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Abstract: There is a problem of a rapid decline in production caused by the repeated heating of the
near-wellbore zone during steam stimulation. Finding a suitable foam system to expand the area of
the steam chamber and slow down the rapid production of hot water during the recovery process
can effectively improve the effect of steam stimulation. In this paper, CGS foam was prepared with
high-temperature-resistant surfactant GD, graphite particles, and clay particles. Through the study of
foam properties, it was found that with the addition of particles, the strength of the foam’s liquid film,
half-life time, and temperature resistance was greatly improved. The appropriate permeability of the
CGS foam and the movement characteristics of it in formations with different permeabilities were
studied through a plugging experiment with a sand pack. The plugging performances of the GD
foam, CGS foam, and pure particles in a simulated reservoir were compared. The development of the
steam cavity during the steam stimulation process and the influence of injecting GD foam and CGS
foam on the flow in the simulated reservoir were studied through a two-dimensional visualization
model. The temperature resistance and stability of the CGS foam were better than those of GD foam
in the simulated formation.

Keywords: three-phase foam; steam stimulation; heavy oil; temperature field

1. Introduction

At present, the oil demand in the international market is still growing steadily. The
development prospects of heavy oil resources, which account for about 60-70% of the
world’s total oil reserves, are promising [1]. Due to the high viscosity characteristics of
heavy oil, its extraction process faces greater challenges. Heat injection is considered
to be the most effective technical measure to recover heavy oil. Typical heat recovery
technologies include steam-assisted gravity drainage (SAGD) [2,3], steam flooding [4,5],
oil reservoir combustion technology [6], cyclic steam stimulation (CSS), etc. [7]. The
cyclic steam injection method (CSS), also known as steam huff and pulff, originated in the
Maracaibo Lake Oilfield in Venezuela [8]. CSS has been widely used in oilfields in North
America and the Liaohe Oilfield in China. About 80% of heavy oil in China is produced via
CSS [9]. Thus far, various new technologies for heavy oil recovery have emerged one after
another, but steam huff and puff is still the most effective and common method for heavy
oil recovery [10-13].
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CSS mainly includes three stages: steam injection, well soaking, and production. When
the output rate of crude oil decreases to a certain limit, the production process of that cycle
ends. Then, the steam injection process for the next cycle begins [11,14]. The heating radius
is an important index for describing the effect of steam stimulation. The effective heating
radius of steam stimulation is generally 20-30 m. The oil saturation of the reservoir outside
the effective heating radius remains in its original state. The first few cycles of steam huff
and puff are the main process of increasing the radius of the steam region. Excessive rounds
of steam injection will only repeatedly heat the affected area [15,16].

After multiple rounds of steam huff and puff, a water flow channel with high per-
meability is formed near the bottom of the well. After the completion of soaking, more
high-temperature water is quickly extracted, resulting in the rapid loss of heat and pres-
sure [3,17-19]. After several cycles of steam stimulation, the reservoir pressure at the
bottom of the well is reduced to 25-40% of the initial reservoir pressure [20,21].

Relevant studies have shown that, due to the existence of the Jamin effect, the foam
injected into the reservoir can effectively seal the large pores in the reservoir and improve
the oil-water mobility ratio in the reservoir [22-24]. At the same time, surfactants can
reduce the interfacial tension of oil and water after the foam bursts and promote the
emulsification of crude oil [25]. Even for high-temperature-resistant foam, the performance
of the foam will inevitably decline with the increase in temperature under high-temperature
conditions [26]. The addition of solid particles can improve the stability of the foam, and
these particles can stay in the reservoir to improve the long-term plugging effect. SiO;
nanoparticles, fly ash, cement, and clay are commonly used solid particles for improving
the stability of three-phase foam [23,24,27].

The research on the three-phase foam system has confirmed that this system can be
used in a reservoir to plug the high-permeability area. Solid particles can stabilize the
foam [28,29] and, on the other hand, the foam can also carry the particles into the deep reser-
voir. Heavy oil reservoirs developed via cyclic steam huff and puff have the characteristics
of high temperatures above 200 °C and high reservoir permeability. Therefore, the selected
plugging agent system is required to have good plugging ability and temperature resis-
tance [30,31]. The solid particles in the three-phase foam system can effectively improve
the stability of the foam and, after the foam collapses, the solid particles can be retained in
the reservoir to continue plugging without being affected by high temperatures [32].

The three-phase foam system is an effective method for enhancing oil recovery in
the CCS process. The selected three-phase foam should have sufficient stability and
temperature resistance, and the most important thing is that the three-phase foam should
be an excellent match for the permeability of the reservoir. The three-phase foam, which
has been comprehensively tested and analyzed, can be successfully injected into the deep
reservoir during the CSS process to effectively enhance oil recovery. In this paper, graphite
particles and clay-stabilized foam were studied. Graphite particles can be separated
into smaller layered structures through ultrasonic dispersion. This material has excellent
dispersibility and high stability when mixed with clay particles. There is little research
on the use of graphite particles in reservoir water plugging. Thus, a series of exploratory
studies have been conducted in this paper. A suitable surfactant and three-phase foam
made of clay and graphite particles were prepared, and the water plugging effect of the
foam during the cyclic steam stimulation process was tested.

2. Experiments
2.1. Materials

The viscosity of the crude oil used in the experiment was 352 mPa.s (@ 50 °C), and
the density was 0.92 g/cm? (@ 25 °C). The main component of surfactants was sulfonates
and was named GD. Crude oil and GD surfactant were provided by Shengli Oil Field
Research Institute. The water was deionized water made by a UPT water purification
system (Ulupure Inc., Chengdu, China). Nitrogen (purity > 99.9%, Tianyuan Gas Co., Ltd.,
Shanghai, China).
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The size of graphite particles with 5000 mesh dose did not exceed 2.6 pm (Qingdao
Tianshengda Co., Ltd., Qingdao, China). The particle size of clay particles did not exceed
2.6 um. The dispersant of the particles was sulfonated lignins with a molecular weight of
3000-4000. These two drugs were from the Shengli Oilfield Research Institute.

2.2. Preparation of CGS Dispersion

To attain a homogeneous foam system, the following steps are imperative:

Commence by incorporating 6 wt% of 5000 mesh graphite particles into either pure
water or brine. Employ an ultrasonic oscillation device to disperse these particles for a
duration of two hours. Simultaneously, introduce a specific quantity of surfactant at multi-
ple intervals. Next, prepare a 4 wt% clay dispersion without the inclusion of surfactants
using the same dispersion methodology. Subsequently, combine the two solutions in a
1:1 ratio and introduce a specific quantity of lignosulfonates. Continue the process of
ultrasonic dispersion for a period of 30 min. Throughout this entire process, maintain
a cold water bath environment to ensure that the solution’s temperature remains below
40 °C. Within the scope of this study, the composite surfactant solution of clay and graphite
was composed of 2 wt% clay and 3 wt% graphite. Moreover, it encompassed a specific con-
centration of GD surfactants and lignosulfonates, designated as CGS. Subsequently, CGS
foam was harnessed as the medium for conducting a comprehensive array of experimental
investigations.

2.3. Preparation and Characterization of Foams
2.3.1. Viscosity Testing of Dispersions

The dispersion of CGS was added to the sample cell of a rotary rheometer (MCR 302,
Anton Paar, Graz, Austria), and a concentric cylinder module was employed to precisely
assess the viscosity of the dispersion. The rotational speed of the rotor was maintained at
10 revolutions per minute (r/min), while the temperature was consistently controlled to
reflect ambient conditions.

2.3.2. Optimizing the Foam System

The prepared GD surfactant solution or CGS solution was tested using the Waring
Blender method [23]. A total of 100 mL of the dispersion was stirred at a rate of 8000 r/min
for a duration of 180 s using a stirrer (GJ-3S, Qingdao Senxin Machinery Equipment Co., Ltd.,
Qingdao, China). The resulting foam was subsequently introduced into a sealed graduated
cylinder, and the volume of the foam and the time required for 50 mL of liquid to separate
from the bottom of the graduated cylinder were recorded.

2.3.3. Properties of Liquid Film

The surface dilational viscoelasticity (E) of the dispersion was evaluated utilizing
a drop tensiometer (Tracker-H, TECLIS, Civrieux-d’Azergues, France). The interfacial
tensiometer was predominantly composed of a high-temperature and high-pressure droplet
system, an advanced image-acquisition system, and image analysis software. The CGS
dispersion was introduced into the syringe. Conforming to pre-established parameters,
a droplet with a volume of 3-6 pL was automatically formed at the terminal point of the
syringe by the droplet system. The image acquisition system captured and documented the
relevant volume and area parameters of the droplet. Subsequently, following a 30-minute
period of stabilized droplet existence, the dedicated testing software undertook automatic
computation and comprehensive analysis of the interfacial tension (F). In accordance with
the predetermined parameters, the automated control system orchestrated the syringe
to induce periodic oscillation of the droplet’s volume. The amplitude of this oscillation
remained consistently set at 10% of the droplet’s volume, and the oscillation frequency
was 0.1 Hz. Throughout this process, the image acquisition system recorded the dynamic
correlation between the surface tension (F) of the liquid film and the corresponding area (A)
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of the oscillating droplet. By invoking Gibbs Formula (Equation (1)), the surface dilational
viscoelasticity (E) of the interface can be calculated.

dF

=g

@)

The surface dilational viscoelasticity served as a pivotal metric for assessing the
resilience of the liquid film. Notably, a heightened value of this parameter corresponded to
an elevated level of stability exhibited by the liquid film [24].

2.4. Sand Pack Experiments

Sand pack experiments were conducted to assess the optimal range of formation
permeability for CGS foam and to evaluate the plugging performance of both CGS foam
and pure GD-1 foam under high-temperature conditions. The experimental setup is shown
in Figure 1. Various grades of quartz sand were blended and introduced into a sand filling
tube measuring 2.5 cm in diameter and 60 cm in length. Detailed parameters for each
experimental set are provided in Table 1. Initially, the sand pack was saturated with brine,
and, subsequently, the pore volume and permeability of the sand pack were determined.
In the subsequent step, a back pressure of 1 MPa was applied. The sand-filled conduit was
then heated to the designated temperature and maintained at that level for a duration of
3 h. In the third phase, adhering to the prescribed injection rate and gas-liquid ratio, the
gas-liquid mixture was introduced simultaneously into the foam generator, subsequently
flowing into the sand-filled conduit. Throughout this progression, pressure measurements
were recorded at the leading, midpoint, and trailing sections of the sand-filled conduit.

Sand Pack

1 0 i ‘]
‘\_, L Press —l ) 1| 1;;. ‘
Sensor‘ _— a—

I Liquid Gas
> e

ISCO Pump

Figure 1. Schematic diagram of sand pack experiment.

Table 1. The experimental conditions of foam flooding in sand packs.

Sample Permeability Porosity Temperature Injection Rate Type of
No. (mD) (%) “O) (mL/min) Foam
1 571 32.3 50 2 CGS Foam
2 1156 33.2 50 2 CGS Foam
3 2097 34.7 50 2 CGS Foam
4 3442 35.1 50 2 CGS Foam
5 7381 36.2 50 2 CGS Foam
6 3684 35.6 50 2 GD Foam
7 3156 35.8 50 2 5wt% CG
8 3360 355 120 2 CGS Foam
9 3581 36.4 120 2 GD Foam

2.5. Two-Dimensional Visualization Simulation Experiments

In the presented two-dimensional panel model, it becomes feasible to directly observe
the oil recovery augmentation brought about by both GD foam and CGS foam within the
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simulated reservoir during the steam huff and puff procedure. Through the analysis of
production data and fluctuations in the temperature field, the distinctions and underlying
factors of these two foam types’ characteristics were examined. The configuration of the
experimental apparatus is depicted in Figure 2.

gy -
- =5
Metering 0 =
System
Buffer g Liquid Gas [SCO Pump
Container i > >

Temperature measuring point | | Injection & Production Well ‘

@)

®)

Horizontal well

Figure 2. Schematic diagram of the 2D visualization experiment.

@

Fill the formulation of 4000 mD permeability quartz sand used in the sand filling
tube experiment into the two-dimensional flat plate model. Verify the integrity of the
unit, subsequently employing separate models for brine and crude oil saturation. The
lower extremity of the flat plate features a horizontal well, establishing a linkage to
an infinitely extensive reservoir maintained at a consistent pressure of 1 MPa. The
production well connects to a back pressure valve, which is regulated to maintain a
back pressure of 1.1 MPa. The apparatus temperature is stabilized at 80 °C.

Set up the experimental apparatus as illustrated in the diagram and execute a series of
four steam-stimulation cycles. During each cycle, introduce 150 mL of steam through
the production well at a rate of 10 mL/min, maintaining a steam temperature of
250 °C. The base water pressure is kept constant at 1 MPa. Allow for a 30-min soaking
period. Following well opening, employ a steady-flow pump to administer 400 mL of
liquid through the horizontal well at a rate of 10 mL/min, mimicking the recovery
process. Repeat this procedure for a total of 4 cycles.

Implement two cycles of pure GD foam profile control. During each cycle, introduce
150 mL of steam followed by 150 mL of foam through the production well. Maintain
a gas-liquid ratio of 2:1 and an injection rate of 10 mL/min to uphold a constant
bottom water pressure of 1 MPa. Subsequently, cease the injection of bottom water at
constant pressure, and introduce 550 mL of formation water through the horizontal
well at a rate of 10 mL/min for displacement. Production takes place under a back
pressure of 1 MPa at the wellhead of the production well. Proceed with two cycles of
enhanced syntactic foam profile control. In each cycle, inject 150 mL of steam through
the production well, followed by the injection of 150 mL of CGS foam at a gas-liquid
ratio of 2:1, maintaining an injection rate of 10 mL/min and a constant bottom water
pressure of 1 MPa to initiate well operations. Upon completion, discontinue the
constant bottom water pressure, introduce 550 mL of simulated formation water
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through the horizontal well at a rate of 10 mL/min for displacement, and conduct
production under a wellhead back pressure of 1 MPa.

3. Results and Discussion
3.1. Analysis of CGS Dispersion Properties
3.1.1. Dispersion Viscosity and Particle Size Distribution

A dispersion containing 2 wt% clay, 3 wt% graphite, and 0.5 wt% GD formula was
prepared with varying concentrations of lignosulfonate. The viscosity of the dispersion and
the D90 value of the particles were tracked, as depicted in Figure 3. As the concentration of
lignosulfonate increased, the D90 value of the particles decreased. The dispersion behavior
of both the graphite and clay particles was influenced by surfactants and lignosulfonate.
Initially, the surface of graphite particles is hydrophobic. Ultrasound treatment leads to
the removal of thinner layers from these particles, exposing a fresh surface that readily
absorbs surfactant molecules. This transition renders the graphite particles hydrophilic, yet
not sufficiently stable for dispersion in water [33,34]. Additionally, the introduction of clay
particles and lignosulfonate into the graphite dispersion alters the scenario. The mineral
crystals on the surface of clay can interact with water through hydrogen bonding, a process
referred to as hydration. This ensures the stability of clay particles in water after ultrasonic
dispersion and hydration, ultimately enhancing the stability of the graphite dispersion [35].
The adsorption of lignosulfonate molecules on the particle surface is mainly due to London
dispersion forces and hydrophobic forces, in addition to electrostatic forces. The addition of
lignosulfonate changes the surface properties of graphite particles and clay particles. This
results in an improvement in the dispersion of these solid particles [36]. Figure 3 illustrates
the reduction in the D90 particle value from 7.16 pm to 4.45 pm. Enhanced dispersion of
clay particles correlates with a decrease in the dispersion’s viscosity. However, the presence
of lignosulfonate can elevate the liquid’s viscosity. Consequently, when the lignosulfonate
concentration surpasses 0.1 wt%, the dispersion’s viscosity experiences an increase.
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Figure 3. Variation in Viscosity of CGS Dispersions and D90 Diameter of Particles with Lignosulfonate
Concentration.

3.1.2. Interfacial Dilational Viscoelasticity

Figure 4 illustrates the interfacial dilational viscoelasticity of CGS (2 wt% clay + 3 wt%
graphite + 0.1 wt% lignosulfonate + GD surfactant) dispersions alongside pure GD surfac-
tant solutions. A higher value indicates a more resilient liquid film capable of withstanding
external forces without rupture. Notably, when the surfactant concentration in the CGS dis-
persion reaches 0.3 wt%, the dilational viscoelasticity value approaches the peak exhibited
by the GD solution. The liquid film strength of the CGS dispersion surpasses that of the GD
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solution. This observation can possibly be attributed to the formation of a certain skeletal
structure by the particles within the liquid or due to adsorption phenomena occurring
between the particles and the surfactant at the gas-liquid interface.

16

14 —a— CGS
—o— Pure GD

12

10

Dilational viscoelasticity (mPa-s)
(=]
T

0 " 1 " 1 L 1 L 1 L 1
0.0 0.2 0.4 0.6 0.8 1.0

Concentration of GD (wt%)

Figure 4. Variation in Interfacial Dilational Viscoelasticity of GD Surfactant Solutions and CGS
Dispersions with GD Surfactant Concentration.

As the concentration of the GD surfactant increases, alterations in the adsorption
quantity of the surfactant onto particles and interfaces come into play. On the one hand,
surfactant adsorption at the gas-liquid interface boosts the expansion viscoelastic modulus,
a phenomenon corroborated by the curve exhibited by the pure GD surfactant. On the
other hand, changes in adsorption levels influence the particles” hydrophilicity and hy-
drophobicity, subsequently affecting their adsorption onto the gas-liquid interface [34]. The
culmination of this effect was observed when the concentration of GD surfactant reached
0.53 wt%, leading to the maximal liquid film strength within the CGS dispersion. It is
pertinent to note that the influence of surfactants on fortifying liquid film strength does not
diminish over time.

3.2. Stability of Foam

The CGS foam was formulated by combining 3 wt.% graphite, 2 wt.% clay, 0.53 wt%
GD surfactant, and 0.1 wt% lignosulfonate. The GD foam, on the other hand, featured a
surfactant concentration of 0.53%. Moving to Figure 5, it portrays the correlation between
half-life and temperature for both the CGS foam and GD foam. At room temperature,
the half-life of CGS three-phase foam extends to 98.63 min, an approximately sixfold
increase compared with the half-life of pure surfactant foam. This enhancement can be
attributed to the formation of a particle-based framework within the liquid film of CGS. The
adsorption of particles onto the gas-liquid interface bolsters the strength of the liquid film.
By introducing particles, the diffusion of gas from smaller to larger bubbles is hindered,
largely due to the Prandtl boundary [27,36].

Following an increase in temperature, the half-life of both foams exhibited a noticeable
reduction. This phenomenon arose from two key factors. Firstly, elevated temperatures
lead to heightened molecular thermal motion, thereby accelerating the coalescence of gas
and thinning of the liquid film. Secondly, the quantity of surfactant adsorbed onto the gas—
liquid interface decreases at higher temperatures, subsequently diminishing the stability
of the liquid film [32]. However, despite this general trend, the half-life of CGS foam
remains 11.6 times longer than that of pure surfactant foam. Remarkably, the influence of
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particle addition on foam stability becomes even more pronounced under high-temperature
conditions.
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Figure 5. Half-Life of CGS Foam and GD Foam at Different Temperatures.

3.3. Performance of Foam in Porous Media
3.3.1. Applicable Range of Permeability

To assess the blocking performance of CGS foam in reservoirs with varying permeabil-
ities and to understand the foam migration behavior within these reservoirs, a series of five
sand-packing pipe experiments were conducted. The CGS foam composition consisted of
3 wt% graphite, 2 wt% clay, 0.53 wt% surfactant, and 0.1 wt% lignosulfonate. As depicted
in Figure 6a,b, when the permeability remained under 1200 mD, there was a substantial
injection pressure disparity within the sand-packing pipe, primarily concentrated towards
the front. Injected particles tended to accumulate at the entrance of the sand-packing
pipe, hindering deeper migration into the formation. Notably, in the fluid produced from
these two experimental groups, particle concentration was merely 1.2% and 7.9% of the
injected liquid concentration, with nearly all particles remaining within the initial sixth of
the filling tube. As permeability increased to 2097 mD, particle aggregation improved, and
the pressure difference between the middle, rear, and front sections decreased. During sub-
sequent water flooding, the surfactant was gradually washed away. Nevertheless, the front
particles exhibited gradual migration towards the deeper formation. Consequently, while
the pressure disparity in the frontal segment declined rapidly, the middle and rear portions
of the sand-packing pipe maintained an effective blocking effect. This suggests that the
residual drag effect in the sand pack, with particles added, surpasses that of pure surfactant
foam. The optimal formation permeability for CGS foam is approximately 3442 mD. The
pressure data illustrated in Figure 6d demonstrate that CGS foam exhibits a relatively even
distribution throughout the sand pack. When the injected fluid was switched to water, the
weakening of the foam’s Jamin effect occurred due to surfactant washout. Nevertheless, the
bridging effect of the particles remained largely intact. Each segment of the sand-filling pipe
sustained a relatively high pressure level. In Figure 6f, it becomes evident that although
CGS foam within high-permeability formations (7381 mD) can achieve effective plugging
throughout the sand-packing pipe, the discontinuation of new CGS foam injection results
in the continuous flushing of foaming fluid and particles by the fluid. Consequently, the
particles fail to maintain a stable blocking effect within the formation. This observation
underscores the need to consider a three-phase foam system with larger particle sizes for
high-permeability formations.
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3.3.2. Comparison of Sealing Ability

Figure 6d,f,g elucidate the distinct formation plugging outcomes exhibited by dif-
ferent systems within a reservoir characterized by a permeability of (3400 &= 10%) mD.
Notably, the plugging efficiency of CGS foam surpasses that of pure surfactant foam at
equivalent concentrations. The plugging pressure associated with CGS foam demonstrates
an impressive 3.2-fold increase compared with that of pure surfactant foam. Furthermore,
a distinct absence of noticeable accumulation effects is observed in the frontal section of
the sand-packing pipe. Comparing CGS foam with graphite clay particles, it is evident
that graphite clay particles exhibit significant accumulation in the frontal section, leading
to poor injectability. This issue primarily stems from the absence of surfactant and ligno-
sulfonate, resulting in diminished particle dispersibility and an increased tendency for
agglomeration. Consequently, the plugging material struggles to effectively penetrate into
the core region.

3.3.3. Temperature Resistance

Figure 6d,fh,i demonstrate the temperature-resistance characteristics of CGS foam
and pure surfactant foam. Notably, the decrease in resistance factor for CGS foam at 120 °C
is significantly less pronounced compared with that for GD foam. This indicates that the
stability of CGS foam surpasses that of GD foam, and the plugging effect of particles within
the foam on larger pores remains unaffected by temperature fluctuations.

3.4. Analysis of Production Parameters

Figure 7 displays the oil production rate for the initial four cycles of pure steam huff
and puff. In the context of conventional steam soaking, the oil production rate experiences a
rapid decline as the steam soaking cycle extends, leading to a substantial reduction in total
oil production per cycle. The maximum oil production rate for standard steam stimulation
decreases by 71.2%. The oil production volumes for the first four cycles are as follows:
133 mL, 116.2 mL, 87 mL, and 31.9 mL, respectively. The gradual decrease in crude oil
production over the first three cycles can be attributed to the continual reduction in the
saturation of remaining crude oil near the wellbore. Moreover, the expansion of the steam
heating radius plays a role. However, by the fourth cycle, the steam field’s heating radius
approaches its limit, and the extractable crude oil within the affected area has already been
recovered in the initial three cycles. Consequently, crude oil output in this cycle experiences
a substantial decline. In fact, the crude oil recovery rate in the fourth cycle is a mere 23.9%
of the first cycle’s output and only 36.7% of the output observed in the third cycle.

Figure 8 illustrates the water content of the produced liquid for each cycle. The
increase in water content during the first three throughput cycles exhibits a comparable
trend. However, in the fourth cycle, there is a notable deviation. The initial water content
value for the fourth cycle reaches 36%, and by the 12th minute, the water content surpasses
80%, remaining consistently high thereafter. This observation can be attributed to the rapid
production of steam injected during the fourth cycle. The steam preferentially follows
high-permeability pathways during the extraction process, leading to an elevated water
content in the produced liquid.

Figure 9 illustrates the oil recovery trend for pure steam stimulation, revealing a rapid
decline in oil production during the third and fourth cycles. Turning to Figure 10, the
oil production curve for steam huff and puff combined with foam is presented. Here,
it is apparent that the performance of pure GD foam does not match up to that of CGS
foam. Figure 11 provides a comparative overview of oil production across each cycle. The
incorporation of foam notably enhances crude oil recovery within a single cycle. This
enhancement is attributed to the expanded steam heating area, which curtails the rapid
production of high-temperature water through high-permeability channels during the
recovery process. Notably, the efficacy of pure GD foam diminishes with increasing puff
cycles. Throughout the seventh and eighth steam stimulation cycles, the addition of CGS
foam enhances the recovery factor during the recovery process. Despite a consistent volume
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of injected foam, the steam’s reach is not significantly expanded, but the oil recovery impact
is greater. These observations underscore the considerably improved capacity of enhanced
foam to obstruct high-permeability channels, a consequence of enhanced foam stability
and its resistance to rupture. Furthermore, particle deposition within the porous medium
contributes to a robust plugging effect.
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Figure 7. The oil production rate (a) and oil production (b) in the four cycles of pure steam stimulation.
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3.5. Foam Enhances Formation Energy

As the number of steam huff and puff cycles increases, a greater number of high-
permeability channels emerge near the wellbore, resulting in a rapid decrease in flow
resistance during the recovery process. This trend is depicted in Figure 12, where the
maximum flow resistance decreases from 1.95 MPa to 0.82 MPa after the initial cycle.
Following the fifth round of foam-assisted steam stimulation, the flow resistance increases
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once again, indicating the effective plugging of large pores within the simulated subsurface
during recovery. In the seventh cycle, the injection of CGS foam reverses the declining
trend in oil recovery observed during the sixth cycle, concurrently establishing a new level
of flow resistance. Notably, the injection of foam induces the retrograde movement of
maximum resistance. This reversal is more pronounced in the seventh cycle than in the
fifth cycle. The formation thus accumulates more energy, gradually releasing it over time.
This phenomenon is advantageous for extending the production duration.
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Figure 12. Pressure curve for each cycle.

3.6. Flow Characteristics

The images following each injection cycle are displayed in Figure 13. In the initial
four cycles of pure steam stimulation (Figure 13a—d), the color in the vicinity of the well
gradually lightened. Upon the introduction of foam during the fifth (Figure 13e) and sixth
(Figure 13f) cycles, the efficiency of crude oil extraction from the core improved. However,
it is worth noting that the permeability of the water phase near the well also increased
rapidly during this phase. The stability duration of GD foam in the simulated reservoir was
shorter compared with that of CGS foam. GD foam could not maintain a stable presence in
the porous medium for an extended period. Subsequently, during the seventh (Figure 13g)
and eighth (Figure 13h) cycles of cyclic steam stimulation, CGS foam was introduced into
the simulated reservoir. In the seventh cycle, the CGS foam flowed along pre-existing
high-permeability channels, while in the eighth cycle, it penetrated areas that had not been
obstructed in the seventh cycle.

Figure 14 illustrates the state at the conclusion of each steam stimulation cycle. After
the initial four cycles of pure steam stimulation (Figure 14a—d), the waterline at the model’s
bottom gradually rose, and the central region became lighter in color. The presence of GD
foam during the fifth (Figure 14e) and sixth (Figure 14f) cycles effectively prevented water
from migrating along the central area towards the production well. As a result, both sides
of the model became lighter in color. In the images, only a small amount of foam is visible
in this area. This is because some of the foam was extracted during the production process,
and the remaining foam within the formation dissipated. In the photos of the seventh and
eighth cycles, a substantial number of particles and foam residue can be observed within
the formation at the conclusion of the recovery process. This phenomenon occurred in
areas where CGS foam had flowed during the injection process. This observation confirms
that CGS foam is more stable and effective compared with GD foam. The images from
the seventh (Figure 14g) cycle reveal a decrease in the crude oil content within the high-
permeability channels on both sides of the model. The foam introduced during the eighth
(Figure 14h) cycle infiltrated the high-permeability channel formed in the seventh cycle,
and other areas with a high saturation of remaining oil in the model further developed.
This demonstrates that CGS foam consistently and autonomously selects high-permeability
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channels, residing in these areas for extended plugging. Consequently, more water flows
through regions with higher remaining oil contents, validating that foam plugging is a

more intelligent method.
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Figure 13. Photos at the end of each injection stage in each cycle: (a) first cycle steam injection,

(b) second cycle steam injection, (c) third cycle steam injection, (d) fourth cycle steam injection,
(e) first cycle GD-foam-assisted steam injection, (f) second cycle GD-foam-assisted steam injection,
() first cycle CGS-foam-assisted steam injection, (h) second cycle CGS-foam-assisted steam injection.
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Figure 14. Photos at the end of the extraction stage in each cycle: (a) first cycle steam injection,
(b) second cycle steam injection, (c) third cycle steam injection, (d) fourth cycle steam injection,
(e) first cycle GD-foam-assisted steam injection, (f) second cycle GD-foam-assisted steam injection,
(g) first cycle CGS-foam-assisted steam injection, (h) second cycle CGS-foam-assisted steam injection.

3.7. Changes in Temperature Field

The radius of the area heated by steam is an important parameter to measure the
effectiveness of steam stimulation and predicting crude oil production. The area of the
steam chamber in the first to third cycles continued to increase with the number of cycles,
and the scanning ratio increased from 13.4% to 24.6%, but the area in the fourth cycle was
only 26.1%. The area of the steam chamber hardly continued to expand. The injection of
foam reduced the core temperature of the steam chamber. The average temperature of the
steam chamber in the fourth cycle was 241.2 °C, and the value in the fifth cycle decreased
to 203.4 °C. But, the area affected by steam increased from 26.1% to 35.6%. It can be seen
from Figure 15 that after four cycles of steam huff and puff, the saturation of the crude oil
in the middle area of the steam chamber decreased significantly. The decrease in the core
temperature of the steam chamber had little effect on the weakening of the oil displacement
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efficiency, but the expansion of the area of the steam chamber had a greater increase in oil
recovery efficiency.

Figure 15. Temperature field at the end of each injection cycle: (a) first cycle steam injection, (b) second
cycle steam injection, (c) third cycle steam injection, (d) fourth cycle steam injection, (e) first cycle
GD-foam-assisted steam injection, (f) second cycle GD-foam-assisted steam injection, (g) first cycle
CGS-foam-assisted steam injection, (h) second cycle CGS-foam-assisted steam injection.

4. Conclusions

(1) The comparison between CGS foam and GD foam shows that the stability of foam is
increased by six times by particles and the temperature resistance of the foam is also
improved.

(2) CGS foam is suitable for formations with a permeability of 3000 mD, and the plugging
performance of CGS foam in sand-packed pipes is stronger than that of pure GD foam.
CGS foam is easier to be injected into formation than graphite clay particles.

(38) The area swept by the injected steam mainly increased in the first four rounds during
steam stimulation. After the injection of GD foam, the swept area of steam increased
from 26.1% to 35.6%.

(4) The particles in CGS foam can persist in the high-permeability channel in the forma-
tion. CGS foam is better than GD foam at changing the trend of crude oil production
decline with the increase in huff and pulff cycle.
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