Experimental study on a novel foaming formula for CO2 foam flooding
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ABSTRACT

This research developed a viable and economical foaming formula (AOS/AVS/N70K-T)
which is capable of creating ample and robust CO, foams. Its foaming ability and
displacement performance in a porous medium was investigated and compared with the two
conventional formulations (AOS alone and AOS/HPAM). The results showed that the
proposed formula could significantly improve the foam stability without greatly affecting the
foaming ability, with a salinity level of 20,000 ppm and a temperature of 323K. Furthermore,
AOS/AVS/N70K-T foams exhibited thickening advantages over the other formulations,
especially where the foam quality was located around the transition zone. This novel
formulation also showed remarkable blocking ability in the resistance factor (RF) test, which
was attributed to the pronounced synergy between AVS and N70K-T. Last but not the least, it
was found that the tertiary oil recovery of the CO> foams induced by AOS/AVS/N70K-T was
12.5 % higher than that of AOS foams and 6.8% higher than that of AOS/HPAM foams at
323K and 1500 psi, thus indicating its huge EOR potential. Through systematic research, it is
felt that the novel foaming formulation might be considered as a promising and practical

candidate for CO. foam flooding in the future.
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1. INTRODUCTION

Among the gases which can be applied in the gas flooding process, CO- is considered the
most commonly used source worldwide [1-4]. It is capable of forming a dense or supercritical
phase with the characteristic of high density and high viscosity in typical reservoir conditions,
and this feature significantly facilitates its miscibility with the crude oil [5-7]. Another
advantage of dense CO; as a displacement fluid is its extremely low solubility in formation
water, preventing an excessive amount of the CO from being lost when CO; flooding is
performed in water-flooded reservoirs.  Moreover, capturing and injecting CO; into the
petroleum-bearing underground will greatly reduce the greenhouse gas (GHG) effect as well
as produce oil, which also makes the CO> flooding a compelling enhanced oil recovery (EOR)
strategy [8-10].

Despite its huge potential for ongoing oil production worldwide, CO> flooding possesses a
number of weaknesses as an EOR technique, such as viscous fingering and gravity
segregation, which may lead to early CO. breakthrough and a low recovery factor [11, 12].
Therefore, numerous investigations have been carried out to improve the displacement
performance of the CO- flooding over the past few decades [13-15]. Among these techniques,
the use of foamed CO: is believed to offer the best hope due to its exceptional capability of
controlling CO mobility which, accordingly, enables more areas to be swept by the CO;
flooding. With regards to this method, the primary concern is that the injected foam may
collapse in the presence of crude oil or under harsh reservoir conditions, which detrimentally
affect the displacement efficiency of the liquid being displaced [16]. There have been
extensive attempts made to promote the foam stability, and two main categories are involved
[17-20]: nanoparticle-stabilized foam and polymer-enhanced foam. However, the former is
not economical and may cause long-term health effects, while the latter is not sufficiently

robust due to the polymer degradation moreover, the existence of the polymer results in



tremendous foamability loss.

This research presents a viable and economical EOR method which introduces the mixture of
additives into the foaming solution to stabilize CO, foam during CO> foam flooding. Initially,
investigations were carried out to screen a novel foaming formulation with the potential to
provide a good balance of foamability and foam stability. Then, special attention was given to
the core flooding experiment allowing studies of apparent foam viscosity, resistance factor
(RF) and residual resistance factor (RRF), as well as the accumulative oil recovery under
relatively harsh reservoir conditions. Section 2 shows the materials, experimental setup and
procedures to be applied in this study. Section 3 presents the results of the static and dynamic
performance of the enhanced CO, foam. Discussions and interpretations have also been

included in this section. The paper ends with with the concluding remarks in Section 4.

2. EXPERIMENTAL SECTION

2.1 Materials. Triton X-100, APG C12-16, Sodium dodecyl sulfate (SDS),
triethanolamine, CaCl, and NaCl were supplied by Sigma-Aldrich Co., Ltd (Australia);
Sodium alpha olefin sulfate (AOS C14-16) with 35% active matter was obtained from Stepan
Chemical Co. (USA). Additive N70K-T was purchased from Solvay Chemicals Inc. (USA);
HPAM was provided by Beijing Hengju Chemical Co., Ltd (China), with a molecular weight
of 2.5 x 107 g/mol and a hydrolysis degree of 25%; AVS which was a ter-polymer of
acrylamide (AM), AMPS and one synthesized functional monomer was provided by the
Research Institute of Petroleum Exploration & Development (RIPED, China). The schematic
of HPAM and AVS molecules are illustrated in Fig. 1. Berea samples with length around 6.9
cm and diameter of 3.8 cm were cut from quarried sandstone blocks (Ohio, USA) and used as
supplied. Their compositions were determined by X-ray powder diffraction (XRD) and were

tabulated in Table 1. Oil sample is sourced from an oil reservoir located on North West Shelf



of Western Australia and its properties are listed in Table 2. CO; gas with 99.99% purity was

supplied by BOC (Australia) and applied throughout the entire research process.
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Fig. 1 Schematic of HPAM (a) and AVS (b) molecular structure
Table 1 The oxides composition of the core plug
Oxide SiOz CaO CO, Na,O A|203 H.O MgO K20
Weight%  83.15 2.15 2.44 0.09 3.45 0.14 1.12 1.59

Table 2 Properties of the Crude Oil

Test Unit Result
Density @ 15°C Kg/L 0.9428
API gravity °API 18.5
Asphaltenes %mass 0.14
Arsenic mg/kg 2.3
Kinematic Viscosity @40°C cSt 37.26
Sulphur-Total %mass 0.14
Total Acid Number mg KOH/g 0.50
Water Content %volume 0.150

2.2 Experimental procedures. 2.2.1 Foaming ability and foam stability. Two
nonionic surfactants Triton X-100 and APG along with two anionic alternatives AOS and
SDS were chosen as the foaming agents. Either polymers or other additives were used as
thickeners to stabilize the CO, foam. As a result of its simplicity and reliability, the Waring
blender method [21] was selected for this research investigating foamability and foam

stability in order to determine whether a reliable and robust foam could be generated or not.



Synthetic formation water containing 20,000 ppm NaCl and 100 ppm CaCl, was employed to
prepare the foaming solution in the experiments. Firstly, 100 mL solution of foaming
agent/thickener was added into the Warring blender and agitated at a speed of 2000 rpm for
60 seconds with continuous CO:z gas injection. The foam produced was then transferred to a
graduated cylinder which was standing in a water bath, the temperature of which was
controlled by a digital thermal couple. The initial volume (Vo) of generated foam was
measured as foamability and the time period (ti2) for half of the liquid dropout (i. e. the
liquid drainage volume reached 50 mL) was recorded as foam stability under various test

conditions. All the tests were conducted at 323K unless otherwise specified.

2.2.2 Foam apparent viscosity. On the basis of single-phase Darcy law, the apparent

foam viscosity can be expressed as:

Hfoam,app =

where k is the effective permeability of the core plug, A is the cross section to foam flow, qgq
and g are the volumetric flow rates of CO> gas and foaming solution respectively, and Ap/L
is the pressure gradient across the full length of the core plug. The experimental setup is
illustrated in Fig. 2. Foaming solution (5.0 PV) was fed into the core plug to satisfy the
surfactant adsorption before the injection of the CO. foam which was produced with the
assistance of a foam generator (Haian Qil Scientific Research Apparatus Co., Ltd., China).
Illustration of the foam generator is given in Fig. 3. The differential pressure at different
times during the experiment was monitored and recorded by pressure transducers (KELLER,
Switzerland) mounted at the inflow and outflow end of the core holder. Gas/ liquid ratio
(foam quality) would not be altered until steady state flow was achieved, which was indicated

by negligible fluctuation (less than 5 psi) of pressure drop. The temperature controlled by the



heating tape and the pressure controlled by a back pressure regulator (BPR) were maintained

at 323K and 10.3 MPa respectively in the experiments.

2.2.3 Resistance factor (RF) and residual resistance factor (RRF). If both formation
water (brine) and foam flow in the same core sample at same flow rate, the definition of RF

can be simplified as:

where Ap,and Ap, are the pressure drops of brine flow and foam flow, respectively.

Similarly, if brines flow at the same rate, RRF can be calculated by:

RRF = 2 3)
AP,

where Ap,and Ap; are the pressure drops of brine flow before and after foam flooding

respectively.

The experimental setup is illustrated in Fig. 2. Prior to the measurement, a sufficient amount
of foaming solution (5.0 PV) was fed into the core plug to meet the demand of surfactant
adsorption. Then synthetic formation water (NaCl 20,000 ppm and CaCl, 100 ppm) was
injected at 1.0 mL/min until steady AP, was reached. Next CO. and a foaming solution were
injected into the sample after passing through a foam generator with the flow rates of
0.75mL/min and 0.25 mL/min respectively (foam quality was 75%). The injection shifted to
brine again flowing at 1.0 mL/min after steady Ap,was obtained, and then brine flow
continued until AP; could be measured. All the experiments were conducted at 323K and

10.3 MPa.



2.2.4 Accumulative oil recovery. To evaluate the recovery of CO, foam flooding
induced by different formulations, oil displacement assessments were conducted. The
procedures were as follows: After the petrophysics properties of the core were determined,
the core was fully saturated with brine. Then crude oil was injected into the core until the
water cut reached 1%. The sample was aged for 24 hours and then water flooding was
conducted to obtain residual oil saturation, which was followed by a 1 PV (pore volume)
foam slug and extended water floods until water cut was greater than 99%. The system
temperature and pressure were maintained at 323K and 10.3 MPa throughout the core

flooding tests.

Fig. 2 Experimental schematic of the foam performance evaluation (apparent foam

viscosity, RF and RRF, oil displacement)

1- CO Tank 2- Gas Mass Flow Control System 3- Foam Generator 4- Chemical Solution 5-
Sythetic brine 6- Injection Pump 7- Pressure Transducer 8- Core Holder 9- Back Pressure

Regulator 10- Graduated Cylinder 11- Data Acquisition System 12- Heating System
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Fig.3 The schematic of the foam generator

3. RESULTS AND DISCUSSION

3.1 Screening of foaming solution. 3.1.1 Determination of foaming. The static foam
behavior was strongly related to the type and concentration of the foaming agent (most of
them were surfactants), which can be verified by the results shown in Fig. 4-7. It was noted
that the concentration was based on the active substance of these surfactant products. In
general, nonionic surfactants (Triton X-100 and APG) generated less foam than the
counterpart anionic surfactants (AOS and SDS) under both low and high concentrations. In
the case of Triton X-100, its foamablity fluctuated with a maximum of only 380 mL which
hardly satisfied the foaming requirement, and the stability which varied between 84s and
123s was at the peak under the concentration of 0.4 w.t.%; on the other hand, the scenario of
APG, one highly attractive “green surfactant” due to its remarkable biodegradability, was
quite different: the foamability rose smoothly as surfactant concentration increased and the
growth rate was nearly constant throughout the test; however, it was deemed not suitable
under the test conditions/based on the outcome of the tests if insufficient foam creation was
taken into consideration. Interestingly, although an abundant amount of foam could not be

obtained, the foam generated by APG was relatively robust and stable thanks to its



extraordinary bulk viscosity. Accordingly, it could be considered as the best candidate
among the foaming agents investigated in terms of the stability, but poor foamability

hampered its possible application for foam flooding.

As expected, AOS and SDS, which were anionic foaming agents, exhibited exceptional
foaming ability. The foamability of AOS increased rapidly at low concentration before
reaching a plateau (around 620 mL) after which the foamability started dropping slightly. In
contrast to AOS, foamability of SDS increased with surfactant concentration during the
course of the experiment and it was a bit higher than that of AOS under the same
concentration. However, with regard/when it came to foam stability, the scenario was
completely the opposite: AOS performed much better than its counterpart/alternative SDS
within the whole range of concentrations investigated, and this tendency became noticeable
as the concentration rose. The foam stability disparity between the two candidate solutions
could be partially explained by the huge difference in bubble size distribution. Fig. 8 was
captured by a digital camera (Lenka, Germany) and visually demonstrates the bubble size
distribution of foams generated by AOS and SDS (0.5 wt. %) over 600 s. The corresponding
bubble size distributions were measured and calculated by using image analysis software
(Nano Measurer 1.2, Fudan University), and the results are quantitatively shown in Fig. 9-10.
Monsalve and Schechter concluded [22] that longer foam lifetime is associated with narrower
bubble size distribution; that is, smaller variances favored the foam stability. In this
experiment, it was observed that the initial bubble diameter of foams produced by these two
foaming agents was highly uniform and this indicated both bubble size distributions were
narrow right after the generation of foam, with the average bubble diameters of AOS foam
and SDS foam being 45 pum and 80 pum, respectively. Although it could be expected that the
distribution would vary over time, the distributions of AOS foam and of SDS foam changed

in a different manner after 600 s: the bubble size of the former was still distributed relatively



narrowly with around 70% of its bubbles sitting in the range of 125um and 180 um, while the
bubble size distribution of the latter became much wider than before, which can be validated
by image 12, where bubbles with various diameters are stacked together. Furthermore, on the
basis of Laplace’s equation, smaller bubbles tend to coalesce into larger ones owing to the

capillary pressure difference, leading to dramatic foam stability reduction.

Therefore, it could be concluded that AOS was the best foaming agent among these
alternative formulations under the test conditions. Taking into account the foamability and
stability equally/giving equal weight (or importance) to foamability and stability, 0.5 wt. %

was chosen as the foaming agent concentration unless otherwise specified.

400 132
—e— Foamability
—a— Stability
380 - - 120
-
E 360 - 108 @
£ 2
E 3
& 340 A 96 0
o
Lo
320 A - 84
300 72

0.1 0.2 0.3 04 0.5 0.6 0.7
Conc. (wt %)

Fig. 4 The dependence of foamability and foam stability on Triton X-100 concentration
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Fig. 5 The dependence of foamability and foam stability on APG concentration
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Fig. 6 The dependence of foamability and foam stability on SDS concentration
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Fig. 7 The dependence of foamability and foam stability on AOS concentration

Fig. 8 Microscopic images of AOS and SDS bulk foam (Conc. 0.5 wt %, 298K)
(Scale bar = 200 um)

Note: a. AOS foam 0s; b. AOS foam 600s; c. SDS foam 0s; d. SDS foam 600s
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3.1.2 Selection of the polymer. Despite its superior foaming ability, AOS alone was
not able to secure the foam stability which was critical for practical foam flooding. Therefore,
polymer was applied to assist in the improvement of stability. HPAM, the widely used
thickener, and AVS, a novel amphiphilic ter-polymer with surface activity, were selected to
investigate the influence of polymer type and concentration on foam behavior. The results are
presented in Fig. 11-12. Clearly, both foamability and foam stability were closely related to
the polymer concentration if the same polymer was added. In general, foamability dropped
with an increase in the polymer concentration. Due to the high bulk solution viscosity, AOS
molecules would encounter considerable resistance when migrated from bulk solution to the
gas/liquid interface, which could detrimentally affect the foaming ability. However, AVS
displayed surface activity to some extent just like that of ordinary surfactants, which can be
validated by the surface tension measurement in Fig. 13 This resulted in the foamability loss
of AOS/AVS foaming solution being less noticeable than that of AOS/HPAM foaming
solution due to the introduction of surface active groups which were favorable to the
generation of foam. It was also found that the AOS/AVS solution exhibited greater stability
compared to the AOS/HPAM solution under the same polymer concentration. This was
primarily attributed to the viscosity differences between AVS and HPAM which is illustrated
in Fig. 14. Accordingly, AOS/AVS solution was more viscous and had more capacity to
reduce the chance of lamella in the foaming system collapsing and decaying, and thus better
foam stability could be achieved. For the purpose of balancing foamability and stability, 0.15

wt. % AVS was determined as the most suitable for use in the foaming formulation.
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Fig. 12 The dependence of foamability and foam stability on AVS concentration

(AOS 0.5 wt.%)
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3.1.3 Selection of the additive. As mentioned in the early section/earlier, the addition
of polymer to the foaming system significantly facilitated the enhancement of the foam
stability by improving the bulk solution viscosity and preventing the bubbles from
approaching coalescence and breakdown. However, the lamella strength which governed the
thinning and rupture of the liquid films separating gas bubbles could not be improved. In this
section, the effect of additives called lamella strength booster on the static foam behavior was
investigated. Triethanolamine, also known as TEA, which is a viscous compound and another
additive N70K-T, a mixture of nonionic surfactant and alcohol were selected as the two
alternatives/two options. As shown in Fig. 15, below a concentration of 0.6 wt. %, the
lifetime of the foam generated by AOS/AVS/triethanolamine foaming solution increased
rapidly as the additive concentration rose until a plateau was reached, while its foaming
ability dropped steadily/dropped by the same amount as more boosters were added.
Triethanolamine is a compound with strong polarity, and thus it could readily adsorb onto the
gas/liquid interface and interact with the existing amphiphilic AVS, which led to the
formation of regional micro-network on the liquid membrane, whose rigidity could thereby
be enhanced substantially. On the other hand, quantities of AOS molecules were expelled
from the interface as a result of the invasion and spatial occupation of the triethanolamine
molecules, causing considerable loss of foaming ability; namely, the tremendous boost in

foam stability was largely at the cost of its foamability.

The dependence of the foam behavior on another booster N70K-T is illustrated in Fig. 16.
Interestingly, a peak appeared on the foamability plot, indicating the optimal foaming
performance could be attained under the additive concentration of 0.4 wt. %. As mentioned
earlier, N70K-T was a blend of nonionic surfactant and alcohol and both individual
substances were added at given concentrations. Sett et al. [23] reported that the foamability

of nonionic/anionic surfactant mixture solution could be greater than the foamability of either
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of them separately, and they also pointed out that the primary cause of the foamability
enhancement might be the higher disjoining pressure which generated thinner but more stable
lamella. Thus/Therefore, in this experiment, larger volumes of foam /were created from the
mixture solution below an additive concentration of 0.4 wt. %. Still, the foamability declined
dramatically beyond the peak and went down to 470 ml. This has arisen from the
accumulated alcohol in the solution hampering the association between AOS and nonionic
surfactant contained in N70K-T. As for the foam stability, it increased with the N70K-T
concentration and was enhanced mainly via two mechanisms: 1) the adsorption of nonionic
surfactant molecules onto the gas/liquid interface could rearrange/rearranging/enabling the
rearrangement/causing the rearrangement of the ionic distribution on the liquid membrane,
which triggered stronger repulsion between bubbles; 2) the interaction between polar alcohol
and amphiphilic AVS formed a rigid structure on the liqguid membrane. Based on the results
obtained above, 0.5 wt. % N70K-T was employed to meet the criteria set for both the
foamability and stability. In conclusion, the optimal foaming formulation in this study was

determined as 0.5 wt. % AOS + 0.15 wt. % AVS + 0.5 wt. % N70K-T in this research.
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Fig. 15 The dependence of foamability and foam stability on TEA concentration

(AOS 0.5 wt% and AVS 0.15 wt %)

580 2800
560 - - 2600
£ —a— Stability o
5 520 - - 2200 =
© Qo
€ o
@® n
o
L 500 - - 2000
480 - - 1800
460 T T T T T T 1600
0.0 0.2 04 0.6 0.8 1.0 1.2

Conc (wt %)

Fig. 16 The dependence of foamability and foam stability on N70K-T concentration

(AOS 0.5 wt. % and AVS 0.15 wt. %)

3.2 Apparent Foam viscosity. In this subsection, apparent foam viscosities were
determined in a series of core flooding experiments where a variety of fluid systems (AOS
0.5 wt. %, AOS 0.5 wt. % + HPAM 0.15 wt. %, and AOS 0.5 wt. % + AVS 0.15 wt. % +
N70K-T 0.5 wt. %, referred to as formula I, formula 11 and formula 111 respectively) and core
plugs with different permeability ranges were used. The total superficial velocity (i.e. the sum
of liquid flow rate and gas flow rate) was kept constant at 2.0 ml/min, while the foam quality
varied from 10% to 95%. The influence of foam quality on the apparent viscosity of foam

generated by varying formulations is illustrated in Fig. 17.
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Clearly, regardless of the foaming formulation, the maximum apparent foam viscosity always
existed under a specific foam quality known as transition foam quality [24] which is indicated
by the dash line in all the figures. It seems that the transition foam quality was formula
dependent, although the difference between formula Il and 111 was not evident. It was also
found that, generally, the apparent viscosity of the foam created by AOS/AVS/N70K-T was
the greatest among the three formulations. This could be attributed to its well-balanced
foamability and foam stability, which led to the generation of the strongest foam in the
experimental conditions. Due to the dramatic loss of (the) foamability or foam stability, the
other two formulas exhibited worse thickening performance. Although AOS/HPAM foam
was thicker compared to the foam yielded by AQOS alone, the difference in viscosity was
relatively small. Another intriguing phenomenon was that the apparent viscosity differences
among these formulas became less obvious in a low foam quality regime (wet foam) as well
as in a high foam quality regime (dry foam), while around the transition foam quality, the

viscosity advantage of formula I11 over the other two was evident.
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Fig. 17 The influence of the foam quality on the foam apparent viscosity
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(323K and 10.3 MPa)

3.3 Resistance factor (RF) and residual resistance factor (RRF) evaluation. As
was widely accepted, RF served as a strong indicator of the blockage ability, while RRF
suggested the magnitude of relative permeability reduction of the displacing fluid. To
evaluate the dependence of RF and RRF on foaming formulation, foam flooding experiments
using Formula I, 11 and 111 in core plugs with permeability around 450 mD were carried out at

323K and 1500 psi. The results of the experiment are illustrated in Fig. 18.

By comparing the RF and RRF of these foaming formulations, it can be concluded that
formula 111 performed the best in terms of blocking ability as well as changing the relative
permeability of the displacing phase. Extraordinary blocking ability led to the improvement
of sweep efficiency, and the relative permeability modification promoted the displacement
efficiency of the chase brine floods, which could thereby be considered as (the) “extended
foam flooding” in terms of its flow behaviour. In other words, the foam generated by foaming
formulation 111 enabled more regions in the core plug to be touched during the displacement
of foams and chase brine under the same test conditions compared to the

counterpart/alternative formulations I and 11.
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3.4 Accumulative oil recovery. Both the properties of the rock samples and the
results of the foam flooding experiments with various formulations are summarized in Table
3. As can be seen, the water floods recovered a comparable amount of the crude oil in each
case, but their displacement performances in the water-flooded core plugs were
greatly/considerably/quite different: the tertiary oil recovery of formula Il was 12.5 % and
6.8% higher than that of formulas I and Il respectively, leading to a pronounced difference
accumulative oil recovery . As for formula I, its apparent foam viscosity was fairly low due to
the unfavourable gas/liquid ratio; furthermore, as stated previously, the foam longevity was
detrimentally affected because of the residual oil saturation. Consequently, CO, foam
induced by AOS alone was not able to improve the oil recovery as significantly as that of the
CO. foam induced by AOS plus chemicals. In the case of formula Il, it recovered more
residual oil in the tertiary recovery process than AOS alone due to the presence of the HPAM.

However, to some extent, the polymer thermal degradation hindered the positive influence of
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the HPAM on CO; foams. Therefore, the foams were not as robust as they were supposed to
be. Besides, the introduction of the HPAM resulted in a reduced foamability, which also
explained its recovery disadvantage. Formula Il was endowed with the best displacement
performance. The strong degree of synergy between AVS and N70K-T allowed the creation
of the extraordinarily reliable lamella and 3D network structure in the solution; therefore, it
contributed to the remarkable apparent viscosity and blockage ability. In other words, the
sweep efficiency of the displacing phase would be improved substantially as a consequence
of the excellent foam flowing performance in the porous media. Further experiments will be
performed to investigate the influence of gas/liquid ratio, slug size and foam injection mode

on the tertiary recovery of foam flooding in future research.

Table 3 Summary of the oil recovery experiments (323K and 10.3 MPa)

Experiment #1 #2 #3
Porosity (%) 18.75 17.89 18.63
Brine permeability (mD) 379 369 370
Formula | I Il
Gas/liquid ratio 3:1 3:1 31
Slug size (PV) 1.0 1.0 1.0
Initial oil saturation (%) 67.0 68.4 68.1
Water floods recovery 338 346 33.4
(%)
Tertiary oil recovery (%) 27.2 32.9 39.7
Overall oil recovery (%) 61.0 67.5 73.1

4. CONCLUSIONS

(1) A number of commercially available surfactants were evaluated in terms of their
foamability and foam stability by using the Warring blender method. The nonionic
alternatives were unable to produce sufficient amounts of CO, foams, although APG foam

exhibited the greatest longevity. Anionic foaming agents such as SDS and AOS had similarly
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remarkable foaming abilities, but AOS was selected due to its superior foam stability which

was validated by the narrow distribution of bubble sizes.

(2) Regardless of the types and concentrations, the addition of polymers and/or
lamella booster greatly promoted the foam longevity at the cost of foamability. Both 0.15 wt. %
AVS and 0.5 wt. % N70K-T were applied to enhance the foam stability without

compromising the foaming ability significantly.

(3) Maximal apparent foam viscosity could be achieved under transition foam quality
which seemed to be formulation dependent. The AOS/AVS/N70K-T possessed the highest
apparent foam viscosity under the same foam quality among these formulations. However,
the viscosity difference became less noticeable in the low and high foam quality areas. It was
noted that the apparent viscosity of the foam generated by AOS/AVS/N70K-T was the
greatest among the three formulations. This could be attributed to its well-balanced
foamability and foam stability and it led to the generation of the strongest foam in

experimental conditions.

(4) AOS/AVS/N70K-T foam had extraordinary blocking and relative permeability

modification ability, which could be validated by its encouraging RF and RRF.

(5) After water flooding, CO, foam enhanced by AVS/N70K-T vyielded the most
residual oil among the three cases. Its superior displacing performance is believed to be
associated with the unique 3D structure that gave rise to the flow resistance when the

displacing phase advanced through the porous medium.
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