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Abstract: Fractured reservoirs have developed fractures, strong heterogeneity, and complex seep-
age patterns. The analysis of core and imaging logging data in Bohai BZ Oilfield shows that there
are a large number of fractures developed in the formation, with some wells having up to 6-8 frac-
tures per meter. To study the impact of fractures on seepage, a multi fracture system seepage field
simulation method was established, and the characteristic curves of flow lines under different frac-
ture shapes were drawn. The fracture flow line morphology shows that there is a significant differ-
ence in the distribution of flow lines between the presence and absence of fractures, and the location
of the fractures The size and shape of the reservoir have varying degrees of influence on the distri-
bution of the streamline. The streamline around the well is distributed radially around it. When the
fluid encounters an area with developed fractures, it first flows into the fractures and then flows
from the fractures towards the wellbore. At the same time, based on the characteristics of fracture
development in BZ oilfield and the theory of vertical fracture well testing, a dual medium multi
fracture system oil well testing model was established. The model was numerically solved using
Laplace transform, and a dual logarithmic curve chart for dual pore medium multi branch fracture
well testing was obtained. The effects of fracture branching number, fracture length, conductivity
coefficient ratio, and fracture conductivity on the shape of the testing curve were analyzed. The
established well testing interpretation model can analyze oilfield stratigraphic information, reser-
voir fracture development, and boundary conditions. The research results have important guiding
significance for evaluating the dynamic performance of oil wells in a dual pore medium multi frac-
ture system and designing oilfield development plans.
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1. Introduction

In recent years, with the increasing exploration and development efforts in Bohai
Oilfield, some fractured oil reservoirs have been discovered in deep Archean metamor-
phic rock buried hills. Currently, these reservoirs have become an important field of oil
and gas exploration and development in Bohai. The most important discoveries include
the BZ metamorphic rock buried hill fractured oil reservoir, which has oil and gas reserves
of up to 100 million tons. Analysis of data such as core and imaging logging shows that
the macroscopic fractures in the oil field are developed, and the fracture direction is
mainly NEE-SWW direction. The fracture direction is mainly affected by faults, and near
areas with large faults and fault system development, the reservoir fractures are devel-
oped, and the fracture opening is relatively large. The linear density of fractures in a single
well ranges from 4.2 to 8.3 per meter, with a distribution range of fractures
32.2um~175.7um. It is a typical fractured oil and gas reservoir with developed fractures.
For such reservoirs, fractures not only control the distribution of oil and gas reservoirs,
but also serve as the main flow channel for fluids and are important control factors for the
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productivity of oil and gas wells. However, due to the complex distribution of fractures
and strong heterogeneity of the reservoir, the seepage law becomes more complex.

Sun Qinghe and Zhang Dawei conducted research on well testing analysis methods
for evaluating fractured reservoirs and established a finite conductivity vertical fracture
bilinear flow model [1,2]. Mou Zhenbao applied the basic method of point source function
to establish a coupling model between the reservoir and fractures of vertically fractured
wells based on the characteristics of different conductivity at different positions of vertical
fractures [3]. Wang Xiaodong studied the complete pressure dynamic characteristics and
productivity evaluation method of vertically fractured wells with limited conductivity in
closed formations based on the theory of unstable seepage [4]. Li Aifen has completed a
new algorithm for solving the finite conductivity vertical fracture well test model in dual
porous media [5]. Liu Nengqgiang and Zhang Yanyu established a well testing interpreta-
tion model for vertically fractured wells in mean oil reservoirs [6,7]. Liu Jianjun obtained
a mathematical model for fluid solid coupling seepage calculation in fractured sandstone
reservoirs [8]. Cinco proposed bilinear flow model and two-dimensional plane model
[9,10]. Lee established a trilinear flow model [11]. Liu Ciqun quickly calculated typical
curves for finite conductivity vertical fracture well testing analysis in homogeneous and
dual medium reservoirs using the elliptical flow model and mass conservation method
[12-15]. Zhang Dezhi established a well testing interpretation model for complex fractured
low permeability reservoirs with dual porosity and dual permeability media [16]. How-
ever, there is currently limited research on well testing for multi branch fractured wells
with multiple fractures. The actual drilling data of Bohai A Oilfield confirms that reservoir
fractures are very developed, and these methods have certain limitations in describing the
characteristics of formation fluid seepage. This article combines the characteristics of frac-
ture development in Bohai BZ Oilfield to establish a multi fracture system seepage field
simulation method and well testing interpretation model, it has important guiding signif-
icance for evaluating the dynamic performance of dual medium multi fracture system oil
wells and designing oilfield development plans.

2. Simulation analysis of seepage field in multi fracture system

A streamline is a line formed by the tangent lines of the instantaneous flow velocity
field of a fluid. The streamline can describe the path of the fluid flowing to the wellbore,
and the distribution of the streamline can directly reflect the trajectory of the reservoir
fluid movement, helping to determine the impact of fracture distribution on the drainage
area and seepage law of multi fracture reservoirs [17-22]. By using streamline, a streamline
model can be established to calculate the development performance of oil and gas fields.
Therefore, the study of streamline distribution has received widespread attention from
reservoir engineering researchers. The distribution of streamline is closely related to the
characteristics of the strata and is influenced by many factors. The heterogeneity of oil
reservoirs, the presence of impermeable areas, and boundary properties all have varying
degrees of impact on the distribution of oil reservoir streamline. If the existence of cracks
is determined based on geological data, the location, size, and shape of cracks have vary-
ing degrees of impact on the streamline distribution of the oil reservoir. The analysis of
core and imaging logging data shows that there are many fractures developed to varying
degrees in the Bohai BZ oilfield. To study the impact of fractures on seepage, it is neces-
sary to simulate and analyze the seepage field of the fracture system.

2.1. Establishment of Streamline Simulation Method for Crack System
A typical oil reservoir with a multi fracture system is shown in Figure 1. Assuming
that the fluid flows stably, the reservoir is homogeneous, isotropic, and of equal thickness,

and the fracture development height is consistent with the reservoir height, the control
equation is a two-dimensional Laplace equation:
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V2p=0 (1)

outer boundary

fracture system inner boundary

Figure 1. Schematic diagram of multiple fractures in the oil reservoir

The inner boundary is multiple fractures, while the outer boundary is the outer
boundary of the reservoir. Equation (1) is a harmonic function in the region, and its fun-
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damental solution is Py In i According to Green's formula, the pressure at a point in the
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region can be associated with boundary conditions:
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P(M) is the pressure at any point, P(S) is the pressure on the boundary.

By discretizing the above equation, the pressure at each point in the entire domain
can be obtained from the boundary conditions. In order to perform the closed integral
calculation of the boundary integral equation, the constant element method is used for
streamline simulation research. The boundary is approximately divided into N straight
line segments, and the midpoint of each straight line segment is taken as the node. Gen-
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So the streamline can be obtained based on the following two equations:
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Given a sufficiently small dt, a streamline can be traced and drawn. In simulation
analysis, the inner boundary can be known by potential or derivative; The outer boundary
is atmospheric or impermeable. Due to the ease in determining various parameters of

cracks at the beginning of the calculation, it is convenient and effective to simulate radial
multi crack systems.

2.2 Streamline simulation results

By using Equations (6) and (7), the streamline of the oil reservoir can be plotted. The
more nodes there are, the more accurate the results will be; But the time required for cal-
culation also increases accordingly, and as the number of nodes increases to a certain ex-
tent, the shape of the line tends to stabilize. From the simulation results (Figure 2-Figure
5), it can be seen that the streamline distribution map vividly displays the trajectory of
fluid movement in fractured formations. The development of fractures has a significant
impact on the flow of fluids through the formation. The distribution of flow lines varies
greatly between fractures and non fractures, and the location, size, and shape of fractures
have varying degrees of influence on the distribution of flow lines in oil reservoirs. The
flow line around the well is distributed radially around it. When the fluid encounters an
area with developed fractures, it first flows into the fractures and then flows towards the
wellbore from the fractures.
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Figure 2. Streamline distribution without cracks
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Figure 5. Distribution of multi branched cracks and streamline
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wellhole

3. Well testing modeling methodology
3.1 Establishment of mathematical models

Due to the irregular and complex distribution of fractures in the actual dual medium
formations of oil fields, there are considerable difficulties in studying the flow patterns of
fluids through them. In order to study the flow patterns of fluids in dual media, a simpli-
fied Warren Root physical model was used (Figure 6). Consider a dual medium reservoir
as two systems: a fracture system and a matrix rock block system, and these two systems
exist within any volume unit in the reservoir. Assuming that the permeability of the frac-
ture system K; is much higher than that of the matrix rock block system K, K;>>K_-
And crude oil flows from the matrix rock block to the fracture system, and then from the
fracture system to the wellbore.

matrix system wellhole

fracture system

1 fracture system ] K f

| —— ‘

|
|
|
I I K
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]

matrix system

Figure 6. Dual porosity medium reservoir model.

Based on this, combined with the development of fractures in Oilfield A, the follow-
ing basic assumptions are made for the oil reservoir:

1) Assuming that there is a well in the center of a circular constant pressure boundary
double hole formation for constant production rate, and n finite conductivity fractures of
length X; and width @; are developed radially around the well. The fractures are sym-
metrically developed, and the formation replenishes fluid to the wellbore through the
fractures. The physical model is shown in Figure 7.
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Figure 7. Physical model of multi branch vertical fractured wells



Innovation & Technology Advances, 2023, 1(2), 47-62. 53

2) The fractures and formation fluids are slightly compressible, and the compressi-
bility coefficient remains unchanged;

3) Neglecting the influence of gravity and capillary force;

4) The fracture conductivity does not vary with location and is a finite constant;

5) Both the strata and fractures are single-phase flow and comply with Darcy's law;

6) Consider wellbore storage and crack skin effects.

Under the above assumptions, establish a differential equation describing the seep-
age of fractures and formations.

The equation of fracture:

azpf+ 2k 6_p=aﬁﬂ¢fcf
o’ Kio; on otk

(8)

Formation equation: 1 represents the formation fracture system, 2 represents the for-
mation matrix system.
Formation fracture system:

k1o op,, 10°p, Lk ap,
= +5—1+12(p,—-p)=¢C,— 9
y[rar( o)t o0 ﬂ(pz P = ACu— ©)
Formation matrix system:
k 0
A= (P = P) = 6:C.p 2 (10)
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Inner boundary conditions:
Wellbore storage effect:
ke h g
2D Py gy o WP (1)
uooort dt
Skin effect:
SX; op
- S M 12
(P=Plr, =551 (12)
Outer boundary conditions:
Fracture:
p;
AL [ 13
or 1" 13
Constant pressure outer boundary:
Pl, =P (14)
Initial condition:
Stratum:
Pl, =P (15)

Fracture:
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Pl = Pi (16)

Dimensionalize the above model and take Laplace transform, the results are as fol-

lows:
The equation of fracture:

o'p o =
piD +iapD =Py (17)
org Ly ONp

The equation of formation:

10, 0p,. 18&p A+ 20— o) —
__(r pD)_,’__2 pZD =7 ( ) pD (18)
ror or r- o6 A+2(l- w)

Inner boundary conditions:
Wellbore storage effect:

Nl ap ) - 1
— )|, =Cpzpyp—— 19
— arD)% pZPu =7 (19)
Skin effect:
- = 2S 0p,
- =227 20
(o= Po)ls, =5 (20)
Outer boundary conditions:
Fracture:
-
Lo .- e
or, '°
Constant pressure outer boundary:
Po| =0 (22)

Where the dimensionless Laplace space pressure is _pD = J.: P, (1p,tp)e ™ dt, ;

pi—p .
pi_pwf’

The dimensionless pressure is Pp =

r
The dimensionless distance is o = Py
f

kt
The dimensionless time is: b =—=7;
HgCX;
ko
The dimensionless conductivity is Lip = o
f

k6,Ci
. C,

The ratio of conductivity coefficient between fracture and matrix is 7 =
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Parameter Description: Z is Laplace space variable; B is the volume coefficient of the
fluid , dimensionless; S is skin coefficient, dimensionless; C is well storage coefficient,
m3/MPa; Cyis the comprehensive compressibility of fluid in fracture, 1/MPa; C: is the com-
prehensive compressibility of fluid in formation, 1/MPa; h is the formation thickness, m;
K is the permeability of formation, um?; Ky is the permeability of fracture, um?; w is stora-
tivity ratio, dimensionless; A is the interporosity flow parameter, dimensionless; xris the
half-lenth of fracture, m; wyr is the fracture width, m; q is the production, m3/d; p is the
fluid viscosity, mPaes; @ is the total porosity, dimensionless; @ris the porosity of fracture,
dimensionless; P is the pressure in the formation, MPa; P: is the initial pressure, MPa.

The dimensionless well storage coefficient is C

3.2 Mathematical Model Solving

It can be used to solve the model of the implicit difference scheme method [23,24].

r, /X, 1. r
=—In(-*+
r /xf) N (rw)’

w

1
The radial direction exponential grid is divided into N grids, AX= N In

_ r_we(i+0.5)Ax
Xy

I

i , considering the symmetrical distribution of fractures, the area where two

adjacent fractures and the angle are located is taken as one unit for research. Divide the

27
angle into M grids according to a uniform grid, Af= ; it is divided into N xM
nxM

grids. Each grid equation:

A+io(l-o)

aw, ;Pi_y; & Py —| a6 +Zm Pijtan ;P tas;pija =0 (23)

Where:

1

aw,; =a€; = AL (24)
1

an ; =as;; = YV (25)

ac,; =aw,; +ae ; +an,; +as; (26)

Fracture is divided into Lx2 grids. Each grid equation:

aw, ;P +a Py —(@c; +zn)p; +an P, +aS ;P ;. = an (27)
Where:
1
aw;; = ag; = A (28)
an, . = 2 as,, =0 (29)
UL A0 Sy
2 Al



Innovation & Technology Advances, 2023, 1(2), 47-62. 56

2
as, ; = o M(H SAx)]'an"j =0 (30)
) 7AO
ac,; =aw +ae +an +as; V’'p=0 (31)

Correction of grid connection in fractured wellbore:

Cpz
ac, <ac,, - rD (32)
2C,z7m - AX
Xf
+2n
Lf
1
an, <an,; - rZ (33)
2Cpz —* AX
Xf
+2n
Lf
aw,, =0,ae , =0 (34)
Calculation formula for wellbore pressure:
1 L;-n 0
L ox ;l AX
_ f
pw - Lf -n (35)
Coz+ .
— AX
Xf

The bottom hole pressure calculated above is the solution in Laplace space, with the
help of Stehfest Laplace numerical inversion transformation algorithm [25], obtain dimen-
sionless bottom hole pressure in real space Pup, the basic formula of Stehfest Laplace
numerical inversion transformation algorithm is as follows:

Po() =23, Po(2) 36)

z;=(In %) 3 (37)

L iJrN/Zmin(N/Z,i) kN/2(2k)|
=D k:(i%,z (N/72-k) (kD) (k —D) 1 —k)1(2k —i)!

(38)

3.3 Type curves and sensitivity analysis

3.3.1 Effect of fracture branch number on the characteristics of well testing curve
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By solving the model, the dynamic response curve of multi-branch fracture well pres-
sure in dual-porosity reservoir can be obtained. Figure 8 reflects the influence of fracture
branch number on the dynamic curve of bottom hole pressure. From the double logarith-
mic curve in the figure, it can be seen that the pressure curve is roughly divided into four
flow stages: early linear flow stage, elliptic flow stage, channeling flow stage and late ra-
dial flow stage. With the increase of the number of fracture branches, the fracture linear
flow section is more obvious, while the bilinear flow section is difficult to observe, but the
elliptic flow section also appears earlier. This is because the more the fracture branches,
the larger the contact surface between the fracture and the formation, and the greater the
fracture conductivity.

1.E+02

1. E+00

Py, Py

1. E-02

1.E-04 L L L L !
1. E+00 1. E+02 1. E+04 1. E+06 1. E+08 1.E+10

1:D
Figure 8. Effect of fracture branch number on double logarithmic curve.

3.3.2 Effect of fracture half-length on the characteristics of well testing curve

The influence of different fracture half-length on the characteristics of well test curve
is shown in Figure 9. From the double logarithmic curve in the figure, it can be seen that
the influence of fracture half-length on the two stages of linear flow and elliptical flow is
obvious. The larger the fracture half-length, the more obvious the fracture linear flow sec-
tion and the longer the duration, while the bilinear flow section is more obvious, and the
elliptical flow section appears later. This is because the greater the fracture half-length,
the greater the contact surface between the fracture and the formation, the more fluid is
added to the fracture by the formation, and the greater the fracture conductivity.

1.E+02

xf=0. 5
xf=1.0
xf=1.5
1.E+00
%
a7
1.E-02
1 E704 1 1 1 1 J
1. E+00 1. E+02 1. E+04 1. E+06 1. E+08 1.E+10

)

Figure 9. Effect of fracture half-length on double logarithmic curve.
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3.3.3 Effect of pressure conductivity coefficient ratio on the characteristics of well test-
ing curve

Figure 10 reflects the influence of pressure conductivity coefficient ratio on the dy-
namic curve of the bottom hole pressure. It can be seen from the double logarithmic curve
in the figure that the larger the ratio of the conductivity coefficient is, the more obvious
the linear flow section of the fracture is, and the bilinear flow section is more difficult to
observe. The later the elliptical flow section appears. This is because the larger the fracture
conductivity ratio, the greater the difference between the fracture and the formation phys-
ical properties, and the greater the dominant role of the fracture.

1.E+02
— n=10
n=20
— n=30
1.E+00 [ b
IR
o
1.E-02
1. E-04 1 1 1 1 J
1. E+00 1. E+02 1. E+04 1. E+06 1. E+08 1. E+10

b
Figure 10. Effect of pressure conductivity coefficient ratio on double logarithmic curve.

3.3.4 Effect of fracture conductivity on the characteristics of well testing curve

Fracture conductivity is one of the most important parameters of fractured reservoir,
which is the main embodiment of fracture permeability and fracture width. Figure 11 re-
flects the influence of different fracture conductivity on the characteristics of well test
curve. It can be seen from the double logarithmic curve in the figure that the larger the
fracture conductivity is, the more obvious the linear flow section of the fracture is, and the
later the elliptical flow section appears. Because the greater the fracture conductivity, the
stronger the fracture communication ability, the more obvious the fracture linear flow.

LLE+02
— Lf=h0
L£=100
— Lf=150
1. E+00
[
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1LE-02
1.B-04 1 1 1 1 ]
1.E+00 1. E+02 1. E+04 1. E+06 1.E+08 1.E+10

by

Figure 11. Effect of fracture conductivity on double logarithmic curve.
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3.3.5 Effect of cross flow coefficient on type curve

The channeling coefficient represents the ratio of bedrock permeability to fracture
permeability and a function of the geometric structure of the matrix rock block. Its numer-
ical value reflects the difficulty of crude oil flowing from the matrix rock block system to
the fracture system, and determines the time when the transition period occurs. Figure 12
reflects the influence of the cross flow coefficient on the well testing curve. As the cross
flow coefficient continues to increase, the concave part of the pressure derivative transi-
tion section appears earlier and earlier, indicating that the fluid supply capacity of the
bedrock to the fracture is becoming stronger. On the contrary, the smaller the channeling
coefficient, the later the pressure derivative curve appears, indicating that a larger pres-
sure difference and a longer time are required for the bedrock to supply fluid to the frac-

ture.
1.E+02
—— A=1.0E-5
A=1.0E-6
1. E+00
-9
e
1. E-02
1.E-04 1 1 1 1 J
1. E+00 1. B+02 1. B+04 1. E+06 1. B+08 1.E+10
Ty

Figure 12. Effect of cross flow coefficient on type curve.

3.3.6 Effect of storativity ratio on type curve

The elastic energy storage ratio represents the ratio of the elastic reserves of crude oil
in a fractured system to the total elastic reserves of the system. Figure 13 reflects the in-
fluence of the elastic energy storage ratio on the well testing curve. The elastic energy
storage coefficient affects the degree of depression in the pressure derivative curve. As the
elastic energy storage ratio decreases, the pressure derivative curve becomes deeper and
the starting position of the transition section moves forward, indicating that the supply of
bedrock to the fracture has an increased impact on pressure changes.

1.E+01

L.E-03 1 1 1 1 J
1. E+00 1. E+02 1. E+04 1. E+06 1. E+08 1.E+10
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Figure 13. Effect of storativity ratio on type curve.
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4. Field Tests Interpretation

The target layer of Bohai BZ Oilfield is the Archaean buried hill. Analysis of core and
imaging logging data shows that the reservoir fractures in this block are developed. DST
testing was conducted on the exploration well BZ-1, and the relevant basic data of this
well are shown in Table 1.

Table 1. Basic parameters of reservoir and well.

Parameter Numerical Value
Qil layer thickness, I (m) 87.3
oil volume factor, B (m3/m?3) 2.637
well radius, 7w (m) 0.108
Formation crude oil viscosity, u (mPa-s) 0.27
Formation compressibility coefficient, C: (1/MPa) 0.00065
Porosity, @ (%) 4.6
Test production capacity, Q (m?%d) 312
Test time, t/(h) 212

The established model was used to analyze the DST test data during the testing time.
The fitting between the measured pressure data and the typical chart is shown in Figure
14. It can be seen that the fitting results of the interpreted chart are in good agreement
with the on-site test data. The example explanation parameters are shown in Table 2.
From the fitting results, it can be seen that the reservoir around BZ-1 well has developed
fractures and good physical properties, and there is a certain degree of pollution in the oil
well. Based on the comprehensive analysis and understanding of well testing data, it has
a foundation for high and stable production. Based on the understanding of well test in-
terpretation results, this block has implemented four trial production wells in the early
stage, with a daily oil production of 260-356m?/d, it has been in operation for 3 years, with
stable production and good development results.

10

0.1

0.01 “o."‘-‘ el

0.001 Measured pressure, PD Y
Measured pressure derivative, P'D
—e— Fitting pressure, PD
—e— Fitting pressure derivatives, P'D

PD,P'D

0.0001
1.00E-04 1.00E-03 1.00E-02 1.00E-01 1.00E+00 1.00E+01 1.00E+02
)

Figure 14. Double logarithmic curve fitting diagram of BZ-1 well.

Table 2. Well test interpretation results.

Parameter Numerical Value
Permeability, K (mD) 97.6
Skin factor, S 23.9
Number of crack branches, n 5
Half-length of crack, xt(m) 156.8
Well storage coefficient, C (m3/MPa) 0.0012
Interporosity flow coefficient, A 2.65x107
Elastic energy storage ratio, w 0.04

Detecting radius, r (m) 956
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5. Conclusions

1) The seepage field simulation method of multi-fracture system is established, and
the streamline characteristic curves under different fracture shapes are drawn. The loca-
tion, size and shape of the fracture have different effects on the streamline distribution of
the reservoir. The streamline around the well is radially distributed. When the fluid en-
counters the area with fracture development, the fluid first flows into the fracture, and
then flows from the fracture to the wellbore.

2) Based on the theoretical model of fractured reservoir, combined with the fracture
development of BZ oilfield, the well test interpretation model of dual medium multi-frac-
ture system reservoir is established. The model is numerically solved by Laplace trans-
form, and the double logarithmic curve chart of multi-branch fracture well test in dual
porosity medium is obtained. The effects of fracture branch number, fracture length, con-
ductivity coefficient ratio and fracture conductivity on the double logarithmic curve are
studied.

3) The established well test interpretation model comprehensively considers the frac-
ture characteristic parameters, the flow of the fracture system, and the channeling be-
tween the fracture system and the matrix system. According to the well test data, the oil-
field formation information, reservoir fracture development and boundary conditions can
be analyzed. It has been applied to the interpretation of well test data of fractured reser-
voirs in Bohai BZ oilfield to guide the design of well location, and has achieved good
application results. The research results have important guiding significance for evaluat-
ing the dynamic of oil wells in dual-medium multi-fracture system and the design of oil-
field development plan.
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