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Abstract

This study investigates the effect of different existing parameters in current foam models on SAG foam process. Foam
flooding is a common Enhanced Oil Recovery (EOR) method to mitigate the drawbacks of the gas injection process.
Whereas Surfactant-Alternating-Gas (SAG) is a common technique in real cases, all developed foam flow models have
been established based on pre-generated foam flooding. In this study, a set of core flooding experiments were designed
to meet the objective. These experiments considered the effect of several parameters on the mobility reduction factor
(MRF). The parameters included surfactant types, flow rate, surfactant concentration, and salinity. A high permeable core
was considered as the porous medium, three different anionic surfactants (AOS, 10S and MFOAMX) were employed as
the foaming agents, and the injected gas was nitrogen. The results were interpreted the SAG foam process. The results

show that surfactant concentration plays an imperative role in MRF, but the salinity effect is not significant.

Keywords: Foam flooding; surfactant alternating aas; mobility reduction factor; ANOVA.

1. Introduction

Enhanced Oil
categorized into three major groups: gas injection,

Recovery (EOR) mechanisms are

chemical injection and thermal methods, such as hot water
flooding (Shidong et al., 2018) . The majority of these
processes incorporates a gas phase injection. Inadequate
sweep efficiency of gas-assisted EOR is usually a
drawback of these processes. These problems are caused
by gravity segregation, fingering and channeling of the
gas phase through the reservoir (Hematpur et al., 2014).
One of the ways to confront the gas-assisted drawback is
through the implementation of foam-assisted EOR. This
method controls the mobility of gas, and hence improves
sweep efficiency.

The foam assisted processes are categorized into five
different groups: Pre-generated foam injection, Co-injection,
Surfactant Alternating Gas (SAG) injection, Dissolved gas
injection, and Co-injection in different layers (Hematpour
et al., 2016). These methods have their own advantages
and disadvantages. However, previous research shows that
the SAG foam injection is preferable in field application
due to its compatibility with common field facilities abd
higher performance (Rossen & Boeije, 2013).

The fundamental concept of all empirical models
are the same; these models try to modify the relative
permeability of gas during the foam flooding using the
Mobility Reduction Factor (MRF). Although the foam
affects the relative permeability of a gas, it does not alter
the relative permeability of the liquid phase (Holm, 1968;
Huh & Handy, 1989 ; Vries & Vit, 1990).

The simplest empirical model considering the
constant MRF is:

fo_ kg
9  1+MRF
MRF = VProam ’ (1)
VPnofoam

where kfg and k,., are the relative permeability of foam
and gas, respectively. Vproam and Vpn,roam indicate the
steady state pressure gradient in the presence of foam and
in the absence of foam, respectively. Mohammadi, et al.
(1995) took the surfactant concentration into account for
MRF modeling.

VPfoam (L)esj (2)

VPnofoam cnax

MRF =

where C, and C*%* are the surfactant concentration and
maximum surfactant concentration (fitting parameter)
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able to generate the foam, respectively. The e; is the
surfactant function exponent to control the sharpness
of the function. Table 1 illustrates the different factors
considered in simulator models for MRF calculation.

2. Methodology
2.1 Material

In order to achieve the objectives of this study, an Idaho-
gray sandstone core sample was selected. It has high
permeability to reduce the end capillary effect during the
flooding. The properties of the core are shown in Table 2.

The core was homogenous. It was dominated by large
pore sizes (around 100 microns) according to the pore-size
distribution results from the mercury injection capillary
pressure experiment (Figure 1).

The surface charge measurement for this core showed
the negative charges for the sample as shown in Figure 2.
In addition, the Critical Micelle Concentration (CMC)
values for these surfactants were measured using the
conductivity method. The results are shown in Table 3.

Table 1. Different foam models parameters

ECLIPSE STARS, CMG UTCHEM

- Water - Water saturation

saturation

- Water saturation

- Oil saturation - Surfactant

- Oil saturation concentration

- Velocity

- Velocity - Velocity

- Surfactant

concentration - Surfactant - Surfactant type

- Surfactant type concentration

- Critical
generation
capillary
number
Salinity

- Mole fractions
of oil
components

- Surfactant

type

Table 2. Properties of the core sample

Sample Pore
Dry Volum Porosity Absolute gas
Weight (%) Permeability (md)
(co)
(gr)
138.925 23.296 29.7 2973.809

Table 3. CMC values of surfactants

Surfactant Type CM Value
403 (0053w

108 0016w
MFOAMX 0062w

2.2. Experimental procedure
2.2.1 Gas flooding

To calculate the MRF of foam, the pressure gradient of
gas flooding as the base line was required. Hence, in the
first stage, the core sample was saturated with the brine
using the core saturator. The core was placed in the BPS-
805 core flooding system (Figure 3), and a confining
pressure of 1000 psi was applied on the core. Then it was
flooded by nitrogen gas at a rate of 2cc/min (around 8
ft/day). Meanwhile, differential pressures and recovery
were measured throughout the flooding process. Finally,
the differential pressure versus pore volume injection
was plotted to generate the base line for foam flooding
analysis.

PORE SIZE DISTRBUTION - dvidlog(d) - [daho greysandstone

Cumulative pore volume (mm>/g)

1 10 100 1000 10000 100000 1000000
Pore diameter (nm)

Fig. 1. Pore-size distribution of the core sample



77 Experimental investigation on the mobility reduction factor of surfactant-alternating-gas foam flooding

0 —
5 |—e— zetapotential _|
-10 -
s
E 15 i
-
S -20 -
o} \
3 ] ",
o N
@ -25 My _
-30 Ne_ .
4 N -9
s8] e
-40 T T T T T
0 2 4 6 8 10 12
PH
Fig. 2. Zeta potential measurement
:'.::::;“"»’«;-t'
- 2
Pressure § L
a v
Reguiator HE
-
Gas
C ylinder|
Hand Pump for Confining
Pressure

Fig. 3. BPS-805 core flooding system

2.2.2 SAG flooding

A different set of experiments was designed to investigate
the effect of parameters on the SAG foam flooding. In
all case, the core sample was first saturated with brine
using the core saturator device. Then it was flooded by
the surfactant solution for five pore volume at a low rate
of 0.5 cc/min. This was to make sure that the surfactant
adsorption was completed. After conducting each
experiment, the core sample was cleaned and dried in order
to be prepared for the next experiment. The experimental
details are as follows:

The surfactant type section three
experiments with three different surfactant types:
AOS, 10S, and MFOAMX. These surfactant solutions
were prepared with a concentration of 1 wt% in the

synthetic sea water brine (35000 ppm). In the flow rate

comprised

section, four different injection flow rates of 2, 5, 10 and
20 cc/min were utilized to inject the nitrogen gas into the
surfactant saturated core. The MFOAMX solution with
a concentration of 1 wt% and a salinity of 35000 ppm

was selected for this part. In order to analyze the influence
of the surfactant concentrations on SAG, three different
concentrations (0.1 wt%, 1 wt%, and 2 wt%) of MFOAMX
were prepared and employed in the synthetic sea water
brine (35000 ppm) for the SAG flooding experiments. In
the last set of experiments, the impact of salinity on the
SAG was examined.

Regarding the differential pressure of gas flooding
(baseline), the average value for the MRF in each
experiment was computed and compared to others.

In order to evaluate the influence of different factors
on the SAG foam process, the Analysis of Variance
(ANOVA) method was utilized. Generally, ANOVA is an
appropriate method to compare means of three or more
groups/variables for statistical significance.

3. Results and Discussion

As mentioned before, emphasis was placed on the impact
of the five parameters on the SAG foam process. ANOVA
was used to interpreting the results of the influence of the
three factors on the SAG. The results are discussed in 3.1

3.1. Gas flooding

To generate the baseline for the MRF calculation, the
observed data (differential pressure and recovery) for gas
flooding was recorded and plotted versus the gas pore
volume injection. These results are shown in Figure 4.
Although the pressure data were smoothed using Origin
Lab software, few fluctuations were still noticeable.
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3.2 Influence of surfactant types

The experimental results for three surfactant types
were analyzed by calculating the MRF and by using
the differential pressure for gas and foam flooding.
Figure 5 shows the results of differential pressure and MRF
for AOS, I0S, and MFOAMX foam flooding. Figure 6
depicts the average MRF for all three surfactants types
after five pore volume injection. This result indicates
that using MFOAMX provides the highest average MRF
among all three types.

3.3 Influence of injection rates

As mentioned in the previous section, MFOAMX 1 wt%
was selected as the foaming agent for this set of experiments.
The results are illustrated in Figure 7, Figure 8 shows the
average MRF for the different injection rates based
on the observed differential pressure data during the

five-pore volume of nitrogen injection. It is evident that
the injection rate of 2min/cc resulted in the highest average
MREF (around 80) in comparison to other rates.
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3.4 Influence of surfactant concentration

Three different concentrations of MFOAMX (0.1 wt%, 1 wt%,
and 2 wt%) were tested in SAG foam flooding. The data
results for differential pressures are shown in Figure 9.
This graph depicts the observed differential pressures and
calculated MRF for the three MFOAMX concentrations.

Figure 10 illustrates the calculated average MRF for
different MFOAMX concentrations based on the observed
pressures data during five pore volume injection.

3.5 Influence of salinity

The differential pressure data for the three different
salinities of surfactant solutions (river water, seawater,
and harsh environment) foam flooding are depicted in
Figure 11. In addition, Figure 12 illustrates the average
MREF for different salinities of MFOAMX solution based
on the observed differential pressure data during five-pore
volume injection.

3.6 Analysis of influence of different parameters on SAG.
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ANOVA analysis was performed on the results of
MFOAMX foam flooding. All parameters have been
normalized (between -1 to 1) in order to put them all on
the same scale. The best model which can fit the observed
data is shown in the following equation:

MRF = 4+61.08 — 15.50xFlow rate +
36.96xConcentration — 2.96XSalinity +
5.31xConcentration? (3)

Table 4 gives the ANOVA summary results of the
aforementioned model. This table illustrates the P-value
from the ANOVA analysis for different factors of the
mentioned model and the P-value for the whole model.
According to a literature survey on ANOVA analysis by
Karimi et. al, (2017), the P-value is the probability that
results from a specific model in terms of the statistical
summary, which would be equal or more extreme than the
real observed data. A low P-value represents the significant
factor, and vice versa.

Table 4. ANOVA results of MFOAMX foam flooding

Parameter Value
P-value for flow rate 0.7650
P-value for concentration 0.0151

4. Conclusions

Bearing in mind the results obtained from this study, the
following conclusions were made:

e The surfactant concentration has the highest impact
on the mobility reduction factor (MRF) among
other parameters. The average MRF value (during
5-pore volume injection) was raised about 50% by
increasing the surfactant concentration from 1 to 2
wt%. This behavior indicates that an increase in
surfactant concentration leads to a boost in the SAG
foam performance. On the contrary, the salinity
of the solution had a minimum influence on the
average MRF to the extent that increasing the salinity
from 5000 ppm (river water) to 185000ppm (harsh
environment) reduced the average MRF by only
7%. This reduction in MRF indicates that the foam
lamella becomes more unstable, to some extent, in
the presence of higher salinity.

e The SAG foam performance was affected by the gas
injection rate in the way that increasing the injection
rate led to a lower MRF value. This is because of the

earlier breakthrough and less time it took to generate
foam. In addition, increasing the injection rate caused
a higher driving force and capillary number. Hence,
there was more destruction in lamella.

e Although the above-mentioned factors influenced
the MRF for SAG foam performance, the type of
surfactant also had a considerable effect on SAG foam
behavior (up to 33% changes in MRF). Additionally,
water saturation played an important role in SAG
foam performance. This is because during the
injection (changing the in-situ water saturation), the
MRF changed significantly.
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Nomenclature
kfg Foam relative permeability
kyg Gas relative permeability
vp Pressure gradient
Cs Surfactant concentration
es Exponent of surfactant function
ANOVA Analysis of Variance
ALPHA OLEFIN SULFONATE
AOF
Cl4-16
cMC Critical Micelle Concentration
10S Internal olefin sulfonate
MRF Mobility Reduction Factor
PV Pore Volume
SAG Surfactant Alternating Gas
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