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Introduction

The injection of gas-based fluids into underground
reservoirs is a widely used method to enhance oil
production [ 1]. Various gases, including carbon dioxide,
nitrogen, and methane, are commonly employed for
this purpose [2]. Compared to water injection, these
methods offer several advantages, such as improved
microscopic displacement, which aids in reducing the
remaining oil saturation within the pores [3]. However,
the volumetric displacement efficiency of gases is
relatively low, with a significant portion of the oil
remaining untouched by the injected gas. This results
in suboptimal oil production [4, 5]. Such inefficiencies
arise due to the formation of flow channels in high-
permeability zones and the density contrast between
gas and oil [6,7]. To address this issue, one approach
is to reduce the mobility of the injected gas, which
can be achieved through foaming. Foam injection is
particularly effective for diverting fluid flow in layered
porous media [8,9]. Understanding foam flow behavior
in these media is crucial for improving the underlying
mechanisms, and micromodels are invaluable tools for
this purpose. Several studies have explored foam flow
behavior for fluid diversion. For example, Thomson
et al. demonstrated that foam injection effectively
diverts fluid towards low-permeability zones, with
foam quality playing a significant role in this process
[10]. Hindi and colleagues found that pre-formed foam
outperforms alternating foam injection in porous media
[11]. Additionally, our previous research indicated
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that foam injection leads to flow blockage in high-
permeability zones, thus effectively diverting fluid to
lower-permeability layers [12]. Chen et al. investigated
the effect of oil on foam stability and showed that
the presence of oil can significantly reduce foam
performance [ 13]. Talebian and collaborators reported
that foam injection enhances oil recovery rates [14].
While previous studies have highlighted the challeng-
es of gas injection in heterogeneous layered systems,
most foam-related research has been limited to single-
layer systems. The present study aims to address this
gap by investigating foam flow behavior in a two-layer
heterogeneous system, focusing on the diversion of
fluid from high-permeability to low-permeability lay-
ers. Using a specifically designed micromodel, this re-
search delves into the fluid flow mechanisms involved
and their impact on foam-induced fluid diversion.

Materials and Methods

Design and Construction of the Micromodel: A two-
layer heterogeneous micromodel with a permeability
contrast of two was designed, with dimensions of 8
cm by 3 cm and a depth of 0.02 cm, and a porosity of
48%. The model consists of two glass plates with a
thickness of 4 mm. Permeability was measured using
a single-phase fluid injection method and Darcy's law.
To construct the micromodel, the designed pattern was
first etched onto the surface of one of the glass sheets
using a laser device. The prepared glass sheets were
then placed in a furnace and heated to 710 °C. After-
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ward, the glass sheets were cooled for 24 hours [15].
Materials and Experimental Process: The foam
solution consisted of sodium dodecyl sulfate surfactant
at a concentration of 0.33% and brine with a salinity of
35,000 ppm. Mineral oil and methylene blue were used
to color the solutions. Experiments were conducted by
injecting various fluids, including water, gas, and foam,
into the micromodel. During the injection process, the
system was flushed with toluene and water, followed
by saturation with a brine solution.

Experimental Design: The experiments were
conducted under ambient pressure and temperature
conditions in a horizontal flow system. Two injection
scenarios—gas and foam injection—were investigated.
The injection rate and foam quality were selected
in such a way as to allow the study of the effects of
capillary and viscous forces on foam flow behavior
within the layered system.

Results and Discussion

Gas Injection in a Micromodel Containing Residual Oil
After water injection and achieving residual oil
saturation, gas injection was initiated in the micromodel.
Initially, gas could not penetrate the low permeability
regions. However, after 0.06 PV, the gas began to flow
through the high permeability zones. By 0.37 PV, gas
exited the micromodel through channeling, leaving
residual oil trapped in the low permeability areas.

Moreover, gas mobility was considerably higher than
that of oil or water, enabling it to rapidly traverse the
high permeability paths, resulting in the formation of
channels and fingering, as shown in Fig. 1.

Foam Injection in a Micromodel Containing Residual Oil
Following water injection and achieving residual
oil saturation, foam injection was carried out in the
micromodel. In the initial stages, the simultaneous
injection of surfactant solution and gas did not produce
strong foam due to the degradation of the foam film
by the oil, which it caused the gas and surfactant to
flow separately within the porous medium. However,
as foam production progressed, the surfactant and gas
formed more stable foam, which became visible at
0.37 PV. By the end of the experiment (1.87 PV), foam
demonstrated excellent performance in displacing
the fluid and successfully entered low permeability
regions, displacing the residual oil. Micromodel
images revealed two distinct zones: the “dynamic
zone,” where foam was weaker and less stable due
to interaction with oil, and the “static zone,” where
the foam was stronger and significantly reduced gas
mobility, thereby displacing oil from high to low
permeability regions. Foam successfully covered
both layers of the porous medium, leading to a greater
oil displacement compared to gas injection, which
was scattered and primarily concentrated in the high
permeability layer (as seen in Fig. 2).

Fig. 1 Micromodel images during foam injection at different times, from image (a) to (e): time 0, 0.06, 0.12, 0.37, and 1.87 PV.
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Fig. 2 Micromodel images during foam injection at different times, from image (a) to (e): time 0, 0.06, 0.12, 0.37, and 1.87 PV.

Comparison of Gas and Foam Injection Performance
in Oil Production

Fig. 3 illustrates the distribution of final remaining
oil saturation at the end of the gas injection scenario
(Figure a) and the foam injection scenario (Figure
b). Gas injection recovered 66.14% of oil in the high
permeability layer by 1.87 PV, but foam injection
significantly improved recovery, reaching 98% by
the same point. In the low permeability layer, gas
injection only produced 9% of the residual oil, while

foam injection, by diverting fluid from the high to the
low permeability layer, increased oil recovery to 85%,
outperforming gas injection in the high permeability
layer. Overall, foam injection demonstrated better
performance than gas injection in both oil recovery
rate and final oil recovery, with the added ability to
produce oil from low permeability layers, indicating
the superior fluid diversion potential of foam in
heterogeneous reservoirs with varying permeability.

(b)

Fig. 3 Distribution of final remaining oil saturation at the end of the gas injection scenario (Figure a) and the foam injection

scenario (Figure b).

Conclusions

This study investigates the impact of foam on fluid
diversion to target areas with higher remaining oil in
a heterogeneous porous layered environment. For this
purpose, a glass micromodel with two sections having
different permeabilities was used. The most important
findings are as follows:

* In foam injection, two dynamic regions (with high

mobility and low foam saturation) and static regions
(with low mobility and high foam saturation) were
observed.

* Foam injection increased the gas viscosity and
improved piston-like movement, resulting in an
increase in the remaining oil recovery from 66%
during gas injection to 98%.

* In the low-permeability layer, gas injection recovered



only 9% of the remaining oil, whereas foam injection
increased this recovery to 85%.

These results indicate that foam can enhance the
performance of gas injection in heterogeneous layered
environments.
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