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Foam Generation in Flow Across a Sharp
Permeability Transition: Effect of Velocity

and Fractional Flow
Swej Y. Shah, Herru As Syukri, Karl-Heinz Wolf, Delft University of Technology;

Rashidah M. Pilus, Universiti Teknologi Petronas; and William R. Rossen, Delft University of Technology

Summary

Foam reduces gas mobility and can help improve sweep efficiency in an enhanced-oil-recovery (EOR) process. For the latter, long-
distance foam propagation is crucial. In porous media, strong foam generation requires that the local pressure gradient exceed a critical
value (!Pmin). Normally, this happens only in the near-well region. Away from wells, these requirements might not be met, and foam
propagation is uncertain. It has been shown theoretically that foam can be generated, independent of pressure gradient, during flow
across an abrupt increase in permeability (Rossen 1999). The objective of this study is to validate theoretical explanations through
experimental evidence and to quantify the effect of fractional flow on this process.

This article is an extension of a recent study (Shah et al. 2018) investigating the effect of permeability contrast on this process. In
this study, the effects of fractional flow and total superficial velocity are described. Coreflood experiments were performed in a cylindri-
cal sintered-glass porous medium with two homogeneous layers and a sharp permeability jump in between, representing a lamination or
cross lamination. Unlike previous studies of this foam-generation mechanism, in this study, gas and surfactant solution were coinjected
at field-like velocities into a medium that was first flooded to steady state with gas/brine coinjection. The pressure gradient is measured
across several sections of the core. X-ray computed tomography (CT) is used to generate dynamic phase-saturation maps as foam
generates and propagates through the core. We investigate the effects of velocity and injected-gas fractional flow on foam generation
and mobilization by systematically changing these variables through multiple experiments. The core is thoroughly cleaned after each
experiment to remove any trapped gas and to ensure no hysteresis.

Local pressure measurements and CT-based saturation maps confirm that foam is generated at the permeability transition, and it
then propagates downstream to the outlet of the core. A significant reduction in gas mobility is observed, even at low superficial veloc-
ities. Foam was generated in all cases, at all the injected conditions tested; however, at the lowest velocity tested, strong foam did not
propagate all the way to the outlet of the core. Although foam generation was triggered across the permeability boundary at this veloc-
ity, it appeared that, for our system, the limit of foam propagation, in terms of a minimum-driving-force requirement, was reached at
this low rate. CT images were used to quantify the accumulation of liquid near the permeability jump, causing local capillary pressure
to fall below the critical capillary pressure required for snap-off. This leads to foam generation by snap-off. At the tested fractional
flows, no clear trend was observed between foam strength and fg. For a given permeability contrast, foam generation was observed at
higher gas fractions than predicted by previous work (Rossen 1999). Significant fluctuations in pressure gradient accompanied the pro-
cess of foam generation, indicating a degree of intermittency in the generation rate—probably reflecting cycles of foam generation,
dryout, imbibition, and then generation. The intermittency of foam generation was found to increase with decreasing injection velocities
and increasing fractional flow. Within the range of conditions tested, the onset of foam generation (identified by the rise in !P and Sg)
occurs after roughly the same amount of surfactant injection, independent of fractional flow or injection rate.

Introduction

Foams have numerous applications in the oil industry. They are used for drilling (Lyons et al. 2009), to divert acids in well-stimulation
procedures (Chambers 1994), for hydraulic fracturing of low-permeability formations (Gupta 2009), to improve liquid lifting in low-
pressure gas wells (Yang and Siddiqui 1999), and for tertiary oil-recovery processes (Rossen 1996). In aquifer-remediation processes
(Hirasaki et al. 1997a, 1997b, 2000), foam is used to improve sweep while removing dense nonaqueous-phase liquids. This work con-
cerns using foam as a mobility-control agent in an EOR process.

Most of the world’s EOR production comes from injecting gases. Gas has a low viscosity and density compared with oil and, there-
fore, in a displacement process, sweep efficiency is poor because of viscous fingering and gravity override. When used as a dispersed
phase, as in foam, its apparent mobility is greatly reduced and sweep efficiency is improved. In a heterogeneous, layered system, as dis-
cussed by Tanzil et al. (2002a) and Shah et al. (2018), the effective permeability in the vertical direction could be greatly reduced by
foam generation in the high-permeability strata, reducing the extent of gravity segregation. In porous media, foams can be generated in
various ways (Ransohoff and Radke 1988; Kovscek and Radke 1994; Rossen 1996). Several experimental studies (Gauglitz et al. 2002;
Tanzil et al. 2002b) and theoretical models (Rossen 1990a; Rossen and Gauglitz 1990; Friedmann et al. 1991; Kam and Rossen 2003)
suggest that strong foam generation in porous media would require exceeding a critical pressure gradient or velocity threshold, which is
typically only overcome in the near-well region. Creation of foam in these cases is thought to depend on mobilization of lenses and
lamellae and subsequent lamella division. Mobilizing the bubble train requires a minimum pressure gradient (Rossen 1990a, 1990b;
Kharabaf and Yortsos 1998; Chen et al. 2005; Almajid and Kovscek 2019). For CO2 foams, this minimum pressure gradient might be
so low at reservoir conditions (because of a lower interfacial tension) that it might not be observed in foam experiments.

Others argue that snap-off is the dominant mechanism of foam generation in a porous medium (Ransohoff and Radke 1988; Kovscek
and Radke 1996, 2003). While snap-off can occur through several mechanisms (Rossen 2003), in these studies, the increased frequency
of snap-off is thought to be dependent on pore geometry and interfacial curvature as well as gas-phase and liquid-phase velocities. The
relevant mechanism of snap-off in these experiments is Roof snap-off (Roof 1970), which occurs as gas invades a narrow pore throat

Copyright VC 2020 Society of Petroleum Engineers

This paper (SPE 195517) was accepted for presentation at the SPE Europec featured at the 81st EAGE Conference and Exhibition, London, UK, 3–6 June 2019, and revised for publication.
Original manuscript received for review 13 December 2018. Revised manuscript received for review 25 June 2019. Paper peer approved 26 June 2019.

J195517 DOI: 10.2118/195517-PA Date: 29-January-20 Stage: Page: 451 Total Pages: 14

ID: jaganm Time: 17:12 I Path: S:/J###/Vol00000/190112/Comp/APPFile/SA-J###190112

February 2020 SPE Journal 451

D
ow

nloaded from
 http://onepetro.org/SJ/article-pdf/25/01/451/2442143/spe-195517-pa.pdf/1 by Bibliotheek TU

 D
elft user on 17 June 2021



and drains liquid from a wider downstream pore body. These studies report no minimum-pressure-gradient requirement for foam gener-
ation but argue that snap-off might cease if the newly created lamellae or lenses cannot mobilize (Kovscek and Radke 1996). As men-
tioned earlier, the mobilization of lamellae from a snap-off site requires a minimum pressure gradient. Other research reporting similar
findings was revisited by Almajid and Kovscek (2016). Foam experiments that start with a surfactant-saturated core, analogous to gas
draining the preceding surfactant slug in a surfactant-alternating-gas flood in the near-well region, might not observe this critical veloc-
ity or pressure-gradient dependence. There appears to be no clear consensus in the literature on the most dominant mechanisms of
strong-foam generation in porous media. In this study, we are interested in foam-generation mechanisms that could dominate away
from wells, where the pressure gradient is low and the Darcy velocity is considered to be, in practice, approximately 1 ft/D (Dake
1994)—much lower than the reported thresholds in the studies referred to previously. These are regions where the gas and surfactant
slugs injected into a reservoir would have mixed, and gas is not draining a surfactant-saturated zone.

If strong-foam generation is thought to depend on exceeding a threshold pressure gradient or velocity, conditions in these regions
might not be favorable for the foam to exist (Ashoori et al. 2012; Yu et al. 2019). We are addressing a hypothetical situation in which
foam did not travel far from the wells despite the injection of a sufficient amount of gas and surfactant solution in the reservoir. This work
investigates foam generation by snap-off that is triggered by an abrupt permeability and, at that location, capillary-pressure contrast.

In the presence of sharp heterogeneities, foam can be generated by snap-off, independent of pressure gradient or velocity, as gas and
surfactant solution flow across an abrupt increase in permeability (Falls et al. 1988; Rossen 1999; Hirasaki et al. 2000; Tanzil et al.
2002a; Li and Rossen 2005; Shah et al. 2018). Fortunately, sharp heterogeneities are quite common in petroleum reservoirs and exist
over a large range of length scales. The most prevalent are unconformities such as sharp layer boundaries, which can extend from a few
meters to several hundreds of meters in length (Reineck and Singh 1980). Layered systems often consist of internal laminations that
add to the frequency of sharp changes in permeability in a given rock volume. Cross laminations present abrupt permeability contrasts
in the horizontal direction (Hartkamp-Bakker 1993), offering locations for foam generation by snap-off during lateral pressure-driven
flow. Hartkamp-Bakker (1993) measured the permeability variation across internal laminations in a variety of samples extracted from
outcrops as well as reservoir cores. She reported permeability ratios across individual units ranging from 1:1 (change in grain frame-
work but not in permeability) to 27:1 between different units.

In flow across such a heterogeneity, the wetting phase accumulates at the boundary of the low-permeability region (Yortsos and
Chang 1990) and local capillary pressure is reduced there. If the capillary pressure falls below the critical capillary pressure for
snap-off—that is, Psn

c (Falls et al. 1988)—foam generation can be expected. The extreme case of this phenomenon is the capillary end
effect encountered in coreflood experiments, which is also reported to have caused foam generation at the outlet of a core (Ransohoff
and Radke 1988). Falls et al. (1988) measured the capillary entry pressure (Pe

c) and Psn
c for glass beadpacks using a variety of bead

sizes. They found that Psn
c � Pe

c=2, consistent with theoretical approximations for circular pore throats blocked by snap-off (Roof 1970;
Lenormand et al. 1983). Rossen (1999) used this result to show that for snap-off to occur in flow from low- to high-permeability
regions, capillary pressure in the high-permeability region must be less than half the capillary pressure in the low-permeability region

(PH
c < PL

c=2). In other words, the high-permeability region is at least four times as permeable as the low-permeability region

(kH � 4 kL), assuming Pc /
ffiffiffiffiffiffiffiffi
1=k

p
. This trigger for foam generation depends only on the relative magnitudes of capillary pressure

resulting from the heterogeneity and not directly on the magnitude of capillary forces in each region. Therefore, for two different
gas/liquid fluid pairs, if the liquid is strongly wetting compared with gas, the ratio of capillary pressures is independent of the interfacial
tension between the gas/liquid phases because the Pc(Sw) curves would scale but not change shape. This is beneficial for practical appli-
cations of foam for displacement processes because the gas available on-site can be used and foam generation in flow across per-
meability changes can still be expected, assisting with mobility control. The mobilization of the generated foam, however, would
depend on the gas/liquid interfacial tension. For instance, as implied earlier, CO2 foams can propagate at lower pressure gradients com-
pared with N2 foams.

As the flow gets drier, a greater permeability contrast might be required to cause foam generation. Fig. 1 shows the calculations of
Rossen (1999), in which the permeability contrast required to block gas flow by snap-off (effectively causing foam generation) is plotted
as a function of the gas/water relative permeability ratio far from the transition zone in the absence of foam. The relative permeability
ratio relates to the injected fractional flow, fw ¼ ½1þ ðkrg=krwÞ0ðlw=lgÞ��1

. Therefore, if fg¼ 80%, and lw/lg¼ 50, (krg/krw)0¼ 0.08.
According to Fig. 1, a permeability jump slightly higher than 4, at fg¼ 80%, would cause foam generation, independent of velocity or
pressure gradient. However, if the pore geometry deviates from a circular shape, the ratio of Pe

c=Psn
c might be larger or smaller than 2

(Lenormand et al. 1983; Chambers and Radke 1990; Rossen 2003). As a result, a greater or lower permeability contrast, respectively,
might be required to block gas flow by snap-off at the same flowing gas fraction. It is important to note that although capillary pressure
falls at the edge of the low-permeability region, gas bubbles are expected to form at the entrance to the high-permeability region. There
is no dependency on pressure gradient. However, mobilization of the bubbles and subsequent propagation away from the heterogeneity
would require such a driving force.

In this work, foam-generation experiments are conducted by coinjecting surfactant solution and gas at field-like velocities, in a con-
solidated, sintered-glass porous medium with two layers perpendicular to the direction of flow. Local pressure gradient and saturation
maps obtained through X-ray computed tomography are the primary measurements used to identify foam generation and mobilization.
The pressure gradient is used to quantify foam strength, whereas local saturation near the permeability contrast is used to quantify the
reduction in capillary pressure that causes foam generation. A variety of injection rates and injection fractions are used to validate the
threshold conditions for foam generation. The previous work of Shah et al. (2018) on the effect of permeability contrast is extended
here to the effect of fractional flow and velocity.

The paper is structured as follows. The next section describes the experimental setup and procedure followed. Then, the outcome of
foam-generation experiments conducted at a variety of injection rates and gas fractional flow using a core with a permeability contrast
of approximately 3.8:1 are reported in the Results. The Discussion presents an analytical examination of these results, and the main con-
clusions of this work are provided in the final section.

Experimental Methodology

We conduct coreflooding experiments in a consolidated, sintered-glass core with a low- and high-permeability region, separated by a sharp,
monotonic transition (Fig. 2). The core is 420 mm in length, with a 165-mm low-permeability region. The low-permeability region has a
measured permeability (kL) of 5.4 6 0.02 darcies, whereas the high-permeability region has a permeability (kH) of 20.7 6 0.2 darcies.
Therefore, the permeability contrast kH=kL is roughly 3.8:1, bordering the threshold predictions of Rossen (1999). The materials used in
this study, together with the experimental protocols followed, are identical to those described in detail by Shah et al. (2018). Nevertheless,
we highlight important aspects of the same to ensure independent readability of this manuscript.
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Every experiment begins with multiple permeability measurements using water across the length of the core to ensure that there has
been no grain migration and that there is no trapped gas in the core. Next, the core is saturated with brine solution (1 wt% NaCl pre-
pared in demineralized water) and the permeability is measured again. Once the core is saturated with brine, the flow rate is reset to the
desired experimental value, and gas (99.98% N2) is coinjected at the desired fractional flow. After a steady state is achieved with
the coinjection of gas and brine, the injected liquid phase is changed to the surfactant solution, and gas and surfactant solution are
coinjected into the core. The surfactant solution comprises 0.5 wt% (�0.04 M) anionic alpha-olefin sulfonate C14–16 with a molecular
weight of 315 g/mol as the foaming surfactant and 1 wt% (�0.17 M) NaCl. The surfactant concentration is roughly 62 times the critical
micelle concentration in 1 wt% NaCl (Kahrobaei et al. 2017). For a variety of reasons including cost, detergency, and low adsorption
on sandstones, alpha-olefin sulfonate is an excellent overall candidate for foam EOR in a conventional, mature oil reservoir (Farajzadeh
et al. 2008). Because the experiments are conducted at field-like velocities, foam is not generated in the low-permeability region. Once
the surfactant front reaches the permeability transition, foam generation is expected. The core is cleaned thoroughly after each experi-
ment by flushing with 50 wt% isopropanol (IPA) solution for several pore volumes (PVs). IPA is known to kill foams. Therefore, after
the core is cleaned with IPA, it is flushed with great amounts (�20–50 PV) of brine solution. Then, the core is flushed with CO2

(�10 PV, with the last 2 PV under vacuum) to displace any remaining gas out of the core, followed by brine again to remeasure per-
meability before the start of an experiment. This treatment removes all trapped gas, traces of surfactant solution, and IPA from the core.
This minimizes chances of hysteresis effects affecting the foam-generation experiments (Kahrobaei et al. 2017).

The experimental procedure followed is similar to the experiments of Li and Rossen (2005). Unlike the experiments of Tanzil et al.
(2002a), in which gas and surfactant solution were injected into a surfactant-saturated sandpack, essentially a drainage process, we
inject gas and surfactant solution into a core at steady state with gas and brine coinjection. As a result, gas does not drain a surfactant-
saturated region of the core before foam generation at the boundary, which ensures that the chances of foam generation by mechanisms
that dominate during drainage, such as Roof snap-off (Roof 1970) and leave behind, are minimal (Ransohoff and Radke 1988; Kovscek
and Radke 1994; Kovscek et al. 1995; Rossen 1996, 2003). In other words, the experiments were carefully designed not to allow foam
generation by mechanisms other than snap-off at the permeability boundary in the core. Once foam is generated at the heterogeneity,
gas saturation in the high-permeability region can rise. This can then be considered a local drainage process, and, therefore, other mech-
anisms of foam generation could come into play as the foam mobilizes and propagates through the high-permeability region.

Fig. 3 shows a schematic flow diagram of the experimental setup. Fig. 2 shows the core in a vertical orientation, whereas in the
dual-beam CT scanner, the core is placed horizontally. This is not ideal for flow behavior but is necessary to minimize the impact of
beam-hardening effects and cross artifacts while taking CT scans of non-axisymmetrically placed objects. Therefore, gravity segrega-
tion affects the experiments conducted using the CT scanner, as discussed by Shah et al. (2018). Along with saturation maps obtained
through CT scans, pressure measurements in the low-permeability region are used to confirm that no foam is generated before the
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Fig. 2—Core holder (left) with a synthetic sintered-glass core (left and center) and a microCT image of a vertical cross section near
the permeability contrast in the core (Shah et al. 2018).
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Fig. 1—Theoretically computed permeability contrast required to completely block gas flow as a function of gas/water relative
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permeability contrast. No backpressure is applied, to avoid fluctuations caused by multiphase flow through the backpressure-regulator
assembly. These fluctuations might cause foam generation (Li and Rossen 2005). The image settings for the CT scanner together with
the procedure used to analyze CT images are reported by Shah et al. (2018) and reiterated below to ensure independent readability of
this manuscript.

A dual-energy CT scanner is used to scan the core in select experiments, to quantify phase saturations through the course of the
experiment. A single-energy X-ray beam was sufficient when scanning because the experiments involved a two-phase flow of fluids dif-
fering greatly in density. An overview of the applied image settings is reported in Table 1. Single-slice helical CT scans were acquired
with a pitch of 0.9. A pitch less than 1.0 ensures X-ray beam overlap for the same scanned volume, resulting in better image quality;
the lower the pitch, the greater the scan time. These image settings resulted in approximately 260 slices for each scan along the axis of
a core, taken over a period of approximately 9 seconds. One slice contains 512� 512 pixels, a part of which contains the circular core
cross section. The images obtained were further processed to compute phase saturations using Fiji (Schindelin et al. 2012), a distribu-
tion of the ImageJ software.

Raw CT data in terms of Hounsfield units are used to compute porosity and phase saturations as a voxel property for each image
stack. Porosity can be obtained using the CT scans of a dry and water-saturated core (Mees et al. 2003). During the course of the experi-
ment, liquid-phase saturation is computed for each scan as

Sliq ¼
CTexp � CTdry

CTliq � CTdry

; ð1Þ

where CTexp denotes the CT measurement taken during the course of the multiphase-flow experiment. CTdry is the CT measurement of
a dry core, obtained when the core is not yet saturated with any liquid, before each experiment. CTliq represents the CT measurement
for a core that is fully saturated with the liquid phase. In this work, CTliq is measured before the start of each experiment, when the core
is fully saturated with brine solution. It is important to note that the accuracy of CT measurements depends on different parameters
selected for the X-ray source, such as applied beam voltage, corresponding beam energy, and the applied filters for shaping the beam.
Once the liquid-phase saturations are computed for each multiphase scan, a color scheme is applied to the images, where blue represents

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
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X-ray CT

Low-
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Fig. 3—Schematic of the experimental setup.

Parameter Setting

Tube voltage 140 KeV 
Tube current 250 mA 

Pitch 0.9
Slice thickness 1.5 mm 

Pixel size 1.5 × 1.5 mm2

Scan mode Spiral

Table 1—Overview of settings applied to the CT scanner.
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the aqueous phase and red represents the gas phase. The images are cropped to include only the circular cross section of the core. In
addition, a distance of approximately 2 cm (12 to 13 slices) from the entrance and exit face is excluded from the saturation maps. This
is done to avoid any misinterpretation because of the entrance and end effects associated with corefloods. Unusual saturation values
also arise near each end of the core because it resides inside the end cap, whereas the rest of the porous medium is only surrounded by
the glass tube housing it, as shown in Fig. 2. Phase-saturation maps from select experiments are shown in the next section. The satur-
ation profile across the core can also be obtained by averaging values within each cylindrical image slice. This is also shown in the Dis-
cussion section and is used to quantify the local reduction in capillary pressure at the edge of the low-permeability region.

Results

Two sets of experiments are reported in this work. The first set of experiments was conducted with the objective of understanding the
impact of superficial velocity on foam generation and mobilization while validating the velocity independence of this process by operat-
ing at the lowest injection rates possible within the range of the flow-control equipment. These experiments were conducted at an
injected-gas fraction of 80% with the highest total injection rate (qt) tested being 0.1 cm3/min, which corresponds to a superficial veloc-
ity (ut) of 2.36mm/s or 0.67 ft/D in field units. In total, four different injection velocities were considered. Starting at 0.67 ft/D, the rates
were successively lowered in each experiment to 0.5 ft/D (qt¼ 0.075 cm3/min), 0.33 ft/D (qt¼ 0.05 cm3/min), and finally to 0.17 ft/D
(qt¼ 0.025 cm3/min). The core was placed vertically in a temperature-controlled oven at 30�C to allow for a gravity-stable displacement
at the lowest rates considered.

Through the second set of experiments, the effect of fractional flow on foam generation was assessed. Extending the work of Shah
et al. (2018), these tests were conducted at ut¼ 0.67 ft/D. The gas fraction was varied from 60 to 95%. Lower gas fractions are less rele-
vant for field applications and, therefore, have not been reported. These experiments were conducted with the core placed horizontally
on the CT-scanner table.

Effect of Velocity. Foam generation was observed at all the tested velocities at fg¼ 80%. Fig. 4a shows a typical measurement of the pres-
sure gradient across various sections of the core, as indicated in Fig. 5. The maximum pressure drop across the core in all experiments is close
to 0.5 bar, and the outlet of the core is at atmospheric pressure. Fig. 4a reports pressure gradient for the experiment conducted at ut¼ 0.5 ft/D,
whereas Fig. 4b reports the experiment conducted at the lowest velocity (i.e., ut¼ 0.17 ft/D). The horizontal axis represents the total PVs of
injection (PVI) of surfactant solution and N2 gas. The core has reached a steady state to gas/brine injection at the origin of the plot.

As mentioned previously, before surfactant is introduced in the core, each experiment starts with gas injection into a brine-saturated
core. As gas drains the low-permeability region, the pressure transducers report a jump in pressure, indicating the arrival of gas. If each
transducer measures the same phase once gas has arrived at the outlet of the core, then these jumps in absolute pressure correspond to
spikes in terms of the pressure gradient. However, in all the experiments conducted, regardless of the orientation of the core, the pres-
sure gradient across the permeability transition rPLH

2 (black line in Fig. 4) is atypically high for gas/brine injection, and the pressure
gradient immediately downstream rPL

1 registers a slightly negative value. We believe that this is because of the pressure tap right
before the permeability transition sensing a different phase compared with the rest of the ports (McCool et al. 1983; Chen et al. 2016;
Shah et al. 2018). Gas trapping and the capillary-pressure contrast within the core might add to this effect. The experimental data
reported by As Syukri (2018) during gas/brine flow for similar experiments further support this explanation. As more and more
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surfactant is injected, rPLH
2 gradually declines. When the surfactant arrives at the permeability contrast, foam is generated across the

permeability transition. As the foam strength increases, the pressure taps in the high-permeability region sense the reduction in gas

mobility starting with the transducer immediately downstream of the transition. This is represented by the sharp drop in rPLH
2 and

jump in rPH
3 , at approximately 2.2 total PVI (0.44 PVI liquid) in Fig. 4a and 2.4 total PVI (0.4 PVI liquid) in Fig. 4b. rPH

4 rises

shortly after. In Fig. 4a, rPH
4 rises further into the experiment, at approximately 4.5 PVI total. This corresponds to the passage of foam

across the final section in the high-permeability region, followed by its arrival at the outlet of the core.

At the end of the experiment at ut¼ 0.17 ft/D (Fig. 4b), at approximately 5.9 total PVI, the pressure gradient in the low-permeability
region begins to rise. Because rPL

1 is low until that point, we can conclude that no strong foam is generated in the low-permeability
region before generation at the boundary. No significant rise in rPL

1 was observed in any other experiment reported in this paper.
Because this experiment is conducted at a lower velocity compared with all the other experiments reported in this paper, in which no
such rise in pressure gradient was observed, it is reasonable to conclude that the injection rate was not so high so as to cause foam gen-
eration in the low-permeability region unintentionally. We contend that this rise in pressure gradient is because of a secondary,
upstream buildup in pressure gradient, indicating an apparent backward propagation of foam, similar to that observed in previous work
(Apaydin and Kovscek 2001; Simjoo et al. 2013).

Apaydin and Kovscek (2001) observe a secondary rise in pressure gradient, traversing upstream, after the breakthrough of the initial
foam front in their experiments with surfactant concentrations higher than 0.1 wt%. This front propagation against the direction of flow
might be originating from increased gas trapping near the outlet of the core. The original generation of stronger foam at the outlet they
ascribe to the capillary end effect. The backward propagation begins soon after breakthrough. The time taken to achieve a steady-state
pressure profile throughout the core is much larger than in other experiments because the buildup of pressure drop against the direction
of flow is a slow process. Simjoo et al. (2013) observed what they called a “secondary desaturation front” traveling from outlet to inlet
in their experiments, after breakthrough. In our experiments, we have a finite transition in permeability inside the core, which is effec-
tively an internal capillary end effect. The rise in rPL

1 happens after several PVI. In the field, the region around such a heterogeneity
might experience several PVs of surfactant and gas. If the surfactant concentrations are high enough (Apaydin and Kovscek 2001) and
the velocities are low enough (to allow incremental gas trapping), one can expect foam generation and propagation in the low-
permeability regions also.

Not including the case discussed previously, it is important to note that the pressure gradient in the low-permeability region rPL
1 is

low and does not indicate any reduction in gas mobility because of foam generation upstream of the permeability jump. Comparing
Figs. 4a and 4b, it is evident that the magnitude of fluctuations in the pressure gradient is greater at the lower velocity or injection rate.
This subject of intermittency of the process shown by fluctuations in pressure gradient will be discussed later in this paper. For the
foam-generation experiments conducted at ut¼ 0.67 ft/D, ut¼ 0.5 ft/D (Fig. 4a), and ut¼ 0.33 ft/D, pressure gradient in the final section
inside the high-permeability region, rPH

4 , is either similar to or greater than rPH
3 in magnitude. In these experiments, the strength of

foam generated at the permeability transition is maintained as it propagates downstream to the outlet of the core. However, as shown in
Fig. 4b, at ut¼ 0.17 ft/D, rPH

4 is lower than rPH
3 , indicating a drop in foam strength upon propagation. At this velocity, we reach the

limit of foam propagation, and the foam generated at the permeability contrast is unable to steadily reach the outlet of the core. This is
confirmed by observations made at the outlet of the core (Fig. 6). A typical observation made at the outlet of the core is shown in
Fig. 6a for ut¼ 0.33 ft/D. At this velocity (and higher velocities), steady foam production is observed with infrequent, short,
intermittent bursts of only gas and liquid production. At ut¼ 0.17 ft/D, however, short periods (a few minutes to an hour) of relatively
coarse foam production is observed (Fig. 6b), followed by a large amount of gas production (several hours to a day, corresponding to a
few PVIs) as shown in Fig. 6c, followed by liquid for a similar time interval, as shown in Fig. 6d.

(a) (b) (c) (d)

Fig. 6—(a) Snapshot of the outlet tubing showing fluids produced from the core as a typical observation of steady foam production
at ut 5 0.33 ft/D. (b) Short bursts of foam production preceded by liquid, (c) a few PVs of gas production, and (d) liquid are observed
at ut 5 0.17 ft/D.
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Fig. 5—Schematic showing the labeling scheme used to denote local pressure and pressure gradient.
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Effect of Fractional Flow. Fig. 7 shows two foam-generation experiments performed at the same injection rate but with different frac-
tional flow. The core has been placed horizontally on the medical CT-scanner table. Fig. 7a shows pressure gradient vs PVs injected at
ut¼ 0.67 ft/D and fg¼ 60%. The lower horizontal axis represents PVs of surfactant-solution PVI into the core. Close to approximately
1 PVI total or 0.4 PVI liquid, foam generation takes place across the permeability transition indicated by the drop in rPLH

2 and jump in
rPH

3 , similar to the experiments reported previously. The dash-dotted lines in the plot indicate times at which CT scans were taken
across the core. Foam generation inferred from changes in sectional pressure-gradient measurements is also confirmed through phase-
saturation profiles (Fig. 8). As explained in the previous section, the saturations are computed using X-ray CT images (Mees et al.
2003), with blue representing a high liquid saturation and red representing a high gas saturation. The images display phase saturation in
a vertical cross section through the center of the core. In the image at 0.5 PVI surfactant solution, gas saturation begins to rise in the
high-permeability region immediately downstream of the permeability transition. This confirms that the drop in rPLH

2 and jump in
rPH

3 mark the onset of foam generation across the permeability contrast. At the start of surfactant injection, we observe an ambiguous
buildup in gas saturation near the inlet of the core, as seen in the image at 0.08 PVI liquid. However, this does not correspond to a
reduction in gas mobility in terms of pressure gradient because there is no evident rise in rPL

1 (gray line in Fig. 7a). This region of high
gas saturation does not appear in subsequent CT images, confirming that foam is indeed generated at the permeability transition,
seen clearly as a sharp contrast in gas saturation in the CT images. There is no strong foam present in the low-permeability region.
After 1.2 PVI surfactant, the foam has propagated downstream from the permeability contrast to the final section in the high-
permeability region andrPH

4 gradually rises. The experiment is ended soon after 2.2 PVI liquid as foam arrives at the outlet of the core.

Fig. 7b shows pressure gradient vs. PVIs for an experiment performed at the same injection rate (ut¼ 0.67 ft/D) but a higher
injected-gas fraction (fg¼ 95%). Fig. 9 reports phase saturations for this experiment, computed using X-ray CT imaging, as seen in a
vertical cross section through the center of the core. Evidently, the pressure gradient across the permeability transition exhibits larger
fluctuations while foam arrives at the outlet faster (in terms of liquid injected) compared with the experiment conducted at fg¼ 60%.
At roughly 0.1 PVI surfactant, the pressure gradient in the high-permeability region appears to rise. In this case, however, it does not
mark the onset of foam generation, because the CT image taken at 0.27 PVI liquid does not indicate foam in the high-permeability
region. The next CT image, at 0.37 PVI liquid, shows a foam front propagating through the high-permeability region. Therefore, the
onset of foam generation is marked by the sharp drop inrPLH

2 or rise inrPH
3 at approximately 0.33 PVI surfactant. Gas saturation in the

low-permeability region increases substantially after surfactant is introduced in the core. The CT images at 0.48 PVI liquid and 0.64 PVI
liquid show a gas saturation of almost 85% in the low-permeability region, close to the permeability transition. Later in the experiment,
the gas saturation is lower, at approximately 60%. The relatively high gas saturation, however, does not correspond to a significant reduc-
tion in gas mobility, because rPL

1 stays low. Pressure drop in the low-permeability region gradually rises from approximately 1 to
10 mbar through the experiment. The absolute-pressure transducers are accurate up to 3 mbar. This allows for a maximum mobility

0

2

4

6

8

0

0.5

1.0

1.5

2.0
0 0.5 1.0 1.5 2.0 2.5 3.0 3.5

0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0 5.5

0

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 1.1 1.2

0 2 4 6 8 10 12 14 16

0 2 4 6 8 10 12 14 16 18 20 22 24

0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0 2.2

(a)

0

5

10

0

1

2

∇P
 (

ba
r/

m
)

∇P
 (

ba
r/

m
)

∇P
 (p

si
/ft

)
∇P

 (p
si

/ft
)

Time (days)

Time (days)

Liquid PVI

(b)
Liquid PVI

Total PVI

Total PVI

∇PL
1 ∇PH

3 ∇PH CT scans4∇PLH
2

∇PL
1 ∇PH

3 CT scans∇PH
4∇PLH

2

Fig. 7—Pressure gradient across various sections of the core plotted against both total and surfactant (secondary horizontal axis)
PVs injected during the foam-generation experiment conducted at (a) fg 5 60% and (b) fg 5 95% at a fixed total superficial velocity
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reduction by a factor of 16. We think that the relatively high gas saturation in the low-permeability region, in this experiment, is because
of the creation of a continuous-gas foam. If the foam were discontinuous, blocked flow paths and moving lamellae would register a
higher pressure gradient in the low-permeability region, closer to the measurements in the high-permeability region. Moving lamellae
would multiply by lamella division, and this would abruptly increase the pressure gradient as the experiment progressed. Thus, it is a
continuous gas phase without moving lamellae that reaches the permeability transition. Nevertheless, strong foam is generated in flow
across the permeability transition, and the foam propagates downstream from the heterogeneity toward the outlet of the core.

Gas/brine
steady state

Gas/surfactant
0.08 PVI liquid

0.5 PVI liquid

0.7 PVI liquid

1.2 PVI liquid

2.2 PVI liquid

0.2 0.4 0.6 0.8Sw = 0 Sw = 1

Fig. 8—Average liquid saturation in a vertical cross section through the center of the core obtained using X-ray CT imaging for the
foam-generation experiment conducted at ut 5 0.67 ft/D and fg 5 60%. The image at the top represents a measurement during
steady-state gas/brine coinjection, and the images thereafter were taken at times corresponding to the dashed lines in Fig. 7a.
Blue represents a high liquid saturation, while red represents a high gas saturation, as indicated by the color bar at the top.

Gas/brine
steady state

0.2 0.4 0.6 0.8Sw = 0 Sw = 1

Gas/surfactant
0.07 PVI liquid

0.27 PVI liquid

0.37 PVI liquid

0.44 PVI liquid

0.48 PVI liquid

0.64 PVI liquid

0.79 PVI liquid

0.96 PVI liquid

1.09 PVI liquid

1.21 PVI liquid

1.27 PVI liquid

Fig. 9—Average liquid saturation in a vertical cross section through the center of the core obtained using X-ray CT imaging for the
foam-generation experiment conducted at ut 5 0.67 ft/D and fg 5 95%. The image at the top represents a measurement during
steady-state gas/brine coinjection, and the images thereafter were taken at times corresponding to the dashed lines in Fig. 7b.
Blue represents a high liquid saturation whereas red represents a high gas saturation, as indicated by the color bar at the top.
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In both the experiments reported in Fig. 7, foam generation takes place after similar amounts of liquid injection, which conforms
with the expected time of arrival of the surfactant solution at the permeability contrast. However, the pressure response to the same is
quite different. The pressure gradient across the permeability contrast exhibits large fluctuations at fg¼ 95%. As mentioned previously,
when looking at the pressure measurements, it appears that a modest and arguably sporadic resistance to gas flow is witnessed in the
high-permeability region long before foam begins to appear in the CT images as a high-gas-saturation front moving through the region.
At the end of both experiments, the pressure gradient in the high-permeability region is similar at approximately 1 bar/m. This indicates
minimal to no sensitivity to the change in the fractional flow on the final mobility. Experiments conducted at other gas fractions, as
reported in the next section, also yielded similar observations. The theory of Rossen (1999) suggests that foam generation by snap-off
in flow across a sharp permeability transition is easier in wetter flow. Some other studies indicate that the strength of steady-state foam
in a sandstone can be higher during wetter flow (Persoff et al. 1991; Kovscek et al. 1995), whereas Huh and Handy (1989) report the
opposite. In this study, with respect to foam generation by snap-off in flow across an abrupt permeability jump, we do not observe sig-
nificant differences in foam strength or the time at which foam generation commences at lower gas fractions to support the findings of
Rossen (1999). For a permeability contrast of approximately 3.8:1, foam generation is observed at higher gas fractions than predicted
by theory (Fig. 1).

Discussion

A series of injection rates and gas fractions were used to examine the effect of fractional flow and velocity on foam generation across a
sharp permeability contrast of 3.8:1. Foam generation was observed at all the conditions tested. Snap-off in flow of gas and surfactant
solution across an abrupt heterogeneity is intermittent in nature (Falls et al. 1988; Shah et al. 2018). Foam is not created steadily across
the interface as the surfactant solution reaches the permeability jump. In our experiments, the onset of foam generation, and often the
period thereafter, is accompanied by large fluctuations in the measured pressure gradient across the permeability transition and in the
high-permeability region. As mentioned earlier, foam generation begins when capillary pressure at the edge of the low-permeability
region falls below Psn

c . Snap-off in pore throats blocks the flow of gas, causing the local gas fraction to increase and the flow to become
drier. Locally, the capillary pressure might momentarily rise above Psn

c and foam generation stops. Eventually, liquid convects or
imbibes back to the boundary of the low-permeability region and accumulates, creating favorable conditions for snap-off. This cycle of
events repeats itself, and we think it is responsible for the large fluctuations in pressure gradient observed in our experiments. We
observe that this intermittency, in terms of magnitude and frequency of fluctuations in pressure gradient, is greater as the velocity
decreases. Fig. 10 shows the measured pressure gradient across the entire high-permeability region (Fig. 10a) and the corresponding
apparent viscosity (Fig. 10b). Each data point represents all the measurements recorded and averaged over 0.05 PVI surfactant solution
(or 0.25 total PVI). The error bar in each direction represents one standard deviation of all the measurements within this window,
representing the magnitude of fluctuation in pressure gradient. As the injection rate decreases, the magnitude of these fluctuations
increases. For each case, the pressure gradient rises after roughly the same amount of liquid injected (�0.4 PV), corresponding to the
time at which the surfactant solution arrives at the permeability contrast.

Apparent viscosity is computed as

lH
app ¼

kHrPH

ut
; ð2Þ

where kH is the measured permeability in the high-permeability region, !PH is the pressure gradient across the same section during the
experiment, and ut is the total superficial velocity. Therefore, if the pressure gradient remains the same, the computed apparent
viscosity increases with decreasing velocity. While the experiment at ut¼ 0.17 ft/D records the highest apparent viscosity, the foam
does not reach the outlet of the core, as reported in the previous section. Ignoring the experiment at the lowest velocity, Fig. 10a shows
that the measured pressure gradient is, for the most part, higher at a lower injection rate. This is counterintuitive for two-phase flow but
can be explained as follows: As capillary number (or velocity in this case, because permeability is kept constant) increases, the impact
of capillary heterogeneity decreases (Yortsos and Chang 1990). For the same reason, coreflooding experiments are often conducted at
high injection rates to minimize the influence of the capillary end effect. Therefore, as velocity in our experiments increases, the rate of
foam generation can be affected in such a way that the strength of the resulting foam is reduced. Note that this would hold true only for
foam created by snap-off across an abrupt increase in permeability. For other mechanisms of bubble generation, a higher velocity
would lead to the creation of a stronger foam. From the results of our experiments, it can be implied that a reduction in gas mobility can
be expected far from wells in a foam EOR application, provided that sharp heterogeneities are present in the formation. For all practical
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Fig. 10—Pressure gradient measured across the high-permeability region of the core at (a) four different injection rates and
(b) corresponding apparent viscosity; fg 5 80% in all the experiments.
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purposes, it can be considered that this phenomenon is independent of velocity. While velocities as low as 0.17 ft/D might never be
reached in a typical reservoir setting, we still observe foam generation across a permeability contrast of 3.8:1 at this superficial velocity.
At velocities much greater than 1 ft/D, other mechanisms of foam generation come into play and the impact of snap-off across heteroge-
neities might be less significant.

Experiments with varying gas fractions were conducted with the core placed horizontally on the CT-scanner table. CT images
together with pressure measurements were used to identify when foam generation began and whether foam successfully propagated
toward the outlet of the core. Fig. 11 shows a plot of the apparent viscosity in the high-permeability region plotted against PVI
surfactant solution for three different fractional flows. Because the total velocity and absolute permeability remain constant between the
experiments, the trend in apparent viscosity also reflects the trend in pressure gradient in the high-permeability region. The CT images
corresponding to fg¼ 60% and fg¼ 95% are shown in Figs. 8 and 9, respectively. As discussed in the previous section, for the
experiments conducted at fg¼ 80% and fg¼ 95%, pressure gradient in the high-permeability region rises before the CT images show a
high gas saturation in that zone. Therefore, after �0.1 PVI liquid, the apparent viscosity (lH

app) is approximately 100 cp for these
experiments (Fig. 11). However, the CT images visualize a foam front that begins to develop and move through the high-permeability
region after roughly the same liquid volume has been injected. This observation is independent of fg, and, as mentioned previously,
of ut. Moreover, the onset of foam generation is accompanied by fluctuations in pressure gradient, which are more frequent, and larger
in magnitude in these two experiments compared with the test at fg¼ 60%. However, it takes longer (in terms of liquid PVI) for foam to
propagate downstream to the outlet of the core at fg¼ 60% compared with the other two experiments. In other words, it takes more
surfactant solution for foam at 60% quality to travel the same distance as foam at 95% quality.

At the end of the experiments shown in Fig. 11, lH
app � 900 cp for fg¼ 95%, 700 cp for fg¼ 80%, and 950 cp for fg¼ 60%. It is not

entirely clear why the foam’s apparent viscosity drops at 80% foam quality. It is possible that if the experiment was continued for an
extended period of time, the apparent viscosity would reach a similar value. Nevertheless, this observation is inconsistent with the
observations of Tanzil et al. (2002a) and Falls et al. (1988), who observed a decrease in pressure gradient and foam apparent viscosity
with an increase in gas fraction. In both their experiments, foam was generated across a permeability discontinuity as a combination of
gas and surfactant solution drained a medium already saturated with a surfactant solution. Moreover, in the experiments of Tanzil et al.
(2002a), a decrease in fg between successive tests was also accompanied by an increase in ut, since the gas velocity was kept constant.
These differences in experimental protocols might be responsible for the contrast in experimental observations. As Syukri (2018) per-
formed so-called foam-quality-scan experiments (Ma et al. 2013, 2014) with a homogeneous, sintered-glass core with the same per-
meability as the high-permeability region of the porous medium used in this study. In his foam scans, the foam was generated under
drainage conditions by injecting gas and surfactant solution into a surfactant-saturated core. The transition foam quality was 80%, and
the foam apparent viscosity was lower at a foam quality of 60 and 95%. The experiments at fg¼ 60% and fg¼ 95% were performed
again to ensure repeatability. The experiment at fg¼ 80% and ut¼ 0.67 ft/D is a replication of an experiment performed by Shah et al.
(2018) under identical conditions. The results of all the experiments performed at the same injection conditions were similar, and the
previous discussion holds, regardless of which experimental data we select.

To further investigate and validate the theory of foam generation across permeability contrasts by snap-off, we investigate the satur-
ation profile in the core obtained through CT imaging, focusing on the permeability contrast. Fig. 12 shows the average steady-state
liquid saturation in the core plotted against dimensionless core length (x/L). Mean saturation values in the low- and high-permeability
regions, and at the transition, are indicated. Every measurement on the graph represents average saturation inside a circular CT image
slice, and each slice is 1.5 mm thick, as is the voxel size. Image settings identical to Shah et al. (2018) were applied while scanning the
core. The permeability jump in the core takes place over one or, at most two “coarse” grain diameters, equivalent to approximately
0.5 mm. Because the voxel depth is more than this grain size, the CT measurement at the permeability contrast (at x/L � 0.38 in
Fig. 12) defines the average liquid saturation near the edge of the low-permeability region. The exact liquid saturation one pore throat
away from the heterogeneity can be higher. Nonetheless, the saturation profile gives a good indication of the behavior across the hetero-
geneity in terms of liquid accumulation and local reduction in capillary pressure.

Berg et al. (2014) and Armstrong et al. (2016) measured capillary pressure as a function of saturation using mercury-intrusion poros-
imetry for sintered-glass core plugs, as used in this study. We use the Leverett J-function (Leverett 1941) to extend these measurements
to the petrophysical and fluid properties of our experimental system and construct capillary-pressure curves for the two regions in the
core. The curves are plotted on a semilog scale in Fig. 13a. As indicated in the figure, capillary-pressure curves obtained through
mercury-intrusion porosimetry include an entry-slope region. Several authors have investigated the physical meaning of this region
(Schowalter 1979; Katz and Thompson 1986; Nabawy et al. 2009). The entry-slope region concerns pore throats near the edges of the
porous medium that is being entered by the nonwetting phase. It is not representative of drainage in the bulk of the porous medium.
Therefore, we estimate the capillary entry pressure of the low-permeability region by extending the Pc curve (ignoring the entry-slope
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Fig. 11—Apparent viscosity across the high-permeability region of the core through experiments conducted at three different
injected-gas fractions with the core placed horizontally in the CT scanner; ut 5 0.67 ft/D in all the experiments.
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region) to intersect with the vertical line representing a water-saturated core (Sw¼ 1), indicated by the dashed arrow in Fig. 13a. Note
that to model snap-off across a permeability change, however, imbibition-type capillary-pressure curves must be used, which include
the entry-slope region that allows capillary pressure to reach the critical value for snap-off at effective gas saturations between zero and
unity. Drainage capillary-pressure curves would not allow for this type of snap-off because Pc is always higher than Pe

c anywhere on the
drainage Pc vs. Sw curve (Falls et al. 1988). Even when occurring in a macroscopic drainage process, snap-off results from a brief
moment of local imbibition into appropriately sized pore constrictions that meet the strictly geometric criteria for static snap-off (Roof
1970; Ransohoff and Radke 1988; Chambers and Radke 1990), which is a temporary deviation from drainage behavior, in its
exact sense.

In Fig. 13b, the capillary-pressure curve is magnified close to the liquid-saturated end. The average liquid saturations indicated in
Fig. 12 are plotted on the curve. Psn

c ¼ 1/2 Pe
c is assumed (Falls et al. 1988) and marked by the green dashed line on the plot. The capil-

lary pressure corresponding to the average saturation in the low-permeability region (Point A in Fig. 13b) is just above the entry pres-
sure of the region. At the transition, liquid accumulates to maintain capillary continuity, and it can be seen that the capillary pressure
drops to below the capillary pressure for snap-off (Point B). The capillary pressure corresponding to the average liquid saturation in the
high-permeability region (Point C) is close to Pc at the transition. In alignment with the theory of Yortsos and Chang (1990), this
response indicates that the permeability contrast is sharp and monotonic. Moreover, because the Pc at the transition is lower than Psn

c ,
snap-off is observed as surfactant is introduced into the system. This is consistent with the work of Rossen (1999) and Falls et al.
(1988). A similar investigation can be followed in all the experiments performed with CT-assisted saturation measurements, and it is
observed that capillary pressure at the boundary of the low-permeability region drops below the critical capillary pressure for snap-off,
resulting in foam generation across the permeability contrast. A complete analysis of the path followed along the Pc curve would
include the edge effect on the measured drainage capillary-pressure curves in Fig. 13a and the effect of imbibition on the low-
permeability region at the boundary.

As mentioned previously, the observations from the experiment conducted at ut¼ 0.67 ft/D and fg¼ 95% show that, for a given per-
meability contrast, foam was generated at a higher gas fraction than expected (Fig. 1). This disagreement with the work of Rossen
(1999) could arise from the fact that Rossen used a pore-network model with the effective-medium approximation (Kirkpatrick 1973)
to compute relative permeability and model flow in homogeneous regions. For the porous medium used in this study, the flow behavior
is different, and the relative permeabilities of the gas and liquid phases allow for the saturation response shown in Fig. 12. As a result,
the reduction in Pc is sufficient to cause snap-off even at fg¼ 95%.

Conclusions

Experiments at low superficial velocities were conducted with a variety of fractional flows in a layered core to observe foam generation
by snap-off. In reservoirs where the geological setting allows for the presence of sharp changes in permeability, snap-off can help
reduce gas mobility away from wells in which the superficial velocities are low. These heterogeneities can exist in the form of layer
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boundaries or laminations and cross laminations within individual layers. The permeability changes can be parallel or perpendicular to
the direction of flow, or a combination of the two. When the contrast is parallel to the direction of flow, upward migration of gas
because of gravity can cause foam generation in the high-permeability layers. Once foam is generated, gas mobility in the vertical direc-
tion will be reduced, effectively increasing the segregation length (Stone 1982; Jenkins 1984; Rossen and van Duijn 2004) and improv-
ing sweep efficiency in the low-permeability layers. In the presence of lateral changes in permeability, snap-off can help maintain foam
strength and improve the mobility control deep inside the formation. Foam generation across sharp permeability contrasts can have
important consequences for foam EOR applications, and it must be taken into account for the improvement in overall sweep efficiency.

In this study, foam generation was observed almost immediately as the surfactant solution arrives at the permeability contrast, irre-
spective of fg or ut. However, in our synthetic porous medium, surfactant adsorption is almost negligible, and in a more realistic setting,
adsorption must first be satisfied before foam generation commences. In agreement with the observations of Falls et al. (1988), snap-off
across the permeability contrast was an intermittent process. This is best indicated by periods of a fluctuating pressure gradient that
mark the onset of foam generation and subsequent propagation. This intermittency, in terms of magnitude and frequency of fluctuations
in pressure gradient, was greater at higher gas fractions and lower velocities. The saturation maps constructed using CT imaging for
some of our experiments help confirm that foam was indeed generated at the permeability transition and from there it propagates down-
stream to the end of the core. The saturation maps also show that the local reduction in capillary pressure near the permeability jump is
consistent with previous theory (Falls et al. 1988; Yortsos and Chang 1990; Rossen 1999).

Nomenclature

k ¼ absolute permeability, m2

krg ¼ gas relative permeability
krw ¼ liquid (water or surfactant solution) relative permeability

L ¼ core length, m
Pc ¼ capillary pressure, Pa

!P ¼ pressure gradient, Pa/m
q ¼ flow rate, cm3/min
S ¼ phase saturation
u ¼ superficial (Darcy) velocity, m/s
x ¼ distance along the core, m
l ¼ viscosity, cp

Superscripts

e ¼ entry pressure, used to denote capillary entry pressure for a porous medium
L ¼ low-permeability region

LH ¼ region with low- to high-permeability transition
H ¼ high-permeability region

min ¼ minimum, used to denote minimum !P or velocity required to generate foam
sn ¼ snap-off, used to denote critical capillary pressure required for snap-off
0 ¼ used to denote a property (e.g., relative permeability) away from the permeability transition in the absence of foam

Subscripts

app ¼ apparent
dry ¼ CT measurement of the dry core
exp ¼ CT measurement of the core during the foam-generation experiment

g ¼ gas
l ¼ liquid

liq ¼ CT measurement of the liquid-saturated core
t ¼ total
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