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ABSTRACT: Gas is used in petroleum reservoirs to displace oil for enhanced oil recovery. The microscopic displacement
efficiency of gas is very good, but at the reservoir scale the process suffers from poor sweep efficiency, especially in naturally
fractured reservoirs. Foam can improve the sweep. There have been considerable scientific contributions toward understanding
foam flow in nonfractured porous media, with relatively little work on foam flow in fractured porous media. We investigate
foam-generation mechanisms in five fully characterized glass models of fractures with different apertures and correlation lengths
of the aperture distribution. We also study the rheology of the in situ-generated foam by varying the superficial velocities of the
gas and surfactant solution. We compare the measured pressure gradient against the fracture attributes, aperture, and the
correlation length of the aperture. We also compare foam texture as a function of position within the fracture as the generated
foam propagates through the fracture. Gas mobility was greatly reduced as a result of in situ foam generation in our model
fractures. Foam was generated predominantly by capillary snap-off and lamella division. The measured mobility reduction
depends on fracture attributes. Fracture-wall roughness, represented by both the hydraulic aperture and the correlation length of
the aperture, plays an important role in foam generation and mobility. The average bubble size increases as the aperture
increases, which results in a significant decrease in pressure gradient. Two model fractures show the same two foam-flow
regimes central to the understanding of foam in nonfractured porous media: a low-quality regime where pressure gradient is
independent of liquid velocity and a high-quality regime where pressure gradient is independent of gas velocity. The
mechanisms thought to be behind these two regimes in nonfractured porous media do not apply to these experiments, however.

■ INTRODUCTION

Foam is injected to recover the undisplaced oil in petroleum
reservoirs. Foam has been applied in the field from as early as the
1960s.1 A foam pilot test was conducted in the Snorre Field,
starting with laboratory experiments and numerical simula-
tions.2−4 Experience and the benefits of steam-foam injection in
many field applications are reported in the literature.5 Foam is
also used in acid diversion for selective stimulation.6,7 Foam was
also used for the remediation of an aquifer.8

Many petroleum reservoirs have natural fractures caused by
earth stresses.9 Natural fractures vary in aperture, length,
orientation, asperities, and wall roughness.10−12 Studies have
examined foam flow in fractures in the last two decades.
Pregenerated foam was injected into sawed rock core samples or
blocks to study oil recovery.13−15 Pregenerated foam was
injected in parallel slits to study sweep and foam rheology.16

Studies of pregenerated foam in microfluidic devices as an
approximation to fracture flow have been also reported.17,18 The
investigation of foam flow in fracture replicas with apertures of
roughly 30 and 100 μm have been reported.19 Foam generation
and sweep efficiency in a fractured rock slab with an aperture of
approximately 100−150 μm was also investigated.20 These
studies report the pressure gradient across the entire sample, so
it is not possible to know how foam texture or pressure evolves as
foam propagates through the sample. Moreover, most studies
involved the injection of pregenerated foam. In-situ foam
generation and propagation in a physical-model fracture along
with foam texture and pressure gradient versus distance from the
injection face was reported in one study.21

Fractures can vary in aperture and in the roughness of the
fracture wall. It is important to examine how the geometry of the
fracture porespace affects foam generation, propagation, and
mobility. This paper shows the results of in situ foam generation
in five distinct model fractures. The fractures vary in aperture
and correlation length of the aperture. The study also addresses
foam texture as a function of roughness scale and aperture
variation. In addition, it shows the effect of fracture aperture on
foam texture and pressure gradient. It is an initial step toward
understanding how fracture geometry affects foam properties,
which would extend current studies of foam in individual
fractures and allow prediction of foam behavior under more-
general circumstances.

■ MATERIALS AND METHODS
Experimental Apparatus and Method. Figure 6 shows the

experimental apparatus, the same as that used in a previous study.21

SodiumC14−16 alpha olefin sulfonate (Bio-Terge-AS-40 KSB, Stepan,
Voreppe, France), an anionic surfactant with 39 wt % active component
and a critical micelle concentration of 301.0 mg/L, was used in the
study. All experiments employed a 1.0 wt % surfactant solution in
demineralized water. The surfactant solution was injected using a
Standard Infusion PHD Ultra syringe pump (model-703005, Harvard
Apparatus, Holliston, MA, USA). Flow rates are stated to be accurate to
within 0.25%, with reproducibility within 0.05% of full scale. This pump
is equipped with microstepping techniques to further reduce flow
pulsation. The pump has a range from 0.0001 μL/h to 216 mL/min.
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Nitrogen was injected through a gas mass-flow meter/mass-flow
controller (EL-Flow F-230M-RAD-22-K, Bronkhorst High-Tech B.V.,
Ruurlo, Netherlands) which has a range of 0−10 mln/min. The bottom
(roughened) glass plate includes four pressure ports, with a distance of
9.0 cm between them, to provide pressure readings across the length of
the apparatus. The pressure-difference sensors are signal-conditioned
and temperature-compensated. Three different ranges of sensors are
used depending on pressure. The sensors (MPXV5004DP,
MPXV5010DP, and MPXV5050DP, Freescale Semiconductor, Inc.,
Austin, TX, USA), with ranges of 0 to 4, 0 to 10, and 0 to 50 kPa,
respectively, have a maximum error of 5.0% from 0 to 85 °C
temperature. The sensors were connected to a data-acquisition unit and
a computer, where pressure is recorded every second.
For monitoring in situ foam generation and foam texture we used a

LEICA MZ 8 microscope (10445538 1.0X, Leica Microsystems B.V.,
Amsterdam, Netherlands). The microscope is connected to DRS’s
lightning RDTTM camera, consisting of a small camera head,
detachable cable, and custom frame-grabber board. The lightning
RDTTM is an ultrafast, high-resolution camera that captures 1280 ×
1024 resolution images at 500 full frames per second (fps). A higher fps
of 16 000 can be achieved at reduced resolution for recording extremely
rapid events.MiDAS 2.0 camera-control software (Xcitex Inc., Woburn,
MA, USA) was used to process the images/videos in real time during
recording. A compact backlight (model CVI STAR-BL-110/110-WH-
24 V; Stemmer Imaging B.V.) provided constant and even illumination.
Uniform light is needed to produce noise-free images.
Three sets of experiments were carried out using this setup, after

measuring experimentally the hydraulic aperture of each fracture:

1 In-situ foam generation: The fracture was first vacuum-saturated
with water (no surfactant), followed by coinjection of gas and
surfactant solution. The foam-generation mechanisms within
each of the fractures were observed and categorized.

2 Foam propagation: Once the foam had been generated, its
behavior and evolution as it propagated through the model was
investigated.

3 Foam-quality scan: After foam flow had been established
throughout the fracture, the pressure gradient across the four
sections was recorded until a stable signal was observed. The
variation in the pressure gradient with foam quality, holding
total superficial velocity ut constant, could then be recorded.

Model Fractures. Model fractures made of glass plates have
previously been used to study foam and two-phase flow in
fractures.16,21−29,45 Glass-model fractures provide the ability to observe

the flow and investigate the mechanisms of foam generation. More
importantly, they allow one to systematically vary roughness scales
(magnitude of aperture, aperture variation, and the length scale over
which the aperture varies) and investigate the effect of these on foam
generation, stability, and mobility. Our goal is to cover a wide range of
apertures and different fracture geometries encountered in fractured
reservoirs. Figures 2 to 6 show the fracture-wall surface topography of
our model fractures.

The model fractures used here consist of a roughened plate to
represent the fracture roughness and a top plate that is smooth, to allow
direct observation of the flow. One model fracture (Sample 2) has a 40
× 10 cm plate with regular patterns in its roughness. The remaining four
model fractures have 43 × 10 cm plates with significant differences
between them in their roughness scales. The roughened plate is 4 mm
thick and was strengthened by attaching a 15 mm-thick plate of glass to
the back using DELO Photobond glue (DELO, Windach, Germany).
The thickness of the top glass plate was also 15 mm. The required
thickness of the glass plates was estimated using solid-mechanics
calculations to prevent any glass deflection during the flow. The glass
deflection was also checked using a probe indicator (2 μm resolution)
during the experiment.

Figure 1. Schematic of the experimental setup. The injection and production lines are fitted from the bottom of the fracture plate, but are drawn from
the top here to avoid clutter in the diagram. The bottom right shows the model-fracture layout with injection and pressure ports.

Figure 2. Sample 1:3D surface topography. The patch shown is 4 × 4
cm2.
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In all the model fractures the roughened glass plates include three
inlet ports that allow a separate coinjection of gas and liquid. These inlet
ports are equally spaced and connected to an 8.0 × 2.0 × 0.04 cm entry
trough milled into the roughened plate (Figure 6, bottom right). The
middle inlet port was used for liquid injection and the other two inlet
ports for gas injection. Sample 2 has a single port for outflow without a
milled outlet trough.29 The milled outlet trough in the other four
samples eliminates radial converging flow to the single outlet port that
we observed in Sample 2. For Samples 1, 3, 4, and 5, the roughened glass
plates include four pressure ports spaced over a length of 39 cm and an

8.0 × 2.0 × 0.04 cm milled outlet region. The fourth pressure port is
located 2 cm upstream of the outlet trough. Thus, behavior in the fourth
section, between taps 3 and 4, is thus relatively isolated from the
capillary end effect at the edge of the fracture.

The gap between the top plate and the rough surface represents the
fracture aperture. The two glass plates are glued together at the edges
using Araldite 2014, an epoxy adhesive that has a tensile strength of 26
MPa at 23 °C. The fracture is mounted in a frame that can slide 50 cm in
the X and Y directions to allow for microscopic observation of the flow
in the whole 43 × 10 cm fracture.

A fracture can be considered a two-dimensional network of pore
bodies (maxima in aperture) connected by throats (saddle points
between pore bodies).30−33 To characterize the two-dimensional
network, a 4× 4 cm2 patch of each roughened glass sample was profiled
to quantify the spatial and vertical variations in height. Images and
statistics of the pore throats and pore bodies were reported
previuosly.34 We identify the characteristic pore-throat aperture (dt)
as that at the percolation threshold, a characteristic pore-body aperture
(db) that is the average pore-body aperture, and a characteristic pore
length (Lp) that is the average pore-body length of the 2D network in
the flow direction. A separate measure would be the correlation length
of aperture. Table 1 shows that these two measures correlate well with
each other. The hydraulic aperture dh was measured experimentally by
injecting water and obtaining the relationship between flow rate and
pressure drop.35 We estimated pore-throat width wt (Table 1) by
estimating the average pore throat on the percolation path and
determining the width of that throat at that aperture. Table 1
summarizes the fracture-aperture data for all five fractures. The model-
fracture topography in each case, with the conceptual 2D network
superimposed on the images, is given in Appendix A in the Supporting
Information.

Samples 4a, 4b, 5a, and 5b were fabricated to investigate the effect of
the hydraulic aperture (dh) at a fixed Lp. The model fractures were
fabricated from glass plates similar to samples 4 and 5, but with spacers
with known thickness (and dimensions 0.5 × 0.5 cm2) distributed
uniformly, mainly at the fracture perimeter. Additionally, four spacers,
one in the center of each section, were placed to prevent deformation of
the sample. The spacers occupy only 0.01% of the total area available for
flow. We measured the hydraulic aperture for each model after
fabrication.

■ RESULTS
In-Situ FoamGeneration.We observed foam generation in

our five model fractures, with corresponding mobility reduction
of the gas. Foam was generated in situ mainly by snap-off and
lamella division. In samples 2, 3, and 4, both lamella division and
repeated snap-off occurred. The throats in these samples are
wide in the plane of the fracture (Appendix A) but narrow in

Figure 3. Sample 2:3D surface topography. The patch shown is 1 × 1
cm2.

Figure 4. Sample 3:3D surface topography. The patch shown is 4 × 4
cm2.

Figure 5. Sample 4:3D surface topography. The patch shown is 4 × 4
cm2.

Figure 6. Sample 5:3D surface topography. The patch shown is 4 × 4
cm2.
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aperture dt (Table 1); this slit-shaped geometry favors snap-
off36,37,45 (Appendix B in the Supporting Information).
In sample 2 snap-off created bubbles that are much smaller

than the pores.21 Lamella division was observed at high gas
fractional flow ( fg). Figure 7 shows snap-off events in sample 2 at

fg = 0.37 and a total superficial velocity (ut) of 0.0021 m/s; in all
images the flow is from left to right. Figure 8 shows lamella
division at fg = 0.87 and ut = 0.0049 m/s. In these and similar
images to follow, the white area represents water, which
occupies the peaks in the topography of Figures 1−5 (i.e.,
locations of narrowest aperture) and some pore throats (saddle

points between peaks; see Appendix A). Gas occupies the pore
bodies (i.e., locations of widest aperture, or valleys in Figures
1−5). Lamellae appear as white lines in Figure 7 and following.
We observe foam generation by lamella division when a lamella
leading a large bubble divides as it encounters a split in the flow
path. We did not observe lamella division at fg lower than 0.76 in
sample 2, probably because bubbles were too small to divide.
In 3D pore networks, interbubble diffusion can rapidly

eliminate bubbles much smaller than pores. In our experiments,
diffusion does not have time to eliminate these bubbles because
bubble residence time in our model is relatively short,
approximately 2.7 min.21 A similar observation of bubbles
smaller than pores was reported in another study of foam flow in
fractures.20

In samples 3 and 4 we also observed snap-off; see Figures 9
and 11, respectively. Samples 3 and 4 differ greatly in their

hydraulic apertures and correlation length for aperture (Table
1). This led to significant differences in foam texture (cf. Figures
9 and 11), foam texture as a function of position (discussed in
the next section), and pressure response. Moreover, in samples 3
and 4 lamella division occurred at flow conditions that were
similar to those of snap-off in the same samples. Figures 10 and
12 show lamella division in Samples 3 and 4, respectively.
In samples 1 and 5, foam was generated primarily by lamella

division (cf. Figures 13 and 14). In sample 1 the throats are
deeper than in the other samples, and thus less slit-like. In
sample 5 the throats are slightly deeper than in sample 4, for
instance, but not nearly as wide in the plane of the fracture

Table 1. Model Fracture Aperture and Roughness Data (All Measurements Are in μm)

sample
no.

hydraulic aperture (experimentally
determined), dh

pore-throat aperture,
dt

pore-body aperture,
db

pore length,
lp

correlation length,
lcor

pore-throat width,
wt

1 670 818 1128 2661 2754 1550
2 66 68 138 819 795 410
3 330 443 853 5156 4800 1650
4 51 100 210 4415 5100 1130
4a 72 121 231 4415 5100 1130
4b 204 253 363 4415 5100 1130
5 115 131 211 2421 2240 460
5a 145 161 241 2421 2240 630
5b 170 186 265 2421 2240 630

Figure 7. Sample 2: foam generation by snap-off; image size (0.75 ×
0.43 cm2). fg = 0.37 and ut = 0.0021 m/s. Black is gas and white is water.
Area of interest is highlighted in red.

Figure 8. Sample 2: foam generation by lamella division; image size
(0.21× 0.2 cm2). fg = 0.87 and ut = 0.0049 m/s. Black is gas and white is
water. The divided bubble is highlighted in red.

Figure 9. Sample 3: foam generation by snap-off (see arrow and box);
image size (2.6 × 2.1 cm2). fg = 0.45 and ut = 0.0013 m/s. Black is gas
and white is water.
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(Figures 4 and 5, Appendix A): again, less slit-like and less
favorable to snap-off. The large aperture of sample 1 has a
significant impact on foam texture and pressure gradient, as

discussed below. These results show that the foam-generation
mechanism is a function of aperture, fracture-wall geometry, gas
fractional flow, and total superficial velocity. Surfactant-solution
type and concentration are also important but they were the
same for all experiments.

Foam Propagation.We monitored the texture of the foam
across the fracture at steady-state flow conditions, using images
captured at different distances from the injection port.

Sample 1. Sample 1 has the widest hydraulic aperture dh
(Table 1) andmany asperities. We analyzed foam texture for fg =
0.45 and ut = 0.0012 m/s. The analysis shows that gas enters the
model and propagates about 6 to 10 cm as a continuous phase
(Figure 15, image 1). This is evident in the average bubble size
and the number of bubbles per unit area. The continuous gas
phase starts to break up into relatively smaller gas bubbles by
lamella division as discussed previously. We did not observe
significant changes in foam texture in sections 2 and 3 (Figure
15, images 2 and 3). However, in the last section the bubble size
became somewhat smaller than the average size of the pore, 7.3
mm2, determined from the 2D network analysis (Figure 15,
image 4). Table 2 presents the statistics from the image analysis
for Sample 1. We believe that the foam has not reached a final
local-equilibrium state in this case. The wide aperture strongly

Figure 10. Sample 3: foam generation by lamella division (see arrow
and box); image size (2.6 × 2.1 cm2). fg = 0.45 and ut = 0.0025 m/s.
Black is gas and white is water.

Figure 11. Sample 4: foam generation by snap-off (see arrow and box);
image size (1.1 × 0.9 cm2). fg = 0.68 and ut = 0.0032 m/s. Black is gas
and white is water.

Figure 12. Sample 4: foam generation by lamella division (see arrow
and box); image size (0.72 × 0.66 cm2). fg = 0.45 and ut = 0.0016 m/s.
Black is gas and white is water.

Figure 13. Sample 1: foam generation by lamella division (see arrow
and box); image size (2.1 × 1.8 cm2). fg = 0.60 and ut = 0.0025 m/s.
Black is gas and white is water.

Figure 14. Sample 5: foam generation by lamella division (see arrow
and box); image size (1.2 × 0.96 cm2). fg = 0.70 and ut = 0.0007m/s.
Black is gas and white is water.
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influences the entrance region, lengthening it considerably. This
effect was also clear in the pressure response as discussed in the
next section.
Sample 2. Sample 2 has a regular pattern in its roughness,

with much smaller dh and Lp than sample 1. Foam was generated
mainly by snap-off and lamella division. In a manner similar to
sample 1, we captured images at different distances from the
injection point. In this model fracture, unlike the others, there
was converging flow toward a single outlet port, so the last
section is not included in the foam-texture analysis.28 This
analysis was performed at fg = 0.37 and ut = 0.0021 m/s. The
foam gets finer as it propagates through the facture, due to snap-
off. The average bubble size decreases and the number of
bubbles per unit area in section 3 is almost double that in section
1 (Figure 16 and Table 3). The two tests were not at identical fg
and ut, but the fact that in sample 2 bubble size is so much
smaller than in sample 1 suggests that both dh and Lp play a role
in foam texture. By section 3 of sample 2 the average bubble size
was much smaller than the pore body of the sample, which is
0.50 mm2.
Sample 3. Sample 3 has the second largest dh and the largest

Lp (Table 1), and foam was generated by both snap-off and
lamella division as discussed earlier. Foam-texture analysis was
performed at fg = 0.60 and ut = 0.0013 m/s and shows that the

average bubble size decreases and the number of bubbles in
section 4 is 12 times greater than in section 1 (Figure 17). The
average pore-body size of this sample is 32.9 mm2, which is
significantly larger than the average bubble size of 4.47 mm2

observed toward the end of the fracture (Table 4). Similarly to
sample 1, we observed large gas bubbles near the entrance, and
only toward the last section did the foam bubbles become finer.

Sample 4. Sample 4 is characterized by a small dh and a large
Lp. Foam was generated by both snap-off and lamella division in
this sample. Foam-texture analysis was performed at fg = 0.70
and ut = 0.0016 m/s. This analysis shows that a considerable
number of lamellae have been created in section 2, as compared
to samples 1 and 3, where the dh values were much larger, 670
and 330 μm respectively (Figure 18). Foam propagates through
the fracture and is refined as it flows downstream. The average
pore-body size in this sample is 13.2 mm2, compared to the
average bubble size of 0.14 mm2 observed toward the end of the
fracture (Table 5). The small dh in this sample has influenced the
bubble size greatly, making a significant number of bubbles
within a short distance of fluid entry.
In addition to the original Sample 4, with dh = 51 μm, samples

4a and 4b have dh = 72 and 207 μm, respectively. We made a
comparison of foam texture at the same distance from the
injection port once a stable pressure gradient was observed in

Figure 15. Sample 1: Foam texture vs distance at fg = 0.45 and ut = 0.0012 m/s. Image size is 2.5 × 1.7 cm2; black is gas and white is water. The images
were captured once the pressure gradient had stabilized. Gas is initially continuous and bubbles are generated by lamella division as gas propagates
through the fracture. Bubble size becomes smaller than the pore-body size toward the last section of themodel fracture. The number of bubbles per unit
area significantly increased in section 4.

Table 2. Sample 1: Image-Analysis Statistics. fg = 0.45 and ut =
0.0012 m/s

section 1 2 3 4

distance from inlet, mm 60 150 230 360
average bubble size, mm2 58.06 14.23 17.66 4.92
bubble size, std. dev., mm2 107.6 20.63 21.22 6.19
number of bubbles per unit area 5 21 17 55

Figure 16. Sample 2: Foam texture vs distance at fg = 0.37, ut = 0.0021 m/s; black is gas and white is water. The images are captured during stabilized
pressure gradient. Image size 0.8× 0.77 cm2. Foam-texture analysis shows that the average bubble size decreases and the number of bubbles in section 3
is almost double that in section 1.

Table 3. Sample 2: Image-Analysis Statistics. fg = 0.37, ut =
0.0021 m/s

section 1 2 3

distance from inlet, mm 20 120 270
average bubble size, mm2 0.250 0.138 0.081
bubble size, std. dev., mm2 0.205 0.125 0.056
number of bubbles per unit area 165 217 303
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each case. This test was conducted at fixed fg = 0.45 and ut =
0.0032 m/s. Coarser-textured foam is evident as dh increases
(Figure 19), and fewer snap-off events are observed at dh of 207
μm. The increase in bubble volume is greater than the increase in
bubble area as aperture increases (Table 8). The average bubble
size increases with increasing dh (Table 6).
Sample 5. Foam was generated solely by lamella division in

sample 5. The foam-texture analysis was performed at fg = 0.46
and ut = 0.0007 m/s. Initially, the gas forms a continuous phase,
and foam bubbles are created as it propagates downstream. The
average pore-body size of this sample is 4.00 mm2, compared to
the average bubble size of 0.53 mm2 observed toward the end of
the fracture (Table 7). Foam is generated by a similar
mechanism in both samples 1 and 5. The two samples have
roughly the same Lp; however, the foam texture is different in the
two samples due to the difference in apertures (Figure 20).
Samples 5a and 5b have dh = 145 and 170 μm, respectively.

Tests were conducted at fixed fg = 0.45 and ut = 0.0022 m/s
(Figure 21). The image analysis reveals a similar behavior to
Sample 4, with coarser-textured foam observed as dh increases.
The average bubble size increases, and the number of bubbles
decreases, as dh increases (Table 8).
Comparison of Samples. These experiments demonstrate

the effect of dh and Lp on foam texture. In all the samples, foam
becomes finer as it propagates through the fracture. We cannot
confirm that foam has reached the final local equilibrium state by
the time it reaches the outlet in these experiments. Fine-textured
foam was observed in the fractures with the smallest apertures

and course-textured foam in the fractures with the largest
apertures. Samples with approximately similar apertures
(samples 2 and 4) and different Lp show two distinctly different
textures: smaller bubbles in the fracture with smaller pores,
though the bubbles are smaller than the pores in both cases.
Foam occupies the pore bodies differently, based on the shape of
the pore bodies.

Foam-Quality Scans. Foam-quality scans were carried out
on these model fractures, by holding ut constant and varying fg.
The surfactant solution and nitrogen were coinjected into the
initially water-saturated fracture, and the pressure gradient
across the four sections was recorded until stabilization of
pressure gradient was achieved. Significant pressure oscillations
were observed in these tests, and larger oscillations were evident
at high fg. These oscillations reduce the time-average foam
apparent viscosity. In nonfractured porous media the foam
behavior at high quality is believed to reflect the destruction of
foam at the limiting capillary pressure.38−40 We did not observe
significant foam coalescence in any of our samples at any tested
foam qualities. In our experiments oscillations in pressure
gradient reflect fluctuations in foam generation.28

We selected the fourth section of each sample, except for
Sample 2, as the basis for our analysis of the pressure behavior. In
Sample 2, we used the third section, due to the converging flow
toward the outlet port in the fourth section. We averaged the
pressure gradient over the period of stabilization for each foam
quality. The injected gas volume was corrected to the pressure at
the middle of the fracture.

Figure 17. Sample 3: Foam texture vs distance at fg = 0.60, ut = 0.0013 m/s; black is gas and white is water. The images are captured during stabilized
pressure gradient. Image size 1.7 × 1.1 cm2. The number of bubbles is 12 times greater in section 4 than in section 1.

Table 4. Sample 3: Image-Analysis Statistics. fg = 0.60, ut =
0.0013 m/s

section 1 2 3 4

distance from inlet, mm 60 150 230 360
average bubble size, mm2 34.24 15.73 12.99 4.47
bubble size, std. dev., mm2 19.55 18.72 6.93 5.63
number of bubbles per unit area 2 5 10 24

Figure 18. Sample 4: Foam texture vs distance at fg = 0.70, ut = 0.0016 m/s. Black is gas and white is water. The images were captured during stabilized
pressure gradient. Image size is 1.4× 1.0 cm2. An image of section 1 was not available for the analysis. Among our samples, sample 4 has the smallest dh,
51 μm. A considerably greater number of lamellae have been created in section 2 as compared to samples 1 and 3, where dh = 670 and 330 μm,
respectively.

Table 5. Sample 4: Image-Analysis Statistics. fg = 0.70, ut =
0.0016 m/s

section 1 2 3 4

distance from inlet, mm 60 150 230 360
average bubble size, mm2 NA 0.36 0.26 0.14
bubble size, std. dev., mm2 NA 0.47 0.40 0.16
number of bubbles per unit area NA 207 216 479
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We tested foam mobility as a function of foam quality fg for
four total superficial velocities ut, for three of the model fractures
(samples 2, 4, and 5). Foam quality fg was varied in a random
sequence, to avoid misinterpreting the possible effects of
hysteresis that might occur in the case of sequential increase
or decrease in fg. For sample 1, with dh = 670 μm, foam was
observed only toward the outlet of the model. The recorded
pressure gradient∇pwas only a fewmbar/m (a few hundred Pa/
m), with large oscillations (Figure 22). Although we tested flow
at different values of ut and fg, we were not able to obtain a
meaningful foam-quality scan on this sample due to large
oscillation at a very low pressure gradient. Therefore, the
uncertainty and variability in ∇p was too great for meaningful
analysis, especially at higher fg. Similarly, for sample 3, with the
second largest dh of 330 μm, we did not obtain a foam-quality
scan. The recorded pressure gradient was an average of 34.56
mbar/m with significant fluctuations (Figure 23), even at low fg.
It was harder to create foam, reduce gas mobility, and increase
∇p significantly with wider apertures.

Foam-quality scans were successfully carried out for Samples
2, 4, and 5. In general, as the velocity increases, the pressure
gradient increases; however, the increase is not proportional to
ut. Figures 24, 25, and 26 show the foam-quality scans of samples
2, 4, and 5, respectively. The effect of Lp or the correlation length
on the pressure gradient is made clear by comparing samples 2
and 4, which have similar hydraulic aperture dh (Table 1). The
overall pressure gradient for sample 2 is greater than that for
sample 4. We believe this occurs because there is a throat which
both contributes to foam generation and restricts bubble flow
every 800 μm in sample 2 (Table 1). The throat apertures are
somewhat greater in sample 4, but the pores are also five times
longer.
Figures 24 to 26 indicate the range of shear-thinning behavior

in these three samples. For sample 2, at injected gas fraction fg =
0.25, pressure gradient ∇p increases only about 14% upon an
increase in total superficial velocity by a factor of 5: in effect, a
power-law exponent n less than 0.1 For fg = 0.75, n is about 0.43.
For sample 2, at fg = 0.3, n ∼ 0.3, and at fg = 0.7, n ∼ 0.85, nearly
Newtonian. For sample 5, at fg = 0.3, n∼ 0.26, and at fg = 0.7, n∼
0.83.
Central to the understanding of flow in nonfractured porous

media is the existence of two distinct foam-flow regimes,
corresponding to high foam quality and low foam quality.40−44

The pressure gradient is independent of liquid velocity in the
low-quality regime and independent of gas velocity in the high-
quality regime. In sample 2 these two regimes were observed.
Figure 27 shows the pressure-gradient contours for sample 2.
Pressure-gradient data for samples 4 and 5 are shown in Figures
28 and 29, respectively.
The same two foam-flow regimes were observed in sample 5.

For sample 4, all of the data would correspond to a transition
region between the high- and low-quality regimes. The
transition between regimes is sensitive to both the nature of
the porous medium and the ability of the surfactant to stabilize
foam.40 Given the absence of evidence of either flow regime in so

Figure 19. Samples 4, 4a, 4b: foam texture versus dh at fg = 0.45 and ut = 0.0032 m/s. Black is gas and white is water. The images were captured during
stabilized pressure gradient. The image size is 1.7 × 1.5 cm2. The correlation length of roughness and Lp are the same in all three fractures. Images are
captured 36 cm from the inlet. The analysis shows that for fixed Lp the average bubble size increases with increasing dh.

Table 6. Samples 4, 4a, 4b: Effect of Hydraulic Aperture on
Foam Texture at Fixed Lp

parameter sample 4 sample 4a sample 4b

hydraulic aperture dh, μm 51 72 207
average bubble size, mm2 0.097 0.148 1.37
bubble size, std. dev., mm2 0.114 0.133 1.32
number of bubbles per unit area 972 750 78

Table 7. Sample 5: Image-Analysis Statistics. fg = 0.46, ut =
0.0007 m/s

section 1 2 3 4

distance from inlet, mm 60 150 230 360
average bubble size, mm2 2.48 0.66 0.60 0.53
bubble size, std. dev., mm2 7.84 0.57 0.48 0.36
number of bubbles per unit area 37 160 176 194

Figure 20. Sample 5: Foam texture vs distance at fg = 0.46, ut = 0.0007 m/s; black is gas and white is water. The images are captured during stabilized
pressure gradient. Image size 1.6 × 1.6 cm2. Initially the gas forms a continuous phase, then bubbles are created by lamella division.
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wide a scan of foam quality (see Figure 28), it may well be that
the two regimes do not apply to this foam in this fracture.
We do not know the reason for this difference. Sample 4 has

narrower aperture than sample 5 and similar aperture to sample
2 (Table 1). It is possible that foam has not reached local

equilibrium with the fracture, since texture is still rapidly
changing in the fourth section (Figure 18, Table 5).
As dh increases from 51 to 72 μm (samples 4 and 4a), the

pressure gradient increases for all the foam qualities tested. We
do not have an explanation for this increase in pressure gradient.
The bubbles are larger in sample 4a (Table 6). However, when
dh increases further to 207 μm (sample 4b), the pressure
gradient decreases substantially (Figure 30).
As dh increases from 115 to 145 μm (samples 5 and 5a), the

pressure gradient substantially decreases. An additional 17%
increase in dh yields only a marginal decrease in pressure

Figure 21. Samples 5, 5a, 5b: Foam texture versus dh at fg = 0.45 and ut = 0.0022 m/s. Black is gas and white is water. The images are captured during
stabilized pressure gradient. The image size is 1.1 × 0.86 cm2. The roughness scale, or Lp, is the same for all three fractures. Images are captured 36 cm
from the inlet. The analysis shows that for a fixed Lp the average bubble size increases as dh increases.

Table 8. Samples 5, 5a, 5b: Effect of Hydraulic Aperture on
Foam Texture at Fixed Lp

parameter sample 5 sample 5a sample 5b

hydraulic aperture dh, μm 115 145 170
average bubble size, mm2 0.468 0.74 0.943
bubble size, std. dev., mm2 0.343 0.438 1.02
number of bubbles per unit area 120 55 54

Figure 22. Sample 1: (dh = 670 μm); section 4 pressure gradient at ut =
0.0012m/s and fg = 0.45. No foam-quality scan could be carried out due
to a small magnitude of pressure gradient and large oscillations.

Figure 23. Sample 3: (dh = 330 μm); section 4 pressure gradient at ut =
0.0013m/s and fg = 0.45. No foam-quality scan could be carried out due
to the small magnitude of pressure gradient and large oscillations.

Figure 24. Sample 2: foam-quality scans at different total superficial
velocities ut (m/s). The error bars in the data reflect oscillations in
pressure gradient.

Figure 25. Sample 4: foam-quality scans at different total superficial
velocities ut (m/s). The error bars in the data reflect oscillations in
pressure gradient.
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gradient (Figure 31). This appears to be related to the number of
bubbles in the two cases. The number of bubbles for dh = 170 μm
decreases slightly compared to the case at dh = 145 μm.
Table 9 summarizes the pressure-gradient results. For this

comparison we selected fg and ut to be in the vicinity of 0.45 and
0.0025 m/s for all the samples. Samples 2 and 5 deviate the most

Figure 26. Sample 5: foam-quality scans at different total superficial ut
velocities (m/s). The error bars in the data reflect oscillations in
pressure gradient.

Figure 27. Sample 2: pressure-gradient (mbar/m) as a function of
superficial velocities of gas and liquid.

Figure 28. Sample 4: pressure-gradient (mbar/m) as a function of
superficial velocities of gas and liquid.

Figure 29. Sample 5: pressure-gradient (mbar/m) as a function of
superficial velocities of gas and liquid.

Figure 30. Samples 4, 4a, and 4b: foam-quality scans at different values
of dh. The error bars in the data reflect oscillations in pressure gradient.

Figure 31. Samples 5, 5a, and 5b: foam-quality scans at different dh. The
error bars in the data reflect oscillations in pressure gradient.
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from the selected ut, but based on the shear-thinning behavior
shown in Figures 24 and 26, we do not expect significant change
in the values of∇Pfoam. Sample 2 showed the highest value of∇P
with foam. We believe this reflects the small dh and Lp
(compared to sample 4, with similar dh). The calculated
mobility-reduction factor of foam compared to single-phase flow
of water (MRF) is based on the single-phase flow experiments
used to determine dh for each sample.35 Figure 32 shows how

pressure gradient responds to dh and Lp. Pressure gradient is
much greater for narrower fractures. It also increases with
decreasing Lp, though less dramatically. There is no simple trend
between MRF and either dh or Lp alone (Figures 33 and 34).
BecauseMRF is a comparison to single-phase laminar flow, if∇p
decreases with increasing dh less than (dh)

(−3), MRF increases.

Fracture Geometry and Foam Properties. Appendix B
presents a characterization of expected foam-generation
mechanisms based on fracture geometry, characterized in
three dimensionless groups: the ratio of throat width to throat
aperture (wt/dt), the ratio of body aperture to throat aperture
(db/dt), and the ratio of body width to body aperture (wb/db).
Briefly, one expects repeated snap-off of small bubbles in slit-
shaped throats ((wt/dt) → ∞), both at the gas-invasion front
and behind the front (due to fluctuating capillary pressure). For
throats of width comparable to aperture, snap-off depends on
the geometry of the downstream body (its aperture and width).
If the body is much deeper than the throat, or much wider than it
is deep, snap-off is expected at the gas-invasion front, but
resulting bubbles would be larger than for slit-shaped throats.
Snap-off behind the front requires larger fluctuations in capillary
pressure than for slit-shaped throats. If the body is not much
deeper than the throat or much wider than it is deep, snap-off is
not favored, but lamella division is.
Table 10 presents a characterization of the model fractures in

terms of this analysis. The results agree on the whole with our
observations. The snap-off of small bubbles is expected and
observed in samples 2 and 4 (Figures 16 and 18). Conditions are
somewhat less favorable for snap-off in sample 3, and bubbles are
larger (Figure 17), though these bubbles are reduced somewhat
in size as they move downstream. Conditions are less favorable
for snap-off in samples 4a and 4b than in sample 4, and indeed
the bubble size increases from sample 4 to 4a to 4b (Figure 19).
Throat and body geometries are not favorable for snap-off in
samples 1 and 5, and the primary mechanism for foam
generation appears to be lamella division (Figures 15 and 20),
though bubbles are reduced in size as they propagate in sample
5. Conditions are less favorable for snap-off in samples 5a and 5b

Table 9. Summary of Pressure-Gradient Results with Respect to Variation in dh and Lp at Specific Flow Conditions

sample no. dh, μm ut, m/s fg ∇P (foam),mbar/m ∇P (water),mbar/m MRF Lp, μm bubble size, mm2

1 670 0.0025 0.45 35 0.67 52 2661 NA
2 66 0.0030 0.38 2466 82.6 30 819 0.089
3 330 0.0025 0.45 52 2.75 19 5156 4.315
4 51 0.0032 0.45 713 142.6 5 4415 0.097
4a 72 0.0032 0.45 800 80 10 4415 0.145
4b 207 0.0032 0.45 137 9.1 15 4415 1.37
5 115 0.0022 0.45 563 29 19.4 2421 0.468
5a 145 0.0022 0.45 162 13 12.4 2421 0.74
5b 170 0.0022 0.45 117 13 9 2421 0.943

Figure 32. Effect of pore-geometry parameters dh and Lp on∇P (mbar/
m) with foam (numbers printed next to data points). Lp was fixed in
samples 4, 4a, and 4B and in and 5, 5a, and 5b.

Figure 33. MRF versus dh for all samples.

Figure 34. Effect of dh and Lp on MRF (numbers printed next to data
points). Lp was fixed in samples 4, 4a, and 4b and in samples 5, 5a, and
5b.
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than in sample 5, and indeed the bubble size increases from
sample 5 to 5a to 5b (Figure 21).

■ SUMMARY AND CONCLUSIONS
Experiments investigating foam generation, propagation, and
mobility reduction were carried out using a variety of model
fractures with different geometries. The following conclusions
can be drawn:

1. Foam was generated in situ in different model fractures
that varied in the magnitudes of the aperture, aperture
variation within the fracture, and length scale over which
the aperture varies. Foam in the model fractures was
generated primarily by two processes: capillary snap-off
and lamella division. In both cases the fracture-wall
roughness played a major role in foam generation.

2. Two of the five fracture samples show only lamella
division. This may reflect relatively wide apertures and a
throat geometry less favorable for snap-off (i.e., less slit-
like). The other three samples show both generation
mechanisms at different foam qualities and superficial
velocities.

3. In cases where foam is generated only by lamella division,
gas enters the fracture and propagates for some distance as
a continuous phase before additional films are created.

4. In all cases, bubbles smaller than the pores are generated
and propagate through the fracture. The size of the
bubbles is not always similar to the size of the pore, as is
thought to be the case in 3D rock pore space, in part
because bubbles reside for a time that is much shorter
than the time required for diffusion to eliminate small
bubbles. Moreover, snap-off can produce bubbles much
smaller than pores in slit-shaped throats.

5. Very small pressure gradients were recorded for the
samples with very large apertures. In these cases no foam-
quality scans could be conducted. In most cases, bubble
size increased and pressure gradient declined as the
aperture increased for the same roughness of the pore
wall. In some cases, however, the mobility reduction
factor increased relative to water; that is, as hydraulic
aperture increased, the pressure gradient decreased less
than the (−3) power of the aperture (as it does for single-
phase flow of water).

6. Foam-quality scans were carried out using three samples.
The pressure-gradient data reveals, in two of the fractures,
high- and low-quality flow regimes like those seen in rock
matrix. However, the high-quality regime was controlled
not by foam stability and coalescence but by fluctuations

in foam generation, and bubble size was not fixed at pore
size in the low-quality regime.

7. Hydraulic aperture alone is not enough to determine
foam-generation behavior and mobility reduction. The
roughness scale, both laterally and vertically, plays a
significant role.

8. When the roughness scale was fixed, a significant
reduction in pressure gradient was measured with
increasing hydraulic aperture. Foam bubbles become
larger as the aperture increases.
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