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ABSTRACT

The design and implementation of water-alternating-gas (WAG) process in an improved and cost-effective
way are still under process. Due to the complexities involved in implementing the process and the lack of
information regarding fluid and reservoir properties, the water-alternating-gas process has not yet been
as successful as initially expected. This situation can be overcome by better understanding the fluid
distribution and flow behavior within the reservoir. The ultimate purpose can be achieved with improved
knowledge on wettability and its influence on fluid distribution, capillary pressure, relative permeability,
and other design parameters. This paper gives an insight on the WAG process design and the recently
developed correlations which are helpful in incorporating the effects of wettability variations on fluid
dynamics within the reservoir.
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1. INTRODUCTION

Generally, water injection is the chosen
recovery technique in the case of water-wet
reservoirs, and gas injection is similarly preferred
for oil-wet reservoirs. However, water-alternating-
gas (WAG) processes give better recovery than
injecting gas or water alone by utilizing the
advantages of both gas and water injection at the
same time (Freistuhler et al., 2000; Soares, 2008).
When water and gas injection are implemented
simultaneously, the front stability increases,
resulting in better sweep efficiency (Dehghan et
al., 2009; Hyne, 2001). The WAG process provides
higher microscopic gas displacement efficiency and
better macroscopic water sweep efficiency, which
leads to better displacement and increased
recovery when compared to gas or water injection
techniques (Christensen et al., 1998, 2001;
Dehghan et al., 2009; Rouzbeh and Larry, 2010;
Sohrabi et al., 2004).

Reviews published by Christensen et al. (1998,
2001) show that the predicted incremental
recovery (over waterflooding) obtained by the
implementation of WAG projects ranges from 2.0
% to 19.6 %, with most cases lying between 6 %
and 16 %. In addition, the reviews show that the
actual observed incremental recovery on field scale
declines by a factor of almost 40 % on average with
respect to the predicted values, due to production-
related problems. The recovery factors mentioned
in these reviews, however, can be increased by
proper design and implementation of the WAG
process.

Significant efforts to increase recovery rates by
modifying the WAG process have been made
(Christensen et al., 1998; Gorell, 1990; Jianwei et
al., 2008a,b; John and Reid, 2000; Prieditis et al.,
1991), but most of them are at laboratory scale and
need to be further analyzed critically in order to

@‘

i oil H ﬁ
Recovered as
i Gas Water Gas Water Gas :
H aresult of H
i [— >, WAG Proce: d

Figure 1. Schematic diagram of the WAG process.

offer similar promising results on field scale. The
difference in results between experimental
investigations and practical implementation on
reservoir scale usually arises from the fact that the
cores are not generally true representatives of the
reservoir. This occurs due to the fact that core
samples represent the reservoir properties on
localized scale and moreover their properties
(wettability, permeability, etc.) are also altered
during drilling and various core handling
procedures (O'Carroll et al., 2005; Shedid and
Ghannam, 2004).

2. WAG PROCESS CLASSIFICATION

A typical WAG process is schematically shown in
Figure 1. A number of classifications are available,
based on the types of fluid involved and the
manner in which they are injected, but, in general
it can be divided into miscible and immiscible
displacement process (Christensen et al., 1998,
2001; Ho and Webb, 2006; Jensen et al., 2000;
Jianwei et al., 2008b, Lo et al., 2003, Raj et al.,
2010).

In the miscible WAG process, the injected gas is
miscible with the reservoir oil under the prevailing
conditions (Arne and Elisabeth, 2007). Miscibility
can be further classified as first-contact miscibility,
when the gas is miscible as it becomes in contact
with the oil, and multi-contact or dynamic
miscibility, in which miscibility is achieved with
time as displacement continues (Al-Shuraiqi et al.,
2003; Ho et al. 2006; Willhite, 1986). Partial
miscibility may also exist within a reservoir in which
the injected gas is not completely miscible with oil
and also retains its free state (Latil 1980; Willhite
1986). Miscibility of gas provides an additional
advantage of decreasing oil viscosity, thereby
resulting in mobilization of trapped oil ganglia
during later production stages.

In the immiscible WAG process, the injected gas
is not miscible with the reservoir oil and it displaces
the oil while maintaining its gaseous phase, with a
front between the two phases (Fanchi, 2004; Latil,
1980; Willhite, 1986). Further classification of WAG
process is given below, depending on the injection
technique used in the process.

A water-alternating-gas injection process can be
implemented as hybrid WAG injection, in which a
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large volume of gas is initially injected, and then
small volumes of water and gas are injected
maintaining a WAG ratio of 1:1 (Arne and
Elisabeth, 2007; Bunge and Radke, 1982;
Christensen et al., 2001; Magruder et al., 1990;
Prieditis et al., 1991; Roper et al.,, 1992).
Moreover, simultaneous water and gas injection
(SWAG) is also one of the well-known techniques
(Ahmad et al., 2009; Arne and Elisabeth, 2007).
Based on laboratory experiments, Caudle and Dyes
proposed in 1958 that simultaneous water and gas
injection can improve the displacement process. In
a SWAG process, water and gas are injected
simultaneously thereby providing the advantage of
gas and water injection at the same time (Caudle
and Dyes, 1958; Christensen et al., 2001).

3. FACTORS INFLUENCING WAG PROCESS
DESIGN

The well-known issues to be considered in the
design of the WAG process to date are fluid
properties, rock-fluid interaction, availability and
composition of injection gas, WAG ratio,
heterogeneous permeability, injection pattern,
capillary pressure, relative permeability, and
wettability (Christensen et al., 2001; Heeremans et
al., 2006; Lo et al, 2003; Raj et al., 2010; Rouzbeh

and Larry, 2010; Morrow 1990), which are

described below.

3.1Fluid properties and rock-fluid
interaction

Nowadays, highly precise measurements of fluid
properties and characteristics can be done in
laboratory (Florian et al.,, 2007; John and Reid,
2000; Sattar et al., 2007). But, unfortunately, the
fluid behavior within the reservoir is a key
parameter which still requires more knowledge
and development for better understanding it. This
phenomenon becomes even more complex when
the prevailing conditions within the reservoir
change as a result of undergoing processes.
Variations in rock-fluid interaction with changing
conditions in a reservoir result in wettability
variations, which in turn affect flow parameters
such as capillary pressure and relative permeability
(Josephina et al., 2006; Katayoun and Ali, 2005;
Mathew et al., 2005; Zahoor, 2011).

3.2 Availability and
injection gas

composition  of

In the design of WAG processes, the availability
of gas, in terms of quantity and composition, plays
a vital role. Usually, the gas produced with oil from
a reservoir is re-injected during the WAG process.
Gas composition, in particular, is critical in WAG
process design because it is a deciding parameter
that determines whether the process is going to be
miscible or immiscible under the prevailing
conditions of pressure and temperature within the
reservoir (Bon and Sarma, 2009; Jianwei et al.,
2008).

3.3WAG ratio

The WAG ratio is highly significant in WAG
process design (Chen et al., 2010, Farshid et al,
2010). A WAG ratio of 1:1 is normally used in field
applications. However, the WAG ratio strongly
depends on reservoir’s wettability and availability
of the gas to be injected (Jackson et al., 1985; John
and Reid, 2000). In general, it is preferable to inject
higher gas volumes as compared to water in oil-wet
reservoirs. The amount of volumes to be injected
at the desired pressures strongly affects the cost of
surface facilities, like compressors and pumps,
which in turn strongly influences the WAG ratios
due to economic constraints.

3.4 Heterogeneous Permeability

The vast majority of reservoirs have non-
uniform pore size distribution with varying degrees
of interconnectivity, giving rise to heterogeneous
permeability. Sometimes the heterogeneity can be
segregated in the form of layers, constituting
homogeneous layers in the reservoir. As
heterogeneity becomes more disordered, an even
more complex reservoir fluid flow behavior is
observed. Heterogeneity can severely affect WAG
process design and resulting recovery rates. This
situation worsens as the vertical-to-horizontal
permeability ratio increases. As this ratio increases,
gravity segregation start dominating the fluid flow
behavior, which might result in lower recovery
rates (John and Reid, 2000; Latil, 1980). The effect
of vertical segregation was studied by Jackson et
al. (1985), which concluded that the relationship
between permeability ratio and oil recovery rates is
of inverse proportions.
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The effects of stratification and heterogeneity
can be distinct in different reservoirs, affecting
various parameters such as capillary pressure,
relative permeability, and mobility ratios (Ahmad
et al., 2009; Al-Shuraiqi et al., 2003; Carlos et al.,
2001; Farshid et al., 2010; Gorell, 1990; Henriquez
et al., 1996; John and Reid, 2000; McCoy et al.,
2000).

3.5Injection Pattern

Well’s spacing is critical in WAG process design
(Christensen et al., 1998, 2001; Fanchi, 2004;
Jensen et al.,, 1996; Mohammad et al., 2010;
Nestor, 1999; Raj et al, 2010; Ridha, 2003; Skauge
and Berg, 1997; Slotte et al., 1996). The Five-spot
injection pattern is very popular, as it can provide
better control on  frontal displacement
(Christensen et al. 1998, 2001; Fanchi, 2006; Latil,
1980; Talal and Joost, 2006). However, the results
of a recent study conducted by Mohammad et al.
(2010) on an Iranian fractured reservoir shows that
a 4-spot pattern (4 producers with 2 injectors)
gives higher recovery than a 5-spot pattern (6
producers with 2 injectors). Therefore, increasing
the number of wells does not necessarily mean
that recovery will be increased.

Well’s orientation is also an important
parameter, because combination of vertical
producers with horizontal injectors is known to
give better recovery (Chase and Todd, 1984;
Nestor, 1999). The advances in computer
technology and software development have made
this possible, that the optimum location of wells
and their orientation, together with parameters
like WAG ratio, can be selected through simulation
studies by preparing a number of scenarios
(different field development models of reservoir)
and analyzing the front propagation and recovery
enhancement (Attanucci et al. 1993; Charles and
Startzman, 1991; Farzaneh et al. 2009; Flores,
1982; Thu et al., 1983; Talal and Joost, 2006; Tara
and Kristian, 2007; Todd and Asgarpour, 1988).

3.6 Capillary pressure

The capillary pressure is defined as the
difference in pressure at the interface between
two immiscible fluids. Mathematically, it can be
expressed by Equation 1, for a system in which one
fluid is wetting and the other is non-wetting:

P.=P,—P, (1)

In terms of radius of the pore throat, the
capillary pressure can be given by Equation 2, as
discussed by Cosse (1993):

p_ 25Cos0
“or (2)

where 0is the contact angle, representing rock
wettability; and r is the radius of the pore’s throat.
The entry pressure, or the pressure at which the
displacement of one fluid by another will start, can
be estimated by modifying Equation (2) as follows:

_ 26Cos0

£ R (3)

where R is the radius of the largest pore in which
the displacement process initiates.

Pc —»

Increasing oil
wettability

Se: T %

Figure 2. Capillary pressure curves under different
wettability conditions.

Experiments conducted by Killins et al. (1953)
showed that both displacement pressure and
capillary pressure are comparatively high in
strongly oil-wet rocks during displacement of a
wetting phase by a non-wetting phase, which can
be demonstrated with the help of Figure 2 (as a
function of oil saturation, S,).

This difference is due to the strong affinity of
the rock surface with oil to become oil-wet, as
compared to moderately or poorly oil-wet rocks.
The difference in capillary pressure behavior and
the degree of affinity between the rock surface and
fluid (water and oil) play an important role in
calculating the volumes of fluid to be injected, their
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composition (gas, brine, surfactants, etc.) and
hence in the design of any enhanced oil recovery
method (Chandra and Dandina, 2003). For
example, in the case of WAG process in oil-wet
reservoirs, if miscibility can be achieved, it will
result in decreasing oil viscosity, also causing some
part of oil which coats the rock surface to become
mobile by overcoming the adhesive forces (the
higher the adhesive forces, the higher the oil-
wetness of the rock), which will also be produced
later at lower pressure differentials.

3.7 Relative permeability

Relative permeability is a direct measure of the
ability of the porous system to conduct one fluid in
the presence of one or more fluids (Craig, 1971).
The relative permeability of a fluid is strongly
dependent on wettability, as it controls the initial
distribution of fluid and the further displacement
of one fluid by another (Anderson, 1987a). The
wetting phase occupies the smaller pores while the
non-wetting phase retains the larger pores
(Ahmed, 2006; Anderson, 1987a; Donaldson and
Thomas, 1971; Peet, 2008). By occupying the
smaller pores, the wetting phase will have lower
relative permeability as compared to the non-
wetting phase. This difference in permeability is
due to the fact that the wetting phase will be
travelling through tighter paths that have poor
connectivity as compared to the paths mainly
followed by the non-wetting phase (Ahmed, 2006;
Anderson, 1987a). This can be illustrated with the
help of Figure 3, which shows that the relative
permeability of oil or water is lower for the same
saturation in its wetting state (see the
Nomenclature section for details).

The effect of wettability and fluid distribution
on displacement behavior in the porous medium
can be best explained by assuming an oil-water and
rock system. During water injection, when the rock
surface is preferentially water-wet, water will
advance along the walls of the pore, and the oil will
be displaced quite easily because of weaker or no
adhesive forces existing between oil and rock
surfaces (Anderson, 1987a; Sattar et al., 2007). In
contrast, under oil-wet situations, injected water
preferably flows through less restrictive paths
(larger pores), and the existing adhesive forces
impair the oil flow, leaving higher remaining oil
saturation at breakthrough as discontinuous
ganglia and also coating the rock surface

— Ol wet
= = Water wet

Kr —»

Figure 3. Relative permeability curves under
different wettability conditions.

(Anderson, 1987a; Craig, 1971; Donaldson and
Thomas, 1971; Sattar et al., 2007). This shows that
water injection in a water-wet system s
comparatively more efficient, resulting in higher oil
recovery as compared to oil-wet situations
(Anderson, 1987a; Morrow et al., 1986; Sattar et
al., 2007). So, wettability needs to be considered
crucially during WAG process design for even
improved recovery.

Furthermore, the significance of capillarity can
be represented by using a capillary number and
further relating this number with recovery
expectations. Mathematically, the capillary number
(N.) can be given as (Rao et al., 2006):

N (4)
cCc0os0

Where, Equation (4) shows that, as the capillary
number decreases due to increase in capillarity (c
cos 0), the recovery decreases (Moore and Slobod,
1995; Sattar et al., 2007).

3.8 Wettability

Wettability is the ability of one fluid to coat the
rock surface in the presence of other immiscible
fluids (Craig, 1971). As discussed earlier, WAG
process design parameters are directly or indirectly
influenced by wettability. The design becomes
further complicated when wettability can also
change with time as a result of undergoing
processes within the reservoir. A number of
authors (Baldwin and Gray, 1974; Crocker and
Marchin, 1985; Anderson, 1986; Dandekar, 2006;
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Donaldson and Thomas, 1971; Donaldson, 1981;
Donnez, 2007; McGee, 1985; Tripathi and
Mohanty, 2008) have discussed the causes of
wettability alteration. Wettability can be different
in different parts of the reservoir, due to distinct
phenomena of adsorption and deposition of
organic and inorganic materials present in the
crude oil (Baldwin and Gray, 1974; Civan, 2000;
Drummond and Israelachvili, 2004; Johansen and
Dunning, 1959; Kowalewski et al., 2002; Morrow,
1990, Shedid and Ghannam, 2004). This also
occurs due to the presence of diverse kind of
minerals in different regions of the formation
(Brown and Neustadter, 1980; Figdore, 1982;
Gaudin and Fuerstenau, 1955; Liu and Buckley,
1999; Somasundaran and Hanna, 1979; Strand et
al., 2006; Zhang and Austad, 2006, Zhang et al.,
2007).

Organic materials can precipitate in a reservoir
as a result of undergoing processes and
corresponding changes in the prevailing conditions.
After precipitation, these materials have the
tendency to get deposited or adsorbed on the rock
surface, affecting the formation wettability. The
following correlation can be used to predict the
extent of precipitation (Oddo and Tomson, 1994):

K =Xa /(XA )S (5)

Furthermore, the chances of precipitation of
inorganic materials present in crude oil can be
calculated by using the following correlation (Oddo
and Tomson, 1994):

Fs :[Me :l\,l [An ]Vz /Ksp (6)

where F, < 1 stands for undersaturated solution, F
= 1 shows equilibrium stage, and F; > 1 represents
supersaturated solutions, demonstrating that the
conditions are favorable for precipitation.

Some studies have shown that reservoirs which
were initially strongly water-wet can be changed to
oil-wet as a result of adsorption of surface-active
agents present in the crude oil (for example,
asphaltenes, etc.) on the oppositely charged rock
surfaces (Liu and Buckley, 1999; Dandekar, 2006).
These agents can affect the wettability of
sandstone as well as that of carbonate surfaces
(Abdurashitove et al., 1996). Wettability alteration
can also be a continuous process depending on the
nature of deposition. Deposition of surface-active

agents can be either static or dynamic. The latter
differs in a way that the quantity of adsorbed
asphaltenes continuously increases, which may
also lead to formation damage (Piro et al., 1996;
Stephen et al., 2006). It has been reported in the
literature survey by Dandekar (2006) that
wettability can be altered as a result of asphaltene
adsorption from a contact angle of 40-60° to 120°,
and also from 50-70° to 170°.

4. RECENT DEVELOPMENTS

Due to the advances in computer technology,
with ready availability of reservoir simulation
softwares, the design of WAG or any other
enhanced oil recovery process is accomplished with
the help of dynamic modeling. These
advancements gives the opportunity for reservoir
analysts to choose from several options, such as
analyzing different well injection patterns, WAG
ratios, injection rates, etc. Also, the optimum
design could then be selected in a time-efficient
manner, based on economic constraints and
company’s policies. For precise and more reliable
studies, better knowledge on fluid flow behavior
within the reservoir is required, which is strongly
influenced by wettability and parameters that
depend on wettability, particularly capillary
pressure and relative permeability (Kim et al.,
1990; Zahoor, 2011). To accomplish the desired
task, efforts have been made from time to time for
better incorporation of wettability effects on
reservoir’'s dynamics. Special consideration has
been given in obtaining the capillary pressure
curves, which are truly representative of the
reservoir. Once capillary pressure curves are
obtained, they can then be used to generate
relative permeability data at prevailing conditions
of wettability, using relative permeability models
available in the industry.

A model presented by Anderson (1987b) shows
the behavior of the capillary pressure curve with
reference to displacement of one fluid by another
in a core. Later, Tsakiroglou and Fleury (1999)
developed the model to generate capillary
pressure curves for fractionally-wet rocks, based on
water saturation regions. Also, a set of correlations
have been recently developed by Zahoor (2011),
which can successfully generate and predict
capillary pressure curves for the entire range of
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wettability conditions, i.e., from strongly water-wet
to strongly oil-wet situations.

4.1 Zahoor Correlation

A set of correlations have been developed by
Zahoor (2011) to predict capillary pressure for the
entire range of wettability conditions, provided
that the capillary pressure data set for any
wettability condition is known. Mathematically, in
a generalized form:

Peest. = de_c (Sem )71/)L +k, (A0) x dec = (Sem )71/)L (8)

where k; = 1.24 x 10™ and Sen, is @ parameter
that is based on the saturation stage, taking place
during the displacement process (Zahoor, 2011).

The sign convention in the correlation, in
general, will be positive if the capillary pressure is
to be predicted for wettability in increasing order
(in terms of contact angle) and the displaced fluid is
oil. To generate a capillary pressure curve, the
entire displacement process can be divided into
three parts, as follows:

1) Displacement at higher displaced fluid
saturation stage

2) Displacement at lower displaced fluid saturation
stage

3) Transient stage

4.2.1 Flow at higher displaced fluid
saturation

To predict the capillary pressure during this
stage, effective mobile phase saturation can be
given as:

s - Smphasel_Srmphensel

o 1- Srmphasez _Srmphasel (9)

Equation 10 gives a good prediction of capillary
pressure for the flow at higher displaced fluid
saturation stage (H.S.S), which is obtained by
incorporating Equation 9 into the developed
correlation (Equation 8) for capillary pressure
estimation. Mathematically:

=]

o3

—1/n
_ Smphavsel - Srmphasel +
est. = Tdpc -

1- Srmphasez - Srmphasel

=1/

S -S

+ k1 (Ae) « de ) « 'mphasel rmphasel (10)
1- Srmphalsez - Srmphase:L

In simplified notations, this stage finishes at
approximately 43.75 % of the maximum displaced
phase saturation. During this stage, trapping of
displaced fluid (oil or water), adhesive forces and
roughness of rock surface do not have significant
impacts because higher saturation is available for
displacement during the initial stage of the process.
Therefore, changes in capillary pressure, with
reference to saturation, are comparatively less
intensive.

4.2.2 Flow at
saturation

lower displaced fluid

This stage occurs when the displaced fluid
saturation is approaching its residual saturation
after transient flow. In this lower displaced fluid
saturation stage (L.S.S), any further decrease in the
saturation of the displaced fluid results in abrupt
changes in capillary pressure with reference to
change in saturation. Briefly, during this stage, a
significant increase in pressure is required to
displace the fluid further to lower saturation levels,
when the discontinuous ganglia of displaced fluid
are re-uniting, which are produced later. To
estimate the capillary pressure during this stage,
the effective mobile phase saturation can be given
as:

S - S‘rmphasel (112)

mphasel

1-S

Sem =

rmphasel

In this case, the developed correlation (Equation 8)
for capillary pressure estimation becomes:

—1/% 1/
S -S S -S
Pees. =P, [w] £k, (A6)xPy, x[w] (12)

rmphasel ~ “rmphasel

4.2.3 Transient stage

This stage lies between the two stages
mentioned above. During this period, capillary
pressure increases rapidly with small changes in
the displaced fluid saturation, as compared to flow
during the displacement at higher displaced phase
saturation stage. This flow stage occurs for a
further 10 % change (approximately) in the
displaced fluid saturation, after the H.S.S. stage is
finished. It is observed that the average of
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estimated capillary pressure for the stages
mentioned above gives a good prediction of
capillary pressure during this stage.
Mathematically:
Pc.est.(H.S.S) + Pc.est.(L.S.S)
Pc.est.(Transient stage) — 2 (13 )

The data generated by this methodology can be
incorporated into simulation studies. Knowledge of
the degree of affinity between the rock surface and
the oil/water interface more precisely facilitate the
proper design for WAG process or any other
enhanced oil recovery process.

5. CONCLUSION

WAG process design is comparatively more
crucial in the case of oil-wet reservoirs as
compared to water-wet situations, due to higher
remaining oil saturation. In addition, the higher
volumes of trapped oil enhance its feasibility for
field scale implementation. Proper WAG process
design and implementation requires better
knowledge on wettability, and wettability
variations in particular. Wettability, in addition to
influencing flow parameters, strongly affects other
design parameters, like the volumes of water and
gas required for injection, well spacing, etc.
Therefore, when the effect of wettability and its
variations within a reservoir during different stages
of depletion can be estimated precisely, an
improved WAG process design can be made in a
time-efficient and cost-effective manner.

NOMENCLATURE
A, anion present in inorganic material
Fs saturation ratio
Ksp saturation solubility product
K, relative permeability
M. cation present in inorganic material
P. capillary pressure
Pcest. estimated capillary pressure
Pdb.c displacement pressure of base case
Prow pressure of non-wetting phase
Pw pressure of wetting phase
P4 displacement or entry pressure
r pore throat radius

Sem effective mobile phase saturation

S, oil saturation

Smphaser  Mobile phase saturation of fluid 1

Srmphase1  Mobile phase residual saturation of fluid 1

Stmphase2  Fesidual saturation of fluid 2

\ velocity of displacing phase

Vq, V3 stoichiometric coefficients

Xa mole fraction of dissolved organic

(xa)s organic solubility at saturation conditions

A difference

o surface or interfacial tension, between two
immiscible fluids

0 contact angle

u viscosity

A characteristic constant
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