Hindawi

Geofluids

Volume 2020, Article ID 8854307, 11 pages
https://doi.org/10.1155/2020/8854307

Research Article

WILEY

Hindawi

Rate Decline Analysis of Horizontal Wells with Multiple Variable
Conductivity and Uneven Distributed Fractures

Yunpeng Hu
Penghui Su, and Wengi Zhang

» Ziyun Cheng, Wei Ding, Xiaoling Zhang, Liangchao Qu

, Chunliu Sun,

PetroChina Research Institute of Petroleum Exploration and Development, Asia-Pacific E&P, Beijing, China

Correspondence should be addressed to Yunpeng Hu; huyunpengl129@petrochina.com.cn

Received 22 September 2020; Revised 19 October 2020; Accepted 24 October 2020; Published 20 November 2020

Academic Editor: Lei Wang

Copyright © 2020 Yunpeng Hu et al. This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

In this paper, a new rate decline analysis model of horizontal wells with variable conductivity and uneven distribution of multiple
fractures is proposed. By Laplace transformation, point source integration, and superposition principle, solutions of multiple
infinite conductivity fractures in closed reservoirs are obtained. By coupling Fredholm integral equation of variable conductivity,
linear equations of variable conductivity fractures in Laplace space are obtained. Gauss-Newton iteration, Duhamel convolution,
and Stehfest numerical inversion method are used to obtain the bottom hole production solution. The accuracy of the results is
verified by comparing with Eclipse software simulation. Then, the influence of some important reservoir and fracture
parameters on the production is analyzed. The calculative results show that the smaller the fracture spacing is, the earlier the
fracture begins to decline, the more the production will decrease; the change of different fracture length with the total fracture
length unchanged has almost no effect on the production; the angle between fracture and x-axis has an important effect on the
production; the smaller the angle between fracture and x-axis is, the stronger the interference between fractures is, the higher
the production; the initial fracture conductivity affects the early production behavior, and the higher the initial fracture
conductivity, the higher the production; the larger the fracture declines index, the lower the production, but the decreasing
range gradually decreases with the increase of the decline index; the larger the reservoir drainage radius, the later the energy
depletion stage, the higher the production. At last, a good fitting effect is obtained by fitting an example of oil field. The model
proposed in this paper enriches the model base of rate decline analysis of fractured horizontal wells and lays a theoretical
foundation for efficient development and practice of tight reservoirs.

1. Introduction

Multistage fracturing horizontal well is an important mea-
sure for the stimulation of low permeability reservoirs and
especially for tight reservoirs. Multiple fractures generated
by hydraulic fracturing can improve the near wellbore seep-
age mode and increase oil and gas seepage channels. Based
on the theory of transient seepage flow, it is of much signifi-
cance to guiding production practice to establish a productiv-
ity decline analysis model and method for multistage
fractured horizontal wells and finally obtain reservoir param-
eters and well-controlled reserves using the typical curve
fitting technology [1].

The transient well test analysis of hydraulic fractures
reached the peak in the 1970s and 1980s and laid a theoretical

foundation for the subsequent development of models for
multistage fractured horizontal wells. Gringarten [2] firstly
proposed practical typical curves of testing of vertically frac-
tured wells with infinite conductivity and applied the curves.
Cinco-Ley et al. [3] proposed a semianalytical model for the
pressure of vertical fractures with finite conductivity in real
space, which laid the theoretical foundation for test interpre-
tation of vertically fractured wells. Cinco-Ley et al. [4] devel-
oped a dual-medium fractured well model and established
typical curves. Some scholars have extended Cinco-Ley
method to the pressure and production instability model
for multistage fractured horizontal wells. Raghavan and Joshi
[5] gave a steady-state productivity analysis method for
multifracture systems with infinite conductivity based on
the steady-state seepage theory. They conducted detailed
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theoretical derivation using the methods such as sink-source
integration and pressure drop superposition. Wan and Aziz
[6] proposed a new model for fractured horizontal wells.
In their model, the included angle between an infinite con-
ductivity fracture and a horizontal well can be arbitrary.
Al-Kobaisi et al. [7] proposed a hybrid model for fractured
horizontal wells with finite conductivity, which is very effec-
tive for early productivity analysis. Demarchos et al. [8] pro-
posed a series of production optimization charts for
fractured horizontal wells based on the idea of Economides,
which are of much significance to the design of the con-
struction of fractured horizontal wells. Brown [9] consid-
ered the “volume fracturing” characteristics of hydraulic
fractures in tight reservoirs and represented the area
between fractures as a double-porosity three-flow model.
Luo et al. [10] proposed a fracture single-wing model and
used it to solve the problem of noncoplanar fracture pres-
sure instability analysis of multistage fractured horizontal
wells. Based on predecessors’ achievements, some scholars
later did some extended research [11-16]. Yuan et al. [17]
proposed a workflow to analyze hydraulic fracture effect
on hydraulic fractured horizontal well production in com-
posite formation system. Zhao and Du analyzed the perfor-
mance of horizontal wells in composite tight gas reservoirs
considering stress sensitivity.

Great progress has been made in the pressure analysis of
multistage fractured horizontal wells. Most scholars assume
that the conductivity is constant, and fractures have equal
length and are uniformly distributed. This will bring large
errors to the production data analysis of fractured wells with
variable conductivity in general. Domestic and foreign
scholars have conducted a lot of proppant conductivity
experiments to study the variable conductivity effect of frac-
tures [18-21], where there are 3 spatial variable conductivity
forms such as linear, exponential, and logarithmic ones.
However, at present, there are relatively few rate decline
models that consider both variable conductivity and uneven
distribution of multiple fractures in horizontal wells. Sun
et al. [22] established the single-fracture rate decline analysis
method considering the variable conductivity of fractures,
but it fails to consider uneven distribution of multiple frac-
tures. The purpose of this paper is to establish a new rate
decline model taking account of both the variable conductiv-
ity of fractures and uneven distribution of multiple fractures.
In this paper, a point source seepage model for closed reser-
voirs has been firstly established; moreover, an infinite con-
ductivity model with uneven distribution of multiple
fractures has been obtained by means of Laplace transforma-
tion, point source integration, and superposition principle.
Then, the Fredholm integral equation has been established,
which takes account of the change of conductivity. By cou-
pling the infinite conductivity multifracture model with the
variable conductivity Fredhom integral equation, the system
of linear equations of fracture flow rate and horizontal well
pressure in Laplace space has been obtained. The real space
rate solution has been obtained based on the convolution
principle and Stehfest numerical inversion algorithm.
Finally, the type curves and flow characteristics have been
analyzed using the obtained solution, thereby establishing a
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theoretical foundation for the rate decline analysis of tight
reservoirs.

2. Productivity Model for Horizontal Wells with
Variable Conductivity Fractures
Distributed Nonuniformly

2.1. Physical Model. Figures 1(a) and 1(b) are the 3D and 2D
schematic diagrams of a model for a horizontal well with var-
iable conductivity fractures distributed nonuniformly. After
multistage fracturing of the horizontal well in the tight reser-
voir, multiple fractures are formed in the well (Figure 1(a)).
This model is different from the conventional equal conduc-
tivity model, and fractures gradually pinch out from the cen-
ter to the two ends.

The hypothesis of fracture physical model is very reason-
able and conforms to the real fracture spatial distribution.
The fractures can be unevenly distributed (Figure 1(b));
fluids mainly flow from the reservoir to the hydraulic frac-
tures, and finally, the fluids from the hydraulic fractures
converge to the horizontal wellbore (Figures 1(a) and 1(b)).
The physical model is simplified as follows:

(1) All rock properties such as reservoir permeability,
reservoir porosity, fracture permeability, and fracture
porosity are all constant. The compressibility factor
and viscosity of fluids and reservoir thickness are also
a constant

(2) The hydraulic fracture formed by staged fracturing of
the horizontal well is assumed to run through the
whole reservoir; in addition, the length of each frac-
ture is xg;, and the fracture width varies on x-y plane

(3) The reservoir belongs to the radial coordinate.
Assume that fluids can spread to the boundaries after
flowing for a certain period. Therefore, it can be
assumed that the horizontal boundaries are circular
and closed, and the upper and lower boundaries are
impermeable

(4) Isothermal Darcy seepage occurs in the reservoir;
moreover, consider that the seepage in the fractures
is of finite conductivity

(5) The total production of all hydraulic fractures is a
constant Q

(6) The pressure is distributed uniformly in the initial
state and equals to the initial pressure P,

(7) All hydraulic fractures can be unevenly distributed,
and their spacing, length, and angle can all be
different

2.2. Point Source Model with Multiple Unevenly Distributed
Fractures. According to the physical model assumptions, a
tight reservoir subjected to multistage fracturing stimulation
of horizontal wells is known; by combining the continuity
equation, velocity equation, and state equation, the obtained
point source seepage control system of equations for the
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F1GURE 1: Schematic of the multistage fractured horizontal well with unevenly distributed variable conductivity fractures: (a) 3D distribution
schematic of multiple variable conductivity fractures; (b) 2D uneven distribution schematic of multiple variable conductivity fractures.

whole reservoir is as follows (for the following symbols, see
their annotations):

k1o Bp ap (1)
uror\"or) " %%t
The initial condition of the reservoir is:

p(r,0) =p;. (2)

The closed external boundary condition of the reser-
Voir is:

=0. (3)
The production of the point source is changed, so the

internal boundary condition of the point source is below:

2mr kh dp
u  or

(ro = 0:) =q(1). (4)

The dimensionless definition expressions of the physi-
cal quantities are as follows:

2mtkh(p, — r kt
D:MTsztDziz. (5)
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After nondimensionalization and Laplace transform of
equations (1) to (4), the governing equations and bound-
ary condition equations can be rewritten. The governing
equations can be rewritten as follows:

2= 2
apD+ laPD S (6)
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The internal boundary condition of the point source
can be rewritten below:

Po_ ap(s) )

The external boundary condition can be rewritten
below:

9p

—rp=—>— =0. (8)
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By jointly solving equations (5)-(7), the point source
equation can be generally solved as follows:

K, (repv/s)
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Pp(s)=4qp(s) * ("D\/_) +1 (rD\/_) 9)

For obtaining the solution to multiple unevenly dis-
tributed fractures at any angle, assume that the position
of any point of the reservoir and the point source is,
respectively, (xp, yp) and (xD’, yD’), and the fracture refer-
ence length is L. The maximum length of the fractures is
defined as the reference length (a fracture is from the
intersection of the horizontal well with the fracture to
fracture pinch out); the length of each fracture is Lfl-,
and the distance from the point source to any point is
rp. Then, the following geometrical relationship is estab-

lished:
= (xD Xp )2 + <)’D‘)’D/)2~

Substitute equation (10) into equation (9) to obtain:

(10)
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where
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where s is the Laplace space-time variable. Assuming that
the number of fractures in the multistage fractured hori-
zontal well is Ny, the pressure drop of each section of

fractures can be obtained as follows by means of point
source integration, superposition principle, and coordinate
transformation:

. 5 Loy
Ppj= Jo drpj ()/Dj’ S)f(xD’YD’ Xfp; + Vpj €08 Opj> Yp; $in O 7, 5) dyps
=1
(13)

where 6; is the included angle between the jth frac-
ture and the x-axis; yp, is the position of the fracture
source; (xsp;» ¥p;) are the coordinates of the starting end-
point of the fracture. If each fracture is divided into N

sections, the pressure drop formula for the ith section of
the jth fracture can be written as follows:

N/ Ns

[)Dji = 2::1 Zi éiji(S)

X E(XDji’yDji’ XD+ YD €08 Ofinns ¥ Dy S O s Xeps Yeps 5) dyp-
(14)

2.3. Hydraulic Fracture Flow Model. The flow in fractures
can be assumed to be one-dimensional linear flow.
According to the idea of Cinco-Ley [4], the dimensionless
governing equation of flow in the single wing of a one-
dimensional fracture can be written as follows:

8 PfD 2n
orp CfD

=0. (15)

The initial condition of a hydraulic fracture can be
written as:

Pip(rptp=0)=0,0<r, <1. (16)

The inner boundary condition can be written as:

apr> 21

=2 == Grup 17
(a% e (17)
Psp

(&) L 1)

Integrate equation (15) from 0 to v while using bound-
ary equations (17) and (18) to obtain:

opsp(v) _ 0psp(0) L2 2m
orp orp CfD

f%md (19)
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Substitute equation into equation (19) to obtain:

2 (o (v 2
Psp(rp) —psp(0) = @L JOQfD(“)d”dV_ @‘waz)-

(20)

At the wellbore:
Psp(0) = Pyup =0. (21)
Substitute equation (21) into equation (20) to obtain:

2 ("o v 21
o || apmtdudy = qpup (22)
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Carry out the Laplace transformation to obtain:

2n

- - 2
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Assume that a multistage fractured horizontal well
consists of multiple single-wing fractures. If the jth frac-
ture wing is divided into n; sections, the pressure of the
ith section of fracture can be obtained from the discrete
equation (24):

- - 27 . Ar Y Ar
Pspji(TD) = Pup — CifD : { (IAVD - TD) : 1; dfpk ~ TD

(o) & ) 152+ (o= 3)r]

k=1
(24)

where Arp,=1/n;, psp, and gy, are the pressure and

flow rate of the ith sectlon of the jth fracture wing.

The specific expression of variable conductivity of a
vertical fracture must use the laboratory experiment
method or the fracturing experience formula of an actual
reservoir. In this paper, the expression uses an exponential
empirical formula referring to reference [19], which is as
follows:

Crp(xp) = Cypy - exp (=brp). (25)

Figure 2 shows the variation of the fracture conductiv-
ity with the along-fracture distance at different exponent coef-
ficients. As the along-fracture distance increases, the fracture
conductivity decreases gradually; in addition, as the decline
exponent increases, the decline amplitude gradually increases,
and the fracture conductivity decreases sharply.

2.4. Coupling Solution to the Reservoir Model and Fracture
Model. Assume that N fracture wings are formed during
horizontal well fracturing. If the jth fracture wing is divided
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FIGURE 2: Variation of the fracture conductivity with the along-
fracture distance at different exponent coefficients.

into n; sections, the total number of fracture sections is:

(26)

3
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Based on the superposition principle, the pressure on the
fracture surface shall be equal to that on the hydraulic frac-
ture section, then:

i)iji :i)Dji' (27)

Now, m equations can be listed, but the Laplace space
horizontal well pressure in equation (25) is also unknown,
and there are m +1 unknowns. Assuming that the horizontal
well is produced at a fixed flow rate, the sum of the flow rates
of all fracture sections shall be equal to the fixed flow rate of
the horizontal well; then:

N nj 1
szliji = S (28)
j=1 i

By solving equations (27) and (28), m flow values and the
bottom hole pressure p,, in the horizontal well in the
Laplace space can be obtained. To get the production solu-
tion, it is needed to use the Duhamel convolution principle;
then:

1

o 29)

QwD =

The dimensionless bottom hole pressure p,, can be
obtained through Stehfest numerical inversion.

10 4
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FIGURE 3: Comparative verification of the presented semianalytical
model with the numerical simulation result.

3. Validation of the Presented Model

In this section, Eclipse commercial numerical simulation
software is compared with our model to validate it. Some
important parameters are as follows: reservoir area 1000 m
x 1000 m, reservoir permeability k = 0.01 md, fracture half-
length xp= 50 m, fracture permeability kf =10D, number

of fractures formed by fracturing N =5, fracture spacing
100 m, and horizontal well pressure difference 2 MPa. The
fractures are evenly distributed and are of equal length, and
the initial fracture conductivity is Cy; =200. In order to
ensure that the dimensionless drainage area is equal to the
circle, r,, = 11.29, and the conductivity decline exponent is
b =0. The simulation validation result is shown in Figure 3.
As shown in the figure, the result from the commercial soft-
ware is in good agreement with the presented model, thus
verifying the reliability of the model result.

4. Analysis and Application of Production
Influence Factors

4.1. Influence of Fracture Spacing L, on Production. In the
presented model, the dimensionless fracture length is Ly, =

1, and the included angle between different fractures and
the x-axis of the reservoir is 90°, 90°, 90°, 90°, and 90°, respec-
tively. The coordinate positions of different fractures are
shown in Figure 4. The reservoir radius is r,, = 40; the num-
ber of fractures is N = 5; the initial fracture conductivity is
Cyp = 20; the fracture decline exponent is b= 0.3, and the
dimensionless fracture length is L, = 1, 3, and 5, respectively.
Figure 4 shows the pressure distribution caused under differ-
ent fracture spacings at time £}, = 1. Due to the constant pres-
sure production of the bottom hole of the horizontal well, the
dimensionless pressure is lower at the position more distant
from the pressure.
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FIGURE 5: Influence of different LD on production.

As shown in the figure, the smaller the fracture spacing,
the darker the horizontal wellbore pressure color, the more
intense the pressure change, and the more severe the pressure
interference. Figure 5 shows the variation of production with
time at different fracture spacings. As shown in the figure, all

the production curves gradually decline with time. The three
production curves of fractures at different fracture spacings
coincide because of no interference between fractures when
the initial ¢, is less than 0.1. When the dimensionless time
tp > 0.1, the production curves begin to show different
decline trends. The smaller the fracture spacing is, the earlier
the fracture starts to decline, and the more seriously the pro-
duction decreases. After the pressure wave reaches the
boundary, the larger the fracture spacing, the faster the pro-
duction decline. This is because after the pressure wave
reaches the boundary, the fracture at the far end is close to
the boundary, so pressure attenuation is more serious.

4.2. Influence of Fracture Length Ly, on Production. In the
presented model, the dimensionless fracture spacing is L,
=2; the coordinates of the fracture center point are (0,0),
(2,0), (4,0), (6,0), and (8,0), respectively, and the included
angle between different fractures and the x-axis of the reser-
voir is 90%, 90°, 90°, 90°, and 90°, respectively. In addition, the
reservoir radius is 7, =40, and the number of fractures is
N =5. Actual fractures are defined as half of fractures. There-
fore, N; =10 in the simulation process, and the total length
of these fractures is set to 5. Figure 6 shows the fracture dis-
tribution coordinates and the length of each fracture. The ini-
tial fracture conductivity is CfD =20; the fracture decline

exponent is b=0.3; the number of fractures is N =5, and
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the dimensionless total length of fractures is set to 5. Figure 6
shows the pressure field distribution under different fracture
lengths at time ¢, = 0.1. The figure shows the distribution of
the equipotential lines of influence at the constant total frac-

ture length. The more uneven the fracture length, the more
irregular the shape of the equipotential lines. Figure 7 shows
the influence of different fracture lengths on production at
the constant total length. As shown in the figure, when the
total fracture length is constant, different fracture lengths
have almost no influence on the change of production.

4.3. Influence of the Dip Angle 0 of the Fracture and the x-Axis
on Production. In the presented model, the dimensionless
fracture spacing is L, = 2, and the coordinates of the fracture
center point are (0,0), (2,0), (4,0), (6,0), and (8,0), respec-
tively. There are three cases of the included angle between
different fractures and the x-axis of the reservoir, such as
90°, 60°, and 30°. In addition, the reservoir radius is r,;, = 40
, and the number of fractures is N = 5. Actual fractures are
defined as half of fractures. Therefore, N §= 10 in the simula-

tion process. The position and angle of fractures in different
cases are shown in Figure 8. Figure 8 shows the influence of
different fracture dip angles on dimensionless production.
As shown in the figure, as the fracture dip angle gradually
decreases, the equipotential lines around the fracture become
increasingly irregular, indicating that the direction of pres-
sure wave propagation has changed. As the fracture dip angle
becomes small, the contact area between the fractures and the
reservoir in the y direction gradually increases, and the inter-
ference between the fractures becomes small. Figure 9 shows
the influence of the include angle between the fracture and
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the x-axis on production.

the x-axis on production. With the passage of time, the pro-
duction gradually decreases. When the dimensionless time ¢,
is more than 1000, pressure disturbances propagate to the
boundary, and production rapidly declines. Throughout the

flow period, as the fracture angle becomes small, the fracture
production increases. This is because after the fracture angle
becomes small, the interference between the fractures
becomes small, thus greatly increasing the production. In
the actual fracturing production process, the interference
between fractures can be reduced to increase the production
by forming low-angle fractures to the greatest extent possible.

4.4. Influence of Initial Fracture Conductivity on Production.
In the presented model, the dimensionless fracture length is
LfD =1, and the included angle between different fractures

and the x-axis of the reservoir is 90°, 90°, 90°, 90°, and 90°,
respectively. The reservoir radius is 7, = 40; the number of
fractures is N =5; the fracture decline exponent is b=0.3,
and the initial fracture conductivity is C;p =20, 50, and
100, respectively. Figure 10 shows the influence of initial frac-
ture conductivity on dimensionless production. As shown in
the figure, the initial fracture conductivity mainly affects the
early flow stage. When the dimensionless time ¢}, is less than
0.01 in the early stage, the initial fracture conductivity affects
the production to a very large extent. The higher the initial
fracture conductivity, the higher the production. However,
all production curves coincide in the midlate stage, and the
initial fracture conductivity has almost no influence on the
production.
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4.5. Influence of Fracture Decline Exponent on Production. In
the presented model, the dimensionless fracture length is
L¢p=3, and the included angle between different fractures

and the x-axis of the reservoir is 90°, 90°, 90°, 90°, and 90°,
respectively. The reservoir radius is r,;, = 40; the number of
fractures is N = 5; the initial fracture conductivity is C;p =
31.4, and the different fracture decline exponents are b =0,
2, and 4. Figure 11 shows the influence of different fracture
decline exponents on dimensionless production. As shown
in the figure, the fracture decline exponent has an influence
on the production in the whole flow period of production
decline. The larger the fracture decline exponent, the lower
the dimensionless production, but its decline amplitude
gradually decreases.
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FiGure 12: Influence of dimensional drainage radius on
productivity.

4.6. Influence of Boundary Distance r,;, on Production. In the
presented model, the dimensionless fracture length is L, = 3
, and the included angle between different fractures and the x
-axis of the reservoir is 90°, 90°, 90°, 90°, and 90°, respectively.
The number of fractures is N = 5; the initial fracture conduc-
tivity is Cyp = 31.4; the conductivity decline exponent is b
= 0.3, and the dimensionless drainage radius is r,, = 20, 40,
and 60. The magnitude of dimensionless drainage radius
r,p reflects that of reservoir drainage area, so the influence
of dimensionless drainage radius r,;, on productivity reflects
that of reservoir drainage area on productivity. According to
the production curves in Figure 12, a larger reservoir drain-
age radius leads to later entering of energy depletion stage
and higher production. As the drainage radius decreases,
some flows in characteristic sections cannot appear and even
will affect the linear flow period.

4.7. Example Analysis. Through fitting of the site-measured
data of pressure and pressure derivatives based on the model
in the paper, the parameters of a fractured reservoir after
multistage fracturing of a horizontal well can be obtained as
follows: matrix permeability K =0.09 x 107> um?, reservoir
thickness h = 7 m, oil viscosity o = 9 mPa - s, compressibility
coefficient ct =0.0023 MPa™!, fracture decline exponent b =
0.8, fracture conductivity Cy, = 32.8, initial formation pres-
sure p; = 30 MPa, bottom hole pressure pw = 25MPa, frac-
ture half-length x; =170 m, fracture spacing L=182m,
fracture number 5, and included angle between different frac-
tures and the x-axis of the reservoir is 60°, 60°, 60°, 60°, and
60°, respectively. The matched parameters are matrix perme-
ability K, fracture decline exponent b, fracture conductivity
Cyp» fracture half-length x, fracture spacing, and included
angle between different fractures and the x-axis of the reser-
voir. Figure 13 shows the result of the comparison of actual
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Ficure 13: Example of fitting of the presented model with
production data.

production data with the presented model. According to the
result, they tally with each other well, and the accuracy of the
model presented in this paper has been verified.

5. Conclusions

(1) This paper has presented a new model for production
calculation of horizontal wells with multiple
unevenly distributed variable conductivity fractures
in a closed reservoir by means of Laplace transforma-
tion, point source integration, and superposition
principle

(2) The accuracy of the proposed semianalytical solution
has been verified through comparison with Eclipse
commercial numerical simulation software

(3) The influence of some reservoir and fracture sensitiv-
ity parameters on typical curves has been analyzed in
detail, mainly including fracture spacing, nonuni-
form fracture length, the included angle between
fractures, and the x-axis, initial fracture conductivity,
fracture decline exponent, and fracture drainage
radius

(4) Finally, the accuracy of the presented model has been
verified through the analysis of an example, thereby
providing theoretical guidance to the productivity
decline analysis of multistage fractured horizontal
wells in fractured reservoirs

Abbreviations

X, ¥ Rectangular coordinates, m
X, y’; Point source coordinates, m
r: Radial distance, m

Ny: Hydraulic fracture number

Geofluids

p: Reservoir pressure, MPa
Pp>Ppp: Dimensionless reservoir pressure and hydraulic
fracture pressure

Q: Total productivity of horizontal wells, m’/d

K, k;: Reservoir permeability and hydraulic fracture per-
meability, respectively, m?
Reservoir thickness, m

1, Drainage radius, m

Lf: Reference length, m

xg: Fracture half-length, m

L: Fracture spacing, m

pi: Initial reservoir pressure, Pa

pf: Hydraulic fracture pressure, Pa

uo: In-place oil viscosity, Pa-s

Bo: Volume factor of in-place oil, m*/m’

Cpo:  Dimensionless initial fracture conductivity

Crp: Dimensionless fracture conductivity

b: Fracture conductivity index

qwt: Bottom hole production of oil well, m>/d
t: Time, d

s Laplace space time variable

tp: Dimensionless time

4spt Dimensionless hydraulic fracture surface flow rate.
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