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Abstract: Fractured-vuggy carbonate reservoirs are tectonically complex; their reservoirs are domi-
nated by holes and fractures, which are extremely nonhomogeneous and are difficultly exploited.
Conventional water injection can lead to water flooding, and the recovery effect is poor. This paper
takes the injection of foam and solid particles to control bottom water as the research direction. Firstly,
the rheological properties of foam were studied under different foam qualities and the presence of
particles. The ability of foam to carry particles was tested. By designing a microcosmic model of
a fractured-vuggy reservoir, we investigated the remaining oil types and the distribution caused
by bottom water. Additionally, we analyzed the mechanisms of remaining oil mobilization and
bottom water plugging during foam flooding and foam–particle co-injection. The experimental
results showed that foam was a typical power-law fluid. Foam with a quality of 80% had good
stability and apparent viscosity. During foam flooding, foam floated at the top of the dissolution
cavities, effectively driving attic oil. Additionally, the gas cap is released when the foam collapses,
which can provide pressure energy to supplement the energy of the reservoir. Collaborative injection
of foam and solid particles into the reservoir possessed several advantages. On one hand, it inherited
the benefits of foam flooding. On the other hand, the foam transported particles deep into the
reservoir. Under the influence of gravity, particles settled and accumulated in the fractures or cavities,
forming bridge plugs at the connection points, effectively controlling bottom water channeling. The
co-injection of foam and solid particles holds significant potential for applications.

Keywords: fractured-vuggy reservoir; plugging; polymer foam; particle; flow characteristic

1. Introduction

Oil is an important strategic resource [1]. In recent years, the development of large
fractured-vuggy carbonate reservoirs in Northwest China has attracted significant attention
from both industry professionals and scholars [2–4]. Fractured-vuggy carbonate reser-
voirs are primarily characterized by caves, which exhibit poor connectivity and complex
oil–water distribution and are highly heterogeneous. Large-scale erosional cavities within
these reservoirs are typically discrete and isolated. Some fractures are individual large
fractures, while others form localized complex fracture networks [5]. In fractured-vuggy
carbonate reservoirs, fluid flow occurs in a complex manner involving a coupled flow
of seepage, conduit flow, and free flow. Consequently, traditional development mecha-
nisms, characteristics, and models are no longer directly applicable to seam hole reservoirs,
which are used for clastic reservoirs, fracture-pore carbonate reservoirs, and pore-type
carbonate reservoirs.

As early as 1984, Hearn introduced the concept of “fracture-cavity units” based on his
geological understanding of clastic rock lithological units and clastic rock flow units [6].
In accordance with this concept, it is possible to reasonably delineate the storage space
of fractured-vuggy reservoirs. Scholars provided detailed descriptions of three types of
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reservoirs: vuggy reservoirs, fractured reservoirs, and fractured-vuggy reservoirs [7,8]. Var-
ious development methods have been employed for fractured-vuggy reservoirs, including
early natural water drive development, single-well waterflood swallowing, and unit water
injection development [9,10]. Water injection tends to advance along the high-permeability
zones, forming cones. As the injected water volume increases, the sweep efficiency of water
injection gradually diminishes, and a substantial amount of remaining oil still presents
in the vicinity of the top of the field and in low-permeability areas. Gas injection can
effectively control the rise of the oil–water interface and enhance the development effi-
ciency of fractured-vuggy systems [11,12]. However, in the application of gas injection, the
strong heterogeneity, viscous fingering, and gravitational segregation can lead to the rapid
formation of preferential pathways for gas breakthrough in the high-permeability zones at
the top of the reservoir, resulting in gas channeling. This will decrease the efficiency of gas
utilization [13,14] and, consequently, result in less-than-ideal oil recovery.

At present, the channeling sealing system of fractured-vuggy reservoirs can be divided
into three types according to the type of plugging agent: high-temperature-resistant poly-
mer gel systems, solid particle systems, and high-temperature foam profile control systems.
Foam systems consist of gas as the dispersed phase, exhibiting high apparent viscosity
and adjustable density. Foam can selectively plug high-permeability zones and control
the redirection of subsequent fluids from high-permeability to low-permeability areas to
expand the swept volume [15–17]. It is highly applicable to fractured-vuggy reservoirs with
strong heterogeneity. During foam injection, there is a significant pressure drop at both
ends of the core. Foam breakthrough time is relatively long, indicating that the fluid has
a higher viscosity, which is advantageous for enhanced oil recovery [18–20]. Experiments
with different sand bodies show that foam exhibits lower flowability in high-permeability
media and extends its influence over a wider range in low-permeability areas, effectively
blocking high-permeability channels and contributing to flow redirection [21,22]. Due to
the harsh conditions of high temperature and high salinity in fractured-vuggy reservoirs,
the effect of foam is greatly reduced. Experts and scholars overcame difficulties by optimiz-
ing foam formulas, for example, by using nanoparticles and silica to stabilize the foam, and
achieved certain results. However, for larger fractures, the plugging effect of pure foam is
limited, so they proposed the use of a solid particle system for plugging.

When solid particles enter the reservoir, they tend to prefer low-resistance pathways.
Influenced by density differences, they spontaneously rise or sink, thereby achieving
the control of water channeling through accumulation and bridging in low-resistance
channels. It is worth noting that cracks of different sizes must be sealed with particles
of appropriate size; Abrams et al. proposed the 1/3 bridging theory for sealing porous
formations [23]. Chinese scholars further developed the “1/3 bridging theory” and put for-
ward the “shielding temporary plugging theory”, which suggests that the bridge plugging
is most stable when the particles match with 1/3~2/3 of the average size of the reservoir
pores and fractures [24].

Granular plugging systems have advantages such as low cost, high plugging strength,
adjustable particle size, and the ability to maintain stable physical and chemical properties
under harsh reservoir conditions. Therefore, the characteristics of plugging channels in
high-temperature and high-salinity fractured-vuggy reservoirs have attracted the atten-
tion of many experts and scholars [25–27]. For commonly used media-carrying particles,
polymers are limited by formation conditions, the gelation time of the gel is uncontrollable,
and the composition of the gel changes easily when it makes contact with the reservoir. So,
the key to the blocking effect of particles deep in the reservoir is to select a suitable carrier
medium to transport the particles to the desired location. Studies have shown that under
physical or chemical bonding, inorganic particles can combine with organic substances.
Not only does this leverage the advantages of solid-phase particles with high-pressure
resistance, strength, and strong shear force resistance, but it also effectively improves the
ability of particles to pass through the formation under the influence of the reservoir. This
achieves the goal of “plugging high permeability areas and driving the low permeability
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areas” [28–31]. This provides an approach for the efficient development of fractured-vuggy
reservoirs: the simultaneous injection of foam and solid particles.

Therefore, in this paper, an attempt is made to use foam as a carrying and transport
medium for particles. During the synergistic co-injection of foam and particles, the particles
inhibit the diffusion of gas between bubbles by adsorbing on the surface of the film and
forming a particle barrier around the foam, thus inhibiting the diffusion of gas between
the bubbles. Rahmani [32] and Singh [33] found that nanoparticle-stabilized foams can
effectively control the flow rate in nonhomogeneous carbonatite reservoirs and models.
Jie et al. [34] and Eftekhari et al. [35] prepared particulate foams stabilized under high-
temperature and high-pressure conditions by processing microfine particles with an average
particle size of 100–200 nm using the grinding method with rice husk ash and fly ash.
These researches often focus on nanoscale particles, and these particles often only play
the role of foam stabilizers and basically do not have a role in plugging. Dong et al. [36]
selected quartz sand and ceramic grains with a particle size of 0.6–1.2 mm to fill the
gravel layer, and Zong Dai et al. [37] selected particles with different mesh sizes for filling
experiments in the fractured reservoir and achieved a good effect of controlling oil and
water. The plugging agent containing ceramic particles studied by Aiguo Hu et al. [38] had
excellent plugging performance for fractures. However, these works are often applied to
fracturing and leakage prevention work, and there are fewer studies on the application in
fractured-vuggy reservoirs.

Due to the fact that the permeability channels and oil storage spaces in fractured-
vuggy reservoirs are mainly concentrated in the fractures and cavities, it is not possible to
observe the displacement fluid’s migration rule and dynamic oil displacement processes in
the fractures using real or artificial rock cores; the key to studying the process in fractured-
vuggy reservoirs is the establishment of visual models [39,40]. Scholars have designed
and created numerous physical models for research purposes, and currently established
physical models can be classified into fracture unit models and fractured-vuggy network
models. Robin Singh and others suggest that in heterogeneous systems when the foam
flows, it does not always appear in a uniform “foam” phase [41]. During foam displace-
ment, the interaction of two different types of flow between low-permeability layers and
high-permeability layers is the key factor controlling the displacement process. Integrated
visual fractured-vuggy physical models with geometric similarity, motion similarity, dy-
namic similarity, and characteristic parameter similarity can intuitively demonstrate the
flow characteristics and distribution of bottom water, oil, foam, and particles during the
displacement. Furthermore, changes in injection rate, injection location, foam quality,
etc., can be studied to understand their impact on displacement efficiency [26,40,42,43].
At present, although numerous studies have been conducted on the mechanism of foam
recovery enhancement, research on the co-injection of foam and solid particles is mainly
focused on fracturing, and there are few studies applied to fractured-vuggy reservoirs.

There has been a significant amount of work on the study and propagation of foam in
fractures, and particles are widely used for foam stabilization and fracture support. Fewer
studies have dealt with the effect of particles above the micron scale on foam rheology and
the role of particles in controlling bottom water in fractured-vuggy reservoirs. This paper
conducts foam rheology experiments to study the variation of foam rheological parameters
with foam quality, clarifies the foam rheological model, and compares the differences in
foam consistency index and flow behavior index with or without solid particles. The
settling performance of the solid particles was tested to evaluate the ability of foam to
transport solid particles. Foam flow experiments in typical fractured-vuggy models were
designed to investigate the impact of bottom water drive and foam drive on oil–water
distribution, as well as the plugging effect of particle settling on bottom water channeling
when the foam and solid particles are co-injected. This is of significant importance for
preventing bottom water intrusion in fractured-vuggy reservoirs.



Processes 2024, 12, 447 4 of 17

2. Experimental Work
2.1. Materials

Deionized water was prepared by an ultrapure water preparation instrument (resis-
tivity up to 18.25 MΩ·cm). The temperature-resistant and salt-tolerant anionic–nonionic
surfactant YF-1 was supplied by Shengli Oilfield. N2 was produced by the Qingdao
Tianyuan Company (Qingdao, China) (gas purity: 99.9%). Polyacrylamide (MW = 5 million,
as a foam base solution, added at 2%) was provided by Macleans Biochemical Technol-
ogy Co., Shanghai, China. Sudan III dye and Brilliant Blue dye were used to observe
the oil–water, foam–water, and foam–oil interfaces; all dyes were provided by Macleans
Shanghai, China. The sand particles used had a particle size of 0.5–1 mm, a particle density
of 2431 kg·m−3, and were basically unbroken at 60 MPa. Kerosene and liquid paraffin (both
supplied by Macleans Biochemical Technology Co., Ltd.) were compounded to simulate
the oil in the ratio of 1:10 and dyed with Sudan III dye, and the viscosity–temperature
curves of the simulated oils are shown in Figure 1.
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justable speed range 0–15000 r·min−1) were also used. A VHX-6000 ultra-deep field 3D op-
tical microscope (Keyence Ltd., Osaka, Japan), with a maximum resolution of 100 nm, was 
used for observing the micromorphology of the foam. A high-precision pressure transmit-
ter (Keller Ltd., Winterthur, Swiĵerland; model SERIES 33X) with a maximum bearing 
pressure of 60 MPa, a maximum differential pressure of 3 MPa, and an accuracy of 0.01% 
FS was used. Other equipment included metal capillary lines (tube length 4.8 m, inner 
diameter 1 mm), check valves, pressure-reducing valves, and cameras. 
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2.2. Experimental Setup

An ISCO dual piston pump (, Teledyne Co., Ltd., Thousand Oaks, CA, USA; model
100DX) with a plunger volume of 106.00 mL, a maximum output flow rate of 50 mL·min−1,
and a flow accuracy of 0.0001 mL·min−1 was used. A gas flow meter (Bronkhorst, Ruurlo,
The Netherlands.) with a standard condition N2 maximum flow rate of 20 mL·min−1,
a maximum working pressure of 6.5 MPa, a maximum working differential pressure of
2 MPa, and an accuracy of ±1%FS was used. An Anton Paar rheometer (model MCR
302) and a high-speed mixer (Qingdao Haitongda Co., Ltd., Qingdao, China; model GJ-3S,
adjustable speed range 0–15000 r·min−1) were also used. A VHX-6000 ultra-deep field 3D
optical microscope (Keyence Ltd., Osaka, Japan), with a maximum resolution of 100 nm,
was used for observing the micromorphology of the foam. A high-precision pressure
transmitter (Keller Ltd., Winterthur, Switzerland; model SERIES 33X) with a maximum
bearing pressure of 60 MPa, a maximum differential pressure of 3 MPa, and an accuracy
of 0.01% FS was used. Other equipment included metal capillary lines (tube length 4.8 m,
inner diameter 1 mm), check valves, pressure-reducing valves, and cameras.

The main structure of the microscopic etched fractured-vuggy model consists of
two acrylic boards placed on top of each other in perfect alignment. The microfracture
structure model shown in Figure 2 can be obtained through 3D printing. The dimensions
of the fractured-vuggy model are 30 cm in length and width, with a volume of 120 mL. The
opening and depth of the fractures are 2 mm. There are two 6 mm diameter holes drilled at
the top and bottom, serving as the inlet and outlet points for fluids. A sand addition device
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controlled by a variable-speed rotor and a solid–liquid are used as mixing devices; once the
foam is generated within the pipeline, they will be used to thoroughly mix the foam and
solid particles in a specified proportion.

Processes 2024, 12, 447 5 of 18 
 

 

The main structure of the microscopic etched fractured-vuggy model consists of two 
acrylic boards placed on top of each other in perfect alignment. The microfracture struc-
ture model shown in Figure 2 can be obtained through 3D printing. The dimensions of the 
fractured-vuggy model are 30 cm in length and width, with a volume of 120 mL. The 
opening and depth of the fractures are 2 mm. There are two 6 mm diameter holes drilled 
at the top and boĴom, serving as the inlet and outlet points for fluids. A sand addition 
device controlled by a variable-speed rotor and a solid–liquid are used as mixing devices; 
once the foam is generated within the pipeline, they will be used to thoroughly mix the 
foam and solid particles in a specified proportion. 

 
Figure 2. Schematic diagram of flow process during displacement. 

2.3. Foam Performance 
2.3.1. Rheological Property Testing of Foams 

The rheological properties of the foam were measured using the capillary method 
based on the Hagen–Poiseuille equation [44]. To maintain laminar flow within the tube, a 
low injection flow rate was adopted. In fact, the Reynolds number (Re) for all experiments 
was less than 300. The pressure difference between the two ends of the capillary was meas-
ured, and the Hagen–Poiseuille equation was applied to calculate the relevant parameter. 
The fundamental approach involved measuring the flow rate and pressure drop of the 
foam fluid by applying a consistent shear flow of the foam fluid in the test section of the 
tube. Shear stress was determined using Equation (1) (τw), and shear rate (γ) was calcu-
lated using Equation (2) (γ). Subsequently, the relationship curve between shear stress 
and shear rate was established. The slope of the fiĴed curve represents the consistency 
index (K), and the intercept is the flow behavior index (n). This analysis aimed to explore 
the rheological properties of the foam. 

𝜏௪ =
୼௣஽

ସ௅
, (1)

𝛾 =
଼௨೘

஽
, (2)

where Δp represents the pressure difference between the two ends of the capillary, (Pa). 
D is the diameter of the capillary in meters (m), L is the length of the capillary in meters 
(m), and 𝑢m is the average velocity of the fluid inside the capillary (m·s⁻1). 

The experimental procedure for studying the rheological modes of foam in fractures 
and exploring the influence of foam quality and temperature on foam rheological param-
eters is depicted in Figure 3. Initially, the airtightness of the entire setup was checked, and 
the temperature of the thermostat water tank was controlled and then preheated for 1 h. 
The gas and liquid injection rates were set according to the desired foam quality. The ISCO 
pump was activated to simultaneously pass nitrogen (N2) and the surfactant solution 
through the foam generator. Once the foam was stabilized at the outlet, the computer’s 

Figure 2. Schematic diagram of flow process during displacement.

2.3. Foam Performance
2.3.1. Rheological Property Testing of Foams

The rheological properties of the foam were measured using the capillary method
based on the Hagen–Poiseuille equation [44]. To maintain laminar flow within the tube,
a low injection flow rate was adopted. In fact, the Reynolds number (Re) for all experi-
ments was less than 300. The pressure difference between the two ends of the capillary
was measured, and the Hagen–Poiseuille equation was applied to calculate the relevant
parameter. The fundamental approach involved measuring the flow rate and pressure drop
of the foam fluid by applying a consistent shear flow of the foam fluid in the test section
of the tube. Shear stress was determined using Equation (1) (τw), and shear rate (γ) was
calculated using Equation (2) (γ). Subsequently, the relationship curve between shear stress
and shear rate was established. The slope of the fitted curve represents the consistency
index (K), and the intercept is the flow behavior index (n). This analysis aimed to explore
the rheological properties of the foam.

τw =
∆pD
4L

, (1)

γ =
8um

D
, (2)

where ∆p represents the pressure difference between the two ends of the capillary, (Pa). D
is the diameter of the capillary in meters (m), L is the length of the capillary in meters (m),
and um is the average velocity of the fluid inside the capillary (m·s−1).

The experimental procedure for studying the rheological modes of foam in fractures
and exploring the influence of foam quality and temperature on foam rheological param-
eters is depicted in Figure 3. Initially, the airtightness of the entire setup was checked,
and the temperature of the thermostat water tank was controlled and then preheated for
1 h. The gas and liquid injection rates were set according to the desired foam quality. The
ISCO pump was activated to simultaneously pass nitrogen (N2) and the surfactant solution
through the foam generator. Once the foam was stabilized at the outlet, the computer’s
pressure difference recording module was initiated. The experimental system was started.
The computer data acquisition system automatically recorded and saved the pressure dif-
ference at both ends of the experimental pipeline at regular intervals. After the experiment,
the circulation system and temperature control system were turned off. The pressure was
released by venting the experimental gas. Finally, the experimental equipment was cleaned
and organized.
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2.3.2. Experiments on Static Settling of Particles

The foaming agent solution was agitated using a magnetic stirrer, and N2 gas was
introduced into the foaming agent solution by regulating the flow rate through a pressure-
reducing valve, resulting in the generation of foams with varying foam qualities. Subse-
quently, 100 mL of the foam solution was promptly dispensed into a measuring cylinder.
The solid particles were placed above the foam solution’s surface. Simultaneously, a partic-
ular solid particle was selected, and the stopwatch was initiated to record the settling time
(t) of the ceramic particles, while the height of the liquid column (H) was measured. This
measurement process was repeated for more than 5 sets of data, and the average settling
time was calculated to obtain the settling velocity (ν). The settling velocity was calculated
according to Equation (3):

ν =
H
t

, (3)

where ν is the settling velocity of the ceramic particles, measured in centimeters per second
(cm·s−1). H represents the height of the fracturing fluid in the measuring cylinder, in
centimeters (cm). t is the settling time of the ceramic particles in the fracturing fluid,
measured in seconds (s).

Following the completion of each experiment, the apparatus was thoroughly cleaned
and dried to prepare for the subsequent set of experiments.

2.4. Experiments on Oil Displacement

The experimental flow of the foam system and particle migration rule in the fractured-
vuggy medium is shown in Figure 4. The 2D parallel plate was saturated with dyed
simulated crude oil. Firstly, the simulated bottom water invasion was injected at a rate of
10 mL·min−1 from the bottom-right injection end 2, with outlet 3 on the top left serving
as the production end. When severe water flooding occurred at production end 3, the
injection rate of the bottom water was reduced to 3 mL·min−1. At this point, the foam was
injected at a rate of 3 mL·min−1 at port 3 with the gas-to-liquid ratio set at 5:1. Outlet 4 at
the top right was used as the outlet. The entire experiment was recorded with a camera to
capture the dynamic changes in the oil–water foam. After the experiment was concluded,
the experimental model was cleaned.

Based on the completed assembly of the equipment, the research followed the steps
shown in Figure 5, which primarily included four processes: (1) foam rheological character-
istics, (2) foam–particle system evaluation, (3) oil displacement experiment, and (4) analysis
of the driving effect.
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3. Results and Discussion
3.1. Impact of Foam Quality on Foam Rheological Characteristics

Based on rheological studies of foam systems under different foam qualities, the
relationship between shear stress and shear rate for various foam qualities was determined.
Figure 6 displays the double-logarithmic curves between shear rate and shear stress,
calculated by varying the flow velocity of foam in the capillary tube. These curves represent
foam qualities of 40%, 60%, and 80%. It is evident that within a certain range, as the shear
rate increases, the shear stress continually rises. On double-logarithmic coordinates, the
shear stress exhibits linear growth with respect to shear rate, indicating that foam can be
modeled using the rheological behavior of a power-law fluid.

Investigating the rheological properties of foam systems under different foam quality
conditions, we conducted a study by fitting the relationship curve between shear stress
and shear rate at various foam qualities. The slope of the resulting straight line represents
the consistency index K, and the intercept represents the flow behavior index n, as shown
in Figure 7. Within the experimental range, the consistency index K gradually increases
as the foam quality increases, while the flow behavior index n decreases with increasing
foam quality. The trend of K is consistent with the trend of apparent viscosity, indicating
that bigger K values correspond to higher apparent viscosity of the foam system. This
is primarily because as foam quality increases, the flow of the foam system shifts from
an approximate gas–liquid two-phase flow to a more stable gas–liquid mixture. The gas
phase is dispersed more densely and uniformly in the liquid phase, enhancing the structural
properties of the foam, increasing the interactions between liquid films, and leading to
an increase in apparent viscosity and consistency index. The flow behavior index (n) is
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less than 1 and decreases with increasing foam quality, indicating that within a certain
range, the non-Newtonian behavior of the fluid becomes more pronounced with increasing
foam quality.
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Different foam qualities exhibit significant variations in foam morphology. Analysis of
the microscopic morphology of foam in Figure 7 reveals that at a foam quality of 40%, the
bubbles appear as small spheres with significant size disparities, uneven distribution, and
liquid-filled interstitial spaces between bubbles. The liquid film is thick, resulting in stable
foam. At a foam quality of 60%, the liquid film becomes thinner, and the bubble diameters
generally increase. The bubbles take on a more regular shape, have a uniform distribution,
and are closely packed. As foam quality further increases to 80%, the bubbles come into
close contact, experiencing deformation and significant mutual interactions. The bubbles
assume a polyhedral shape, and the plateau border can be clearly observed. The foam
quality is related to the stability and attenuation of the foam. With increasing foam quality,
bubble diameters continue to grow, the number of bubbles decreases, and coarsening effects
become evident. However, bubble size and distribution become more uniform and tend
towards a stable distribution. The collapse speed of large-sized foam is generally faster
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than that of small-sized foam; that is, the increase in foam size will accelerate the decay
behavior of the foam [45].

The plateau boundary is the film structure between bubbles, and its formation and
properties also affect the stability, rheology, and mass transfer characteristics of foam. Under
low foam quality, the plateau boundary presents an irregular shape and complex structure,
while under high foam quality, the plateau boundary is more flat and the structure is more
orderly. In addition, the change in foam quality will also affect the surface morphology and
flow behavior of the plateau boundary, thus affecting the stability and transmission perfor-
mance of the foam. Additionally, higher foam quality results in drier foam, thinner liquid
film, and greater susceptibility to gas breakthrough and escape through the liquid film.
This leads to the formation of a gas–liquid two-phase system in the reservoir, facilitating
the upward mobilization of the remaining oil in the upper section of the reservoir [40,46].

3.2. Effect of Particles on Foam Properties
3.2.1. Effect of Particles on the Rheological Properties of Foams

When the solid particle content is low (<15%), it exhibits uniform dispersion within
the foam system, leading to a gradual settling process with slow settling velocity. However,
as the solid particle content surpasses 15%, the density of particles increases. Then, the
“particle agglomeration” effect appears. Under the influence of gravity, these particles tend
to aggregate and experience significant settling.

The rheological properties of the system were further examined by introducing solid
particles at concentrations of 5%, 15%, and 30% into the 60% foam-quality system. As
depicted in Figure 8, with an increase in solid particle content, the consistency index
enlarges, and the flow index decreases. An increase in solid particle content makes a denser
distribution of solid particles within the foam system, intensifying the interactions between
foam bubbles. As a result, the overall system viscosity increases, and along with it, the
consistency index is also larger. Ultimately, the non-Newtonian properties of polymer
fluids are enhanced [47–49]. When the particles are not added (the particle content is 0),
the system consistency coefficient is about 2.9. After the particles are added, the particles
are adsorbed on the liquid film, which improves the apparent viscosity of the foam and is
conducive to the stability of the foam.
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3.2.2. Static Particle Settling Experiments in Foam System

Based on the results of the aforementioned rheological experiments, it can be observed
that foams with a foam quality between 60% and 80% exhibit higher consistency and can
serve as a carrier medium for particle transport. Nevertheless, in the context of foam as
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a carrier medium, the particle distribution and settling velocity in static settling experiments
remain critical factors to consider in terms of foam viscosity and carrying capacity.

As shown in Figure 9, the settling velocity of particles decreases as the foam quality
increases, with settling velocity ranging between 0.08 and 0.11 cm·s−1, indicating that the
foam has good particle-carrying capabilities [50]. After mixing the foam with particles, the
stability of the foam significantly improves. As demonstrated in Figure 10, almost no liquid
separation is observed in the foam, and particle settling is minimal after 0.5 h of mixing,
highlighting the foam’s effective ability to carry particles [51,52].
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3.3. Study on the Displacement Effect of Different Fluids in Fractured-Vuggy Reservoirs
3.3.1. Water Driving

Due to the significant energy of bottom water in fractured-vuggy reservoirs, t, the
initial stage of the oil–water two-phase flow process, is depicted in Figure 11. In Figure 11a,
we can observe that when water enters the cavern, it first disperses in the form of water
droplets within the vuggy due to the interfacial tension between oil and water. With
the influence of energy supply during the bottom water invasion process and gravity
differentiation, the small water droplets in the vuggy start to aggregate and form larger
water droplets, ultimately resulting in the formation of a stable oil–water interface within
the vuggy. The aggregation process is illustrated in Figure 12a. The red-blue segmented
line in Figure 11b represents the stable oil–water interface formed in the fractured-vuggy
model after the completion of bottom water displacement. In the process of water injection
development, the crude oil recovery rate increases significantly at the beginning, and then
the growth rate gradually slows down until the crude oil recovery becomes relatively stable.
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At this time, the bottom water forms a channeling in the fractures, and the water content at
the output end increases sharply, no longer producing crude oil. There is a large amount of
remaining oil concentrated in the blind end area that cannot be reached by the bottom water
in the model. In addition, after the model is saturated with oil, it tends to not be lipophilic
internally, and there is also a large amount of oil film remaining on the crack wall. In real
reservoirs, the accumulation of remaining oil is distributed in intergranular pores [53,54].
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Figure 12. Schematic diagram of flow process during bottom water displacement (a) and schematic
diagram of injection process of foam-carried particles (b).

Figure 13 illustrates the entire process of bottom water breakthrough. Bottom water
is injected through connection port 2 and first enters the cave connected to port 2. When
the bottom water level in the cave reaches the height of the fracture, the bottom water
enters the fracture. Bottom water also has selectivity towards fractures, often depending on
the fracture opening, fracture height, and fracture wall roughness. The density difference
between oil and water is also the main reason for the difference in the fluidity of oil and
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water during transportation. In this section, as shown in Figure 13a,b, the liquid level
within fracture (i) gradually rises. When the oil–water interface within the left cavity
exceeds the entrance of fracture (iv), gravity comes into play, causing the water to transport
towards the lower-right cavern.

Processes 2024, 12, 447 12 of 18 
 

 

 
Figure 12. Schematic diagram of flow process during boĴom water displacement (a) and schematic 
diagram of injection process of foam-carried particles (b). 

Figure 13 illustrates the entire process of boĴom water breakthrough. BoĴom water 
is injected through connection port 2 and first enters the cave connected to port 2. When 
the boĴom water level in the cave reaches the height of the fracture, the boĴom water 
enters the fracture. BoĴom water also has selectivity towards fractures, often depending 
on the fracture opening, fracture height, and fracture wall roughness. The density differ-
ence between oil and water is also the main reason for the difference in the fluidity of oil 
and water during transportation. In this section, as shown in Figure 13a,b, the liquid level 
within fracture (i) gradually rises. When the oil–water interface within the left cavity ex-
ceeds the entrance of fracture (iv), gravity comes into play, causing the water to transport 
towards the lower-right cavern. 

 
Figure 13. Oil–water distribution during boĴom water flooding (red for crude oil, blue for boĴom 
water, ports 1 and 4 closed, port 2 as boĴom water injection, and port 3 as output). Displacement 
time: (a) 2 min, (b) 3 min, (c) 7.5 min. 

When the water drive production rate reaches above 98%, the water drive concludes, 
and the oil–water interface is illustrated in Figure 13c. At this point, the remaining oil in 
the fractured-vuggy reservoir can be mainly categorized into the following types: 

Figure 13. Oil–water distribution during bottom water flooding (red for crude oil, blue for bottom
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When the water drive production rate reaches above 98%, the water drive concludes,
and the oil–water interface is illustrated in Figure 13c. At this point, the remaining oil in
the fractured-vuggy reservoir can be mainly categorized into the following types:

Cave top remaining oil (Zone I in Figure 13c). This is the original oil that remains
trapped at the top of the vuggy after water flooding, as illustrated in Figure 13c(I). The
volume of cave top remaining oil is proportional to the Jamin effect of the injected water at
the pore throat. The stronger the Jamin effect, the greater the flow resistance at the pore
throat. Water flows along the relatively low flow resistance pathways, which affects some
of the crude oil present at the top of the caves.

Sealed oil (Zone II in Figure 13c). This oil is located in fracture (iv). In the fractures,
due to ruptures occurring as the water enters the cavities, a small amount of oil experiences
a retrograde flow, and this retrograde oil in the region is referred to as sealed oil. Properly
increasing the injection rate of water flooding can reduce the amount of sealed oil.

Attic oil. As shown in Figure 13c(III), attic oil is formed in the upper part of the
vuggy reservoir, where the cavities are not impacted, due to the difference in oil–water
density. It represents a substantial volume and is the primary form of remaining oil in
fractured-vuggy reservoirs.

Bypassed oil. As shown in Figure 13c(IV), this is the remaining oil formed as bottom
water flows in the direction of the lowest flow resistance. It is mainly located near the cavity
outlet and the inlet of the fracture.

Oil films. As shown in Figure 13c(V), the presence of interface tension leads to
the formation of oil films at the oil–water interface and on the cavity walls in fractured-
vuggy reservoirs [4,40,55,56].

3.3.2. Foam Flooding

When the bottom water drive extends to 7.5 min, the injection volume reaches 0.625 PV
(pore volume). The bottom water, injected from end 2, reaches the output end 3. This
results in a sudden surge of water production from well location 3, leading to a violent
water flooding event. During this period, the water content increases rapidly, causing
a significant drop in the recovery efficiency. Concurrently, the energy of the bottom water
also decreases.
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In response to this development, an adjustment was made to the bottom water energy.
The injection velocity for bottom water was set to 3 mL·min−1, and a similar injection
velocity of 3 mL·min−1 was employed for the foam. The injection volume of the foam is
30 mL (0.25 PV). The foam, consisting of a gas–liquid two-phase system, has a density
that falls between that of water and gas. This can be observed in Figure 12b. So, the foam
could displace the remaining oil located above the oil–water interface. The foam is injected
at port 3. Since the injection end has a certain pressure, the bottom water flows to outlet
4 through cracks ii and iii.

Foam is more likely to form a blockage in smaller pore throats and flow channels due
to the Jarman effect that creates greater resistance to flow. The large opening of the fracture,
as can be seen in Figure 14a, shows that the injected water is still flowing along the original
channel. The blue arrows in Figure 14b show the direction of the water flow. The foam
floats on the top of the cavern because of gravitational differentiation. Some of the attic oil
is displaced. At the same time, the injected foam bursting production releases the gas cap
to generate a certain pressure energy. It can effectively make the sealing oil flow into the
fracture. The surfactant produced during the drainage process can be effective in reducing
the interfacial tension so that the oil film breaks into fine oil droplets, which are stripped
from the wall and transported with the flow field [17,57].
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Figure 14. Analysis of transporting law of plugging agent in the fractured-vuggy reservoir (red for
crude oil, blue for bottom water, port 1 closed, port 2 as bottom water injection, port 3 as foam or
foam–particle injection, and port 4 as output). The injection mode: (a) foam, (b) foam–particles.

3.3.3. Co-Injection of Foam and Particles

Figure 14b shows the extraction effect of the water drive process when the foam
and particles are co-injected. The injection end 3 injected 30 mL (0.25 PV) of foam and
10% volume fraction of particles at a rate of 3 mL·min−1. Under the influence of gravity
and the precipitation of surface activators, the solid particles gradually separate from the
foam system and descend slowly. As these particles settle, they will form a stable block
at the bottom of the cavern and the entrance of the fracture; they create a plugging that
inhibits the channeling of bottom water. The area marked with a red circle in Figure 12
represents the accumulation of particles.

When bottom water is injected from end 2, it initially flows along cracks ii and iii.
When the solid particles settle and accumulate, as depicted in Figure 12b. This altered water
flow direction partially suppresses the rapid channeling of bottom water. Compared to the
injection of foam alone, the combined injection of foam and particles not only mobilizes the
oil film, sealed oil, and attic oil in the upper-left portion of the model but also affects the
attic oil in the middle and upper-right sections, as well as the remaining oil at the top of the
cavern in the lower-right corner. This mobilization is achieved through the dual effects of
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gas pressure energy and injected water. Additionally, the sinking of particles effectively
seals the larger fracture, adjusts the direction of bottom water flow, and inhibits bottom
water channels. In addition, we can observe in Figure 14 that some particles sink into the
bottom cave through the fractures, and the filling of particles into the cave can make up for
the poor sealing effect of pure foam in large-scale caves. The model serves to characterize
the mechanism by which foam-carrying particles effectively plug bottom water [58,59].

Figure 15 presents the cumulative oil recovery under different displacement methods.
During the whole experiment, the cumulative oil recovery by bottom water flooding is
57.31%. After the bottom water displacement, the model was replaced by foam. The
foam could effectively drive the remaining oil in the model, and the final recovery factor
increased by 21.76%. It is worth noting that in the late period of foam injection, the contact
with bottom water weakened the stability of the foam, and the increase in oil recovery
gradually decreased. For larger-scale cavities and fractures, the plugging capacity of the
foam is relatively weak. However, by co-injecting foam with particles, the recovery can be
further enhanced. On one hand, the presence of particles increases the apparent viscosity
of the foam, enhancing its stability. On the other hand, during flow, the particles settle and
accumulate at the intersections of fractures, effectively inhibiting bottom water flooding
and reducing the contact between bottom water and foam, which also contributes to foam
stability. The ultimate oil recovery of the reservoir is 88.55%, which is 9.48% higher than
that of foam driving.
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4. Conclusions

In this paper, the mixed system of foam and particles was used to conduct bottom water
control experiments in fractured-vuggy reservoirs. Through the analysis of consistency
index K and flow index n, the effect of foam quality on the rheological properties of foam
was evaluated. Further, the synergetic effect of particles and foam and the plugging of
particles on large-scale fractures and caverns were discussed. The following conclusions
are drawn:

(1) Foam is a typical power-law fluid. With the increase in foam quality, the structure
of the foam is enhanced and the consistency index K gradually increases, before gradually
decreasing. The foam has good stability and consistency in the range of 60% to 80% for the
flow index n of the foam quality, as seen through rheological performance testing. The test
of the settling performance of the particles was carried out, and the results confirmed that
the foam system is suitable for carrying solid particle plugging agents.

(2) There is a big difference in the morphology of the foam with different foam quality.
When the foam quality increases to 80%, the bubble diameter increases and the number of
bubbles decreases, and the coarsening effect is obvious. At the same time, the foam dryness
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becomes larger, the liquid film becomes thinner, and the gas can easily break through the
liquid film to float upward, driving the remaining oil to the top of the reservoir.

(3) As a plugging agent, particles can play a synergistic role with foam, strengthening
bottom water control in fractured-vuggy reservoirs, plugging large opening fractures, and
aiding bottom water channeling. The foam and particle co-injection increased the recovery
by 9.48% on the basis of foam driving, and the final cumulative recovery was up to 88.55%.

The research results provide a reference for improving oil recovery and controlling
bottom water channeling in fractured-vuggy reservoirs. However, it is still necessary to fur-
ther study the synergistic production increase process using the foam–particle combination
under high-temperature and high-pressure conditions.
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