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Abstract Foam flow in porous media is important in several environmental and industrial
applications including soil remediation and enhanced oil recovery. The behaviour of foam is
greatly influenced by transport properties of porous media, properties of foam and the fluid
residing in porous media. We conducted a series of experiments to investigate the effects
of pore geometry on foam flow in porous media and its implications for hydrocarbon dis-
placement. We fabricated four porous media with well-defined pore throat size distributions,
permeability and angularity by means of 3D printing technology. The models were initially
saturated with oil. Gas and surfactant solution were subsequently injected into the model
simultaneously for in situ generation of foam to displace the oil. Displacement dynamics
were recorded using an automated imaging setup. Analysis of the pore-scale images revealed
that the injected pore volumes required for the initiation of foam generation decreased as the
pore size of porous media increased, presumably due to the lower entry capillary pressure.
For the same pore throat size range, changes in the permeability due to increased number of
pore throats did not appear to have a significant influence on the overall recovery of oil. Our
results illustrate the impact of grain angularity on foam generation owing to its influence on
the pore-to-throat aspect ratio and capillary pressure gradient.
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1 Introduction

Contamination of soil by non-aqueous phase liquids (NAPLs) such as hydrocarbon-based
products is a major environmental concern because of the potential danger it poses to the
ecosystem (Hirasaki et al. 1996; Pennell et al. 1996). In many cases, contaminants migrate
downwards and eventually reach the aquifer. During this process, portions of these contam-
inants are trapped in smaller pores due to capillary forces, serving as a long-term source
of pollution to the ground water (Hirasaki et al. 1996). Furthermore, trapped oil phases can
constitute a large fraction of oil initially in petroleum reservoirs. A conventional approach
to displacing this trapped phase is to inject gas or surfactant solution into the reservoir (Pay-
atakes 1982; Lenormand et al. 1988; Pennell et al. 1996). These methods, however, suffer
from several drawbacks such as gravity segregation and fingering/instabilities (Rabbani et al.
2018). To overcome these deficiencies, foam flooding has been proposed as a potential solu-
tion (Schramm and Wassmuth 1994; Jeong et al. 2000). Foam is a dispersion of gas in a
liquid whereby the gas is separated by thin liquid films called lamellae. The liquid phase is
generally made up of water and a foaming agent such as surfactant and/or nanoparticles to
stabilize the generated lamellae and thus to improve the longevity of the bubbles (Schramm
and Wassmuth 1994; Binks and Horozov 2005; Nguyen et al. 2014). In contrast to the sole
injection of gas or surfactant solution, foam is characterized by a higher apparent viscosity,
which provides a favourable mobility ratio, suppressing the formation of fingers. Moreover,
the higher apparent viscosity of foam in higher permeability layers canmitigate the undesired
effects of the reservoir heterogeneity by diverting flow to low-permeability regions (Hirasaki
and Lawson 1985; Grassia et al. 2014; Mas-Hernandez et al. 2015).

Foam is generated in-situ by injection of alternating slugs of a surfactant solution and gas or
by co-injection of surfactant and gas (Zeng et al. 2016; Osei-Bonsu et al. 2017a). Three main
foam generation mechanisms have been identified in the foam literature: snap-off, lamella
division and leave behind (Ransohoff and Radke 1988; Rossen and Gauglitz 1990; Kovscek
and Radke 1994). Lamellae are created by snap-off mechanism in pore throats when liquid
gradually accumulates in gas-invaded pore throat and eventually bridges and blocks the throat
(Kovscek and Radke 1994; Gauglitz et al. 2002). Bubbles generated by this mechanism gen-
erally have sizes similar to the pore bodies. Snap-off is influenced by several factors including
pore-to-throat aspect ratio, capillary number and pore geometry (Ransohoff and Radke 1988;
Kovscek and Radke 1994). In lamella division, an existing bubble subdivides into two new
bubbles upon stretching around branched points in porous media (Kovscek and Radke 1994).
Bubble creation by lamella division is also common when bubbles push against larger bub-
bles around a pore junction. The frequency of this foam generation mechanism may depend
on several parameters such as the pore geometry, connectivity, and the initial size of bubbles
(Kovscek and Radke 1994). Foam generation by leave behind occurs when two gas menisci
invade a liquid-saturated pore, leaving behind a lens as the two menisci converge. A stable
lens may form depending on the capillary pressure of the medium and the pressure gradient
of the flow (Kovscek and Radke 1994). Identifying the dominant foam generation mecha-
nism is considered to be of importance as it can significantly influence the strength (apparent
viscosity) of the foam. Foams generated by snap- off and lamella division have been observed
to be stronger, whereas leave behind produces weak foam (Kovscek and Radke 1994).

The performance of foam as a displacement fluid in porous media is controlled by
numerous parameters ranging from the physiochemical properties of the foam (i.e. gas
type/composition and surfactant) (Schramm and Novosad 1990; Andrianov et al. 2012;
Zeng et al. 2016), the oil properties (Schramm and Novosad 1990; Nguyen et al. 2014;
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Osei-Bonsu et al. 2017a), to the properties of the porous medium (Schramm and Mannhardt
1996; Kovscek and Bertin 2003;Ma et al. 2012; Gauteplass et al. 2015). The presence of oil is
widely accepted to be one of the major deterrents to the performance of foam in porous media
(Farajzadeh et al. 2012; Osei-Bonsu et al. 2017a). Oils with low viscosity and carbon chain
lengths have been identified to bemore detrimental to the stability of foam.Many experiments
have revealed that different surfactants exhibit different tolerance to oil and hence potentially
different effectiveness in porous media (Andrianov et al. 2012; Osei-Bonsu et al. 2017b).

The effects of porous media properties such as permeability on foam behaviour have been
reported in numerous micromodel and core flooding studies in the literature. It has been
demonstrated that there is a minimum pressure gradient or critical injection velocity required
for foam generation in porousmedia (Ransohoff and Radke 1988; Rossen andGauglitz 1990;
Gauglitz et al. 2002). Gauglitz et al. (2002) showed that the minimum pressure gradient is an
inverse function of permeability. In addition to influencing the pressure gradient required for
foam generation, permeability affects the apparent viscosity of foam in porous media, thus
influencing its behaviour and performance as a displacing fluid (Osei-Bonsu et al. 2016).

Although the effects of the presence of textural discontinuity such as permeability con-
trast on foam flow in porous media have been investigated extensively in the past (Kovscek
and Bertin 2003; Ma et al. 2012), the influence of pore size and grain angularity on foam
generation and propagation in oil-saturated porous media have received much less attention.
Additionally, the majority of the previous work conducted on the effects of pore geometry
has been done using packed sand or core samples in which the geometry and consistency are
particularly challenging to control. With the aid of 3D printing technology, we have designed
and fabricated porousmedia with well-defined characteristics in order to investigate the influ-
ence of the pore geometry on the dynamics of foam in oil-saturated porous media. The 3D
printing technique allows for fast prototyping and fabrication of customized porous media
with consistent and well-controlled geometry which cannot be achieved with sandpack or
glassbead pack. This has enabled us to visualize and study the effects of pore throat size and
grain angularity on foam behaviour and oil displacement by foam in porous media.

2 Experimental Considerations

2.1 Design and Fabrication of Porous Media

Prior to manufacturing the quasi-two-dimensional models used in this study, digital represen-
tations of the desired pore throat size distribution and the patternswere designed. ‘Rhinoceros’
CAD software package for 3D illustrations was used to create the pore networks. The pore
network of each model was created from a ‘Voronoi’ diagram using a random array of points
(Sahimi 2011). Pore throat values were then randomly populated in the model. An algorithm
was applied to either straighten or curve the edges of the grains in the model. Four different
porous media with well-defined properties were fabricated and used in this study. Figure 1
shows an example of a printed porous medium together with the cross sections of the printed
porous media used in the present investigation.

The properties of the porous media are provided in Table 1. The dimension of the models
was 110 mm×50 mm, and the depth was half the maximum pore throat size in all four
models. The spatial distribution of the grains for the models was the same and varied only
in pore throat size and grain angularity, respectively. The CAD models were converted to
stereolithographic (STL) format which were then printed with an acrylic based resin (acrylic
oligomer, Tritech, UK) by a high-resolution Polyjet 3D printer (Objet 30 pro, Stratasys)
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Fig. 1 a Top view of one of the printed models with pore throat size distribution of 0.8–1.0 mm with angular
grains used in our study. b–e Cross sections of the printed porous media with pore throat size distribution of
0.8–1.0 mm and porosity of 45.4% (angular grains; hereafter referred as Model A), 0.3–0.5 mm and porosity
of 26.2% (angular grains; hereafter referred as Model B), 0.3–0.5 mm and porosity of 30.0% (angular grains;
hereafter referred as Model C) and 0.3–0.5 mm and porosity of 36.0% (round grains; hereafter referred as
Model D), respectively

Table 1 Properties of the printed porousmedia; the number of Voronoi polygons refers to the number of grains
in each model

Model
(angularity)

Pore throat size
distribution
(mm)

Number of
Voronoi
polygons

Circularity Porosity (%) Permeability
(Darcy)

A (angular) 0.8–1.0 660 0.673 45.4 6.3

B (angular) 0.3–0.5 660 0.644 26.2 4.7

C (angular) 0.3–0.5 990 0.683 32.7 9.5

D (round) 0.3–0.5 990 0.748 36.0 10.6

(Osei-Bonsu et al. 2017a, b) The printer constructed the models from bottom to top by
depositing and quickly curing thin layers of the liquid resin by UV light. During the printing
process, the channels were filled with support material to maintain the shape of the grains
and improve the overall precision of the printing. The support material was then washed out
using a water jet cleaner after the printing was completed. The top of the printed models was
sealed with a glass plate. Two holes of size 1 mm were perforated at the opposite ends of the
top glass to allow injection of fluid into and out of the cell.
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Table 2 Oil properties

Oil Viscosity (×10−3 Pa s) Density (g/cm3) Surface tension
(mN/m)

Interfacial tension
(with surfactant
solution (mN/m)

Isopar V 10.81 0.815 25.44 0.130

2.2 Fluid Properties and Experimental Procedure

The foaming agent was made from a 1:1 blend of sodium dodecyl sulphate (SDS) (Sigma,
UK) and cocamidopropyl betaine (The Soap Kitchen, UK) (2% wt active content) with a
0.25 M NaCl (Sigma, UK) solution. This surfactant combination has been used in previous
studies and has shown better tolerance to the presence of oil (i.e. foam films were more stable
in the presence of oil) compared to the performance of the surfactants individually (Osei-
Bonsu et al. 2015, 2016, 2017a). In this study, foam was generated in-situ by simultaneous
injection of the surfactant solution and the gas into the porous medium via separate tubes.
The surfactant stream was controlled by a syringe pump (Harvard Apparatus), and the gas
by a mass flow controller (Bronkhorst, UK). Nitrogen (98% purity) was used as the gas
phase. Two different kinds of experiments were conducted in this study. In the first series of
experiments, the models were fully saturated with water. Gas and surfactant solution were
injected simultaneously to displace the water. In the second approach, the emptymodels were
initially saturated fully with oil (Isopar V—Brenntag, UK, see Table 2). Surfactant solution
and gas were then injected simultaneously until all the oil in the models was displaced. A
pressure transducer was used to record the pressure during the course of the experiment. The
oil phase was stained by a red dye (oil red) to enhance the visual contrast with the displacing
phase. The model was thoroughly cleaned with isopropanol and distilled water and dried
before conducting the next experiment.

2.3 Image Analysis

Snapshots of the displacement process were captured using a high-resolution monochromic
camera (Teledyne DALSA Genie) mounted above the model. In order to improve the illu-
mination and the quality of the captured images, a light box was placed beneath the porous
media during the experiments. The output images had a resolution of 2560×2048 pixels with
8-bit grey levels. A code was developed in MATLAB to segment and distinguish between
the oil, grains (solid phase) and foam (gas and surfactant solution). The segmented images
were used to quantify the dynamics and efficiency of foam–oil displacement. The segmen-
tation algorithms were similar to the ones described in Shokri et al. (2008, 2012) but with
minor alterations outlined as follows: the areas of the model saturated with oil and foamwere
distinguished by two main ‘peaks’ in the grey value histogram of each image. The first peak
represented oil, while the second peak corresponded to foam and the grains. A threshold was
assigned to the point on the histogram between the peaks where the derivative of the grey
value changed from negative to positive in order to distinguish the two peaks. The grains
were then differentiated from foam using the image of the unsaturated model as a reference.
The final image was presented in three grey values corresponding to the grains, foam and oil.
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3 Results and Discussion

This section is laid out as follows. Section 3.1 considers the general influence of pore throat
size on the flow properties in porous media. Then, Sects. 3.1.1 and 3.1.2 deal with the
dynamics of water and oil displacement by foam, respectively. Section 3.2 considers the
influence of grain angularity on foam behaviour. Finally, Sect. 3.3 discusses the displacement
patterns of oil displacement by foam as influenced by pore geometry.

3.1 Effects of Pore Throat Size on Foam Flow in Porous Media

For porous media with the same connectivity and topology (e.g. Models A and B), increasing
pore throat size (while maintaining the pore throat aspect ratio, i.e. pore to throat size)
increases both porosity and permeability of the medium (see Table 1). Consequently, the
pressure drop required for fluid displacement decreases according to Darcy’s law. At the pore
scale, increasing pore throat size tends to decrease the entry capillary pressure according to
Young–Laplace equation:

Pc � 2σ/r (1)

where Pc is the entry capillary pressure, σ is the surface/interfacial tension, and r is the pore
throat radius and the pressure drop required for fluid mobilization in the throat given by the
Poiseuille equation:

�P � 8μlv/r2 (2)

where μ is the viscosity of fluid, l is the length of the pore throat, and v is the velocity. As
a result of the strength of capillary forces, trapped phase saturation is expected to be higher
for porous media with smaller pore throats. In the context of foam, pore throat size can have
a crucial effect on the generation and stability of flowing foam in porous media due to its
effect on capillary pressure. The following sections will discuss the observed influence of
pore geometry on foam behaviour in porous media.

3.1.1 Water Displacement by Foam

In all the experiments, the gas and the surfactant solution were injected at a constant gas
fraction of 85%and a total volumetric flowrate of 11.76ml/h (capillary number of 2.75×10−6

and 5.50×10−6 for Models A and B, respectively (μu/σ ), where μ is the apparent viscosity
of foam, u is the Darcy velocity, and σ is the surface tension of the surfactant solution). In
order to fully understand the effects of the pore throat size on foam generation in an oil-
saturated model, experiments were first conducted with water as the residing fluid (which
may be considered relevant to foam flow in aquifers). Foam generation and propagation were
observed immediately after gas and surfactant solution were injected into the models. It was
therefore expected that the imposed pressures created by the volumetric flow rate of gas and
surfactant solution were above the minimum pressure gradient for foam generation in both
models (Gauglitz et al. 2002). Additionally, water had a negligible influence on the stability
of the foams; hence, little bubble coalescence was observed in both cases (Osei-Bonsu et al.
2017b). Figure 2a–f shows the history of water displacement by foam for Models A and
B. It can be observed that although gas and surfactant solution were injected as separate
phases, stable foam generation occurred almost immediately resulting in a stable, piston-like
displacement indicated by the red interface.

123



Effects of Pore Geometry on Flowing Foam Dynamics in 3D… 909

Fig. 2 Water displacement by foam in porous media a–cModel A and d–f Model B. The red curve represents
the interface between foam and water. g Recovery of water as a function of pore volumes of foam (gas and
surfactant solution) injected h pressure drop across Model A (green) and Model B (red) during displacement
of water by foam

Close inspection of the model revealed that the bubbles generated in the porous medium
with the larger pore throat size (Model A) were more stable compared to Model B (smaller
pore throat) due to higher rate of coalescence in Model B (higher capillary pressure). In
addition, some clusters of water were trapped during displacement of water in spite of the
higher injection capillary number in Model B. This is ascribed to the presence of continuous
gas flowing around such clusters during the early stages of water displacement in Model B
due to relatively lower foam stability.

Irrespective of these observed effects of the pore throat size on the dynamics and stability
of foam, the water recovery factor, given by the amount of water recovered from the model at
that particular time divided by the initial amount of water in the model (i.e. full saturation),
was not significantly influenced under these experimental conditions. The recovery of the
residing phase in porous media depends on the mobility ratio between the displacing phase
and the displaced phase (residing fluid) (Ma et al. 2012). Mobility is defined as the ratio
between the relative phase permeability and the phase viscosity. Consequently, increasing
the viscosity of the displacing phase decreases the mobility ratio leading to more favourable
displacement efficiency. The apparent viscosity of foam can be computed from the steady
state pressure drop using Darcy law:

μapp � k

u

�P

L
(3)

where μapp is the apparent viscosity of foam, k is the permeability, u is the Darcy velocity,
�P is the pressure drop, and L is the length of the model. The apparent viscosities of foam
were 5.07×10−3 and 2.21×10−3 Pa s, respectively, in Models A and B which are both
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larger than water, accounting for the stable displacement front indicated by the red curve in
Fig. 1b, e.

3.1.2 Oil Displacement by Foam

Following the same procedure applied in the case of water displacement, oil displacement
experiments were conducted, i.e. the same models were initially filled with the oil followed
by the injection of foam. At the early stages of the injection, co-injection of the surfactant
solution and gas resulted in no foam generation, thereby allowing the surfactant solution and
gas to flow as separate phases in the models even after breakthrough of the gas phase. This
is mainly a consequence of the presence of oil in the porous medium which suppressed the
generation of foam (Osei-Bonsu et al. 2016, 2017a, b). Foam generation in the porous media
began after a large fraction of oil had been displaced from the vicinity of the inlet of the
model. During the initial phase of foam generation, some of the gas continued to propagate
quickly through the porous medium as a separate phase while a fraction of the gas flowed
as big bubbles (much larger than the diameter of pores). As fluid injection continued and
foam generation progressed, the gas and surfactant solution no longer flowed as separate
phases but as successive bubbles (discontinuous gas) due to increase in foam stability. Pore-
scale analysis of the displacement process revealed that a smaller pore volume of gas and
surfactant was required to initiate the generation of foam in Model A (average pore throat
size of 0.9 mm) in the presence of oil (see Fig. 3) compared to Model B. According to the
Young–Laplace equation, the entry capillary pressure for gas to enter a pore throat in Model
B is higher than in Model A due to its smaller radius. However, in the previous section where
the model was saturated with water, foam generation was not significantly influenced by the
pore throat size. Analysis of the entry capillary pressure may aid in understanding the reason
for this observed phenomenon. Entry capillary pressure in this case was calculated using
Eq. (1), Pc �2σ /re where re is the effective radius obtained from the expression for effective
diameter, de of a rectangular channel (Lenormand et al. 1983);

re� de
2 � Fe(

1
x +

1
y

) (4)

where Fe is a function approximately equal to 1.0 and x and y are the width and depth of
the channel, respectively. The entry capillary pressures for gas to invade water- and oil-filled
models are provided in Table 3 in the “Appendix”. The entry capillary pressure for gas
to invade the porous media is higher for the water-saturated model than for oil-saturated
model. (For Model B, it is 1055 and 373 Pa, respectively.) However, for the case of water
displacement the surfactant solution does not have to overcome any capillary pressure to
invade a pore throat since water and the surfactant solution are miscible. As a result, there is
no barrier for surfactant solution to enter pore throats where foam generation occurs.

Contrariwise, capillarity becomes more significant to foam generation and stability in the
case where the model is saturated with oil. In the scenarios considered here, the pressure
required for surfactant solution to invade a pore throat in Model B is at least twice that
required for Model A (1.91 and 0.85 Pa, respectively). In addition, the pressure drop required
to mobilize oil from a smaller pore throat is higher than for the case of a larger one. The
combined effect of these is the higher competition between surfactant solution and oil for
pore throats (foam generation sites) as the pore throat size decreases.

The segmented images were used to compute the oil recovery factor during the displace-
ment process. Figure 3a shows the oil recovery for Models A and B as a function of total pore
volume (PV) of the gas and surfactant solution injected. As observed from the figure, the oil
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Fig. 3 a Oil recovery efficiency by foam in porous media labelled as Model A (average pore throat size of
0.9 mm) and Model B (average pore throat size of 0.4 mm). Each experiment was conducted three times, and
the reported oil recovery curves indicate the average behaviour. b The pressure profile during oil displacement
measured at the inlet of the model. Arrows represent breakthrough time. c, d Typical images of the porous
media around the inlet after injection of 1 PV of gas and surfactant solution into Model A and Model B,
respectively

recovery efficiency by foam reduces as the average pore throat size of the model decreases.
In the case of Model A, almost all the oil was recovered after injection of 2 PV of foam (gas
and surfactant solution), whereas in the case of Model B full oil recovery was achieved after
the injection of more than 6 PV. It is worth mentioning that the gas and surfactant solution
(not foam) were responsible for oil recovery prior to foam generation as they flowed as sep-
arate phases in the models. This may account for the similar oil recovery rates during the
injection of the initial 0.2 PV. However, foam generation occurred much sooner in Model A
compared to B accounting for the steady increase in oil recovery. As more stable lamellae
are formed, the interaction between them increases. Additionally, gas bubbles are trapped in
certain portions of the porous medium retarding the flow of foam and causing the pressure
in the model to increase. The faster build-up in pressure (gradient of curves in Fig. 3b) after
gas breakthrough (indicated by the black arrows) as the pore throat size increases, confirms
the earlier and higher rate of foam generation and propagation of stable foam (Kovscek and
Radke 1994) in Model A. This is further evidenced by the snapshots of the inlet region of
the pore networks (Fig. 3c, d). Figure 3d depicts no foam generation in Model B even after
the injection of 1 PV of gas and surfactant solution resulting in the dramatic decrease in the
rate of oil recovery after the initial drive of oil by the gas phase. As a consequence of the
delay in foam generation, a large fraction of the gas injected into the model followed the
already established flow path resulting in little oil recovery. Additionally, trapping of oil dur-
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Fig. 4 a Oil recovery as a function of pore volume injected in Models B, C (angular grains) and Model D
(round grains).bPressure dynamics during oil displacement. c,d typical images showing the phase distribution
around the inlet regions of Models C and D, respectively, after 1.3 PV of surfactant and gas injected into the
model. Foam generation in Model D was earlier than in Model C

ing displacement contributes to more coalescence of foam in Model B (Fig. 3d) decreasing
the strength of foam, further decreasing the rate of oil recovery.

3.2 Effects of Grain Angularity

In addition to the influence of the pore throat size on the behaviour of foam in oil-saturated
porousmedia, the 3Dprinting technology enabled us to evaluate the effects of grain angularity
on foam flow and generation. Model D was designed such that the positions of the grains
were exactly the same as Model C with the exception that the grains were round as opposed
to irregular in the case of the latter. Figure 4 shows the oil displacement efficiency and the
pressure profiles for the two models investigated under the same conditions. The oil recovery
rate is identical for the two models from the onset of injection until about 1 PV of gas and
surfactant solution had been injected. This feature is attributed to the lack of foam generation
within this time period. Consequently, as in the previous section, the oil was displaced by
mainly gas and surfactant solution flowing through the model as separate phases. Under this
displacement condition, the geometry had minimal impact on the recovery of oil. However,
after this initial stage, the oil recovery rate increased noticeably in the case ofModel D (round
grains) compared to Model C (polygonal grains). This is ascribed to the lower entry capillary
pressure of the round grains compared to porous media with angular grains (Norouzi Rad
and Shokri 2014; Rabbani et al. 2016).

More importantly, the aspect ratio (ratio of pore to throat) plays a significant role in foam
generation by snap-off (Kovscek and Radke 1994; Roof 1970). As shown in the schematic
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Fig. 5 Schematic of snap-off mechanism during foam generation in porous media. a Liquid flows from pore to
throat due to capillary pressure gradient, b formation of a new bubble and c pore geometry created by angular
(left) and spherical grains (right)

in Fig. 5, snap-off mechanism of bubble generation occurs when liquid surrounding the gas
phase in a pore flows backward towards the throat as a result of capillary pressure gradient.
This gradient is initiated by the differences in curvature and hence pressure between the
gas phase in the throat (Pat) and the pore (Pap) (subsequently leading to Pwp >Pwt, where
Pat and Pap are the pressures of gas phase in the throat and pore, respectively, and Pwt and
Pwp represent the pressure of water phase in the throat and pore, respectively). The flow
from the pore to the throat bridges the gas phase in the throat causing the bubble to snap-off
(Fig. 5b). As the aspect ratio increases (thus as R/r increases, R being pore radius and r being
pore throat radius) the capillary pressure gradient increases, resulting in higher frequency
of bubble generation. In the case of Model D, the roundness of the grains results in larger
pores and hence higher aspect ratio (see Fig. 5c). Consequently, this mechanism of foam
generation is expected to be more dominant in the latter compared to Model C.

Unlike Fig. 3b, where a significant difference in the pressure profiles was observed, the
variation in the pressure profiles for Models C and D was less due to the similar pore throat
size. Nonetheless, careful inspection of Fig. 4b shows slightly higher pressure in Model D
compared to C particularly (at least) during the initial phase of foam generation (between 1.3
and 2.5 PV). This is indicative of more foam generation which is likewise confirmed by the
close-up view of the inlet region depicted in Fig. 4c, d.

The effect of permeability on oil recovery was also investigated for porous media of the
same pore throat size (Models B andC). In this case, permeability wasmodified by increasing
the number of pores and throat while maintaining the dimensions of the pore throats. Model
C consisted of 990 Voronoi polygons (k �9.5 D), whereas Model B was made up of 660
polygons (k �4.7 D). At the same injection capillary number (5.50×10−6), oil recovery
factor was not significantly affected by the permeability of the models (Fig. 4a) potentially
due to the low range of permeability investigated in this study. The corresponding pressure
profiles were also similar in both cases suggesting that under these conditions, the pore throat

123



914 K. Osei-Bonsu et al.

Fig. 6 Dynamics and patterns of oil displacement by foam after the injection of 0.5, 1.0 and 1.5 PV of gas
and surfactant solution in Model A (a–c), Model C (d–f) and Model D (g–h). White, grey and black represent
oil, foam (surfactant solution and gas) and solid grains, respectively

size and angularity were more influential to the oil displacement by foam than the absolute
permeability.

3.3 Dynamics of Oil Displacement by Foam

Figure 6 displays snapshots of the phase distributions after 0.5, 1.0 and 1.5 PV of gas and
surfactant solution injection in the three models used in our experiments. It can be observed
from the snapshots that the oil displacement process is influenced by the fingering phe-
nomenon from the very onset of fluid injection into porous media. This is a consequence
the lack of foam generation allowing the gas to penetrate the oil in the porous media. As
fluid injection progressed, foam began to form in the porous media suppressing the fingering
effects. Figure 6c shows the presence of a stable foam front in the case of Model A (the
porous medium with the largest pores) after 1.5 PV of injection. However, in the case of
Models C and D (Fig. 5f, i) fingering phenomena persisted even after 1.5 PV due to the delay
in the development of stable foam front. After nearly 2 PV of injection, stable foam fronts
developed in the Models C and D. (The images are not presented here.)

The development and the evolution of the disconnected oil blobs formed during the dis-
placement process can potentially be influenced by grain angularity and pore throat size as a
result of the capillary pressure variation in porous media. Additionally, gas bubbles emerging
at the foam front as a result of coalescence travelled rapidly through porous media amplify-
ing the fragmentation of the oil phase. A typical example of this scenario is Fig. 5c where
disconnected oil blobs are observed ahead of the stable foam front.

Analysis of the disconnected oil blobs as a function of pore volumes injected is presented
in Fig. 7. The number of these oil fragments as a function of pore volume of fluid injected
increased to a maximum (after about 1.2 PV for Model A and about 2.1 PV for Models B, C
and D) but declined sharply as the remaining volume of oil in the model gradually decreased.

Figure 7a shows that as the average pore throat size decreased, the number of isolated oil
blobs due to fragmentation increased. The number of disconnected oil blobs was found to
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Fig. 7 The influence of the pore geometry on the statistical distribution of disconnected oil blobs during oil
displacement by foam. The error bars represent the standard deviations

be larger in Models B, C and D compared to Model A. A possible reason for this observed
result may be the higher capillary pressure associated with smaller pore throats in Models B,
C and D compared to Model A. Additionally, the faster development of stable foam front and
overall shorter oil recovery time in Model A compared to B and C also contributed to this
observation. The average size of the oil blobs resulting from fragmentation was also found to
be larger in the case of Model A owing to its larger pore throats (Fig. 7b). Still within model
A, the average size decreased sharply after about 1.8 PV of foam (surfactant and gas) had
been injected as a large fraction of the oil in the model had been displaced at this point. In
the case of Models B, C and D, neither the pore geometry nor the number of pores appeared
to have a major influence on the fragmentation in the oil phase.

4 Summary and Conclusions

3D printing technology enabled us to fabricate three customized porous networks with well-
defined pore geometries. These were used to investigate the influence of average pore throat
size and grain angularity on foam generation, propagation and the oil displacement efficiency
in porous media. Foam was generated in-situ following the co-injection of gas and surfactant
solution into the porousmedia. Visualization of oil displacement by foam provided us with an
opportunity to describe the effects of the pore geometry and angularity on foam generation
and its relationship to the overall oil recovery efficiency. The following conclusions have
been deduced from our investigation:

1. Pore geometry plays a crucial role in foam generation and propagation in oil-saturated
porous media due to its influence on capillary pressure. For porous media with fixed
topology, increasing pore throat size decreases capillary pressure of the porous medium
which can improve foam generation and stability. In oil-saturated models, the influence
of pore throat size on generation and propagation of foam is more pronounced due to
the additional negative effect of oil on the stability of foam compared to water. Hence,
the number of pore volumes required for generation and propagation of stable foam was
smaller for porous media characterized by bigger pore throats.

2. For porous media with fixed pore throat size distribution, increase in permeability by
increasing number of pore throats (and pores) (Models B and C) did not result in any
noticeable effect on foam generation and hence oil recovery efficiency.
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3. Foam generation is enhanced in porous media with round grains because of high pore-to-
throat aspect ratio which results in higher capillary pressure gradient between the fluid at
the pore throat and the pore body. This favours foam generation by snap-off mechanism
during the initial phase of foam generation.

Although flow in 2Dmicromodels has several limitations: the most notable being its inability
to capture the mixed wetting system encountered in naturally occurring porous media, it is
nonetheless able to reproduce adequately the underlying physics governing flow in porous
media making it a useful tool. With the development in 3D printing technology, we may
be able to create porous media with channels of the same order as those occurring in real
porous media and also mimic mixed wetting systems by printing with several materials with
different wetting properties.
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Appendix

See Table 3.

Table 3 The entry capillary pressure expressed here is the pressure required for gas to invade a water/oil-filled
pore throat

Model Entry capillary pressure (Pa)
(water)

Entry capillary pressure (Pa) (oil)

Model A 467 165

Model B 1055 373

The interfacial tension data fromTable 2 have been used to compute the capillary entry pressures using Eqs. (1)
and (4) and the geometrical data from Sect. 2.1
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