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ABSTRACT: During the production of fractured low-permeability
gas condensate reservoir (FLPGCR), a phase transition takes place
in both the formation and wellbore, resulting in multiphase flow
when the pressure drops below the dew point pressure.
Additionally, the presence of fractures causes the formation of
stress-sensitive characteristics. Nevertheless, traditional analytical
models, such as the two-region model or three-region model,
overlook the coupling impact of the above factors, which could lead
to incorrect pressure transient response and erroneous estimation
of well and formation parameters. Therefore, this work presents a
semianalytical model for an FLPGCR considering the effects of multiphase flow, stress-sensitive, and wellbore phase redistribution.
The gas condensate reservoir is divided into N banks, and the radial fluid saturation variation is modeled by multiple annular
reservoirs with a constant saturation in each annular reservoir. The behavior of a fractured reservoir is modeled by using the dual-
porosity model. The Pedrosa transform was utilized to address the nonlinear differential equation arising from stress-sensitive
behavior. To verify the semianalytical solution, it was compared with numerical simulation results from CMG. The results showed
that there are 10 flow regimes for the proposed model. The shape of the type curve has the potential to identify the degree of
blockage within the FLPGCR. The wellbore phase redistribution only affects the first transitional-flow regime, which slows the rate
of pressure drop. The stress sensitivity will lead to the upward characteristic of the curve in a later stage. More attention should be
paid to the upward pressure derivative curve at late times, which is conventionally regarded as the effect of a closed boundary when it
may not be the case. In addition, the shape factor and composite radius may obscure the radial flow regime. Finally, the proposed
model was applied to interpret the pressure measurements recorded from the Bohai field in China, which exhibits a better fitting
quality than the traditional models.

1. INTRODUCTION
In recent years, due to the depletion of many conventional
hydrocarbon reservoirs in the world, the tendency to develop
unconventional reservoirs is dramatically increasing, including
gas condensate, shale gas, and tight gas.1 According to statistics,
in the geological reserves of more than 1 × 1012 m3 of giant gas
fields, the condensate field accounts for 68%. As illustrated in
Figure 1, gas condensate reservoirs exhibit intricate flow
dynamics when the pressure drops below the dew point
pressure. The decrease in pressure induces retrograde
condensation, resulting in the formation of a condensate bank
within the gas reservoir. With pressure decreasing, more
condensation drops out and the saturation of the condensate
reaches the critical level.2 This leads to not only the free flow of
gas but also the flow of condensate within the formation. If the
condensate flow is not taken into consideration, there will be
significant errors in pressure transient analysis.3,4 The
phenomenon of wellbore phase redistribution also occurs in
the production of the gas condensate reservoir which shows the

changeable wellbore storage characteristic observed in transient
pressure analysis.5,6 The existence of natural fractures is another
difficult problem in gas condensate reservoir development,
which not only impacts the flow behavior of fluids but also
induces a stress-sensitive effect in the formation.7 The gas
condensate reservoir in the Bohai field is a fractured low-
permeability condensate gas reservoir. Its pressure transient
analysis curve exhibits a complex shape that is difficult to
interpret by the existing models. Therefore, analyzing the
abnormal curve of a gas condensate reservoir could be
challenging in well-testing interpretation.
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It is difficult to explain the pressure characteristics of
FLPGCR because of the complex fluid flow in formation caused
by multiphase flow and natural fractures. In order to solve this
problem, a lot of research has been done. Muskat described the
“condensate blockage” for the first time in their study: when the
bottom-hole pressure (BHP) falls below the dew point pressure,
condensate will be formed near the bottom of the well and
gradually accumulate to form the high saturation area of
condensate, which will lead to the decrease of gas-phase relative
permeability and the decrease of production capacity.8 The
concept of pseudopressure was originally proposed by O’Dell
and Miller, who subsequently applied it to the productivity
formula of gas condensate reservoirs.9 Jones proposed the
concept of multiphase pseudopressure for gas condensate
reservoirs.10 Subsequently, various pressure transient analysis
models utilizing the concept of pseudopressure have been
developed, ushering in a new era of research in pressure transient
analysis for gas condensate reservoirs. Jones and Rgahvana
studied the steady-state model of gas condensate reservoirs and
established a relationship between oil saturation and pressure.11

Their findings indicated the presence of a condensate oil flow
region in the reservoir with a condensate saturation exceeding
the critical condensate saturation. Fevang and Whitson
conducted a study on the production behavior of gas condensate
reservoirs using numerical simulation and introduced a
mathematical model for three-zone flow for the first time.12

Later, Xu and Lee proposed the radial three-zone composite
two-phase flow model.13 Gringarten introduced the effect of the

capillary number into numerical simulation and found that the
condensate saturation near the well was not as high as
commonly thought, but lower than in other areas.14 Therefore,
a four-zone model is proposed to describe condensate flow
behaviors. Barrios used a compositional simulation model to
analyze pressure transient responses in gas condensate
reservoirs, including the effects of relative permeability effects
and critical oil saturation effect.15 Abdolnabi and Gringarten
applied composite models to horizontal wells.16,17 Bozorgzadeh
and Kgogo each gave an opinion that the type curves of lean and
medium-rich condensate gas fluids have three-zone radial
composite behavior.18,19 However, rich gas fluids exhibit only
two-region radial composite behavior.20 Shahbazi and Zhang
proposed an analytical model to explain well test data in gas
condensate reservoirs which provided a detailed explanation of
the pressure transient analysis curve characteristics for
horizontal wells.21,22 Li presented a semianalytical model
considering different gas components of the gas condensate
reservoir.23 Dastan proposed a semianalytical model for natural
fractured reservoirs under the condition of oil−water two-phase
flow.24 This model is considered a multibank reservoir, which
has great significance in solving multiphase flow models. Dahim
proposed a semianalytical model for multistage hydraulically
fracturing horizontal wells in shale gas condensate reservoirs,
which is also of great significance in solving multiphase flow
problems.25 Among the analytical models considering the
development of natural fractures, the dual-porosity model
presented by Warren and Root and the vertical fractured model
proposed by Aguilera were the most widely used.26,27 The fluid
flow in fractured reservoirs has always been a focal point and a
challenge in the field of petroleum engineering. In recent studies,
Wang proposed a semianalytical model to describe the bottom-
hole pressure behavior of water injectors in fractured
reservoirs.28,29 Wei developed analytical models to study the
thermal behavior of fractured reservoirs. These studies provide
novel approaches to address the fluid flow challenges in
fractured oil reservoirs, aiding in the solution of the nonlinear
flow equations of FLPGCR.30

In summary, many researchers have studied the pressure
transient analysis of multiphase flow in the gas condensate
reservoir. However, much less attention has been paid to the
analysis of the multiphase flow combined effects specifically
related to natural fractures and wellbore phase redistribution.
Neglecting the interconnected influences of these factors could
lead to inaccurate pressure transient analysis and erroneous

Figure 1. Condensate fluids occur as the pressure drops below the dew
point pressure.

Figure 2. Physical model of FLPGCR based on the Warren−Root dual-porosity model: (a) Actual model of FLPGCR and (b) ideal model.
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assessments of well and formation parameters in FLPGCR. In
this study, a semianalytical model considering multiphase flow is
developed to characterize flow behavior in FLPGCR. In order to
analyze the occurrence of retrograde condensation, a four-region
radial composite model was utilized, whereas the effects of
natural fractures were simulated using the Warren and Root
model. Additionally, the wellbore phase redistribution was
described by implementing the Fair model. To account for the
stress-sensitive impact, the variation of permeability in the
fracture with pressure was taken into consideration. To solve the
model, the whole reservoir is divided into a sequence of N banks,
considering the saturation change. The semianalytical solution is
verified by comparing it with a numerical simulation model from
CMG.31 The solutions derived from the model can be presented
in the form of type curves, which effectively show the influence
of retrograde condensation and natural fracture. Finally, the
proposed model has been successfully applied to interpret a field
case in the Bohai field.

2. METHODOLOGY
2.1. Physical Model. The flow behaviors of the gas

condensate reservoir in the formation are much more complex.
Laboratory experiments suggest that four different flowing
regions could exist.32 Figure 2 shows the physical model of
FLPGCR, where four distinct flow zones with varying fluid
saturations are present around the wellbore due to retrograde
condensation.

The area near the well is a two-phase flow zone, where
condensate saturation reaches critical levels. This area can be
divided into two zones, including zone-1 and zone-2. Zone-1 is
in the immediate vicinity of the wellbore with a lower
condensate saturation due to the influence of the high capillary
number.33 Zone-2, which is next to zone-1, exhibits a higher
level of condensate saturation compared to Zone-1. Zone-3 is an
intermediate transition region, where the condensate is
immobile. Zone-4 is a dry gas region, where retrograde
condensation does not occur. The assumptions of the
mathematical model are given as follows:

(a) The gas condensate reservoir is an infinite homogeneous
double-porosity reservoir, which can be divided into four
zones. The initial reservoir pressure pi is higher than the
dew point pressure and the reservoir thickness is h. The
fracture is a stress sensitivity medium and the permeability
modulus λ is introduced to characterize the stress
sensitivity. The compressibility of fracture and matrix
are cft and cmt, respectively.

(b) There is no pressure drop at the interface of each region.
(c) The fluid is two-phase with viscosity μg and μo,

compressibility cg and co, and formation volume factor
Bg and Bo.

(d) The flowing of fluid obeys Darcy’s flow and is isothermal.
The Warren−Root model is used to describe the
fractures. The Fair model is used to describe the wellbore
phase redistribution.

2.2. Analytical Model. The permeability of fractures is a
function of the pressure rather than a constant. The relationship
between the permeability and pressure is as follows

K
K
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According to the Warren−Root model, the flow equation of
oil and gas in fracture of Zone-1 can be expressed, respectively,

as follows. The detailed derivation of eqs 2−7 is given in
Appendix A.
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The flow equation in the matrix under pseudo-steady state of
Zone-1 can be expressed as
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The total flow equation of Zone-1 between fracture and matrix
can be expressed as
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In the multiphase model, compressibilities in the matrix and the
fractures also depend on saturation:

c S c S cft fo fto fg ftg= + (8)

c S c S cmt mo mto mg mtg= + (9)

The mobilities in Zone-1 and Zone-2 can be expressed as
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For Zone-3
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For Zone-4
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Table 1 shows the definition of dimensionless variables
For a two-phase flowing problem in the Warren−Root model,

we define interporosity flow coefficient (Λ) and two-phase
storativity ratio (Ω) considering the mobility as given in eq 13
and eq 14
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In the Warren−Root model, Fs is a shape factor that depends
on the fracture-matrix geometry. It can be calculated for
structures with regular, repetitive geometries. Rangel−German
and Kovscek tabulate different shape factors for a variety of
geometries.34 In practice, Fs can be taken as a fit parameter in the
history matching. The dimensionless diffusivity equations of
Zone-1, Zone-2, Zone-3, and Zone-4 in the FTCGR are
obtained as follows
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The connection conditions are that the pressure and fluid rate
of the common boundary are the same.
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where M1 = 1.

The outer boundary condition is as follows

p t p t( , ) ( , ) 0fD
(4)

D fD
(4)

D= = (17)

The inner boundary condition considering wellbore phase

redistribution is
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The initial condition is given as
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The phase redistribution pressure is as follows35
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/D D= (20)

The diffusivity equation is not written in a convenient form to

be solved analytically. A new dimensionless dependent variable

is introduced, which is related to the dimensionless pressure.36
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Making use of Pedrosa variable substitution, eq 21, the

following partial differential equation can be obtained:
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The inner boundary condition is

Table 1. Dimensionless Variables and Their Definition
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The connection conditions in Zone-1 and Zone-2
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According to the above equation, the equations for other
interfaces can be obtained.

The approximate analytical solution can be obtained using the
perturbation law. Because the dimensionless permeability
modulus is usually small, η can be expanded as a power series
in the parameter γD.37,38
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Submitting eq 26 into eqs 22, 22 can be expressed in the
Laplace space as follows
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where u is the Laplace transform variable. Equation 27 can be
rewritten as
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In order to obtain the solution to eq 22, we model the
saturation change by considering a sequence of N banks, as
shown in Figure 3. Index j is used to refer to the banks, for which
j = 1 corresponds to the innermost bank around the well (oil and
gas bank) and j = N corresponds to the outermost bank (gas
bank). The pressure and flux continuity in the interbank
boundaries define the boundary conditions and relate the partial
differential equations in each bank. The saturation is assumed to
be constant in each bank.39−41

The general solution to eq 28 by Bessel function in Laplace
space is42
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Note that in eq 30, the subscript j is added to various parameters
to distinguish solutions for different banks. There are N sets of
equations for N banks. Note also that, to calculate dimensionless
parameters, the parameters of the first bank are taken (j = 1) as
reference.

Initially, for all regions j, the pressure in the matrix and the
fractures are equal and constant.

r r( , 0) ( , 0) 0j
i
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i

fD, D D, D= = (31)

For the first bank (j = 1), wellbore boundary conditions for
flow and pressure, including wellbore storage and skin, are given
as
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The pressure and flux at the interface of each annular ring are
continuous
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The phase redistribution pressure is

Figure 3. Schematic diagram of reservoir divided into N banks.
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For the outermost bank (j = N), the infinite boundary
condition is given in eq 35, respectively.

u( , ) 0fD
4 = (35)

Through pressure boundary conditions, the coefficient BN is
0.

A K r u f u( ( ) )N N jfD,
4

0 D
4= · · (36)

Hence, for each bank, a partial differential equation solution is
given by eq 30 with two unknowns, Aj and Bj. Through the
pressure and flux relationship at each interface, these equations
can be related and solved for the coefficients Aj and Bj. The
equations can be expressed in matrix form (eq 37)
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The elements of the matrix can be obtained by imposing
boundary conditions. The first row in the matrix corresponds to
the wellbore equations (eqs 38 and 39). Hence, a01 and a02 can
be expressed as
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The remaining row pairs with a and b terms describe the
boundary conditions between adjacent banks as defined by eqs
40 and 41
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Once the matrix is solved and the values of A1 and B1 are
known, the Laplace domain solution can be obtained for the
wellbore pressure
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+ [ · · · ]
(42)

The solution pwD can be found by converting the Laplace
domain result in eq 42 to time domain by using the Stehfest
algorithm.43 The workflow of solution to plot the type curve is
illustrated by the procedure depicted in Figure 4.

p
1

ln(1 )wD
D

D wD=
(43)

3. VALIDATION AND LIMITATION
To verify the analytical model, a numerical simulation model is
developed in a commercial simulator CMG compared with the
semianalytical model using the same parameters. The properties
of the reservoir and fluid are presented in detail in Table 2.

Figure 5 illustrates the constant volume depletion (CVD) test
curve. Figure 6 shows the relative permeability relationships
used in the model. Figure 7 displays a comparison between the
results obtained from the commercial simulator and the
proposed model. The excellent agreement between the
proposed model and the commercial simulator demonstrates
the reliability and accuracy of the proposed model.

4. RESULTS AND DISCUSSION
4.1. Type Curves. As shown in Figure 8, the type curve

results are presented for two-phase flow considering the
retrograde condensation, stress sensitivity, and wellbore phase
redistribution. According to the BHP and its derivative curve, 10
flow regimes were determined.
Regime 1: Wellbore storage regime. The characteristic of the

pressure and its derivative curves is a unit slope.Regime 2: The
first transitional-flow regime. The derivative of dimensionless
pressure will show a “gas hump” due to the influence of the skin
effect and wellbore phase redistribution.Regime 3: Interporosity
regime. The derivative curve shows a V-shape due to the flow
from the matrix to the natural fractures.Regime 4: The first
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radial flow regime, representing the oil-gas two-phase flow under
the influence of capillary number. The pressure derivative curve
is a horizontal line, whose value keeps at around 0.5.Regime 5:

The second transitional-flow regime. The derivative curve shows
an upward trend reflecting that the pressure wave spreads from
Zone-1 to Zone-2.Regime 6: The second is the radial flow
regime. The derivative curve transitions to a new horizontal line
with a value of 0.5M2, representing the oil-gas two-phase flow
independent of the capillary number.Regime 7: The third
transitional-flow regime. The pressure derivative curve shows a
downward trend, reflecting that the pressure wave spreads from
Zone-2 to Zone-3.Regime 8: The third radial flow regime
represents the flow of the gas phase in the condensate blockage
area. It is represented by the pressure derivative horizontal line
of 0.5*M2*M3.Regime 9: The fourth transitional-flow regime.
The pressure derivative curve continues to show a downward
trend, reflecting that the pressure wave spreads from Zone-3 to
Zone-4. The drop in the pressure derivative indicates a high
fluidity in Zone-4.Regime 10: The fourth radial flow regime
represents the gas flows radially toward the wellbore in Zone-4.
It reflects the initial state of the condensate gas reservoir, where
the horizontal l ine of the pressure derivative is
0.5*M2*M3*M4.In the regime of radial flow, the pressure
derivative curve shows a trend of rising first and then declining,
which suggests that mobility varies in different zones. However,
depending on wellbore storage and well and reservoir
dimensions, these flow regimes may appear, which is revealed
in the sensitivity analysis.

4.2. Sensitivity Analysis. The BHP of FLPGCR is expected
to be affected by the following factors, i.e., phase redistribution
pressure parameter, permeability modulus, composite radius,
storativity ratio, shape factor, and mobility ratio. The effects of
the above parameters on BHP were investigated by using the
FLPGCR model proposed in this paper.

4.2.1. Phase Redistribution Pressure Parameter CφD. The
effects of different phase redistribution pressure parameters
(CφD = 0.5, 1, 2) on the transient pressure behavior are
considered when other parameters are constant. Figure 9 shows
the effects of the phase redistribution pressure parameter (CφD)
on BHP and its derivatives. The “gas hump” is apparent when
there are high values of CφD, while low values of CφD lead to a
significant reduction in the phase redistribution effect. The
wellbore phase redistribution results in a two-segment
distribution of the pressure derivative curve, both with slopes
of 1. As the phase redistribution pressure parameter increases,
more fluids are stored in the wellbore and the rate of pressure
change slows down. Moreover, the duration of transition flow
regimes increases asCφD increases. In addition, with the increase
in CφD, the first transition flow appears and ends later. However,
it has no effect on the pressure behavior after the first transient
flow regime.

4.2.2. Permeability Modulus γD. Figure 10 shows the
dimensionless BHP behaviors when the permeability modulus
is 0.01, 0.02, 0.05, 0.1, and 0.15. It can be clearly observed that
the dimensionless BHP varies with the permeability modulus,
except for the wellbore storage regime and the first transient flow
regime. The pressure derivative curve appears upturned
characteristic in the late regimes because of stress sensitivity.
Throughout the testing process, there is a tendency for the
dimensionless pressure and its derivative curve to rise as the
permeability modulus increases. It is remarkable that the
upturned characteristic of the pressure derivative curve at the
late regime may also be caused by a closed boundary. Therefore,
extra attention should be paid when the pressure derivative
curve appears to be upwarped in the later regime it may be
caused by stress sensitivity rather than a closed boundary.

Figure 4. Procedure of solution for plotting PTA-type curves using the
proposed method in this study.

Table 2. Gas Condensate Reservoir and Fluid Properties

parameters value

porosity, % 5
temperature, K 445.05
reservoir thickness, m 50
original pressure, MPa 55
wellbore radius, m, 0.069
dew point pressure, MPa 40
maximum CVD liquid dropout, % 25.1
permeability, 10−3μm2 2.5
rock compressibility, 1/MPa 1.45 × 10−6

Figure 5. Plot of CVD liquid dropout curve.
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4.2.3. Composite Radius RjD. Figure 11 shows the pressure
and its derivative behaviors considering three cases of different
composite radii (R1D, R2D, R3D). R1D is equal to 150, 200, and
300, respectively, while keeping R2D and R3D constant, and the
results are shown in Figure 11a. As the value of Zone-1 radius
increases, the duration of the first radial flow regime increases,
whereas the characteristics of the second transition regime and
the second radial flow regime are less obvious. The pressure
derivative curves of other zones with the change of composite
radius have the same trend as that of Zone-1. Therefore, it is

possible to determine the range of the retrograde condensate
region by analyzing the radial flow phase regime.

Furthermore, by summarizing the findings of Figure 11a−c, if
the radius between two adjacent regions is similar, it is difficult
for the four-zone feature to appear on the type curve. It tells us
that even if retrograde condensation occurs in the formation, it
may not be identified from the pressure test curve alone if the
condensate bank is small. Therefore, sometimes it is necessary to
determine the degree of condensate blockage by several pressure
measurements.

Figure 6. Relative permeability curve of fractures (a) and matrix (b)

Figure 7. Results comparison between the commercial simulator and
proposed model in this paper.

Figure 8. Type curve considering retrograde condensation, stress-
sensitive, and wellbore phase redistribution.

Figure 9. Effect of dimensionless phase redistribution pressure
parameter (CφD) on type curves.

Figure 10. Effect of the permeability modulus (γD) on type curves
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4.2.4. Shape Factor Fs. According to eq 13, two-phase
interporosity flow coefficient Λ is a function of shape factor.
Three cases of shape factor (Fs = 1 × 10−5, 1 × 10−4, 1 × 10−3)
are selected in Figure 12a. The interporosity regime appears
before the radial flow regime. The pressure and its derivative
curves overlap except for the interporosity regime. The “V-
shape” moves left as the shape factor. In other words, the larger
the value of the shape factor, the earlier the “V-shape” appears.
This is mainly because the shape factor mainly affects the
interporosity regime. The larger shape factor makes it easier for

fluid to flow between the matrix and the fracture, and the
interporosity regime occurs earlier. It is worth noting that the
“V-shape” appears in the position of the radial flow regimes as
the value of shape factor decreases, which is shown in Figure
12b. For example, when the shape factor is equal to 1 × 10−7, the
V-shape appears in the position of Zone-2 and covers the
characteristics of the second radial flow regime. This implies that
the appearance of the interporosity regime is delayed with an
increase in the degree of fracture development within the
reservoir.

4.2.5. Two-phase Storativity Ratio Ω. The effect of the two-
phase storativity ratio (Ω = 0.05, 0.1, 0.2) is analyzed, as shown
in Figure 13. It can be seen from the results that except for the
first transitional-flow regime and the interporosity regime, the
pressure and its derivatives overlap in three cases. With the
increases of Ω value, the storage ability of fracture decreases
gradually. Meanwhile, the depth of the V-shape will become
shallow and the start time of interporosity regime is delayed with
the increase of Ω. This is because the fluid in the fracture flows
out first when the formation pressure drops. That is, it takes a
long time to produce an obvious pressure drop between the
matrix and fracture if the fracture is large. The fluid in the matrix
begins to flow toward the fracture until there is a significant
pressure drop. Therefore, the more developed (which means a
high number of fractures, large openings, and good con-

Figure 11. Effect of composite radius (RjD) on type curves: (a) R1D, (b)
R2D, (c) R3D.

Figure 12. Effect of shape factor (Fs) on type curves: (a) Fs from 1 ×
10−5 to 1 × 10−3, (b) Fs from 1 × 10−7 to 5 × 10−6.
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nectivity) the fracture in the formation, the later the
interporosity regime begins.

4.2.6. Different Mobility Ratio Mi. The effect of the mobility
ratio is represented in Figure 14. The mobility ratio has little
effect on the pressure curve and mainly affects the pressure
derivative curve. Zone-2 (M2) is taken as an example to analyze,
as shown in Figure 14a. Three cases of Zone-2 mobility ratioM2
(M2 = 1.5, 2, and 2.5) are selected. It is evident that three cases of
pressure and its derivative overlap except for the second
transitional-flow regime and the second radial flow regime. It can
be clearly noted that the pressure and its derivative curve rise
after the first radial flow regime with the increase of M2.
Furthermore, the derivative curve of pressure shows that as M2
decreases gradually, the characteristics of the second radial flow
regime are covered, making the pressure transient response
more similar to that of a three-zone system. The effect of the
mobility ratio on the derivative curve is similar at different zones,
as is shown in Figure 14b,c.

5. CASE STUDY
X Buried Hill gas condensate reservoir was discovered in recent
years in China with a maximum liquid dropout of 15% at 22 MPa
and a dew point pressure of 42.1 MPa. The seismic detection
shows that fractures are developed in the reservoir. The
experimental results demonstrate that the gas condensate
reservoir exhibits low-permeability characteristics. A typical
well in this field was interpreted to verify the practicability of the
proposed model.

The basic parameters of the gas condensate reservoir and Well
A are given in Table. 3. The test was conducted after the well had
been in production for one year. Initially, the production was
only gas. However, after a certain period, both oil and gas were
produced simultaneously. Figure 15 shows the phase diagrams
and fractured carbonated rock cores of Well A.

The commercial software KAPPA was used to interpret the
pressure measurements obtained from well A. Figure 16 shows
the interpretation results of the pressure measurements by using
KAPPA’s existing model. Among them, Figure 16a shows the
interpretation result using the double-porosity model and Figure
16b shows the interpretation result using the radial composite
model. It is evident that both models exhibit partial fitting only,
resulting in an overall unsatisfactory level of fit.

Next, the semianalytical model proposed in this paper was
used to interpret the recorded pressure measurements. Figure 17
demonstrates a good fit between the recorded pressure
measurements and the theoretical curve. The recorded transient
pressure curve has the characteristics of fracture and matrix
interporosity flow and also has the characteristics of multizone
composite. Table. 4 shows the interpretation results. The
proposed model offers a comprehensive understanding of
various parameters, including the radius of each individual
reverse condensate zone and the physical properties of the

Figure 13. Effect of the two-phase stability ratio (Ω) on PTA-type
curves.

Figure 14. Effect of mobility ratio (Mi) on type curves: (a)M2, (b)M3,
(c) M4.
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formation. Moreover, it facilitates a more precise depiction of
the condensate distribution within the reservoir.

6. CONCLUSIONS
This work proposed a semianalytical model to investigate the
pressure transient behavior of FLPGCR. We modeled the
saturation profile as a multibank reservoir, in which the
saturation and parameters associated with saturation are
constant within each bank. We presented details of model
development, validation, sensitivity analysis, and a case study.
The proposed semianalytical model can be applied to interpret
pressure measurements. The new model not only elucidates the
fracture parameters but also provides a comprehensive
characterization of the existing condensate oil distribution in
the formation. This advancement will significantly enhance the
efficiency of gas condensate reservoir development. Following
are contributions and conclusions inferred from this study:

• A simple, fast, and stable semianalytical mathematical
model is developed for a multiphase (oil and gas) well in
FLPGCR. The derivation of the analytical approach is
rigorously discussed, and the numerical simulation results
are compared to results from the proposed model, which
show excellent agreement in general.

• There are 10 flow regimes in our model, including the
wellbore storage regime, the transitional-flow regime,
interporosity regime, the first radial flow regime, the
second transitional-flow regime, the second radial flow,
the third transitional-flow regime, the third radial flow

regime, the third transitional-flow regime, and the fourth
radial flow regime.

• The wellbore phase redistribution has a significant
influence in the early regime. Increasing the phase
redistribution pressure parameter slows down pressure
drop, prolongs transition flow regimes, and delays the

Table 3. Basic Parameters of Reservoir and Well

parameters value sources

well depth, m 5499.8 well logging
temperature, K 445.05 well logging
original pressure, MPa 58.53 measurement
well radius, m 0.069
porosity, % 5.43 experiment
permeability, 10−3 μm2 2.5 experiment measurement
reservoir thickness, m 80
dew point pressure, MPa 42.1 experiment
maximum CVD liquid dropout, % 15 experiment measurement

Figure 15. (a) Phase diagram and (b) the fracture characteristic exhibited in the rock core samples.

Figure 16. Analysis result of the commercial software KAPPA: (a)
double-porosity model and (b) radial composite model.
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onset and end of the first transition flow. The stress
sensitivity could lead to the upturned characteristic of the
curve in the late regime.

• The shape factor and composite radius may mask the
radial flow regime. The shape factor mainly changes the
position of the interporosity regime which may obscure
the characteristics of the radius flow regime. In addition, if
the radius of two adjacent zones is close, the radial flow
characteristics of the latter zone may be obscured.

• A case study was conducted in the Bohai oil field, which
indicates the proposed model can interpret the pressure
measurements recorded from an FLPGCR. The proposed
solution is feasible to analyze the radius of retrograde
condensation and formation parameters.

■ APPENDIX�BASIC DIFFERENTIAL EQUATION OF
FLOW IN DOUBLE-POROSITY RESERVOIR

Based on the mass conservation principle, the generalized form

of the continuity equation for oil−gas flow can be written as
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qm refers to the mass of fluid flowing from the matrix to the
fracture per unit time.
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The permeability of fracture is obtained by integrating eq 1
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The equation of motion can be expressed as follows
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The state equation can be expressed as follows
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Substituting eqs A-2−A-4 into eq A-1, the flow equation in
fracture can be expressed as follows
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The flow equation in matrix can be expressed as follows
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where total compressibility coefficient citj can be expressed as
follows

Figure 17. Application of the proposed semianalytical solution.

Table 4. Interpretations Results of Well A

parameters symbol unit interpretation results

wellbore storage coefficient C m3/MPa 0.98
skin factor S 0.14
permeability zone I k1 10−3 μm2 1.07

zone II k2 0.52
zone III k3 1.52
zone IV k4 2.31

composite radius zone I R1 m 21.63
zone II R2 61.26
zone III R3 26.21

shape factor Fs 2.1 × 10−5

two-phase storativity ratio Ω 0.23
permeability modulus γ 0.01
phase redistribution pressure
parameter

Cφ 0.2
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The two-phase total compressibility coefficient cjt can be
expressed as follows
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The mobility can be expressed as
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Substituting eqs A-11 and A-12 into eqs A-6−A-9, the total flow
equation of Zone-1 between fracture and matrix can be
expressed as
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■ NOMENCLATURE
γ =permeability modulus, mPa·s/MPa2

γD =dimensionless permeability modulus
K1f =Zone I permeability in the fractures, 10−3 μm2

K1m =Zone I permeability in the matrix, 10−3 μm2

krfg =relative permeability of gas in the fractures, 10−3 μm2

krmg =relative permeability of gas in the matrix, 10−3 μm2

krfo =relative permeability of oil in the fractures, 10−3 μm2

krmo =relative permeability of oil in the matrix, 10−3 μm2

ϕm =matrix system porosity, %
ϕf =fracture system porosity, %
μg =gas viscosity, mPa·s
μo =oil viscosity, mPa·s
Sfo =oil saturation in the fractures, %
Sfg =gas saturation in the fractures, %
Smo =oil saturation in the matrix, %
Smg =gas saturation in the matrix, %
cfto =oil compressibility in the fractures, MPa−1

cmto =oil compressibility in the matrix, MPa−1

cftg =gas compressibility in the fractures, MPa−1

cmtg =gas compressibility in the matrix, MPa−1

cft =total compressibility in the fractures, MPa−1

cmt =total compressibility in the matrix, MPa−1

co =oil compressibility, MPa−1

cg =gas compressibility, MPa−1

Bo =oil volume factor
Bg =gas volume factor
pm =pressure in the matrix, MPa
pDm =dimensionless matrix pressure
pf =pressure in the fracture, MPa
pDf =dimensionless fracture pressure
pi =initial reservoir pressure, MPa
C =wellbore storage coefficient, m3/MPa
CD =dimensionless wellbore storage coefficient
CφD =dimensionless phase redistribution pressure parameter
Rs =Dissolved gas−oil ratio, m3/m3

Fs =shape factor
t =time, h
tD =dimensionless time
rw =wellbore radius, m
r =radial distance, m
rD =dimensionless radial distance
S =skin factor
Λ =two-phase interporosity flow coefficient interporosity
flow coefficient
Ω =two-phase storativity storativity
Mif =Zone i mobility in the fractures
M1m =Zone i mobility in the matrix
αD =dimensionless phase redistribution time parameter
η =Pedrosa variable
A,B =coefficient of Bessel function
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■ SPECIAL FUNCTIONS
I0(x)=Bessel function of the first kind
K0(x)=Bessel function of the second kind

■ SUBSCRIPTS
i =Zone i
j =index referring to banks
D =dimensionless
f =fracture system
m =matrix system
u =Laplace variable
� =Laplace space
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