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Summary

A surfactant alternating gas (SAG) process is often the injection method for foam, on the basis of its improved injectivity over direct
foam injection. In a previous study, we reported coreflood experiments on liquid injectivity after foam flooding and liquid injectivity
after injection of a gas slug following steady-state foam. Results showed that a period of gas injection is important for the subsequent
liquid injectivity. However, the effects of multiple gas and liquid slugs were not explored.

In this paper, we present a coreflood study of injectivities of multiple gas and liquid slugs in an SAG process in a field core. Nitrogen
and surfactant solution are either coinjected or injected separately into the sandstone core sample. The experiments are conducted at an
elevated temperature of 90�C with a backpressure of 40 bar. Differential pressures are measured to quantify gas and liquid injectivities.
Computed tomography (CT) scanning is applied to relate water saturation to mobility.

During the injection of a large gas slug following foam, a bank in which foam completely collapses or greatly weakens forms near
the inlet and propagates slowly downstream. During the subsequent period of liquid injection, liquid flows through the collapsed-foam
bank much more easily than further downstream. Beyond the collapsed-foam region, liquid first imbibes into the whole cross section. In
this region, liquid flows mainly through a finger of high liquid saturation. Our CT results suggest a revision of our earlier interpretation;
the process of gas dissolution does not merely follow fingering but is evidently directly involved in the fingering process.

Our results suggest that, in radial flow, the small region of foam collapse very near the well greatly improves injectivity. The subse-
quent gas and liquid slugs behave near the wellbore, affecting injectivity, in a way similar to the first slugs. Thus, the behavior and mod-
eling of the first gas slug and first subsequent liquid slug is representative of near-well behavior in an SAG process. The trends
observed in our previous work are reproduced in a low-permeability field core.

Introduction

Foam, a dispersion of gas in a liquid phase, is widely used in a number of industries, including petroleum production (Harpole et al.
1994; Schramm 1994; Blaker et al. 2002; Skauge et al. 2002; Norris et al. 2014; Mukherjee et al. 2016) and environmental remediation
(Wang and Mulligan 2004; Atteia et al. 2013). Foam is applied as an enhanced oil recovery (EOR) technique because of its capability
of reducing gas mobility, improving gas-to-liquid mobility ratio, and in turn increasing gas sweep efficiency (Schramm 1994; Rossen
1996; Lake et al. 2014). Foam is also used to recover dense nonaqueous phase liquid in soils in a manner similar to an EOR process
(Hirasaki et al. 1997).

Foam can be placed into a reservoir by coinjecting gas and liquid (Rossen et al. 2010) or by a SAG process, where surfactant solu-
tion and gas slugs are injected alternatively (Kibodeaux and Rossen 1997; Farajzadeh et al. 2009a, 2009b). SAG is usually the preferred
method for foam injection because of its excellent gas injectivity (Matthews 1989; Heller 1994; Shan and Rossen 2004) and its ability
to reduce corrosion in pipes and facilities (Matthews 1989; Heller 1994). However, liquid injectivity can be problematic in SAG, and
fracturing of the injection well can occur (Kuehne et al. 1990; Martinsen and Vassenden 1999).

Injectivity is, thus, a crucial factor for success of an SAG process. Several studies (Thompson and Gdanski 1993; Kibodeaux et al.
1994; Zeilinger et al. 1995; Morphy et al. 1998; Talabani and Islam 1999; Nguyen et al. 2003; Nguyen et al. 2009) examine liquid injec-
tivity after full-strength foam rather than following a period of gas injection in an SAG process. Most of these studies focus on acid
diversion, in which liquid injectivity is extremely poor. This meets the goal of an acid stimulation process. However, this poor liquid
injectivity should be avoided in an SAG process. In our previous studies, we examined liquid injectivity directly following foam by
conducting coreflood experiments in Berea cores (Gong et al. 2019b). Liquid flows through foam in one or two fingers, leaving the
remaining foam trapped in place. The unsaturated liquid dissolves the gas inside and surrounding the liquid fingers. This is consistent
with the findings in earlier coreflood studies (Kibodeaux et al. 1994; Nguyen et al. 2009). We also reported in that study gas injectivity
after foam and liquid injectivity after injection of a gas slug following steady-state foam. The experimental results indicate that gas-slug
injection has massive impacts on the following liquid injectivity. A collapsed-foam region forms near an injection well during the gas
injection and slowly propagates further from the well as more gas is injected. This region is crucial to the subsequent liquid injectivity,
since liquid mobility in this region during the liquid injection is much greater than that further from the injection well. On the basis of
these experimental findings, in a separate paper (Gong et al. 2019a), we proposed a bank-propagation model reflecting the effects of gas
injection on the subsequent liquid injectivity. The banks we find in our experiments give a massive improvement in predicted injectivity
and are not currently represented in conventional foam simulators.

Multiple gas and liquid slugs are injected in an SAG process. Many studies and field application of an SAG process have been pub-
lished (Harpole et al. 1994; Grigg et al. 2002; Skauge et al. 2002; Awan et al. 2008; Farajzadeh et al. 2009a, 2009b; Norris et al. 2014;
Rossen et al. 2014; Mukherjee et al. 2016). Most of these work were focused on in-situ foam generation, gas injectivity, and gas sweep
efficiency in an SAG foam process. Higher gas injectivity compared to coinjection of gas and surfactant solution was observed, as foam
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in the near-well region dries out and injectivity increases (Kibodeaux et al. 1997; Shi and Rossen 1998; Shan and Rossen 2002). In a
separate study, Rossen and Renkema (2007) conducted a series of simulation of multiple-cycle SAG process with conventional foam
simulators. They found that injectivity of later slugs decreases after the first gas- and liquid-slug injection. However, as discussed in our
previous work (Gong et al. 2019a, 2019b), there are mechanisms that are not well represented in conventional foam simulators, such as
water evaporation into gas, gas dissolution into the liquid fingers, and others. There is a lack of experimental work on the effects of mul-
tiple gas and liquid slugs on the injectivity, specifically the effects of the earlier slugs on the injectivity of later slugs. In this paper, we
present a series of coreflood experiments of gas and liquid injectivities in a field core. The main goal is to examine the near-well flow
behavior during the injection of multiple gas and liquid slugs in an SAG process. We also examine liquid injectivity directly after
steady-state foam and following injection of a gas slug after foam, to investigate whether the flow behavior observed in our previous
studies also appears in this low-permeability field core.

Materials and Methods

Materials. A nearly homogeneous sandstone field core (Kamarul Bahrim et al. 2017) is used in these experiments. The core has a diame-
ter of 3.8 cm and a length of 6.9 cm. A field core is typically short, though it is possible to butt short cores to make a longer composite
core. We do not combine cores for a foam study because of the experimental artifacts included by capillary-end effect at each core bound-
ary (Apaydin and Kovscek 2001). The average porosity of the core is approximately 0.21, and the permeability is approximately 63 md.

A synthetic brine containing five salts [sodium chloride (1.84 wt%), sodium sulfate (0.28 wt%), magnesium chloride (0.73 wt%),
calcium chloride (0.1 wt%), and potassium chloride (0.05 wt%)] is used to prepare surfactant solutions. The brine, thus, contains 3 wt%
salinity. Surfactant A (Kamarul Bahrim et al. 2017) is used to conduct the foam experiments. The surfactant solution with a concentra-
tion of 0.5 wt% is used. Nitrogen with a purity of 99.98% is the gas phase in the foam.

Experimental Setup. The setup used to perform the coreflood experiments is schematically shown in Fig. 1. The core is coated with
epoxy and built into a polyether ether ketone core holder, which is appropriate for CT scanning because of its low X-ray attenuation.
The core holder is fixed horizontally and coated with a thermal jacket, with heated silicon oil flowing through it, to hold the temperature
of the core at approximately 90�C. Two absolute-pressure transducers and two differential-pressure transducers are used to monitor the
absolute pressures at various positions along the core, as well as the pressure drops across the entire core (DPt) and across the middle
section of the core (Section 2, DP2). In this work, we study the middle section (Section 2), which has a length of 4.2 cm, to avoid the
entrance region (Ransohoff and Radke 1988) and the capillary-end effects (Apaydin and Kovscek 2001). A Quizix pump is used to
inject surfactant solution and control the liquid injection rate. Nitrogen is provided from a gas cylinder and injected into the core
through a mass flow controller. A backpressure regulator is applied to maintain the backpressure at 40 bar.

A third-generation Siemens SOMATOM CT scanner is used to visualize water-saturation changes and relate the change in water satur-
ation to that in pressure difference measured in the experiments. The CT scanner is operated with single energy at a voltage of 140 keV and
a current of 250 mA. To obtain the water-saturation profiles both at cross sections and along the core, we scan the entire core each time. The
thickness of each cross-sectional CT slice is 6 mm. The resolution of each cross section is 521� 521 pixels. An imaging software package
ImageJ (Schindelin et al. 2012) is applied to visualize the three-dimensional (3D) CT images and perform the image analysis.

Experimental Method. In all experiments, we first inject 0.95-quality (gas fractional flow) foam into the core by coinjecting gas
(nitrogen) and surfactant solution. The total superficial velocity for foam injection is 1 ft/d. The quality 0.95 is chosen for comparison
with our previous work with Berea cores (Gong et al. 2019b). In the subsequent gas- and liquid-injection periods, gas and surfactant
solution are injected at superficial velocities of 6 and 1 ft/D, respectively.

In this study, we present three experiments (Cases A–C) to examine gas and liquid injectivities under various conditions. We first
study the liquid injection directly following 0.95-quality foam (Case A). We then examine a prolonged period of gas injection after
foam, and a following liquid-injection period (Case B). Finally, the injection of multiple large gas and liquid slugs is studied (Case C).
In this case, we inject multiple gas and liquid slugs in the following sequence: foam—first gas slug—first liquid slug—second gas
slug—second liquid slug. In all experiments, there is no oil in the system. In a field application, oil may well have been displaced from
the near-well region before or soon after the start of the SAG process.

Experiments and Results

Because the experiments are conducted in a short field core, it is important to know whether the section studied avoids the entrance and
capillary-end effects. As shown in Fig. 2, in the region of interest, the average cross-sectional water saturations during the initial
steady-state foam injection in Cases A–C are roughly uniform at 0.32 (Fig. 2). This suggests that the region studied is relatively free of
entrance and capillary-end effects.
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Backpressure
regulator

CT scan

Effluent
flask

Quizix pump

N2

ΔP2
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Fig. 1—Schematic representation of the experimental setup.
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Case A: Liquid Injection Follows Foam. In this experiment, we inject surfactant solution directly after full-strength foam. As shown
in Fig. 3, the pressure gradient evolves over three stages. In the beginning, liquid flows into the core with a relatively high mobility (the
initial low pressure gradient). The pressure gradient then reaches a large value and holds constant for a period of approximately
2.5 pore volumes (PV). During this period, liquid imbibes throughout the core cross section (Fig. 3b). After approximately 3.5 PV of
liquid is injected, a finger with much greater water saturation is visible at this position 3 cm from the inlet (Fig. 3c). The pressure gradi-
ent then decreases, as the liquid finger advances across the given core section.

As shown in Figs. 3a and 3b, at this position 3 cm from the inlet, the entire cross section turns from light blue to light green, indicat-
ing that the water saturation of the whole cross section increases. A liquid finger is then observed after approximately 3.5 PV of liquid
is injected (Fig. 3c) with substantially greater water saturation. The liquid finger progresses forward and widens as more liquid is
injected (Figs. 3d through 3g). Over time, the liquid finger also becomes more red, which confirms that the unsaturated liquid dissolves
or displaces additional gas trapped inside the liquid finger. In the meantime, the region outside the liquid finger turns to a deeper blue,
which indicates that gas outside the finger remains trapped in place. Gas expands as absolute pressure declines and drives down water
saturation further in this region.

In our earlier study (Gong et al. 2019b), we referred to a fingering process followed by gas dissolution into the finger. An analysis of
the CT images in Figs. 3 and 4 supports a revised interpretation, indicating that the process of gas dissolution is important in the
fingering process.

In Fig. 4c, we analyze a region that lies within the finger from its first appearance (Fig. 4a; compare with Fig. 3c) and a region that
remains outside the finger throughout the images (Fig. 4b; compare with Fig. 3g). The average water saturation both inside and outside
the liquid finger increases from 0.3 (steady-state foam) quickly to approximately 0.4 and remains nearly constant until approximately
2.7 PV of liquid injection (Fig. 4c). This suggests that ahead of the liquid finger, liquid flow disperses across the core cross section with-
out fingering (see also Fig. 3b). Thereafter, a finger, with distinctly greater water saturation, appears. Water saturation inside the finger
increases and finally reaches approximately 0.9, indicating that gas trapped within the liquid finger has dissolved into liquid or been dis-
placed. In our previous study (Gong et al. 2019b), we showed that the rise in liquid saturation within the finger and the progress of the
finger through the core roughly correspond to the rate of gas dissolution expected for N2 under our experimental conditions. This dissol-
ution causes a huge rise in water relative permeability within the finger and subsequent diversion of virtually all water through the
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finger. As proposed by O’Sullivan and Smith (1970), 1 PV of brine can dissolve approximately 0.012 PV of N2 at 90�C. As shown in
Fig. 4, liquid flows through approximately 1/15 of the core cross section. A measure of 3 PV of liquid would dissolve enough N2 to
change the water saturation within the liquid finger by (0.012� 3� 15) � 54%, which is in agreement with the change in water satur-
ation shown in Fig. 4. This sequence suggests that gas dissolution plays a key role in the formation of the finger, raising water relative
permeability and directing liquid to flow within the finger along its length. Even ahead of the finger, water flows into the trapped foam
primarily from the tip of the finger. This process is analogous to wormhole formation in acidization of carbonates, where greater flow
of acid leads to greater dissolution and, in turn, yet-greater flow of acid through the wormhole (Hoefner et al. 1987). Once the finger is
evident, water saturation outside the liquid finger decreases to approximately 0.1 as more surfactant solution is injected (Fig. 4c). Gas
outside the liquid finger remains trapped.

In Fig. 4d, we estimate the area with distinctly higher water saturation in the cross-sectional images. As shown in Fig. 4d (compare
with Figs. 3a and 3b), there is no region of distinctly greater water saturation evident in the CT-saturation image until approximately
2.7 PV of liquid injection. The finger becomes evident as dissolution of gas within the finger greatly changes gas saturation there. The
liquid finger is first evident in the CT image, occupying approximately 1.5% of the cross section, after approximately 4 PV of liquid
injection (compare with Fig. 3c). The finger size remains nearly unchanged for about 10 PV of liquid injection (from 4 to 14 PV) and
then grows slowly outward as it dissolves surrounding trapped gas (compare with Figs. 3d through 3g).

Gas solubility, thus, plays an important role during the liquid injection in an SAG process. More-soluble gas, such as CO2, would
lead to faster gas dissolution into water and faster propagation of the gas-dissolution front during the liquid injection. Liquid evapora-
tion and foam collapse during the gas injection could also be different under different conditions, along with foam mobility.

Case B: Injection of Single Gas and Liquid Slugs. In this experiment, we inject surfactant solution following a prolonged period of
gas injection (approximately 640 PV) that, in turn, follows steady-state foam injection (0.95 quality). During the gas-injection period,
the pressure gradient in Section 2 first decreases from 250 bar/m to a plateau value (approximately 50 bar/m), which lasts for approxi-
mately 220 PV of gas injection (from approximately 40 PV to approximately 260 PV), and then experiences a second decline (Fig. 5a).
The pressure gradient remains substantial in Section 2 until a sufficient amount of gas is injected, i.e., approximately 470 PV. The sub-
sequent decline in pressure gradient implies that foam greatly weakens or collapses after sufficient gas injection. This could reflect a
continuous-gas foam with some gas still trapped in place (Rossen 1996).

This is confirmed by CT scans (Figs. 5b and 5c). As shown in Fig. 5b, the initial water saturation when the core is saturated with
0.95-quality foam is approximately 0.35 (the light green color in Fig. 5c). After approximately 34.1 PV of gas injection, the average
cross section water saturation decreases to approximately 0.25 along the whole core (the light blue color in Fig. 5c), which indicates
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that gas first flushes the whole core, which makes foam in the entire core weaker. Water saturation then decreases in a wave moving
downstream, i.e., from the positions 1.8–5.4 cm from the inlet (Fig. 5b), which indicates that a region of collapsed or greatly weakened
foam propagates slowly from the inlet downstream. The propagation of the collapsed-foam region can be seen in Fig. 5c: a dark blue
region (marked by a yellow arrow) propagates toward the outlet (right side) as more gas is injected. After approximately 640 PV of gas
is injected, the collapsed-foam bank reaches the end of the core.

Thus, during a gas-injection period, gas first weakens foam. Foam then collapses or greatly weakens when an adequate volume of
gas is injected. The collapsed-foam region moves as a wave from the inlet downstream as more gas is injected. The interplay of water
evaporation, pressure-gradient-driven flow, and capillary effects leads to foam weakening and collapse (Gong et al. 2019b).

This result is similar to that in our previous study (Gong et al. 2019a), in that prolonged gas injection leads to a collapsed-foam
region that slowly propagates from the core face downstream. However, the collapsed-foam region advances more slowly and with a
larger total mobility (1/588, 9.9�10�10 m2/Pa�s) in this field core than in the Berea cores (1/400, 9�10�10 m2/Pa�s). In the coreflood
experiments with Berea cores, foam collapsed at a water saturation of approximately 0.2. In this case, the water saturation at the point
of foam collapse is approximately 0.1, as measured in the CT images. That is, the rise in mobility occurs when water saturation falls to
approximately 0.1; water saturation then continues to fall further. We believe that the water saturation after prolonged gas injection is
very small but not zero. The calculation on the basis of CT measurements can be affected by the noise in images. For purpose of injec-
tivity, the key event is the collapse of foam at a water saturation of approximately 0.1.

Thus, a collapsed-foam bank is created after a sufficient amount of gas was injected and slowly propagates from the inlet of
the core. This is expected to have a massive impact on the following liquid-injection period. In our experiments, after approximately
640 PV of gas is injected, foam in the entire core collapses or weakens greatly, making the subsequent liquid injection 23 times easier
(pressure gradient 23 times lower) than in liquid injection directly following foam (Case A). However, the pressure gradient is still
15 bar/m (not shown), which suggests that some gas remains trapped. This is confirmed by CT measurements during the subsequent
liquid injection (Fig. 6).

Fig. 6a shows the vertical axial water-saturation profile during the liquid injection after 640 PV of gas is injected, when the
collapsed-foam bank occupies the whole core (Fig. 5c). Liquid initially imbibes into the entire cross section without fingering
(0.27–0.97 PV of liquid injection in Fig. 6a). This suggests that foam collapses or greatly weakens after a sufficient amount of gas injec-
tion, leaving some trapped gas, and, in turn, makes the subsequent liquid injection much easier than following full-strength foam. After
a longer period of liquid injection (8.6 PV), a high-water-saturation region appears near the bottom of the core starting at the inlet (the
red region). This suggests that preferential paths for liquid flow develop within the collapsed-foam region; these can be seen more
clearly in Fig. 6b. Since the mobility within this region is already high compared to intact foam further from the well, this would be
expected to make only a minor difference to overall injectivity (Gong et al. 2019a).

Fig. 6b presents the water-saturation profile at a position 3 cm from the inlet over time. The cross section is dark blue after approxi-
mately 0.27 PV of liquid injection, since liquid has not yet arrived at this position. After approximately 1.9 PV of liquid is injected, the
whole cross section has turned to light yellow, reflecting liquid sweep of the entire cross section. Starting from 5.8 PV of liquid injec-
tion, some regions turn red as more liquid is injected. This confirms that liquid finds preferential paths after approximately 5.8 PV of
liquid injection. The liquid preferential paths expand outward over time.

Case C: Injection of Multiple Gas and Liquid Slugs. In this experiment, we examine the injectivity of multiple (more than one each)
gas and liquid slugs. The gas and liquid slugs are injected in the following sequence: 0.95-quality foam injection; first gas slug
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(approximately 250 PV); first liquid slug (approximately 26 PV); second gas slug (approximately 150 PV); second liquid slug (approxi-
mately 38 PV). The pressure gradients and the water-saturation profiles during the injection of the two gas slugs and the two liquid
slugs are compared, respectively.

As shown in Fig. 7, overall, the two gas slugs show a similar behavior in pressure gradient. The pressure gradients for both the first
and the second gas slugs quickly reach a peak and then decrease to a plateau. The peak values of pressure gradient for the two gas slugs
are comparable, approximately 220 bar/m for the first gas slug and approximately 250 bar/m for the second gas slug, which indicates
that the two gas slugs quickly reach a similar state.

As mentioned above, the core is saturated with steady-state foam before injection of the first gas slug, while a period of liquid injec-
tion (the first liquid slug) precedes the second gas slug. Thus, the similarity in the peak values of the pressure gradients implies that
strong foam is generated in the beginning of the injection of the second gas slug. An SAG process works well in generating foam in this
case. This is confirmed by the CT measurements.

Fig. 8 shows the average cross-sectional water saturation at four locations along the core, during the injection of the first (Fig. 8a)
and the second (Fig. 8b) gas slugs. During the injection of the first gas slug, the initial water saturation is approximately 0.3 for all four
positions (reflecting steady-state foam). During the injection of the second gas slug, water saturation starts from values greater than 0.3,
because a liquid slug was injected beforehand. For the position 1.8 cm from the inlet, the initial water saturation is approximately 0.65.
The main reason is that the position 1.8 cm from the inlet is within the collapsed-foam region created during the first period of gas injec-
tion; the first liquid slug then sweeps the entire cross section with a high water saturation. The water saturation then quickly decreases
to approximately 0.3 for all the positions, as gas displaces liquid in the core and foam is generated. Thereafter, the water saturation for
the two gas slugs follows nearly the same trend. At the position 1.8 cm from the inlet, the average cross-sectional water saturation
decreases gradually to approximately 0.1 after approximately 150 PV of gas is injected (Figs. 8a and 8b) and to nearly zero after
approximately 250 PV of gas is injected (Fig. 8a). However, at a position further downstream, close to the outlet, i.e., 5.4 cm from the
inlet, the water saturation holds nearly constant during this period. This means that foam collapses at the position 1.8 cm from the inlet,
while 5.4 cm from the inlet is beyond the collapsed-foam region (Figs. 8a and 8b).

Fig. 9 shows the axial water-saturation profile during the injection of the two gas slugs. A wide liquid finger forms near the inlet
during the injection of the first liquid slug (compare with Fig. 9b, top; compare with Fig. 6). The liquid finger disappears quickly as gas
flows in (Fig. 9b, subsequent CT images). After approximately 1.2 PV of gas injection in the second gas slug, the water-saturation pro-
file becomes similar to the initial state during the injection of the first gas slug (steady-state foam). This confirms that foam is generated
quickly as the second gas slug is injected. As more gas is injected, the collapsed-foam region propagates downstream from the inlet.
The front of the collapsed-foam region arrives at a similar position after a similar amount of gas is injected, i.e., 141 PV for the first gas
slug and 150 PV for the second gas slug (images in the bottom row of Figs. 9a and 9b). This suggests that the collapsed-foam region
propagates with similar velocities during the two periods of gas injection.
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Fig. 7—Pressure gradient in Section 2 during the first and second gas slug injection in an SAG process.
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Fig. 6—Water-saturation profile during liquid-injection period following a period of gas injection (approximately 640 PV) after
steady-state foam (fg 5 0.95): (a) water-saturation profile in a vertical cross section along the central axis of the core and (b) water-
saturation profile at a cross section 3 cm from the inlet after different amounts of liquid injection.
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Thus, the second gas slug behaves like the first gas slug, both within and beyond the collapsed-foam region.
During the first and the second periods of liquid injection, the pressure gradient first rises to a large value, remains nearly constant

for a time, and then decreases to a small value (Fig. 10). The pressure gradient in both cases has a similar shape to that for liquid injec-
tion directly following foam (Case A). However, the plateau values of the pressure gradient for the first and the second periods of liquid
injection in an SAG process are smaller than the value for the case where liquid is injected directly after foam, which is approximately
340 bar/m (compare with Fig. 3). The plateau pressure gradient during the injection of the first liquid slug is smaller than that during
the injection of the second liquid slug. The reason is that a larger gas slug was injected before the first liquid slug (250 PV) than before
the second liquid slug (150 PV). The larger gas slug creates a larger collapsed-foam region in the core, which, in turn, reduces the pres-
sure gradient during the subsequent liquid injection. This is supported by the CT measurements. As shown in Fig. 11, at the end of the
injection of the first and second gas slugs, there are dark blue regions on the left side of the images for both gas slugs. The dark blue
region is larger at the end of the injection of the first gas slug than at the end of the injection of the second gas slug; the collapsed-foam
region is larger before the injection of the first liquid slug.

When liquid is injected, the two liquid slugs behave similarly: liquid first rapidly occupies the collapsed-foam region (the yellow
region on the left side of the images on the second row in Fig. 11), in which there is less trapped gas. As more liquid is injected, the
water saturation in the middle of the core becomes more red over time in the collapsed-foam region, while beyond the collapsed-foam
region, it first turns to light green and then to light blue (Fig. 11). However, what happens in the weakened-foam region cannot be fully
seen from the axial CT images, since the liquid flow path can be tortuous, moving in and out of this axial cross section. In order to
understand the flow behavior in the weakened-foam region during the two liquid-injection periods, we study the cross-sectional water-
saturation profiles perpendicular to the axis of the core (Figs. 12 and 13).
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gas slug injection and (b) second gas slug injection.
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Fig. 12 shows the average water saturation in cross sections during the injection of the first liquid slug. As presented in Fig. 12a, at
the end of the injection of the first gas slug, the core is occupied by two banks, the collapsed-foam bank and the weakened-foam bank.
The yellow line represents the front of the collapsed-foam bank. The water saturations over time at two positions are presented, one
within the collapsed-foam region (1.2 cm from the inlet, Fig. 12b) and the other beyond the collapsed-foam region (3 cm from the inlet,
Fig. 12c). In the collapsed-foam region, liquid first flushes the entire cross section and then forms preferential paths after a period of
liquid injection, i.e., 2.5 PV in this case (Fig. 12b). In the weakened-foam region, liquid does not sweep the entire cross section. Liquid
penetrates foam through a finger as in the case where liquid is injected right after full-strength foam (Fig. 12c). The liquid finger is
observable after approximately 2.5 PV of surfactant solution is injected. In the second cross section (Fig. 12c), the link between gas
dissolution and fingering is less immediate than that in Fig. 3. The preferential flow path along the left side proceeds from blue to
yellow to red and then widens gradually over time. Ahead of the collapsed-foam region, the formation of the fingers depends in part on
preferential flow paths developing within the collapsed-foam bank (Fig. 12b).

Fig. 13 presents water saturation at the same two positions along the core during the injection of the second liquid slug. Similar to
the first liquid slug, liquid first rapidly flows through the collapsed-foam region with high mobility and then the fingers through trapped
gas beyond the collapsed-foam region in a pattern reflecting preferential flow paths developing in the collapsed-foam bank.

In general, foam in this relatively low-permeability field core behaves similar to its behavior in the Berea cores (Gong et al. 2019b)
during the injection of a liquid slug after a gas-slug injection following foam. Liquid first fills the collapsed-foam bank quickly and then
penetrates the weakened-foam bank through the liquid fingers. Gas within and surrounding the liquid fingers dissolves or is displaced
over time. However, compared with the results with the Berea cores (Gong et al. 2019a), in this case, the liquid-fingering bank propa-
gates more slowly with a lower total mobility (1.4, 1.4�10�13 m2/Pa�s). The gas-dissolution bank propagates with a greater dimension-
less velocity and a lower total mobility (0.2, 2�10�12 m2/Pa�s). The corresponding values for the Berea cores were 3.3 (dimensionless
velocity) and 8.5�10�13 m2/Pa�s (total mobility) for the liquid-fingering bank and 0.08 (dimensionless velocity) and 6.6�10�11 m2/Pa�s
(total mobility) for the gas-dissolution bank (Gong et al. 2019a).
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Fig. 11—Water-saturation profile in a vertical cross section along the central axis of the core during the liquid injection: (a) first
liquid slug and (b) second liquid slug.
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Fig. 12—Water-saturation profile during the first liquid slug injection: (a) axial vertical cross section showing collapsed-foam bank
and weakened-foam bank created before injection of the first liquid slug, (b) water-saturation profile at a position within the
collapsed-foam bank (1.2 cm from the inlet) after different amounts of liquid injection, (c) water-saturation profile at a position
beyond the collapsed-foam bank (3 cm from the inlet) after different amounts of liquid injection.
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Fig. 14 compares the properties of the liquid finger at the same position (3 cm from the inlet, beyond the collapsed-foam region)
during the two periods of liquid injection. In general, the second liquid slug behaves like the first liquid slug. The initial water saturation
outside the liquid finger is also approximately 0.2. Similar to what we observed in liquid injection directly following foam (Case A),
the average water saturation outside the liquid finger first quickly reaches a plateau at approximately 0.45, which lasts approximately
2.5 PV, and then decreases to approximately 0.25–0.3 over time (Fig. 14a). Unlike liquid injection directly following foam (Case A),
the average water saturation inside the liquid finger increases from approximately 0.2 (after a period of gas injection) to approximately
0.9 within a short time. In contrast, water saturation outside the finger holds steady (compare with Fig. 4). One possible reason is that a
gas-slug injection weakens foam, making it easier for liquid to form a finger. Another possible reason is that formation of preferential
flow paths in the collapsed-foam region promotes fingering in the foam bank beyond it. Figs. 12 and 13 show that the liquid fingers
become visible more quickly (within 1 PV of liquid injection) than with liquid injection directly following foam. The liquid finger
grows outward as more liquid is injected for both liquid slugs, although the liquid finger formed during the injection of the second
liquid slug is smaller than that formed during the injection of the first liquid slug (Fig. 14b).

Conclusions

In this work, we present the first coreflood study of the near-well effects during injection of multiple gas and liquid slugs in an
SAG-foam process. We observe the following behavior.
• Liquid injectivity directly after full-strength foam is extremely poor, as reported previously in the literature.
• Gas dissolution can play a key role in the formation of the liquid finger, directing liquid to flow through the finger and to increasing

liquid injectivity.
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Fig. 13—Water-saturation profile during the injection of the second liquid slug: (a) collapsed-foam bank and weakened-foam bank
created before injection of the first liquid slug, (b) water-saturation profile at a position within the collapsed-foam bank
(1.2 cm from the inlet) after different amounts of liquid injection, and (c) water-saturation profile at a position beyond the
collapsed-foam bank (3 cm from the inlet) after different amounts of liquid injection.
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• In an SAG process, during the injection of a large gas slug after foam, gas first weakens foam in the entire core. Then, a collapsed-
foam region begins near the inlet and propagates slowly downstream. This collapsed-foam region has major impact on subsequent
liquid injectivity.

• During the subsequent liquid injection, liquid sweeps the entire core cross section in the collapsed-foam region, while the liquid fin-
gers through the weakened-foam region.

• An SAG process forms strong foam quickly when gas flows in, despite the presence of the liquid finger at the end of previous liquid-
slug injection.

• The behavior of the first gas and liquid slugs is representative of gas and liquid injectivities of later slugs in an SAG process.
With different gas, formation, temperature, salinity, or surfactant, detailed behavior would be different. The mobility in the banks,

bank-propagation velocities, gas solubilities, and liquid evaporation rates would also be different, along with foam mobility. Liquid
evaporation plays a role in the collapsed-foam bank and gas solubility in fingering/gas-dissolution bank (Gong et al. 2019a, 2019b). But
we expect that the overall trends would be similar in other cases.

The pressure gradient discussed here is larger than often expected in the field. The permeability of the reservoir core used in this
study is relatively low, approximately 63 md, which is one of the reasons for the high pressure gradient. We also did similar experi-
ments (Gong et al. 2019a) with Berea cores (approximately 150 md permeability) and Bentheimer cores (approximately 2 darcies per-
meability). For the Bentheimer cores, in the worst case of liquid injectivity (liquid injection following full-strength foam), the highest
pressure gradient is approximately 20 bar/m. The behavior observed was similar at lower pressure gradient.

In our previous work (Gong et al. 2019a), we proposed a simple bank-propagation model based directly on the coreflood experi-
ments and showed the implications of the behavior like that seen in this study for injectivity in SAG processes. This work shows that
the model could be applied to the near-well region in an SAG process with multiple slugs. Current foam models do not represent fine-
scale liquid fingering, capillary trapping of gas in foam, gas dissolution, and water evaporation well. These effects have major impacts
on liquid injectivity in an SAG process.

Nomenclature

A ¼ area of the liquid finger, m2

A0 ¼ area of the entire cross section, m2

fg ¼ gas fractional flow, dimensionless
PV ¼ pore volumes, dimensionless
Sw ¼ water saturation, dimensionless

DPt ¼ pressure drop across the entire core, bar
DP2 ¼ pressure drop across the middle section of the core, bar
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