and supercritical phases. Fig. 4a compares
the densities of different CO2eH2S mixtures in the gas phase.
Meanwhile, the densities of the CO2eH2S mixtures at temperatures
of 380 K and 400 K were investigated. In the gas phase, the impact
of the H2S content on CO2eH2S mixture density depends on the
molecular weight. Themolecular weight of H2S is lower than that of
CO2, and thus the densities of CO2eH2S mixtures decrease with
increasing H2S mole fraction (Li and Yan, 2008). However, it is
apparent that the H2S mole fraction has little effect on the densities
of the CO2eH2S mixtures. In addition, the mixtures’ densities are
considerably impacted by pressure, but they are only slightly
impacted by temperature.

Fig. 4b shows the densities of different CO2eH2S mixtures in the
liquid phase. The densities of the CO2eH2S mixtures at the tem-
peratures of 380 K and 400 K were studied as well. In the liquid
phase, the impact of the H2S content on the CO2eH2S mixtures’
density depends on the molecular weight and phase envelope.
When the temperature and pressure conditions approach the phase
envelope, the density of the CO2eH2S mixture increases with
increasing H2S mole fraction, as the acid gas transitions from a gas
region to a liquid earlier with increasing H2S mole fraction. How-
ever, when the temperature and pressure conditions are far from
the phase envelope, the density of the CO2eH2S mixture decreases
with increasing H2S mole fraction due to the lower molecular



Fig. 4. Densities of CO2eH2S mixtures (a) in the gas phase, (b) in the liquid phase, and
(c) in the supercritical phase.
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weight of H2S. In addition, the mixtures’ densities are only slightly
impacted by the pressure, but they are considerably impacted by
temperature.
Fig. 4c shows the densities of different CO2eH2S mixtures in the
supercritical phase. The densities of CO2eH2S mixture at temper-
atures of 380 K and 400 K were studied as well. The trends of the
CO2eH2S mixture densities in the supercritical phase are quite
similar to those in liquid phase. The only difference is that the
densities of the mixtures in the supercritical phase are significantly
impacted by pressure and temperature.
3.3. Viscosity

A comprehensive database of the experimental data for the
viscosity of the pure CO2 was collected by Laesecke and Muzny
(2017). Numerous measurements have been carried out since
Graham’s first experiments in 1864. However, the experimental
data before 1957 are not accurate owing to the unavailability of
accurate instruments and the lack of full working equations for the
instruments employed (Fenghour et al., 1998). Furthermore, there
is a wide gap at the pressure from 0.5 MPa to approximately
700 MPa and the temperature above 550 K. The data for the pure
CO2 are relatively sparse, and the data for the pure H2S is much
more limited. As indicated by Schmidt et al. (2008) and Quiñones-
Cisneros et al. (2012), the data for the viscosity of H2S are limited,
and only 139 data points have been published. In addition, the
majority of the data are for gaseous H2S and saturated liquid. Un-
fortunately, no data have been collected for the CO2eH2S mixtures
either in liquid phase or vapor/supercritical phase.

Models for the viscosity of pure CO2 were developed by
Fenghour et al. (1998), covering the temperature from 200 K to
1500 K and the pressure up to 300MPa. However, the Span-Wagner
EOS, which is regarded as the reference equation for CO2, was not
part of the correlation. Additionally, several experimental datasets
have been published since the correlation of Fenghour et al. (1998),
and correlation methodology has been advanced with a theory-
based representation of the temperature dependence of the sec-
ond viscosity virial coefficient. Consequently, Laesecke and Muzny
(2017) developed a more accurate correlation, which covers the
temperature from 100 K to 2000 K for gaseous CO2 and from 220 K
to 700 Kwith pressure along themelting line up to 8000MPa in the
compressed and supercritical liquid states. For the viscosity of H2S,
the friction theory has been used (Schmidt et al., 2008) and then is
revised (Quiñones-Cisneros et al., 2012) in an attempt to develop a
reference model. The viscosity of the CO2eH2S mixtures can be
described by empirical, multiparameter corresponding state cor-
relations. An example is the procedure proposed by Chung et al.
(1984, 1988), which is applicable to a wide range of polar and
nonpolar fluids.

To investigate the impact of the H2S content on the viscosity,
WebGasEOS (Matthew, 2006), which incorporates the correlations
developed by Chung et al. (1984, 1988), was used to calculate the
viscosities of the CO2eH2S mixtures in gas, liquid and supercritical
phases. In addition, the PR EOS was selected to determine the
thermodynamic properties.

The results of the viscosities of the CO2eH2S mixtures in gas,
liquid and supercritical phases are illustrated in Fig. 5. In the gas
phase, the viscosity of the CO2eH2S mixture decreases with
increasing H2S mole fraction. However, in the liquid phase, the
viscosity of the CO2eH2S mixture increases with increasing H2S
mole fraction. Notably, a region exists where the viscosities of the
CO2eH2S mixtures with different H2S mole fractions are approxi-
mately the same in the supercritical phase. This is because there is
no clear transition from the gas phase to the supercritical region,
and the CO2eH2S mixtures pass through the transition without
discontinuities in the viscosities.

mailto:Image of Fig. 4|tif


Fig. 5. Viscosities of CO2eH2S mixtures (a) in the gas phase, (b) in the liquid phase, and
(c) in the supercritical phase.
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4. Effect of the H2S content on the interfacial properties of
the acid gas/brine/rock system

Following acid gas injection into a reservoir, the acid gas and
brine coexist within the pore space and a discontinuity in pressure
is observed across the interface that separates the two fluid phases.
This pressure jump is termed the capillary pressure. The relative
permeability of a fluid is defined as the ratio of the effective
permeability of that fluid to the absolute permeability, which is a
direct measure of the ability to conduct one fluid when one or more
fluids are presented in a porous system. The interfacial character-
istics of the acid gas/brine/rock system, i.e. the IFT and wettability,
play an important role in the control of the location, flow rate, and
spatial distribution of fluids. Therefore, in order to investigate the
relative permeability and capillary pressure characteristics of the
acid gas/brine/rock systemmore accurately, it is necessary to better
understand the interfacial characteristics of the acid gas/brine/rock
system. Furthermore, as the H2S content varies, the interactions
between the rock, brine and acid gas can change significantly. Thus,
we examined the impact of the H2S content on the IFT and wetta-
bility of the acid gas/brine/rock system. In addition, the effects of
the IFT and wettability on the relative permeability and capillary
pressure characteristics were examined.

4.1. Interfacial tension

4.1.1. Effect of the H2S content on IFT
The IFT of CO2/water system has been studied intensively (e.g.

Hebach et al., 2002; Chiquet et al., 2007a; Kvamme et al., 2007;
Bennion and Bachu, 2008a; Bachu and Bennion, 2009b, c;
Georgiadis et al., 2010; Bikkina, 2011). Fig. 6 shows the experi-
mental IFT data for a pure CO2/water system. The experimental
results reveal that along a given isotherm, the IFT decreases steeply
with increasing pressure at lowpressures. At high pressures, the IFT
decreases gradually with increasing pressure, ultimately reaching a
pseudo-plateau. The IFT isobars shown in Fig. 6b illustrate that at
the critical temperature (304 K), the IFT first decreases and then
increases with increasing temperature.

For a pure H2S/water system, the IFT data have also been re-
ported (e.g. Herrick and Gaines, 1973; Strathdee and Given, 1976;
Shah et al., 2008a), as shown in Fig. 7. The evolution of the H2S/
water IFT with pressure and temperature is similar to that for CO2/
water systems. At low pressures, the H2S/water IFT decreases with
increasing pressure. At high pressures, the H2S/water IFT does not
vary significantly with increasing pressure, and ultimately, an IFT
pseudo-plateau is reached. The pseudo-plateau value of a H2S/
water system is lower than that of a CO2/water system.

For practical purposes, a Taylor series polynomial regression
analysis was used to describe the variation in the IFT with tem-
perature and pressure (Herrick and Gaines, 1973; Strathdee and
Given, 1976; Li et al., 2012b; Mutailipu et al., 2019). Based on the
available experimental IFT data discussed above, the empirical
correlations to predict the IFT for the CO2/water and H2S/water
systems can be derived as follows:

s ¼ a1þb1Prþb2Trþc1Pr
2þc2PrTrþc3Tr

2þd1Pr
3þd2Pr

2Trþ
d3PrTr

2þd4Tr
3þe1Pr

4þe2Pr
3Trþe3Pr

2Tr2þe4PrTr
3þe5Tr

4

(3)

where s is the IFT (mN/m); Tr ¼ T/TC and Pr ¼ P/PC are the relative
temperature and pressure, respectively. The coefficients a1, b1, b2, c1,
c2, c3, d1, d2, d3, d4, e1, e2, e3, e4, and e5 and the determination co-
efficient R2 are evaluated by the Levenberg Marquardt iteration
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Fig. 7. Experimental IFT data of H2S/water systems as a function of pressure (Herrick
and Gaines, 1973; Strathdee and Given, 1976; Shah et al., 2008a).

Table 3
Coefficients of the regression model.

Coefficients for CO2/water systems (R2 ¼ 0.91673)

Parameter Value Parameter Value Parameter Value
a1 3592.81 c3 20,350.253 e1 0.14
b1 70.36 d1 �4.553 e2 1.63
b2 �13,912.32 d2 �41.143 e3 9.6
c1 51.72 d3 517.33 e4 �166.17
c2 �475.46 d4 �13078.42 e5 3118.54
Coefficients for H2S/water systems (R2 ¼ 0.98525)
Parameter Value Parameter Value Parameter Value
a1 �1500.97 c3 �11,916.29 e1 �6.5
b1 �5786.93 d1 �179.82 e2 203.04
b2 7090.88 d2 �2710.14 e3 1060.3
c1 1638.13 d3 �16134.01 e4 5467.88
c2 16,400.56 d4 8903.25 e5 �2517.67

Fig. 8. Experimental IFT data between water and a 70 mol% CO2 þ 30 mol% H2S
mixture at 350 K, water and H2S at 343 K, and water and CO2 at 343 K, with the molar

Fig. 6. (a) Experimental IFT data of CO2/water systems as a function of pressure
(Hebach et al., 2002; Kvamme et al., 2007; Georgiadis et al., 2010; Bikkina et al., 2011),
and (b) Experimental IFT data of CO2/water systems as a function of temperature
(Chiquet et al., 2007a; Bennion and Bachu, 2008a; Bachu and Bennion, 2009b, c).
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algorithm. The values of a1, b1, b2, c1, c2, c3, d1, d2, d3, d4, e1, e2, e3, e4,
e5, and R2 are listed in Table 3.

For the IFT between the water and the CO2eH2S mixture, a
significant reduction in the acid gas/water IFT was observed in the
presence of H2S (Chen et al., 2018). Bennion and Bachu (2006a)
attributed the decrease in the capillary pressure of H2S/brine sys-
tem to the lower IFT of H2S/brine system. Compared to that of a
CO2/brine system, Bachu and Bennion (2009a) and Bachu et al.
(2009) suggested that the gas relative permeability with a high
concentration of H2S was high due to the low IFT between brine
and acid gas with a high H2S content.

Furthermore, the IFTs between the water and the 70mol% CO2 þ
30mol% H2Smixture at 350 Kweremeasured at different pressures
by Shah et al. (2008a). As shown in Fig. 8, it is observed that the
pseudo-plateau value of the water/(70 mol% CO2 þ 30 mol% H2S)
mixture is proportional to the CO2 (or H2S) mole fraction in the acid
gas at a similar temperature and pressure:
average IFT (dashed line) (i.e. 0:7sw;CO2
þ 0:3sw;H2S) (Shah et al., 2008a).
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Fig. 9. Effects of IFT on imbibition gas/oil relative permeability curves (Asar and Handy,
1988).
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sw;0:7CO2þ0:3H2S z0:7sw;CO2
þ 0:3sw;H2S (4)

4.1.2. Effect of interfacial tension on relative permeability and
capillary pressure characteristics

Interest in the effect of the IFT on the relative permeability
characteristics has previously been driven by chemical flooding
methods, whereby enhanced oil recovery is pursued by reducing
the IFT between the aqueous phase and the reservoir oil. A number
of studies have investigated the relative permeability of systems
containing low-tension additives (e.g. Talash, 1976; Batychy and
McCaffery, 1978; Amaefule and Handy, 1982; Harbert, 1983;
Fulcher et al., 1985; Shen et al., 2010). Likewise, the relative
permeability curves for high- and low-tension systems at the
temperature ranging from 295 K to 448 K were obtained to un-
derstand the temperature effects in the thermal oil recovery pro-
cess (Torabzadey and Handy, 1984). Furthermore, different IFTs
were obtained by use of a solvent system to investigate the effect of
IFT on the displacement of the wetting and nonwetting phases
(Chukwudeme et al., 2014). In addition, different IFT magnitudes
can be obtained by changing the composition of the gases or
pressures of the experiments (Asar and Handy, 1988).

Bennion and Bachu (2005, 2006b, c) focused on the effect of the
IFT on the CO2/brine systems of CO2 injection into deep saline
aquifers. They performed a series of controlled tests to investigate
the effect of IFT on the relative permeabilities as CO2 displaced
brine.

The following concerns how the IFT affects the four important
characteristics of the relative permeability and capillary pressure:
(1) relative permeability nonlinearity, (2) residual saturation, (3)
endpoint relative permeability, and (4) capillary pressure
characteristics.

(1) Relative permeability nonlinearity

The effect of the IFT on the relative permeability nonlinearity
has been intensively investigated (e.g. Talash, 1976; Batychy and
McCaffery, 1978; Bardon and Longeron, 1980; Amaefule and
Handy, 1982; Torabzadey and Handy, 1984; Asar and Handy, 1988;
Bennion and Bachu, 2005, 2006b, c; Shen et al., 2010). However,
consensus trends on between the IFT and the wetting or non-
wetting relative permeability are rarely reported. Several studies
report that both the wetting and nonwetting phase relative per-
meabilities increase with decreasing IFT (Talash, 1976; Asar and
Handy, 1988; Bennion and Bachu, 2005, 2006b, c). However,
other studies have found that such trends are unclear (Batychy and
McCaffery, 1978; Amaefule and Handy, 1982). In some cases, a
critical IFT value is proposed, below and abovewhich the influences
of the IFT on the relative permeability are very different (Bardon
and Longeron, 1980; Torabzadey and Handy, 1984; Shen et al.,
2010).

In some studies, it is reported that the relative permeability of
both phases increase with decreasing IFT at a given water satura-
tion (Talash, 1976; Asar and Handy, 1988; Bennion and Bachu, 2005,
2006b c). In the study of Talash (1976), four surfactants were used
in crude oil/water systems to obtain various IFTs. Unfortunately, the
IFT values, flow rates employed, and possible changes in the
wettability of the cores were not reported. In contrast, the IFT
values reported by Asar and Handy (1988) were ranging from
0.03 mN/m and 0.82 mN/m by changing the composition of the gas
or pressure of the methane/propane system. As shown in Fig. 9, the
curvatures of the relative permeability curves decreased as the IFT
was reduced, and the irreducible gas and liquid saturations
approached zero as the IFT approached zero.
Bennion and Bachu (2005, 2006b, c) focused on the CO2/brine
system in CO2 geological storage. In their studies, a series of IFT and
relative permeability tests were conducted on core plugs sampled
from the Wabamun Lake area, Alberta Basin, Canada, with the
pressure, temperature and water salinity characteristics specific to
each rock sample. A less pronounced trend of increasing the rela-
tive permeability with decreasing the IFT was reported. The weak
dependency of the relative permeability was likely due to the high
degree of variability in different rock samples. To verify the
emerging pattern, Bennion and Bachu (2006b) further performed a
series of controlled tests to investigate the IFT effect on the relative
permeability of CO2 as it displaces brine. The temperature and brine
salinity of the CO2/brine system are 316 K and 27,096 ppm (parts
per million), respectively. As shown in Fig. 10, the CO2 and brine
relative permeabilities increase with decreasing IFT at any given
saturation. The correlation between the IFT and relative perme-
ability was confirmed according to these results.

Batychy and McCaffery (1978) suggested that the effect of IFT on
oil/brine (1 wt% NaCl) relative permeability was unclear. The effects
of IFT on the drainage and imbibition relative permeability curves
were obtained by steady-state methods in unconsolidated sand-
packs at three IFT magnitudes. As shown in Fig. 11, the relative
permeability to brine increases with decreasing IFT at any given
saturation. However, the changes in oil relative permeability are
complicated. Thus, IFT may not be a good predictor of the non-
wetting phase permeability.

Amaefule and Handy (1982) also suggested that the effect of IFT
on relative permeability was unclear. In their study, the effects of
IFT on oil/brine (1 wt% NaCl) relative permeability in consolidated
Berea sandstone cores were evaluated by unsteady- and steady-
state displacement methods. Their results showed that the rela-
tive permeability to brine increases with decreasing IFTat any given
saturation in both the unsteady- and steady-state displacement
methods; however, the unsteady-state relative permeability data
shows that the oil relative permeabilities decrease with decreasing
IFT to a lesser extent. Conversely, the steady-state oil relative per-
meabilities increase with decreasing IFT.

In contrast to the abovementioned studies, Bardon and
Longeron (1980) investigated a wide range of IFTs, including high
IFTs (3.7 mN/m, 8.7 mN/m and 12.6 mN/m) and low IFTs, as of
0.001 mN/m. The IFT was controlled by varying the equilibrium
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Fig. 12. Effects of IFT on drainage vapor/liquid relative permeability curves for (a) High
IFTs and (b) Very low IFTs (Bardon and Longeron, 1980).

Fig. 10. Effects of IFT on CO2/brine relative permeability (Bennion and Bachu, 2006b).

Fig. 11. Effects of IFT on drainage and imbibition relative permeability curves (Batychy
and McCaffery, 1978).
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pressure and thus the composition of the gas and oil mixtures
under high-pressure and high-temperature conditions. It showed
that when IFT �0.04e0.07 mN/m, the decrease in the IFT was not
sufficient to change the vapor relative permeability, but the liquid
relative permeability increased with decreasing IFT at any given
saturation (Fig. 12a). In addition, they found a linear relation be-
tween the liquid relative permeability and IFT at a constant vapor
saturation (Fig. 13). When IFT �0.04e0.07 mN/m, the relative
permeability curves for both liquid and vapor considerably
increased as the IFT decreased at any given saturation.

Torabzadey and Handy (1984) and Shen et al. (2010) also found
that a crucial IFT value may exist below and above which the in-
fluences of the IFT on the relative permeability are very different.
Note that the crucial IFT values were different in the two studies.
Torabzadey and Handy (1984) reported that for the high-IFT system
(IFT >20 mN/m), the oil’s relative permeability increased, but the
water’s relative permeability decreased with decreasing IFT at any
given saturation. For the low-IFT system (i.e. 0.01 mN/m < IFT
<0.19 mN/m), the oil’s relative permeability increased with
decreasing IFT at any given saturation. The changes in water’s
relative permeability were complicated by the conflicting effects of
increasing temperature on the wettability and IFT because the IFTs
were obtained experimentally at the temperatures ranging from
295 K to 448 K. However, Shen et al. (2010) found that the resulting
relative permeability curve trend was different when IFT<3mN/m.
IFT has little impact on the relative permeability of oil and water
when IFT>3mN/m. However, the relative permeability curve trend
changed significantly with decreasing IFT when IFT <3 mN/m.

As discussed above, the relative permeability measurements
have been conducted to investigate the effect of IFT on relative
permeability characteristics (Talash, 1976; Batychy and McCaffery,
1978; Bardon and Longeron, 1980; Amaefule and Handy, 1982;
Torabzadey and Handy, 1984; Asar and Handy, 1988; Shen et al.,
2010). However, as shown in Table 4, only Shen et al. (2010) iso-
lated the impact of IFT on relative permeability. The viscosity, flow
velocity and viscosity ratio also changewhen the test conditions are
changed to obtain different IFT magnitudes. Under these
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Fig. 13. Effects of IFT on liquid relative permeability for different vapor saturations
(Bardon and Longeron, 1980).
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circumstances, the capillary number (Nc) is defined to characterize
the flow behavior by combining the viscosity, flow velocity and IFT:

Nc ¼ um
s

(5)
Table 4
Summary of relative permeability test conditions.

System u (cm/h) m1
a (mPa s) m2

b (m

N-decane/1 wt% NaCl brine 105 0.8336 0.8879

N-decane/1 wt% NaCl brine with 0.2 wt% TRS 10e80 40 0.8336 0.9079

N-octane/1 wt% NaCl brine with 0.2 wt% TRS 10e80 40 0.5008 0.9079

Dodecane/1 wt% NaCl brine 23.67 1.35 1.0544
Dodecane/1 wt% NaCl brine with 1 wt% sec-butanol 23.67 1.35 0.9804
Dodecane/1 wt% NaCl brine with 1 wt% sec-butanol 23.67 1.4852 0.9910
Methane/propane N/A N/A N/A

N/A N/A N/A
N/A N/A N/A
N/A N/A N/A

C1-nC7 17.25 0.0128 0.208
19.52 0.0137 0.175
17.36 0.0159 0.122
20.20 0.0240 0.048
20.00 0.0260 0.046
18.10 0.0265 0.040
20.54 0.0270 0.037

N-dodecane/salt solution 23.67 1.4250 0.9782
N-dodecane/salt solution 23.67 0.5270 0.2895
N-dodecane/salt solution 23.67 0.3352 0.1875
N-dodecane/salt solution 23.67 0.2752 0.1588
N-dodecane/surfactant solution 23.67 1.3300 0.8951
N-dodecane/surfactant solution 23.67 0.9520 0.5658
N-dodecane/surfactant solution 23.67 0.5270 0.2967
N-dodecane/surfactant solution 23.67 0.3352 0.1922
N-dodecane/surfactant solution 23.67 0.2752 0.1628
Oil/water 1.18 1 N/A
Oil/water with surfactant
Oil/water with surfactant
Oil/water with surfactant

a Viscosity of the nonwetting phase.
b Viscosity of the wetting phase.
c Relative permeability test conditions in the steady-state tests.
where u is the flow velocity (m/s), and m is the viscosity of the
displacing phase (Pa s).

According to Eq. (5), it shows that the Nc increases with
decreasing IFT. Based on the results of Shen et al. (2010), it can be
concluded that when the IFT effects are investigated individually,
the effects of decreasing IFT on relative permeability are similar to
those of increasing Nc. This conclusion has been proven by exper-
imental results (Batychy and McCaffery, 1978; Bardon and
Longeron, 1980), although viscosity and flow velocity are changed
during experiments. However, according to the relative perme-
ability measurements conducted by Amaefule and Handy (1982),
Torabzadey and Handy (1984) and Asar and Handy (1988), Nc
changes irregularly with decreasing IFT, due to the complicated
changes in relative permeability with decreasing IFT. Thus, the IFT
magnitude is inadequate to characterize the effects of IFT on rela-
tive permeability when viscosity and flow velocity also change.

In addition, Harbert (1983) presented the results of relative
permeability tests using an alcohol, brine (130 kppm NaI and
13 kppm CaCl2), and oil fluid system in outcrop and reservoir rock
samples. It was found that the relative permeability curves change
with Nc, although the IFTs remain constant.

To determine the impact of the capillary number and its con-
stituents, such as the flow velocity, fluid viscosity, and IFT, on the
relative permeabilities, Fulcher et al. (1985) carried out a series of
steady-state relative permeability measurements. They found that
the nonwetting-phase (oil) and wetting-phase (water) relative
permeabilities increased dramatically as the IFT decreased below
5.5 mN/m. As the water viscosity increased, the oil relative
permeability decreased, approaching a linear relationship. How-
ever, the water relative permeability increased with increasing
Pa s) m1/m2 s (mN/m) Nc Source

0.94 50 4.87�10�6 (drainage)
5.18�10�6 (imbibition)

Batychy and McCaffery (1978)

0.92 0.2 4.63�10�4 (drainage)
5.05�10�4 (imbibition)

0.52 0.02 2.78�10�3 (drainage)
5.05�10�3 (imbibition)

1.28 34 2.04�10�6 (imbibition) Amaefule and Handy (1982)
1.38 0.03 2.15�10�3 (imbibition)
1.5 0.01 6.52�10�3 (imbibition)
0.29 0.82 N/A Asar and Handy (1988)
0.39 0.43 N/A
0.55 0.18 N/A
0.85 0.03 N/A
0.062 12.6 0.5�10�7 (drainage) Bardon and Longeron (1980)
0.078 8.6 0.86�10�7 (drainage)
0.13 3.7 0.21�10�6 (drainage)
0.50 0.065 0.19�10�4 (drainage)
0.56 0.04 0.38�10�4 (drainage)
0.66 0.02 0.65�10�3 (drainage)
0.73 0.001 0.11�10�2 (drainage)
1.46 33.6 1.92�10�6 (imbibition) Torabzadey and Handy (1984)
1.82 30.3 6.29�10�7 (imbibition)
1.79 24.7 5.00�10�7 (imbibition)
1.73 20.4 5.12�10�7 (imbibition)
1.49 0.187 3.15�10�4 (imbibition)
1.68 0.165 2.26�10�4 (imbibition)
1.78 0.117 1.67�10�4 (imbibition)
1.74 0.05 2.53�10�4 (imbibition)
1.69 0.015 7.14�10�4 (imbibition)
N/A 34.2 4.15�10�5 (drainage) Shen et al. (2010)

3.52 4.12�10�4 (drainage)
0.21 6.91�10�3 (drainage)
0.0114 1.27�10�1 (drainage)
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Fig. 14. Typical capillary desaturation curves (Lake, 1989).
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water viscosity. The oil relative permeability showed little corre-
lation with the capillary number. The increase in the capillary
number, which is caused by a decrease in the IFT and an increase in
the viscosity, leads to an increase in water relative permeability.

Based on the experimental results, Fulcher et al. (1985) devel-
oped a relative permeability model for both drainage and imbibi-
tion. For the relative permeabilities of oil (nonwetting-phase), it
yields:

kroðdrÞ ¼ 0:72899S*
ð1:2861þ0:08043 ln sÞ

�
mw
mo

��0:37932

(6)

kroðimÞ ¼ 1:56878S*½1:33874þ0:09187 ln sþ0:08528 lnðmw=moÞ� (7)

where kr stands for relative permeability; the subscripts w and o
stand for water and oil, respectively; S* is a normalized variable
based on the fluid saturation and the residual saturations. During
the drainage process, it yields S* ¼ So. During the imbibition pro-
cess, we have S* ¼ So�Sor

1�Sor
, where So is oil saturation, and Sor is re-

sidual oil saturation.
For the brine (wetting-phase) relative permeability, correlations

are developed based on both individual variables and the capillary
number:

krw1ðdrÞ ¼ 0:70216S*½1:25579�0:074482 lnðmw=mo=sÞ� (8)

krw1ðimÞ ¼ 0:61135S*½1:25875�0:070812 lnðmw=mo=sÞ� (9)

krw2ðdrÞ ¼ 0:7034S*ð0:66596�0:071513 ln NcÞ (10)

krw2ðimÞ ¼ 0:61135S*ð0:6958�0:068221 ln NcÞ (11)

where S* ¼ Sw�Swr
1�Swr

, Sw is water saturation, and Swr is residual water
saturation.

The previous review of reported results reveals that there may
exist a crucial IFT value below and above which the influences of
the IFT on the relative permeability are very different. When the IFT
is lower than the crucial IFT value, both the wetting- and
nonwetting-phase relative permeabilities increase significantly
with decreasing IFT. However, when the IFT is higher than the
crucial IFT value, it has little impact on the relative permeability to
the wetting and nonwetting phases. Notably, the viscosity, flow
velocity and viscosity ratio may change when the test conditions
are changed to obtain different IFT magnitudes. Furthermore, the
gas and oil relative permeability curves approached a linear func-
tion of saturation as the IFT was reduced to zero. Notably, the effect
of IFT on the relative permeability obtained by the steady-state
method is far less than that on the curves measured by the
unsteady-state method. The hysteresis effects in the relative
permeability curves decrease and eventually disappear with
decreasing IFT.

(2) Residual saturation

According to Eq. (5), a reduction in IFT leads to an increase in the
capillary number, Nc. To investigate the effect of IFT on residual
saturation, the capillary desaturation curve which is a measure of
residual saturation as a function of Nc was established. The typical
capillary desaturation curves were reported by Lake (1989), as
shown in Fig. 14. For both of the wetting and nonwetting phases, a
critical capillary number, Ncc, exists in the capillary desaturation
curves. The capillary desaturation curves plateau at the residual
saturation when Nc is below Ncc. When Nc is above Ncc, the residual
saturation decreases with increasing Nc. The Ncc of the wetting
phase is approximately 10 times that of the nonwetting phase
(Gupta and Trushenski, 1979; Delshad et al., 1986). Several scholars
have also reported no Ncc or a very low value of Ncc (Abrams, 1975;
Garnes et al., 1990; Kamath et al., 2001). Nevertheless, the
assumption of typical capillary desaturation curves is generally
correct for a water-wet medium.

Fig. 15 compares a selection of the reported data from several
different studies (Batychy and McCaffery, 1978; Harbert, 1983;
Torabzadey and Handy, 1984) on the effect of the capillary number
in residual saturation. Batycky et al. (1978) measured residual
saturation levels as a function of capillary number, Nc, under the IFT
values between 50 mN/m and 0.02 mN/m. Comparing with typical
capillary desaturation curves reported by Lake (1989), a typical
capillary desaturation curve was observed for the nonwetting
phase (oil). However, the residual wetting-phase (water) saturation
decreased with increasing Nc with no constant plateau.

Nevertheless, the experimental data reported by Harbert (1983)
and Torabzadey and Handy (1984) are not consistent with the
typical capillary desaturation curves reported by Lake (1989).
Harbert (1983) reported a significant decrease in residual oil satu-
ration with increasing Nc at the same IFT. However, no change in
residual water saturation was observed with increasing Nc. Their
results showed that both the residual water and oil saturations are
determined by capillary number. Notably, a less permeable rock has
a higher residual saturation if the capillary number does not
change. Torabzadey and Handy (1984) found that residual water
saturation for high Nc was lower than that for lowNc. A reduction in
the residual oil saturation was also observed at Nc above 10�4.

By plotting the residual saturation against the capillary number,
Nc, as shown in Fig.16, the results obtained by Bardon and Longeron
(1980) and Chukwudeme et al. (2014) confirmed that the capillary
desaturation curves for the liquid phase and oil phase are consis-
tent with the findings of Lake (1989). However, the water phase
capillary desaturation curves for the three systems exhibited
different trends. The residual water saturation decreased with
increasing Nc and no critical capillary number was observed.

In particular, different IFT values (38.5 mN/m, 1.12 mN/m, and
0.09 mN/m for systems 1, 2, and 3, respectively) were obtained by
three solvent systems in the context of Chukwudeme et al. (2014).
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Fig. 15. Comparison of the variation in residual saturationwith capillary number, Nc, in
water/oil systems (Batychy and McCaffery, 1978; Harbert, 1983; Torabzadey and Handy,
1984).

Fig. 16. The effect of capillary number, Nc, on residual saturatio

Fig. 17. Normalized residual saturations as functions of the capillary number
(Amaefule and Handy, 1982).
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Flooding steps 1a and 2a were drainage processes, and flooding
steps 1b and 2b were imbibition processes. In each flooding step, a
broader range of Nc was obtained by an increase in flow rate.

Analyzing the wetting-phase results, Chukwudeme et al. (2014)
found that the capillary desaturation curve for the water phase is
not a true capillary desaturation curve. First, the residual saturation
in Fig. 16 is the average remaining water saturation, which is higher
than the residual saturation obtained from Pc measurements.
Additionally, the residual saturation is only partly a function of Nc.
The capillary end effect, the number of pore volumes injected and
the core length also affect the residual saturation.

Moreover, Bardon and Longeron (1980) examined the influence of
the IFT on the residual liquid saturation in the C1-nC7 system at
344.1 K. The residual liquid saturation decreasedwith decreasing IFT.
By performing several experiments with the C1-nC10 system at
310.7 K at different flow rates, they suggested that residual liquid
saturation was independent of the fluid velocity. Moreover, Bardon
n (Bardon and Longeron, 1980; Chukwudeme et al., 2014).

mailto:Image of Fig. 15|tif
mailto:Image of Fig. 16|tif
mailto:Image of Fig. 17|tif


X. Zhang et al. / Journal of Rock Mechanics and Geotechnical Engineering 14 (2022) 2003e2033 2015
and Longeron (1980) investigated the effect of the viscosity ratio on
the residual liquid saturation. The IFTand capillary number of the C1-
nC10mixture at310.7Kand8.76MPawere approximately the sameas
those at 344.1 K and 2.76 MPa. Identical residual liquid saturation
results were obtained with two systems with different viscosity ra-
tios. However, for the C1-nC5fluid systemat 310.7K and1.62MPa and
the C1-nC7 mixture at 344.1 K and 2.31 MPa, a difference of 6% in the
residual liquid saturationwasobserved. The capillary number and IFT
were comparable for both systems. The difference was attributed to
the “critical zone” around an IFT value of 0.04 mN/m.

As shown in Fig. 17, Amaefule and Handy (1982) analyzed the
relation between normalized residual saturations and capillary
number. They normalized the residual saturations by the high-
tension residual saturations. Empirical correlations, which relate
the IFT and residual saturation through the capillary number, are
developed as follows:

SorðsÞ
.
Sorðs0Þ h f

�
s

s0

�
¼ f

�
Nco

Nc

�
(12)

SorðsÞ ¼

8><
>:

Sorðs0Þ Nc < Nco

Sorðs0Þð
Nco

Nc
Þmo Nc � Nco

(13)

SorðsÞ ¼

8><
>:

Sorðs0Þ Nc < Nco

Sorðs0Þð
Nco

Nc
Þmo Nc � Nco

(14)

where Nco and Ncwo are the critical capillary numbers for oil and
water, respectively; Sorðs0Þ and Swrðs0Þ are the residual oil and water
saturations at Nco and Ncwo, respectively; Sor(s) and Swr(s) are the
residual oil and water saturations corresponding to any capillary
number, Nc; mo and mw are the capillary number exponents for oil
and water, respectively; s and s0 are the IFT values corresponding
to Nc and Nco, respectively. Nco and Ncwo are assumed to be equal in
the correlations. The values of so, Nco, Sorðs0Þ and Swrðs0Þ are shown
in Fig. 17.

To obtain the capillary number exponents, the log-log plots of
residual saturations as a function of the capillary number are
shown in Fig. 18. With no more than 10% deviation, all the points
Fig. 18. Residual saturations as functions of the capillary number (Amaefule and
Handy, 1982).
obtained in the experiments are in good agreement with the linear
relationship. From the slops of these plots, the capillary number
exponents of 0.5213 and 0.1534 are obtained.

Another two correlations were developed by Fulcher et al.
(1985) by performing regression analysis on the experimental re-
sidual saturation data. Fulcher et al. (1985) hypothesized that re-
sidual oil saturation was a function of capillary number. However,
their results found that the residual water saturation varied with
only IFT. The empirical correlations were expressed as follows:

Sor ¼ 0:5846þ 0:296 ln Nc þ 0:0462ðln NcÞ2 þ 1:8855

� 10�3ðln NcÞ3 (15)

Swr ¼ 0:40214þ 3:976� 10�3 ln s� 7:065� 10�3ðln sÞ2
(16)

Due to the difficulty in conducting low-IFT experiments and
measurements under laboratory conditions, the ranges of Nc
covered in the abovementioned studies were limited to less than
Fig. 19. (a) Experimentally determined residual saturations as functions of the
capillary number. (b) Residual saturations as functions of the IFT in water/oil systems
(Shen et al., 2010).
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Fig. 21. The variation in the endpoint relative permeability to water with Nc in water/
oil systems (Batychy and McCaffery, 1978; Amaefule and Handy, 1982; Fulcher et al.,
1985).
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10�2. Shen et al. (2010) presented an improved steady-statemethod
to fill the large gap between research and application regarding the
water/oil relative permeability under low and more realistic ranges
of the IFT. Correspondingly, theNc was approximately increased to a
value of 1. They found two crucial values (sc1 and sc2) in the corre-
lation between the residual oil saturation and IFT within core-fluid
flow systems (Fig. 19). At IFT > sc1 (¼ 3 mN/m), the residual oil
saturation remained at a plateau value of 0.4. When IFT < sc2 (¼
0.01 mN/m), the residual oil saturation also remained at a low
constant value. However, for the intermediate values of IFT (sc2< IFT
< sc1), the residual saturation decreased rapidlywith decreasing IFT.

Furthermore, Shen et al. (2010) developed an empirical corre-
lation between residual oil saturation (Sor) and IFT by fitting and
statistical analysis of the experimental data:

Sor ¼ s1:5

2:432s1:5 þ 0:1154

�
r2cc ¼ 0:9995; Fstat ¼ 5517

�
(17)

where rcc and F are the correlation coefficient and statistic from an
F-test, respectively.

(3) Endpoint relative permeability

The endpoint relative permeability to thewetting phase (water),
krw(Sor), is defined as the relative permeability to the wetting phase
at the residual nonwetting-phase (oil) saturation. The results of
previous studies reveal that the endpoint relative permeabilities to
water for low IFTs (high Nc) are higher than those for high IFTs (low
Nc). As shown in Fig. 20, Torabzadey and Handy (1984) reported
that the endpoint relative permeability to water was higher at
lower IFTs (higher Nc). Harbert (1983) also reported an increase in
the endpoint relative permeability to water by increasing the
capillary number, Nc, within a range of 10�5 to 10�3. Notably, the
endpoint relative permeability to water for the Muddy J 1 forma-
tion remained constant because it is equal to 1.

Batychy and McCaffery (1978) investigated the IFT effect on the
relative permeability of unconsolidated sand. The results revealed
an increase in the relative permeability with decreasing the IFT.
Amaefule and Handy (1982) observed the same trend in Berea
Fig. 20. The increasing trend of the endpoint relative permeability to water in water/
oil systems (Harbert, 1983; Torabzadey and Handy, 1984).
sandstone cores. However, the endpoint relative permeability to
water determined by unsteady-state tests was higher than that
determined by steady-state tests. Fulcher et al. (1985) also reported
that krw(Sor) tended to increase at lower IFTs, as shown in Fig. 21.

The endpoint relative permeability to the nonwetting phase
(oil), kro(Swr), is defined as the relative permeability to the non-
wetting phase at the residual wetting-phase (water) saturation. The
results of previous studies revealed that the endpoint relative
permeabilities to the nonwetting phase for low IFTs (high Nc) were
higher than those for high IFTs (low Nc). However, the endpoint
relative permeability to the nonwetting phase would remain con-
stant if its value approximates 1.

As shown in Fig. 22, Torabzadey and Handy (1984) reported that
the endpoint relative permeability to oil was higher at lower IFT
(higher Nc). However, the endpoint relative permeability to oil
remained constant because it was equal to 1.
Fig. 22. The variation in oil endpoint relative permeability in water/oil systems
(Harbert, 1983; Torabzadey and Handy, 1984).
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Fig. 23. The increasing trend of oil endpoint relative permeability with Nc in water/oil
systems (Batychy and McCaffery, 1978; Amaefule and Handy, 1982; Fulcher et al., 1985).

Fig. 24. The variation in nonwetting-phase (vapor) endpoint relative permeability
with Nc in vapor/liquid systems (Bardon and Longeron, 1980).

Fig. 25. Effect of IFT on capillary curves (Amaefule and Handy, 1982).
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The results presented in Fig. 23 show that the endpoint relative
permeability to oil increased with decreasing IFT (corresponding to
increasing Nc). Bardon and Longeron (1980) also reported that the
endpoint relative permeability to the nonwetting phase (vapor)
tended to increase at a lower IFT until it was equal to 1, as shown in
Fig. 24.

(4) Capillary pressure characteristics

Amaefule and Handy (1982) investigated the effect of IFT on the
drainage capillary curves by centrifuge test. They reported that the
capillary pressure curves shifted toward lower water saturations
and that the capillary pressure decreased with decreasing IFT
(Fig. 25). In addition, they also demonstrated that the residual
water saturations obtained by the capillary pressure procedures
were lower than those obtained in the conventional flow
experiments. These differences were attributed to the differences in
the flow behavior. In their capillary pressure experiments, the fluid
distributions were significantly influenced by the bond number,
Orgk/s. However, the capillary number controlled the fluid dis-
tributions in conventional flow experiments.
4.2. Wettability

4.2.1. Effect of H2S content on wettability
Wettability can be defined as the preferential tendency of one

fluid over another to spread on or adhere to a solid surface (Craig,
1993; Iglauer et al., 2015). The fluids that exist in the rock pore
spaces during acid gas injection are water and gas. In a water-wet
gas/water/rock system, water will occupy the smaller pores and
form a thin film around the edges of the larger pores. The gas will
occupy the centers of the larger pores. In a gas-wet gas/water/rock
system, the locations of the two fluids are reversed from those in
the water-wet case.

There are various methods available to measure the gas/water/
rock wettability, including coreflood methods, contact angle mea-
surements and theoretical approaches (Iglauer, 2017). In addition to
the traditional coreflood tests, two-dimensional (2D) micromodels
and three-dimensional (3D) X-ray microcomputed tomography
(microCT) and nuclear magnetic resonance (NMR) measurement
techniques have been developed for coreflood testing (i.e. Xu et al.,
2019; Umeobi et al., 2021; Yu et al., 2022). These newly developed
methods can observe the fluid configurations directly in the pore
space. The sessile dropmethod is the commonmethod employed in
contact angle measurements to provide a direct quantification of
the wettability. The theoretical approach refers to atomistic mo-
lecular dynamics simulations.

The contact angle, which is experimentally measured through
the denser fluid phase, has become an important measure of the
wettability. This angle is entirely determined by the intermolecular
force balance, and can be expressed macroscopically by the Young’s
equation (Young, 1805):

cos q ¼ ssg � ssw
swg

(18)
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where q is the contact angle of the rock/water/gas system, ssg is IFT
value of the rock/gas (mN/m), ssw is the IFT value of the rock/water
(mN/m), and swg is the IFT value of the water/gas (mN/m).

swg is determined by the pressure, temperature and H2S content
of the acid gas, as discussed in Section 4.1.1. However, the other
interfacial forces, ssg and ssw, cannot be measured directly. The
relationship between the contact angle and IFT is shown in Fig. 26.
The contact angle varies from 0� to 180�.

It is well known that the advancing (qa) and receding (qr) contact
angles must be measured during contact angle measurement due
to surface roughness and/or chemical heterogeneity. Young’s con-
tact angle values are between the advancing and receding angles.
The measured advancing-receding contact angles can be converted
to Young’s contact angle (Tadmor, 2004):

q ¼ arccos
�
ra cos qa þ rr cos qr

ra þ rr

�
(19)

ra ¼
 

sin 3qa
2� 3 cos qa þ cos 3qa

!1=3

(20)

rr ¼
 

sin 3qr
2� 3 cos qr þ cos 3qr

!1=3

(21)

where ra and rr stand for the advancing and receding Young’s
contact angle, respectively.

The rock/water/gas wettability was classified into seven grades
to more precisely evaluate the wettability of rock minerals (Iglauer
et al., 2015). Complete wetting and nonwetting occur when q ¼ 0�

and 180�, respectively. Partial wetting of water occurs in the water-
wet, intermediate-wet, and gas-wet cases (See Table 5).

The gas/water/rock wettability is claimed to depend on the H2S
content, thermophysical conditions (pressure and temperature)
and the rock mineral composition. The caprocks and storage rocks
in acid gas geological sequestration generally consist of a large
variety of minerals, such as quartz, calcite, mica, muscovite mica,
biotite mica, feldspar, montmorillonite, kaolinite, illite and smectite
Fig. 26. Relationship between the contact angle and IFT according to Young’s equation.

Table 5
Wettability classification based on contact angle for rock/water/gas system (Iglauer
et al., 2015).

Wettability State Water contact angle q (�)

Complete wetting or spreading of water 0
Strongly water-wet 0e50
Weakly water-wet 50e70
Intermediate-wet 70e110
Weakly gas-wet 110e130
Strongly gas-wet 130e180
Complete nonwetting of water 180
(Iglauer et al., 2015). However, only several researchers have
investigated the water contact angles of the acid gases (CO2, H2S
and their mixtures) on quartz, calcite and mica substrates (Shah
et al., 2008b; Broseta et al., 2012; McCaughan et al., 2013; Chen
et al., 2018). Hence, the following review provides the data avail-
able in the literature on the contact angle of quartz, calcite andmica
substrates to investigate the effect of the acid gases (CO2, H2S and
their mixtures) on the wettability.

A large number of experimental quartz/water/CO2 contact an-
gles have been obtained under various pressure, temperature and
salinity conditions (Wesch et al., 1997; Chiquet et al., 2007b;
Sutjiadi-Sia et al., 2008; Espinoza and Santamarina, 2010; Bikkina,
2011; Broseta et al., 2012; Jung and Wan, 2012; Farokhpoor et al.,
2013; Saraji et al., 2013; Iglauer et al., 2014; Chen et al., 2015a).
Fig. 27 displays a compilation of these water contact angles. Clearly,
there is large uncertainty associated with the experimental quartz/
water/CO2 contact angle. Specifically, Young’s contact angles from
0� to 97� have been reported. Advancing contact angles from 0� to
92� and receding contact angles from 7� to 42� were measured. The
main reason for the large variation in contact angle is probably
surface contamination of the substrates (Bikkina, 2012;
Mahadevan, 2012; Iglauer et al., 2014).

The water contact angles of the acid gases (CO2, H2S and their
mixtures) on quartz substrates are limited. Shah et al. (2008b)
measured the receding and advancing contact angles for a quartz/
0.08 M NaCl/H2S system. The origin and preparation of the quartz
used in the contact angle measurements are the same as those used
by Chiquet et al. (2007b). Quartz substrates of optical quality were
purchased from OptiqueFichou, Fresnes, France. Prior to each
experiment, the quartz was cleaned with a tensioactive solution
under ultrasonic agitation for 30 min, rinsed with a 10% nitric-acid
solution and finally washed with deionized water. Broseta et al.
(2012) used the same quartz substrates to measure the receding
and advancing contact angles of the quartz/brine/CO2 systems.
However, the method used to clean the quartz substrates prior to
measuring the contact angles was not specified.

As shown in Fig. 28, themaximum contact angle of quartz/brine/
CO2 systems reported by Broseta et al. (2012) is 92�. In contrast, the
contact angles for the quartz/brine/CO2 systems obtained by
Chiquet et al. (2007b) are rather low (20�e35�). Hence, we can infer
that the cleaning method used by Broseta et al. (2012) is different
and leads to a highly biased contact angle. To avoid the influence of
surface contamination, the effect of acid gases (CO2, H2S and their
mixtures) on the water wettability of quartz was investigated by
comparing the results obtained by Chiquet et al. (2007b) and Shah
et al. (2008b). It was concluded that the contact angle of a quartz/
water/H2S system is similar to that of a quartz/water/CO2 system.

Molecular dynamics simulation methods have been used to
investigate the water contact angle of the acid gases (CO2, H2S and
their mixtures) on quartz substrates (Liu et al., 2010; Iglauer et al.,
2012; McCaughan et al., 2013; Chen et al., 2018). As discussed
above, surface contamination plays a major role in the significant
scattering and high uncertainties of contact angle measurements.
Furthermore, the surfaces can be chemically modified during
cleaning and during the experiment itself. Nonetheless, a clean
mineral surface, which is difficult to achieve in the physical ex-
periments, can be constructed in the molecular dynamics simula-
tions (Iglauer et al., 2012; McCaughan et al., 2013; Chen et al.,
2015a, b). The desired chemistry can be obtained by adding hy-
droxyl functional groups on quartz surfaces. Notably, quartz in a
subsurface environment may not be completely clean because it
has been exposed to formation fluids.

The effect of the H2S content on the water contact angles of the
acid gases (CO2, H2S and their mixtures) on quartz substrates is
shown in Fig. 29. Three typical molecular surface models for quartz,
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i.e. Q3, Q4 and Q3/Q4, were used in the simulations. Their results
indicated that an increase in H2S increased the water contact angle.
For the Q3 quartz surface, the water contact angle of the 80% CO2 þ
20% H2S mixture increased by 10.99� from that of pure CO2 at
20 MPa and 318 K. When the surface structure of quartz is Q3/Q4,
similar results are obtained. The results of the Q4 quartz surface
obtained by McCaughan et al. (2013) indicated that this increase
was most apparent at low/intermediate pressures (<20 MPa) and
much less apparent at higher pressures (>20 MPa).

The water-wet characteristics of muscovite mica substrates in
the presence of the acid gases (CO2 and H2S) were evaluated by
several studies (Chiquet et al., 2007b; Shah et al., 2008b; Broseta
et al., 2012; Farokhpoor et al., 2013). In the studies conducted by
Chiquet et al. (2007b) and Shah et al. (2008b), the grade V3
muscovite mica substrate was obtained by cleaving mica sheets
(S&J Trading Inc., Glen Oaks, NY, USA). The grade V2muscovitemica
substrate (Ted Pella, Redding, CA, USA), whose surface is more
uniform than that of the grade V3, was used by Broseta et al. (2012).
The origin of the muscovite mica substrate used by Farokhpoor
Fig. 27. (a) Experimental Young’s contact angles of quartz/CO2/water (or brine) systems, an
brine) systems. (Wesch et al., 1997; Chiquet et al., 2007b; Sutjiadi-Sia et al., 2008; Espino
Farokhpoor et al., 2013; Saraji et al., 2013; Iglauer et al., 2014; Chen et al., 2015a).
et al. (2013) was not specified, but the mica surfaces were
washed with Deconex solution under an ultrasonic bath and then
cleaned with distilled water to minimize any roughness effect on
the contact angle measurements. Hence, as shown in Fig. 30b,
advancing contact angles measured by Farokhpoor et al. (2013) are
significantly lower than those measured by Shah et al. (2008b) and
Broseta et al. (2012).

As shown in Fig. 30, the water wettability of a mica/CO2/water
system decreases slightly with increasing pressure. In contrast, a
considerable change in the wettability from moderately water-wet
to H2S-wet occurs as pressure increases. When H2S is gaseous, that
is, for pressures below 3.5 MPa, the receding contact angles are in
the range of 63� and 77�. The corresponding advancing contact
angles are near 90�. However, a wettability reversal of mica to H2S-
wet behavior occurred when H2S is liquid. The receding and
advancing contact angles rise to approximately 118� and 150�,
respectively. In conclusion, the wettability alteration is pronounced
in the presence of dense H2S compared to that in the presence of
CO2.
d (b) Receding and advancing water contact angles measured in quartz/CO2/water (or
za and Santamarina, 2010; Bikkina, 2011; Broseta et al., 2012; Jung and Wan, 2012;
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Fig. 28. Receding and advancing water contact angles measured in quartz/CO2/brine
and quartz/H2S/brine systems (Chiquet et al., 2007b; Shah et al., 2008b; Broseta et al.,
2012).

Fig. 29. The effect of the H2S content on the contact angles of the quartz/(CO2þH2S)
mixture/water systems (Iglauer et al., 2012; McCaughan et al., 2013; Chen et al., 2018).

Fig. 30. (a) Receding and (b) advancing water contact angles measured in mica/CO2/
brine and mica/H2S/brine systems (Chiquet et al., 2007b; Shah et al., 2008b; Broseta
et al., 2012; Farokhpoor et al., 2013).
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Fig. 31. Receding and advancing water contact angles measured in Rousse/CO2/brine
and Rousse/H2S/brine systems (Shah et al., 2008b; Broseta et al., 2012).

Fig. 32. Effect of wettability on relative permeability curves of the Torpedo core
(Owens and Archer, 1971).
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Thewater-wet characteristics of a ‘real’ carbonate-rich substrate
drilled from the caprock of the Rousse depleted gas field in France
in the presence of the acid gases (CO2 and H2S) was evaluated by
Shah et al. (2008b) and Broseta et al. (2012). The main constituents
of this caprock sample are calcite (approximately 70%), quartz
(13%), chlorite (10%) and illite/mica (4.5%). As shown in Fig. 31, the
wetting behavior of this caprock with H2S in a low-salinity brine
does not exhibit significant changes compared to that in the pres-
ence of CO2 and remained water-wet.
4.2.2. Effect of wettability on relative permeability and capillary
pressure characteristics

(1) Relative permeability nonlinearity

Several investigators (Donaldson and Thomas, 1971; Owens and
Archer, 1971; Morrow et al., 1973) have endeavored to detect
whether the relative permeability characteristics change with
wettability. Owens and Archer (1971) experimentally evaluated the
effect of rock wettability on oil/water relative permeability re-
lationships. The oil/water relative permeability data of the Torpedo
core were obtained by the steady-state testing procedure. The
water contact angle on quartz crystals was monitored by photo-
graphic techniques. Notably, the oil/water contact angles in oil/
water/Torpedo core systems may not be the same as those
measured in oil/water/quartz systems, even though pure quartz
was believed to be the main mineral component in the Torpedo
core. Nevertheless, the contact angles measured in oil/water/quartz
systems were supposed to indicate the changes in the degree of oil
wetting or water wetting in oil/water/Torpedo core systems during
the flow tests. In Fig. 32, the results show that at any tested water
saturation, as the system becomes more oil-wet, the water relative
permeability increases, and the oil relative permeability decreases.
Donaldson and Thomas (1971) and Morrow et al. (1973) also
compared the relative permeabilities under different wettability
conditions. They also found that at any tested water saturation, as
the system became more oil-wet, the water relative permeability
increased, and the oil relative permeability decreased. The results
of Donaldson and Thomas (1971) suggested that the oil perme-
ability at the initial water saturation decreased as the system
became more oil-wet. In the study of Morrow et al. (1973), the
contact angles of 15�, 100� and 155� were obtained at octanoic acid
concentrations of 0 mol/L, 5�10�3 mol/L and 0.1 mol/L in oil,
respectively. A crossover point between the oil relative perme-
ability curve for the intermediate-wet system (100�) and that for
the water-wet system (15�) occurred at a water saturation of
approximately 62%. This apparently anomalous behavior was
attributed to the fact that even a small change in the octanoic acid
concentration at approximately 5�10�3 M had a significant effect
on the wettability of the intermediate-wet system.

Previous investigators (Donaldson and Thomas, 1971; Owens
and Archer, 1971; Morrow et al., 1973) used the representative
core samples for which wettability conditions were controlled by
surfactants to study the effects of wettability on the relative
permeability. The apparent drawback was that those tests essen-
tially measured the combined effects of pore geometry and
wettability during the displacement processes. To characterize and
isolate the effects of wettability on relative permeability, several
researchers (Mungan, 1966; McCaffery and Bennion, 1974) have
used consolidated polytetrafluoroethylene (PTFE) as porous media
and various fluid pairs, which display essentially different wetting
behaviors with solids. The results were generally in good agree-
ment with the findings of the abovementioned investigators
(Donaldson and Thomas, 1971; Owens and Archer, 1971; Morrow
et al., 1973).

However, a notable difference was found in the study of
McCaffery and Bennion (1974). As shown in Fig. 33, there was no
effect of contact angle on relative permeability when the system
was strongly wetted, with large changes occurring only when the
system was near neutral wettability. These conclusions can be
derived from the curves marked “up to 49�” and “138� and greater”
in the relative permeability curves.
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Fig. 33. Effects of wettability on the relative permeability of PTFE cores (a) During the
drainage process and (b) During the imbibition process (McCaffery and Bennion, 1974).

Fig. 34. Typical water/oil relative permeability curves for strongly water-wet and oil-
wet systems (Craig, 1993).

Table 6
Craig’s rules of thumb (Craig, 1993).

Parameters Strongly water-
wet

Strongly oil-wet

Residual water saturation Generally
greater than
20%e50%

Generally less than
15%, frequently less
than 10%

Saturation at which the oil and water
relative permeabilities are equal

Greater than
50% water
saturation

Less than 50% water
saturation

Relative permeability to water at the
maximum water saturation (i.e.
floodout), based on the effective oil
permeability at residual saturation
of the reservoir

Generally less
than 30%

Greater than 50% and
approaching 100%
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Fig. 34, taken from Craig (1993), shows the typical water/oil
relative permeability curves of strongly water-wet and strongly oil-
wet systems. The differences in the relative permeability charac-
teristics of strongly wetted cores can be illustrated by Craig’s rules
of thumb, given in Table 6.

The preceding review of reported results confirms that at a
given saturation, the relative permeability of a fluid is higher when
it is the nonwetting phase in a system than when it is the wetting
phase in another system. For example, at any given water satura-
tion, the water relative permeability is higher in an oil-wet system
than in a water-wet system. This is because, at the pore scale, the
wetting fluid fills the narrowest regions of the pore space and is
poorly connected, while the nonwetting fluid is stranded in the
larger pores and travels more easily (Fig. 35). In addition, at a low
nonwetting-phase saturation, the nonwetting phase is present as
discrete droplets in the centers of the pore spaces (Fig. 35). These
discrete droplets block pore throats, leading to a lower wetting-
phase relative permeability.

(2) Residual saturation
Both residual wetting and nonwetting phases are affected by
wettability. Some studies reported that the residual water satura-
tion increased when the uniformly wetted system became more
water-wet. According to Craig’s rule of thumb (Table 6), the residual
water saturation should be generally less than 15% in the oil-wet
rocks and usually greater than 20%e25% in the water-wet rocks.
Furthermore, Donaldson and Thomas (1971) also examined the
effect of the wettability on the residual water saturation. In that
work, the residual water saturation was obtained by injection of oil
until the flow of water ceased. Their results, in Fig. 36, show an
increase in the residual water saturation with increasing wetta-
bility number. Thewettability number is calculated by themeans of
the areas under a capillary pressure curve which is obtained by the
centrifuge method (Donaldson et al., 1969):

W ¼ log10(A1/A2) (22)

where A1 and A2 are the areas under the oil- and brine-drive curves,
respectively.

In recent years, several studies have been carried out to inves-
tigate the effect of wettability on the residual trapping of CO2.
Pentland et al. (2011) used the porous plate coreflood method to
measure the capillary trapping of supercritical CO2. It was found
that the CO2 saturation dropped to 35% after injection of brine (5 wt
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Fig. 35. Water displacing oil from a pore during waterflooding: (a) Strongly water-wet
rock and (b) Strongly oil-wet rock.

Fig. 36. The variation in residual saturation with wettability number (Donaldson and
Thomas, 1971; Lorenz et al., 1974).

Fig. 37. The variation in residual saturationwith contact angle (Morrow, 1970; Morrow
and Mungan, 1971; Morrow et al., 1973).
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% NaCl and 1 wt% KCl), which was less than the maximum trapped
saturation of 48% measured in an equivalent n-decane (oil)-brine
experiment. This was due to an increase in the contact angle of the
CO2/brine system. Chaudhary et al. (2013) conducted two-phase
flow experiments using columns subjected to reservoir conditions
to address how the grain wettability would control the capillary
trapping of supercritical CO2. High-resolution X-ray computed to-
mographywas used to image the columns, whichwere packedwith
water-wet glass beads and CO2-wet Teflon beads. Under the con-
dition of 12.4 MPa and 333 K, the contact angle was 65� for the CO2/
1 wt% NaBr brine/glass system and 138� for the CO2/1 wt% NaBr
brine/Teflon system. The results showed that the residual CO2

saturationwas 15% and 2% in the glass bead and Teflon bead media,
respectively. Rahman et al. (2016) also demonstrated that the re-
sidual CO2 saturation of oil-wet rock was significantly lower than
that of water-wet rock because the oil-wet rock was intermediate-
wet or CO2-wet under reservoir conditions.

The involvement of the wettability in determination of the re-
sidual CO2 saturation can be explained at the pore scale, and the
amount of trapping is controlled by the competition between snap-
off and piston-like advance (Iglauer et al., 2010, 2011; Alyafei and
Blunt, 2016). In a strongly water-wet system, water fills the nar-
rowest regions of the pore space in order of size by snap-off,
stranding the nonwetting phase (CO2) in the larger pores. This
leads to the trapping of more CO2 in the larger pores. As the contact
angle increases, the piston-like advance becomes more common
than the snap-off. In that case, a lower residual saturation is ex-
pected because the piston-like advance of water will simply push
out the nonwetting phase, without trapping it.

In contrast to the abovementioned studies, Morrow and
Mungan (1971) reported that the measured residual water satu-
ration first decreased under the strongly water-wet conditions and
then increased under the strongly oil-wet conditions. As shown in
Fig. 37, the minimum residual saturation occurs at near-neutral
wettability conditions, when q ¼ 90�. A similar trend of residual
oil saturationwas obtained byMorrow et al. (1973), as illustrated in
Fig. 37. A minimum residual saturation value of 0.195 was obtained
under the intermediate-wet conditions, when q ¼ 100�.

Lorenz et al. (1974) examined the effect of the wettability on the
residual oil saturation. Note that the residual saturation was ob-
tained by immersing cores in oil and centrifuging at high speeds.
According to the obtained residual saturation (see Fig. 36), Lorenz
et al. (1974) developed a least-squares equation with a 99% confi-
dence level:

Sor ¼ 0:192þ 0:049W þ 0:089W2 (23)

where W is the wettability number. The results suggest that the
minimum residual oil saturation occurs at a slightly oil-wet con-
dition when W ¼ �0.3.
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Fig. 39. The variation in endpoint relative permeability with contact angle (Mungan,
1966; Morrow et al., 1973).
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The abovementioned findings do not apply to very homoge-
neous porous media such as beads and sandpacks. Under these
circumstances, the residual saturation is typically very low and
rarely affected by the wettability. A study by Morrow (1970)
showed that in very homogeneous packings of equal-size Teflon
spheres, the residual water saturation was always in the range of
7.5% � 1.5%, while the contact angle was varied from 0� to 108�

(Fig. 37). Very little effect of the wettability on the residual satu-
ration was also found for packed beads (Von Engelhardt, 1955;
Harris et al., 1963).

(3) Endpoint relative permeability

The effect of wettability on the endpoint relative permeability is
caused by the differences in the fluid distributions. For a strongly
water-wet system at the residual water saturation, the water
(wetting phase) occupies the narrowest regions of the pore space,
where it has very little effect on the flow of oil (nonwetting phase).
Thus, the endpoint relative permeability to oil is relatively high,
often approaching 100%. In contrast, for a strongly oil-wet system at
residual water saturation, water (nonwetting phase) appears as
discrete droplets in the centers of the pore spaces. These discrete
droplets block pore throats, leading to a lower endpoint relative
permeability to oil (wetting phase). Likewise, for a strongly water-
wet system at the residual oil saturation, the endpoint relative
permeability to water (wetting phase) is low because the residual
oil (nonwetting phase) blocks the water flow. For a strongly oil-wet
system at the residual oil saturation, the endpoint relative perme-
ability to water is high because the oil (wetting phase) occupies the
narrowest regions of the pore space, where it has very little effect
on the water (nonwetting phase) flow. Consequently, the endpoint
relative permeability to oil is higher when the system is more
water-wet. The endpoint relative permeability to water is lower
when the system is more water-wet.

Fig. 38 shows the examples of the effect of wettability on the
endpoint relative permeability. When a system is more water-wet,
the endpoint relative permeability to water is lower, while the
endpoint relative permeability to oil is higher. Morrow et al. (1973)
also reported that the endpoint relative permeability to water
increased with increasing contact angle (Fig. 39). In another study
Fig. 38. The variation in endpoint relative permeability with wettability number
(Donaldson and Thomas, 1971).
performed by Mungan (1966), the results clearly showed that the
endpoint relative permeability to the displacing phase increased as
the displacing phase transitioned from nonwetting to wetting
phase.

(4) Capillary pressure characteristics

Likewise, the wettability plays an important role in controlling
the capillary pressure. Typical primary drainage and secondary
imbibition capillary pressure curves Pc(Sw) for systems of different
wettabilities were presented by Iglauer et al. (2015), as shown in
Fig. 40. CO2 will not enter a water-saturated rock (Sw ¼ 1) until the
capillary entry pressure (Pe) is overcome (points A and B, Fig. 40a) in
a strongly water-wet system. As Pc is increased, more water is
continuously displaced by CO2 until the irreducible water satura-
tion is attained (point C, Fig. 40a). In an intermediate-wet system,
CO2 enters the rock at Pe, which is lower than the capillary entry
pressure in a strongly water-wet system (point F, Fig. 40b). As Pc is
increased, more water is displaced by CO2 until the irreducible
water saturation is reached (point G, Fig. 40b). Note that the area
under the primary drainage curve is reduced compared to that in a
strongly water-wet system because less work is necessary for CO2
to displace water in an intermediate-wet system. In a CO2-wet
system, CO2 displaces water at Pc ¼ 0 until the irreducible water
saturation is attained (points J to K, Fig. 40c). During the secondary
imbibition process, Pc decreased, causing water to spontaneously
imbibe into the system, but no water is imbibed at negative Pc
values (points D to E, Fig. 40a) in a strongly water-wet system. In
contrast to the strongly water-wet case, in an intermediate-wet
system, water imbibes into rock at both positive (points G to H,
Fig. 40b) and negative (pointsH to I, Fig. 40b) Pc values. In a CO2-wet
system, as Pc is decreased, water will only enter the system at
negative Pc values (points K to L, Fig. 40c). In summary, the effect of
wettability on capillary pressure during primary drainage and
secondary imbibition is essentially dependent on the affinity of
rock to water and CO2.

Many researchers have quantitatively evaluated the effect of
wettability on capillary pressure characteristics determined by
experiments and have qualitatively assessed the system’s wetta-
bility from Pc curves. For example, Morrow (1976) investigated the
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Fig. 40. Capillary pressure curves for (a) a strongly water-wet system, (b) an intermediate-wet system and (c) a CO2-wet system (Abdallah et al., 2007; Iglauer et al., 2015).
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dependence of capillary pressure on wettability using PTFE porous
media. The capillary pressure data were obtained by the porous
plate method, and the contact angle was measured on a flat,
smooth PTFE surface. According to the drainage capillary pressure
results (Fig. 41a), the capillary pressure was almost insensitive to
wettability when the contact angle was less than 50�. Furthermore,
no measurable effect of the contact angle on the capillary pressure
was found for the contact angles less than 22�. Several other re-
searchers (Purcell, 1950; Brown, 1951; Dumore and Schols, 1974)
also observed that the wettability had almost no effect on the
capillary pressure curves when the contact angle was less than 50�.
Morrow (1976) presented spontaneous imbibition capillary pres-
sure curves after drainage capillary pressure measurements
(Fig. 41b). The spontaneous imbibition capillary pressure curves
were not sensitive to the wettability as the contact angle varied
between 0� and 22�. However, the imbibition capillary pressure
was sensitive to the wettability for the contact angles larger than
22� due to the different behaviors of the advancing and receding
contact angles measured on a rough surface.
5. Effect of H2S content on relative permeability and capillary
pressure curves

Due to the highly toxic and corrosive nature of H2S, the only
experimental study on the relative permeability and capillary
pressure curves of the acid gas/brine/rock systems published in the
academic literature was presented by Bennion and Bachu (2006a,
2008b). Notably, because pure CO2 and H2S represent the compo-
sitional end members of the acid gas, Bennion and Bachu (2006a,
2008b) measured the displacement characteristics of these two
gases under in situ conditions with samples from the Wabamun
and Zama areas, Alberta, Canada. In addition, the IFT between brine
and CO2 or H2S was also measured under these conditions.

First, all the experimental measurements, including the IFT,
capillary pressure and relative permeability measurements, were
conducted under in situ reservoir conditions using supercritical
pure CO2 and H2S in the core plugs. The IFTs between CO2 or H2S
and the equilibrium brine under reservoir conditions were
measured by a pendant-drop interfacial tensiometer. The in situ
conditions of rock samples and the IFTs between CO2 or H2S and
equilibrium brine under reservoir conditions are shown in Table 7.
The IFT between H2S and its equilibrium H2S-saturated brine was
lower than that between the supercritical CO2 and its equilibrium
CO2-saturated brine. The lower IFT could be because the solubility
of the H2S in the brine is greater than that of CO2 in the brine.

The relative permeability for CO2 and H2S was measured by
laboratory coreflood experiments. Due to the highly toxic and
corrosive nature of H2S, special core holder cells, pumps, and
displacement equipment, which were composed of Hastelloy C or
titanium, were used in the coreflood experiments. The CO2/brine
and H2S/brine relative permeability curves were generated by
computer history matching of the laboratory experimental data.
Furthermore, Bennion and Bachu (2008b) presented the parame-
ters for Corey-type relative permeability functions, which were
used to generate the CO2/brine and H2S/brine relative permeability
curves.

Corey-type relative permeability functions, which are functions
of phase saturations raised to a power, are often represented in
numerical and mathematical reservoir simulators (Orr, 2007;
Mathias et al., 2013). In the relative permeability relations, we have

krw ¼ krw0

�
Sw � Swr

1� Sgr � Swr

�m

(24)

krg ¼ krg0

�
Sg � Sgr

1� Sgr � Swr

�n

(25)

where kr and S are the relative permeability and saturation,
respectively; the subscripts w and g stand for water and gas; the
subscript r stands for residual; m and n are power-law exponents
for the water and gas phases; and krw0 and krg0 are the end-point
values of the water and gas relative permeabilities, respectively.

Fig. 42 presents the relative permeability curves of CO2-brine
and H2S-brine for the drainage and imbibition processes, and
Table 8 presents the parameters of the Corey-type relative
permeability functions.

There is no consensus on the effect of H2S content on the relative
permeability curves for the four rock samples. As shown in Fig. 43,
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Fig. 41. Effects of wettability on the capillary pressure of PTFE cores with air and liquid
(a) during the drainage process and (b) during the imbibition process (Morrow, 1976).
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the residual gas saturation decreased with increasing H2S mole
fraction for the Viking and Calmar formations, possibly due to the
reduction in the capillary pressure with decreasing IFT. However,
for the Nisku formation, the residual gas saturation increased
slightly with increase in the H2S mole fraction.

The residual water saturation increased with increasing H2S
mole fraction for the Viking, Nisku and Muskeg formations. How-
ever, for the Calmar formation, the residual water saturation
decreased with increasing H2S mole fraction (Fig. 43). The results
were attributed to the wettability changes; that is, the residual
water saturation increased when the uniformly wetted system
became more water-wet. As shown in Fig. 42, the saturation at
which the water and gas relative permeabilities are equally
increased as the H2S mole fraction increased for the Viking and
Nisku formations. Thus, the rock/water/gas system is more water-
wet based on Craig’s rules of thumb (Table 6). For the Calmar for-
mation, the saturation at which the water and gas relative per-
meabilities are equally decreased, and thus, the rock/water/gas
system is less water-wet as the H2S mole fraction increases.

Note that the relative permeability to the brine phase is higher
at a lower residual gas saturation. As shown in Fig. 44, the endpoint
relative permeability to the brine phase decreased for the Nisku
formation and increased for the Calmar formation as the H2S mole
fraction increased, which was consistent with the higher residual
gas saturation for the Nisku formation and lower residual gas
saturation for the Calmar formation in the H2S test. However, for
the Viking formation, the lower endpoint relative permeability to
the brine phase is not consistent with decrease in the residual gas
saturation with increasing H2S mole fraction.

Similarly, relative permeability to the gas phase is higher at a
lower residual water saturation. Thus, the endpoint relative
permeability to gas phase decreased for the Viking and Muskeg
formations and increased for the Calmar formation. However, for
the Nisku formation, the higher endpoint relative permeability to
the brine phase is not consistent with increase in the residual gas
saturation and H2S mole fraction.

The gas relative permeability at a water saturation of 0.7
increased with increasing H2S mole fraction for all formations
during both drainage and imbibition processes (Fig. 45), due to
higher gas mobility caused by lower IFT at higher H2S mole frac-
tions. The brine relative permeability correspondingly deceased
with increase in the H2S mole fraction for the Viking and Muskeg
formations during both drainage and imbibition processes. How-
ever, the brine relative permeability increased with the in the H2S
mole fraction for the Calmar formation during both drainage and
imbibition processes. For the Nisku formation, the brine relative
permeability increased during the drainage process and decreased
during the imbibition process with increasing H2S mole fraction. It
is difficult to directly compare the CO2- and H2S-test results of the
four samples.

A high-pressure air-mercury capillary pressure apparatus was
used to measure the capillary pressure. The corresponding 2.5 cm
diameter sample rock chips were taken from the endcap sections of
the plugs thatwere tested for the relative permeability. Fig. 46 shows
the comparison of the capillary pressures with CO2/brine and with
H2S/brine in the Viking sandstone and in the Nisku carbonate.

As shown in Fig. 47, the capillary pressure at a water saturation
of 0.7 decreased with increasing H2S mole fraction. This lower
capillary pressure can be attributed to the significant reduction in
the IFT at higher H2S mole fractions under in situ conditions.
Furthermore, the capillary entry pressurewith H2S/brinewas lower
than that with CO2/brine (Fig. 46). Since no contact angles were
measured during the experiments, it is impossible to conclude
whether the wettability of H2S/brine and CO2/brine systems affects
the capillary entry pressure.
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Table 7
In situ conditions for rock samples from the Wabamun and Zama areas, Alberta, Canada, used in the analysis of relative permeability and displacement characteristics of CO2/
brine and H2S/brine systems (Bennion and Bachu, 2008b).

Unit Lithology Depth (m) Pressure (MPa) Temperature (K) Brine salinity (mg/L) Porosity (%) Absolute permeability (mD) IFT to CO2 (mN/m) IFT to H2S (mN/m)

Viking #2 Sandstone 1342 8.6 308 28300 19.5 21.72 32.1 a 12.2 a

Nisku #2 Carbonate 1953 17.4 329 136800 11.4 21.02 34.6 a 12.3 a

Calmar Shale 1566 12.25 316 129700 3.9 2.94 � 10�6 27.6 b 16 d

Muskeg* Anhydrite 1491 15 344 189800 1.2 0.0003.54 � 10�4 30 c 7.0 d

* Sample from the Zama oil field in northwestern Alberta. All other samples were from the Wabamun/Pembina oil field in central Alberta.
a IFT values for the Viking #2 sandstone and Nisku #2 carbonate were obtained from Bennion and Bachu (2006a).
b IFT to CO2 for Calmar shale was obtained from Bachu and Bennion (2008).
c IFT to CO2 for Muskeg anhydrate was obtained from Chalbaud et al. (2009).
d IFT to H2S for Calmar shale and Muskeg anhydrate were interpolated from values obtained by Shah et al. (2008a).

Fig. 42. Comparison between the relative permeabilities of CO2-brine and H2S-brine during the drainage and imbibition processes in the (a) Viking formation, (b) Nisku formation,
(c) Calmar formation and (d) Muskeg formation (Bennion and Bachu, 2008b).

Table 8
Relative permeability parameters for CO2/brine and H2S/brine systems during the drainage and imbibition processes for rock samples from the Wabamun and Zama areas,
Alberta, Canada (Bennion and Bachu, 2008b).

Unit Drainage process Imbibition process

CO2/Brine system H2S/Brine system CO2/Brine system H2S/Brine system

krg0 Swr m n krg0 Swr m n krw0 Sgr m n krw0 Sgr m n

Viking #2 0.2638 0.423 1.7 2.8 0.2223 0.481 1.8 3.0 0.365 0.297 2.1 4.0 0.1312 0.159 1.3 4.5
Nisku #2 0.0999 0.492 2.7 4.6 0.2231 0.545 1.7 6.2 0.55 0.218 2.1 4.4 0.2485 0.265 2.2 4.4
Calmar 0.1875 0.638 1.3 2.5 0.673 0.484 1.5 1.8 0.282 0.256 4 2.2 0.6008 0.141 1.3 1.4
Muskeg 0.0000828 0.815 6.6 2.7 0.0000298 0.899 4.0 7.5 e 0.18 e e e e e e
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Fig. 43. Effects of the H2S content on residual saturation.

Fig. 44. Effects of the H2S content on endpoint relative permeability.

Fig. 45. Effects of the H2S content on (a) gas relative permeability and (b) brine relative
permeability at a water saturation of 0.7.

X. Zhang et al. / Journal of Rock Mechanics and Geotechnical Engineering 14 (2022) 2003e20332028
6. Discussion

The existing experimental data and theoretical models were
reviewed to explore how H2S content affects the thermophysical
properties of the acid gas. The development of better theoretical
models requires abundant experimental data, and semitheoretical
models cannot be more accurate than the experimental data to
which they are fitted. Regarding the density of acid gas, the avail-
able data for the pure CO2 and H2S are sufficient in this context.
However, only limited experimental data are available for the
densities of CO2eH2S mixtures, covering only a small range of the
temperatures, pressures and H2S contents of interest. For the vis-
cosity of the acid gas, high-quality data exist for the pure CO2, but
only limited data are available for the pure H2S. There are currently
no available viscosity data for the CO2eH2S mixtures. Experimental
measurement of the thermophysical properties of acid gas, espe-
cially the CO2eH2S mixtures, remains an important topic in future
study.

It is necessary to consider the variation in the H2S content in
acid gas geological sequestration. The preceding review shows that
as the H2S content varies in the geological co-storage of CO2 and
H2S, the acid gas viscosity, IFT and wettability can be altered.
However, there is only a single dataset available on the IFTof a CO2e

H2S mixture provided by Shah et al. (2008a). Hence, considerable
attention should be paid to IFT measurements of the CO2eH2S
mixtures in future studies. Furthermore, it is unreasonable to
expect the effect of the H2S content on the wettability of rock
minerals to be the same in all rock-fluid systems. Only a few
experimental data points on the water contact angle of acid gases
(CO2, H2S and their mixtures) on quartz, calcite and mica substrates
are available, and data on the water contact angle of acid gases
(CO2, H2S and their mixtures) on biotite mica, feldspar, montmo-
rillonite, kaolinite, illite and smectite mudrocks are rare. Experi-
mental measurements are desired to investigate the effect of the
H2S content on the wettability of caprocks and storage rocks for
acid gas geological sequestration.

In rock/oil/water system, the effect of wettability on the relative
permeability and capillary pressure characteristics has been well
investigated. Wettability is a major control of the location, flow and
spatial distribution of fluids in rock. Thus, the wettability has been
shown to affect the relative permeability, residual saturation,
endpoint relative permeability and capillary pressure curves. In
contrast, there are few experimental data points of the relative
permeability and capillary pressure of the acid gas/water/rock
system. However, the results demonstrate that the influence of
wettability on relative permeability and capillary pressure charac-
teristics in acid gas/water/rock system is similar to that in oil/water/
rock system. For instance, the typical capillary pressure curves of
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Fig. 46. Comparison of the capillary pressure with CO2-brine and H2S-brine in the (a)
Viking formation and (b) Nisku formation (Bennion and Bachu, 2006a).

Fig. 47. Effects of the H2S content on capillary pressure at a water saturation of 0.7.
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the acid gas/water/rock systems with different wettabilities pre-
sented by Iglauer et al. (2015) are consistent with capillary pressure
characteristics of oil/water/rock systems with different contact
angles determined experimentally by Morrow (1976).

Furthermore, whether in the acid gas/water/rock system or in
the oil/water/rock system, the wetting fluid fills the narrowest
regions of the pore space and is poorly connected, stranding the
nonwetting phase in the larger pores. It would be sensible to
conduct experimental measurements in the reservoir systems
that have a high potential for the acid gas geological sequestra-
tion. The experimental work should include not only relative
permeability and capillary pressure tests but also wettability
measurements. Without such experimental measurements, it is
preferable to construct the relative permeability and capillary
pressure curves of acid gases under different wettability condi-
tions based on the data of the oil/water/rock system (Al-
Khdheeawi et al., 2017a; b, 2018).

For the effect of the IFT on the relative permeability character-
istic, only Bennion and Bachu (2005, 2006b, c) focused on the CO2/
brine system in the CO2 geological storage. Other studies (Talash,
1976; Batychy and McCaffery, 1978; Bardon and Longeron, 1980;
Amaefule and Handy, 1982; Torabzadey and Handy, 1984; Asar and
Handy, 1988; Shen et al., 2010) investigated the effect of the IFT on
the relative permeability nonlinearity for the oil/brine or gas sys-
tems. Notably, Talash (1976), Asar and Handy (1988) and Bennion
and Bachu (2005, 2006b, c) conducted experimental tests in oil/
brine, gas/oil and CO2/brine systems, respectively. However, in their
studies, a consistent finding was reported that the relative
permeability of both the wetting and nonwetting phases increased
with decreasing the IFT at a given water saturation.

In addition, for the IFT effect on the relative permeability char-
acteristic, only Shen et al. (2010) isolated the impact of the IFT on
the relative permeability. They found there may exist a crucial IFT
value below and above which the influences of IFT on relative
permeability are very different. Regarding the effect of IFT on the
relative permeability characteristics investigated by other re-
searchers, the viscosity, flow velocity and viscosity ratio also
changed when the test conditions were changed to obtain different
IFT levels (Talash, 1976; Batychy and McCaffery, 1978; Bardon and
Longeron, 1980; Amaefule and Handy, 1982; Torabzadey and
Handy, 1984; Asar and Handy, 1988; Bennion and Bachu, 2005
2006b, c). Under these circumstances, the relative permeability,
residual saturation, and endpoint relative permeability are func-
tions of both the individual variables and the capillary number.
However, there is no consistency in the effect of the capillary
number on the relative permeability characteristics.

Furthermore, both the viscosity of the acid gas and IFT of acid
gas/water system change with the variation of the H2S content in
acid gas geological sequestration. Thus, we proposed that further
investigation of the effect of IFT and viscosity on acid gas/brine
relative permeability and capillary pressure characteristics in acid
gas geological sequestration is necessary.

In the present study, the focus is on the alterations of the
interfacial characteristics of the acid gas/brine/rock system and
thermophysical properties induced by changes in the H2S content
and how these alterations affect the relative permeability and
capillary pressure characteristics. The geochemical effects of the
H2S content in the acid gas injection are not considered. However,
compared with the pure CO2 injection, the co-injection of CO2eH2S
resulted in decrease of pH, and then the lower pH droved more
severe corrosion of the primary minerals (e.g. feldspar, basalts,
oligoclase, calcite and chlorite), favoringmore secondarymineral to
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be formed, such as amorphous quartz, kaolinites, anhydrite and
pyrite (Schaef et al., 2010, 2013; Li et al., 2016). Particularly, the
precipitation of pyrite may partially inhibit the precipitation of Fe-
bearing carbonate minerals such as ankerite in the H2SeCO2-brine-
sandstone interaction (Li et al., 2016). Pore dimension and
morphology may change due to mineral precipitation and disso-
lution, affecting the wettability heterogeneity, capillary pressure
and relative permeability. Thus, the alterations of geochemical
interaction of acid gas/brine/rock systems induced by changes in
the H2S content and how these alterations affect the relative
permeability and capillary pressure characteristics need further
research.

In conclusion, it would be advisable to conduct experimental
measurements in reservoir systems that have a high potential for
acid gas geological sequestration. The experimental work should
include not only relative permeability and capillary pressure tests
but also measurements of the viscosity, IFT, wettability and
geochemical reactions.

7. Conclusions

The effects of the H2S content on the relative permeability and
capillary pressure characteristics in the acid gas geological
sequestration are considered in this paper. The alteration in the
viscosity, IFT and wettability induced by the variation in the H2S
content has a significant impact on the relative permeability and
capillary pressure characteristics. This has important implications
for ascertaining acid gas injectivity andmigration and assessing the
suitability and safety of prospective acid gas sequestration sites.
Key findings are given below.

(1) The H2S mole fraction has a larger control on the CO2eH2S
mixture fluid density in a liquid or supercritical phase than in
a gas phase. When the temperature and pressure conditions
approach the phase boundaries, the densities of CO2eH2S
mixtures increase with increasing H2S mole fraction. How-
ever, when the temperature and pressure conditions are far
from the phase boundaries, the densities of the CO2eH2S
mixtures decrease with increasing H2S mole fraction.

(2) In the gas phase, the viscosities of CO2eH2S mixtures
decrease with increasing H2S mole fraction. However, in the
liquid phase, the viscosities of the CO2eH2S mixtures in-
crease with increasing H2S mole fraction. Furthermore, there
exists a range where the viscosities of CO2eH2S mixtures
with different H2S mole fractions are almost the same in the
supercritical phase.

(3) The water/acid gas IFT decreases strongly with increasing
H2S content. In particular, the IFT between a CO2eH2S
mixture and water is proportional to the CO2 (or H2S) mole
fraction in the acid gas if the acid gas is under the super-
critical conditions.

(4) The effect of the H2S content on the wettability of gas/water/
rock systems is suggested to depend on the type of mineral
substrate. The wetting behavior of carbonate-rich Rousse
rock with H2S in a low-salinity brine does not exhibit sig-
nificant changes and remains water-wet compared to that in
the presence of CO2. In contrast, mica is less water-wet when
the H2S is gaseous. Furthermore, a wettability reversal of
mica to H2S-wet behavior occurs when H2S is liquid. For a
clean quartz surface, the contact angle of the quartz/water/
H2S system is larger than that of the analogous quartz/water/
CO2 system. However, for quartz substrates contaminated
with hydroxyl groups, the contact angle of the quartz/water/
H2S system is similar to that observed with the quartz/water/
CO2 system.
(5) At a given saturation, the capillary pressure decreases with
decreasing IFT. As IFT decreases, the capillary pressure curve
shifts toward lower water saturations. Regarding the effect of
the IFT on the relative permeability characteristics, there is
no consistency in the effect of the capillary number on the
relative permeability characteristics.

(6) At a given saturation, the relative permeability of a fluid is
higher when it is the nonwetting phase in a system than
when it is thewetting phase in another system. Both residual
wetting and nonwetting phases are affected by wettability.
Although there are conflicting results among different sys-
tems, it appears that residual water saturation increases
when a uniformly wetted system becomes more water-wet.
Meanwhile, the residual gas saturation increases when the
uniformly wetted system becomes more water-wet. When
the system is more water-wet, the endpoint relative
permeability to water is lower, while the endpoint relative
permeability to gas is higher. At a given saturation, the
capillary pressure increases when the system becomes more
water-wet.

(7) The capillary pressure at a constant water saturation
decreased with increasing the H2S mole fraction due to the
lower capillary pressure at higher H2S mole fractions in acid
gas. However, it is difficult to obtain the relative permeability
characteristics at different H2S mole fractions in acid gas due
to the influence of multiple factors, such as IFT and
wettability.

Nevertheless, the issue of the effect of the H2S content on the
relative permeability and capillary pressure characteristics is not
yet fully resolved. The recommendations are as follows:

(1) To obtain a better understanding of the effect of the H2S
content on the thermophysical properties, further experi-
mental work is required, with a focus on the densities and
viscosities of CO2eH2S mixtures for a wide range of tem-
peratures, pressures and H2S contents of the acid gas.

(2) The IFT and wettability influenced by the H2S content in
different acid gas/water/rock systems have not been fully
investigated. Furthermore, the effect of viscosity, IFT and
wettability of acid gas/water/rock systems on relative
permeability and capillary pressure characteristics is an
important topic for future studies.

(3) The H2S content may affect the mineral precipitation and
dissolution in the H2SeCO2-brine-rock interaction, and then
change the pore dimension and morphology. Hence, the al-
terations of geochemical interaction of the acid gas/brine/
rock systems induced by changes in the H2S content and how
these alterations affect the relative permeability and capil-
lary pressure characteristics need further research.

(4) Due to the lack of consensus on the universal effect of H2S
content on the relative permeability and capillary pressure
characteristics in all rock-fluid systems, it is advisable to
perform experimental measurements relevant to acid gas
geological sequestration.
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