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Abstract: Nanofluid flooding is a novel technology with
potential for enhanced oil recovery. In this study, a biolo-
gical nanocomposite system was formed by mixing hex-
amethyldisilazane-modified hydrophobic nano-SiO2 with a
biosurfactant produced by Bacillus. The stability of the system,
its influence on rock wettability, and fluid interfacial tension
were investigated experimentally. Numerical simulation
methods were employed to simulate the displacement effi-
ciency of the biological nanocomposite system and optimize
the injection parameters. Finally, the application effects
of the system in the field were evaluated. Results indicated
that the biological nanocomposite system could change rock
wettability and significantly reduce the interfacial tension to
1.8 mN/m at low concentrations. The core flooding results
showed that the maximum oil recovery factor of the system
reached 47.07%. Numerical simulations optimized the optimal
injection concentration to be 7,000 ppm and the volume of
injection to be 1.75 × 10–2 pore volumes, resulting in an oil
increment exceeding 10,000 m3 in field application. This
study provides a solution for the green development of
oil reservoirs and provides effective technical support for
the numerical simulation and process scheme optimization
of biological nanocomposite systems.

Keywords: biological nanocomposite system, numerical
simulation model, parameter optimization

1 Introduction

With oil exploitation in recent decades, most of the old oil
fields have entered the middle and late stages of develop-
ment. After primary and secondary exploitation, nearly
half of the oil reservoirs reserves remain undeveloped
[1], despite the fact that chemical flooding methods such
as surfactant flooding, polymer flooding, alkali flooding,
and composite flooding have significantly improved the
recovery rate of many old oil fields. However, because
chemical flooding is more sensitive to oil field salinity and
temperature, its practical application effect of chemical
flooding is much smaller than its theoretical design effect
[2]. The remaining newly discovered reservoirs exhibit sig-
nificant seepage resistance, small pore structure, and poor
pore connectivity, making development challenging and
recovery rates low. Therefore, more innovative enhanced
oil recovery (EOR) technology is required to increase oil field
production.

Since the 1960s, when the famous physicist Richard
Feynman first proposed the concept of nano, nanomater-
ials and nanotechnology have made great progress. Nano-
scale (1–100 nm) materials, due to their small particle size,
large specific surface area, and high surface energy, exhibit
unique micro-physical and chemical properties that are dif-
ferent from other materials composed of the same chemical
elements, such as electrical properties, magnetic properties,
thermal properties, etc. By using these properties of nanoma-
terials, nanotechnology based on nanomaterials has been
widely used in chemical, electronic information, biomedical,
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and military industries [3,4]. Similarly, nano-materials have
also been used in the field of improving oil recovery.

At present, nanoparticles used to improve oil recovery
can be divided into four types: inorganic nanoparticles,
carbon-based nanoparticles, organic nanoparticles, and
composite nanoparticles. Nano-oil displacement technology
is a technology that adds nanoparticles to the displacement
fluid to improve the oil displacement effect. The corre-
sponding nano-oil displacement agent can be divided into
three types: nanofluids, nanoemulsions, and nano-assisted
oil displacement [5]. For the mechanism of nanoparticle oil
displacement, scholars have proposed a variety of explana-
tions to discuss, but these explanations have not formed a
unified theory. In general, the mechanism of nanoparticle
EOR has the following points: altering rock wettability, redu-
cing interfacial tension, structural separation pressure effect,
and improving mobility ratio.

The wettability of reservoirs is one of the significant
factors affecting the ultimate oil recovery rate, and the
alteration of wettability in reservoir pore channels by
nanoparticles has been confirmed in many laboratory
experiments. Onyekonwu and Ogolo [6] investigated the
ability of nanoparticles to change wettability and enhance
recovery rates, finding that in hydrophilic core samples,
neutral hydrophobic nanoparticles can improve the
recovery rate at a concentration of 3,000 ppm, while hydro-
philic nanoparticles, due to their enhancement of the
core’s hydrophilic properties, reduce the recovery rate.
Tola et al. [7] studied the wettability changes in sandstone
caused by zinc oxide nanoparticles formulated into nano-
fluids. The research indicates that nanofluids have the
potential to transform wettability from hydrophobic to
hydrophilic on oil films and oil-saturated sandstone sur-
faces. The adsorption of different nanoparticles in the
reservoir also leads to varying changes in rock wettability.
Li and Torsæter [8] and Li et al. [9] conducted a series of
studies on the wettability alteration induced by nanopar-
ticle adsorption. The experiments demonstrated that the
adsorption of hydrophilic polysilicon nanomaterials within
the pore throats is multilayered, while that of hydrophilic
silica colloidal nanoparticles is monolayered. Subsequent
research using visualization techniques investigated the
impact of nanoparticle adsorption on wettability changes.
Both two-dimensional (2D) and three-dimensional images
revealed that during the injection of nanofluids, nanopar-
ticles adhere to the surfaces of rock mineral particles,
forming a water film during the oil displacement process.
This water film prevents the mineral particle surfaces from
being wetted by oil. Overall, the adsorption process of
nanoparticles on rock minerals is central to wettability
alteration, with electrostatic repulsion, non-electrostatic

adhesion forces, and structural interactions driving the
change in wettability [10].

Nanofluids can also affect the oil–water interfacial ten-
sion. The enhancement of oil recovery in reservoirs is pri-
marily considered from two aspects: increasing the swept
volume of the displacement system and improving the effi-
ciency of oil washing. The magnitude of the oil–water
interfacial tension influences the efficiency of oil washing.
Nanoparticles, due to their small size and large specific
surface area, possess certain interfacial activity and can
adsorb at the oil–water interface, thereby reducing the
oil/water interfacial tension [11]. Scholars have enhanced
the performance of nanoparticles by chemically altering
the hydrophilic or hydrophobic properties of their sur-
faces, enabling the nanoparticles to remain persistently
stable at the oil–water interface. This action, similar to
that of surfactants, reduces the molecular force differences
at the interface, leading to a decrease in interfacial tension.
Ultra-low oil–water interfacial tension can promote the
mutual solubility of oil and water, forming emulsions
[12], which improves the mobility of crude oil and ulti-
mately enhances the efficiency of oil displacement.

The structural separation pressure effect is also one of
the commonly discussed mechanisms for EOR, a theory
first introduced by Wasan and Nikolov [13] and Wasan
et al. [14]. Theoretical and experimental research indicates
that due to the imbalance on solid surfaces, the oil contact
angle is larger on hydrophilic surfaces. Under the influence
of electrostatic repulsion and Brownian motion, nanopar-
ticles in the fluid generate a pressure at the three-phase
boundary of solid, water, and oil that resists the adhesion
of the fluid to the solid surface, facilitating the separation
of the fluid. The higher the concentration of nanoparticles,
the stronger the force exerted [15], leading to the sponta-
neous formation of a wedge-shaped thin film structure.
This structure generates a positive thrust that can strip
oil and gas from the rock surface, thereby increasing the
recovery rate [16]. Lim et al. [17] have shown through
experiments that an increase in nanoparticle volume frac-
tion, temperature, and rock hydrophilicity can also accel-
erate the rate at which the separation pressure strips the
crude oil. This mechanism can be harnessed to develop
new types of EOR nanomaterials. Wu et al. [18] have devel-
oped 2D flake-like nanomaterials that can create an osmotic
pressure at the oil–water interface. Driven by the pressure
of the liquid flow, the nanofluid can spread along the sur-
face, causing the residual oil in the pores to detach.

In addition to experimental studies on the mechanisms
of nanofluid-EOR, scholars have also conducted extensive
numerical simulation research. Numerical simulationmethods
can be mainly categorized into three types: lattice Boltzmann
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method simulations, molecular dynamics simulations, and
computational fluid dynamics (CFD) simulations. CFD methods
can further be subdivided into pore network models, interface
tracking methods based on the Navier–Stokes (N–S) equations,
and smoothed particle hydrodynamics [19,20]. Through these
simulation methods, researchers have explored the mechan-
isms by which nanoparticles enhance recovery rates at the
microscopic level [21–23]. At the macroscopic level, numerical
simulations can evaluate the effectiveness of nanofluids in
EOR. Esfe et al. [24] used finite-element numerical methods
to study the impact of nanofluids on EOR in heterogeneous
anticline reservoirs; Long et al. [25] investigated the effec-
tiveness of nanofluid-assisted hydraulic fracturing through
numerical simulations. Overall, although there are rela-
tively comprehensive theoretical models for the adsorp-
tion, desorption, and convective diffusion of nanoparticles
in porous media, numerical simulations of nanofluid-EOR
at the field scale are still lacking, and related research has
not yet optimized the process parameters of the displace-
ment system, necessitating further supplementation.

In recent years, nanofluids have been applied to enhance
oil recovery in major oil fields in China and achieved good
results. In 2018, CNPC developed the first generation of nano-
fluid iNanoW1.0 and then conducted pilot tests in the ultra-
low permeability reservoir of Changqing Oilfield, which
showed the characteristics of increasing liquid and oil [26].
Yanchang Oilfield applied nanofluids to tight oil reservoirs,
and the field test results showed that the average oil produc-
tion of oil wells increased significantly [27]. In addition,
Daqing Oilfield and Tahe Oilfield also used 2D nanomaterials
for flooding field tests, achieving good results in reducing
water cut and increasing oil production [28,29]. CNOOC’s Pen-
glai Oilfield used nanodispersion system for profile control,
and the water cut of a single well decreased significantly, up
to 17%, and the oil increase effect of well groups reached 6
400 m3 [30]. In order to achieve green and efficient develop-
ment of oil fields, CNOOC developed a biological nano-oil
displacement agent system, which can change rock wett-
ability to improve oil phase permeability, significantly reduce
oil–water interface tension, and ultimately improve oil
washing efficiency [31].

The combination of biogenic substances extracted
from plants or microorganisms with nanoparticles has
been demonstrated to have the potential to enhance oil
recovery rates [32–34]. Nanoparticles can improve the
efficiency of traditional oil displacement systems, while
surfactants and polymers can enhance the stability of
nanoparticles [35]. Biosurfactants are excellent carriers
and dispersants for nanoparticles, and their synergistic
effect possesses oil recovery functions such as wettability
alteration, interfacial tension reduction, mobility control,

and viscosity reduction [36]. Moreover, the composite
system can maintain stability under high-temperature
and high-salinity conditions [37]. In addition, compared
to traditional EOR chemicals that may pose potential
environmental hazards [38], the use of biomaterials to
generate biosurfactants is also a low-cost, environmen-
tally friendly, and efficient approach [39,40]. Similar to
the EOR agents developed by CNOOC, this study utilizes a
biological nanocomposite system composed of modified
nanoparticles and biological-based dispersants. This system
exhibits superior performance compared to traditional che-
mical EOR systems. However, there is a scarcity of research
on field-scale numerical simulation methods for oil recovery
using biological nanocomposite system, despite the exis-
tence of well-established models for nanoparticle transport
and mass transfer and simulations of nanoparticle flow in
larger-scale porous media, which have yet to reach the
reservoir scale. Additionally, studies on the optimization
of injection parameters are still lacking. This article investi-
gates the performance of the biological nanocomposite
system and its effects on the wettability of reservoir rocks
and the interfacial tension of fluids through experimental
research. Subsequently, a multiphase, multi-component
model for oil recovery using the biological nanocomposite
system is established and validated based on the experi-
mental findings. Finally, optimization of injection para-
meters is conducted in terms of injection timing, injection
volume, and injection concentration and applied to well
groups. The study reveals the potential of the biological
nanocomposite system to enhance oil recovery and sup-
plements the optimization methods for related process
parameters.

2 Performance evaluation
experiment of biological
nanocomposite system

2.1 Preparation of biological nanocomposite
system

2.1.1 Materials

Analytical reagent hydrophobic nano-SiO2, surface modi-
fied with hexamethyldisilazane, purchased from Shanghai
Aladdin Biochemical Technology Co., LTD. (Shanghai, China).
Lipopeptide biosurfactant, produced by the metabolism of
Bacillus 3096-3, provided by China Oilfield Services Co., LTD.
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2.1.2 Synthesis of biosurfactant

The laboratory uses Bacillus 3096-3 to produce lipopeptide
surfactants. The experimental steps are as follows: 12.5 mL
of Bacillus 3096-3 bacterial solution was added to 250 mL of
embryonic stem cells medium and cultured in a shaking
incubator at 37°C for 120 h, and then centrifuge was used to
centrifuge the fermentation solution obtained, and the
upper clear solution was taken as lipopeptide biosurfac-
tant. Refer to the previous research for specific experi-
mental procedures [31].

The modified nanoparticles and the lipopeptide bio-
surfactant solution were mixed in a certain proportion
and stirred under ultrasonic conditions for 20 min until
the solution was clear, and the biological nanocomposite
system was prepared.

The biological nanocomposite system is primarily com-
posed of modified nanoparticle and biological-based surfac-
tants. The modified nanoparticles mainly contribute to the
oil displacement, while the biological-based surfactants serve
two purposes: first, they enhance the dispersion of the mod-
ified nanoparticles within the system, and second, they
exhibit certain surfactant-like properties that can improve
the oil recovery rate. After the injection of the biological
nanocomposite system, the positively charged modified
nanoparticles in the system readily adsorb onto the sandstone
reservoir walls. During this adsorption process, a separation
pressure is generated, which strips the oil adhering to the
rock, leading to an increase in the crude oil recovery rate
[41]. Following adsorption, the films formed by the nanopar-
ticles can also reduce flow resistance and enhance the per-
meability of the reservoir [42,43] (Figure 1).

2.2 Dispersion of biological nanocomposite
system

One of the significant challenges in the application of nano-
particles in oil reservoirs is that they tend to accumulate,
which will block the seepage channel and reduce the
recovery rate after injection into the formation. Therefore,
the dispersion of nanoparticles applied in oil reservoirs is
important.

Add 20mL of biological nanocomposite system mother
liquor to 180 mL of deionized water and stir at room tem-
perature (25°C) at a rate of 300 rpm for 10 min. Then, with-
draw 10mL of the prepared biological nanocomposite
system and measure the particle size and zeta potential
of the nanoparticles within the system using dynamic light
scattering. The measurement results are depicted in
Figures 2 and 3.

From Figure 2, it can be observed that with the increase
in stirring time, the particle size of the modified nanoparti-
cles in the biological nanocomposite system first decreases
and then increases, with an average particle size of 58.10 nm
at a stirring time of 20min. This is because the hydrophobic
groups of the surfactants on the particle surface point
towards the particle surface, while the polar groups point
towards the aqueous phase, which is conducive to the dis-
persion of nanoparticles in water. Additionally, surfactants,
especially bio-based surfactants, due to their unique spatial
structure, form an adsorption layer on the particle surface
that generates spatial potential energy, preventing particle-
to-particle attraction and aggregation, resulting in a stable
nanofluid solution.

Figure 1: Biological nanocomposite systems with varying mass concen-
trations (from left to right, the mass concentrations are 0.1, 0.2, 0.3, 0.4,
and 0.5 wt%, respectively).

Figure 2: Particle size distribution of biological nanocomposite system at
different stirring times.
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The variation of the zeta potential curve of the nano-
fluid is due to the interaction between nanoparticles and
the adsorption and redistribution of biosurfactant mole-
cules on the surface of the particles. From Figure 3, it
can be seen that the absolute values of the zeta potential
of the biological nanocomposite system are all greater than
30mV. When the zeta potential of the nanoparticles exceeds
30mV, the electrostatic repulsion between the nanoparticles
will be greater than the van der Waals forces, allowing for
stable and uniform dispersion [44].

2.3 Effect of biological nanocomposite
system on wettability

To investigate the impact of the biological nanocomposite
system on the wettability of the reservoir, it is necessary to
measure the wettability angles before and after the appli-
cation of the biological nanocomposite system. To study the

effects of the biological nanocomposite system on different
lithologies of oil reservoirs, following the experimental
protocols of previous researchers [45], calcite is used as
an approximation for carbonate rocks, natural mineral
quartz is used as an approximation for sandstone, and
amorphous glass is employed as a control group. Subse-
quently, the wettability angles are measured using the ses-
sile drop method (Figure 4).

Table 1 shows the wetting angle data of quartz, calcite,
and glass in different mass concentrations of biological
nanocomposite systems.

From Figure 5, it is evident that due to the use of
minerals instead of actual core samples, the initial wett-
ability angle exhibits a more ideal neutral wettability dif-
ferent from that of the actual oil reservoir. Subsequent
measurements using the biological nanocomposite system
reveal that the oil/displacing agent/mineral three-phase
contact angle significantly decreases, and as the concentra-
tion increases, the reduction in the oil/displacing agent/
mineral three-phase wettability angle becomes increas-
ingly larger. This is also in line with the findings of pre-
vious research [45].

It can be observed that the biological nanocomposite
system has a relatively minor impact at low concentrations
(0.1, 0.2 wt%), with the reduction in the quartz wettability
angle being very small, less than 10° (8.86° and 9.39°,
respectively). However, the effect becomes significantly
noticeable at 0.3% concentration, with a reduction value
reaching 19.03°, and the wettability changes rapidly with
increasing concentration, with the maximum reduction
value reaching 34.7°. Although the wettability of calcite is
altered, the reduction in the wettability angle is very small,
with the maximum change value being only 6.25°. Glass,
due to its inherently hydrophilic nature, shows a less pro-
nounced effect of the biological nanocomposite system on
wettability, with the maximum change in wettability angle
being only 5.04°.

This is due to the fact that the surface of quartz
minerals primarily carries a negative charge, making it

Figure 3: Changes of Zeta potential of biological nanocomposite system
with stirring time.

Figure 4: Photos of calcite and quartz before and after cutting.
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more susceptible to the adsorption of positively charged
modified nanoparticles, which results in a very noticeable
change in the wettability angle of quartz. Conversely, the
surface of calcite minerals mainly carries a positive charge,
making it difficult for the modified nanoparticles to adsorb
onto the calcite, leading to a smaller change in the wett-
ability angle observed in the experiments [46,47].

Within the reservoir, when nanoparticles adsorb onto
the rock wall surfaces, they generate a separation pressure
that strips the crude oil from the rock wall, a process
also known as the wedge-shaped squeezing mechanism
for enhancing oil recovery; the nanoparticle film formed
after adsorption on the rock wall also serves to reduce
flow resistance [43]. Simultaneously, the surfaces of quartz
and silicate minerals in sandstone reservoirs predomi-
nantly exhibit negative charges, while the mineral sur-
faces in carbonate reservoirs mainly carry positive charges
[46,47]. Therefore, under general conditions, the biological

nanocomposite system is expected to improve wettability
more effectively in sandstone reservoirs than in carbonate
reservoirs; in carbonate reservoirs, if the goal is to change
wettability by adsorbing nanoparticles onto the rock wall
after injection, the nanoparticles should ideally carry a
negative charge or be uncharged.

2.4 Effect of biological nanocomposite
system on interfacial tension

The extent of EOR in a reservoir is primarily determined
by two factors: the swept volume of the injected water or
displacing agent and the efficiency of oil washing. The
magnitude of the oil–water interfacial tension affects the
efficiency of oil washing. Conventional surfactants mainly
improve the recovery rate of crude oil by reducing the inter-
facial tension. Surfactant molecules possess both hydro-
philic and lipophilic groups, which give them amphiphilic
properties, allowing them to dissolve in the phase with
similar polarity at the oil–water interface, reducing the
polarity difference and thus lowering the interfacial tension
[48]. In the biological nanocomposite system, both the mod-
ified nanoparticles and surfactants contain amphoteric
groups, which can be observed to rapidly decrease the
oil–water interfacial tension after the addition of the
system. Figure 6 illustrates the oil–water interfacial ten-
sion of biological nanocomposite systems with different
mass concentrations.

At a concentration of 0.1 wt%, the interfacial tension
can be reduced to 1.8 mN/m, indicating that the biological
nanocomposite system is capable of significantly reducing
the oil–water interfacial tension even at low concentra-
tions. Furthermore, at a concentration of 0.5 wt%, the bio-
logical nanocomposite system can further reduce the oil–
water interfacial tension to the order of 10−3.

Table 1: Three-phase wetting angles of different concentrations of biological nanocomposite systems and different minerals

Concentration (wt%) 0 0.1 0.2 0.3 0.4 0.5

Quartz Average wetting angle (°) 102.98 94.12 93.31 83.95 78.28 68.28
Wetting angle reduction value (°) — 8.86 9.67 19.03 24.70 34.70
Reduction range (%) — 8.60 9.39 18.48 23.99 33.70

Calcite Average wetting angle (°) 99.28 95.37 95.05 93.8 94.11 93.03
Wetting angle reduction value (°) — 3.91 4.23 5.48 5.17 6.25
Reduction range (%) — 3.94 4.26 5.52 5.21 6.30

Glass Average wetting angle (°) 44.51 42.77 40.44 40.07 39.40 39.47
Wetting angle reduction value (°) — 1.74 4.07 4.44 5.11 5.04
Reduction range (%) — 3.91 9.14 9.98 11.48 11.32

Figure 5: Three-phase wetting angles of different concentrations of
biological nanocomposite systems with different minerals and oils.
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Therefore, it can be concluded that as the concentration
of the biological nanocomposite system increases, the oil–
water interfacial tension rapidly decreases, and ultra-low oil–
water interfacial tension can promote the mutual solubility of
oil and water, forming an emulsion [12]. This characteristic
significantly enhances the oil displacement performance of
the biological nanocomposite system, enabling the displace-
ment of crude oil that was previously difficult to mobilize,
thereby increasing the oil recovery rate of the reservoir.

In fact, the majority of current strategies for enhan-
cing crude oil recovery focus on improving the fluid mobi-
lity within the formation and the wettability of the oil/
water/rock three-phase system [49]. The biological nano-
composite system can effectively improve the wettability
angles of the oil/water/rock three-phase system. The separa-
tion pressure enables the effective detachment of crude oil
from the rock wall surfaces, enhancing the oil recovery rate.
Additionally, the reduction in interfacial tension also leads
to the formation of a certain amount of Pickering emulsion,
which improves the mobility of the crude oil and thus
increases the recovery rate.

3 Mathematical model of biological
nanocomposite system
displacement

The multiphase and multi-component coupling model of
biological nanocomposite system is mainly composed of

the following four parts: 1) seepage model of water drive
reservoir, 2) modified nanoparticle adsorption and trans-
port model, 3) dynamic porosity and permeability model,
and 4) reservoir relative permeability change model.

3.1 Model assumptions

The seepage equation of oil–water–gas components in the
water drive reservoir is the same as that of the black oil
model, and its assumptions are as follows:
1) The percolation in the reservoir is isothermal and

does not consider the temperature change of the
reservoir.

2) There are three phase fluids of oil, gas, and water in the
formation, and the flow of each phase fluid obeys
Darcy’s law.

3) Mass exchange occurs in the oil–gas phase and water–gas
phase in the gas group.

4) The phase balance is completed instantaneously; that is,
the time required for phase balance is not considered.

5) The water component exists only in the water phase,
and there is no mass exchange between the oil and gas
phase.

6) The rock reservoir is slightly compressible and anisotropic.
7) The fluid in the reservoir is compressible, and gravity

and capillary forces have an effect on the percolation
process.

For the black oil model, the continuity equations of the
oil phase, water phase, and gas phase are, respectively,
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3.2 Continuity equation

In the composite system, the modified nanoparticles are
considered as a component dissolved in the aqueous phase.
According to the principle of mass conservation, the con-
tinuity equation can be written as

Figure 6: Effect of biological nanocomposite system on oil–water inter-
facial tension [41].
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where cnp is the concentration of modified nanoparticles, P
is the formation pressure, and x is the distance from the
injection hole bottom. Sw is the water saturation, qw is the
water injection quantity, and dnp is the diffusion coefficient
of modified nanoparticles. Fnp is the percentage of the pore
surface in contact with water.

3.2.1 Dynamic porosity and permeability model

The deposition and adsorption of modified nanoparticles
in pores can lead to changes in the absolute permeability
and porosity of reservoirs [50,51]

( )∑= −ϕ ϕ ϕΔ ,
0

(5)

where ϕ
0

is the initial porosity, ∑ ϕΔ represents the change
of porosity caused by adsorption and desorption of mod-
ified nanoparticles in the porous media of the reservoir
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n
0 f

0

(6)

where K0 is the initial absolute permeability of the reser-
voir. n is a constant, and the value can range from 2.5 to 3.5,
and the general value is 3 [52]. kf is the fluid flow coefficient
of plugging pores. f is the flow efficiency coefficient, which
can be obtained by the following formula:

= − ∗f αV1 , (7)

where α is the rate constant of adsorption of modified
nanoparticles in oil phase to reservoir and V* is the volume
of modified nanoparticles that can be trapped by porous
media per unit volume.

The adsorption of nanoparticles uses the Langmuir
isothermal adsorption formula:
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where A and B are Langmuir constant.

3.2.2 Reservoir relative permeability model

For the relative permeability of the reservoir, the actual
relative permeability is used before adding the modified
nanoparticles. After adding the modified nanoparticles, the
calculation was performed using the modified Brooks–Corey
model [53]:

= ∘
K K S ,

E

rjc rjc jR

j (9)

=
−

− −
S

S S

S S1

,
jR

j rjc

rwc roc

(10)

where j represents different phases (oil or water), Krjc is
the relative permeability of the j phase (oil or water),
and ∘

K
rjc

is the maximum relative permeability of the j
phase (oil or water). SjR is the normalized saturation of
the j phase (oil or water) and Ej is the Corey index of
relative permeability and water saturation of the j phase
(oil or water) in the presence of surfactant. Srwc is the
primary water saturation in the presence of surfactant.
Sroc is the residual oil saturation in the presence of a
surfactant.

After the addition of modified nanoparticles, since the
relative permeability is largely related to the oil–water
interfacial tension and is a function of the oil–water inter-
facial tension, the size of Srwc and Sroc is affected by the
interfacial tension. Refer to UTCHEM software for similar
scaling methods for the treatment of surfactants [54–56],
Srwc and Sroc are expressed as follows:

( )

( )

( )

⎧

⎨
⎪

⎩
⎪

= <

= × ⎛
⎝ + ⎞

⎠ < <

= >
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S S
σ

σ

S S σ

0, 0.005 mN/m

1

lg

2.3

, 0.005 mN/m 1 mN/m

, 1 mN/m ,

rjc

rjc rj

rjc rj

(11)

where Srjc represents the residual saturation of the j phase
(oil or water) at the beginning of the nanoparticle injection
and σ is the interfacial tension.

The endpoint relative permeability K
ric

o and Corey
index E

i
are modified as functions of interfacial tension,

so that the relative permeability curve at ultra-low inter-
facial tension shows a diagonal line in the relative permea-
tion-water saturation plot

( )( )= + − −∘ ∘ ∘
K K K S S1 ,

ric ri ri ri ric
(12)

( )

( )( )
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⎧
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⎪

⎩
⎪
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= + − −

< <
= = >

E σ

E n n S S

σ

E n S S σ

1, 0.005 mN/m

1 ,

0.005 mN/m 1 mN/m

, , 1 mN/m ,

i

i i i ri ric

i i ric ri

(13)

where Sri is the residual saturation of phase i (oil or
water) at the end of water flooding under the oil–water
interfacial tension of ordinary water injection and ∘

K
ri

is
the endpoint relative permeability of phase i (oil or
water) at the end of water flooding under the oil–water
interfacial tension of ordinary water injection. ni is the
Corey index of phase i (oil or water) at the end of water
flooding under the oil–water interfacial tension of ordinary
water injection.
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3.2.3 Boundary conditions

Equations (14)–(16) are the auxiliary equations of the cou-
pling model of the biological nanocomposite system. Including
the relationship between saturation and capillary force, pres-
sure-volume-temperature physical properties equation:

+ + =S S S 1,
o w g (14)

= −p p p ,
cow o w

(15)

= −p p p ,
cgo g o (16)

where So is the oil saturation, Sg is the gas saturation, po is
the capillary pressure of the oil, pw is the capillary pressure
of water, and pg is the capillary pressure of a gas.

The initial condition equation of the model is

( )∣ ( )==p x y z t p x y z, , , , , ,t 0

0 (17)

( )∣ ( )==s x y z t s x y z, , , , , ,tw 0 w

0 (18)

( )∣ ( )==s x y z t s x y z, , , , , .to 0 o

0 (19)

For the closed boundary of the reservoir, with the
following boundary conditions:

∂
∂

=
p

n
0.

L

(20)

Finally, the production control equation of the well is
added to the reservoir:

( ) ( ) ( )=Q x y z t Q t δ x y z, , , , , ,
v v

(21)

( ) ( ) ( )=p x y z t p t δ x y z, , , , , .
wf wf

(22)

where Qv is the oil well production, pwf is the bottom hole
pressure, and δ(x, y, z) is a Dirichlet function, if (x, y, z)
corresponds to the well coordinates, δ(x, y, z) = 1, otherwise
δ(x, y, z) = 0. That is, the change of water in the reservoir
other than the well is ignored.

3.3 Model validation

The accuracy of the model is verified by core experiments.
The injected PV of the selected core and biological nano-
composite system is shown in Table 2. The natural core was
extracted from the oil field, which can reflect the actual
reservoir conditions and make the experimental results
more accurate and reliable than the artificial core. The
experimental device is shown in Figure 7.

The numerical model was solved through the STARS
simulator built by CMG software. The numerical model of
the core was established with a total of 40 grids, the grids

Table 2: Experimental basic data

Parameters Rock type Porosity (%) Permeability (mD) Injection rate
(mL/min)

Confining
pressure (MPa)

Total injected PV

Value Natural
sandstone

20.14 176 0.1 10 0.1568

Figure 7: Flow chart of oil displacement experimental device of biological nanocomposite system.
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are shown in Figure 8, and the results are shown in
Figure 9.

Figure 9 shows the results of the core oil displacement
experiment of the biological nanocomposite system and
the model established in this article. As can be seen from
the figure, in the stage of water flooding, the water cut and
recovery degree start to rise rapidly at the 5th minute
of injection, and the water cut reaches 95.03% and the
recovery degree is 34.06% at the 14th minute; then, with
the change of injection amount, the rising rate of water cut
and recovery degree starts to slow down, and the water cut
reaches the maximum of 99.35% at the 18th minute, and
the recovery degree is 34.99% at this time.

The injection of the biological nanocomposite system
began when the water cut exceeded 99%, and the water cut
rapidly decreased to 95.71%, and the lowest water cut could
be reduced to 93.19% with the increase of the injection

amount of the biological nanocomposite system; at the
same time, after the injection of the biological nanocompo-
site system, the recovery degree also increased rapidly
compared with the first water flooding, and with the
increase of the injection amount of biological nanocompo-
site system, the recovery degree increased significantly in
the 21st minute, because after a period of injection, the
biological nanocomposite system and the oil in the core
began to form emulsion, which increased the oil produc-
tion rate, until the recovery degree reached 41.15% when
the injection of biological nanocomposite system was stopped;
in the process of injection of biological nanocomposite system,
there was no obvious accumulation of nanoparticles in the
produced liquid, and the injection pressure did not increase
significantly, indicating that the injection of biological nano-
composite system was good.

In the subsequent water flooding stage, the recovery
rate within 26–29 min is still faster than that in the late
stage of the first water flooding, indicating that the biolo-
gical nanocomposite system is still playing a role at this
time. After that, the biological nanocomposite system flows
out of the core with the increase in injection time, and the
water cut begins to rise again. After a period of displace-
ment, the recovery rate basically stops rising to 47.07%.
From the core oil displacement experiment, it can be
seen that the recovery rate can be increased from 34.99%
to 47.07% with only 0.1568PV injected into the biological
nanocomposite system, with an increase of 12.08%. Compared
with other nanoparticles injected with half of the PV, it can
get almost the same oil increase effect, with huge application
potential [48]. At the same time, through the comparison with
the experimental results, it can be found that the results
obtained by using the numerical simulation model estab-
lished in this paper are very close to the experimental value,
so the model established in this article has high accuracy and
can be used for subsequent research.

4 Optimization and application of
numerical simulation model

Taking the basic rock data of the KL well group in Bohai
Oilfield as an example, a conceptual model of the biolo-
gical nanocomposite system for oil recovery was estab-
lished using CMG reservoir numerical simulation software,
as shown in Figure 10. The main parameters are as
follows:

The reservoir thickness is 25 m, and the porosity and
permeability settings of each layer are shown in Table 3.

Figure 8: Core grid used for model validation.

Figure 9: Comparison between simulated calculated values and actual
experiments.
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The layout of injection and production wells adopts a
five-point well network, and the distance between injection
and production wells is set at 434 m.

The maximum liquid production capacity of a single
production well is set to 150 m3/d, and the maximum injec-
tion rate of an injection well is set to 600 m3/d.

The physical properties of crude oil are set based on
actual formation data, with an initial formation pressure of
24 MPa.

The depth of the formation is 2,350 m, and the tem-
perature is set at 75°C. Finally, the model has a mesh size
of 31 × 31 × 5 = 4,805.

For the modification of wettability and interfacial ten-
sion between oil and water in the biological nanocompo-
site system, the Corey permeation model from equations
(11)–(13) was used for interpolation characterization based
on Figures 11 and 12.

4.1 Optimization of injection timing

The injection timing refers to the time node at which the
reagent is injected. For chemical flooding, injection timing
generally refers to the timing of injecting the chemical

agent at different water content stages, which is generally
measured by the water content value. Therefore, the injec-
tion timing of the biological nanocomposite system is
determined by referring to the chemical flooding method
and also based on the water content. At the same time, the
actual injection time of the biological nanocomposite system
in the oilfield is currently in the middle and later stages of
oilfield development. At this time, the water content of the
produced liquid is very high. Therefore, different injection
times are set with water content of 79, 80.5, 82, 83.5, 85, 86.5,
88, 89.5, 91, and 92.5%, respectively.

From the analysis of the relationship between oil
increment and injection timing in Figure 13, it can be
seen that as the injection timing is delayed, the oil incre-
ment continuously decreases, which is basically consistent

Figure 10: Conceptual model of biological nanocomposite system for oil
recovery.

Table 3: Conceptual model porosity and permeability of each layer

Porosity (%) Horizontal
permeability (mD)

Vertical
permeability (mD)

Layer 1 24.04 386 38.6
Layer 2 23.37 330 33.0
Layer 3 22.64 275 27.5
Layer 4 20.22 178 17.8
Layer 5 19.07 138 13.8

Figure 11: The relative permeability curves without biological nano-
composite system.

Figure 12: The relative permeability curves with biological nanocompo-
site system.
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with the general law of conventional chemical flooding.
The maximum oil increase occurs in the early stage of
injection and then decreases with the delay of injection
time. This is because as the water content increases, the
amount of crude oil in the formation decreases, and the
amount of crude oil affected by the injection of the biolo-
gical nanocomposite system is also less. In addition, some
layers in the formation have formed advantageous flow
channels, and it is difficult to drive the remaining oil by
injecting the biological nanocomposite system at this time.
This is different from the research results of some prede-
cessors on the timing of nanoparticle injection [48]. On the
one hand, it is because different types of nanoparticles are
used, and on the other hand, the length of the core is
limited in experiments at the core scale. Although nano-
particles also have the effect of increasing oil when the
water content is low, they will continue to flow out at the
outlet, causing a smaller proportion of nanoparticles that are
difficult to drive remaining oil. However, as the water con-
tent increases, there are relatively more nanoparticles that
are difficult to drive remaining oil, and the oil-increasing
effect of nanoparticles is also better. Therefore, the final
experimental results are different from the numerical simu-
lation results.

4.2 Optimization of injection pore
volume (PV)

For injection volume, injection PV multiple is generally
used to measure it. As it is a conceptual model, it is set
as the injection PV multiple of the entire reservoir. In the

actual injection process, due to the cost of preparing nano-
particles, the injection amount is not large, so the injection
PV number is set to 2.5 × 10−3, 5.0 × 10−3, 7.5 × 10−3, 10.0 × 10−3,
12.5 × 10−3, 15.0 × 10−3, 17.5 × 10−3, 20.0 × 10−3, 22.5 × 10−3, 25.0 ×
10−3 represents the injection amount of different biological
nanocomposite systems. At the same time, the injection
amount of biological nanocomposite systems needs to be
considered not only from the perspective of oil increase, but
also from the perspective of economic benefits. Therefore, the
input–output ratio (IOR) index is used to analyze the economic
benefits, which is defined as

=Output input ratio

Crude oil revenue

Input costs

, (23)

In the formula, the input cost only includes the mate-
rial cost of the biological nanocomposite system, while the
exchange rate ignores exchange rate fluctuations and is
uniformly set to 6.8 US dollars and Chinese yuan. The eco-
nomic benefits of output only consider the economic value
of oil increase, without considering the fluctuation of crude
oil prices. The data are based on the west texas intermediate
crude oil futures prices on trading days from January 2,
2020, to December 30, 2023 (with an average price of
$69.97 per barrel), which is generally $70 per barrel. Due
to the high cost of offshore operations, oilfield sites generally
require an IOR greater than 120% before the plan can be
implemented. Figure 14 shows the increase in oil production
and the change in IOR under the injection of biological
nanocomposite systems with different PV multiples.

From the analysis of the relationship between the oil
increment and the number of injected PV in Figure 14, it can
be seen that within a certain range, as the number of injected
PV increases, the oil increment continuously increases, and
the increase is very large. But after the increase in the

Figure 13: Relationship between oil increment and injection timing in the
biological nanocomposite system.

Figure 14: Oil increment and IOR under different injection PVs.
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number of injected PV reaches a certain value, although the
increase in the number of injected PV will lead to an increase
in oil production, the increase is smaller compared to the
increase when injecting small doses of biological nanocom-
posite systems. This is because after the injection amount
reaches a certain level, the amount of modified nanoparticles
that can be adsorbed on the rock has reached its limit and
cannot be further adsorbed, making the wettability of the
rock reservoir more hydrophilic. At the same time, although
the dispersion of the biological nanocomposite system is very
well, due to the high concentration, the modified nanoparti-
cles adsorb in the reservoir, causing the flow channel to be
blocked to a certain extent, resulting in a decrease in the
increase in oil production. However, due to the excellent dis-
persion, the aggregated modified nanoparticles quickly dis-
perse into the aqueous phase, so there is still a trend of an
increase in oil production. Further analysis of the IOR reveals
that as PV increases, the IOR shows a trend of first increasing
and then decreasing. Taking into account this, an injection PV
of 1.75 × 10−2 can be chosen as the optimal injection amount.

4.3 Optimization of injection concentration

For injection concentrations, set the injection concentra-
tions to 1,000, 2,000, 3,000, 4,000, 5,000, 6,000, 7,000, 8,000,
9,000, and 10,000 ppm for different biological nanocompo-
site systems.

Figure 15 shows the increase in oil production and the
change in input–output ratio under the injection of dif-
ferent concentrations of biological nanocomposite systems.

From the analysis of the relationship between oil
increment and injection concentration in Figure 15, it can

be seen that injecting the biological nanocomposite system
can effectively increase oil, but the oil increase effect is not
significant at low concentrations. Subsequently, as the injec-
tion concentration increases, the oil increment increases
rapidly. However, although the oil increment still increases
after the injection concentration reaches a certain value, the
increase amplitude will slow down. This is because there is
an upper limit to the adsorption of modified nanoparticles
in the rock reservoir and displacement front, and exces-
sively high concentrations of modified nanoparticles may
actually block the pores, preventing a significant increase
in oil production. From the relationship between IOR and
injection concentration, it can be seen that as the concentra-
tion increases, the IOR first increases rapidly and then
shows a decreasing trend. Except for 1,000 ppm, the IOR is
greater than 100%, indicating a very good IOR; At 5,000 ppm,
there is the highest IOR, but at this time, the oil increment is
only 7259.9m3. In the actual extraction process, it is also
necessary to consider the factor of maximizing the exploita-
tion and utilization of crude oil resources. After 5,000 ppm,
for every 1,000 ppm increase in concentration, the increase
in oil production is 692.0, 624.6, 486.6, 422.0, and 375.0 m3,
respectively. Therefore, 7,000 ppm can be optimized as the
optimal injection concentration.

In summary, the earlier the injection of the biological
nanocomposite system, the better the effect. At the same
time, the more the injection amount of the biological nano-
composite system, the better the oil enhancement effect,
but the change in oil enhancement amount with the
increase of injection amount becomes smaller and smaller.
Considering the economic value, it can be determined that
17.5 × 10−3 is the optimal injection amount. The injection
concentration and injection amount have a similar pattern,
and 7,000 ppm can be selected as the optimal injection
concentration.

4.4 Field application

Based on the optimization results of injection parameters,
the implementation of biological nanocomposite oil displa-
cement technology applied to actual well groups. The B1
block of Bohai K1 oilfield includes eight production wells
including B06, B07, B16, B18, B26, B27, B29, and B39, as well
as four injection wells including B17, B28, B31, and B32. Its
main production layers are E2s3U (Upper Member of
Shahejie Formation, Neogene Eocene) II + III + IV + V
and E2s3M (Middle Member of Shahejie Formation,
Neogene Eocene) I Upper + I Lower + II oil formations
(Figure 16).Figure 15: Oil increment and IOR under different injection concentrations.

Simulation of biological nano-composite EOR  13



In the initial phase of block development, there was a
rapid decline in oil and liquid production, prompting the
commencement of water injection in November 2015. This led
to a certain increase in daily oil production. Subsequently,
water injection wells were added, and measures such as pro-
file control and water plugging were implemented, resulting
in a significant rise in daily oil production while maintaining
the water cut at approximately 10–20%. By June 2017, oil
production had peaked at 853m3; however, it then began to
rapidly decrease alongside an escalating water cut. Despite
repeated attempts at profile control and managing the water
cut, oil production continued to decline rapidly while the
water cut increased sharply. By July 2019, the water cut had
exceeded 60%, marking entry into a high-water-cut period for
oil production. Following several rounds of profile control
and adjustments to injection volume, the rate of decline in
oil production slowed down. As of October 2021, cumulative
block oil production stands at 918,993m3 with a recovery

factor of 16.54%. Daily oil production is recorded at
145.85 m3 with a daily fluid volume of 670.96 m3 and a
decline rate of 0.4738 a−1; meanwhile, the water content
has reached as high as 78.26%.

Based on the actual production data of the well group
(April 2015 to June 2023), the oil production curve and
natural decline curve of the well group are drawn, as
shown in Figure 17. From the graph, it can be seen that
the decrease in oil production of the entire well group
occurred after April 2018.

Based on the actual injection and production data of
the well group, calculate the increase in oil production
according to the production decline formula:

Calculation of oil increment:

∫∑= −
=

Q Q Q tΔ d ,

i t

t

i

t

t

0

0

(24)

Figure 16: Oil and liquid production of well group.

Figure 17: Production performance curve and production decline curve of the well group.
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where

( )= +Q A t Bln . (25)

In the formula, t0 is the number of days from the start
of production decline when injecting the biological nano-
composite system, Qi is the actual daily oil production, and
A and B are fitting parameters, which are obtained through
the decline curve. According to calculations, as of October
2023, the cumulative increase in oil production of the well
group is 10253.6 m3.

Then, using the numerical simulation method pro-
posed in this article, the oil production situation after bio-
logical nano oil displacement measures is evaluated. The
geological model established in the target block is a single
porous medium, which is vertically divided into 246 layers,

with a grid size of 1 m for each layer and 63 × 53 grids in the
xy plane. Each grid has a length of 25 m, with a total of
821,394 grids. The distribution of well locations is shown in
Figure 18.

First, the black oil model of the block was converted
into the CMG-STARS component model. The numerical
simulation method of oil displacement in the biological
nanocomposite system is the same as previously and will
not be described again here. For an actual oil reservoir,
historical fitting is the basis for accurate reservoir dynamic
simulation. Therefore, in order to accurately study the oil
recovery process of the biological nanocomposite system,
water flooding history matching is now performed on the
target research block. The fitting of the water content and
daily oil production of the well group is shown in Figures 19
and 20, with a fitting degree exceeding 90%, meeting the
accuracy requirements.

The simulation began in October 2021 with a reservoir
water cut of 79%, injecting the biological nanocomposite
system at an injection rate of 1.75 × 10−2 and a concentra-
tion of 7,000 ppm. As can be seen from the cumulative oil
production comparison chart in Figure 21, the rate of
cumulative oil production increase after the injection of
the biological nanocomposite system has consistently been
higher than that without the injection of the biological nano-
composite system. By the end of the simulation period in
October 2023, the injection of the biological nanocomposite
system had resulted in an additional oil recovery of
10468.92m3, demonstrating a significant application effect.
The numerical simulation results are in close agreement
with the calculations obtained from reservoir engineering
methods.Figure 18: Distribution of well positions in Block B1.

Figure 19: Comparison of actual water content and fitting water content in the block.
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5 Discussion

Based on experiments, this study investigated the stability
of the biological nanocomposite system and the effects on
rock wettability and oil–water interfacial tension. The
results indicate that the biological nanocomposite system
maintains stable and uniform dispersion after prolonged
shear stirring. The measurement results of the wetting
angle indicate that the system can shift the wettability of
rocks toward hydrophilicity. In addition, the biological
nanocomposite system will improve the wettability of
sandstone reservoirs better than carbonate reservoirs, due
to the interaction between the rock surface and modified
nanoparticles. The interface tension test results show that
the biological nanocomposite system can reduce the oil–

water interface tension to the order of 10−3, which signifi-
cantly increases the capillary number and makes it easier
for crude oil to peel off rocks, significantly improving the
flow rate of remaining oil in the reservoir. In summary, the
experiment explores the oil displacement mechanism from
the perspective of the effect of the biological nanocomposite
system on reservoir rocks and fluid properties, and the
results are consistent with previous research. Related studies
have also shown that temperature, mineralization degree,
and pH value can affect the stability of nanofluids. At appro-
priate temperature, mineralization degree, and pH value,
nanoparticles maintain an equilibrium of intermolecular
forces in the dispersed system. Once the range is exceeded,
nanoparticles will undergo coalescence, leading to a
decrease in the performance of the oil recovery system.

Figure 20: Comparison between actual daily oil production and fitted daily oil production in the block.

Figure 21: Numerical simulation of cumulative oil production prediction.
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However, this article did not consider the influence of
these factors on the performance of nanoparticles in the
composite system, Future research can consider relevant
factors to further improve the performance of the biolo-
gical nanocomposite system and expand their application
scope in fields.

On the basis of indoor experiments, this study estab-
lished a numerical simulation method for oil recovery
using biological nanocomposite system at the reservoir
scale. According to research, previous simulation studies
on nanofluid flooding have not reached the reservoir scale.
The numerical simulation method considers the changes
in reservoir wettability and oil–water interfacial tension
caused by biological nanocomposite system. This is com-
bined with an improved Brooks Corey model to establish a
relative permeability model. At the same time, a numerical
characterization method for the transport and adsorption
of nanoparticles is added, which can describe the transfor-
mation process of reservoir and fluid properties after the
biological nanocomposite system is injected underground.
Subsequently, the numerical simulation method was vali-
dated through core displacement experiments, and the
simulation results were highly consistent with the experi-
ments, verifying the accuracy of the model. The compo-
nents of the displacement system were simplified in the
model. In fact, modified nanoparticles not only change
the wettability and interfacial tension in the formation,
but also improve the overall rheological properties when
combined with other oil displacement systems (such as
polymers). After injection into the formation, the modified
nanoparticles also undergo coalescence, and the charge
and polarity of the nanoparticles also have a certain
impact on their adsorption. However, the influence of fac-
tors such as coalescence, charge, and polarity was not con-
sidered in this article. In the future, the above mechanisms
can be considered to improve the simulation method of
nanoparticle migration in the reservoir.

Subsequently, the multiphase and multi-component
model of the biological nanocomposite system for oil
recovery was applied to the injection parameters of actual
well groups. Unlike other optimization methods, this article
comprehensively optimizes the injection amount and con-
centration of the biological nanocomposite system from two
aspects: economic indicators and oil increase. The optimiza-
tion results were applied to actual mines, and the oil incre-
ment was calculated using reservoir engineering methods
and numerical simulation methods. The results of the two
methods were close, further verifying the accuracy of the
numerical method for oil recovery using the biological
nanocomposite system. Although the model can evaluate

the application effect of biological nanocomposite sys-
tems in actual mines, there are still some shortcomings
that need further research and development in the future.
In the process of optimizing injection parameters using
numerical simulation methods, only the injection of a
single plug in the biological nanocomposite system was
considered. However, in actual field use, other chemical
agent plugs are often used in combination, such as a com-
bination of pressure-reducing and injection-increasing
plugs, profile control plugs, and nano oil displacement
plugs. Pressure-reducing and injection-increasing plugs
can remove contamination near the wellbore, improve
reservoir connectivity, thereby reducing injection pres-
sure and improving injection performance. Profile control
can improve the water absorption profile and increase the
coverage range of the injection system. Finally, a nano oil
displacement plug is injected to replace the remaining oil.
The combination of the three types of plugs can significantly
improve the oil displacement efficiency and maximize the
oil displacement effect of the system. Therefore, it is neces-
sary to further optimize the slug design based on practical
application situations.

This article studies the performance of biological nano-
composite systems through experiments and establishes a
multiphase and multi-component oil displacement model
based on this. Finally, the injection parameters are opti-
mized and applied to actual mines. However, there are still
some shortcomings, and it is necessary to explore the applic-
ability of biological nanocomposite systems in complex geo-
logical environments. Numerical simulation methods can
also consider more factors for optimization. When opti-
mizing process parameters, it is necessary to consider the
combination of slugs based on the actual situation on site.
With the increasing demand for oil, biological nanocompo-
site systems have broad prospects in expanding the affected
volume and improving crude oil recovery compared to con-
ventional chemical flooding systems in the future.

6 Conclusions

This article takes the biological nanocomposite system as
the research object and conducts research on its oil displa-
cement mechanism, numerical simulation methods, and
process parameter optimization methods. The following
understanding has been obtained:
1) The biological nanocomposite system, as a system com-

posed of modified nanoparticles and surfactants, can
effectively change the wettability of reservoir rocks,
reduce the interfacial tension between oil and water,
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thereby improving the fluidity of crude oil and increasing
the recovery rate;

2) According to the numerical simulation model of the
biological nanocomposite system for oil recovery, the
injection timing, number of injected PVs, and injection
concentration were analyzed. The results indicate that
the earlier the biological nanocomposite system is
injected, the better its oil-increasing effect. At the same
time, due to the limited amount of nanoparticle adsorp-
tion, there is an optimal value between the injected PV
and the injected concentration. Beyond this value, the
economic value of improving the oil enhancement effect
brought by the injected PV and injected concentration
also decreases;

3) Actual field applications have shown that the biological
nanocomposite system can effectively improve reser-
voir recovery, and the numerical simulation method
established in this article can accurately describe the oil
displacement performance, with small errors between
the calculated results and the actual situation.

In summary, this article provides an effective method
for numerical simulation of the biological nanocomposite
system for oil recovery and has important guiding signifi-
cance for the optimization design of process schemes. The
biological nanocomposite system has significant potential
in improving crude oil recovery.
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