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Offshore heavy oil reservoirs are developed mainly by inclined wells, and the well distance has been constantly reduced after
several well network adjustments. The well test data are often interfered by adjacent wells, resulting in unsatisfactory well test
interpretation results, so it is necessary to conduct studies on the multiwell interference well test problem for inclined wells. In
this paper, the threshold pressure gradient of heavy oil and the stress sensitive to permeability are considered comprehensively,
and a well test model of inclined wells in dual-media reservoirs under multiwell interference is established. The analytical
solution in Laplace space is obtained by using Green function and superposition principle. The results show that the typical
pressure dynamic curve can be divided into 12 flow regions, and the pressure derivative curve of the central inclined well is
upturned and forms multiple “platforms” under the interference of adjacent wells; the adjacent well interference will aggravate
the upward of pressure derivative curve; a critical well inclination angle of the inclined well is 40°. When the well inclination
angle is greater than 40°, vertical radial flow similar to horizontal wells will appear. The new model is well matched and
interpreted in the application of BZ oil field in Bohai Bay, which provides theoretical guidance for multiwell interference test
wells in the similar reservoir.

1. Introduction

Currently common well test interpretation methods assume
that only one central test well exists in the reservoir. As the
field is developed to a later stage, reservoir connectivity
becomes more complex, and interference between adjacent
wells becomes more pronounced. The test well pressure
dynamic curve is often interfered by adjacent wells, causing
the late radial flow section to “upturn,” which is often treated
as a boundary influence in common single-well test models,
leading to mishandling of well test data [1–3]. Onur et al.
proposed a pressure recovery model including multiproduc-
tion well system [4]. Marhaendrajana et al. developed a
method to explain the pressure in a multiwell system by con-
sidering the “disturbance effect” as a regional pressure drop
[5]. Adewole evaluated the connectivity between wells based
on the pressure data of test wells under interference [6].
Deng et al. established an interpretation method for pressure
recovery under multiple well interference [7]. Cheng et al.
used the multiwell interference method to judge the water

inflow direction of horizontal wells [8]. Yang et al. developed
a novel interference testing model of a multisegment hori-
zontal well (MSHW) to better understand the interference
of injection wells when the horizon observation well is open
to produce [9]. Kumar et al. established a mathematical
interference testing model of the fractured vuggy carbonate
reservoirs that then used to test an observation well and
two interfering wells in Tarim oilfield [10]. Han et al. pre-
sented an integrated approach based on the analysis of tracer
and pressure interference data to obtain the degree of inter-
ference between fractured horizontal wells in a multiwell pad
[11]. Shiqing et al. plotted the type curve of pressure and the
pressure derivative of an interference test of wells connected
by a large fracture and verified against interference test
data [12].

Due to the special characteristics of offshore platforms,
inclined wells can adapt to complex geological problems
and increase oil seepage area to improve well production
and are now widely used in offshore oil fields. Cinco et al.
first analyzed and plotted the pressure dynamics of an
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inclined well by building an up-and-down closed test well
model [13]. Zhang et al. studied the effect of formation het-
erogeneity on the pressure of inclined wells [14]. Sousa stud-
ied the pressure dynamics of inclined wells in homogeneous
reservoirs [15]. Li et al. established which belongs to the
inclined well in the composite gas reservoir with a conven-
tional internal zone and low-permeability external zone,
which comprehensively considered characteristics of stress
sensitivity and non-Darcy flow for low-permeability com-
posite gas reservoirs [16].

In summary, there has been no study on the interference
of adjacent wells on the pressure dynamic of inclined well.
However, as inclined wells are currently the most dominant
development method in offshore oil fields, it is important to
study an adjacent well interference well test model applicable
to inclined wells. In this paper, considering the stress sensi-
tivity to permeability and the threshold pressure gradient
of heavy oil, an inclined well test model under multiwell
interference in offshore heavy oil reservoirs is established,
and the effects of multiple types of sensitive parameters are
analyzed. Finally, the model is well applied in the SZ oil field
of Bohai Bay.

2. Model Development

2.1. Nonlinear Seepage of Heavy Oil. Heavy oil has high vis-
cosity, large seepage resistance, and large interaction force
between liquid-solid interface and liquid-liquid interface
[17–19]. Therefore, the seepage characteristics in porous
media are different from those of conventional thin oil and
generally show nonlinear seepage characteristics (threshold
pressure gradient) [20–23]. Only when the displacement
pressure gradient exceeds the threshold pressure gradient
does the heavy oil begin to flow, and its seepage characteris-
tics are shown in Figure 1.

The core displacement experiments in Bohai SZ oilfield
show that the threshold pressure gradient and mobility of
heavy oil in porous media conform to the nonlinear relation-
ship, as shown in Figure 2. When the mobility is small, the
pressure gradient decreases rapidly with the increase of
mobility. With the continuous increase of mobility, the
decline of threshold pressure gradient slows down and is
matched by exponential function, as shown in Equation
(1). The reason for this phenomenon is that with the
decrease of viscosity of heavy oil, the content of gum, asphal-
tene, and high molecular hydrocarbons in heavy oil
decreases, resulting in the weakening of structural character-
istics of heavy oil, the reduction of intermolecular force dur-
ing flow, and the reduction of flow resistance. With the
increase of permeability, the faster the resistance decreases,

resulting in the gradual decrease of heavy oil threshold pres-
sure gradient with the increase of mobility.

λB = a
K
μo

� �−b
: ð1Þ

2.2. Physical Model. As is shown in Figure 3, there is a cen-
tral test inclined well in infinite outer boundary reservoir,
and the surrounding adjacent wells have good connectivity
with it:

(1) The Warren-Root model is adopted to describe the
dual-porosity formation

(2) The interporosity flow is calculated through the
pseudo-steady-state model

(3) Stress sensitivity of permeability is considered

(4) Heavy oil in porous media has the property of
threshold pressure gradient

2.3. Mathematical Model. Considering the permeability
stress-sensitive of reservoir and the threshold pressure gradi-
ent of heavy oil fluid, the fluid motion equation is improved
as follows:

vfr =
K fh
μ

e−γ pi−pfð Þ ∂pf
∂r

− λB

� �
, ð2Þ

vfz =
K fv
μ

e−γ pi−pfð Þ ∂pf
∂r

− λB

� �
: ð3Þ

By virtue of Equation (1) and Equation (2), the seepage
differential equation of central test inclined well describing
the threshold pressure gradient of heavy oil in stress sensi-
tive reservoir is obtained:
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Figure 1: Heavy oil seepage characteristics dynamic curve.
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The following is the differential equation of adjacent
interference wells:

Since the values of ð∂pf /∂rÞ × λB and ð∂pf /∂zÞ × λB are
small, they can be rounded off and the above equation can
be simplified as follows.

Central test inclined well:

Adjacent interference well:
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Figure 2: Relation curve between pressure gradient and mobility.
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Dimensionless quantities are defined as follows:
pfD = ð2π K fhh/qμÞ ðpi − pf Þ pmD = ð2πKm h/qμÞðpi − pm

Þ tD = ðK fht/μr 2
wðVϕCtÞ f+mÞω = ððVϕ CtÞf /ðVϕCtÞ f+mÞλm

= αr2w ðKm/K fhÞγD = ðqμB/K fhhÞγλBD = ðK fhhrw/qμBÞ λB

rD = ðr/rwÞ zD = ðz/hÞCD = ðC/ðVϕCtÞf+mhr w2ÞLD = ðL/hÞffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
K fh/K fv

p
hD = ðh/rwÞ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
K fh/K fv

p
:

Substituting the above dimensionless quantities into for-
mulas (5) and (6), the dimensionless seepage differential
equation is obtained:

Central test inclined well is as follows:
Initial condition

pfD rD, 0ð Þ = pmD rD, 0ð Þ = 0: ð10Þ

Outer boundary condition

pfD rD⟶∞
�� = pmD rD⟶∞

�� = 0: ð11Þ

Inner boundary condition
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Figure 3: Physical model diagram.
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Adjacent interference well (j = 1, 2, 3⋯ ) is as follows.
Initial condition

pfD rjD, 0
� 	

= pmD rjD, 0
� 	

= 0: ð13Þ

Outer boundary condition

pfD rjD⟶∞

��� = pmD rjD⟶∞

��� = 0: ð14Þ

Inner boundary condition
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= 0, ð16Þ
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����
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= 0: ð17Þ

3. Model Solution

In order to eliminate the quadratic term in the above dimen-
sionless equation, Pedrosa variable substitution and regular
perturbation method are used:

pfD = −
1
γD

ln 1 − γDξDð Þ: ð18Þ

Because γD ≪ 1, the zero order perturbation solution is
taken, and then, Laplace transform is performed on it.
Finally, equations (5) and (6) become as follows:
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Adjacent interference well (j = 1, 2, 3⋯ ):
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According to the superposition principle, the finite
cosine integral transform of the model under Laplace space
with respect to zD, and then using the Green function and
the zero-order regenerative solution, the point source solu-
tion of the model can be found as

�ξD ≈ �ξD0 + �ξD0j =
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Assuming that the flow in the wellbore of the central
inclined well is evenly inferenced, according to the point
source theory, the point source solution is integrated along
the wellbore direction, and the bottom hole pressure solu-
tion of the central inclined well under multiwell interference
can be obtained.
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ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
xD − xwD − η sin θwð Þ2 + yD − ywDð Þ2
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�zwD = zwD + η cos θw, ð32Þ

5Geofluids



θw = arctan
ffiffiffiffiffiffiffi
K fv
K fh

s
tan θ

 !
, ð33Þ

LD = L
rw

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
K fv
K fh

sin2θ + K fv
K fh

cos2θ
s

: ð34Þ

Duhamel principle and pressure drop superposition
principle are used to solve the bottom hole pressure solution
of the central inclined well under the interference of multi-
wells.

�ξWD = s�ξWDN + S

s + CDs2 s�ξWDN + S

 � : ð35Þ

Through Stehfest numerical inversion, the bottom hole
pressure solution in real space can be obtained [24, 25]:

pwD = −
1
γD

ln 1 − γD
�ξWD


 �
: ð36Þ

4. Results and Discussion

4.1. Model Verification.When dimensionless threshold pres-
sure gradient (λBD), dimensionless stress sensitivity coeffi-
cients (γD), and well inclination angle (θ) are taken as
zero, as well there is no interference from adjacent wells,
the model is the same as the conventional vertical well pres-
sure drawdown well test model of dual media reservoir. In
order to verify the model in the paper, the type curve
obtained by the numerical method is compared with the
conventional dual media reservoir well test curve obtained
by the analytical solution shown in Figure 4.

As shown in Figure 4, the type curve of pressure draw-
down well test obtained by the numerical solution and the
analytical solution are the same when dimensionless thresh-
old pressure gradient (λBD), dimensionless stress sensitivity
coefficients (γD), and well inclination angle (θ) are taken as
zero, as well there is no interference from adjacent wells.
Thus, the numerical solution in the paper is reliable.

4.2. Type Curves. The pressure solution in real space is
obtained by numerical inversion. Taking the existence of
three adjacent wells around the central inclined well as an
example, its pressure curve and pressure derivative curve
are plotted as shown in Figures 5–12; flow regions are
identified.

Region 1. The early wellbore storage period: the pressure
curve and pressure derivative curve are line segments with a
slope equal to “1,” reflecting the effect of wellbore reservoir
effects

Region 2. The skin effect period: the major influential
factor in this period is the skin factor effect, and the pressure
derivative curve presents the shape of “hump”

Region 3. Well inclination angle influence period: the
pressure derivative curve presents the shape of “concavity,”
which reflects the influence of well inclination angle. When
the well inclination angle is large, it shows the characteristics

of vertical radial flow in horizontal wells; when the well incli-
nation angle is small, it shows the characteristics of radial
flow for vertical wells

Region 4. Fracture radial flow period: the major influen-
tial factor in this period is the flow of fluid from fracture to
bottom hole, and the pressure derivative curve is a straight
horizontal line

Region 5. Leakage period: the major influential factor in
this period is the leakage capacity of matrix to fracture, and
the pressure derivative curve presents the shape of
“concavity”

Region 6. First radial flow period: the major influential
factor in this period is the late radial flow of the central
inclined well, and the pressure derivative curve is a straight
horizontal line

Region 7. Transitional flow period: transition period
between radial flows

Region 8. Second radial flow period: it reflects the radial
flow characteristics of the central inclined well interfered by
the nearest adjacent well, and the pressure derivative curve is
a straight horizontal line

Region 9. Transitional flow period: transition period
between radial flows

Region 10. Third radial flow period: it reflects the radial
flow characteristics of the central inclined well interfered by
the two nearest adjacent well, and the pressure derivative
curve is a straight horizontal line

Region 11. Transitional flow period: transition period
between radial flows

Region 12. Fourth radial flow period: it reflects the radial
flow characteristics of the central inclined well interfered by
the three nearest adjacent well, and the pressure derivative
curve is a straight horizontal line

4.3. Sensitivity Analysis

4.3.1. Permeability Modulus. As shown in Figure 6, with the
increase of permeability modulus, the pressure dynamic
curve is gradually upward after region 7, and the larger the
permeability modulus is, the greater the degree of upward.
The reason for the above phenomenon is that the larger
the permeability modulus is, the greater the decrease of per-
meability with the increase of pressure; therefore, the resis-
tance of fluid flow becomes larger and the pressure
required for flow is also larger. When the permeability mod-
ulus is large, the reservoir permeability decreases sharply
under higher pressure in the late stage of seepage, and the
pressure dynamic curve reflects a characteristic similar to a
closed outer boundary.

4.3.2. Threshold Pressure Gradient. As shown in Figure 7, the
higher the threshold pressure gradient of heavy oil, the
greater the upward warping degree of pressure dynamic
curve, and the upward warping is obvious after region 7.
This is because heavy oil has threshold pressure gradient,
the flow capacity of heavy oil in pores is weakened, and
the displacement pressure difference required for heavy oil
flow is also larger.
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4.3.3. Production of Adjacent Wells. As shown in Figure 8,
taking the example of the presence of three connected adja-
cent wells around the central inclined well, the pressure
dynamic profile of the central inclined well has four late
radial flow stages and the ratio of the N th (N > 2) radial flow
value to the first radial flow value is equal to 1 +∑k

j=1qjD (k is
the number of adjacent wells that have an influence on the N
th radial flow stage). Taking q1D = q2D = q3D = 1 as an exam-
ple, the third radial flow stage is the result of the joint influ-
ence of the test well and the two adjacent wells, so the value
of the third radial flow is 0:5 ∗ ð1 + 2Þ = 1:5.

4.3.4. Well Inclination Angle. As shown in Figure 9, the
greater the well inclination angle, the greater the wellbore
pressure drop and the lower the pressure dynamic curve.
Because the inclined well completely penetrates the forma-
tion, the larger well inclination angle is, the longer the well-
bore length is. Under the assumption of equal flow in the
wellbore, the longer the wellbore length L, the greater the
pressure drop in the wellbore. And the well inclination angle
mainly affects the flow near the well, when well inclination
angle is large (θ > 40°), the curve will show an early vertical
radial flow similar to that of a horizontal well, and when
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the well inclination angle is relatively small (θ < 40°), the
characteristics of vertical radial flow disappear, which is sim-
ilar to the radial flow of vertical wells.

4.3.5. Adjacent Well Distance. As shown in Figure 10, as the
distance between the adjacent well and the central inclined
well increases, the start time of the second radial flow is
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Figure 6: Influence of permeability modulus on pressure dynamic curve.
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Figure 9: Influence of well inclination angle on pressure dynamic curve.
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delayed and the shift duration becomes shorter. When the
distance is short, the second radial flow section gradually
disappears and integrates into the third radial flow section.

5. Field Application

5.1. Field Test Data Matching Method. In order to reduce the
nonuniqueness, the following steps should be followed when
applying the model to well test interpretation of field test
data:

(1) Using the actual pressure recovery data, draw the
pressure curve and pressure derivative curve. Judg-
ing whether there are multiple radial flow period in
the later stage of the pressure response curve, if it

conforms to the interference well test curve of adja-
cent wells, the adjacent well interference model is
used for parameter interpretation; otherwise, the
ordinary single well model is adopted

(2) According to the selected well test interpretation
model (without considering the influence of stress
sensitivity and threshold pressure gradient), the ini-
tial pressure response curve is matched by changing
wellbore storage coefficient, skin coefficient, inter-
porosity flow coefficient, and elastic storativity ratio

(3) Input the distance between adjacent wells and the
production of adjacent wells to match the multistage
radial flow section in the later stage

(4) The interpretation result parameters of adjacent
wells in conventional reservoir are taken as the initial
parameters and input into the interference well test
model of adjacent wells in dual media reservoir con-
sidering stress sensitivity and threshold pressure gra-
dient. The pressure response curve is further
matched and interpreted by changing the stress sen-
sitivity coefficient and start-up pressure gradient.
Finally, the relevant parameters are obtained

5.2. Example Explanation. SZ reservoir is located in Bohai
Bay, China. It is a heavy oil reservoir with an average oil vis-
cosity of 320mPa·s. X2 well is an inclined well in SZ reser-
voir, with an inclination angle of 73°, and effective
thickness of the reservoir is 31.5m, porosity of 13.5%, and
volume coefficient of 1.06. Through the reservoir sand
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Figure 11: Well location diagram.
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connectivity analysis, three adjacent wells have good con-
nectivity with it (X1/X3/X4), as shown in Figure 11. When
the X2 pressure build-up test was conducted, adjacent
wells (X1/X3/X4) were also shut in at the same time,
and the locations and parameters of the three interfering
wells around the X2 are shown in Table 1. The model
proposed in this paper was chosen to match the pressure
dynamic curve, as shown in Figure 12. This model was
matched with good accuracy, especially for the later stages
of the pressure dynamic curve. Table 2 manifests the inter-
pretation results.

6. Conclusion

(1) Aiming at the problem of inclined well test in off-
shore heavy oil reservoir under multiple well inter-
ference, this paper comprehensively considers the
permeability stress sensitivity of the reservoir and
the threshold pressure gradient of heavy oil and
establishes the inclined well test model for dual
medium heavy oil reservoir under multiple well
interference. And using Green function and super-
position principle, the analytical solution under
Laplace space is obtained. Finally, the test inclined
well pressure dynamic curve is plotted by numerical
inversion and with three adjacent wells as an
example

(2) The influence law of permeability modulus, thresh-
old pressure gradient, multiwell production, well
inclination angle, and well distance for pressure
dynamic curve are analyzed in this paper. Under
the influence of adjacent wells, the pressure deriva-
tive curve of the test inclined well in the later stage
warps up and produces multiple “platforms.”
Through sensitivity analysis, there is a critical well
inclination angle of 40° for inclined wells. When
the well inclination angle is greater than 40°, verti-
cal radial flow similar to horizontal wells will
appear

(3) The new model is applied to the well test interpreta-
tion of SZ oilfield in Bohai Bay, and high matching
accuracy is obtained. This model not only provides
theoretical guidance for multiwell interference well
test of the similar type of reservoir but also provides
a basis for quantitative characterization of inter well
connectivity

Table 1: The basic parameters for the investigated reservoir.

Well name Distance (m) Daily liquid production (m3/d)

X1 173 200

X3 162 150

X4 218 200

Table 2: The interpretation results.

Parameters Value

Wellbore storage coefficient 0.17m3/MPa

Skin factor 0.09

Interporosity flow coefficient 5:7 × 10−7

Permeability 1420mD

Storativity ratio 5:4 × 10−2

Threshold pressure gradient 2:4 × 10−4 MPa/m

Permeability modulus 1:5 × 10−2 MPa-1

Interference quantity of X1 72m3/d

Interference quantity of X3 10m3/d

Interference quantity of X4 0m3/d

Pressure (field data)
Pressure derivative (field data)

The calculated pressure curve
The calculated pressure derivative curve
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Figure 12: Pressure matching curve.
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Nomenclature

pf : Fracture system pressure (MPa)
vfr: Radial velocity of fluid in fracture (m/s)
K fh: Fracture horizontal permeability (mD)
vfz: Vertical velocity of fluid in fracture (m/s)
μ: Oil apparent viscosity (mPa·s)
K fv: Fracture vertical permeability
λB: Threshold pressure gradient of heavy oil (MPa/

m)
pi: Initial formation pressure (MPa)
r: Distance (m)
ϕf : Fracture porosity (dimensionless)
Ctf : Fracture compressibility (MPa-1)
Ctm: Matrix compressibility (MPa-1)
V f : Fracture volume ratio (dimensionless)
Km: Matrix permeability (mD)
pm: Matrix system pressure (MPa)
α: Matrix block shape factor (dimensionless)
t: Time (s)
z: Distance (m)
qjD: Dimensionless production of adjacent wells

(dimensionless)
rjD: Adjacent well distance (dimensionless)
ξD: Perturbation deformation function
s: Laplace factor
ξD0: Zero order perturbation solution of central

inclined well
ξD0j: Zero order perturbation solution of adjacent

well
m: Number of adjacent wells causing interference
η: Wellbore integral factor
θ: Well inclination angle
L: Length of inclined well in reservoir
xD, y D, zD: Coordinate
S: Skin factor.
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