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ABSTRACT: Component transportation is one of the main
mechanisms for numerical simulation in microbial oil recovery.
However, the research on the component transportation
considering the inhibition of metabolites is very limited. A
mathematical model of oil displacement in a microorganism system
including microbial growth and metabolism equation, component
transport equation, and porous media physical property variation
equation was established in this paper. The equation was
discretized and solved by implicit pressure and explicit saturation.
The MATLAB simulation results showed that the chromatographic
separation between microorganisms and nutrients happened
because of the adsorption of porous media and the activity of
microorganisms during the transportation, and the separation
degree of the chromatography became higher as the permeability
became lower and the injection speed became slower. The multislug alternative injection mode could reduce the degree of
chromatographic separation, and the recovery rate can be increased to 50.82%. The results of this study could provide theoretical
guidance for the popularization and application of microbial enhanced oil recovery (MEOR).

1. INTRODUCTION

For the first time, Beckman proposed an idea that using
microbial self-activities and metabolism to improve oil recovery
in 1926 till now, the application of microbial enhanced oil
recovery technology is becoming more and more extensive.1,2

Microbial enhanced oil recovery (MEOR) is an alternative
tertiary oil recovery technology where microbial metabolites
(biomass,3 biopolymers,4 gases, acids, solvents, enzymes, and
surface-active compounds5) and activities (hydrocarbon
metabolism, plugging) are used to improve the recovery of
residual oil from depleted and marginal reservoirs.6,7

Numerical simulation for reservoirs has the advantages of
simple operation and low cost. On the basis of mutual
verification of laboratory experiments, the risk of oil field
development can be greatly reduced, the development plan can
be optimized, and an important basis for field test can be
provided.8,9 The premise of numerical simulation of microbial
enhanced oil recovery is the establishment of mathematical
equations. Since the 1980s, foreign scholars have begun to
establish mathematical models related to microbial enhanced
oil recovery and have developed these rapidly. Knapp
established a mathematical model for microbial flooding
based on the microbial growth and metabolic control
equations.10 Islam had considered the applicability of a
microbial reservoir in establishing mathematical models.
Based on the experiment of microbial porous medium

migration, Chang established a mathematical model consider-
ing microbial growth, extinction, and adsorption. Zhang
considered the consumption of nutrients and the formation
of metabolites in the mathematical model of convection
diffusion.11 The establishment of these models is the basis for
the numerical simulation of microbial enhanced oil recov-
ery.12,13

The Islam, Zhang, and Chang models were added to
different microbial growth and metabolic control equations on
the basis of commonly used black oil models and component
models. But these three models simply describe the biological
activity and the impact on oil displacement. Most scholars later
revised and perfected them on the basis of these three
models.14 Delshad established a mathematical model of
microbial growth kinetics with various factors. On this basis,
a complex oil displacement mathematical model considering
the effects of the biosurfactant, biopolymer, and biogenic gas
was established. The effect of metabolites was related to the
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flooding mechanism of chemical agents in chemical flooding.
Sivasankar established a coupled mathematical model of
temperature field, injection speed, and microbial kinetics
parameters to characterize the microbial flooding process.15

On the basis of previous studies, the model put forward two
parameters, namely, the amount of nutrient needed by the
strain itself and the amount of nutrients needed to produce the
surfactant. By solving the mathematical model, the results are
compared with the indoor physical simulation experiments and
the existing model calculation results. It was better to verify the
comparison result. Hosseininoosheri used UTCHEM to
establish a 3D model for the surfactant flooding process.16

The model mainly studied the effects of temperature, salinity,
and pH on the growth rate of microbial strains.
Although a great deal of research has been done on

microbial oil recovery, there are certain differences among
mathematical models. In the microbial growth and metabolism
model, the restriction of nutrients is considered more, and the
inhibition of metabolites is less. In this paper, the equations of
microbial growth and metabolism, the transport equations of
microbial components, and the equation of physical change
properties in porous media have been established. The
mathematical equations are discretized by the finite difference
method, and the numerical simulation results are verified with
laboratory experiments. Bacteria CBS-2 and WBP-1 have been
used in laboratory oil displacement experiments. CBS-2 is a
Pseudomonas sp., and the product is a biosurfactant. WBP-1 is
an Agrobacterium, and the product is a biopolymer. The
combination of bacteria CBS-2 and WBP-1 has a synergistic oil
displacement effect. Then, the distribution rule of each
component of the microbial system is described, and the
displacement effect of different development schemes are
compared and analyzed.

2. RESULTS AND DISCUSSIONS
2.1. Model Verification Results. Figures 1 and 2 are the

dynamic change curves of recovery and water content.

Compared with the experimental and numerical simulation
results, it can be observed that the numerical simulation results
are close to the experimental value. The recovery degree of the
water flooding simulation stage is 37.96%, the experimental
value is 37.24%, and the relative error is 1.93%. The recovery
degree of the microbial flooding simulation stage is 3.51%, the
experimental value is 3.42%, and the relative error is 2.34%.
The total recovery rate of the numerical simulation and
experiment is 48.85 and 50.16% respectively, and the relative

error is 2.61%. The results show that the established model for
microbial enhanced oil recovery could better simulate the
actual situation.

2.2. Influence of Permeability on Component
Distribution. The number of model grids was 40 × 40, the
grid length was 5 m, and the time step was 1 month. The well
pattern adopted a five-point well pattern that had one injection
well and four production wells. The injection system selected
was the CBS-2 and WBP-1 composite system, the compound
ratio was 1:1, the injection concentration was 105/mL, the
injection volume was 0.2 PV, and the injection speed was
0.1PV/a. The distributions of microorganisms and nutrients
were simulated under different permeability (50, 100, and 300
× 10−3 μm2) conditions.
The results of distribution simulation showed that the

microorganisms and nutrients in the microbial system had a
chromatographic separation phenomenon similar to chemical
flooding. After injecting the microbial system into the
reservoir, microorganisms grew and propagated rapidly near
the injection well due to the high concentration of nutrients,
and the concentration of microorganisms was rising. During
the process of microbial flooding, the nutrients were gradually
reduced by the consumption of microbes and the adsorption of
pore, and then the growth rate of microorganisms was reduced.
When the growth rate was lower than the decay rate, the
concentration of microorganisms began to decrease. Therefore,
the nutrients were almost depleted and the concentration of
microorganisms was less than 104 /mL near the production
well (Figures 3−5).
Compared with the system distribution results under

different permeability conditions, the chromatographic sepa-
ration degree of microorganisms and nutrients was higher
when the permeability was lower under the same injection
volume. This is because the lower the permeability was, the
larger the specific surface area of the rock pores was, and so the
amount of adsorption for nutrients was increased.17 As shown
in Figure 6, when the nutrient concentration was half of the
initial injection during the flooding process, the systems moved
into 102, 125, and 178 m, respectively in 50, 100, and 300 ×
10−3 μm2 models.

2.3. Influence of Injection Speed on Component
Distribution. The permeability of the model was 100 × 10−3

μm2, the injection system was selected by the microorganism
compound system, the compound ratio of CBS-2 and WBP-1
was 1:1, the injection concentration was 105/mL, the injection
volume was 0.2 PV, and the microorganisms and nutrients

Figure 1. History matching between the experimental and simulation
value.

Figure 2. History matching between the experimental and simulation
value.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.1c01667
ACS Omega 2021, 6, 16507−16516

16508

https://pubs.acs.org/doi/10.1021/acsomega.1c01667?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c01667?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c01667?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c01667?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c01667?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c01667?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c01667?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c01667?fig=fig2&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.1c01667?rel=cite-as&ref=PDF&jav=VoR


were distributed under the conditions of different (0.1, 0.15,
and 0.2 PV/a) injection speeds.
Simulation results of Figures 7−9 showed that the higher the

injection speed was, the lower was the chromatographic
separation degree between microorganisms and nutrients. This
is because the increase of the velocity of the fluid increased the
driving force of the fluid on the nutrients, thereby reducing the
adsorption of the pores on the nutrients, increasing the
transmission capacity of the nutrients, and keeping the
microbes’ high growth rate for a long time during the
migration process. However, the high injection speed increased
the fingering phenomenon of the system and reduced the
sweep area of the system.
When chromatographic separation between microorganisms

and nutrients occurred, the ability of microorganisms to grow
and metabolize was low because fewer nutrients could be
absorbed by the microorganisms at the tip of the displacement
fluid. Furthermore, it affected the development effect of the
reservoir. Therefore, a certain amount of nutrient solution

should be injected into the reservoir before the injection of the
microbiological system. This method could not only reduce
the absorption of nutrients in the subsequent microorganism
system but also provide energy for the microbe in the process
of migration so that the microorganism can maintain good
growth and metabolism in the porous medium. In addition, the
injection speed of the system can be increased to further
reduce the chromatographic separation.

2.4. Influence of Different Programs on Oil Recovery.
The production dynamics of three different injection modes
were simulated. The time step was 1 month, and the injection
speed was 0.15 PV/a. Scheme I: water flooding; Scheme II:
after injection water until the water cut was 98%, the microbial
system was injected, and the injection volume was 0.2PV,
followed by water flooding to 98% of water content; Scheme
III: after water flooding to 98% of water content, nutrient
substance system was injected, injection volume was 0.1 PV,
then the microorganism system was injected, injection volume
was 0.2 PV, follow up injected with 0.1 PV nutrient substance

Figure 3. Migration distribution simulation results for microorganisms and nutrients (300 × 10−3 μm2).

Figure 4. Migration distribution simulation results for microorganisms and nutrients (100 × 10−3 μm2).
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system, followed by water flooding to 98% of water cut;
Scheme IV: using multislug injection system as: water flooding

to water content 98% + 0.05 PV nutrient substance system +
0.05 PV microbial system + 0.05 PV nutrient substance system
+ 0.05 PV microbial system + 0.05 PV nutrient system + 0.05
PV nutrient system + 0.05 PV system + 0.05 PV nutrient
system + 0.05 PV microbial system + follow water flooding to
98% water cut. The simulation results are shown in Table 1
and Figures 10 and 11.
Comparing the dynamic curves of oil recovery and water cut

in different injection schemes, it was showed that scheme IV
that used multislug injection had the best effect of enhanced oil
recovery. The total recovery rate of scheme IV was 50.82%,
which was 12.86% higher than that of water flooding recovery,
and the recovery rate after measures increased by 1.97 and
1.13%, respectively, compared with schemes II and III.
Before injecting the microorganism system, nutrients were

firstly injected, and it could slow down the chromatographic
separation between nutrients and microorganisms in the
microbial system. At the same time, the subsequent

Figure 5. Migration distribution simulation results for microorganisms and nutrients (50 × 10−3 μm2).

Figure 6. Migration distribution of nutrients under different
permeability.

Figure 7. Migration distribution simulation results for microorganisms and nutrients (0.1 PV/a).
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supplementation of nutrients promoted the growth and
metabolism of microorganisms in porous media. Therefore,
the recovery rate of scheme III was higher than that of scheme
II. But scheme III was a one-time injection for prenutritive
material slug. With the injection of the follow-up system, a part
of nutrients in the front slug would be picked up before
contacting with microorganisms. Therefore, on the basis of
scheme III, scheme IV used a multislug alternative injection to
reduce the loss of prenutrient substances and made the
microbes contact more nutrients in the process of migration in

Figure 8. Migration distribution simulation results for microorganisms and nutrients (0.15 PV/a).

Figure 9. Migration distribution simulation results for microorganisms and nutrients (0.2 PV/a).

Table 1. The Oil Recovery Change of Different Injection
Modes

scheme
water flooding

recovery rate (%)
improvement of recovery rate

after measures (%)
total recovery
rate (%)

I 37.96 37.96
II 37.96 10.89 48.85
III 37.96 11.73 49.69
IV 37.96 12.86 50.82

Figure 10. Total oil recovery curves under different injection
schemes.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.1c01667
ACS Omega 2021, 6, 16507−16516

16511

https://pubs.acs.org/doi/10.1021/acsomega.1c01667?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c01667?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c01667?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c01667?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c01667?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c01667?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c01667?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c01667?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c01667?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c01667?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c01667?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c01667?fig=fig10&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.1c01667?rel=cite-as&ref=PDF&jav=VoR


the porous medium, especially near the product wells, so it
could make microorganisms keep good growth and metabo-
lism ability and enhanced the displacement effect.

3. CONCLUSIONS

(1) A mathematical model of the microbial system for oil
displacement was established, including the equation of
microbial growth and metabolism considering the
restriction of nutrient substance; the migration equation
of each component considering the factors of
adsorption, retention, and tendency; as well as the
equation of physical properties of porous media
considering porosity, permeability, interfacial tension,
viscosity, and so on. The equation is discretized and
solved by implicit pressure and explicit saturation.

(2) The phenomenon of chromatographic separation
occurred when microorganisms and nutrients migrated
in porous media. Nutrient contents gradually decreased
due to the consumption of microorganisms and the
adsorption of pores. Therefore, the growth rate of
microorganisms was reduced, and near the production
well, nutrients were almost depleted; the microbial
concentration was lower than 104/mL.

(3) The lower the permeability was, the greater the specific
surface area of the rock pores was, the stronger the
adsorption of nutrients by the pores was, and the higher
the chromatographic separation degree between micro-
organisms and nutrients was. Increasing the injection
speed could slow down the chromatographic separation
between microorganisms and nutrients. At the same
time, it also aggravated the phenomenon of fingering
and reduced the swept area of the system.

(4) The results of indoor physical simulation and numerical
simulation were verified well. It showed that the
numerical simulation results were close to the
experimental values. And the relative error of recovery
degree and total recovery was less than 4%. The
established microbial system oil displacement model
can simulate the actual situation well.

(5) The numerical simulation results under different
development schemes showed that the injection with
multislug had the best recovery, and the total recovery
was 50.82%, which was 12.86% higher than that of water
flooding recovery.

4. METHODOLOGY
The transport equations of microorganisms, nutrients, and
metabolites were established by means of material balance in
this paper, and the mathematical models for microbial oil
recovery considering various factors were established combin-
ing microbial growth kinetics equation and physical property
variation equation in porous media. The finite difference
method was used to discretize the equations, and then the
mathematical models were solved by implicit pressure and
explicit saturation.
In the process of establishing the mathematical models,

some conditional assumptions were needed to facilitate the
solution, as follows: There were two phase fluids (oil and
water) in porous media, while microorganisms, nutrients, and
microbial metabolites only existed in the water phase. The flow
of oil and water phase both followed Darcy’s law. Reservoir
rock and fluid were weak compressible. The adsorption and
desorption process of microorganisms was carried out on the
rock surface at the same time, and the adsorption of nutrients
and metabolites conformed to Langmuir isothermal adsorp-
tion. Metabolites such as the biosurfactant affected the growth
rate of microorganisms, while biofilms could reduce reservoir
permeability. The reservoir temperature remained stable.

4.1. Component Migration Equations of Microbial
System. The migration of microorganisms in porous media
was mainly affected by capillary force, dispersion force, and
viscous force.18 According to the equation of matter
equilibrium, the migration equations of microorganisms
could be written as:
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The first item on the left represented the concentration
change of microbes in the water phase, and the second item
represented the adsorption change of microbes in the porous
media. The first item on the right was the convective phase of
the microorganism, the second item was the diffusion phase,
the third item was the injection or extraction phase, and the
last item was the phase of the growth and decline of the
microorganism.
Cb was the concentration of microorganisms in the water

phase; Cbswas concentration of microbes in the attached phase;
u⃗bwas the total velocity for microorganisms; D⃗⇀bw was the
physical dispersion tensor for microorganisms in the water
phase;vbwas the growth and decay rate; ϕ was the porosity; Sw
was the saturation for the water phase; Bw was the formation
volume factor; qw was volumetric injection or extraction rate
for the water phase; and V0 was the rock bulk volume.
The total velocities for microorganisms included the Darcy

velocity of the water phase and the self-motion velocity of
microorganisms:

1 1 1
= +u u ub w c (2)

The self-motion velocity of microorganisms was assumed to
be an exponential change in nutrient concentration:

1
= ∇K Cu (ln )c c s (3)

Figure 11. Water cut and oil recovery curves under different injection
schemes.
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where Kc is chemotactic coefficient.
The dispersion of microorganisms in the aqueous phase was

a physical dispersion phenomenon, so it could be expressed by
the total diffusion tensor considering the existence of
molecular diffusion and mechanical dispersion.19,20

=
⎯⇀⎯
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D D D
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The migration of nutrients in porous media was also mainly
affected by capillary force, dispersion force, and viscous force,
and the nutrients are also consumed by microbes during the
migration process. According to the equation of matter
equilibrium, the migration equations of nutrients could be
written as:
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(5)

The metabolites could be dissolved in the aqueous phase
and adsorbed on the pore surface in the process of transport in
porous media. According to the equation of matter
equilibrium, the migration equations of metabolites could be
written as:
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4.2. Growth and Metabolism Equation of the Micro-
bial System. Based on the Monod model, the growth and
metabolism equation was verified and improved by experi-
ments considering the effect of metabolites on the growth of
microorganism as:

μ μ= ′
+ · +

·

+ · +
····

+ · +

C
K C S K

C
K C S K
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C m n S
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2 2

m n

1 1

2 2

(7)

where m was the different kinds of nutrient limitation; n was
the different kinds of metabolite limitation; C was the
concentration of nutrients; S was the concentration of
metabolites that had limitative effect on the microbial system;

μmax′ was maximum growth rate of microorganisms when S = 0;
and K was the semisaturation index.
If only one kind of nutrient and metabolite had limitative

effect on the microbial system, respectively, the growth and
metabolism equation could be written as:

μ μ= ′
+ · +

C
K C S K( ) (1 / )max

s

C s Sf (8)

4.3. Physical Change Equations in Porous Media.
Some pores were inaccessible to microorganisms after the
microbial system was injected into the porous medium, so
porosity in the microbial migration equation needs to be
improved as:

ϕ ϕ ϕ= [ − ]C1 ( )b IPV 0 (9)

where ϕ was the improved porosity; ϕIPV was the non-
accessible porosity; ϕ(Cb)IPV was a function associated with the
strain concentration and the function relation was obtained by
experimental fitting; and ϕ0 was the initial porosity of porous
media. Because nutrients and metabolites were completely
dissolved in water and the molecular size was much smaller
than the pore radius, the porosity in the migration equation of
nutrients and metabolites did not need to change.
The Taylor model could better describe the permeability

reduction by biofilms. So, the Taylor model was used as the
permeability equation:21
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The interfacial tension of oil and water was changed in the
process of microbial metabolism, thus affecting the capillary
pressure between oil and water. The capillary pressure could be
written as:

σ σ
σ σ

=
−
−

p pcow cow
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max min

i
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where pcow
w was the capillary pressure between oil and water

when the number of capillary was lower.
The interfacial tension between oil and water was changed

when the metabolites contained a biosurfactant. The change of
interfacial tension was related to the concentration of the
biosurfactants as:
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where σow was the instantaneous interfacial tension between oil
and water; σminwas the minimum interfacial tension value
between oil and water; σmax was the maximum interfacial
tension value between oil and water; Cst was the instantaneous
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concentration of the biosurfactant; Cst, min was the minimum
biosurfactant concentration value; Cst, max was the maximum
biosurfactant concentration value; and es was a parameter.
The change of capillary number was related to the interfacial

tension. When the interfacial tension decreased, the number of
capillary increased so that the remaining oil can be activated.
The residual phase saturation equation was shown as follows:

= + − [ + ]S S S S T N T( ) log( )h w h
o co oor or or or 1 2 (15)
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where Sor
w was the residual oil saturation of the oil phase when

the number of capillary tubes was low; Sor
h was the residual oil

saturation of the oil phase when the number of capillary tubes
was high; Swr

w was the residual oil saturation of the water phase
when the number of capillary tubes was low; Swr

h was the
residual water saturation of the oil phase when the number of
capillary tubes was high; Nco was the capillary number of the oil
phase; Ncw was the capillary number of the water phase; K⃗⃗ was
the permeability tensor; Φo was the oil phase potential; and Φw
was the water phase potential.
The change of residual phase saturation could lead to the

change of relative permeability. The relative permeability
equation could be written as:
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The biopolymer in the metabolites would increase the
viscosity of the aqueous phase, so the viscosity of the aqueous
phase was changed by the following equation:

μ μ= + K Cpol w pol sp (23)

where μw was the viscosity of the water phase without a
biopolymer; Csp was the concentration of biopolymers; and Kpol
was the constant.
4.4. Black Oil Model. If the flow of a component existed in

the oil phase and the water phase, the basic material balance
equation of the component could be written as:22
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where xcl was the fraction of a component in an oil or water
phase; ρl was the oil phase density or water phase density
under reservoir conditions; Sl was the saturation of the oil
phase or water phase; u⃗l was the Darcy velocity of the oil phase
or water phase; and m̃l was the unit velocity of injection
(extraction) in the oil phase or water phase.
The black oil model used in this paper only considered the

existence of the oil phase and water phase, and there was no
phase transition between oil and water. The pressure control
equation of the oil phase and water phase was derived by the
IMPES method as:
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And the saturation of the oil and water phases was derived as:
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4.5. Solution of Mathematical Models. An Nx × Ny ×
Nz grid system was established. There were Nx grid units on
each line, Ny grid units on each column, and Nz grid on the
longitudinal direction. The sequence of lattice blocks in the
system was within the line, from one line to the other, and
from one plane to the other.
Because the partial differential equations established above

were not easy to solve, the pressure distribution should be
solved implicitly, the saturation of each phase should be solved
explicitly, and then the flow velocity of the liquid phase Darcy
was calculated. Finally, the migration equations of each
component were solved explicitly. The LSOR algorithm was
used to solve the pressure equations; the line (MOL)
method23 and three-order Runge−Kutta−Fehlberg (RKF)
formula24,25 were used to solve the component migration
equation.
The finite difference scheme for the pressure equation could

be solved as:
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The finite difference scheme for the saturation equation
could be solved as:
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The finite difference scheme for the microbial migration
equation could be solved as:
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The finite difference scheme for the nutrient migration
equation could be solved as:
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The finite difference scheme for the metabolite migration
equation could be solved as:
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4.6. Model Verification. To test whether the established
model could simulate the oil displacement of the microbial
system in the actual reservoir, the results of the indoor physical
simulation experiment and numerical simulation should be
verified with each other.
The core of the indoor physical simulation experiment was a

three-dimensional slab casting core (size: 30 × 30 × 4.5 cm),
the average permeability of the core was 100 × 10−3 μm2, the
well pattern adopted a five-point well pattern that had one
injection well and four production wells, the injection system
selected the CBS-2 and WBP-1 composite system that had a
compound ratio of 1:1, the injection concentration was 105/
mL, the injection volume was 0.2 PV, and the injection speed
was 1.5 mL/min. The oil and water used in experiments were

all from the actual reservoir.26 The experimental flowchart was
shown in Figure 12.
MATLAB was used for numerical simulation in this paper.

The five-point well pattern was simulated, where the injection
well was located at the center of the model and the well was
located at the corner of the model. The injection system was
the same as the system used in the indoor physical simulation
experiment. The first simulation was water flooding, and the
simulation should be stopped when the water cut was up to
98%. The second simulation was microbial flooding, and the
simulation should be stopped when the injection volume was
0.2 PV; the injection speed was 0.1 PV/a. The third simulation
was follow-up water flooding, and the simulation should be
stopped when the water cut was up to 98%; the injection speed
was 0.1 PV/a.
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