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Abstract With the intensification of the contradiction between the increase of oil demand and the scarcity of
resources, the development of low-permeability oil and gas fields faces severe challenges. In this paper, the lattice
Boltzmann method is used to construct a three-dimensional D3Q19-LBGK model, which takes into account the oil
consistency and microscale effect, and corrects the acausal relaxation time to realize the high-precision simulation
of the pressure distribution of the oil seepage field. The study shows that compared with the homogeneous soil
model, the permeability of the simulation model is significantly reduced, which is about 4.1%-16% of that of the
homogeneous soil model, and the permeability difference between different models is obvious, with a maximum
difference of nearly four times. The pressure distribution shows the characteristic of “pressure funnel”, which is
mainly consumed near the bottom of the well, and the pressure of the coupled seepage field is larger than that of
the simple seepage field. Based on the seepage field analysis, a “2+3” layer restructuring scheme was proposed,
covering 10.42 million tons of geological reserves, and an injection and extraction well network with a distance of
150m-200m was established to maximize the proportion of wells benefiting from the center. The study shows that
the lattice Boltzmann method can accurately simulate the pressure distribution of oil seepage field, provide scientific
basis for the development of low-permeability oil and gas fields, and effectively guide the adjustment and
optimization of oil field development to improve the recovery rate.

Index Terms lattice Boltzmann method, petroleum seepage field, pressure distribution, numerical simulation, low
permeability oil and gas field, permeability

. Introduction

With the development of the economy and the continuous improvement of people's living standards, the demand
for oil gradually increases, and oil resources are gradually scarce. Especially in a country with a large population
like China, the demand for oil is even greater, and the non-renewable nature of oil leads to the increasing difficulty
of subsequent oil and gas field exploitation and the decreasing recovery rate [1]. Two thirds of China's discovered
oil resources belong to low permeability oil and gas fields, which indicates that low permeability oil and gas fields
are the main component of current oil resources. Low-permeability oil and gas fields are often characterized by poor
reservoir physical properties, low permeability, high viscosity of crude oil, etc., and because of their complex
geological structure and irregular oil and gas distribution, it makes the exploration work difficult to accurately locate
the oil and gas layer, presenting a strong hidden oil and gas layer, which brings a great challenge to the extraction
work [2]-[5].

With the extraction of oil, the fluid pressure within the reservoir decreases, the effective stress on the rock skeleton
increases, the rock will be deformed, and this deformation will change the pore structure of the rock, which in turn
affects the seepage characteristics of the fluid [6]. Among them, the prediction of pressure distribution in the
seepage field is the key link to improve the recovery rate. The low permeability of reservoirs in low-pressure, low-
permeability oil and gas fields makes the ability of oil and gas flow severely limited [7]. Due to the low permeability,
the flow rate of oil and gas in the reservoir is slow, resulting in low natural production capacity of oil wells, which is
difficult to meet the demand of industrial production, generally low reservoir pressure, insufficient formation energy,
and easy to occur in the process of oil and gas extraction of reservoir injury, which further exacerbates the difficulty
and risk of oil and gas extraction [8]-[10]. Furthermore, the seepage law of low-pressure and low-permeability oil
and gas fields is complex and lacks regularity. Different from the traditional Darcy seepage, the non-Darcy seepage
characteristics make it more difficult to predict and control the flow behavior of hydrocarbons in the reservoir, and
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this complex seepage characteristics increase the difficulty of extraction [11], [12]. In addition, numerical simulation
methods have the advantages of low cost and short computation period, which make up for the shortcomings of
experimental methods, but the prediction deviation is as high as 35% in traditional numerical simulation methods
such as finite element and finite volume method [13], [14]. Therefore, it is necessary to carry out continuous
research and make corresponding suggestions to improve its development and recovery to meet the increasing oil
demand.

Lattice Boltzmann method (LBM) is a computational fluid dynamics method based on microscopic particle
dynamics, which describes the macroscopic behavior of fluids by simulating the motion of fluid microscopic particles
on a lattice space. Compared with the traditional finite element method and finite volume method, LBM has better
parallel performance and adaptability, and is particularly suitable for the simulation of problems such as flow in
porous media, flow under complex boundary conditions, and multiphase flow [15].

With the development of economy and the improvement of people's living standard, the demand for petroleum is
increasing, and petroleum resources are becoming scarce. Two thirds of the discovered oil resources in China
belong to low-permeability oil and gas fields, which indicates that low-permeability oil and gas fields are the main
component of current oil resources. Low-permeability oil and gas fields are usually characterized by poor physical
properties of reservoirs, low permeability, high viscosity of crude oil, complex geological structure, irregular
distribution of hydrocarbons, which makes it difficult to accurately locate the oil and gas layers in the exploration
work, presenting the characteristics of the oil and gas layers hidden, and bringing great challenges to the exploitation
work. With oil extraction, the fluid pressure in the reservoir decreases, the effective stress on the rock skeleton
increases, leading to deformation of the rock, and this deformation will change the pore structure of the rock, which
in turn affects the seepage characteristics of the fluid. Among them, the prediction of pressure distribution in the
seepage field is the key link to improve the recovery rate. The low reservoir permeability of low-pressure, low-
permeability oil and gas fields makes the oil and gas flow capacity severely restricted, leading to low natural
production capacity of oil wells, which is difficult to meet the demand of industrial production, generally low reservoir
pressure, insufficient formation energy, and easy to occur reservoir injury during oil and gas extraction, which further
exacerbates the difficulty and risk of oil and gas extraction. In addition, the seepage law of low-pressure and low-
permeability oil and gas fields is complicated, lacks regularity, and presents non-Darcy seepage characteristics,
which makes it more difficult to predict and control the flow behavior of oil and gas in the reservoir. Although the
numerical simulation method has the advantages of low cost and short computational period to make up for the
shortcomings of the experimental method, the prediction deviation is as high as 35% in the traditional numerical
simulation methods, such as finite element and finite volume method, which need to be further improved in order to
improve the prediction accuracy.

The lattice Boltzmann method (LBM), as a computational fluid dynamics method based on microscopic particle
dynamics, describes the macroscopic behavior of fluids by simulating the motion of fluid microscopic particles on a
lattice space. Compared with the traditional finite element method and finite volume method, LBM has better parallel
performance and adaptability, which is especially suitable for the simulation of porous media flow, flow under
complex boundary conditions, and multiphase flow problems. In this study, the lattice Boltzmann method is used to
establish a pressure distribution model of the oil seepage field in combination with oil seepage characteristics, and
the factorless relaxation time is corrected by considering the oil consistency and the microscale effect, so as to
realize the simulation of the pressure distribution of the seepage field with high accuracy. Based on the simulation
results, we analyze the pressure distribution characteristics of the seepage field and the distribution pattern of
reservoir physical parameters, discuss the key factors affecting the seepage field, and propose the optimization and
adjustment strategies of the seepage field, including the restructuring of the layer system and the adjustment of the
well network, to improve the recovery rate of low-permeability oil and gas fields. By applying LBM to petroleum
seepage field simulation, the petroleum flow characteristics can be predicted more accurately, providing theoretical
support and technical guidance for the development and optimization of low-permeability oil and gas fields.

Il. LBM theory and its models

Lattice Boltzmann method (LBM) is a mesoscopic method between macroscopic and microscopic, especially
suitable for simulating fluid flow in porous media [16]. In this paper, the seepage field distribution characteristics of
petroleum are obtained by simulation with the help of this method, based on which the optimization and adjustment
measures of petroleum seepage field are proposed to achieve the purpose of petroleum dredging.

Ill. A.D3Q19-LBGK model
In this paper, the lattice Boltzmann theory is utilized to study the oil seepage characteristics. The complete lattice
model consists of three parts: the evolution equation of the distribution function, the equilibrium state distribution
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function, and the discrete velocity model. The evolution equation adopts single relaxation time for the LBGK model,
and adopts multiple relaxation time for the MRT model, in which the collision operator is introduced into the LBGK
model, which effectively improves the computational efficiency, and as long as the appropriate equilibrium state
distribution function is determined, the NS equations can be deduced from this model. Because the LBGK model is
simpler and more effective, it gradually becomes the most widely used lattice Boltzmann model, and the evolution
equation of this model is (without external force term):
£ (x+cAt,r+Ar) :f,.(x,t)—%[ﬁ(x,t)—ﬁ""(x,t)} (1)

The evolution equation (Eq. ()) usually needs to be divided into two steps to carry out simulation calculations in
LBM simulations:

Collision process:

Fxt4 80 = £ =S £ )= £ ()] 2

Migration process:

fi(x+cAtt+At) = £ (x,t+At) (3)

In Egs. (i)~(§): /; is the particle distribution function in the i direction, ¢ is the time, A¢ is the time step
(taken as 1), 7 is the relaxation time, ~ denotes the post-collision state, and f,(x,t) is the localized equilibrium
distribution function, which can be expressed as:

(4)
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where @, isthe weight coefficientinthe i direction, ¢ isthe velocity of the particle moving along the i direction,
¢, is the lattice sound velocity, and # and u are the macroscopic lattice density and velocity, respectively.
The macroscopic densities and velocities of the model are as follows, respectively:

p=21 (5)

1
=_§ c. 6
u ’_f,cl (6)

In order to improve the accuracy of the simulation and shorten the computation time, the D3Q19 model [17] is
chosen to discretize the velocity of each lattice point, where D3 denotes the three-dimensional lattice space. Q19
denotes 19 discrete velocities. Then the lattice sound velocity ¢, and the weight coefficient @, are:

1

c,=—F4 7
5 (7)
/3  (=0)
o =41/18 (i1=1,2,3,4,5,6) (8)
1/36 (i=17,8,9,---,18)
The discrete speed is:
o1 -1r0 0o0o01-11 -1-11-10 0 0 0 0
¢c=i0 0 01 -1to o 11 -1 -1 000 1 -1 1 -1 -1 (9)
oo0oo0o0O0O0T1-10090011-1-11 -1 1 -1

Il. B.Relaxation time and boundary conditions

The relaxation time in statistical mechanics represents the time used for the system to converge from a non-
stationary state to a stable state, which is specified in the LBGK model as the average time interval between two
collisions of the particles, and can be obtained from the following equation:
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v

T =
clAt

+0.5 (10)

where, V is the coefficient of fluid motion viscosity.

The fluid flows under the drive of pressure difference, and a small pressure gradient needs to be applied to ensure
the laminar flow state of the fluid. The inlet and outlet of the fracture flow field are set to a constant pressure and
the outlet pressure is less than the inlet pressure. The boundary conditions at the interface of the fractured porous
medium can be physically approximated as no-slip boundary conditions, which corresponds to the standard rebound
format in LBM, i.e., particles incident at the boundary bounce back directly in the original way without performing a
collision step, and this format ensures that the macroscopic velocity of the fluid at the solid wall is 0, and the
distribution function can be expressed as:

S (x,50) = f(x,,1) (11)

where x, is the wall lattice point and X, is the fluid lattice point. The wall velocity is opposite to the velocity of the
fluid lattice pointi.e. ¢; =—c;, then x, =x, —cAt.

Il. C.0Oil permeability formula

The total permeability of petroleum consists of fracture permeability and matrix permeability, and the matrix
contribution to the permeability is very small (10™°m* magnitude) in comparison. Therefore, the simulation ignores
the microscale flow and considers only the fracture flow portion, and correspondingly, when performing the 3D
reconstruction, only the 3D fracture is extracted, ignoring the micro- and nanopores in the matrix. Assuming that a
single-phase fluid flows through the fissure in a laminar state, its permeability calculation obeys Darcy's law [18] (a
fundamental law describing fluid flow in porous media):

_Kap

0 o dl

(12)

where 7]; is the pressure gradient. # is the coefficient of dynamic viscosity. K is the permeability. O, 4 are

the flow rate and area of the fluid through the cross section, respectively.

lll. Simulation model of pressure distribution in LBM oil seepage field

In this chapter, a nine-velocity discrete D3Q19 grid is used for the simulation of the pressure distribution in the
petroleum seepage field, and the factorless relaxation time is corrected to take into account petroleum densities
and microscale effects.

lll. A. Oil flow modeling
In three-dimensional flow simulation, the nine-velocity discrete D3Q19 grid is usually used for simulation, and the
evolution equation without considering the applied force is:

fr+edut+8)= ()= =< £ ()£ ()] (13)

where f; - the particle distribution function in the i direction, f - the corresponding equilibrium state
distribution function, r - computes the spatial position of the flow field, ¢, - particle velocity in i direction, o, -
lattice space time step, 7=7,/35, unfactored relaxation time, 7, is the lattice space relaxation time. The lattice

space mass density and momentum density are denoted as:

p=2 1" (14)
pu=Y 1% (15)

where, # - macroscopic velocity in lattice space.
The DnQb model equilibrium state distribution function can be expressed as:
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c
AEq = . 1 + < —
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In the D3Q19 grid model, the weight coefficients ®. and particle velocities ¢ take the following values:

I B N R R .
“Th% 01 0 -1 1 1 -1 -1 (17)

C
c, =— 18
=5 (18)
4/9, =0
o, =41/9, ¢ =¢c (19)
1/36, ¢ =2¢°
In the lattice Boltzmann model, the kinematic viscosity is expressed as:
) 1
v=c|r-=|, (20)
2
where, ¢, - lattice sound velocity, ¢, =c/~3, ¢=~3RT =Ax/5,,and c=1 is generally taken.
This viscosity treatment allows the LBGK model to be computed with second-order accuracy.
For oil flow, the pressure in the lattice space is expressed as:
P=cp (21)

lll. B. Correcting for Factorless Relaxation Time
In the oil flow process, Knudsen number is a control parameter that reflects the flow characteristics [19]. According
to the definition of Knudsen number, there are:
K, = 4 = % (22)
L H
where 4, - lattice space mean molecular free range, H - lattice space characteristic length, generally equal to
the number of grids, L - characteristic scale of the flow field, 4 - mean molecular free range, denoted as:

m

B 2rpc? (23)

where i - molecular mass, kg, 2 - molecular density, kg/m’, o - molecular diameter, m .
The Knudsen number can be determined from the above two equations. In lattice space, the mean molecular free
range can be expressed as:

A

*

A =1, (24)
where, ¢ - average particle velocity.
¢ can be expressed as:
* 7RT
_ 25
c 5 (25)
It can be deduced:
) .
p =l _KnH (26)
C C

According to Boltzmann's theory, for dilute oil its shear viscosity:
u" = Pr, (27)

The oil consistency is not negligible and a correction for viscosity can be made:
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270°

In the formula, 5= , 0 -molecular diameter, m, D - spatial dimension, D=2, X - correction factor.

m

X :1+§bp+0.2869(bp)2 +0.1103(bp)’ +0.0386(bp)’ (29)

Combining Eq. (26)) to Eq. (29), the viscosity can be obtained after considering the correction for oil consistency:

p=PKn-H[1+2bpX / (D+D)] /(Xc")

(30)
= 22 K- 114050 pXT /X
VA
Dynamic and kinematic viscosity relationships:
H=vp (31)
Associative formulas (20), (30) and (31)) give the factorless relaxation time:
6 2 1
r:\/:Kn-H[1+O.5pr] /X+E (32)
T

Above that is the expression form of factorless relaxation time considering the correction of oil consistency
proposed in this paper.

Meanwhile, there is a microscale effect in the flow of oil. Near the wall, the molecules collide with the wall, which
leads to the oil molecules moving differently than away from the wall, and this part of the affected oil layer is called
the Knudsen layer. When the flow characteristic length is large, the Knudsen number is small, and the proportion of
Knudsen layer in the whole flow channel is small, and its effect on the flow is negligible. As the characteristic length
decreases, the proportion of Knudsen layer in the flow channel gradually increases, and its influence on the flow is
more and more large, which can not be ignored.The existence of Knudsen layer makes the average free range of
petroleum molecules decrease, and at the same time, the reduction of the flow characteristics of the flow scale
makes the influence of the Knudsen layer on the flow is amplified, which produces a different from the conventional
large-scale flow characteristics, i.e., the microscale effect. This is the micro-scale effect. In this paper, we mainly
consider the effect of Knudsen layer to correct the molecular mean free range, and then realize the correction of
the factorless relaxation time to characterize the microscale effect.

The effect of the Knudsen layer is averaged over the entire flow field to correct the molecular mean free range:

A =2y(K,) (33)
where the correction function:

w(K,))= %arctan (\/EK,;”“ ) (34)

Therefore, the factorless relaxation time (@) is corrected to take into account microscale effects:

K -w(K)-H[1+05bpXT
T:\/Enw( D) H[1+05bpXT 1 (35)
T X 2

IV. Characterization of the pressure distribution in the oil seepage field

IV. A. Comparison of calculation methods
Let the Poiseuille fluid (which refers to laminar flow of incompressible, viscous fluid in a cylindrical pipe under a
constant pressure gradient) between two flat plates filled with porous medium, the governing equation of the fluid
flow is:

veou o v

F
6Lyt 2o
c o K“ \/E” (36)
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The Reynolds number is defined as Re=HU, /v, H is the characteristic length and U, is the characteristic
velocity:

U, - G_KP _cosh™! (?ﬂ (37)

14
where r=.\lve/(Kv,);v.,=ulp. v,=u,1p
where v, is the effective kinematic viscosity coefficient. #, is the effective viscosity coefficient.
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After the program calculation, the velocity distribution under different Re and Darcy number (Da = K/Hz) is

obtained and compared with the solution obtained by the difference method (FD).Comparison of the calculation
results between the GLBE method and the FD method is shown in Fig. |1, with (a) and (b) denoting the results of
the calculations at different Re and at different Da , respectively. It can be seen that the results of GLBE and FD
methods are basically the same.

© Re=0.0IGLBE ® Re=10GLBE —— Re=0.01FD — Re=10FD o 1. ;0x10SGLBE o Da=l0<10“GLBE ® Da=1.0x10°.GLBE
.1 ) Re=50GLBE ® Re=100GLBE —— Re=50FD —— Re=100FD — p,=70x10°FD — Da=1.0x10*FD —— Re=Da=1.0x10",FD
1.0
1.0 "
( 0.8
0.8 (’
2 0.6 g 061
e | S
04 0.4
0.2 02
0.0 . . . ' } 0.0 . . . :
0.0 02 04 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
yH y/H
(@) Da=1.0x10",£=0.1, Re different (b) Re=0.1,6=0.1, Da different

Figure 1: Comparison of results between using GLBE and FD

IV. B. Oil seepage characterization
The seepage simulation of the established oil flow model was carried out using the LBM computational program
with the flow direction from bottom to top. The boundary conditions are: the inlet and outlet are pressure boundaries,
handled by the unbalanced extrapolation format. The left and right boundaries and the solid particle walls are
impermeable boundaries, which are treated by the standard bounce format. In addition, the permeability under the
same pressure gradient is used here to compare the permeability performance of each model, which is calculated
as:

K = 'U_V = LVL (38)

VP Py Pou

In Eq. (38): # is the dynamic viscous coefficient of the fluid. ¥ is the cross-section mean flow velocity. Vp is
the modeled pressure gradient. # is the fluid density. v is the kinematic viscosity coefficient of the fluid. L is
the dimension of the model along the seepage direction. p,, is the inlet pressure and p,, is the outlet pressure.

The porosity and permeability of each model obtained by LBM numerical calculations are shown in Table . The
permeability of the simulation model has a large reduction compared with that of the homogeneous soil model,
which is about 4.1%-16% of the permeability of the homogeneous soil model, and the permeability of each
simulation model also has some differences, with a maximum difference of nearly four times.

Further, taking SRM_1 as an example, its flow velocity at a number of grid points on the transverse section (y=100,
300, 500) and pressure at a number of grid points on the longitudinal section (x=50, 150, 250) with the homogeneous
soil model are shown in Figs. Z and , respectively, and (a) and (b) represent the numerical simulation results of
the soil model and SRM_1, respectively. Combined with Table , the following conclusions are drawn:

(1) There are many seepage channels in the homogeneous soil body model, which are more uniformly distributed
in the overflow section, and the channels are wider and less curved, and their flow velocities are generally larger.
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(2) Compared with the homogeneous soil model, the simulation model has significantly fewer seepage channels

due to the presence of larger boulders, and the channels become narrower, the degree of bending increases, the
flow velocity decreases, and therefore the infiltration rate decreases significantly.

Numerical simulation and optimization of pressure distribution in oil seepage field based on lattice Boltzmann method

Table 1: The porosity and permeability of each model

Numerical model number Porosity Permeability
Soll 0.5136 0.4006
SRM_1 0.3466 0.0269
SRM_2 0.3478 0.0226
SRM_3 0.3796 0.0373
SRM_4 0.3851 0.0639
SRM_5 0.3596 0.0166

(3) The pressure field in the homogeneous soil model shows a gradual decrease in pressure from the inlet to the
outlet, while the pressure distribution in the simulation model is very uneven, and a significant pressure drop occurs
upstream and downstream of the boulders.

(4) The porosity of SRM_4 is the largest in the simulation model, and the particle size of the boulders is generally
small and the distribution is more dispersed and uniform, so it has more seepage channels, the flow rate is larger,
and the permeability is the largest.

(5) The porosity of SRM_5 is in the middle of the simulation models, but there are a number of boulders with large
particle sizes distributed along the cross-flow section near the inlet, so there are fewer seepage channels, the flow
rate is smaller, and the permeability is the smallest.

y=100 y=300 y=500 y=100 y=300 y=500

9 2.5
81 2.0
7 -
6 1.5
v 5 v =
L L 1.0
= 3 = 0.5 4
24 0.0 1
- 05
3 -0.
_I T T T T T 'l 0 T T T T
0 50 100 150 200 250 300 0 50 100 150 200 250 300
X X
(a) Soail (b) SRM_1
Figure 2: Flow velocity of the specified cross sections
03340 y=100 ° y=300 ° y=500 03340 y=100 = y=300 ° y=500
0.3338 4 0.3338 4
0.3336 4 0.3336 4
0.3334+ 5 0.3334 4
Y 2,
0.3332 4 0.3332 4
0.3330 4 0.3330
0.3328 0.3328 1
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y y
(a) Soail (b) SRM_1

Figure 3: Flow pressure of the specified vertical sections
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In summary, the petroleum seepage field is significantly different from the infiltration properties and homogeneous

soils, and can be affected by fine structural factors such as block content, block grain size, and spatial distribution
of blocks.

Numerical simulation and optimization of pressure distribution in oil seepage field based on lattice Boltzmann method

IV. C. Pressure distribution characteristics

The pressure distribution of the oil flow model is shown in Fig. @ It can be seen that the change of pressure in the
coupled seepage field of the oil well is in the form of obvious “pressure funnel”, which indicates that the pressure is
mainly consumed near the bottom of the well, and this trend is consistent with that of the conventional numerical
solution of the simple seepage field, but there is a difference in the value of the pressure, which shows that the
above modeling method is correct and reasonable. The distribution curve of the pressure difference between the
coupled seepage field and the conventional simple seepage field shows that the pressure of the coupled seepage
field is larger than that of the simple seepage field, which is mainly due to the influence of the stress field on the
physical parameters such as rock porosity and permeability. It can be seen that the coupled seepage field analysis
can more realistically reflect the seepage process of the formation fluid.

Coupled coupled flow field pressure of the well

The pressure difference between the coupled seepage field

and the normal simple seepage field
T T

Well hole

Pressure/MPa

'
'
1
I
1
1
!
1
i
1
|
|
0

Pressure difference/kPa

x/m

Figure 4: Pressure distribution of oil flow model

IV. D. Characterization of reservoir physical parameter distribution

In the coupled seepage field, the mechanical behavior of the rock skeleton particles changes under the action of
the permeability volume force and gravity. With different degrees of stress field action, it is reflected in the seepage
field as corresponding changes in porosity and permeability of the formation. The distribution of rock physical
parameters is shown in Fig. 5. Combined with the pressure distribution in Fig. 4, it can be seen that: in the vicinity
of the supply boundary, due to the small change in formation pore pressure, the rock deformation induced is also
relatively small, and the porosity and permeability of the rock are comparable to the original values. However, in the
area near the bottom of the well, due to the drastic change of pore pressure, the rock deformation caused by it is
quite significant, which has a very obvious influence on the physical parameters of the rock, and the trend of porosity
and permeability is similar to that of the “pressure funnel”.

—— Coupled seepage field permeability —— Simple seepage porosity
—— Coupled seepage field porosity

S Well hole 9.85

Porosity/%

2
Permeability/10~um?

x/m

Figure 5: The distribution of rock properties

In the case of calculations using a simple seepage field, an expression for the variation of porosity by a constant
pore compression coefficient is embedded in the calculation program:
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$=4,(1+C,-Ap) (39)

where, C, is the rock pore compression coefficient, taken as 1x10°MPa™. Ap is the effective pore pressure
change value of the formation, MPa.

Calculated results show that the change in porosity in the simple seepage field is minimal and essentially an initial
constant, which is greater than the porosity value obtained from the coupled seepage field analysis, especially near
the bottom of the well.

V. Strategies for optimizing the adjustment of seepage fields

V. A. Directions for regulating the seepage field

Through the seepage mechanism research can be found that the oil seepage will exist pressure gradient, and the
pressure gradient will affect the effect of crude oil replacement, resulting in a lower degree of crude oil recovery,
higher water content, and at the same time the pressure and saturation degree is bound to change greatly. This
paper combines the actual production conditions to determine the idea of this seepage field optimization.

(1) Layer system adjustment. Due to the strong vertical non-homogeneity of the reservoir, the degree of utilization
of each layer varies greatly, combined with the development of dynamic analysis and geological conditions, such
as interlayer reorganization of the layer system, divided into the main layer, the successor layer and the secondary
development of the layer system, in order to increase the ultimate goal of the oil for the different layers of the actual
conditions of the different layers to take different development measures.

(2) Adjustment of well network: Based on the study of new oil appraisal system, combined with the analysis of
remaining oil, improve the injection and extraction well network in the area of imperfect well network to increase the
water-driven area, so as to achieve the purpose of tapping the remaining oil. Due to the existence of pressure
gradient, some oil well groups cannot be effectively utilized even though the injection and extraction relationship is
perfect, so based on the results of the oil seepage field description, the wells are adjusted and perfected by
appropriate supplementary drilling.

V. B. Programming

V.B. 1) Layer system reorganization design

According to the concept of secondary development, subdividing the layers for the next scale of tertiary oil recovery
as well as establishing the basic well network, it is recommended to carry out the “2+3” program for the potential
sands in order to improve the recovery rate of the old oil field. Comparative analysis of reservoir properties of each
single sand layer in the oilfield. Among them, the physical properties of Ngl and Ngll upper oil groups are better,
and the physical properties of Nglll oil group are the worst. The physical properties of Ngll1, Ngll2, Ngll3, Ngll4,
Ngll5, Ngll6 and Ngll7 are considered to be more different from each other. Further analysis of the development of
the compartments shows that the thickness of the compartments between Ngll2 and NgllI3, and between Ngll5 and
Ngll6 is large and the planar distribution is stable. It can be determined that the oil field should be exploited in layers
by comparing the physical properties and the development condition of the compartments.

According to the principle of layer reorganization in the “Guideline for Preparation of Complex Fractured Block
Oilfield 2-3 Combination Scheme”, the reserve size, oil thickness, distribution range, permeability, and thickness of
septum of each small layer in the oilfield were evaluated, and according to the multi-factor variable-weighted layer
reorganization analysis method, 12 factor analyses were carried out for the oilfield to obtain the comprehensive
factor of layer reorganization, which guided the reorganization of the layers as shown in Fig. 6, and the field was
divided into 5 oil groups according to the sedimentary and geological conditions. The oilfield is divided into 5 oil
groups according to the sedimentary gyrus (Mingxia Section, Pavilion I, Pavilion Il Upper, Pavilion Il Lower, Pavilion
Il). Analyzing the delineation of the comprehensive factors of oilfield layer reorganization and combining with the
analysis of the remaining oil potential of each small layer, Pavilion Il Upper is developed as a set of layers due to
the non-development of the Ngll3-1, Ngll3-2, and Ngll4 single-sand spacer layers. Lower Pavilion Il is developed
as a set of layer system due to the non-development of the interval layer between Ngll6 and 7, thus determining
that Ngll3 and Ngll4 are developed as a set of layer system, and Ngll6 and Ngll7 are developed as a set of layer
system to carry out the design of the two-three combination scheme, covering 10.42 million tons of geologic reserves.
The bottom water sand body of Pavilion | oil group and Pavilion Il oil group are connected to the bottom water, and
the NglI5 reservoir is seriously sanded out, so three times of oil recovery is not considered, and Ngll1, Ngll2, Ngll5,
and Nglll1 are developed as a successor layer system, and Ng | 1 and Ng | 2 are determined to be the secondary
development layer system.
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Figure 6: Complex integration factor

V.B.2) Well network reorganization design
On the basis of reconstructing the subsurface recognition system and residual oil analysis, combined with the
distribution characteristics of oil seepage field, the well network reorganization design is carried out to achieve the
purpose of perfecting the well network, which includes the utilization of old wells and the placement of new wells,
and mainly follows the following four principles:

(1) Construct the well network based on the first-grade sand body, taking into account other grades of sand bodies.

(2) Take the five-point method as the main well network, supplemented by the four-point method, to maximize the
proportion of wells benefiting from the center.

(3) New wells are mainly utilized as well as old wells, and a relatively balanced injection and extraction well
network with a distance of 150m-200m is established.

(4) For some of the thin oil reservoirs in Tiantao Petroleum, establish a well network with horizontal wells for oil
extraction and straight wells for water injection.

VI. Conclusion

In this study, a numerical simulation model of the pressure distribution of the petroleum seepage field was
successfully established using the lattice Boltzmann method, and an optimization and adjustment strategy for the
seepage field was proposed. It is found that compared with the homogeneous soil model, the permeability of the
simulation model is significantly reduced, which is about 4.1%-16% of that of the homogeneous soil model. The
pressure distribution of the oil seepage field shows an obvious “pressure funnel”, indicating that the pressure is
mainly consumed near the bottom of the well, and the pressure of the coupled seepage field is larger than that of
the simple seepage field. In the distribution of rock physical parameters, the trend of porosity and permeability near
the bottom of the well is similar to that of the “pressure funnel”, and the porosity in the simple seepage field is
basically an initial constant, which is larger than that obtained from the coupled seepage field analysis. Based on
the seepage field analysis, this study proposes a “2+3” layer restructuring scheme, covering 10.42 million tons of
geological reserves, involving Ngll3 and Ngll4 as one set of developed layers, and Ngll6 and Ngll7 as another set
of developed layers. Meanwhile, a relatively balanced injection and extraction well network with a well spacing of
150m-200m was established, with the five-point method well network as the main one and the four-point method as
the supplementary one to maximize the proportion of wells benefiting from the center. The lattice Boltzmann method
shows good accuracy and stability in petroleum seepage field simulation, which provides a scientific basis for the
development of low-permeability oil and gas fields, and effectively guides the adjustment and optimization of oil field
development.
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