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Abstract: Refracturing treatment is an economical way to improve the productivity of poorly or
damaged fractured horizontal wells in tight reservoirs. Fracture reorientation and fracture face
damage may occur during refracturing treatment. At present, there is still no report on the rate
decline solution for refractured horizontal wells in tight reservoirs. In this work, by taking a
semi-analytical method, traditional rate decline and Blasingame-type rate decline solutions were
derived for a refractured horizontal well intercepted by multiple reorientation fractures with fracture
face damage in an anisotropic tight reservoir. The accuracy and reliability of the traditional rate
decline solution were verified and validated by comparing it with a classic case in the literature
and a numerical simulation case. The effects of fracture reorientation and fracture face damage on
the rate decline were investigated in depth. These investigations demonstrate that fracture face
damage is not conducive to increasing well productivity during the early flow period and there
is an optimal matching relationship between the principal fracture section angle and permeability
anisotropy, particularly for the reservoirs with strong permeability anisotropy. The fracture length
ratio and fracture spacing have a weak effect on the production rate and cumulative production
while the fracture number shows a strong influence on the rate decline. Furthermore, multifactor
sensitivity analysis indicates that fracture conductivity has a more sensitive effect on well productivity
than fracture face damage, implying the importance of improving fracture conductivity. Finally, a
series of Blasingame-type rate decline curves were presented, and type curve fitting and parameter
estimations for a field case were conducted too. This work deepens our understanding of the
production performance of refractured horizontal wells, which helps to identify reorientation fracture
properties and evaluate post-fracturing performance.

Keywords: semi-analytical rate decline solutions; reorientation fracture; fracture face damage; hori-
zontal well; permeability anisotropy; tight reservoir

1. Introduction

Compared to drilling more new wells, refracturing low-production horizontal wells in
tight reservoirs (particularly for those poorly or damaged fractured wells) has been chosen
by many international petroleum companies to enhance oil recovery and enable commercial
production with relatively low investment [1–3]. During refracturing treatment, fracture
reorientation may occur under the combined effects of the initial fracture propagation and
the nonuniformly decreased pore pressure, resulting in reorientation fractures around initial
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hydraulic fractures (Figure 1) [4]. On one hand, the newly formed fractures deviate from
those fractures induced by initial fracturing and reorient and propagate at other azimuthal
angles; on the other hand, these new fractures may undergo secondary reorientation and
eventually form non-coplanar reorientation fractures (Figure 1b, hydraulic fracture E) [5,6].
Of course, during this treatment, certain hydraulic fractures induced by initially fracturing
may further propagate and reorient, and also form reorientation fractures (Figure 1b,
hydraulic fracture B’/D’). Naturally, some initial hydraulic fractures may permanently
lose seepage capacity during refracturing (Figure 1b, hydraulic fracture A’/C’). These
fracture propagations and reorientations finally form a complex reorientation fracture
network near horizontal wellbores (Figure 1b). Meanwhile, fracturing fluid loss always
leads to permeability damage near fracture faces and creates damaged zones around the
newly formed fractures [7]. The production rates in tight reservoirs always show a rapid
decline after high-peak production [8,9], but fracture reorientation and fracture face damage
further exacerbate the uncertainty of well production and present more challenges to the
rate decline prediction of refractured horizontal wells, which is one of the most concerning
issues after refracturing treatment.
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ing the rate data in the field with the predicted productivity, Arps [14] first proposed three 
empirical types of rate decline curves: Exponential type, harmonic type, and hyperbolic 
type. These equations become the basis of the rate decline analysis and are widely adopted 
in various conventional reservoirs; however, this method is only suitable for boundary-
dominant flow. In order to remedy this deficiency, Fetkovich [15] established new rate 
decline curves by taking the transient flow region into consideration. Unfortunately, both 
the Arps method and the Fetkovich method cannot handle the problem of variable well-
bore pressure and variable flow rate. To solve this problem, Blasingame et al. [16,17] pre-
sented a new rate decline solution with the pressure integral method, which lays a solid 
foundation for modern rate decline analysis and reduces the fitting error between the pro-
duction data in the field and theoretical analysis. With the development boom of 

Figure 1. Comparison of fracture spatial distribution in one fractured horizontal well before and after refracturing treatment
(map view). (a) Fracture spatial distribution of an initially fractured horizontal well in a rectangular reservoir (before
refracturing). All initial hydraulic fractures are coplanar, orthogonal (A/B), or oblique (C/D) to horizontal wellbore.
(b) Fracture spatial distribution of a refractured horizontal well in a rectangular reservoir (after refracturing). Hydraulic
fracture A′/C′ (yellow color): Poor initial fracturing fractures lose seepage capacity and do not contribute to well production.
Hydraulic fracture B′/D′ (cyan color): Reorientation fractures are formed by the continued propagation and reorientation of
initial fracturing fractures. Hydraulic fracture E (green color): Reorientation fractures are entirely new fractures created by
refracturing treatment.

As one of the most robust methods, rate decline analysis has been widely used in well
tests to predict well productivities and invert reservoir properties [10–13]. By matching
the rate data in the field with the predicted productivity, Arps [14] first proposed three
empirical types of rate decline curves: Exponential type, harmonic type, and hyperbolic
type. These equations become the basis of the rate decline analysis and are widely adopted
in various conventional reservoirs; however, this method is only suitable for boundary-
dominant flow. In order to remedy this deficiency, Fetkovich [15] established new rate
decline curves by taking the transient flow region into consideration. Unfortunately, both
the Arps method and the Fetkovich method cannot handle the problem of variable wellbore
pressure and variable flow rate. To solve this problem, Blasingame et al. [16,17] presented a
new rate decline solution with the pressure integral method, which lays a solid foundation
for modern rate decline analysis and reduces the fitting error between the production
data in the field and theoretical analysis. With the development boom of unconventional
reservoirs, reservoir engineers find that when applying the Arps, Fetkovich, or Blasingame
method to these reservoirs, it is rather difficult to fit the high production rate in the short
term, and simultaneously, the decreasing rate in the transient flow period and the flat
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decline in the long term [8,9]. A reasonable explanation for this phenomenon is that
the low permeability of unconventional reservoirs and the complex fracture network
caused by hydraulic fracturing around the wellbores are beyond the applicability of the
above methods [9,15–18]. Under the circumstances, an accurate rate decline analysis of
complex fractured wells in unconventional reservoirs has become significant and critical,
and therefore the original intention and motivation of this study is to develop a rate decline
solution of refractured horizontal wells.

More and more researchers have devoted attention to flow behavior in hydraulic
fractures and have reached a basic consensus that long periods of linear flow are exhib-
ited in hydraulically fractured wells and may continue for several years in unconven-
tional reservoirs [19–22]. However, the efficient development of unconventional reser-
voirs urgently needs progress in rate decline analysis of hydraulically fractured wells.
Chen and Teufel [23] established a new set of Fetkovich-type curves for tight gas evalua-
tion, which extends a short-term flow regime to include near-linear up to pure-linear flow.
Zhang et al. [24] established a multi-fractured horizontal well model with discontinuous
micro-fractures and stimulated reservoir volume in a shale gas reservoir and researched
the effects of a net-fracture system, micro-fractures, and fracture permeability on the rate
decline. Wang et al. [25] developed a semi-analytical model for multi-fractured horizontal
wells in heterogeneous reservoirs and discussed the influence of reservoir heterogeneity,
fracture conductivity, and fracture length on the rate decline curves. He et al. [26] presented
an improved rate-transient analysis model of multi-fractured horizontal wells, and the
combined curves were developed to investigate the effects of non-uniform properties of
hydraulic fractures on transient rate behaviors. Hu et al. [27] proposed a new rate decline
model of horizontal wells with variable conductivity and uneven distribution of multi-
ple fractures and studied the influence of the fracture spacing, fracture length, fracture
conductivity, and fracture dip angle on the production rate. These models provide many
valuable ideas for establishing fractured horizontal well models and obtaining their rate
decline solutions. However, all the hydraulic fractures in these models are coplanar, which
is rather different from the non-coplanar reorientation fractures formed by refracturing
treatment in this study.

In terms of reorientation fractures, several scholars began to focus on the influence of
refracturing treatment on transient pressure or pseudo-steady productivity of refractured
wells in recent years. Teng and Li [28] proposed a semi-analytical method to evaluate the
performance of a refractured vertical well with different types of reorientation fractures.
Wu et al. [29] developed a semi-analytical model for a vertical well with a single reori-
entation fracture by the nodal analysis technique to analyze the effects of reorientation
fracture properties on its transient pressure. Wang et al. [30] established a semi-analytical
model for a horizontal well with multiple finite conductivity reorientation fractures to
investigate the impacts of fracture reorientation on pseudo-steady-state productivity. Jiang
et al. [13] formulated a theoretical model to evaluate the production decline performance
of a fractured vertical well with reorientated fractures in an anisotropic formation and
examined the effect of orientated fractures by generating Agarwal–Gardner-type decline
curves. Real-time diagnostic techniques have been recognized as potential tools for pre-
and post-refracturing analysis [31,32], but there is no report on the instantaneous rate
decline solution of refractured horizontal wells, and the influence of reorientation fracture
properties on the instantaneous rate decline is still unknown.

Besides the difficulty of rate decline analysis brought about by fracture reorienta-
tion, fracture face damage caused by fracturing fluid loss [7] adds extra difficulty to
rate decline analysis for refractured horizontal wells. At present, there are several stud-
ies on the influence of fracture face damage on transient pressure or well-test analysis.
Evans [7] first defined fracture face damage existing in fractured wells and derived the
equations to calculate the pressure drop across the fracture face damage zone. Later,
Cinco-Ley and Samaniego [33] redefined the dimensionless skin damage factor and dis-
cussed the effect of fracture face damage on the transient pressure in detail. Wang et al. [34]
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established a vertical well model intercepted by a finite-conductivity vertical fracture with
skin damage and investigated how this kind of damage affected the productivity of a
fractured vertical well. Overall, fracture face damage is an important source of fractured
well damage and has a non-negligible influence on the evaluation of post-refracturing
rate decline. To the best of our knowledge, the above literature does not consider the
combined effects of fracture reorientation and fracture face damage on the instantaneous
rate decline of refractured horizontal wells. Therefore, in this paper, we attempt to develop
rate decline solutions for a refractured horizontal well intercepted by multiple reorientation
fractures with fracture face damage in tight reservoirs, which can deepen our understand-
ing of the production performance of refractured horizontal wells and help to identify the
reorientation fracture properties and evaluate the post-refracturing performance.

This work is organized as follows: In Section 2, the basic physical descriptions and
assumptions of the model in this work are made, in detail. In Section 3, a semi-analytical
instantaneous rate decline solution is derived for a refractured horizontal well considering
the fracture reorientation and fracture face damage, and a corresponding Blasingame-type
rate decline solution is also deduced. A classic case in the literature as well a numerical
simulation case was applied to verify and validate our proposed solution in Section 4. In
Section 5, the effects of reorientation fracture properties on the rate decline and cumulative
production are deeply discussed, and a series of Blasingame-type rate decline curves and
one field application of the proposed solution are presented too. Finally, we summarize
our study in the last section.

2. Physical Model

Refracturing treatment is an economical way to improve well productivity for poorly
or damaged fractured horizontal wells. Fracture reorientation and fracture face damage
may occur during refracturing treatment. The newly formed fractures deviate from those
fractures induced by the initial fracturing and propagate at different azimuthal angles
and may undergo secondary reorientation and form non-coplanar reorientation fractures
(Figure 1b, hydraulic fracture E). During this treatment, for those hydraulic fractures
created by initial fracturing, some may further propagate and reorient, and also form
reorientation fractures (Figure 1b, hydraulic fracture B′/D′), but some may lose seepage
capacity permanently (Figure 1b, hydraulic fracture A′/C′). This study focuses on the in-
fluence of fracture reorientation and fracture face damage on the rate decline of refractured
horizontal wells. Figure 2 presents the schematic of a refractured horizontal well model
in a rectangular anisotropic reservoir. This horizontal wellbore is intercepted by multiple
reorientation fractures, and each reorientation fracture is surrounded by a damaged zone.
Note that for these reorientation fractures, some of them are formed by the continued
propagation and reorientation of initial fracturing fractures, and others are entirely new
fractures formed by refracturing treatment. For the simplification of the established model,
the initial fracturing fractures that lose seepage capacity and do not contribute to well
production (Figure 1b, hydraulic fracture A′/C′) are neglected in this model, and no longer
appear in the schematic of this refractured well model.
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In order to successfully develop the rate decline solutions for this refractured hori-
zontal well with fracture face damage, the basic assumptions of the physical model in this
work are as follows:

(1) This is a closed, anisotropic, and rectangular reservoir with the side lengths xe and ye,
porosity φ, and thickness h. Its x- and y-axis permeabilities are kx and ky respectively,
and the average reservoir permeability is k, equal to

√
kxky.

(2) The horizontal wellbore is parallel to the x-axis (the minimum horizontal principal
stress direction), and is intercepted by N reorientation fractures, including completely
newly formed reorientation fractures and reorientation fractures transformed from
initial fracturing fractures.

(3) All reorientation fractures are vertical and fully penetrate this tight formation. Each
reorientation fracture reorients twice and is mainly composed of three sections, namely
one principal fracture section and two reoriented fracture sections, shown in Figure 2.

(4) The permeability and porosity of all reorientation fractures are the same, kf and φf,
respectively. The width of every reorientation fracture wf cannot change with fracture
reorientation, but the lengths of all reorientation fractures can be completely different.
For the i-th reorientation fracture, its half-length is xfi; the angle and length of its principal
fracture section are θi,1 and xfi,1; the angles of its two reoriented fracture sections are
θi,2 and θi,3, respectively and the corresponding lengths are xfi,2 and xfi,3, respectively.

(5) Every reorientation fracture is surrounded by a damage zone. The damaged zone of
the i-th reorientation fracture has a reduced permeability ksi and width wsi, shown as
the yellow shaded areas in Figure 2.

(6) All production of fluid is via these N reorientation fractures. No flow is allowed into
reorientation fractures through fracture tips, and fluid flow in all fractures is linear
and steady and obeys Darcy’s law.

(7) Single-phase (tight oil or tight gas) and slightly compressible fluid (viscosity µ, volume
factor B, and compressibility Ct) flow occurs in this reservoir during well production,
and all fluid first flows into reorientation fractures and then into the horizontal
wellbore. The frictional resistance along the horizontal wellbore is not considered.

(8) All formation, fracture, and fluid properties are independent of pressure, and gravity
effects are negligible.

(9) The initial pressure is uniform throughout this system, equal to pinit.
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3. Mathematical Models

To analyze the rate decline of a refractured horizontal well intercepted by multiple
reorientation fractures with fracture face damage in a tight reservoir, a semi-analytical
solution of the instantaneous rate decline and the pseudo-steady-state constant are derived,
and then a Blasingame-type rate decline solution is deduced based on the proposed pseudo-
steady-state constant. For the sake of simplicity, to obtain the rate decline solutions, the
important dimensionless variables used in this study are defined in Table 1.

Table 1. Definitions of dimensionless variables.

Dimensionless Parameters Definitions

Reservoir pressure pD =
2πkh(pinit−p)

QµB

Average reservoir pressure pavgD =
2πkh(pinit−pavg)

QµB

Reorientation fracture pressure p f D =
2πkh(pinit−p f )

QµB

Production time tD = kt
µφCt L2

R

x-, y-coordinate xD = x
LR

, yD =
y

LR

x-, y-coordinate of wellbore xwD = xw
LR

, ywD =
yw
LR

Fracture spacing L f D =
L f
LR

Fracture length ratio αi =
x f i,1

x f i,2+x f i,3

Permeability anisotropic factor β =
√

kx
ky

Fracture face damage factor S f Di =
πwsi
2LR

(
k

ksi
− 1
)

Reorientation fracture conductivity C f D =
k f w f

kLR

Flow rate strength q f D =
q f LR

Q

Flow rate of per unit reorientation fracture length q f wD =
q f w
Q

where LR represents the average half-length of all reorientation fractures (LR =

N
∑

i=1
x f i

N ); qf represents the flow rate
strength; qfw represents the flow rate of per unit fracture length; and Q represents the total flow rate.

3.1. Reservoir Flow Model for a Refractured Horizontal Well

Wu et al. [29] proposed a general point source function in a closed rectangular
anisotropic reservoir. With the point source integration method, the solution of a line
source with length lD in the Laplace domain was further obtained in this closed rectangular
anisotropic reservoir,

p̃D = πβ
xeD


∫
Γ

q̃Di
cosh ψ0(yeD−|yD±yDp|)

ψ0sinhψ0yeD
dlD

+2
∫
Γ

q̃Di
∞
∑

n=1

cosh ψn(yeD−|yD±yDp|)
ψnsinhψnyeD

cos
(

nπxD
xeD

)
cos
(

nπxDp
xeD

)
dlD


ψn =

√(
sβ +

(
β nπ

xeD

)2
)

n = 0, 1, 2 · · ·

(1)

where (xDp, yDp) is the mid-point of the line source and (xD, yD) is any point in the rectan-
gular reservoir.

Note that Equation (1) is based on the assumption that the line source is parallel to
the x-axis. However, reorientation fractures occurring in refracturing treatment mean that
the line source in this study shows an arbitrary azimuthal angle θ (shown in Figure 3a).
Fracture reorientation and permeability anisotropy cause the flow path of the fluid to bend
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when it flows from the reservoir outer boundary into these fractures (shown in Figure 3b).
This flow phenomenon highlights the importance of constructing a line source solution
integrating fracture reorientation and permeability anisotropy. To deal with the azimuthal
angle existing in reorientation fractures, the following coordinate transformations were
proposed [29],

xDi = xDp + σ cos θi; yDi = yDp + σ sin θi (2)
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Based on the above coordinate transformations, the solution of the line source with an
arbitrary azimuthal angle in a closed rectangular anisotropic reservoir was obtained [29],
which lays a solid foundation for the derivation of the reservoir solution of fluid flowing
into reorientation fractures,

p̃D = πβ
xeD

q̃Di

{
yDi+∆lDi sin θi/2∫

yDi−∆lDi sin θi/2

cosh ψ0(yeD−|yD±σ|)
ψ0sinhψ0yeD

dσ+

2
yDi+∆lDi sin θi/2∫

yDi−∆lDi sin θi/2

∞
∑

n=1

cosh ψn(yeD−|yD±σ|)
ψnsinhψnyeD

cos
(

nπxD
xeD

)
cos nπ

xeD
[xDi + (σ− yDi) cot θi]dσ

} (3)

Then, all reorientation fractures in this refractured horizontal well were discretized
and the k-th reorientation fracture was discretized into Nk micro segments. Based on the
pressure superposition principle, the reservoir solution for the proposed model in this
study can be written as,

p̃D = πβ
xeD

N
∑

k=1

Nk
∑

i=1
q̃Di

{
yDi+∆lDi sin θi/2∫

yDi−∆lDi sin θi/2

cosh ψ0(yeD−|yD±σ|)
ψ0sinhψ0yeD

dσ+

2
yDi+∆lDi sin θi/2∫

yDi−∆lDi sin θi/2

∞
∑

n=1

cosh ψn(yeD−|yD±σ|)
ψnsinhψnyeD

cos
(

nπxD
xeD

)
cos nπ

xeD
[xDi + (σ− yDi) cot θi]dσ

} (4)

3.2. Reorientation Fracture Flow Model for a Refractured Horizontal Well

For a horizontal well with multiple reorientation fractures, Xing et al. [35] proposed
a flow equation in the Laplace domain for the k-th reorientation fracture (which was
discretized into Nk segments) by combining the nodal analysis with the material balance
equation. Unfortunately, the flow equation proposed by Xing et al. [35] does not consider
the influence of fracture face damage on the flow around the reorientation fractures. Here
we establish a reorientation fracture flow equation with fracture face damage, and a further
derivation of this equation is necessary. Figure 4 shows the flow in adjacent discrete fracture
segments considering fracture face damage.
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The pressure drop between the adjacent discrete fracture segments (the i-th and
(i + 1)-th fracture segments), without considering the influence of fracture face damage,
can be written as,

p f i+1 − p f i =

li+0.5∫
li

µB
k f w f h

q f wi(l, t)dl +

li+1∫
li+0.5

µB
k f w f h

q f wi+1(l, t)dl (5)

According to the definition of fracture face damage proposed by Cinco-Ley and
Samaniego [33], for the i-th discrete fracture segment, the total fracture pressure drop
including the extra pressure drop caused by its damaged zone can be computed from,

pi = p f i +
q f iµBwsi

4hk

(
k

ksi
− 1

)
(6)

where pi represents the reservoir pressure near the i-th fracture segment and pfi represents
the fracture face pressure of the i-th fracture segment. wsi and ksi are the width and the
permeability of the damaged zone for the i-th fracture segment, respectively.

Substituting Equation (6) into Equation (5) yields the pressure drop equation between
two adjacent fracture segments with fracture face damage,

pi+1 − pi =
µB

k f w f h

 li+0.5∫
li

q f wi(l, t)dl +

li+1∫
li+0.5

q f wi+1(l, t)dl

+
q f ,i+1µBws,i+1

4hk

(
k

ks,i+1
− 1

)
−

q f ,iµBws,i

4hk

(
k

ks,i
− 1

)
(7)

Then the wellbore pressure can be obtained by employing the integration method
from the first fracture segment for the i-th fracture segment,

pi − pw =
µB

k f w f h

 l1+0.5∫
l1−0.5

q f w1(l, t)dl + · · ·+
l(i−1)+0.5∫

l(i−1)−0.5

q f w(i−1)(l, t)dl +
li∫

l(i−1)+0.5

q f wi(l, t)dl

+
q f ,iµBws,i

4hk

(
k

ks,i
− 1

)
(8)

Considering the mass balance for each fracture segment and each fracture node, the
following flux relationship can be derived,

q f wi = q f w(i−0.5) − q f i(l − li−0.5) li−0.5 ≤ l ≤ li+0.5 (9)

q f w,i−0.5 =
NI

∑
j=1

(
q f j∆lj

)
−

i−1

∑
j=1

(
q f j∆lj

)
(10)
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Combining Equations (8)–(10) yields the flow equation of one reorientation fracture,

pi − pw = µB
k f w f h

 l1+0.5∫
l1−0.5

[
NI
∑

j=1

(
q f j∆lj

)
− q f 1(l − l1−0.5)

]
dl + · · ·+

l(i−1)+0.5∫
l(i−1)−0.5

[
NI
∑

j=1

(
q f j∆lj

)
−

i−2
∑

j=1

(
q f j∆lj

)
− q f i−1(l − li−1−0.5)

]
dl


+ µB

k f w f h

li∫
l(i−1)+0.5

[
NI
∑

j=1

(
q f j∆lj

)
−

i−1
∑

j=1

(
q f j∆lj

)
− q f i(l − li−0.5)

]
dl +

q f ,iµBws,i

4hk

(
k

ks,i
− 1
) (11)

Based on the dimensionless definitions in Table 1, Equation (11) can be rewritten in
the dimensionless form,

pwD − pDi =
2π

C f D

[
lDi

Nk

∑
j=1

(
∆lDjq f Dj

)
−

∆l2
Di

8
q f Di −

i−1

∑
j=1

(
∆lDj

2
+ lDi −

j

∑
n=1

∆lDn

)
∆lDjq f Dj

]
+ q f DiS f Di (12)

where S f Di =
πwsi
2LR

(
k

ksi
− 1
)

.
Further, in the Laplace domain, for the i-th reorientation fracture, the flow solution

with fracture face damage can be obtained,

p̃wD − p̃Di =
2π

C f D

[
lDi

Nk

∑
j=1

(
∆lDj q̃ f Dj

)
−

∆l2
Di

8
q̃ f Di −

i−1

∑
j=1

(
∆lDj

2
+ lDi −

j

∑
n=1

∆lDn

)
∆lDj q̃ f Dj

]
+ q̃ f D,iS f Di (13)

To the best of our knowledge, Equation (13) is a new flow equation to describe the
flow behavior of a reorientation fracture with fracture face damage.

3.3. Traditional Rate Decline Solution for a Refractured Horizontal Well

In this work, we do not consider wellbore friction and thus there is no pressure drop
along the horizontal wellbore. Under the circumstances, the following wellbore pressure
equation can be obtained for N reorientation fractures,

p̃wDk = p̃wD, k = 1, 2, · · ·N (14)

where p̃wDk represents the dimensionless pressure at the intersection of the k-th reorienta-
tion fracture and the horizontal wellbore.

Considering the continuity conditions along all reorientation fracture faces, the fol-
lowing flux equations can be yielded,

q̃Dk,i = q̃ f Dk,i, i = 1, 2, · · ·
N

∑
k=1

Nk

∑
m=1

m (15)

Further, the production rate of the refractured horizontal well is equal to the sum of
the flow rates of all reorientation fractures, and thus the following productivity equation
can be established in the Laplace domain,

N

∑
k=1

Nk

∑
m=1

(
∆lDk,m q̃ f Dk,m

)
=

1
s

(16)

Finally, Equations (4) and (13)–(16) compose a linear matrix system, which has

1 +
N
∑

k = 1

Nk
∑

m=1
m equations and 1 +

N
∑

k=1

Nk
∑

m=1
m unknowns,

A(
1 +

N
∑

k=1

Nk
∑

m=1
m

)
×
(

1 +
N
∑

k=1

Nk
∑

m=1
m

)X
1 ×

(
1 +

N
∑

k=1

Nk
∑

m=1
m

) = b(
1 +

N
∑

k=1

Nk
∑

m=1
m

)
×1

(17)
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This matrix system can be easily solved by the Gaussian elimination method, and then
in the Laplace domain, the dimensionless transient wellbore pressure of a horizontal well
intercepted by N reorientation fractures with fracture face damage can be obtained at a
constant wellbore flow rate.

According to the Duhamel principle [36,37], there is an internal relationship between
the instantaneous rate at a constant wellbore pressure and the transient pressure at a
constant rate in the Laplace domain,

s2q̃D(s) p̃wD = 1 (18)

s2q̃CD(s)q̃D(s) =
1
s

(19)

Depending on the numerical inversion algorithm presented by Stehfest [38],
Equations (18) and (19) can be solved, and then the dimensionless instantaneous rate de-
cline and the cumulative production in the real-time domain can be obtained.

3.4. Blasingame Rate Decline Solution Based on Semi-Analytical Pseudo-Steady-State Constant

Fetkovich [15] presented the basic rate decline for type curves as,

qDd = qDbDpss (20)

tDd =
2πtDA
bDpss

(21)

where bDpss and tDA represent the dimensionless pseudo-steady-state constant and dimen-
sionless material balance time, respectively.

In order to reduce the multiple solutions and errors that exist in well test inversion,
Blasingame et al. [17] proposed the integral average method, and the auxiliary variables in
this method for Blasingame type curves are given by,

(1) Rate integral function: qDdi

qDdi =

tDd∫
0

qDd(σ)dσ

tDd
(22)

(2) Rate integral-derivative function: qDdid

qDdid = − dqDdi
d ln tDd

= −tDd
dqDdi
dtDd

= qDdi − qDd (23)

From Equations (20)–(23), the key to establishing Blasingame-type rate decline curves
lies in the acquisition of the dimensionless pseudo-steady-state constant bDpss. Many
solutions have been reported to obtain this parameter [34,39–41]. However, to our best
knowledge, there is no report to calculate the dimensionless pseudo-steady-state constant
of a refractured horizontal well in a rectangular tight reservoir.

The dimensionless pressure at any point for a rectangular anisotropic reservoir in the
pseudo-steady-state regime can be expressed as [30],

pDi = pavgD +
N

∑
k=1

Nk

∑
j=1

qDk,jFDi,j
(
xDi, yDi, xDj, yDj, β

)
k = 1, 2 . . . N i = 1, 2 . . . Nk (24)

where FD is the dimensionless influence function.
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According to the continuity conditions (Equation (15)), in the real-time domain, the
continuous flux equations along all reorientation fracture faces can be written as,

qDk,i = q f Dk,i, i = 1, 2, · · · ,
N

∑
k=1

Nk

∑
m=1

m (25)

Combining Equations (12), (24), and (25) yields,

pwD = pavgD +
N
∑

k=1

Nk
∑

j=1
q f Dk,jFDi,j

(
xDi, yDi, xDj, yDj, β

)
+ q f DiS f Di+

2π
FcD

[
lDi

Nk
∑

j=1

(
∆lDjq f Dj

)
− ∆l2

Di
8 q f Di −

i−1
∑

j=1

(
∆lDj

2 + lDi −
j

∑
n=1

∆lDn

)
∆lDjq f Dj

] (26)

According to the research of Pratikno et al. [39], the wellbore pressure pwD and the
pseudo-steady-state constant bDpss have the following relationship in the pseudo-steady-
state regime,

pwD = pavgD + bDpss (27)

Combining Equations (26) and (27), we can obtain
N
∑

k=1

Nk
∑

m=1
m equations with

1 +
N
∑

k=1

Nk
∑

m=1
m unknowns,

A( N
∑

k=1

Nk
∑

m=1
m

)
×
(

1 +
N
∑

k=1

Nk
∑

m=1
m

)qfD[
1 ×

(
1 +

N
∑

k=1

Nk
∑

m=1
m

)] = bDpss (28)

Similarly, in the real-time domain, the total rate satisfies the following equation,

N

∑
k=1

Nk

∑
j=1

∆lDk,jq f Dk,j = 1 (29)

A matrix system of

(
1 +

N
∑

k=1

Nk
∑

m=1
m

)
×
(

1 +
N
∑

k=1

Nk
∑

m=1
m

)
can be yielded when com-

bining Equations (28) and (29),(
A −1

∆lD 0

)(
qfD

bDpss

)
=
(

0
1

)
(30)

Obviously, the dimensionless pseudo-steady-state constant bDpss can be obtained
by solving Equation (30) with the Gauss elimination method. Substituting the pseudo-
steady-state constant into Equations (20) and (21) produces the basic rate decline curves.
Finally, depending on the semi-analytical pseudo-steady-state constant, Blasingame-type
rate decline curves can also be calculated and plotted.

4. Verification and Validation of Traditional Rate Decline Solution

To the best of our knowledge, there are no reports on the rate decline solution of a
refractured horizontal well intercepted by multiple reorientation fractures with fracture
face damage. In this section, a simplified model in the literature was first used to verify
the rate decline solution presented in this work, and then the production rate of multiple
reorientation fractures with a constant fracture skin factor computed from commercial
software (Eclipse) was further used to validate the accuracy and reliability of our proposed
rate decline solution.

Luo et al. [42] developed a semi-analytical model to analyze the transient rate response
for a vertical well intercepted by a dynamic conductivity fracture with pressure-dependent
permeability. When we consider one reorientation fracture without fracture face damage in
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our model and assume the corresponding azimuthal angles of the principal fracture section
and reoriented fracture sections are equal to 0◦ (parallel to the x-axis), our model can be
regressed to Luo et al.’s model according to the application of the source function theory.
Figure 5 shows the comparison of the results in this work with the solution presented
by Luo et al. under different fracture conductivities (CfD = 1, 10, 100). Obviously, our
calculated rate decline agrees well with Luo et al.’s solution for the entire flow regimes,
which verifies the accuracy of our model.
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Eclipse is a widely used reservoir numerical simulation software. Here we use this
software to simulate the rate decline of a horizontal well intercepted by three reorientation
fractures with fracture face damage in a rectangular anisotropic reservoir. The model we
built in this study is for single-phase fluid, and thus the 100% saturated oil phase is set
in the numerical simulation model. In order to simplify the validation, we assume three
reorientation fractures have the same properties and are evenly distributed in parallel
along the horizontal wellbore (Figure 6). In order to accurately reflect the properties
of reorientation fractures with fracture face damage, a zigzag fracture pattern by local
grid refinement (LGR) is used to approximately replace three reorientation fractures. The
permeability of these refined grids is 1030 × 10−3 µm2, and the permeability of the grids
adjacent to these fracture grids is 0.0005 × 10−3 µm2 (corresponding to damaged zone
permeability). The relevant parameters used for numerical simulation are presented in
Table 2. Figure 6 compares the results from this work and those computed from Eclipse.
The comparison suggests that the results calculated from our model are highly consistent
with the results from the commercial software, which further validates the accuracy and
reliability of the model proposed in this study.
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Table 2. The parameters used in the numerical simulator (Eclipse).

Basic Model Parameters Value

Reservoir drainage area, m2 3000 × 2000
Reservoir porosity, % 8

Permeability in the x-axis, 10−3 µm2 0.2
Permeability in the y-axis, 10−3 µm2 0.05

Tight oil viscosity, mPa·s 0.8
Tight oil density, g/cm3 0.832

Net thickness, m 10
Wellbore inside diameter, m 0.18

Initial reservoir pressure, MPa 20
Bottomhole flow pressure, MPa 8

Volume factor, m3/m3 1.1
Total compressibility, 10−3 MPa−1 4

Horizontal wellbore length, m 1200
Fracture number, integer 3

Fracture spacing, m 500
Half-length of one fracture, m 50

Length of principal fracture section, m 75
Length of reoriented fracture section, m 12.5

Angle of principal fracture section, degree 60
Angle of reoriented fracture section, degree 45

Fracture width, m 0.015
Fracture permeability, 10−3 µm2 1030

Width of damaged zone, m 0.016
Permeability in damaged zone, 10−3 µm2 0.0005

5. Results and Discussion

Based on the traditional rate decline solution, single-factor sensitivity analysis and
multifactor sensitivity analysis of the rate decline of a refractured horizontal well were
conducted by plotting various rate decline curves in this section. The effects of reorientation
fracture properties on the instantaneous rate decline and cumulative production, including
fracture face damage, the fracture angle, fracture rotation, the fracture length ratio, fracture
spacing, and the fracture number, were discussed in detail. A series of Blasingame-type
rate decline curves were also presented for different reorientation fracture properties. With
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these traditional or Blasingame rate decline curves, we can gain insight into how the
production of a refractured horizontal well with fracture face damage in tight reservoirs
changes. Finally, curve fitting for a field case was conducted to estimate fracture parameters,
which shows the excellent application of our proposed model in identifying reorientation
fracture properties and evaluating the post-refracturing performance.

The superposition of the influence of various reorientation fracture properties on
the rate decline may mask the influence law of a single factor. In order to reduce the
masking effect of fracture property differences and highlight the influence law of a single
factor, in these discussions, assume that all reorientation fractures have the same properties
and are distributed in parallel along the horizontal wellbore. In fact, all reorientation
fractures in our proposed model can have completely different properties and can also
be deployed arbitrarily, which are the advantages and innovations of this model. These
plotted rate decline curves are helpful to deeply understand the production variation law
of refractured horizontal wells and lay a foundation for well test inversion and fracture
parameter identification. It should be noted that the following sensitivity analysis results
are based on the basic parameter values in Table 3. If the values of basic parameters change
greatly, the analysis results in this paper may be not applicable.

Table 3. Basic values of parameters used in single-factor sensitivity analysis (i = 1, 2, 3).

xeD yeD FN θi,1 θi,2 θi,3 CfD LfD SfDi αi β

60 40 3 π/3 π/4 π/4 π 10 0.1 3 2

5.1. Single Factor Sensitivity Analysis of Traditional Rate Decline and Cumulative Production

Single-factor sensitivity analysis is carried out using the control variable method. The
basic values of the parameters used to calculate the instantaneous rate and cumulative
production are presented in Table 3. When analyzing the influence of one factor, the values
of other factors remain unchanged and the rate decline curves are drawn under different
values of the factor to be studied.

5.1.1. Fracture Face Damage

Fracture face damage is one focus of this study. To examine the effect of fracture
face damage on the production of a refractured horizontal well, a series of rate-decline
and cumulative-production curves were plotted for different fracture face damage values
(SfDi = 0, 0.05, 0.1, 0.2), as shown in Figure 7.
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Figure 7 illustrates that fracture face damage mainly affects the early flow period
(tD ≤ 10−1) and has nearly no effect on the middle and late flow periods, and both the
instantaneous rate and cumulative production decrease with the increase in fracture face
damage in the early flow period. This characteristic can be ascribed to the fact that the early
flow period is dominated by the newly formed reorientation fractures and the increase in
fracture face damage factor results in an increase in flow resistance around the fractures,
and thus the negative correlation between the production rate and fracture face damage
appears in the early flow period. Meanwhile, another characteristic can be observed in
Figure 7, whereby the more serious the fracture face damage is, the longer the early flow
period affected by fracture face damage lasts, which can be interpreted as the fracture
damage zone becoming thicker or the permeability near the fracture becoming worse with
the increase in fracture face damage, and thus the early flow period affected by fracture
face damage lasts longer. In the late flow period (tD > 103), the instantaneous rate and
cumulative production under different fracture face damage values are similar. This feature
is determined by the boundary-dominant flow of the closed reservoir, and the insufficient
fluid supply in this period weakens the effect of fracture face damage.

5.1.2. Reorientation Fracture Angle

The angles of the principal fracture section and reoriented fracture section are two
key parameters to characterize the properties of reorientation fractures. Considering the
potential impact of the matching relationship between permeability anisotropy and the
fracture angle on well production, the permeability anisotropic factor is assumed to be
constant (β = 2) when detecting the influence of the reorientation fracture angle on the rate
decline. Figures 8 and 9 present the rate-decline and cumulative-production curves with
varied angles of the principal fracture section and reoriented fracture section, respectively.
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As shown in Figure 8, the production rate in the early and middle flow periods
increases with the increase in the principal fracture section angle while the rate-decline
and cumulative-production curves tend to coincide with each other in the late flow period
(tD ≥ 103), which is dominated by the closed boundary effect. This phenomenon can
be explained by the fact that, for a fixed permeability anisotropic factor (β = 2), as the
angle between the reorientation fracture faces and the direction of minimum seepage
resistance (x-axis) becomes larger, the controlled seepage area of each reorientation fracture
expands, and the corresponding flow resistance also becomes weaker. When the principal
fracture section angle increases to some degree, the transient rate shows a minor change.
For example, the rate-decline and cumulative-production curves for θi,1 = π/3 (blue line)
and θi,1 = π/2 (green line) almost overlap together, as demonstrated in Figure 8. This
phenomenon indicates that there is an optimal relationship between principal fracture
section angle and reservoir permeability anisotropy to achieve efficient and economical
development in the early and middle flow periods.

Different from the effect of the principal fracture section angle on the rate decline
and cumulative production, the reoriented fracture section angle only affects the middle
flow period. As presented in Figure 9, the production rate in the middle flow period is
directly proportional to the reorientated fracture section angle. However, the effect of
the reoriented fracture section angle on the transient rate is not as sensitive as that of the
principal fracture section angle, referring to the evidence that the rate-decline curves tend
to overlap for different reoriented fracture section angles. The obvious difference in the
effect of the principal fracture section angle and the reoriented fracture section angle on
well production is due to the fact that all principal fracture sections are longer than these
reoriented fracture sections and can affect a larger seepage area.

5.1.3. Fracture Rotation

Generally, the angle between the reorientation fracture face and the horizontal wellbore
is dependent on the in-situ stress change before and after the initial fracturing treatment.
In order to further investigate the effect of the reorientation fracture angle on well produc-
tion, we maintained the intersection angle between the principal fracture section and the
reoriented fracture section at a constant degree (θi,1 − θi,2 = π/12 and θi,1 − θi,3 = π/12)
and discuss the production rate change caused by reorientation fracture rotation. Figure 10
displays the rate-decline and cumulative-production curves under different fracture rota-
tions (θi,1 = π/6, π/4, π/3, 5π/12, π/2). It can be observed in Figure 10 that reorientation
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fracture rotation mainly affects the early and middle flow periods, which is similar to the
influence of the principal fracture section angle. A larger fracture rotation can expand
the seepage area affected by reorientation fractures, leading to a higher production rate.
Meanwhile, for this anisotropic reservoir, when these reorientation fractures rotate to a
certain degree, the seepage area affected by reorientation fractures reach a maximum value
and then the increase in the production rate slows down, which coincides with the rate
decline curves at θi,1 = 5π/12 (violet solid line) and θi,1 = π/2 (green solid line) as shown
in Figure 10.
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Comparing Figures 8–10, it can be concluded that the principal fracture section angle
has a greater impact on well production in the early and middle flow periods. In the
late flow period, all the instantaneous rate curves for different fracture angles almost
overlap, as do the cumulative production curves. In total, the low fluid supply under
the boundary-dominant flow weakens the influence of the reorientation fracture angle on
late-stage well production.

5.1.4. Fracture Length Ratio

Similar to the impact of the reorientation fracture angle on the transient rate and
cumulative production, the lengths of the principal fracture section and reoriented fracture
section are other non-negligible fracture properties affecting well production. In the
derivation of the rate decline solutions, we maintained the total length of each reorientation
fracture unchanged and introduced the fracture length ratio (which is the length ratio of
one principal fracture section to two reoriented fracture sections, αi = xfi,1/(xfi,2 + xfi,3)) as
an evaluation parameter to investigate the effect of reorientation fracture length on well
production. Figure 11 demonstrates the effect of the fracture length ratio on the rate decline
and cumulative production (αi = 3/1, 2/1, 1/1, 1/2, 1/3).

Obviously, as shown in Figure 11, the fracture length ratio mainly affects the middle
flow period, and a weak reduction of the transient rate and cumulative production can
be observed with the decrease in the fracture length ratio in this period, which can be
ascribed to the fact that a lower fracture length ratio represents a shorter principal fracture
section and also corresponds to a narrower favorable seepage area. Compared with the
other reorientation fracture properties, the influence of the fracture length ratio on well
production is rather weak. This comparison result is based on the basic parameter values
given in Table 3. However, under the conditions of strong permeability anisotropy, a large
total length, and a favorable angle of reoriented fracture sections, the fracture length ratio
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will have a greater impact on well production and cannot be neglected. For these kinds of
tight reservoirs, the optimization of the fracture length ratio before refracturing treatment
is still necessary to achieve high productivity.
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5.1.5. Fracture Spacing

For a refractured horizontal well with multiple reorientation fractures, fracture spacing
is a significant factor affecting its production. In this sensitivity analysis, the fracture
number is set to 3 and all fractures have the same properties. Figure 12 presents the effect of
fracture spacing on the instantaneous rate and cumulative production (LfD = 5, 10, 15, 20).
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As presented in Figure 12, the production rate under wide fracture spacing is higher
than that under narrow fracture spacing in the middle flow period, implying that wider
fracture spacing is conductive to improving well production in this period. This phe-
nomenon can be interpreted as, for a fixed seepage area, the interferences between the
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adjacent fractures become weak and fluid flow channels also become smooth when fracture
spacing increases to some degree. This result is obtained without considering the fracture
number; however, it is unwise to ignore the influence of a lower fracture number in order
to pursue wider fracture spacing in the field. Interestingly, the transient rate in the late flow
period is inversely proportional to fracture spacing, which can be explained by the fact
that when the refractured horizontal well has wider fracture spacing, the pressure drop
wave reaches the outer boundary quicker and the horizontal well also feels the influence
of the outer boundary earlier, leading to a lower instantaneous production rate in the late
flow period.

5.1.6. Reorientation Fracture Number

Generally, the productivities of multi-fractured horizontal wells are largely determined
by the fracture number created by hydraulic fracturing. Therefore, analyzing the effect of
the reorientation fracture number on refractured horizontal well production is significant.
Figure 13 demonstrates the effect of the reorientation fracture number on the rate decline
and cumulative production (FN = 3, 5, 7, 9). All reorientation fractures have the same
properties and are deployed in parallel from the midpoint of the horizontal wellbore to
both ends with a constant dimensionless spacing of 10. In order to highlight the contrast
effect, we maintained the total length and total area of fractures equal for all cases.
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As seen from Figure 13, both the rate-decline and cumulative-production curves
are affected by the reorientation fracture number in the whole flow period. Before the
boundary-dominant flow, the transient rate increases as the reorientation fracture number
increases. However, the increase in the transient rate slows down when the reorientation
fracture number reaches a certain degree. For a fixed, tight reservoir and given fracture
spacing, when the fracture number is large enough, the seepage area affected by reorienta-
tion fractures almost no longer expands with the increase in the fracture number, which
reveals the reason for the above phenomenon. However, in the boundary-dominant flow
period, the transient rate is inversely proportional to the reorientation fracture number
while cumulative production tends to remain consistent.

Based on the analysis results of fracture spacing (Figure 12) and the fracture number
(Figure 13), it can be concluded that for a fixed, tight reservoir, there is an optimal matching
relationship between fracture spacing and the fracture number for a refractured horizontal
well with multiple reorientation fractures to achieve the economic production.
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5.1.7. Reservoir Permeability Anisotropy

Permeability anisotropy always occurs in slab or rectangular reservoirs and brings
uncertainty to well production, which is also an important factor to consider in the optimiza-
tion of horizontal wellbore deployment and fracture propagation direction. Considering
the characteristics of fracture reorientation, it is necessary to explore the potential effect of
permeability anisotropy on well production. Figure 14 displays the effect of permeability
anisotropy on the transient rate and cumulative production of a refractured horizontal well
in an anisotropic tight reservoir (β = 1, 2, 3, 4).
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As shown in Figure 14, permeability anisotropy slightly affects the transient rate
and cumulative production in the whole flow period. In the early flow period, both the
transient rate and cumulative production increases as the permeability anisotropic factor
increases for a fixed fracture network. This feature results from the fact that the increase in
the permeability anisotropic factor results in low flow resistance in the x-direction and this
direction dominates the fluid flow. However, in the middle flow period, the flow in the
isotropic reservoir (β = 1) is relatively balanced compared with the flow in the anisotropic
reservoir, which leads to the decrease in the transient rate and cumulative production with
the intensification of permeability anisotropy. In the boundary-dominant flow period, the
relationship between the production rate and permeability anisotropy is reversed again
while the cumulative production for all cases remains similar. In total, when one reservoir
has strong permeability anisotropy, the match between the reorientation fracture angle and
the principal permeability direction cannot be ignored.

5.2. Multifactor Sensitivity Analysis of Traditional Rate Decline

In order to further investigate the comprehensive effects of reorientation fracture
properties on the production rate, based on the related parameter values in Table 3,
two production rate surface graphs with dual fracture parameters at different produc-
tion times (tD = 10−5, 10−4, and 10−3) were plotted for multifactor sensitivity analysis,
shown in Figures 15 and 16.
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Figure 15 presents the combined effects of fracture conductivity and fracture face
damage on the transient rate at different times. It can be seen that in the early production
period, a high production rate can be obtained if the fracture conductivity approaches
infinity and fracture face damage is close to zero. The production rate in this stage tends
to be zero when fracture conductivity is very low, while there is still a low production
rate when fracture face damage becomes serious. In contrast, fracture conductivity has a
more sensitive effect on well production than fracture face damage, indicating that fracture
conductivity should be as high as possible to obtain higher productivity during refracturing.

Figure 16 demonstrates the combined effects of the fracture angle and permeabil-
ity anisotropy on the transient rate at different times. It can be observed that the effect
of the fracture angle on the production rate can be neglected in an isotropic reservoir
(β = 1). However, for an anisotropic reservoir, the effect of the fracture angle is evident
and higher production can be obtained when the fracture angle increases to some degree.
Once again, it shows that there is an optimal matching relationship between the principal
fracture section angle and permeability anisotropy for tight reservoirs with strong per-
meability anisotropy. When permeability anisotropy is strong enough, the effect of the
fracture angle on the production rate becomes more sensitive, and the principal fracture
section should be perpendicular to the principal permeability direction (x-axis) to achieve
maximum productivity.



Energies 2021, 14, 7482 22 of 28

5.3. Blasingame Type Rate Decline Curves

In this subsection, based on the proposed Blasingame-type rate decline solution, a
series of Blasingame-type rate decline curves were presented for a refractured horizontal
well under different reorientation fracture properties. On one hand, the typical characteris-
tics of Blasingame-type decline curves were investigated for a refractured horizontal well;
on the other hand, by assigning the same parameter values, the difference between the
traditional rate decline curves and Blasingame-type decline curves was compared.

5.3.1. Typical Characteristics of Blasingame Type Rate Decline Curves for a Refractured
Horizontal Well

Figure 17 shows the identification of flow regimes of Blasingame-type curves for a
refractured horizontal well. As demonstrated in Figure 17, Blasingame-type curves can
be divided into six typical flow regimes: (I) The bi-linear flow regime, which reflects the
fluid linearly flowing from a tight formation into reorientation fractures and then linearly
flowing into the horizontal wellbore; (III) the first linear flow regime, reflecting the flow
near reorientation fracture face; (V) the mid-radial flow regime, reflecting the flow around
each reorientation fracture; (VI) the mid-linear flow regime, reflecting the flow around
all the reorientation fractures; (VII) the pseudo-radial flow regime, reflecting the flow in
the tight formation; and (IX) the boundary-dominant flow regime, indicating that the
pressure drop wave reaches the closed boundaries and the horizontal well production is
approaching its limit.
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5.3.2. Blasingame Type Rate Decline Curves for a Refractured Horizontal Well

Combined with the previous single-factor sensitivity analysis, four parameters in-
cluding fracture face damage, the principal fracture section angle, the fracture number,
and permeability anisotropy are selected to draw the corresponding Blasingame-type rate
decline curves using the same parameter values, as presented in Figure 18a–d.
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Figure 18. Blasingame-type rate decline curves under different fracture and reservoir parameters. (a) Frac-
ture face damage (SfD = 0, 0.05, 0.1, 0.2). (b) Principal fracture section angle (θi,1 = π/6, π/4, π/3, π/2).
(c) Fracture number (FN = 3, 5, 7, 9). (d) Permeability anisotropy (β = 1, 2, 3, 4).

Figure 18a shows the effect of facture face damage on Blasingame-type decline curves.
It can be observed that the fracture face damage mainly affects the early linear flow regimes
(tD ≤ 10−1), which is the same as the effect of fracture face damage on traditional rate
decline (Figure 7). Both the normalized cumulative production (qDdi) and the integral
derivative of normalized cumulative production (qDdid) show negative correlations with
fracture face damage. Figure 18b illustrates that the principal fracture angle section has
a significant influence on the regimes of bi-linear flow, first linear flow, and mid-radial
flow of Blasingame-type curves, and both the normalized cumulative production and the
integral derivative increase with the increase in the principal fracture section angle, which
is also similar to its influence on traditional rate decline (Figure 8). Figure 18c demonstrates
that the reorientation fracture number has a positive correlation with the Blasingame-type
rate in all flow regimes except the boundary-dominant flow regime, similar to its impact
on the instantaneous rate (Figure 13). However, the increase in qDdi and qDdid slows and
the radial flow regime tends to disappear (violet dash dot) when the reorientation fracture
number increases to some degree. Figure 18d indicates permeability anisotropy also affects
Blasingame-type curves in all flow regimes except the boundary-dominant flow regime and
shows a positive relationship with the Blasingame-type rate, which is different from the
multiple relationship inversions in Figure 14. In the bi-linear and first linear flow regimes,
the curves of qDdi and qDdid are almost parallel to each other for different permeability
anisotropy. Furthermore, the increment in qDdi in the mid-radial flow regime tends to slow
and the mid-radial flow regime appears earlier.

By comparing the traditional rate decline curves and Blasingame-type rate decline
curves of the same sensitive factor it can be concluded that the flow characteristics of
Blasingame-type curves are more obvious and typical considering the identification of the
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typical flow regimes. The combination of two types of rate decline curves can help the well
test inversion to obtain the model parameters.

5.4. Field Application

In this subsection, we use the proposed semi-analytical model to conduct a type-curve
fitting on production well S in Ordos Basin, China. This well is located in a typical tight
oil zone. The performance of this well after initial fracturing is presented with low oil
production and nearly no water production. Its productivity is obviously lower than that
of the adjacent well after initial fracturing. Considering the similar reservoir quality, their
productivity difference is speculated to be mainly caused by hydraulic fracturing. Later, a
refracturing treatment was conducted for this well. By applying the derived Blasingame-
type rate decline solution, a type-curve fitting for the production data of well S is employed
to estimate its fracture parameters, shown in Figure 19. The basic data obtained from the
well test inversions are as follows: FN = 5, Lf = 120 m, kf = 2040 × 10−3 µm2, θi,1 = 60◦,
θi,2 = θi,3 = 45◦, αi =3, SfD = 0.2. It is not convenient to specify other parameters because
of the relative policy of China. Based on these estimated parameters, we can predict the
future rate decline by using the traditional rate decline solution.
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6. Conclusions

This paper presents two rate decline solutions for a refractured horizontal well with
fracture face damage in an anisotropic tight reservoir. Based on our model and the results,
the main conclusions can be drawn as follows:

1. By using a semi-analytical method, traditional and Blasingame-type rate decline solu-
tions in the Laplace domain were developed for a refractured horizontal well inter-
cepted by multiple reorientation fractures with fracture face damage in an anisotropic
tight reservoir. The proposed traditional rate decline solution shows good agreement
with a classic case in the literature and a numerical simulation case.

2. Single-factor sensitivity analysis of traditional rate decline shows that fracture face
damage is not conducive to increasing well productivity during the early flow period.
A larger fracture face, which is as perpendicular to the principal permeability direction
as possible, is helpful to improve flow efficiency. There is an optimal matching
relationship between the principal fracture section angle, the fracture length ratio,
and permeability anisotropy for strong anisotropic reservoirs.

3. Fracture spacing has a weak effect on the production rate while the fracture number
shows a strong influence on the rate decline. It is unwise to ignore the influence of
a lower fracture number in order to pursue wider fracture spacing. The matching
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relationship between fracture spacing and the fracture number for a refractured
horizontal well needs to be optimized for economical production.

4. Multifactor sensitivity analysis of the transient rate decline shows that fracture conduc-
tivity has a more sensitive effect on the productivity than fracture face damage, and
large fracture conductivity should be pursued. Under strong permeability anisotropy,
the principal fracture section angle becomes more sensitive to the production rate than
permeability anisotropy, and the principal fracture section should be perpendicular
to the principal permeability direction to achieve maximum productivity.

5. Six typical flow regimes can be identified from Blasingame-type rate decline curves,
including the bi-linear flow regime, first linear flow regime, mid-radial flow regime,
mid-linear flow regime, pseudo-radial flow regime, and boundary-dominant flow
regime. Various fracture properties are sensitive to different flow regimes. The
flow characteristics of Blasingame-type curves are more obvious and typical than
traditional rate decline curves. The combination of two kinds of rate decline curves
can help the well test inversion to obtain the model parameters.
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Nomenclature

Variables: Real Domain
x, y coordinates in the reservoir, m
xe, ye reservoir length and width, m
xw, yw wellbore coordinate
φ reservoir porosity, fraction
kx reservoir permeability in x-axis, 10−3 µm2

ky reservoir permeability in y-axis, 10−3 µm2

k equivalent permeability of tight reservoir, 10−3 µm2

h reservoir thickness, m
xfi half-length of the i-th reorientation fracture, m
xfi,1 principal fracture section length of the i-th reorientation fracture, m
xfi,2, xfi,3 reoriented fracture section length of the i-th reorientation fracture, m
θi,1 principal fracture section angle of the i-th reorientation fracture, degree
θi,2, θi,3 reoriented fracture section angle of the i-th reorientation fracture, degree
wf fracture width, m
φf fracture porosity, fraction
kf permeability of reorientation fracture, 10−3 µm2

Lf fracture spacing, m
wsi width of the i-th fracture face damage zone, m
ksi permeability of the i-th fracture face damage zone, 10−3 µm2
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l length of discrete micro segment, m
LR reference length, m
pinit initial reservoir pressure, MPa
pavg average reservoir pressure, MPa
pf pressure in reorientation fracture, MPa
pw wellbore pressure, Mpa
pi reservoir pressure near the i-th fracture segment, MPa
µ fluid viscosity, mPa·s
B volume factor, m3/ m3

Ct total compressibility, 1/MPa
Q wellbore flow rate, m3/d
qfw flow rate of per unit fracture length, m3/d
qf flow rate strength, m2/d
t production time, d
N reorientation fracture number
Nk total discrete segments of the k-th reorientation fracture
Dimensionless Variables: Real Domain
xD, yD dimensionless x-, y-coordinate
xeD, yeD dimensionless reservoir length and width
xwD, ywD dimensionless wellbore coordinate
xDp, yDp dimensionless coordinate of mid-point of a line source
pD dimensionless reservoir pressure
pavgD dimensionless average reservoir pressure
pfD dimensionless pressure in reorientation fracture
pfDs dimensionless pressure in fracture face damage zone
pwD dimensionless wellbore pressure
qD dimensionless flow rate
qfD dimensionless flow rate strength
qfwD dimensionless flow rate of per unit reorientation fracture length
qcD dimensionless cumulative rate
qDd dimensionless decline rate
qDdi dimensionless rate integral
qDdid dimensionless rate integral derivative
CfD dimensionless reorientation fracture conductivity
LfD dimensionless fracture spacing
lD dimensionless discrete micro segment length
tD dimensionless production time
tDA dimensionless material balance time
SfDi dimensionless fracture face damage factor of the i-th reorientation fracture
FD dimensionless influence function
bDpss dimensionless pseudo-steady-state constant
σ dimensionless integral variable
∆lDi dimensionless length of the i-th discrete micro segment, i = 1, 2 . . .
αi fracture length ratio of the i-th reorientation fracture
β permeability anisotropic factor
Dimensionless Variables: Real Domain
p̃D dimensionless pressure in Laplace domain
p̃wD dimensionless wellbore pressure in Laplace domain
p̃ f D dimensionless pressure in reorientation fracture in Laplace domain
p̃ f Ds dimensionless pressure in fracture face damage zone in Laplace domain
q̃D dimensionless flow rate in Laplace domain
q̃ f D dimensionless flow rate of a fracture segment in Laplace domain
q̃cD dimensionless cumulative production in Laplace domain
s time variable in Laplace domain
Special Functions
sinh hyperbolic sine function
cosh hyperbolic cosine function
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