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Chapter

CO, Foam for Enhanced Oil
Recovery Applications

Ahmed Farid Ibvahim and Hisham A. Nasr-El-Din

Abstract

CO,-foam yields improved sweep efficiency in enhanced oil recovery (EOR)
applications over that of polymers to avoid potential polymer-induced formation
damage. In addition to carbon sequestration in underground formations, CO, foam
has low water content, which also reduces formation damage in water-sensitive
formations and allows for fast cleanup. However, foam stability diminishes in harsh
environments such as those with high salinity and temperature and when in contact
with crude oil. This chapter highlights the different foam-generation mechanisms
and the deterioration effect of crude oil on CO,-foam stability. More specifically,
this chapter investigates using nanoparticles and viscosifiers to improve foam
stability. Further, the effects of different nanoparticles, including aluminum oxide,
copper oxide, and low-cost nanoparticles such as silicon dioxide, will be demon-
strated. Field applications of viscoelastic surfactants and polymers in foam systems
are also reviewed. The controlling factor for these different systems is the foam
stability and improved oil recovery.

Keywords: CO, foam, crude oil effect, foam stability, EOR, nanoparticles,
viscoelastic surfactants

1. Introduction

Gas injection has been used widely for enhanced oil recovery (EOR) applica-
tion. Carbon dioxide (CO,) gas injection was started for EOR applications in the
1950s to improve oil recovery and provide for carbon sequestration in under-
ground formations [1, 2]. However, CO, injection proved impractical at that time
due to its low viscosity compared to formation fluids, leading to viscous finger-
ing and early breakthrough [3]. Hence, the sweep efficiency and recovery factor
were low [4]. Polymer flooding was introduced to reduce the mobility ratio of the
displacing fluid to the displaced fluid [5]. The mobility ratio can be calculated
using Eq. (1):

M = xdi:placing _ (ke/ﬂ ) displacing , (1)
Xdisplaced (ke / u ) displaced

where M is the mobility ratio of the displacing fluid to the displaced fluid, A is
the fluid mobility, k, is the effective fluid permeability, and y is the fluid viscos-
ity. Using polymer flooding increases the displacing fluid viscosity. As a result,
the mobility ratio decreases, and the viscous fingering is reduced. Hence, sweep
efficiency improved, as shown in Figure 1. However, polymer flooding is associated
with formation damage due to physical adsorption of the high-molecular-weight
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Figure 1.
Areal sweep efficiency, (a) low sweep efficiency and early breakthvough due to viscous fingering at unfavorable
mobility ratio values (M < 1) and (b) high sweep efficiency at favorable mobility ratio (M > 1).

polymer on the rock surface and mechanical trapping within the smaller-diameter
pore throats [6, 7].

CO, foam was introduced in the 1960s as a replacement for polymers to avoid
formation damage [8]. Foam has low water content, which reduces formation
damage in water-sensitive formations and allows fast cleanup [9]. Foam is a
dispersion of a gas (nitrogen, carbon dioxide, or methane) as a non-wetting
fluid in a continuous wetting phase. The wetting phase is water that contains
surfactant at a particular concentration that is above the critical micelle con-
centration (CMC). The liquid film separates the gas phase from each other, the
outer membranes of the gas bubbles, called foam lamellae. The first surfactant
families selected for EOR method were petroleum and synthetic aromatic
sulfonates [such as alpha-olefin sulfonate (AOS)] because of their availability,
lower adsorption on porous rocks, high compatibility with hard water, and good
wetting and foaming properties [10, 11].

Bulk foam can be characterized by several properties such as quality, tex-
ture, stability, and foam density [12]. Foam quality is the volume percent of gas
within foam at a specified pressure and temperature [13]. Foam quality for EOR
applications is typically 75-90%. Foam texture is a measure of the average gas
bubble size. Foam stability depends on the chemical and physical properties of
the surfactant-stabilized water film separating the gas bubbles (lamellae). Foams
are metastable systems; accordingly, all foams will eventually break down. Foam
stability is measured by the half-life time, which is the time required to lose 50%
of the foam volume [14]. In general, as a foam texture becomes finer, the foam will
be more stable and will have greater resistance to flow in matrix rock. Foam flow
resistance in porous media is measured by the mobility reduction factor (MRF).
MREF is defined as the ratio of total mobility of CO,/brine to foam mobility. When
foams become more stable, more resistance to flow is expected and leads to a higher
mobility reduction [15].

2. Foam generation

Foam generates in porous media through three different mechanisms: (a) snap-
off, (b) lamella division, and (c) leave-behind [16, 17].

In the snap-off mechanism, lamellae are created in gas-filled pore throats as a
result of the capillary pressure difference between the pore body and the pore neck
[16]. Figure 2a shows the foam-generation process by the snap-off mechanism. As
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the gas phase displaces the liquid zone, the difference in capillary pressure between
the pore body and the pore throat forces the wetting phase (water) to flow back and
then snap-off the gas phase.

Lamella division generally occurs when a foam lamella that is larger than that
of the pore body approaches a “branching point” and divides into two or more
bubbles (Figure 2b). If the lamella is at a branching point with more than one path
that requires the same pressure for the lamella to flow, the lamella divides into two
bubbles or lamellae [18].

Leave-behind occurs when the gas enters a porous medium that is initially
saturated with a liquid or when two gas fronts approach a pore space that is filled
with liquid; these processes squeeze the liquid into a lamella (Figure 2c). The leave-
behind mechanism typically forms a weak foam because the generated lamella is
parallel to the flow direction [17, 18].

3. Experimental evaluation methods
3.1 Bulk foam stability and microscopic analysis

Foams are generally described in terms of their foamability, which is the
ability of a foaming solution (water in the presence of foaming agents) to form a
foam. Bulk foam stability or formability tests are static tests that can be used for
screening different parameters such as foaming agents, concentrations, salinity,
and effect of crude oil [20]. At ambient conditions, foamability of a solution can

be studied by performing a shake test [21]. At high-pressure/high-temperature
(HP/HT) conditions, foam can be generated by gas sparging into an HP/HT
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Figure 2.
Foam lamella genevation mechanisms: (a) snap-off mechanism, (b) lamella division, and (c) leave-behind

(after [19]).
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visual graduated cell [22, 23]. The foam half-life time can be measured by moni-
toring the foam height over time.

Additionally, bubble-scale experiments can be conducted under an optical micro-
scope to investigate the foam stability [24]. The foam bubbles are allowed to stabilize
and are then placed on a microscope slide. The foam texture and the thin liquid films
(lamellae) are then monitored with time to investigate the foam decay rate [23].

Figure 3 shows a microscopic image for an AOS foam system in contact with a crude oil.

3.2 Macroscopic sweep experiments

Different flood experiments can be conducted to evaluate the foam performance
in porous media. Glass bead packs or cores can be used to represent the porous
media. Three distinctly different modes are used for foam injecting: (1) alternative
injection of gas and liquid with foaming agents, (2) co-injection of the gas and the
liquid phase at the same time, and (3) injection of pregenerated foam. Foam stabil-
ity usually quantified by the oil recovery and MRF. The MRF can be calculated by
comparing the pressure drop across the core during foam injection to the pressure
drop after gas injection [15], as described in Eq. 2:

[kAAp]

Cpe L Qe Apg

MRF_m_kA—AP]_A—pb, (2)
QL |,

where Q is the total flow rate, k is the absolute core permeability, A is the
cross-section area of the core, L is the core length, p is the viscosity, Ap is
the pressure drop across the core, and the subscripts “f” and “b” represent the
experiments with and without foam, respectively. The pressure buildup along
the porous medium indicates foam-generation and gas mobility reductions [25].
A higher pressure drop signifies viscous foam and considerable resistance to gas
mobility in porous media.

Dual coreflood experiments can be conducted to evaluate the divergent ability
of foam systems within heterogeneous systems [23]. The foam is injected in two
parallel cores with different permeabilities. The stable foam will be generated in the
high-permeability formation and divert the flow toward the low-permeability core
that improves the sweep efficiency and increases the oil recovery.

Macroscopic sweep experiments are usually combined with X-ray computed
tomography (CT) measurements. CT scan analysis can be used to determine the
porosity, oil distribution, and foam propagation inside the porous medium.

Emulsion
Crude oil layers

at the interface

Figure 3.
Microscopic image of AOS foam in contact with a crude oil (5x) [23].
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4, Deterioration effect of crude oil

The instability effect of crude oil on the CO,-foam system is another challenge
for the use of this foam in EOR applications [26]. Crude oil composition, especially
the presence of light components, decreases foam stability [27]. Foam stability
decreases in contact with crude oil as a result of direct surface interactions between
oil and foam. These interactions are governed by three main mechanisms: entry
of oil droplets into the gas-liquid interface, spreading of oil on the gas-liquid
interface, and formation of an unstable bridge across lamellae [27-30]. These three
mechanisms can be quantified as a function of the interfacial tensions between oil,
gas, and water by evaluating the entering coefficient (E), spreading coefficient (S),
and bridging coefficient (B) [26]. E, S, and B can be calculated as follows (Egs. 3-5):

E = Gow + Oow ~ Ogo (3)
S= Ggw = Oow ~ Ogo (4)
B= Gé%w + Ggw - Géo (5)

wheres,,, 6,,, and o, are the interfacal tensions between CO, and water, oil and
water, and oil and CO,, respectively. Figure 4 presents a flowchart to predict the
foam stability when in contact with oil, as indicated by the E, S, and B coefficients
[27]. The oil droplets should be able to enter the gas-water interface to destabilize
the foam. Once the entry condition is achieved (E is positive) and the oil droplets
spread on the gas-liquid interface (S is positive), the gas/water interface will
expand. As a result, the foam lamellae become thin and rupture, thus weakening
the foam. If there is no spreading (S is negative) and the oil droplets form an emul-
sion at the gas/water interface, the foam film may rupture once oil droplets bridge
between both surfaces of the lamellae (B is positive).

Ibrahim and Nasr-El-Din [23, 24] found that the AOS foam in contact with oil

became unstable and decayed very fast, dissolving completely in 30 min compared

Stable
foam

Stable
foam

Unstable foam

Figure 4.
Flowchart to predict foam stability from E, S, and B coefficients.
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to more than 5 h in the absence of oil [24]. Two reasons account for the adverse
effect of crude oil on foam decay. First, oil droplets tend to spread along with the
gas/liquid interface. As a result, the stable gas/liquid interface becomes unstable,
which accelerates the rupture of the foam lamellae. Second, oil forms an emulsion
in the foam lamellae. The oil droplets in the unstable emulsion agglomerate and
accelerate the drainage of the foam lamellae; hence, the foam decays faster [28].

In Figure 3, the crude oil forms layers in the interface between the gas and
liquid phases, and an emulsion forms inside the AOS foam lamellas. Figure 5 shows
microscope images for AOS foam lamellae in the presence of oil. The oil droplets in
the unstable emulsion agglomerate and accelerate the drainage, where the lamella
thickness decreases over time. Hence, the foam becomes unstable and decay faster.

Figure 6 plots the foam height over time that gives indication for the decay rate
from a visual cell experiment in which the foam lamellae were in contact with crude
oil. At room temperature, the initial AOS foam height was 20 cm; then the foam
decayed over time to reach 10 cm after 15 min (foam half-life = 15 min). In contact
with oil, the foam decayed faster, and the half-life time decreased to 3 min.

Figure 7a shows the change of the normalized foam half-life as a function of
temperature. The normalized half-life time is the half-life time for the foam system
divided by the half-life time of AOS system at room temperature without crude oil.
With increasing temperature, the foam became unstable and decayed more quickly
than at room temperature. The half-life for the AOS system in the absence of crude
oil at 150°F also decreased to 0.13 of its value at 77°r. As the temperature increases,

Foam
lamella

Figure 5.
Microscopic images for AOS foam to track the unstable emulsion and draining of the foam lamellae over time
when in contact with the crude oil (20x) [23].
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Figure 6.

Normalized foam height for AOS foam system in the absence and presence of crude oil as a function of time at
77°F and 800 psi.
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Effect of 1v0l% crude oil in foam stability, (a) foam stability at diffevent temperatures at 800 psi for 0.5 wt%
AOS foam system and (b) foam half-life time veduction percent for diffevent surfactant systems.
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Figure 8.
Effect of oil density and viscosity on foam stability [29].

the liquid viscosity decreases, which leads to faster drainage. As a result, gas bubbles
coalesce faster [31]. In contact with crude oil, the AOS was not able to generate
stable foam, where the half-life was 3.9 and 0.45 min at 77 and 150°F, respectively.

The E, S, and B coefficients for the AOS system at 150°r and 800 psi were found
to be 7.96, 6.68 mN/m, and 231.74 (mN/m)?. Based on the flowchart in Figure 4, the
generated foam is not stable. Increasing the pressure to 1200 psi, the values for the
three coefficients slightly decreased to 6.67, 5.38 mN/m, and 141.29 (mN/m)?, still
greater than zero. A positive E value indicates that the oil-entering condition was
initially favorable. However, once the oil entered the foam system as an emulsion
on the AOS and AOS/SiO, foam lamellae, it started to spread on the surfaces of the
foam bubbles (S > 0) and generated unstable bridges (B > 0) that quickly broke
the lamellae and destabilized the foam. The microscopic images of the AOS foam
system in contact with crude oil in Figures 3 and 5 confirm this behavior.

Similar results were observed by Simjoo et al. [27]. Adding 1 vol% crude oil
to different surfactant systems decreases the foam stability and the half-life time.
Figure 7b shows the change in the foam half-life time due to the presence of crude
oil. Regardless of the surfactant type, adding crude oil to the foam increases the
lamella drainage and decreases the foam stability.

The previous experimental results demonstrate the detrimental effect of crude
oil on foam stability [29]. However, regardless of the surfactant used, crude oil with
higher hydrocarbon chain lengths has a lower effect on foam stability. Figure 8
shows the half-life of Coco/SDS (a foam system with a 1:1 mixture of cocobetaine
and sodium dodecyl sulfate surfactants) in contact with different crude oils with
different densities and viscosities at room temperature. These data show that the
higher the density and viscosity, the lower the effect of crude oil on foam stability.

5. Improving foam stability using nanoparticles

The previous section shows the instability of foam systems in contact with crude
oil at high temperature. Nanoparticles have been examined extensively as a means to
stabilize foams used in oil-production operations, including those in high-salinity and
high-temperature environments [9, 20-25, 32, 33]. This behavior is due to the nanopar-
ticles’ adsorption to the interface between the gas and liquid phases and minimizes the
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contact area between them; as a result, they can build a strong barrier that prevents
bubble coalescence. Figure 9a shows a microscopic image for SDS foam system that
was stabilized with AL,O; nanoparticles [32]. It shows the nanoparticle adsorption

at the lamella surface. Hence, the nanoparticle-stabilized foams are expected to be
durable and highly resistant to unfavorable reservoir conditions including high salinity,
high temperatures, and the presence of crude oil. Silica nanoparticles are currently
regarded as most effective for improving foam stability [20-25].

Nanoparticles’ size greatly affect the foam stability. Different experimental
results for the usage of silica nanoparticles showed that the smaller the nanoparticle
size, the higher the foam stability [32]. The small particle will move faster to the
gas-liquid interface compared to the larger nanoparticle size. Hence, the nanopar-
ticle adsorption and concentration in the lamella surface increase and the foam
become more stable. This behavior of foam stability with nanoparticle size greatly
depends on foam quality, salinity, and nanoparticle hydrophobicity. Larger-size
nanoparticles improve the foam stability at foam quality of 70-80%, while smaller
size nanoparticles improve the foam stability at quality of 50-60% [9]. In addition,
140 nm silica nanoparticles with contact angle of 86° increased the foam stability
greater than 100 nm silica nanoparticles with contact angle of 54- [21].

Emrani et al. [21] studied the effect of adding 140 nm silica nanoparticles to AOS
foam system. This work achieved a stable foam with an MRF of 8, which was four

L Gas bubble
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Figure 9.
Foam stability improvement by nanoparticles, (a) microscopic image for SDS/AL,O, foam system [32] and
(b) MREF for 0.5 wt% AOS solutions in the absence and presence of 0.1 wt% nanoparticles at 77°F [21].
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times the MRF for AOS foam system. Adding nanoparticles creates a fine texture foam
that increases the apparent viscosity and the MRF (Figure 9b). Similarly, in a bulk
stability test, adding nanoparticles to the AOS foam system tripled the half-life of its
original value without nanoparticles [24]. In addition, nanoparticles are adsorb on the
interface between the gas and liquid phases, creating thick, solid films that provide a
barrier to film thinning and inter-bubble diffusion. Hence, in the presence of crude oil,
the spreading of the oil droplets along the foam lamellae decreases and prevents bridge
formation. Interfacial tension (IFT) measurements for silica nanoparticle foam system
showed that the spreading and bridging coefficients have negative values (—0.69,
—4.43 at 1200 psi and 150°F), thus evidencing improved foam stability.

Nanoparticle concentration in the interface between the liquid and gas phases
is a critical parameter and should increase to a certain threshold to stabilize the
foam [34]. Figure 10 shows the change in foam half-life time with increasing silica
nanoparticle concentrations. At low concentrations, the liquid/gas interface is not
saturated, and low foam stability is generated. With increased nanoparticle concen-
tration, foam stability increases. However, at higher concentration, nanoparticles
agglomerate and form bigger particles that negatively impact the foam stability.
Zeta potential measurements in Figure 10 show a reduction of the absolute zeta
potential value with increasing nanoparticle concentration from 0.1 to 0.2 wt%,
which indicates a stable suspension. At nanoparticles’ concentration higher than
0.2 wt%, nanoparticles become unstable and agglomerate which is indicated by
increasing the zeta potential value.

Coreflood experiments by Ibrahim and Nasr-El-Din [23, 24] compared EOR
results using an AOS foam system versus a silica-nanoparticle system. Figure 11
shows total oil recovery after tertiary recovery using different foam systems. A
water-assisted gas (WAG) system was able to increase the oil recovery to 60%.

AOS generated a weak foam with a similar MRF to that of the CO,/water system,
and oil recovery increased by 1.8%. Adding silica nanoparticles to the foam system
increased oil recovery to 68.2%.

In a high-salinity environment, the absolute zeta potential for suspensions will
decrease [35]. As a result, nanoparticles will have a high affinity to agglomerate.

To prevent the instability of nanoparticles in a high-salinity environment, surface-
modified nanoparticles were used to provide steric repulsion between particles.
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Figure 10.
Effect of silica nanoparticle concentrations on foam stability.
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Nanoparticle surface wettability is another critical parameter of foam stability.
Generally, nanoparticle surfaces should be hydrophilic enough to disperse in water
but hydrophobic enough to accumulate at the interface between the water and gas.
Nanoparticles coated with 50% SiOH dichlorodimethylsilane generated a stable
foam compared to polyethylene glycol (PEG)-coated nanoparticles or dichloro-
dimethylsilane-coated nanoparticles with higher SIOH% even at 8 wt% NaCl salt
concentration [36].

In addition to silica, other types of nanoparticles can also be used to improve foam
stability. About 0.1 wt% Fe,0O; nanoparticles were able to increase the AOS foam
half-life time from 1 to 7 h at 75°r and 300 psi [37]. However, these nanoparticles
tend to aggregate due to their large surface area, which is confirmed by low absolute
zeta potential values. An experimental work by Bayat et al. [38] compared the foam
stability using SiO,, ALO;, TiO,, and CuO nanoparticles. They found that the optimum
concentration for these nanoparticles was 0.008 wt%. Figure 12 shows the recovery
factor and foam half-life for the four different systems. SiO, foam had the highest foam
stability and oil recovery compared to the other nanoparticles.
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Figure 11.
Total oil recovery for different foam systems with adding o.5 wt% AOS surfactant and 0.1 wt% silica
nanoparticles.
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Figure 12.
Effect of nanoparticle type on the foam stability and oil vecovery factor.
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6. Improving foam stability using viscosifiers

The addition of thickeners such as polymers or viscoelastic surfactant (VES)
to CO, foam improves foam stability by increasing lamella viscosity that delays

Oil-Saturated Case Water-Flooded Foam-Flooded
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Figure 13.
CT scan scans for Boise and Berea coves during the dual-cove flood experiment after oil saturation,
waterflooding, and foam-flooding stages.
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the lamella drainage effect at high temperature and in contact with crude oils
[23, 33, 39, 40].

A dual coreflood experiment was conducted by Ibrahim and Nasr-El-Din
[23, 24] to investigate the divergent ability of VES-stabilized foam in heteroge-
neous formations (with permeability contrast of 700/100). The VES was able to
increase the foam stability and improve the sweep efficiency. The oil recovery
after the waterflooding stage was 19 and 55% from the low and the high-perme-
ability cores, respectively. Low sweep efficiency in the low-permeability cores
was found where the residual oil saturation was 36 vol% compared to 31 vol% in
the high-permeability core. When injecting VES into the foam system, the sweep
efficiency improved, and the residual oil saturation decreased to 23 and 27 vol%
in the low- and the high-permeability cores, respectively. The total oil recovery
after foam injection was found to be 50 and 62 vol% of the original oil in place
(OOIP).

Figure 13 shows oil saturation distribution along the two cores after the
foam-flooding stage compared to the oil-saturated and the waterflooded cases.
For the high-permeability core, most of the oil was produced during waterflood-
ing, and the recovery factor increased only by 10% after foam flooding. The
slight change in distribution of the red areas in Figure 13 indicates oil recovery
from the waterflooded and the foam-flooded cases. In the case of low-permeabil-
ity core, most of the reduction in the red color distribution happened after foam
flooding.

Figure 14 shows the results of using polymers as a thickener to improve
the foam stability [41]. Wei et al. [41] used xanthan gum (molecular weight of
50-100 x 10*) to improve the foam stability for a sulfobetaine-based surfactant
foam system at 90°c and 1450 psi. As the polymer concentration increases, the
liquid phase viscosity increases. As a result, lamella drainage decreases, and
foam-stability half-life increases. However, an increase in polymer concentration
also increases the surface-tension forces and thus decreases the system foam-
ability. Stable foam with a higher half-life increases the apparent viscosity for
the displacing fluid that improves the sweep efficiency. The oil recovery for the
polymer-foam system was 43.2%, compared to 21.8% in the case of the polymer-
free foam system.
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Figure 14.

Effect of polymer concentration on the generated foam volume and its half-life.
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7. Summary

This chapter reviews the application of CO, foam in enhanced oil recovery and
establishes the following main points:

1.Foam lamellae can be generated by a snap-off, lamella division, and leave-be-
hind mechanisms. The foam generated by the leave-behind mechanism is weak
because the lamellae are parallel to the flow direction.

2. Crude oil has a negative impact on foam stability, and its deterioration effect
can be determined by calculating entering, spreading, and bridging coeffi-
cients as a function of oil/gas/water interfacial tension.

3.In harsh environments such as those with high salinity or high temperature,
nanoparticles can be used to improve foam stability. SiO, with the modified
surface was found to be the more effective and popular nanoparticles in foam-
stability applications.

4. At high-temperature conditions, VES can be used as a thickener to decrease the
rates of lamella drainage and foam decay.

CO, foam can be used to improve the oil recovery in EOR process. However,
surfactant-based foam provides unstable, and low sweep efficiency will be observed.
As aresult, nanoparticles or viscosifiers should be used to improve the foam stability.
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Nomenclature

A cross-section area of the core

AOS alpha-olefin sulfonate

B bridging coefficient

CMC critical micelle concentration

CT X-ray computed tomography

E entering coefficient

EOR enhanced oil recovery

K absolute core permeability, md

ke effective fluid permeability, md

L core length

M mobility of the displacing fluid to the displaced fluid ratio
MRF mobility reduction factor

PEG polyethylene glycol

Q total flow rate

S spreading coefficient

Ap pressure drop across the core

A fluid mobility, md/cp

7 fluid viscosity, cp

6 gw, 6 ow, and 6 go interfacal tensions between CO, and water, oil and water,

and oil and CO,, respectively
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