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Abstract: Multi-fractured horizontal well (MFHW) technology is a key technology for developing
unconventional reservoirs, which can generate a complex fracture network called a stimulated
reservoir volume (SRV). Currently, there are many relative analytical models to describe the fluid
seepage law, which are not suitable for volcanic reservoirs as of yet. The reasons are as follows:
(1) due to the development of natural fractures, multi-scaled flow (matrix, natural fractures, SRV)
should be considered to characterize MFHW flow in volcanic reservoirs; (2) non-Darcy flow and stress
sensitivity should be considered simultaneously for seepage in volcanic reservoirs. Thus, this paper
presents a novel MFHW analysis model of volcanic reservoirs that uses a multi-scale dual-porosity
medium model and complex flow mechanisms. Laplace transformation, the Duhamel principle, the
perturbation method and Stehfest numerical inversion are employed to solve the model to obtain
dynamic pressure response curves. The results show that the pressure response curve can be divided
into eight stages. Sensitivity analysis shows that the parameters of hydraulic fractures mainly affect
the early flow stage. The parameters of the SRV region mainly affect the middle flow stage. The
parameters of unreconstructed regions, non-Darcy flow and stress sensitivity mainly affect the late
flow stage.

Keywords: volcanic reservoir; multi-fractured horizontal well; multi-scale flow; threshold pressure
gradient; pressure transient analysis; stress sensitivity

1. Introduction

At present, the exploitation and development of conventional sandstone reservoirs
have entered the middle and late stages. Unconventional oil and gas reservoirs account for
an increasing proportion of the energy structure in China, especially volcanic reservoirs,
which have attracted more and more attention. The reservoir spaces of volcanic reservoirs
are diverse [1,2], including primary or dissolved pores and fractures [3]. Fractures, the
main flow channel, are widely developed. Therefore, volcanic reservoirs have distinct
characteristics of reservoirs and seepage. Considering the relative development of natural
fractures in volcanic reservoirs, it is of great significance to propose a model that conforms
to the production performance of volcanic reservoirs for the efficient development of
volcanic reservoirs.

Multi-fractured horizontal wells are a vital technique for the development of volcanic
oil reservoirs with natural fractures. Volume fracturing practices and micro-seismic moni-
toring technology indicate that a complex fracture network is formed by volume fracturing,
which is essentially different from symmetrical fractures formed by conventional fractur-
ing [4–6]. The principle of generating a complex network is that the vertical fractures with
high conductivity near the horizontal well produced by multiple fractures coupled with
surrounding natural fractures form a complex fracture network called the SRV (stimulated
reservoir volume), achieving a three-dimensional reconstruction of the reservoir [7,8]. The
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SRV refers to that in the process of hydraulic fracturing, the interlaced fracture network of
natural fractures and artificial fractures increases the reconstruction volume and improves
the initial production and final oil rate. The seepage model is the theoretical basis for well
test analysis and production prediction, based on recognizing that volume fracturing can
form complex fracture networks. Many domestic and foreign scholars have conducted
a lot of research, where the most typical model of the analytical model is the linear flow
model. Lee and Brockenbrough [9] first proposed the trilinear flow model and applied
it to vertical fracture wells. Ozkan [10] introduced the trilinear flow model to fractured
horizontal wells. Stalgorova [11] established a three-region model that contains the artificial
fracture area, SRV area and USRV (unstimulated reservoir volume) area, but ignored the
impact of the USRV area on horizontal well productivity. Then, Stalgorova [12] established
a five-region model and verified it by comparing it with commercial software (Eclispse)
results. Su Yuliang [13] established a four-region model of a fractured horizontal well by
taking the threshold pressure gradient into account and analyzed the production model.
Sureshjani [14] improved the five-region model. Foad Haeri [15] established a five-region
linear model and carried out a sensitivity analysis. Jinghao Ji [16] established an improved
five-region model for a multi-fractured horizontal well of a tight oil reservoir, which divided
the USRV areas into complete and partial transformation areas, and carried out a sensitivity
analysis. Based on the above linear flow model, some scholars improved it by considering
certain parameters or integrating certain methods [17–24]. In addition, in recent years,
many scholars have used the point source function and Laplace transformation to establish
seepage models [25–28] of volume-fractured horizontal wells.

In summary, there are currently many relative analytical models to describe the fluid
seepage law, which are not yet suitable for volcanic reservoirs. The reason is the description
of seepage should consider both natural fractures and artificial fractures [29–36]. However,
some of the above models consider the dual-porosity medium model [37–42], which has
a constant scale and leads to an inaccurate description of fluid flow because it ignores
the fluid flow in natural fractures of original reservoirs and simplifies natural fractures to
single-porosity media.

The purpose of our work is to create a novel analytical model, which can accurately
describe the flow characteristics of MFHWs in volcanic reservoirs. Unlike other uncon-
ventional reservoirs, volcanic reservoirs highly develop natural fractures, so the original
reservoirs cannot be simply considered as having storage characteristics, and natural frac-
tures also provide certain fluid flow characteristics. Therefore, when MFHW is used to de-
velop volcanic reservoirs, the flow description is more complex than other unconventional
reservoirs, and multi-scaled flow and multiple flow mechanisms should be considered.
The novelty of the proposed model is as follows: (1) due to the development of natural
fractures, multi-scaled flow (matrix, natural fractures, SRV) should be considered to charac-
terize MFHW flow in volcanic reservoirs; (2) non-Darcy flow and stress sensitivity should
be considered simultaneously for seepage in volcanic reservoirs. Therefore, this paper
presents a novel MFHW analysis model of volcanic reservoirs, which uses a multi-scaled
dual-porosity medium model and complex flow mechanisms. Laplace transformation, the
Duhamel principle and the perturbation method are employed to solve the model. Then,
the dynamic response curve of the corresponding pressure is obtained through Stehfest
numerical inversion, and the sensitivity analysis of the parameters is carried out.

2. Materials and Methods
2.1. Physical Models and Assumptions

As can be seen in Figure 1, there is a multi-fractured horizontal well in the center of
the volcanic reservoir with natural fractures. Based on the symmetry of the flow pattern of
the wellbore, only one quarter of one fracture stage is enough to derive flow equations, as
shown in Figure 2. The parameters are shown in Table 1.
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Figure 1. Schematic of a multi-fractured horizontal well in a volcanic oil reservoir.
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Figure 2. Schematic of the five-region flow model for a multi-fractured horizontal well.

Table 1. Symbol description.

Parameter Symbol, Unit Parameter Symbol, Unit

Reservoir length LR, m Reservoir width WR, m
Horizontal well length LH, m Initial reservoir pressure pij, Mpa

Permeability kij, µm2 Porosity ϕij, dimensionless
Elastic storativity ratio ω, dimensionless Inter-porosity flow coefficient λi, dimensionless

Seepage velocity V, m/h Total compressibility
coefficient Ctj, MPa−1

Single-fracture productionrate qF, m3/d
Pressure conductivity

coefficient η, µm2/(mPa·s·MPa−1)

Fracture interval 2ye, m HF half-length xf, m
Viscosity µ, mPa·s FSRV half-length l, m

Formation thickness h, m Oil volume factor B, dimensionless
Threshold pressure gradient λm, MPa/m Permeability modulus γ, MPa−1

Initial permeability ki(fi), µm2 Bottom hole pressure pwf, Mpa
HF half-width w, m

Superscript of Laplace domain —/’
Subscript of Dimensionless D

Matrix or fracture system j = m, f
Region No. I = 1~5
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As shown in Figure 2, the reservoir flow model is based on the Warren–Root model.
The multi-fractured well in the volcanic reservoir is divided into five regions: Region 1
is the HF (hydraulic fracture) region, which is treated as a finite-conductivity fracture
described by the single-porosity media model. Region 2 is the FSRV (fully stimulated
reservoir volume) region. Region 3 is the PSRV (partly stimulated reservoir volume) region.
Region 4 and region 5 are the USRV (unstimulated reservoir volume) regions. The SRV
regions (regions 2 and 3) and the USRV regions (regions 4 and 5) can be treated as the
dual-porosity media model, where the pores and fractures are the reservoir storage space,
and the fractures are the flow channels.

This section is divided into seven subheadings. It provides a concise and precise de-
scription of the experimental results, their interpretation and the experimental conclusions
that can be drawn.

In all of the regions, fracture permeability decreases as the formation pressure depletes.
To account for the stress sensitivity, a stress-dependent permeability is adopted, following
Kikani and Pedrosa [43]; the permeability modulus γ, which is used to describe stress
sensitivity, is defined as

γ =
1
k

dk
dp

(1)

In the USRV regions, the formation has a tiny pore throat with ultra-low permeability,
where non-Darcy flow is caused by the threshold pressure gradient. Therefore, the pseudo-
TPG (threshold pressure gradient) approach is selected to describe the non-Darcy flow in
this paper, expressed by the following equation [44]:

v =

 −
3.6k

µ
(grad(p)− λm) grad(p) > λm

0 grad(p) < λm

(2)

The assumptions of the model are as follows:

1. According to the experimental results of volcanic reservoirs in Xinjiang, the outer
boundary of the reservoir is enclosed. The reservoir thickness is h, the initial reservoir
pressure is pi, the multi-fractured horizontal well is in the center of the reservoir and
the working system of the well consists of constant production.

2. The hydraulic fractures are evenly spaced with the same properties. The height of the
main fracture is equal to the thickness of the reservoir. The region between the two
adjacent hydraulic fractures is impermeable.

3. There is isothermal flow of a single-phase micro-compressible liquid, which neglects
the gravity, capillary force and resistance in the wellbore.

4. The liquid flows through the SRV region, the hydraulic fracture and horizontal wells
in sequence.

5. The permeability stress sensitivity cannot be neglected in all of the regions; the
threshold pressure gradient cannot be neglected in the USRV regions.

2.2. Mathematical Model and Solution
2.2.1. Dimensionless Parameters

On the basis of the physical model and assumptions, we establish the mathematical
models of different regions. To facilitate the derivation, we define the following dimen-
sionless variables (Table 2). The subscript i = 1–5 represents the five regions, and j = f or m
represents the fracture system or the matrix system.
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Table 2. Dimensionless parameters.

Dimensionless Parameter Formula

Dimensionless pressure pijD =
k2 f ih(pi − pij)

1.842× 10−3qFµB

Dimensionless production rate of single HF qFD =
1.842× 10−3qFµB

k2 f h
(

pi − pw f

)

Dimensionless time tD =
3.6k2 f it

µ(φct)2( f+m)x
2
f

Dimensionless length xD =
x
x f

, yD =
y
x f

, xeD =
xe

x f
, yeD =

ye

x f

Dimensionless HF half-width wD =
w
x f

Dimensionless SRV area width lD =
l

x f

Dimensionless conductivity coefficient ηiD =
ηi
η2

Inter-porosity flow coefficient λi = α
kim
ki f i

x2
f

Elastic storativity ratio ωi =
(Ctφ)i f

(Ctφ)i f + (Ctφ)im

Dimensionless hydraulic fracture conductivity CFD =
k1 f iw
k2 f ix f

Mobility ratio M32 ==
k2 f i/µ

k3 f i/µ

Dimensionless TPG λD = CLλmx f

Dimensionless permeability modulus γD =
1.842× 10−3qFµB

k2 f ih
γ

Intermediate variable in region 4 and region 5 T =
k4,5 f ihxFλm

1.842× 10−3qFµB

Intermediate variable in region 2 and region 3 G =
k2 f ihxFλm

1.842× 10−3qFµB

2.2.2. Mathematical Model of Regions 4 and 5

In regions 4 and 5, it is assumed that there is only a one-dimensional linear flow in
the x-direction; additionally, the threshold pressure gradient (TPG) is used to describe
non-Darcy flow according to Equation (1), which can be expressed as

v = −
3.6ki f

µ

(
grad

(
pi f

)
− λm

)
(3)
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When the formation pressure decreases in the production process, the permeability
stress sensitivity cannot be neglected, according to the definition of the permeability
modulus in Equation (1), which can be expressed as

k = kie−γ(pi−p) (4)

where pi is the initial formation pressure, and ki is the permeability at the initial condition.
Therefore, as shown in Figure 2, the outer boundary of region 5 is impermeable and its

inner boundary is the outer boundary of region 3. Hence, combining the initial conditions
and boundary conditions, we can obtain the dimensionless mathematical model of region 5:

e−γD p5 f D

[
∂2 p5 f D

∂xD2 + (TγD − λmD)
∂p5 f D

∂xD

]
+ λ5(p5mD − p5 f D) =

ω5

η5D

∂p5 f D

∂tD

1−ω5

η5D

∂p5mD
∂tD

+ λ5(p5mD − p5 f D) = 0

∂p5 f D

∂xD

∣∣∣∣
xD=xeD

= 0

p5 f D

∣∣∣
xD=1

= p3 f D

∣∣∣
xD=1

(5)

Because regions 4 and 5 are both USRV regions and have the same properties, by using the
same method as region 5, the dimensionless mathematical model of region 4 can be obtained:

e−γD p4 f D

[
∂2 p4 f D

∂xD2 + (TγD − λmD)
∂p4 f D

∂xD

]
+ λ4(p4mD − p4 f D) =

ω4

η4D

∂p4 f D

∂tD

1−ω4

η4D

∂p4mD
∂tD

+ λ4(p4mD − p4 f D) = 0

∂p4 f D

∂xD

∣∣∣∣
xD=xeD

= 0

p4 f D

∣∣∣
xD=1

= p2 f DxD=1

(6)

2.2.3. Mathematical Model of Region 3

With the assumption of a linear flow in the y-direction, and taking the stress sensitivity
into consideration, which is described by Equation (4), in PSRV region 3, the oil flow follows
Darcy’s law. Combining the initial conditions and boundary conditions, and considering
the fluid flowing from region 5 into region 3, the dimensionless model is as follows:

e−γD p3 f D
∂2 p3 f D

∂yD2 +
k5 f i

k3 f i
e−γD p5 f D

(
∂p5 f D

∂xD
+ G

)∣∣∣∣
xD=1

+ λ3(p3mD − p3 f D) =
ω3

η3D

∂p3 f D

∂tD

1−ω3

η3D

∂p3mD
∂tD

+ λ3(p3mD − p3 f D) = 0

∂p3 f D

∂yD

∣∣∣∣∣
yD=yeD

= 0

p3 f D

∣∣∣
yD=ld

= p2 f D

∣∣∣
yD=ld

(7)
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2.2.4. Mathematical Model of Region 2

With the assumption of a linear flow in the y-direction, and following a similar
derivation process to region 3, the dimensionless seepage model to describe the oil flow in
region 2 is given by

e−γD p2 f D
∂2 p2 f D

∂yD2 +
k4 f i

k2 f i
e−γD p4 f D

(
∂p4 f D

∂xD
+ G

)∣∣∣∣
xD=1

+ λ2(p2mD − p2 f D) =
ω2

η2D

∂p2 f D

∂tD

1−ω2

η2D

∂p2mD
∂tD

+ λ3(p2mD − p2 f D) = 0

e−γD p2 f D
∂p2 f D

∂yD

∣∣∣∣
yD=lD

=
1

M32
e−γD p3 f D

∂p3 f D

∂yD

∣∣∣∣
yD=lD

p2 f D

∣∣∣
yD=wD/2

= p1 f D

∣∣∣
yD=wD/2

(8)

2.2.5. Mathematical Model of Region 1

The flow in the HF region is also assumed to be a linear flow in the x-direction. Taking
into account the effect of stress sensitivity, the governing equation for the flow in HF can be
obtained as follows:

e−γD p1 f D
∂2 p1 f D

∂xD2 +
2

CFD
e−γD p2 f D

∂p2 f D

∂yD

∣∣∣∣
yD=wD/2

=
1

η1D

∂p1 f D

∂tD

e−γD p1 f D
∂p1 f D

∂xD

∣∣∣∣
xD=0

= − π

CFD

∂p1 f D

∂xD

∣∣∣∣
xD=1

= 0

(9)

2.2.6. Solution of Model

It can be seen from Equations (5)–(9), that the dimensionless seepage model in regions
1–5 has a strong nonlinearity, meaning the solution cannot be solved directly. Through the
Pedrosa transformation [45], the nonlinearity of the equation is eliminated:

pjD = − 1
γD

ln
(
1− γDξ jD

)
, j = 1, 2, 3, 4, 5 (10)

Additionally, the following perturbation transformation formula is introduced:

ξ jD = ξ jD0 + γDξ jD1 + γD
2ξ jD2 + . . . j = 1, 2, 3, 4, 5 (11)

1
1− γDξ jD

= 1 + γDξ jD + γD
2ξ jD

2 + . . . j = 1, 2, 3, 4, 5 (12)

− 1
γD

ln
(
1− γDξ jD

)
= γDξ jD +

1
2

γDξ jD
2 + . . . j = 1, 2, 3, 4, 5 (13)

Considering that the actual dimensionless permeability modulus is a small amount,
the zeroth-order perturbation solution can satisfy the requirement of precision. Therefore,
the seepage model in each region is handled by adopting the Pedrosa method under the
zeroth-order perturbation solution before being applied to the Laplace transformation.
Finally, the solution of the dimensionless bottom hole pressure in the Laplace space is
obtained, the derivation process can refer to in Appendix A.

pwD0 = ξ ′3D0(xD = 0) =
π

CFDs
√

c3tanh(
√

c3)
+

2B
CFD

(
k4 f i

k2 f ic2
−

k5 f i

k3 f ic1

)
G

sc3
+

2A
CFD

k4 f i

k2 f ic2

G
sc3

(14)
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where
c3 =

2A
CFD

+
s

η1D

A =
−
[√

c2sinh
(√

c2

(wD
2
− lD

))
+ c0
√

c2 cosh
(√

c2

(wD
2
− lD

))]
cosh

(√
c2

(wD
2
− lD

))
+ c0sinh

(√
c2

(wD
2
− lD

))
B =

c0
√

c2

cosh
(√

c2

(wD
2
− lD

))
+ c0sinh

((√
c2

(wD
2
− lD

)))
c0 =

√
c1tanh(

√
c1(lD − yeD))

M32
√

c2

c2 =
k4 f i

k2 f i
β2 + fs2

c1 =
k5 f i

k3 f i
β1 + fs3

β2 =
m2em1(1−xeD) −m2em2(1−xeD)(
−m2

m1

)
em1(1−xeD) + em2(1−xeD)

β1 =
r2er1(1−xeD) − r2er2(1−xeD)(
− r2

r1

)
er1(1−xeD) + er2(1−xeD)

m1 =
λD +

√
λD2 + 4 fs4

2

m2 =
λD −

√
λD2 + 4 fs4

2

r1 =
λD +

√
λD2 + 4 fs5

2

r2 =
λD −

√
λD2 + 4 fs5

2

fsi =
λi(1−ωi)s

λiηiD + (1−ωi)s
+

ωis
ηiD

i = 2, 3, 4, 5

M32 =
k2 f i/µ

k3 f i/µ

Taking the skin factor and wellbore storage effects into consideration, the dimension-
less wellbore storage coefficient CD and the skin coefficient S are introduced with the help
of the Duhamel principle in the Laplace space. The bottom hole pressure is

pwD(CD, S) ==
spwD0 + S

s[1 + CDs(spwD0 + S)]
(15)

According to the above formula, the bottom hole pressure is related to the TPG, stress
sensitivity, hydraulic fracture parameters, SRV and USRV parameters, and sensitivity
analysis is carried out for these parameters in the Results and Discussion section.

Applying Stehfest numerical inversion to Equation (15), the perturbation transforma-
tion is applied to solve the actual bottom hole pressure, which is as follows:

pwD = −
ln
[
1− γDL−1(pwD0)

]
γD

(16)
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In Equation (16), Stehfest numerical inversion is applied [46]:

V(i) = (−1)N/2+i
min(i,N/2)

∑
k=(i+1)/2

kN/2(2k)!
(N/2− k)!k!(k− 1)!(i− k)!(2k− i)!

(17)

f (t) =
ln(2)

t

N

∑
i=1

V(i) f̃ (si) (18)

si = i
ln(2)

t
(19)

2.2.7. Multi-Fracture Superposition Processing

As shown in Figure 3, we consider the bottom hole pressure to vary for different
fractures in constant production. According to the shape parameters of the fracture (the
ratio of the transverse control length to the vertical control length), the fracture can be
divided into two parts: the internal and the end [47].

Internal fracture : δin =
WR

LH/(N − 1)
(20)

End fracture : δout =
WR

LR − LH
(21)

Suppose that the number of fractures is N, and the dimensionless pressure and produc-
tion expression of multi-fractured wells with a uniform distribution of hydraulic fractures
is

Constant production working system : pND =
pD(tD, δin) · pD(tD, δout)

pD(tD, δin) + (N − 1)pD(tD, δout)
(22)
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divided into two parts: the internal and the end [47]. 
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Suppose that the number of fractures is N, and the dimensionless pressure and pro-
duction expression of multi-fractured wells with a uniform distribution of hydraulic frac-
tures is 

Constant production working system:
( , ) ( , )

( , ) ( 1) ( , )
D D in D D out

ND
D D in D D out

p t p tp
p t N p t

δ δ
δ δ

⋅=
+ −

(22)

 
Figure 3. Different fracture arrangement of multi-fractured horizontal well. 

 

2ye 

WR 

LR 

LH 

Figure 3. Different fracture arrangement of multi-fractured horizontal well.



Energies 2023, 16, 879 10 of 20

3. Results and Discussion

The reservoir parameters and MFHW parameters of the model are collected from
the volcanic reservoir in Xinjiang, Southwest China. The length, width and height of
the reservoir are 1800 m, 600 m and 15 m, respectively. The length of the horizontal
well is 1400 m. There are eight hydraulic fractures, whose half-length and half-width are
100 m and 20 m. The porosity, permeability and half-width of the hydraulic fracture are
0.25, 20,000 mD and 0.01 m, respectively. The porosity and permeability of the fractures
in regions 2–5 are 0.06, 0.06, 0.02 and 0.02, and 1000 mD, 100 mD, 10 mD and 10 mD,
respectively. The porosity and permeability of the matrix in regions 2–5 are 0.14, 0.14,
0.2 and 0.2, and 0.108 mD, 0.108 mD, 0.108 mD and 0.108 mD, respectively. The rock
compressibility is 0.00023 MPa−1. The fluid compressibility is 0.0005 MPa−1. The oil
viscosity is 1.02 mPa·s, the formation volume factor is 1.2 and the production of a single
fracture is 16 m3/d. TPG is 0.02 MPa/m, and the permeability modulus is 0.02 MPa−1.
Considering the skin factor and dimensionless wellbore storage coefficient, the pressure
curve of the volcanic reservoir is calculated with the above model and parameters, as
shown in Figure 4.
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3.1. Dynamic Pressure Response Curve

As can be seen in Figure 4, the flow pattern can be divided into eight stages: (1) bi-linear
flow in the HF and FSRV regions, where the pressure curve is parallel to the pressure
derivative and the slope is 1/4, and when considering the skin factor and wellbore stor-
age coefficient, the bi-linear flow is covered up; (2) inter-porosity flow between the frac-
ture and matrix in the FSRV region, where a groove exists in the pressure derivative;
(3) linear flow in the PSRV region, where the pressure curve is parallel to the pressure
derivative and the slope is 1/4; (4) inter-porosity flow between the fracture and matrix in
the PSRV region, where the derivative of the pressure gradient is slowed (approximate
grooves); (5) linear flow in the USRV region; (6) inter-porosity flow between the fracture
and matrix in the USRV region, where the derivative of the pressure gradient is slowed
(approximate grooves); (7) complex linear flow in all of the regions (FSRV + PSRV + USRV);
(8) boundary control flow.
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3.2. Model Validation and Comparison

In the case of ignoring the wellbore storage effect and skin effect, the above parameters
are still used, except l = ye and l = 0.2 ye. We obtain the corresponding pressure response
curve, which is compared with the Ozkan model. As shown in Figure 5, the result of l = ye
is completely coincidental with the Ozkan model, which verifies the model. As for the
pressure response curve of l = 0.2 ye, the USVR area between the fractures could affect the
flow pattern in the late period. Therefore, the dimensionless pressure is less than that of
the Ozkan model.
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The dynamic response curves are calculated based on the field data of a fractured
horizontal well in the Xinjiang Oilfield, which are compared with the actual well testing
data. It can be seen from Figure 6 that the calculation results of the proposed model are
in good agreement with the actual test results, and the flow characteristics of MFHWs in
volcanic reservoirs are obvious.
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3.3. Sensitivity Analysis
3.3.1. Effect of TPG

Figure 7 shows the influence of TPG on the dynamic pressure, where it is found that
TPG affects the flow in the middle and late stages, mainly affecting the flow in the later
stage. When the starting pressure gradient is bigger, the later consumption is more obvious.
The curves of the dimensionless pressure and pressure derivative cock earlier and higher.
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Figure 7. The effect of TPG on the pressure response.

3.3.2. Effect of Stress Sensitivity

Figure 8 shows that in the production process of MFHWs in volcanic reservoirs, the
fracture permeability of each region changes with the decrease in the formation pressure.
Different permeability moduli represent different stress-sensitive effects. From the pressure
response curve, we can see that stress sensitivity affects the late flow stage and has little
effect on the early and middle stages. This is because the pressure drop is smaller in the early
stage, and the permeability varies slightly with the formation pressure. As time goes on,
the permeability stress influence increases. The greater the permeability modulus, the more
obvious the stress-sensitive phenomenon, which shows that more upward dimensionless
pressure and pressure derivative curves are found in the later period.
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3.3.3. Effect of Hydraulic Fracture Conductivity

Figure 9 shows the relationship between the hydraulic fracture conductivity and the
response curve of pressure. Considering that the hydraulic fracture conductivity coefficient
is 100 mD·m, 150 mD·m and 200 mD·m, other parameters remain unchanged. According to
the pressure response curve, the hydraulic fracture conductivity coefficient affects the early
flow stage, but the degree of influence is small. When the hydraulic fracture conductivity
coefficient is greater, the longer the duration of the bi-linear flow, the less obvious the FSRV
inter-porosity flow. It can be seen that the inter-porosity flow groove curve is narrower on
the pressure derivative curve.

Energies 2022, 15, x FOR PEER REVIEW 15 of 23 
 

 

 
Figure 9. The effect of the hydraulic fracture conductivity coefficient on the pressure response. 

3.3.4. Effect of FSRV Half-Length 
Figure 10 shows the relationship between the length of the FSRV area and the pres-

sure response curve. Considering that the half-length of the FSRV area is 100 m, 150 m 
and 200 m, the other parameters remain unchanged. Through comparative analysis, we 
can find that the length of the FSRV area has a greater influence in the middle and late 
stages of the flow. When the length of the hydraulic fracture becomes larger and larger, it 
is shown that the transverse-to-longitudinal ratio of the FSRV area is increased, and the 
longitudinal channeling is not obvious. At the same time, the late flow in the USRV area 
is easier to cover up. The pressure response curve shows that, with the increase in the half-
length of the FSRV area, the pressure derivative groove is narrower and shallower, and 
the later inter-porosity flow is easier to cover up. 

 
Figure 10. The effect of the FSRV half-length on the pressure response. 

Figure 9. The effect of the hydraulic fracture conductivity coefficient on the pressure response.

3.3.4. Effect of FSRV Half-Length

Figure 10 shows the relationship between the length of the FSRV area and the pressure
response curve. Considering that the half-length of the FSRV area is 100 m, 150 m and
200 m, the other parameters remain unchanged. Through comparative analysis, we can
find that the length of the FSRV area has a greater influence in the middle and late stages of
the flow. When the length of the hydraulic fracture becomes larger and larger, it is shown
that the transverse-to-longitudinal ratio of the FSRV area is increased, and the longitudinal
channeling is not obvious. At the same time, the late flow in the USRV area is easier to
cover up. The pressure response curve shows that, with the increase in the half-length
of the FSRV area, the pressure derivative groove is narrower and shallower, and the later
inter-porosity flow is easier to cover up.
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3.3.5. Effect of FSRV Half-Width

Figure 11 shows the relationship between the half-width of the FSRV area and the
pressure response curve. When the half-width of the FSRV area is 20 m, 60 m and 100 m,
the other parameters remain unchanged. It can be seen that the width of the FSRV area is
mainly affected by the middle period of the flow stage, especially the inter-porosity flow
and linear flow in the FSRV and PSRV areas. When the half-width of the FSRV area is
larger, it shows that the larger the volume of the fracture network fracturing, the better the
fracturing effect, and the smaller the PSRV area, which indicates that the inter-porosity flow
in the FSRV area is more obvious, and the flow in the PSRV area is shorter. The pressure
response curve is as follows: with the increase in the half-width, the volume of the FSRV
area increases, and the inter-porosity flow is more obvious, which covers up the linear flow
in the PSRV area. It is verified in the pressure response curve that the pressure derivative
grooves appear wider and deeper.
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3.3.6. Effect of FSRV Inter-Porosity Flow Coefficient

Figure 12 shows the effect of the inter-porosity flow coefficient on the pressure perfor-
mance of MFHWs in volcanic reservoirs. It shows that the inter-porosity flow coefficient
has a significant effect on the early period and determines the position of the grooves on
the pressure derivative curve. Assuming that the FSRV inter-porosity flow coefficient is 1.5,
15 and 150, when the inter-porosity flow coefficient is larger, this indicates that the inter-
porosity flow resistance is small, and the inter-porosity flow groove position is closer to the
right, which shows that the inter-porosity flow occurs earlier in the fracture system. The
pressure response curve is as follows: with the increase in the flow coefficient in the FSRV
area, the dimensionless pressure curve is lower in the FSRV area, and the inter-porosity flow
grooves in the FSRV area appear earlier, wider and deeper on the dimensionless pressure
derivative curve.
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3.3.7. Effect of FSRV Storativity Ratio

Figure 13 shows the relationship between the pressure response curve and the FSRV
storativity ratio. According to the response curve, we know that the FSRV storativity
ratio only affects the FSRV inter-porosity flow stage, and the effect is not very obvious.
The storativity ratio affects the width and depth of the grooves in the FSRV area of the
dimensionless pressure derivative curve. Considering that the FSRV storativity ratios are
0.008, 0.04 and 0.08, when the storativity ratio is smaller, there is less fluid storage, and
the fracture system causes a great pressure drop in a short time; then, it takes a long time
to make the matrix pressure and fracture pressure decreases synchronously, meaning the
groove is wider and deeper.
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3.3.8. Effect of FSRV Fracture Permeability

Figure 14 shows the relationship between the fracture permeability and the pressure
response curve in the FSRV area. Considering that the fracture permeability of the FSRV
area is 1000 mD, 3000 mD and 5000 mD, the other parameters remain unchanged. Through
comparison and analysis, the FSRV fracture permeability mainly affects the early and
middle flow stages, and the flow of the FSRV and USRV zones. The higher the FSRV
fracture permeability, the smaller the flow resistance of the fracture system; the bi-linear
flow stage is more obvious and the pressure drops faster, but the inter-porosity flow
coefficient becomes smaller, which means that the later the inter-porosity flow occurs, the
longer the duration of the early linear flow. As shown in the response curve, the lower the
FSRV fracture permeability, the deeper and wider the groove in the pressure derivative,
and the higher the position of the pressure curve.
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3.3.9. Effect of USRV Inter-Porosity Flow Coefficient

Figure 15 compares the difference in the pressure response curves with different inter-
porosity coefficients in the USRV area, which represents the percolation law of a volcanic
reservoir with dual-medium characteristics. When the inter-porosity coefficient is 0.0006,
0.06 and 1.2, the other parameters remain unchanged. The USRV inter-porosity coefficient
controls the inter-porosity flow stage of the USRV area. When the coefficient is large, the
pressure derivative curve shows that the position of the groove is low.
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4. Conclusions

This paper presents an analytical model for the pressure analysis of MFHWs in volcanic
reservoirs. The model is verified, and a field example is presented. The novelty of the
proposed model is as follows: (1) due to the development of natural fractures, multi-scaled
flow (matrix, natural fractures, SRV) should be considered to characterize the MFHW
flow in volcanic reservoirs; (2) non-Darcy flow and stress sensitivity should be considered
simultaneously for seepage in volcanic reservoirs. By investigating the transient pressure
behavior and analyzing the effects of related influential parameters, the main conclusions
of this paper are as follows:

1. This new analytical model for MFHWs in volcanic reservoirs, considering a multi-
scaled flow and complex flow mechanisms (non-Darcy flow and stress sensitivity),
is different from the previous models and conforms to the real situation, where the
reservoir is subdivided into five continuous flow regions: USRV regions 4 and 5, FSRV
region 2, PSRV region 3 and HF region 1, where the effects of both the non-Darcy flow
and stress sensitivity are considered. Laplace transformation, the Duhamel principle
and the perturbation method are employed to solve the model.

2. According to the field parameters, the pressure response curve can be obtained
through the analytical model, which can be divided into eight stages, namely, bi-linear
flow in the HF and FSRV regions, inter-porosity flow in the FSRV region, linear flow
in the PSRV region, inter-porosity flow in the PSRV region, linear flow in the USRV
region, inter-porosity flow in the USRV region, linear flow in all of the regions and
boundary control flow.

3. Sensitivity analysis shows that the parameters of hydraulic fractures mainly affect
the early flow stage. The parameters of the SRV region mainly affect the middle flow
stage. The parameters of the USRV region, non-Darcy flow and stress sensitivity
mainly affect the late flow stage. Furthermore, TPG, stress sensitivity and the mode of
storage and seepage in the unstimulated reservoir volume region have a significant
influence on the transient pressure performance and seepage law.
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Appendix A

According to Equations (10)–(13), through perturbation transformation and Laplace
transformation, the seepage governing equations in Laplace space are obtained.

The seepage governing equation of region 5 is as follows:

e
∂2ξ ′5D0

∂xD2 − λmD
∂ξ ′5D0

∂xD
− fs5ξ ′5D0 = 0

∂ξ ′5D0
∂xD

∣∣∣∣
xD=xeD

= 0

ξ ′5D0|xD=1 = ξ ′3D0|xD=1

(A1)
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The seepage governing equation of region 4 is as follows:

e
∂2ξ ′4D0

∂xD2 − λmD
∂ξ ′4D0

∂xD
− fs4ξ ′4D0 = 0

∂ξ ′4D0
∂xD

∣∣∣∣
xD=xeD

= 0

ξ ′4D0|xD=1 = ξ ′2D0|xD=1

(A2)

The seepage governing equation of region 3 is as follows:

∂2ξ ′3D0
∂yD2 +

k5 f i

k3 f i

(
∂ξ ′5D0

∂xD
+ G

)∣∣∣∣
xD=1

− fs3ξ ′3D0 = 0

∂ξ ′3D0
∂yD

∣∣∣∣
yD=yeD

= 0

ξ ′3D0|yD=ld
= ξ ′2D0|yD=ld

(A3)

The seepage governing equation of region 2 is as follows:

∂2ξ ′2D0
∂yD2 +

k4 f i

k2 f i

(
∂ξ ′4D0

∂xD
+ G

)∣∣∣∣
xD=1

− fs2ξ ′2D0 = 0

∂ξ ′2D0
∂yD

∣∣∣∣
yD=lD

=
1

M32

∂ξ ′3D0
∂yD

∣∣∣∣
yD=lD

ξ ′2D0|yD=wD/2 = ξ ′1D0|yD=wD/2

(A4)

The seepage governing equation of region 1 is as follows:

∂2ξ ′1D0
∂xD2 +

2
CFD

∂ξ ′2D0
∂yD

∣∣∣∣
yD=wD/2

− s
η1D

ξ ′1D0 = 0

∂ξ ′1D0
∂xD

∣∣∣∣
xD=0

= − π

CFD

∂ξ ′1D0
∂xD

∣∣∣∣
xD=1

= 0

(A5)

First, the governing equations of regions 5 and 4 are solved. Then, the solutions are
substituted into the equations of regions 3 and 2, respectively, and the solutions of regions
3 and 2 are obtained in turn. Finally, the solution is substituted into the governing equation
of domain 1, and the zeroth-order perturbation solution of region 1 in Laplace space is
obtained. The final result is shown in Equation (14).
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