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a b s t r a c t

Aqueous foam is broadly applicable to enhanced oil recovery (EOR). The rheology of foam as a function of
foam quality, gas and liquid velocities, and surfactant concentration constitute the foundation of its
application. The great variations of the above factors can affect the effectiveness of N2 foam in EOR
continuously in complex formations, which is rarely involved in previous relevant studies. This paper
presents an experimental study of foam flow in porous media by injecting pre-generated N2 foam into a
sand pack under the conditions of considering a wide range of gas and liquid velocities and surfactant
concentrations. The results show that in a wide range of gas and liquid velocities, the pressure gradient
contours are L-shaped near the coordinate axes, but V-shaped in other regions. And the surfactant con-
centration is a strong factor influencing the trend of pressure gradient contours. Foam flow resistance is
very sensitive to the surfactant concentration in both the high- and low-foam quality regime, especially
when the surfactant concentration is less than CMC. The foam quality is an important variable to the flow
resistance obtained. There exists a transition point from low- to high-quality regime in a particular flow
system, where has the maximum flow resistance, the corresponding foam quality is called transition foam
quality, which increases as the surfactant concentration increases. The results can add to our knowledge
base of foam rheology in porous media, and can provide a strong basis for the field application of foams.
© 2022 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This
is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/

4.0/).
1. Introduction et al., 2021; Sun et al., 2021). In EOR, foam reduces gas mobility
Foam is a dispersion of nonwetting phase, such as gas, within a
continuous liquid phase where the dispersion is stabilized by sur-
factant (Li et al., 2017; Sarhan et al., 2018b; Johnson et al., 2022). As
a type of compressible non-Newtonian fluid (Sarhan et al., 2018c),
foam has very broad application prospects in porous media
including the development of oil and gas fields because of unique
foam structural and rheological characteristics (Wang et al., 2022).
Foam has been referred to as an intelligent oilfield fluid.

Foam is widely applied in mineral flotation (Sarhan et al., 2016,
2017a, 2018a) or enhanced oil recovery (EOR) (Li et al., 2019; Ding
entional Oil & Gas Develop-
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thereby improving areal and vertical sweep efficiency (Fernø et al.,
2016; Singh and Mohanty, 2017; Lozano et al., 2021). Foam appli-
cation can effectively alleviate viscous fingering and gravitational
coverage issues attributed to the low density and viscosity of gas
(Fernø et al., 2015; Gauteplass et al., 2015; Lv et al., 2017; Wang
et al., 2019). In addition, foam can increase the flow resistance in
high-permeability zones and promote the transfer of fluid to low-
permeability areas (Roncoroni et al., 2021).

The flow characteristics of foam constitute the basis of its appli-
cation (Sarhan et al., 2017b, 2018c; Chen et al., 2019). A suitable un-
derstanding of foam flow behavior is necessary to optimize its
application (Sarhanet al., 2018d). Foamflow inporousmedia involves
a complex two-phase flow process. Foam morphology has a great
influence on thefluidityof foam(Sarhan et al., 2017c;Hematpur et al.,
2018). The dynamic characteristics of lamellar coalescence and for-
mation in porous media lead to the change of foam morphology
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Fig. 1. Contours of the steady-state foam pressure gradient as a function of the gas and
liquid flow rates. Region A is the so-called high-foam quality regime, and region B is
the so-called low-foam quality regime.
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during the flow process. Thus, all parameters that influence lamellar
coalescence and formation inporousmedia (such as characteristics of
porous media, type and concentration of surfactants, flow velocity,
and foamquality) affect foamflow (Skauge et al., 2020).Many studies
have been performed under different conditions.

In 1988, Khatib et al. found that the stability of foam bubbles in
porous media depends on the capillary pressure (Khatib et al., 1988).
Later, Farajzadeh et al. reported that there was a threshold for
capillary pressure in foam generation, beyond which the foam could
not survive, and they referred this capillary pressure as “limiting
capillary pressure (P*c )” (Farajzadeh et al., 2015). Above this limiting
capillary pressure, foam coalesces rapidly. P*c varies with parameters
such as surfactant type and concentration (Kahrobaei and
Farajzadeh, 2019). With the increase in the concentration of surfac-
tant, the P*c increases, the foam stability increases, the flow resis-
tance in the core increases, and a longer time is taken by the foam
flow to reach stability (Wang and Li, 2016; Li et al., 2019).

Based on foam quality, foam inside the porous media is catego-
rized into two strong foam and weak foam. Weak foam with coarse
texture shows amoderate increase in differential pressure. However,
strong foam with fine texture shows a large increase in differential
pressure and decreases the gas mobility. Most of the results
(Osterloh and Jante, 1992; Cheng et al., 2000; Alvarez et al., 2001;
Kam et al., 2007; Buchgraber et al., 2012; Almajid and Kovscek, 2022)
showed two distinct flow regimes in porous media: strong foam
regime andweak foam regime. The pressure gradient is independent
of the velocity of the liquid phase in the weak foam regime (low-
quality regime), on the contrary, the pressure gradient is indepen-
dent of the velocity of the gas phase in the strong foam regime (high-
quality regime). Hence, an L-shaped contour for pressure gradient is
obtained on a plot of gas versus liquid velocity.

Different flow states of foam in porous media are dominated by
different mechanisms. Rossen and Wang (1997) proposed a model
describing foam flow in the low-quality regime. This model assumes
that the foam mobility is controlled not by foam coalescence and
capillary pressure, but by trapping and mobilization of foam bubbles
of a fixed size. The bubble size is independent of the liquid and gas
flow rates. Low-quality foam flow occurs under a certain yield stress,
such as Bingham plastic foam flow under a fixed yield stress and
plastic viscosity. Bubbles inagivenporousmediumdonotflowunless
the pressure gradient exceeds a certain threshold value that depends
on the pore size or pore-throat diameter. Based on this model, the
pressure drop should be a function of the pore geometry and surface
tension. Alvarez et al. (2001) combined the limiting capillary pressure
model and the above-mentioned model of Rossen and Wang to
explain foam flow behavior in porous media. It was assumed that
foam behavior is dominated by a single mechanism in each regime,
namely, in the high-foam quality regime, foam behavior is deter-
mined by capillary pressure and coalescence, while in the low-foam
quality regime, foam behavior is controlled by bubble trapping and
mobilization. Based on this model, the pressure gradient contours
exhibit a standardL shape, as shown inFig.1. Similar resultshavebeen
reported in other studies of foam flow (Adebayo and Kanj, 2018;
Simjoo and Zitha, 2020; Omirbekov et al., 2020; Yu et al., 2020).

According to this model, at a fixed gas flow rate, the pressure
gradient increases with increasing liquid flow rate in region A, after
which a transition point is reached. Then, the flow behavior
transforms into the low-quality regime (region B), and the pressure
gradient is independent of the liquid flow rate. In contrast, at a fixed
liquid flow rate, the pressure gradient increases with increasing gas
flow rate in region B, after which a transition point is reached.
Subsequently, the flow process enters the high-quality regime
(region A), and the pressure gradient becomes independent of the
gas flow rate. The pressure gradient reaches its maximum value at
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the boundary between the high- and low-quality regions, and the
foam quality at the transition point corresponding to the maximum
pressure gradient is called transition foam quality (f *g ), which varies
with the type and concentration of surfactant and total flow rate
(Kahrobaei et al., 2017; Tang et al., 2019; Rudyk et al., 2020).
Kahrobaei and Farajzadeh (2019) investigated the effect of surfac-
tant concentration on the transient and steady-state foam behavior
in porous media. They found that as the surfactant concentration
increases, the transition from the low-to high-quality regimes
occurred at a larger foam quality. They also showed that the sur-
factant concentration affected only the high-quality regime, foam
became stronger (or foam texture becomes finer) as the surfactant
concentration increased (Kahrobaei and Farajzadeh, 2019).

AsN2 foamflows through complex formations, the variations over
awiderangeofflowvelocityand surfactant concentrationcontinue to
affect its effectiveness in EOR. Therefore, it is of great significance to
investigate the flow characteristics and regime transition of N2 foam
flowinporousmediaoverawiderangeofflowvelocityand surfactant
concentration. However, most of the previous studies focused on
regions A and/or B, as shown in Fig.1, indicating a lowgas flow rate or
low liquid flow rate near the coordinate axis, but not related to high-
velocity regions.Moreover, previous studies of the effect of surfactant
only involved the low-velocity region andwere limited to the vicinity
of CMC, especially there were few reports about the effect of surfac-
tant on the regime transition of foam in porous media. The effect of
surfactant on foam flow in porous media was obscure.

In this paper, we investigated foam flow characteristics and
regime transition by injecting pre-generated N2 foam into a sand
pack under the conditions of considering a wide range of gas and
liquid velocities and surfactant concentrations via laboratory ex-
periments. We obtained pressure gradient contours in region C and
the transition zone, and analyzed the transition between foam flow
regimes over a wide range of velocities and the effects on the
transition of surfactant concentration. The results of this study add
to our knowledge base of foam rheology in porous media, and can
provide a strong basis for the field application of foam fluid.

2. Experimental

2.1. Apparatus

Foam flow experiments were performed at different volumetric
flow rates of gas and surfactant solution and increasing surfactant
concentrations. Fig. 2 illustrates the experimental setup.
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The experimental setup was designed in three parts to study
foamflowbehavior. Thefirst part encompassed foamquality control
and foam generation. Foam was pre-generated via co-injection of
surfactant solution and N2 into a sand pack, 12 cm in length and
0.4 cm in diameter. A constant-rate pump was employed to control
the surfactant solution flow rate, and the gas flow rate was
controlled by twogasmassflowcontrollers to obtain awide range of
gas flow rates. The second part aimed tomeasure the foam rheology
in porous media. Another sand pack, which was 5 cm in length and
2.5 cm in diameter, was applied as the measurement porous me-
dium (the mesh size of the sand was 120e160 mesh). Its perme-
ability was 1.339 D and porosity was 32.6%. Foam exiting the foam
generator flowed into the sand pack where pressure drop data was
collected with pressure transducers. The third part was the foam
flow visualization cell. At the downstream end of the sand pack, a
visualization cell was connected to observe the foam characteristics.
A digital microscopewas adopted to capture images. At the outlet of
the visualization cell, the effluent foamwas discharged into a beaker
and weighed to determine the flow rate of the surfactant solution.

The visualization cell comprised two transparent pieces of
Plexiglas bolted together. A flow channel with a depth of 25 mmwas
created between the two pieces to provide a flow path for the
generated foam. The channel was thin enough for the bubbles to
flow in a single layer. A digital microscope captured the foam
texture characteristics under different flow conditions. The foam
texture was determined via postprocessing image analysis.

To obtain a wide range of gas flow rates, two gas mass flow
controllers were applied. One device is an EL-FLOW Select Series
mass flow meter/controller purchased from Bronkhorst, which is a
thermal mass flow meter with a modular construction controlled
by a computer. This mass flow controller is designed and calibrated
for ultralow N2 flow rates in the range from 0.001 to 0.7 mL/min.
The other device is a Brooks mass flow controller 5850 Series, with
a maximum flow rate of 10 mL/min.
2.2. Experimental materials

The surfactant used in the experiments was a sodium olefin
sulfonate (C14-16, from Stepan Company). The solution was pre-
pared by adding different weight percentages of the surfactant to
distilled water. The surface tension was measured to define the
critical micelle concentration (CMC). Fig. 3 shows the surface
Fig. 2. Schematic of expe
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tension as a function of the surfactant concentration. The inflection
point at approximately 0.1 wt% indicates the CMC. The gas phase
was N2 in all experiments.

2.3. Experimental procedure

A series of experiments proceeded with the selection of the
liquid and gas flow rates and surfactant concentrations. The liquid
Darcy velocity in the sand pack ranged from 1 to 20.9 m/day.
Accordingly, 6 gas velocity levels were selected for each liquid ve-
locity to obtain different foam qualities and flow characteristics.
The gas Darcy velocity reported here was computed at the average
sand pack pressure because the pressure along the sand pack var-
ied. The surfactant concentration ranged from 0.01 to 0.7 wt%.

The experiments were carried out under ambient temperature
and pressure, and each experiment was conducted under condi-
tions of constant liquid and gas injection rates and a constant outlet
pressure. Steady-state flow was achieved in the sand pack under a
constant pressure after the injection of 10 pore volumes (PV) of
liquid. The steady state was chosen for data collection to analyze
the effects of foam quality changes and saturation rebalancing.
Once the measurements and observations in the steady state were
completed, the next flow rate was selected to repeat the process.

3. Experimental results

Both surfactant concentration and gas and liquid flow rate can
affect foam flow in porous media. The foam flow characteristics in
porous media can be characterized by the pressure drop measured
across theporousmedia.Anoverviewofsandpackdisplacementwith
pre-generated N2 foam experiments over a wide range of surfactant
concentration, gas/liquid velocity, and foam quality was given in this
section. And the effects of the above factors on foam flow in porous
media were investigated by analyzing the changes of pressure
gradient.

3.1. Pressure gradient

The pressure gradient was calculated based on the pressure
drop along the sand pack and its length. A series of experiments
were performed at different flow rates and surfactant concentra-
tions. First, the surfactant concentration and liquid flow rate were
rimental apparatus.



Fig. 3. Surface tension (mN/m) as a function of the surfactant concentration (wt%) in
distilled water. The critical micelle concentration (CMC) is obtained at the inflection
point.

Fig. 4. Pressure gradient contours (105 Pa/m) as a function of the liquid Darcy velocity
(m/day) and gas Darcy velocity (m/day) under steady-state conditions in porous media.
The surfactant concentration is 0.01 wt%.
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fixed, and the gas flow rate was adjusted from low to high. The
pressure drop between the inlet and outlet of the sand pack was
measured in the steady state. Then, the liquid flow rate was
changed, and accordingly, the gas flow rate was again adjusted
from low to high. The foam quality ranged from 0.023 to 0.97. After
the measurements were completed, a larger surfactant concen-
tration was selected to repeat the process.

The pressure gradient contours like Fig. 4 obtained as a function
of the liquid and gas Darcy velocities under steady-state conditions
at the different surfactant concentrations, plotted via kriging
interpolation. Pressure gradient data of the various liquid and gas
flow rates were added on the coordinate axes. The upper-left region
is the high-foam quality regime, and the lower-right region is the
low-foam quality regime.

Fig. 4 shows pressure gradient contours as a function of the liquid
and gas Darcy velocities under steady-state conditions at a surfactant
concentration of 0.01 wt%. The figure shows that the pressure gra-
dients are all less than 6.5 � 105 Pa/m within the measurement
range. This indicates that foam can be generated in the porous me-
dium at low surfactant concentrations, but the generated foam easily
collapses at low surfactant concentrations due to the small limiting
capillary resulting in a small maximum pressure gradient. In addi-
tion, the pressure gradient contours in Fig. 4 are L-shaped. At a high-
foam quality, the pressure gradient declines with increasing gas
velocity (the pressure contour lines move toward the right at high-
foam quality). This phenomenon was first reported by Osterloh
and Jante (1992). It was referred to as the chaotic regime.

Fig. 5 shows pressure gradient contour as a function of the liquid
and gas Darcy velocities under steady-state conditions at a surfactant
concentration of 0.1wt%. The pressure gradient reaches 110� 105 Pa/
m within the measurement range. This is larger than the maximum
pressure gradient at a surfactant concentration of 0.01 wt%. The
surfactant concentration is now large enough to provide significant
stability to foam lamellae. The limiting capillary pressure for foam
coalescence is approaching or greater than the capillary pressure in
the sand pack. Hence, the foam generated in the porous media re-
mains relatively stable. In addition, Fig. 5 shows that the pressure
gradient is almost insensitive to the gas velocity increase in the low-
liquid velocity range and almost insensitive to the liquid velocity
increase in the low-gas velocity range. The variation trend of the
pressure gradient in the low-liquid velocity region or low-gas ve-
locity region near the coordinate axis is basically consistentwith that
in Fig. 1, and the pressure gradient contours are all L-shaped. How-
ever, with increasing liquid and gas velocities, the pressure gradient
contours tend to increase toward the upper-right region.
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The pressure gradient respectively reaches 180 � 105 and
190 � 105 Pa/m within the measurement range at surfactant con-
centrations of 0.5 and 0.7 wt%. As anticipated, these values are all
greater than that at a surfactant concentration of 0.1 wt%. In addi-
tion, the pressure gradient contours are similar at surfactant con-
centrations of 0.5 and 0.7 wt%, but the shapes of them are greatly
different from those of the pressure gradient contours in Figs. 4 and
5. The variation trend of the pressure gradient in the low-liquid
velocity region or low-gas velocity region near the coordinate
axis is also substantially consistent with that in Fig. 1. Comparing
Figs. 4 and 5, the pressure gradient contours near the coordinate
axis are still L-shaped at surfactant concentrations of 0.5 and 0.7 wt
%. However, with increasing liquid and gas velocities, they change
to V-shaped curves in the other regions. In the small-liquid velocity
range, the pressure gradient is almost insensitive to the gas velocity
increase but is more sensitive to the liquid velocity than that at low
surfactant concentrations of 0.01 and 0.1 wt%. Moreover, the effect
of the gas velocity on the pressure gradient in the low-gas velocity
range is obviously greater than that of the liquid velocity on the
pressure gradient in the low-liquid velocity range at surfactant
concentrations of 0.5 and 0.7 wt%, respectively.

Overall, the maximum pressure gradient within the measure-
ment range increases with increasing surfactant concentration,
especially as the concentration reaches the CMC. In addition, the
variation trend of the pressure gradient in the region near the co-
ordinate axis is similar under different surfactant concentrations,
which is as follows: In the low-liquid velocity range, the pressure
gradient is almost insensitive to the gas velocity increase but is
sensitive to the liquid velocity. Similarly, in the low-gas velocity
region, the pressure gradient is nearly insensitive to the liquid ve-
locity increase but is sensitive to the gas velocity. L-shaped contours
are observed in these regions. The results near the coordinate axis
are in agreement with the previous studies but are different in the
other regions at large surfactant concentrations which are greater



Fig. 5. Pressure gradient contours (105 Pa/m) as a function of the liquid Darcy velocity
(m/day) and gas Darcy velocity (m/day) under steady-state conditions in porous media.
The surfactant concentration is 0.1 wt%.
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than CMC. At greater surfactant concentrations and with increasing
liquid and gas velocities, the pressure gradient contours change
dramatically and even transform into V-shaped contours.

Moreover, it is also found that with increasing surfactant con-
centration, the density of pressure gradient contours near the axis of
the gas Darcy velocity increases. It shows that the sensitivity of
pressure gradient to liquid velocity increases with the increase of
surfactant concentration in the low-liquid velocity range. Fig. 6 il-
lustrates themain concept considered to analyze the evolution of the
pressuregradient contours in the followingsections. Theeffectsofgas
and liquid velocity were studied according to the dotted line named
Fixed Ug varying Uw, and the effects of foam quality were studied
according to the dotted line named Fixed Ut varying fg in Fig. 6.
Fig. 6. Illustration of the main concept to analyze the evolution of the pressure
gradient contours (Alvarez et al., 2001).
3.2. Effects of gas and liquid velocity

Gas and liquid velocities affect the foam quality and stability of
lamellae. The pressure gradient as a function of the liquid velocity
at 3 fixed gas velocities of 1, 8, and 16 m/day at different surfactant
concentrations was investigated.

It is found that when the surfactant concentration reaches the
CMC, thepressuregradient increasesfirst and thendecreaseswith the
increase of liquid velocity for a constant gas velocity. The foam flow
resistance is very sensitive to the number and shape of lamellae. At a
liquidvelocityof0m/day, theflowinporousmedia issingle-phasegas
flow,and thepressuregradient isvery low.Atafixedgasvelocityanda
certain surfactant concentration, with increasing liquid velocity from
0 m/day, an increasing amount of liquid is available to generate
lamellae. Accordingly, the pressure gradient increases quickly and
thenpeaks. At the peakof the pressure gradient, the lamellae are very
thin, as shown in Fig. 7a, and the capillary pressure reaches the
limiting capillary pressure. With a further increase in the liquid ve-
locity, the capillary pressure decreases, and the lamellae become
thicker and evolve into lenses, as shown in Fig. 7b. Theflowresistance
in Fig. 7a is greater than that in Fig. 7b. Therefore, the pressure
gradient decreases from the peak point.

As foam flows through porous media, the wetting liquid phase
occupies the smallest pore spaces. Some gas (foam) flows through
the large pore spaces, while some gas is trapped in the
intermediate-sized pore spaces (Radke and Gillis, 1990). According
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to this phenomenon, Rossen and Wang reported the steady-state
phase distribution at a foam quality of 85% as a broad log-normal
tube-radius distribution. As the lamellae change into lenses, the
flow resistance declines, and a portion of the trapped gas transi-
tions into flowing gas. Moreover, if the liquid velocity increases
further, the capillary pressure continues to decrease, and water
imbibes into intermediate-sized pores occupied by trapped gas
(Rossen and Wang, 1997). Accordingly, the liquid relative perme-
ability increases, and gas flows through a greater fraction or almost
the same fraction of larger pores. Therefore, there occurs a slight
decline or no change in the pressure gradient.

At a small gas velocity such as 1 m/day, the flow regime strug-
gles to reach the limiting capillary pressure because the foam is
very wet. Hence, it is rare to observe a decline in the pressure
gradient with increasing liquid velocity. Therefore, the pressure
gradient contours near the coordinate axis remain L-shaped but
change into V-shaped in the other regions when the surfactant
concentration reaches the CMC, which is consistent with the results
of the previous section.

Meanwhile, it is found that when the surfactant concentration
reaches the CMC, the peak point of the pressure gradient occurs at
smaller liquid velocity as the surfactant concentration increases. At
the gas velocity vg ¼ 16 m/day, the peak point of the pressure
gradient occurs at the liquid velocity of 8 m/day when the surfac-
tant concentration is 0.1 wt%, but at the liquid velocity of 2 m/day
when the surfactant concentration is 0.5 or 0.7 wt%. Surfactant
concentration has a significant influence on the transient foam
behavior or foam generation (Kahrobaei and Farajzadeh, 2019). The
rate of foam generation increases with the increase of the surfac-
tant concentration. So stable foam can be produced at a small liquid
velocity, and the peak pressure gradient can be reached. This also
explains why the density of pressure gradient contours near the
axis of the gas Darcy velocity increased as the surfactant concen-
tration increased in the previous section.

It is also found thatwhen the surfactant concentration is less than
the CMC, the gas-liquid system does not generate stable lamellae, so
the pressure gradient increases gradually as liquid velocity increases
for a constant gas velocity. At small surfactant concentrations, the
limiting capillary pressure declines. The gas-liquid system does not
generate stable thin lamellae as shown in Fig. 7a. Therefore, the
bubbles are separated by lenses, as shown in Fig. 7b. Moreover, there
are few bubbles trapped in intermediate-sized pores resulting in a



Fig. 7. Bubble configuration when bubbles are separated by lamellae at high-foam
quality (a) and lenses at low-foam quality (b).

Fig. 9. Pressure gradient as a function of the foam quality under steady-state condi-
tions in porous media at different surfactant concentrations. The liquid and gas total
Darcy velocities are all 10 m/day. The surfactant concentrations are: (a) 0.01 wt%; (b)
0.1, 0.5, and 0.7 wt%.
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small to moderate flow resistance, especially at a greater total flow
rate. Fig. 8 shows the pressure gradient as a function of the liquid
velocity at 3 fixed gas velocities at a surfactant concentration of
0.01 wt%. At smaller liquid velocities, bubbles are trapped in
intermediate-sized pores. Therefore, the pressure gradient slightly
declines or remains constant as more intermediate-sized pores
become occupied by liquid with increasing liquid velocity.When few
bubbles are trapped in the pores and liquid does not occupy propor-
tionally more pores with increasing liquid velocity, the pressure
gradient increases. At large liquid velocities and smaller foam quali-
ties, few bubbles are trapped in the pores and flow occurs with
increasing liquid content. Therefore, the pressure gradient increases
with increasing liquid velocity such as at vg ¼ 16 m/day in Fig. 8.

3.3. Effects of foam quality

Foam quality is a key parameter characterizing foam flow in
porous media. Given a particular porous medium, the effects of the
foam quality on the resultant flowcharacteristics changewith other
factors. Fig. 9 shows the pressure gradient as a function of the foam
quality at the same total velocity of 10 m/day. Generally, the pres-
sure gradient first increases with increasing foam quality, reaches a
maximum value, and then decreases with increasing foam quality.

At a low-foam quality, bubbles are trapped in intermediate-
sized pores, and the remaining bubbles flow through the largest
pores (Kovscek et al., 1997). Liquid slugs (lenses or lamellae) occur
between adjacent bubbles, as shown in Fig. 7b. The number of
lamellae or lenses per unit capillary length is the most important
variable affecting the foam flow resistance. More lamellae or lenses
Fig. 8. Pressure gradient as a function of the liquid Darcy velocity at different gas Darcy
velocities under steady-state conditions in porous media. The surfactant concentration
is 0.01 wt%.
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per unit length result in a greater flow resistance. With increasing
foam quality, the flow resistance increases as a consequence of an
increase in the number of lamellae increase, as shown in Fig. 9.
With increasing foam quality, the capillary pressure increases and
reaches the limiting capillary pressure thereby leading to foam
coalescence and a decline in the number of lamellae per unit
length. If the foam quality increases, the regime transforms into the
high-quality region. Liquid reduction results in a decrease in
lamellae and bubble enlargement, and the number of lamellae per
unit length declines. Therefore, the flow resistance decreases with
increasing foam quality after regime transition.

There exists a certain foam quality corresponding to the
maximum flow resistance in a particular flow system, called tran-
sition foam quality. The transition points between foam regimes
vary with the different surfactant concentrations. Usually, the
transition point occurs at a greater foam quality as surfactant
concentration increases. As shown in Fig. 9, the transition foam
quality is approximately 0.5 at a surfactant concentration of 0.01 wt
%. This value changes to approximately 0.6 at 0.1 wt% and reaches
0.84 at surfactant concentrations of 0.5 and 0.7 wt%. This indicates
that a greater surfactant concentration better stabilizes lamellae at
a high-foam quality, and the limiting capillary pressure increases
with increasing surfactant concentration.



Fig. A.1. Pressure gradient contours (105 Pa/m) as a function of the liquid Darcy ve-
locity (m/day) and gas Darcy velocity (m/day) under steady-state conditions in porous
media at different surfactant concentration. The surfactant concentrations are: (a)
0.5 wt%; (b) 0.7 wt%.
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According to the dotted linenamedFixedUt varying fg in Fig. 6, the
foam quality increases from the lower right area of the dotted line to
theupper left area at the same total velocityof 10m/day. As surfactant
concentration increases, the transition foamquality increases,and the
transition point corresponding to the maximum flow resistance is
closer to the axis of the gas Darcy velocity. Therefore, the density of
pressure gradient contour lines near the axis of the gas Darcy velocity
increases with increasing surfactant concentration. The evolution of
the transition foam qualitywith surfactant concentration also results
in V-shaped curves in the high gas and liquid velocities regionwhen
the surfactant concentration reaches CMC.

4. Conclusions

In this study, serval experiments of foam flow in porous media
by injecting pre-generated N2 foam into a sand pack under the
condition of considering a wide range of gas/liquid velocities and
surfactant concentrations were conducted. For the experimental
results and under our experimental conditions, the following
conclusions are made:

(1) The pressure gradient during foam flow through porous me-
dia under steady-state conditions is a function of the liquid
and gas Darcy velocities. Over a wide range of velocities, the
pressure gradient contours are L-shaped near the coordinate
axes when gas velocity versus liquid velocity is plotted. Con-
tours evolve from L-shaped into V-shaped in other regions.
This evolution is an indication of complex foam rheology that
is a function of the texture of foam bubbles.

(2) The surfactant concentration has a great impact on the sta-
bility of foam in porous media. The maximum pressure
gradient under steady state conditions increases with
increasing surfactant concentration, especially as the con-
centration reaches the CMC.

(3) Foam flow resistance and the shape and magnitude of the
pressure gradient contours are very sensitive to the surfac-
tant concentration in both the high- and low-foam quality
regime, especially when the surfactant concentration is less
than the CMC.When the surfactant concentration is less than
the CMC, the gas-liquid system does not generate stable
lamellae, so the pressure gradient increases gradually as
liquid velocity increases for a constant gas velocity. However,
when the surfactant concentration reaches the CMC, the
pressure gradient increases first and then decreases with the
increase of liquid velocity, which also reflects the transition
from high-to low-quality regime of foam.

(4) The foam quality is an important variable to the flow resis-
tance obtained. There exists a certain foam quality corre-
sponding to the maximum flow resistance in a particular
flow system, called transition foam quality. Usually, the
transition point occurs at a greater foam quality as surfactant
concentration increases.

(5) Due to the limitation of the size of the sand pack tested, we
only evaluated the flow characteristics of foam in porous
media by measuring its pressure drop, which had some
limitations. It is still not clear how pressure gradients are
established for steady flow of foam in porous media, espe-
cially over awide range of gas/liquid velocities and surfactant
concentrations.
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Appendix

The pressure gradient respectively reaches 180 � 105 and
190 � 105 Pa/m within the measurement range at surfactant con-
centrations of 0.5 and 0.7 wt% (Fig. A.1).
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When the surfactant concentration reaches the CMC, the pres-
sure gradient increases first and then decreases with the increase of
liquid velocity for a constant gas velocity (Fig. A.2).
Fig. A.2. Pressure gradient as a function of the liquid Darcy velocity at different gas
Darcy velocities under steady-state conditions in porous media at different surfactant
concentrations. The surfactant concentrations are: (a) 0.1 wt%; (b) 0.5 wt%; (c) 0.7 wt%.
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