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Abstract

In enhanced oil recovery, foam can effectively mitigate conformance problems and maintain
a stable displacement front, by trapping gas and reducing its relative permeability in situ.
In this study, to understand gas trapping in fractures and how it affects foam behavior, we
report foam experiments in a 1-m-long glass model fracture with a hydraulic aperture of
80 um. One wall of the fracture is rough, and the other is smooth. Between the two is a
2D porous medium representing the aperture in a fracture. The fracture model allows direct
visualization of foam inside the fracture using a high-speed camera. This study is part of a
continuing program to determine how foam behaves as a function of the geometry of the
fracture pore space (AlQuaimi and Rossen in Energy & Fuels 33: 68-80, 2018a). We find
that local equilibrium of foam (where the rate of bubble generation equals that of bubble
destruction) has been achieved within the 1-m model fracture. Foam texture becomes finer,
and less gas is trapped as interstitial velocity, and pressure gradient increase. Shear-thinning
rheology of foam has also been observed. The fraction of trapped gas is significantly lower
in our model (less than 7%) than in 3D geological pore networks. At the extreme, when
velocity increases to 7 mm/s, there is no gas trapped inside the fracture. Our experimental
results of trapped-gas fraction correlate well with the correlation of AlQuaimi and Rossen
(SPE J 23: 788-802, 2018b) for fracture-like porous media. This suggests that the correla-
tion can also be applied to gas trapping in fractures with other geometries.

Article Highlights

e We have made a lab-scale 1-meter-long transparent glass model representing a
geological fracture with roughened surface, and we have implemented a direct
method of image analysis to quantify the texture of bubbles in the fracture and to
link the texture with the strength of the foam;

e We have successfully created surfactant-stabilized foam flow inside the fracture
and examined its stability along the 1-meter-long fracture;

e We explain the mechanism of gas trapping in fractures and how it affects foam
behavior. We also discuss how viscous force and capillary force affect gas trapping
in fractures at our experimental conditions.

M Kai Li
K.Li-2 @tudelft.nl

Geoscience & Engineering Department, Delft University of Technology, Stevinweg 1,
2628 CN Delft, The Netherlands
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Abbreviations

Ag o Total area of gas from image analysis

Agnap  Area of trapped gas from image analysis

d, Pore-body aperture

dy Hydraulic aperture of the model fracture

d, Pore-throat aperture

fe Foam quality, i.e. the ratio of gas volumetric injection rate to total rate
K Permeability of porous media

ky Hydraulic permeability of the model fracture

L, Pore length

N, Capillary number

N Capillary number of AlQuaimi and Rossen (2018b)

q, Volumetric water injection rate

q, Total volumetric flow rate

S;, Area fraction of trapped gas

v, Total interstitial velocity

w Width of the model fracture

y Interfacial tension

0 Contact angle

Happ Apparent viscosity of foam

My Viscosity of water

VP Pressure gradient

VP;.m Pressure gradient of steady-state foam flow
VP, Pressure gradient upon water injection

1 Introduction

Gas injection, a promising means of enhanced oil recovery (EOR), has a good displace-
ment efficiency at the pore level. However, conformance problems exist, such as gravity
segregation and fingering because of the low density and low viscosity of gas compared
to in-situ fluids (Kim et al. 2005). As a result, the displacement front of gas injection
is not stable, which contributes to a poor sweep efficiency. The sweep efficiency of gas
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injection in naturally fractured reservoirs is even poorer, because fractures act as highly
permeable channels leading to early gas breakthrough.

Foam flooding, created by adding surfactant solution in gas injection, can be a good
solution to conformance problems. Foam is an agglomeration of gas bubbles separated
by surfactant-containing liquid films, called lamellae. It has applications in many fields,
including acid diversion in stimulation (Thompson and Gdanski 1993), aquifer remedia-
tion (Hirasaki et al. 1997; Portois et al. 2018) and gas injection in EOR (Kovscek and
Radke 1994; Rossen 1996). Foam application in EOR has been theoretically and experi-
mentally studied for decades. During foam flooding, much gas is trapped in-situ in the
pore space, greatly reducing gas relative permeability (Tang and Kovscek 2006; Balan
et al. 2011). Because of the significant reduction of gas mobility (often by a factor of
hundreds or more), foam can effectively maintain a stable displacement front and there-
fore increase the gas sweep and oil recovery.

In fractures, foam can also be generated, thus diverting gas into matrix and hence
improving sweep (Kovscek et al. 1995). Ferng et al. (2016) conducted foam experi-
ments in a fracture network. They found that foam was generated in situ in the fracture
network during surfactant-alternating-gas (SAG) and co-injection of gas and surfactant
solution over a range of gas fractional flow. They reported gas mobility-reduction fac-
tors varying from 200 to more than 1000, and foam significantly improved sweep and
delayed gas breakthrough compared to gas injection.

The ability of foam to reduce the mobility of gas is strongly linked to the fraction of
trapped gas, which is captured by capillary forces. Thus understanding the mechanism
of gas trapping is crucial for an optimized design of field-scale foam application. Pre-
vious experimental studies (Radke and Gillis 1990; Friedmann et al. 1991) have been
carried out to investigate gas trapping in cores, by fitting the profile of a gas tracer in the
effluent using a 1D model for tracer transport. It has been concluded that between 80%
and almost 100% is trapped. Tang and Kovscek (2006) also reported an experimental
work of gas trapping in a sandstone core. They found that trapped-gas fraction ranged
from 88 to 56% at gas superficial velocities between 0.4 and 30 m/day. Nguyen et al.
(2009) used X-ray computed tomography to reconstruct the effluent tracer concentra-
tion. They found that the trapped-gas fraction decreases with an increasing gas rate,
but weakly increases with a decreasing liquid rate. More recently, Kil et al. (2011) ana-
lyzed the CT images using a more-sophisticated mass-transfer model and estimated the
trapped-gas fraction at 99%.

In recent years, the microfluidic device, a network of channels with widths of tens to
hundreds of microns, became increasingly useful in the research field of foam EOR (Mar-
chalot et al. 2008; Conn 2015). Its transparency allows direct observation of foam behavior
at the pore scale. In microfluidic models, foam can be created by snap-off (Kovscek et al.
2007; Gauteplass et al. 2015). Snap-off takes place when water deposited by a liquid lens
or lamella was displaced by gas from a narrow pore throat into a wide pore body. It can
also result from fluctuations in capillary pressure on a scale larger than a single pore (Ros-
sen 2008). In glass fracture models, besides snap-off, AlQuaimi and Rossen (2018a) also
observed foam generation by lamella division at high gas fractional flow, when a lamella
divided as it encountered a split in the flow path. Jones et al. (2018) studied gas trapping
in a microfluidic model and reported a strong response of trapped-gas fraction to velocity
variations. The fraction of trapped gas increased from 12 to 63% as superficial velocity
dropped from 400 to 50 mm/s. They demonstrate that at lower velocities bubbles have a
higher probability to coarsen to pore size, and in the process, more effectively block indi-
vidual pores and increasing the trapped-gas fraction.

@ Springer



188 K.Lietal.

In this study, we use a 1-m-long, 15-cm-wide model representing a fracture, with one
roughened and one smooth wall. The model is made of glass plates, which makes visualiza-
tion and quantification of the flow processes possible. Foam flow and gas trapping through
the model is directly monitored using a high-speed camera. In this paper, we describe our
experimental setup, how foam evolves along the fracture and how we quantify gas trapping
at given flow conditions. In addition, the effects of gas trapping on foam mobility are dis-
cussed. A fracture pore space possesses a very-different pore geometry compared to a grain
framework. Therefore, we relate fracture pore-space geometry to the degree of gas trapping
using the correlation of AlQuaimi and Rossen (2018b).

2 Experimental Apparatus and Materials

Figure 1 shows the experimental apparatus for foam tests. A dual-cylinder pulse-free pump
(VINDUM Engineering, INC., Model VP1-12 K, range of 0-28 ml/min) injects the sur-
factant solution and a mass-flow controller (Bronkhorst Nederland B.V., F-230 M, range
of 0.19-10 ml/min) regulates gas injection. Seven absolute-pressure transducers (DEMO
MPXH6400A, 4 bar, accuracy at+ 10 mbar) measure the pressure at different locations
along the model fracture and provide differential pressures from the injection point to the
production point. A computer controls injection rates of the surfactant solution and gas and
provides data-acquisition for the pressure transducers.

The fracture model has a dimension of 100 cm X 15 cm (length X width) and is made of
two glass plates, including one smooth plate and one single-sided-roughened plate (Hijman
Glas B. V., the Netherlands). The thickness of both plates is 20 mm.

To create a fracture model, the two plates are placed directly against each other and
glued along four edges using Silicon rubber (ResinTechnology B.V., SR1-40B). Thereafter,
the model is put into an aluminum clamping frame (Fig. 2). The space between the two
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Fig. 1 Experimental setup
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Fig.2 Top view of the model fracture

plates represents fracture aperture. Over the length of the channel system, 11 holes have
been drilled through the roughened plate for foam injection and production and connection
to the pressure transducers. The model plate has been divided into six sections of 18 cm
length, except for section 1 and section 6, which are 7 cm and 15 cm long, respectively.
Two troughs with dimensions of 12x2x0.04 cm (length X width X depth) are engraved in
the rough plate. The trough at the inlet of the fracture helps foam to flow evenly into the
fracture plane along its width. The trough at the end of the fracture prevents foam from
converging toward a point at the outlet.

The glass plates are strongly water-wet. They are transparent and mounted stress-free
to avoid optical effects. To create a direct image of foam inside the fracture, a light source
below, combined with a high-speed camera (Photron Fastcam UXS50, up to 160,000 fps)
above, capture the foam process. A computer operates the camera and handles the image
acquisition. A high-parallelism chip back-light device (VAL LED lighting, VL-CB-CL) is
used as the light source. The setup is placed inside a tent to avoid external and internal
reflections from the room, in order to improve the quality of the captured images.

In this study, the injected fluids used are demineralized water, surfactant solution with
1 wt% AOS C14-16 (Stepan® BIO-TERGE AS-40 KSB) in demineralized water (ELGA
VEOLIA Labwater) and nitrogen (Linde Gas Benelux B.V., Purity >99.999%). Additional
dyes have not been used. The surface tension of the surfactant solution to air at 20°C is
32.2 mN/m, measured using a KSV Sigma Tensiometer.

3 Methodologies

A glass plate with one roughened side represents the geometry of a geological fracture.
The roughened surface can be characterized by a height profile with connected hills and
valleys, creating a 2D network of pore bodies and throats against the flat plate. The rough-
ened plate establishes a slit-like fracture channel between the two plates with variable aper-
ture. The roughened plate of our model fracture shares the same pattern as sample 5 of
AlQuaimi and Rossen (2018a). Figure 3a maps the topography of a 4x4 cm section of
the roughened plate. The height data were profiled by using a white-light interferometer
(Philips Innovation Services, Eindhoven, the Netherlands). Figure 3b shows the aperture
distribution of the model fracture.

Prior to conducting any foam experiment on the model fracture, the hydraulic aperture
dy; of the model is computed. We estimate dj; by injecting demineralized water through the
model at stepwise increasing rates. Once steady-state is reached at each rate, the pressure
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Fig.3 a Topography of the roughened plate. b Aperture distribution of the model fracture. Both (a) and (b)
are constructed from height data of sample 5 of AlQuaimi and Rossen (2018a)

gradient is recorded. A regression of pressure gradient as a function of rate determines d,;
(Witherspoon et al. 1980):

1
|VPW| = lzqu_dzﬂw (1)

where VP, is the pressure gradient upon water injection. Here g,, is volumetric water injec-
tion rate, w the width of the model fracture, and u,, the viscosity of water. For our model d;
is 80 pm. The definition of hydraulic aperture approximates the model fracture as a smooth
slit. It is then related to the permeability of the model fracture, k;, by (Tsang 1992):

ky = 2 (@)

For our model k; is 533 darcy.

In this study, a mixing tee (Upchurch Scientific IDEX Health & Science LLC,
PEEK™, 10 pm UHMWPE Frit) upstream the model fracture is used to pre-generate
foam at a fixed foam quality (ratio of gas volumetric injection rate to total rate) f, of
0.9 and at varying total interstitial velocities v,: 0.12, 0.23, 0.49, 0.89, 1.69, 3.14 and
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6.79 mm/s. Foam then flows into the horizontally-placed model fracture. All experi-
ments are performed at 20°C and ambient pressure. Before each new foam experiment,
the model fracture is thoroughly cleaned and pre-saturated with surfactant solution for
the next injection experiment.

The seven pressure transducers are used to record pressure data along the flow path.
Equation 3 shows how the steady-state time-averaged pressure data are used to calculate
the apparent viscosity of foam, y,,,, to quantify the mobility of steady-state foam.

11 \
Happ = Eq_twpfoamleH 3)

where g, = v, dyw is the total volumetric flow rate, and VPp,,, is pressure gradient of
steady-state foam flow.

To study gas trapping and bubble texture in the foam, multiple images are taken dur-
ing steady-state foam flow. Image] software processes and analyses the images: thus the
bubble density (number of bubbles per cm? of image) and bubble-size distribution are
calculated. The results are time- and location-averaged, meaning that images are taken
at different times and also at different locations after each experiment reaches steady-
state (Fig. 4).

In addition, we program a macro to study multiple time-lapse images during a 47-s
foam flow. The macro indicates bubbles with a displacement smaller than the average
bubble diameter as trapped gas. The area fraction of trapped gas S; can then be esti-
mated using image analysis:

A
’ g.trap
Sg = A_ (4)
g,total
where A, ., is area of trapped gas, and A, is the total area of gas. Equation 4 is a 2D

estimation of trapped-gas fraction, because of the uneven aperture of the fracture surface.
Because gas, trapped or flowing, tends to occupy locations of wider aperture, we believe
it provides a useful measure of gas trapping and for relating it to pressure gradient and
velocity.

® Locations where images are taken

[ ] [ ] [ ] | ] ) 3 [ ] T
° | . | ° | ° | . | 15cm
= [ [ = n = l
Section 1 * Section 2| Section 3 ‘ Section 4 | Section 5 |Section 6 ‘

Fig.4 Setup of the model fracture and the camera. Images are taken at places shown as squares shown in
red in this figure
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4 Results and Discussion
4.1 Evolution of Foam Along Model Fracture

To investigate how foam evolves along the fracture, foam is first pre-generated through
the mixing tee, and then flows into the fracture. Once steady-state is reached, the pressure
data are recorded to compute apparent viscosity of foam (Eq. 3). Figure 5 shows the appar-
ent viscosity of foam in the sections of the fracture (Fig. 2) at different total interstitial
velocities.

As shown in Fig. 5, the apparent viscosity of foam monotonically decreases as velocity
increases, reflecting the non-Newtonian nature of foam flow. For all velocities, apparent
viscosity increases along the fracture, until it reaches its maximum magnitude in the last
three sections: pre-generated foam is refined inside the fracture by in-situ foam generation.
As foam propagates further along the fracture, it reaches a state with unchanging mobility.

Although the frit upstream of the model fracture is quite narrow (10 pm), foam has
coarsened by the time it enters the fracture. As a result, foam texture is refined as it flows
through the fracture. In this study, using pre-generated foam, lamella division has been
found to be the principal mechanism of foam generation inside the fracture. Illustrations of
this process in the fracture are shown in the Appendix.

As a result of in-situ foam generation, as displayed in Fig. 6, bubble texture becomes
finer along the fracture until it reaches a nearly constant state in the last three sections. It
is also evident that the bubbles are not uniform. Figure 7 shows bubble density and bubble
size at different sections for foam injected at v, = 0.89 mm/s. The statistics are provided in
Table 1. The standard deviation of bubble size is large, indicating that foam bubbles in our
model fracture are polydisperse (with an average polydispersivity index of 0.81). Despite
the large standard deviation in bubble sizes, the uncertainty in the mean bubble size distri-
bution is about one-tenth of the standard deviation in our study, based on the 95%-confi-
dence interval (Wonnacott and Wonnacott 1972). Foam texture reaches a stable and con-
stant state within our 1-m-long model fracture with bubble density increasing along the
fracture up to its maximum average value (509 per cm?) in the last three sections, while
average bubble area decreases to its minimum (0.139 mm?). The apparent viscosity is also
the same in the last three sections at 60 cp for foam injected at v, = 0.89 mm/s (Fig. 5). We
conclude that foam has achieved local equilibrium (LE) in our model fracture.

At LE, the rate of bubble generation equals the rate of bubble destruction. We have not
observed bubble destruction, either by capillary coalescence or diffusive coarsening, in our
experiments. This is probably because capillary pressure is relatively low, and the critical

Fig.5 Apparent viscosity of = 300 * 012 mmjs
foam as a function of sections & 2 3 ¢ ! ’
of the fracture at different total § ®o0.23 mm/s
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5 . ] * B | ©0.89mm/s
v
2 * [J1.69 mm/s
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5 . 1 & A 3.14 mm/s
@ 3 3
o f&"w é % 1 H L[ *+679 mm/s
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Fig.6 Evolution of foam texture at different sections along model fracture. Foam injected at v, =
0.89 mm/s. Gas is shown in black, liquid in white. Liquid occupies areas with tighter aperture in the model

fracture. Image size: 1.57x1.26 cm
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Fig.7 Bubble density and bubble size of foam as a function of sections of model fracture. Foam injected at

v, = 0.89 mm/s

Table 1 Bubble properties in different sections along model fracture. Foam injected at v, = 0.89 mm/s

Section 1 ~ Section2  Section3  Section4  Section5  Section 6
Bubble density [/1 cm? image] 100 308 391 513 502 509
Stdev. bubble size 20 16 8 9 11 10
Bubble size [mm?] 0.745 0.314 0.180 0.140 0.135 0.142
Stdev. bubble size 0.721 0.193 0.148 0.113 0.102 0.125
Polydispersivity index [Stdev./  0.97 0.62 0.82 0.81 0.76 0.88

average bubble size]

&
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Fig. 8 Bubble density and bubble size of LE foam as a function of total interstitial velocities

Table 2 Bubble properties of LE foam injected at different total interstitial velocities

Tatal interstitial velocity [mm/s] 0.12 0.23 0.49 0.89 1.69 3.14 6.79

Bubble density [/1 cm? image] 228 288 386 509 542 590 691
Stdev. bubble density 18 9 11 12 8 14 18
Bubble size [mm?] 0.308 0.204 0.177 0.137 0.118 0.099 0.074
Stdev. bubble size 0.165 0.093 0.074 0.063 0.082 0.086 0.064

Polydispersivity index [Stdev./aver- 0.54 0.46 0.42 0.46 0.70 0.88 0.87
age bubble size]

time for foam coarsening by gas diffusion is longer than the residence time in the fracture
(AlQuaimi and Rossen 2019). Since no bubble destruction is observed, the implication is
that foam generation also stops in the last three sections.

4.2 Gas Trapping and Foam Mobility

In the rest of this paper, we examine the properties of foam in the last three sections, where
foam is at LE. To study gas trapping, foam tests at different velocities have been conducted.
Figure 8 shows that there is a strong link between bubble texture and total interstitial veloc-
ity. Bubble density increases and bubble size decreases (finer foam texture) as velocity
increases. Bubble properties are displayed in Table 2. The large standard deviation of bub-
ble size reflects the nonuniformity of foam bubbles, with an average polydispersivity index
of 0.62.

At higher velocities, there is greater foam generation by lamella division. Compared to
v, = 0.12 mm/s, bubble density of LE foam injected at v, = 6.79 mm/s increases by a factor
of 3 and bubble size decreases by a factor of more than 4. Foam is finer at greater injection
velocity.

Figure 9 shows the fraction of trapped gas and corresponding pressure gradient of
the LE foam injected at different velocities. Trapped-gas fraction decreases as veloc-
ity increases. This is consistent with the finding of Jones et al. (2018) in a microflu-
idic model. The inverse response of gas trapping with velocity reflects two factors.
At low velocities, LE foam bubbles are coarser due to less in-situ division of bubbles
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Fig.9 Fraction of trapped gas and corresponding pressure gradient of LE foam injected at different veloci-
ties

Fig. 10 Images of foam texture at different interstitial velocities in section 5: left, at velocity 0.12 mm/s;
right, at velocity 6.79 mm/s. Flowing gas is portrayed in black, trapped gas in blue, liquid in white. Liquid
occupies areas with tighter aperture in the model fracture. Image size: 1.57x1.26 cm

(Fig. 10). Smaller bubbles are less likely to be trapped, because aperture does not vary
as much across the bubble as it does for a larger bubble. In addition, pressure gradient
increases at higher velocities. More gas bubbles become mobile because the increasing
viscous forces dominate over capillary forces. Consequently, the amount of stagnant
gas diminishes as velocity increases.

Compared to previous studies in geological porous media and microfluidic mod-
els, the fraction of trapped gas found in our model fracture is very small. At v, =
0.12 mm/s, the fraction of trapped gas is 6.9% (Fig. 10, left). When injection velocity
increases up to 6.79 mm/s, there is no gas trapping and all bubbles are able to flow
(Fig. 10, right).

Figure 11 displays a strongly shear-thinning rheology in the model fracture. Appar-
ent viscosity decreases by a factor of 17, from 258 cp at v, = 0.12 mm/s to 15 cp at v,
= 6.79 mm/s, in spite of the refinement in foam texture (Fig. 9). Meanwhile, the frac-
tion of flowing gas increases from 93.1% to 100%. At this high flowing-gas fraction, it
is challenging to argue that gas trapping plays a key role in a 17-fold increase in foam
mobility.
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5 Discussion

Gas trapping results from the competition between viscous and capillary forces. In this
study, trapped-gas fraction is much less than usually found in geological porous media and
microfluidic models.

This reflects major difference in geometry between fractures and porous media. The
trapping of non-wetting phase in porous media is conventionally correlated to the capillary
number:

_ VPK
y cos

ca )
where K is the permeability of porous media, y is the interfacial tension, and 6 is the con-
tact angle.

The geometry of the fracture pore space affects the mechanism of gas trapping in ways
different from other porous media. AlIQuaimi and Rossen (2018b) formulated a new capil-
lary number N;a (Eq. 6) by adding a term (in brackets) to account for the effects of fracture
geometry on trapping of non-wetting phase.

2
(L e I

dy

where d,, d), and L, are pore-throat aperture, pore-body aperture and pore length, respec-
tively, determined from the spatial distribution of aperture in the fracture.

Figure 12 displays trapped-gas fraction as a function of the new capillary number. Data
apart from the blue diamonds are from the non-wetting phase desaturation experiments
in model fractures with a variety of geometries of AlQuaimi and Rossen (2018b). The
blue data are our experimental results for trapped-gas fraction. They correlate well with
the predictions using the new capillary number. The agreement is good despite at least
two differences between our results and the assumptions of AlQuaimi and Rossen (2018b).
They assumed a non-wetting-phase droplet of about pore size trying to get through the pore
throat; our bubbles are smaller. They also assumed isolated non-wetting droplets immersed
in the wetting phase. In our case, the individual lamellae between bubbles are not as tightly
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Fig. 12 Trapped-gas fraction as a function of new capillary number. Standard deviation of the blue data is
smaller than the scale of the symbol

curved as they pass through pore throats as in that case. Despite the fact that the bubble
distribution of foam in our study is different from a single droplet immersed in water in
the study of AlQuaimi and Rossen (2018b), we believe that geometric factors (pore-throat
aperture, ratio of throat to body aperture, etc.) that differ from one fracture to another
would have a similar effect on the mobilization of trains of bubbles as on a single drop-
let. Nonetheless, this agreement testifies that viscous force is more significant compared to
capillary force at our experimental conditions, hence yielding a small fraction of trapped
gas in the fracture. The agreement between our results and this correlation suggests that the
correlation could apply to fractures with other aperture distributions.

6 Conclusions

In this experimental study, to investigate gas trapping and foam mobility at a microscopic
scale, we report a series of foam experiments at a fixed foam quality of 0.9 and a varying
total interstitial velocities in a glass model fracture. The following conclusions have been
reached:

e Pre-generated foam was further refined after being injected into the model fracture,
mainly by lamella division.

e Foam has reached local equilibrium, where the rate of bubble creation equals the rate
of bubble destruction, within our 1-m-long model fracture. In the last three sections of
the model, foam has the same texture and apparent viscosity.

e Foam texture was finer with increasing total interstitial velocity, because more in-situ
foam generation took place at greater pressure gradient.

e The fraction of trapped gas decreased as velocity increased, which agrees with the find-
ings of Jones et al. (2018) in a microfluidic model. However, the trapped-gas fractions
found in our model fracture (less than 7%) are much lower than usually reported for
either geological porous media or microfluidics. At such a low fraction of trapped gas,
the effect of gas trapping on foam mobility is expected to be relatively insignificant.

e The experimental results for trapped-gas fraction in our study correlate well with the
capillary-number correlation of AlIQuaimi and Rossen (2018b). Using this correlation,
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one could predict the extent of gas trapping in fractures of other geometries or at other
velocities or pressure gradients.

Appendix

After pre-generated foam enters in the model fracture, it is further refined. As a result, more
bubbles have been created with smaller size. In this study, lamella division is observed to
be the main mechanism of bubble generation.

Figure 13 shows a 2.24-s-long time-lapse image of foam generation by lamella division
in section 1 in the experiment at v, = 0.89 mm/s. The highlighted bubbles demonstrate
events where moving lamellae are divided, therefore creating new bubbles.

Fig. 13 Foam generation by lamella division in section 1. Foam is injected at v, = 0.89 mm/s. Gas is shown
in black, liquid in white. Liquid occupies areas with tighter aperture in the model fracture. Highlighted bub-
bles demonstrate foam generation by lamella division. Image size: 1.95x 1.56 cm

@ Springer



Effects of Gas Trapping on Foam Mobility in a Model Fracture 199

Supplementary Information The online version contains supplementary material available at (https:/doi.
org/10.1007/s11242-021-01598-y).

Acknowledgements This work was funded by Joint Industry Project on Foam for Enhanced Oil Recovery
(supported by Shell, Equion, Engie, ConocoPhillips and PEMEX) at Delft University of Technology. We
thank Michiel Slob and Joost van Meel in Geo-energy & Geoscience and Engineering Laboratory at Delft
University of Technology, the Netherlands, for their technical support.

Funding This work was funded by Joint Industry Project.
Data Availability The data sets reported in this study are available from the corresponding author.

Declarations

Conflicts of interest The authors declare that there is no conflict of interest.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International License,
which permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source, provide a link to the Creative Com-
mons licence, and indicate if changes were made. The images or other third party material in this article
are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

AlQuaimi, B.I., Rossen, W.R.: Foam generation and rheology in a variety of model fractures. Energy Fuels
33(1), 68-80 (2018a)

AlQuaimi, B.I., Rossen, W.R.: Capillary desaturation curve for residual nonwetting phase in natural fractures.
SPE J. 23(03), 788-802 (2018b)

AlQuaimi, B.I., Rossen, W.R.: Study of foam generation and propagation in fully characterized physical-model
fracture. J. Petrol. Sci. Eng. 175, 1169-1181 (2019)

Balan, H.O., Balhoff, M.T., Nguyen, Q.P., Rossen, W.R.: Network modeling of gas trapping and mobility in
foam enhanced oil recovery. Energy Fuels 25(9), 3974-3987 (2011)

Bird, R., Stewart, W., Lightfoot, E.: Transport Phenomena, 2nd edn. Wiley, New York (2002)

Conn, C.A.: The characterization and visualization of multi-phase systems using microfluidic devices (Doctoral
dissertation) (2015)

Ferng, M.A., Gauteplass, J., Pancharoen, M., Haugen, A Graue, A., Kovscek, A.R., Hirasaki, G.: Experimental
study of foam generation, sweep efficiency, and flow in a fracture network. SPE J. 21(04), 1-140 (2016)

Friedmann, F., Chen, W.H., Gauglitz, P.A.: Experimental and simulation study of high-temperature foam dis-
placement in porous media. SPE Reserv. Eng. 6(01), 3745 (1991)

Gauteplass, J., Chaudhary, K., Kovscek, A.R., Ferng, M.A.: Pore-level foam generation and flow for mobility
control in fractured systems. Coll. Surf. A Phys. Eng. Asp. 468, 184192 (2015)

Hirasaki, G.J., Miller, C.A., Szafranski, R., Lawson, J.B., Akiya, N.: Surfactant/foam process for aquifer reme-
diation. In International symposium on oilfield chemistry. SPE 37257-MS (1997)

Jones, S.A., Getrouw, N., Vincent-Bonnieu, S.: Foam flow in a model porous medium: II. The effect of trapped
gas. Soft Matter 14(18), 3497-3503 (2018)

Kil, R.A., Nguyen, Q.P., Rossen, W.R.: Determining trapped gas in foam from computed-tomography images.
SPE J. 16(01), 24-34 (2011)

Kim, J., Dong, Y., Rossen, W.R.: Steady-state flow behavior of CO2 foam. SPE J. 10(04), 405-415 (2005)

Kovscek, A.R., Radke, C.J.: Fundamentals of foam transport in porous media. In: Schramm, L.L. (ed.) Foams in
the Petroleum Industry, pp. 115-163. Chem, Washington, D.C., Amer (1994)

Kovscek, A.R., Tretheway, D.C., Persoff, P., Radke, C.J.: Foam flow through a transparent rough-walled rock
fracture. J. Petrol. Sci. Eng. 13(2), 75-86 (1995)

Kovscek, A.R., Tang, G.Q., Radke, C.J.: Verification of Roof snap off as a foam-generation mechanism in
porous media at steady state. Coll. Surf. A Phys. Eng. Asp. 302(1-3), 251-260 (2007)

Marchalot, J., Lambert, J., Cantat, 1., Tabeling, P., Jullien, M.C.: 2D foam coarsening in a microfluidic system.
EPL (Europhysics Letters) 83(6), 64006 (2008)

@ Springer


https://doi.org/10.1007/s11242-021-01598-y
https://doi.org/10.1007/s11242-021-01598-y
http://creativecommons.org/licenses/by/4.0/

200 K.Lietal.

Nguyen, Q.P., Rossen, W.R., Zitha, PL., Currie, P.K.: Determination of gas trapping with foam using X-ray
computed tomography and effluent analysis. SPE J. 14(02), 222-236 (2009)

Portois, C., Essouayed, E., Annable, M.D., Guiserix, N., Joubert, A., Atteia, O.: Field demonstration of foam
injection to confine a chlorinated solvent source zone. J. Contam. Hydrol. 214, 16-23 (2018)

Radke, C.J., Gillis, J.V.: A dual tracer technique for determining trapped gas saturation during steady foam flow
in porous media. Paper SPE 20519 presented at the 65th annual technical conference and exhibition, New
Orleans. In Tech. Conf. Exhib., New Orleans, LA. (1990)

Rossen, W.R.: Foams in enhanced oil recovery. Foams Theor. Meas. Appl. 57, 413—464 (1996)

Rossen, W.R.: Comment on “Verification of Roof snap-off as a foam-generation mechanism in porous media at
steady state.” Coll. Surf. A Phys. Eng. Asp. 322(1-3), 261-269 (2008)

Tang, G.Q., Kovscek, A.R.: Trapped gas fraction during steady-state foam flow. Transp. Porous Media 65(2),
287-307 (2006)

Thompson, K.E., Gdanski, R.D.: Laboratory study provides guidelines for diverting acid with foam. SPE Prod.
Facil. 8(04), 285-290 (1993)

Tsang, Y.W.: Usage of “equivalent apertures” for rock fractures as derived from hydraulic and tracer tests. Water
Resour. Res. 28(5), 1451-1455 (1992)

Witherspoon, P.A., Wang, J.S., Iwai, K., Gale, J.E.: Validity of cubic law for fluid flow in a deformable rock
fracture. Water Resour. Res. 16(6), 1016-1024 (1980)

Wonnacott, T.H., Wonnacott, R.J.: Introduction statistics for Business and Economics. Wiley, Hoboken (1972)

Publisher’s Note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

@ Springer



	Effects of Gas Trapping on Foam Mobility in a Model Fracture
	Abstract
	Article Highlights 
	Graphic Abstract
	1 Introduction
	2 Experimental Apparatus and Materials
	3 Methodologies
	4 Results and Discussion
	4.1 Evolution of Foam Along Model Fracture
	4.2 Gas Trapping and Foam Mobility

	5 Discussion
	6 Conclusions
	Acknowledgements 
	References




