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Abstract The surface tension, surface dilational rheology,
foaming and displacement flow properties of alpha olefin
sulfonate (AOS) with inorganic salts were studied. The
foam composite index (FCI), which reflects foaming
capacity and foam stability, is used to evaluate foam
properties. It is found that sodium and calcium salts can
lead to decreases in AOS surface tension, critical micelle
concentration, and molecular area at the gas—liquid inter-
face. Sodium ions reduce the surface dilational viscoelas-
ticity (E) and FCI of AOS, while calcium ions can enhance
the E of AOS and make the FCI of AOS reach a maximum.
In the solution containing calcium and sodium ions, the
FCI of AOS is improved. Crude oil reduces the FCI of
AOS. Injection pressure and displacing efficiency of AOS
alternating carbon dioxide (CO,) injection are higher than
injections of water alternating with CO, or CO, alone in
low permeability cores.
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Introduction

Foam is a dispersion of a gas phase in a continuous liquid
phase, stabilized by surfactants and/or nano-particles [1, 2].
In the petroleum industry, foam can improve water or gas
flooding by decreasing the mobility of the displacing fluids
in reservoirs [3—5]. Foam generation is achieved either by
co-injection of gas and surfactant into reservoirs or by
alternating injections of surfactant and gas [6—8]. Crude oil
can be displaced by foam flooding in two ways. The first is
to stabilize the displacing process by increasing the vis-
cosity of the displacing phases and blocking higher per-
meability zones. The second is to reduce the capillary
forces by reducing the oil/water interfacial tensions by the
presence of surfactant [8, 9]. Foam has been widely applied
in oil recovery development [10, 11].

To achieve good mobility control, it is crucial that foam
retains its foaming capacity and foam stability under
reservoirs conditions [8, 12]. Surfactant is a key influence
on foam properties, so surfactant selection is very impor-
tant. Alpha olefin sulfonate (AOS) has a good foaming
capacity, foam stability, salt resistance, biodegradability,
low toxicity, and good oil compatibility. AOS is then an
excellent candidate for foam application in enhanced oil
recovery (EOR) fields [13, 14].

Interfacial tension is an important performance indicator
of a surfactant, as are dynamic interfacial response of
balance disturbance [15-17]. Thus, interfacial dilational
rheology is a key interfacial dynamic property, and it is an
occurring microscopic relaxation process on both the
interface and subinterface [18-20]. It can help to under-
stand the micro-dynamic interfacial behavior of surfactant
[21, 22]. Interfacial dilational rheology includes interfacial
dilational viscoelasticity, interfacial dilational elasticity,
interfacial dilational viscosity, phase angle, dynamic, and
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equilibrium interfacial tension. These parameters can be
measured by the droplet or bubble expansion methods
[23-25], which are suitable for evaluating interfacial
dynamic characteristics of an emulsion or foam.

Foam evaluation parameters include foaming capacity
(especially the initial volume of foam generated) and foam
stability [26-31]. Foaming capacity is the maximum
foaming volume of a surfactant under prescribed condi-
tions. Foam stability in this work is defined as the time of
foam volume to decay to half of the maximum foaming
volume. To understand the foaming capacity and stability,
foam the interactions between interfaces in the films are
evaluated [1, 26, 27]. Two mono-layers of adsorbed sur-
factant molecules, separated by an aqueous layer, help to
stabilize the film. The stability and thickness of these films
influence both initial volume and longer term stability.

The relationship between surface dilational rheology
and foam stability has been a focus of research in recent
years. It is commonly believed that surface dilational rhe-
ology plays an important role in foam stability [27-31];
However, no consensus on a specific mechanism has been
reached. Fruhner reported that pure elastic adsorption
layers were not able to stabilize foam lamellae [27]. Zhang
and Yan reported that low frequency elasticity played a
positive effect on foam stability for certain systems and
experimental conditions [28, 29]. Wang and Zhao reported
that high surface viscoelasticity was responsible for high
foam stability [30, 31].

In this paper, studies were of surface tension and surface
dilational rheology on AOS systems with added sodium
and/or calcium ions. Surface dilational rheology was
measured by the bubble expansion method. Foam com-
posite index (FCI), a comprehensive combination of
foaming capacity, foam stability, and decay process, is
used to evaluate foam properties of AOS in electrolyte
systems. Flow and displacing experiments of AOS by
alternating injection in low permeability natural cores were
also done. The research results will provide useful guid-
ance for AOS applications in EOR fields.

Materials and Methods
Materials

Alpha olefin sulfonate (AOS) was purchased from Xi’an
Sun-wind Chemical Industry Group Co., Ltd.. The alkyl
chain length of this AOS is C4~Cje, and the active
content is 35 wt%, with the remainder as 35 wt%
sodium chloride and 30 wt% water. AOS is composed of
70 wt% alkenyl sulfonate and 30 wt% hydroxyl sul-
fonate; the average molecular weight of AOS is
approximately 315. Sodium chloride (CAS: 7647-14-5)
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and calcium chloride (CAS: 10043-52-4) were purchased
from Beijing Heng Ye Zhong Yuan Chemical Co., Ltd..
Carbon dioxide gas was provided by Daqing Snow
Dragon Gas Co., Ltd. The natural cores were provided
by the Dagqing Oilfield.

Methods
Surface Tension Measurements

Surface tension was measured by the bubble pressure
method at 45 °C. Before the surface tension measurement,
the bubble was equilibrated for at least 20 min. The surface
tension apparatus was provided by I.T. Concept, France.

Surface Dilatational Rheology Measurements

The surface dilational rheology apparatus was also pro-
vided by L.T. Concept, France. When the surface area of a
bubble is deformed by dilation, the resistance against the
changes in area provokes its own elastic and viscous
responses [32-34]. The dilational modulus in compression
and expansion is defined by,

:dﬁ&y (1)

E =

& &

where 7 is the interface tension and A is the interface area.
In the oscillatory experiments conducted here, dilational
viscoelasticity (E) is a complex quantity.

E=FE +iE", (2)

where E is the total modulus, E' is the real part (i.e. dila-
tional elasticity), and E” is the imaginary part (i.e. dila-
tional viscosity). The total modulus represents a change in
the energy of the system with a corresponding area change.
The elastic component can be regarded as the energy stored
in the system, and the viscous component can be regarded
as the loss energy. The elastic and viscous modulus can
also be expressed in terms of the total modulus, and phase
angle (0), as follows:

E' = |E|cos(0), (3)
E" = |E|sin(0). (4)

The results of surface dilational rheology depend on
parameters including bubble volume, amplitude, and fre-
quency. In this work, the bubble volume was 3.5 mL and
the amplitude of oscillation was 10 % of the bubble vol-
ume. The bubble was equilibrated for at least 20 min at
45 °C. The surface dilational moduli were determined with
changes of surface tensions and interface area in bubble
sinusoidal oscillation.
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Foam Properties Measurements

Foaming capacity and foam stability were measured by a
foam scanner, which was purchased from L.T. Concept,
France. The surfactant solutions were equilibrated for at
least 20 min at 45 °C. Foam was generated by blowing
CO, through a porous media filter at the bottom of the
surfactant solution. The pore diameter of porous media
filter was 0.2 mm, and the volume of surfactant solution
was 50 mL, and the gas flow rate of CO, was 30 mL/min.
Five minutes after the gas injection, the largest foaming
volume was deemed the foaming capacity. The time of
foam volume decaying to half of the foaming capacity was
described as the foam stability.

FCI is used to evaluate foam properties. A schematic
illustration of foaming capacity and foam stability is pre-
sented in Fig. 1. The curve of foam volume attenuation is
not a straight line. Curve shape depends on surfactant
properties and is a reflection of foam properties. The
function F(x) describes the attenuation curve of foam
volume. FCI is the shadow triangular area below the curve,
and calculation formula for FCI is as follows:

t

FCI = / [F(x) — F(1)]. (5)

The foaming capacity, foam stability and decay process
can be reflected by the FCI at the same time.

Adsorption Measurements

The natural cores of the Daqing oilfield were washed out,
dried, and then crushed to 50-100 mesh particles. The
experiment was equilibrated for 24 h at 45 °C. Concen-
trations of AOS were measured by a two-phase titration
method.
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Fig. 1 Schematic illustration of foam formation and stability

Flow and Displacing Measurements

The instrument for flow and displacing experiment was
provided by the Jiangsu Huaan Petroleum Apparatus
Company. Experiment temperature was 45 °C. The size of
natural cores was @ 2.5 cm x 12 cm, and gas permeability
was about 0.07 um”. The cores were first put under a
vacuum with a pump, and then saturated with water. The
pore volume (PV) of the cores was calculated by measuring
the amount of water required to saturate the core. AOS
solutions and CO, as well as water and CO, were alter-
nately injected into the cores, with the alternate cycle of 0.1
PV.

In flow experiments, the cores were first flooded by AOS
alternating with CO,, water alternating with CO,, or
CO,alone, and then flooded by water until injection pres-
sure remained stable. Injection pressure of the whole pro-
cess versus the injected PV was recorded.

In displacing experiments, the cores were saturated with
crude oil and aged for 24 h. The oil saturation of cores was
calculated by measuring saturated crude oil and water
volumes. The cores were first flooded by water, and then
flooded by AOS alternating with CO,, water alternating
with CO,, or CO, alone and finally, flooded by water.
Injection pressure, oil and water production of the whole
experiment process was recorded.

Results and Discussion
Surface Tension
The influences of inorganic salts on surface tension and

critical micelle concentration (CMC) of AOS are presented
in Fig. 2. The concentrations of sodium and calcium ions
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Fig. 2 The surface tension isotherms of AOS versus concentration of
inorganic salts
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are both 1.0 mmol/L, thus the total concentration of mixed
sodium and calcium ions is 2.0 mmol/L. The surface ten-
sion of AOS reaches a minimum value at the concentration
of 2.15 mmol/L. Inorganic salts lead to a decrease in sur-
face tension and CMC of AOS. Calcium ions have an
obviously stronger effect on AOS surface properties than
sodium ions do. In the solution containing calcium and
sodium ions, the reduction of surface tension is similar to
that of calcium ions alone.

Farajzadeh. showed that the surface tension isotherms
for different ionic strength coincide on a single curve,
when plotted as a function of the mean ionic activity
[13, 34]. The curves of AOS surface tension versus mean
ionic activity are presented in Fig. 3. The surface tension
isotherms of AOS with sodium and/or calcium chloride
pass through a master curve without inorganic salts. This
indicates that surface tension of AOS with the inorganic
salts studied is independent of electrolyte concentration at a
given mean ionic activity. The calculated adsorptions
versus the mean ionic activity are presented in Fig. 4. The
adsorption continuously increases with the addition of
either inorganic salts or surfactant. Inorganic salts lead to
an increase in AOS adsorption, and calcium ions have a
stronger effect on the adsorption of AOS than sodium ions
do. This can be attributed to enhanced electrostatic
screening in the double layer and decreased repulsion.

The calculation method of Farajzadeh is used to analyze
and understand the molecular arrangement of the surfactant
at the gas-liquid surface [13]. The saturated absorption
(I'y) is calculated, and the surfactant molecular area (A,,)
is obtained at /',,,. The molecular arrangement is speculated
by analyzing the A, of /'y, [34]. The results calculated
from data of Figs. 2 and 4 are presented in Table 1.

The A,, of AOS without added electrolyte at /', is
0.53 nm? at the gas—liquid surface, which indicates that the
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Fig. 3 The surface tension isotherms versus mean ionic activity for
AOS solutions with different inorganic salts
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Fig. 4 Calculated adsorption versus mean ionic activity for AOS
solutions with different inorganic salts

AOS molecular arrangement is not close. This is because of
the hydration and electrostatic effects of the AOS molec-
ular hydrophilic group. The alkenyl and hydroxyl groups,
which bend AOS molecules, do not meet in a side by side
vertical arrangement, thus the surface tension of AOS is
higher. Inorganic salts decrease A, of AOS at /', at the
gas-liquid surface, thus AOS molecular arrangement
becomes closer. Due to the calcium or sodium ions com-
pressing the double layer of AOS ions, the repulsion force
of AOS intermolecular is reduced. The AOS molecular
arrangement is more vertical at the gas—liquid surface and
favorable to the formation of micelles.

Calcium ions reduce hydration of AOS more easily than
sodium ions do. In the solution containing calcium and
sodium ions, calcium ions play a leading role. AOS
molecular arrangement becomes more upright and closely
packed, and the A,, of AOS at /", is only about 0.29 nm?’
in the solution containing calcium ions.

Surface Dilational Rheology

The effect of working frequency on surface dilational
rheology of AOS is presented in Fig. 5. Surface dilational
viscoelasticity (E), surface dilational elasticity (E'), and
surface dilational viscosity (E”) of AOS increase with
increasing working frequency. As the working frequency
increases, recovery time is reduced for adsorption of AOS
molecule at the gas—liquid surface by a diffusion-exchange
relaxation process, thus restoration of surface tension gra-
dients caused by surface deformation is incomplete.
Surface dilational moduli of AOS versus concentration
are presented in Fig. 6. The E of AOS increases with
concentration, reaches a maximum at a concentration of
0.07 mmol/L, then reduces as concentration continues to
increase, and finally stabilizes. The E value of AOS is
greater than 10 mN/m, which indicates that AOS surface
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Fig. 5 The surface dilational rheology of AOS versus working
frequency
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Fig. 6 The surface dilational rheology of AOS versus concentration

dilational rheology is strong. The phase angle of AOS
gradually increases with concentration, but it is always less
than 45°. This indicates that E is dominated by E’ (elas-
ticity) and not viscosity. When the surface shape is chan-
ged in the entire range of concentration, E' of AOS is
always stronger than E”.

The Tempel-Lucassen model explains the relationship
between concentration and surface dilational rheology [35].
When the AOS concentration is below the CMC, increased
AOS concentration has two influences on surface dilational

rheology. On the one hand, surface adsorption of AOS
molecules is increased. When the surface shape is changed,
a high surface tension gradient is obtained, resulting in a
higher E. On the other hand, diffusion and supplement of
AOS molecules from the solution phase to newly generated
surface is imposed. The diffusion of AOS molecules to the
surface is mainly controlled by the following factors, such
as AOS molecular structure, concentration difference of the
surface phase and solution phase, and so on. The ability of
diffusion and the supplement can eliminate the surface
tension gradient, so it reduces E.

Increasing surface adsorption plays a dominant role at
low concentrations, so E increases. As the concentration
further increases, the function of diffusion and the sup-
plement is dominant, and the E decreases. In the vicinity of
the CMC of AOS, the function of diffusion and supplement
has a significant increase, and the trend of E reduction is
more obvious. There is a maximum value of E as the AOS
concentration increases.

Effect of Inorganic Salts on Surface Dilational
Rheology

The effect of sodium ions on the surface dilational rheol-
ogy of AOS is presented in Fig. 7. (AOS concentration is
0.07 mmol/L in this set of experiments.) Sodium ions
reduce E of AOS. When sodium ions concentration is more
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Fig. 7 The surface dilational rheology of AOS versus sodium ions
concentration
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than 1.2 mmol/L, the E of AOS tends to stable. But the
E value of AOS is very low, and the phase angle of AOS
does not change significantly.

Sodium ions compress the double layer of AOS ions,
thus intermolecular repulsion of AOS is weakened, the
surface tension and the CMC of AOS are reduced, and the
AOS molecular arrangement is more upright and close in
the surface film. Schematic illustration of AOS and sodium
ions in the surface film is presented in Fig. 10. When a
deformation occurs in the surface film, diffusion and sup-
plement of AOS molecules from solutions to a new gen-
erated surface film is strengthened by sodium ions. The E'
of AOS thus decreases. Sodium ions make the relaxation
processes relatively easy, which are molecular exchange in
the surface phase and solutions phase, molecular arrange-
ment and change in the surface, and so on. The E” of AOS
then decreases. Thus E of AOS is reduced. The effect of
sodium ions on E’ of AOS is larger than on E”. Therefore,
the phase angle slightly increases.

The effect of calcium ions on the surface dilational
rheology of AOS is presented in Fig. 8. When calcium ions
concentration is very low, the E of AOS reaches maximum
value. When calcium ions concentration is more than
0.06 mmol/L, the E of AOS is reduced, and finally stabi-
lized. The E' value of AOS is greater than E” at dilational
modulus peak. Thus the phase angle of AOS is reduced to a
minimum. As the calcium ions concentration increases, the
difference in E' and E” diminishes. Thus the phase angle of
AOS slowly increases, but remains below 45°.

The alkenyl group, hydroxyl group and sulfonic group
of AOS form stable ionic groups, and the removal of
hydration of the sulfonic group is more difficult. Therefore
inorganic salts ions are hard to reach the hydration layer of
AOS ions. AOS and sodium ions or calcium ions cannot
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Fig. 8 The surface dilational rheology of AOS versus calcium ion
concentration
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form precipitates. When calcium ions concentration is very
low, two or more AOS molecules can bind with one cal-
cium ion at the same time. When a deformation occurs in
surface film, AOS molecules do not easily spread to the
new surface due to the binding effect of AOS and calcium
ions in solution phase. The repulsion among AOS mole-
cules is reduced in the gas-liquid surface arrangement.
Thus E' of AOS increases. Schematic illustration of AOS
and calcium ions in surface film is presented in Fig. 10.
The relaxation processes become relatively difficult, which
includes molecular exchange in the surface and solution
phase, molecular arrangement and change in the surface,
and so on. Therefore, the E” of AOS increases. When
calcium ions concentration is increased, the case that two
or more AOS molecules binding with one calcium ion is
significantly reduced, and one AOS molecules binding with
one or more of calcium ions is mainly formed. At this time,
the E of AOS decreases.

The hydration removal and interaction of AOS mole-
cules with calcium ions are stronger than those of sodium
ions at the same concentration. In the solution containing
calcium and sodium ions, calcium ions plays a dominant
role. Therefore, the E changing trend of AOS is the same as
that of single calcium ions (Figs. 9, 10).

Effect of Inorganic Salts on Foam Properties

The foam properties of AOS versus concentration are
presented in Fig. 11. The FCI of AOS increases quickly
with concentration, reaching a maximum at about
3.0 mmol/L, and then slowly reduces. When AOS con-
centration is above 2.5 mmol/L, the foam volume is close
to the gas volume used for foaming. This indicates that
AOS foaming capacity reaches a maximum.
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Fig. 9 The surface dilational rheology of AOS versus sodium and
calcium ions concentration
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Fig. 10 Schematic illustration
of AOS with inorganic salts in
the surface film
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Fig. 11 The FCI of AOS versus concentration
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Fig. 12 The FCI of AOS versus different inorganic salts
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The effect of inorganic salts on FCI of AOS is presented
in Fig. 12. The concentration of AOS is 3.0 mmol/L.
Sodium ions reduce FCI of AOS, while calcium ions
increase FCI of AOS in low concentration. As calcium ions
concentration increase, FCI of AOS tends to stabilize, at a
high value. The foam volume of different systems makes

® Liquid phase

Liquid phase

T A0S “Nat ? Aos "Caz+

AOS and sodium ions  AQOS and calcium ions

no difference, so the difference of FCI is primarily caused
by foam stability.

There are many influential factors on foam stability,
such as surface tension, adsorption, surface dilational rhe-
ology, solution viscosity, ionic strength, temperature, and
foaming method [36-38]. In this paper, experimental
conditions of solution viscosity, temperature, and foaming
method are the same. Therefore, the primary influencing
factors on foam are surface tension, adsorption, ionic
strength, and surface dilational rheology.

The influence of ionic strength on adsorption of AOS is
similar with the presence of calcium ions or mixed sodium
and calcium ions, but their influence on surface dilational
rheology in the low AOS concentration regime is different.
Calcium ions may form complexes with two AOS mole-
cules simultaneously. Low frequency measurement of
surface dilational rheology provides evidence for the
changes of adsorption and surface layer rearrangement in
region of low AOS concentration. At high concentration,
the accuracy of this method is not sufficient, but the study
results of Noskov showed that high frequency surface
dilational rheology was strongly dependent on the relax-
ation time of surfactant micelle, which was influenced by
calcium ions [39, 40]. Moreover, Shah demonstrated a
strong correlation between foam stability and micelle
relaxation time [41]. Thus, increased surface dilational
rheology at low AOS concentration and increased foam
stability at high AOS concentration in the presence of
calcium ions have the same causes.

Effect of Oil on Foam Properties

The effect of crude oil on AOS foam properties is pre-
sented in Fig. 13. The AOS concentration in this experi-
ment is 3.0 mmol/L, and sodium and calcium ions are
respectively 1.0 mmol/L. Crude oil clearly reduces the FCI
of AOS. As the content of crude oil increases, the FCI
continues to reduce, and eventually remains at a low value.
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Fig. 13 The FCI of AOS versus crude oil content

When the crude oil content is more than 50 %, the FCI
reduces again. The FCI decreases to zero in crude oil
content over 70 %. The effect of crude oil on FCI is mainly
due to two reasons. One reason is the partitioning of AOS
to solubilize crude oil, and the other reason is the impact of
crude oil on foam stability.

Adsorption Properties

Adsorption is the main factor for loss of AOS in reservoirs.
The adsorption quantity of AOS on sands is presented in
Fig. 14. With AOS concentration increasing, the adsorp-
tion quantity on sands increases. When AOS concentration
exceeds 45 mmol/L, the adsorption capacity tends to sta-
bilize, and the adsorption quantity is 8 mmol/g at equilib-
rium. Due to the clay contained in the sands, lots of AOS
molecules are adsorbed, resulting in the larger adsorption
quantity of AOS at equilibrium.

10

Adsorption capacity (mmol/g)

RF, RRF

0 —
0.0 0.4

| P T T T T
0.8 1.2 1.6 20
Injected volume (PV)

Fig. 15 The RF (before final water injection) and RRF (after final
water injection) of AOS alternating CO, and water alternating CO,
versus injected volume

Flow Properties

Resistance factors (RF, the ratio of mobility of the water to
that of the treatment (surfactant solution or CO,)) and
residual resistance factors (RRF, the ratio of permeability
of water before treatment to the water permeability after
treatment) of AOS alternating CO, and water alternating
CO, are presented in Fig. 15. AOS concentration is
3.0 mmol/L, and sodium and calcium ions are respectively
1.0 mmol/L. The RF of AOS alternating CO, injection is
clearly higher than those of water alternating CO,. At
different gas:liquid ratios, the RF of AOS alternating CO,
injection is greatly different from those of water alternating
CO,. The RF of AOS alternating CO, injection increases as
the gas:liquid ratio increases. The trend of RRF change is
the same as that of RF.
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Fig. 14 The adsorption isotherms of AOS versus concentration
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Table 2 The cores displacing results of different displacing methods

Core Core Gas Oil Water Liquid alternating Total Gas liquid ratio
# length permeability saturation flooding gas flooding EOR EOR (%)
(cm) (107um?) (%) EOR (%) (%)

1 7.8 70.5 62.5 36.4 18.5 54.9 CO,:AOS = 3:1
2 8.7 65.1 62.8 36.8 17.9 54.6 CO,:AOS = 2:1
3 6.4 78.5 63.3 37.2 16.1 53.3 CO,:AOS = 1:1
4 8.6 72.3 62.2 37.1 12.8 49.9 CO,:H,0 = 3:1
5 8.2 68.5 62.4 36.9 12.3 49.2 CO,:H,0 = 2:1
6 7.8 79.5 63.1 37.2 11.6 48.8 CO,:H,0 = 1:1
7 7.9 62.6 62.6 36.4 6.8 432 Single CO,

Water alternating CO, injection does not produce foam
in cores, but this injection procedure can improve the
sweep volume of gas to some extent. While AOS alter-
nating CO, injection can produce foam, and the foam can
increase CO, gas viscosity and block higher permeability
zones. Thus the RF of AOS alternating CO, injection is
higher than water alternating CO,. With the gas liquid ratio
increasing, gas content increases in porous media of cores,
and more foam is generated in porous media, which helps
to plug larger pores in cores, and adjust core permeability.
Therefore, the RF of AOS alternating CO, injection
increases.

Displacing Properties

The injection pressure of different displacing methods
versus injected volume is presented in Fig. 16. AOS con-
centration is 3.0 mmol/L, and sodium and calcium ions are
respectively 1.0 mmol/L. Injection pressures of initial
water flooding in different cores are comparable. Injection
pressure of AOS alternating CO, flooding is higher than
those of water alternating CO,, and the single CO,.
Injection pressure of AOS alternating CO, flooding is
higher than that of the water flooding, and injection pres-
sures of subsequent water flooding is also at a high value.
Foam has been formed after AOS alternating CO, flooding
in cores, and larger pores are effectively plugged by foam,
which results in enlarged swept volumes and improved
recovery factor.

The cores displacing results of different injection
methods are presented in Table 2. Recovery efficiency of
AOS alternating CO, flooding is higher than those of water
alternating CO,, and the single CO,. The way of AOS
alternating CO, flooding can improve oil recovery effi-
ciency by 16-19 %, which is 6 % higher than those of
water alternating CO,, and is 10 % higher than that of the
single CO,. The oil recovery efficiency of AOS alternating
CO; flooding increases with the gas liquid ratio. Total oil
recovery efficiency of cores is more than 50 %. As the

foam can effectively block the high-permeability pores and
enlarge sweeping volumes, it can move forward in cores
homogeneously [12, 42]. Meanwhile, AOS can decrease
interface tension of crude oil, and improve displacing
efficiency to a certain extent. Eventually, the AOS alter-
nating CO, flooding improves oil recovery efficiency by
more than 16 %.

Conclusions

Calcium ions have a stronger effect on the surface prop-
erties of AOS than sodium ions do. In the solution con-
taining calcium and sodium ions, the function of calcium
ions is more significant. The E’ of AOS is greater than E”,
indicating that elasticity dominates over viscosity in the
surface dilational rheology. Sodium ions can reduce the
E and FCI of AOS, while calcium ions can enhance the
E of AOS and make the FCI of AOS reach a maximum. In
the solution containing calcium and sodium ions, the FCI
of AOS can be improved. Crude oil reduces the FCI of
AOS. Injection pressure and displacing efficiency of AOS
alternating with CO, flooding are higher than those of
water alternating with CO,, and the CO,alone in low per-
meability cores. AOS alternating CO, flooding can
improve oil recovery efficiency by more than 16 % after
water flooding in low permeability cores.
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