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Natural gas hydrates (NGH) are considered a very promising source of clean
energy due to their widespread distribution, high energy density, and pure
combustion products. Currently, there are few studies on NGH reservoir well
testing, and the models are often idealistic, lacking practical guidance for field
application. In this paper, a well-testing model for partially perforated wells in the
NGH reservoir is proposed, which takes into account the dynamic decomposition
of hydrates. Thismodel can simulate the performance of the perforatedNGHwell
with a dynamic dissociation interface, which divides the reservoir into
decomposed and undecomposed regions. Governing equations in cylindrical
coordinates are formulated to depict fluid flow. Moving boundaries and
dissociation coefficients are incorporated to describe the solid-to-gas
transition within hydrates. Analytical solutions including the pressure transient
behaviors of the NGH reservoir and the bottomhole pressure (BHP) of partially
perforated wells are derived by utilizing the Laplace transform method of the
separation of variables and the Stehfest numerical inversion algorithm. Sensitivity
analysis is conducted using the parameters from partially perforated wells and
NGH formation properties. We plot the pressure and pressure derivative curves in
double logarithmic coordinates to study the pressure transient behaviors. There
are seven flow regimes that are typical for partially perforated wells in the NGH
reservoir, namely, pure wellbore storage, skin effect, spherical flow, pseudo-
radial flow, composite effect, improvement, and radial flow regimes.
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Introduction

Natural gas hydrates (NGH) possess enormous reserves, containing about twice as
much carbon as existing fossil fuels (Li et al., 2022). Their combustion generates only a small
amount of carbon dioxide and water, resulting in far less pollution than that caused by coal
and oil (Liu et al., 2021). With high resource density and widespread global distribution,
natural gas hydrates have become an internationally recognized alternative energy source
for oil. Since the 1960s, a number of nations have created plans for the exploration and
development of natural gas hydrates, including the United States, Japan, Germany, China,
South Korea, and India (Zhou et al., 2017). After tight gas, coalbed methane, and shale gas,
NGHs gained considerable interest and attention from academicians all over the world,
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becoming the most potential energy source, with over 230 discovery
and production sites worldwide (He et al., 2021).

Recently, significant research has been conducted to evaluate the
potential for NGH production. These efforts include reservoir
mathematical modeling, exploring, drilling, logging, coring, and
testing (Shagapov et al., 2011; Chen et al., 2013; Chandan et al.,
2020; Liu et al., 2021; Musakaev et al., 2021; Dong et al., 2022; Wei
et al., 2022; Zhu et al., 2023). Among these, well testing is a crucial
tool for understanding reservoir dynamics, which can estimate the
initial pressure of the reservoir, figure out the fluid flow capacity,
assess the extent of the energy action, and estimate the geological
reserves of the reservoir or the recoverable reserves of a single well.

Several studies on NGH well testing have been conducted since
2006. A well-testing model for gas reservoirs with hydrate caps was
initially put forth by Gerami et al. (2006). In contrast to conventional
material balance techniques, this model accounted for the effects of
NGH decomposition. The material balance equation was created,
and the bottomhole pressure (BHP) and average formation pressure
were determined.

Progressing from this point, Gerami et al. (2007) established a
mathematical well-testing model for NGH reservoirs with hydrate
caps. This model utilized Laplace and Fourier transforms to
calculate the dimensionless BHP and described the flow stages of
the reservoir.

Then, Kome et al. (2013) established a new well-testing analysis
model for natural gas hydrates to study their transient behavior. This
model took into account hydrate dissociation, boundary movement,
and heat transfer. By integrating the law of conservation of matter
and energy and incorporating a heat-transfer model into the
diffusion equation, a diffusion model relating to the dynamics of
the reservoir was obtained. Analytical solutions for the model were
provided under both constant rate and constant pressure conditions.

Based on that, Kome et al. (2014) provided a new insight into the
pressure transient behavior research, combining the mass balance
equation with a fractional flow equation to study the multiphase
fluid diffusivity impact of NGH reservoirs.

Hou et al. (2019) considered factors such as hydrate
decomposition, heat transfer, multiphase flow, and
multicomponent to show the pressure distribution during NGH
reservoir-pressure build-up tests. Based on a two-dimensional
cylindrical system, they established a model for vertical wells in
type III hydrate reservoirs to analyze hydrate saturation and
pressure variations.

An analytical model for vertical wells was developed (Chen et al.,
2022) that included a dynamic dissociation interface. The interface
radius depended on the decomposition factor and time (Roostaie
and Leonenko, 2020). Laplace transforms and Stehfest numerical
inversion were used to solve the mathematical model. To
comprehend the influence of the decomposition factor, a
sensitivity analysis was carried out.

A semi-analytical multi-lateral well model that took into account
stress sensitivity and natural gas hydrate dissociation was created
(Chu et al., 2023). To find solutions for multi-lateral wells, the
superposition method was also used besides Laplace transforms and
Stehfest numerical inversion.

Among these NGH well-testing models, most of them were built
in a two-dimensional cylindrical system, lacking vertical

direction consideration. In addition, the current well-testing
models in studies are primarily based on the assumption of a
fully penetrating open hole. However, in practical field
applications, factors such as well completion methods (e.g.,
casing perforation) can result in the incomplete opening of
the reservoir, leading to the existence of partially perforated
wells. Under these conditions, the fluid flow state within the
reservoir differs from that of a fully penetrating well.
Furthermore, the decomposition of hydrates significantly
complicates the flow dynamics within a reservoir, leading to
pressure changes, permeability alteration, phase transitions,
and so on. A 3D well-testing model for partially perforated
wells is proposed in this work. In this model, a dynamic
decomposition interface divides the NGH reservoir into two
parts: the inner part is a dissociated zone, while the outer part
is undissociated. The Laplace transform, method of the
separation of variables and Stehfest numerical inversion are
used to solve the mathematical model. A sensitivity analysis is
carried out in order to evaluate the parameter effects, such as the
formation-opening degree, dissociated zone radius, and mobility
ratio. This study provides a more comprehensive understanding
of well testing in hydrate reservoirs with partially perforated
conditions, which is crucial for accurate reservoir evaluation and
production optimization.

Physical model

This study establishes a physical model for partially perforated
wells in hydrate reservoirs, as shown in Figure 1. The assumptions
and considerations of the model are outlined below:

• It is presumed that there is a single-phase, slightly
compressible gas flow within the reservoir.

• Gravity, capillary forces, and geothermal gradients
are neglected.

• Fluid flow is assumed to follow Darcy’s law.
• The NGH layer is infinite horizontally, and the upper and
lower layers are impermeable.

• The vertical well production is carried out at a steady pace.
Wellbore storage and skin effect are taken into account.

• An average formation permeability is utilized to replace
the permeability anisotropy, as proposed by Spivey and
Lee (1998).

By considering these assumptions and factors, the model
provides a foundation for analyzing well-testing behavior in
partially perforated wells within hydrate reservoirs. The effects of
various parameters on fluid flow and production performance can
be studied, leading to more accurate reservoir evaluation and
production optimization strategies.

Mathematical model

Based on the material balance principle, the hydrate diffusion
equations at two zones are shown in Eqs 1, 2.
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∂2ψI

∂r2
+ 1
r

∂ψI

∂r
+ ∂2ψI

∂z2
� ϕμCt

KI

∂ψI

∂t
, (1)

∂2ψII

∂r2
+ 1
r

∂ψII

∂r
+ ∂2ψII

∂z2
� ϕμCt

KII

∂ψII

∂t
, (2)

where ψI and ψII represent the pseudo-pressure, r denotes radial
distance from the wellbore, z denotes the vertical distance, ϕ denotes
the porosity of formation,K denotes the formation permeability, μ is the
fluid viscosity, and Ct denotes the compressibility factor. The subscripts
I and II indicate the dissociated and undissociated zones, respectively.

The top boundary condition is shown in Eqs 3, 4.

∂ψI

∂z

∣∣∣∣∣∣∣z�0 � 0, (3)
∂ψII

∂z

∣∣∣∣∣∣∣z�0 � 0. (4)

The bottom boundary condition is shown in Eqs 5, 6.

∂ψI

∂z

∣∣∣∣∣∣∣z�h � 0, (5)
∂ψII

∂z

∣∣∣∣∣∣∣z�h � 0, (6)

where h denotes the thickness of the reservoir.
The inner boundary condition is shown in Eqs 7, 8

1
r

∂ψI

∂r
( )

r�rw
� 3.684 × 10−3qμIBg

KI zb − za( ) za ≤ z≤ zb( ), (7)

1
r

∂ψI

∂r
( )

r�rw
� 0 0≤ z≤ za, zb ≤ z≤ h( ), (8)

where rw is the radius of the wellbore, q is the gas rate, Bg is the
volume factor, and za and zb represent the length from the top
boundary to the top or bottom of the perforation, respectively.

The outer boundary condition is shown in Eq. 9

ψII r → ∞, t( ) � ψi rw ≤ r<∞( ), (9)
where ψi is the initial reservoir pseudo-pressure.

The interface condition is shown in Eq. 10

ψI R*, t( ) � ψII R*, t( ), (10)

where R* is the dynamic dissociation zone radius.
The initial condition is shown in Eq. 11

ψI r, 0( ) � ψII r, 0( ) � ψi. (11)

Dimensionless mathematical Model

The original model can be changed into dimensionless form by
introducing the dimensionless variables described in Supplementary
Appendix SA1.

The dimensionless governing equations of the two zones are
shown in Eqs 12–14

∂2ψID

∂r2D
+ 1
rD

∂ψID

∂rD
+ ∂2ψID

∂z2D
� ∂ψID

∂tD
, (12)

∂2ψIID

∂r2D
+ 1
rD

∂ψIID

∂rD
+ ∂2ψIID

∂z2D
� 1
X12

∂ψIID

∂tD
, (13)

X12 � M12

w12
, (14)

whereM12 and w12 denote the mobility ratio and the storativity ratio
of the inner-to-outer zones, respectively.

Correspondingly, the boundary conditions and initial
conditions can be transformed, as shown in Eqs 15–23

∂ψID

∂zD

∣∣∣∣∣∣∣
zD�0

� 0, (15)
∂ψIID

∂zD

∣∣∣∣∣∣∣
zD�0

� 0. (16)
∂ψIID

∂zD

∣∣∣∣∣∣∣
zD�1

� 0, (17)
∂ψIID

∂zD

∣∣∣∣∣∣∣
zD�1

� 0. (18)

rD
∂ψID

∂rD

∣∣∣∣∣∣∣
rD�1

� − 1
LD

zaD ≤ zD ≤ zbD( ), (19)

rD
∂ψID

∂rD

∣∣∣∣∣∣∣
rD�1

� 0 0≤ zD ≤ zaD, zbD ≤ zD ≤ hD( ), (20)

FIGURE 1
Partially perforated well with dissociation effects in the natural gas hydrate (NGH) reservoir. (A) Side view. (B) Top view.
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ψIID rD → ∞, tD( ) � 0. (21)

ψID R*, tD( ) � ψIID R*, tD( ). (22)

ψI rD, 0( ) � ψII rD, 0( ) � 0. (23)

Laplace transform

By applying the Laplace transform to the above equations, the
dimensionless governing equations of the two zones are shown in
Eqs 24, 25

∂2 �ψID

∂r2D
+ 1
rD

∂�ψID

∂rD
+ ∂2 �ψID

∂z2D
� u�ψ1D, (24)

∂2 �ψIID

∂r2D
+ 1
rD

∂�ψIID

∂rD
+ ∂2 �ψIID

∂z2D
� X12u�ψIID, (25)

where u denotes the variable in Laplace space.
The dimensionless boundary conditions in the Laplace domain

are shown in Eqs 26–34

∂�ψID

∂zD

∣∣∣∣∣∣∣
zD�0

� 0, (26)
∂�ψIID

∂zD

∣∣∣∣∣∣∣
zD�0

� 0, (27)
∂�ψIID

∂zD

∣∣∣∣∣∣∣
zD�1

� 0, (28)
∂�ψIID

∂zD

∣∣∣∣∣∣∣
zD�1

� 0, (29)
∂�ψID

∂rD

∣∣∣∣∣∣∣
rD�1

� − 1
uLD

zaD ≤ zD ≤ zbD( ), (30)
∂�ψID

∂rD

∣∣∣∣∣∣∣
rD�1

� 0 0≤ zD ≤ zaD, zbD ≤ zD ≤ hD( ), (31)
�ψIID rD → ∞, zD, u( ) � 0, (32)

�ψID R*, zD, u( ) � �ψIID R*, zD, u( ), (33)
ψI rD, 0( ) � ψII rD, 0( ) � 0. (34)

For the dynamic interface, according to the model proposed by
Goel (2001), R* is related to the time and reservoir properties, as
shown in Eq. 35

R* � 2
�����
ηIλtD

√
. (35)

The gas flow rate at the dynamic interface can be expressed
as Eq. 36

∂�ψID

∂rD

∣∣∣∣∣∣∣
rD�R*

− 1
M12

∂�ψIID

∂rD
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� 2ZTϕSHBHrw
πKIh
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μIpsc

KITsc

�������
3.6KI

μIϕCtr2w

√ ���
ηIλ

tD

√
� λD��

tD
√ . (36)

After Laplace transformation, the gas flow rate at the dynamic
interface can be expressed as Eq. 37

∂�ψID

∂rD

∣∣∣∣∣∣∣
rD�R*

− 1
M12

∂�ψIID

∂rD

∣∣∣∣∣∣∣
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� λ′D��
u
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where

λ′D � 2
��
π

√
ZTϕSHBHrw

πh

Bgqsc

psc

Tsc

�������
3.6KI

μIϕCtr2w

√ ���
ηIλ

√
. (38)

Model solution

By applying the separation of variables on Eqs 24, 25, we obtain
the following general solutions shown in Eqs 39, 40:

∂�ψID � ∑∞
n�0

AnK0

�������
β2 + urD

√( ) + BnI0

�������
β2 + urD

√( )[ ]Zn. (39)

∂�ψIID � ∑∞
n�0

CnK0

�������
β2 + urD

√( ) +DnI0

�������
β2 + urD

√( )[ ]Zn. (40)

For a formation with both the top and bottom boundaries being
impermeable, the β and Zn in the Eqs 39, 40 are expressed as Eqs 41, 42.

β � nπ

hD
n � 1, 2, 3/, (41)

Zn � cos βzD( ). (42)

When rD approaches infinity,
�������
β2 + urD

√
tends to approach

infinity, and at this point, K0(
�������
β2 + urD

√
) approaches 0, and

I0(
�������
β2 + urD

√
) approaches infinity.

The process of solving the model is given in Supplementary
Appendix SB1. The dimensionless pressure distributions of the
NGH formation in Laplace space are expressed as Eqs 43, 44

�ψID rD, u( ) � A0K0

��
u

√( ) + B0I0
��
u

√( )
+∑∞
n�1

AnK0 rD

�����
β2 + u

√( )[
+ BnI0 rD

�����
β2 + u

√( )] cos zD
hD

nπ( ), (43)

�ψIID � C0K0

��
u

√( ) +∑∞
n�1

CnK0

�������
β2 + urD

√( ) cos zD
hD

nπ( ). (44)

The dimensionless bottomhole pressure is expressed as Eq. 45

�ψwD u( ) � A0K0

��
u

√( ) + B0I0
��
u

√( )
+∑∞

n�1
AnK0

�����
β2 + u

√( ) + BnI0

�����
β2 + u

√( )[ ] cos zD
hD

nπ( ).
(45)

Taking into account the wellbore storage and skin effect (Van,
1949), the bottomhole pressure is expressed as follows equation
(Eq. 46):

�ψwD � S + u�ψwD u( )
u 1 + CDu S + u�ψwD u( )[ ]{ }. (46)

Results

By performing Stehfest numerical inversion (Stehfest, 1970) on
the above solution in the Laplace domain, we obtain its numerical
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solution. The basic input parameters in the model is shown in Table
1. Then, we plot typical curves for the proposed model and conduct
an analysis of the flow characteristics and parameter sensitivity. As
shown in Figure 2, the typical curves can be mainly divided into
seven flow stages.

(a) Pure wellbore storage regime

The pure wellbore storage effect period is indicated in the plot by
the merging of the double logarithmic pressure and pressure derivative
curves into a single straight line, and the slope of this line is 1.

(b) Skin effect regime

When the fluid around the wellbore flows to the bottomhole, there
is an additional pressure drop for a variety of reasons, including
formation contamination and perforation. In this stage, the formation
conditions in the near-wellbore region are reflected in the curves.

(c) Spherical flow

The fluid in the near-wellbore region flows toward the
perforated area, creating spherical flow around the perforations.

The pressure derivative curve exhibits characteristics influenced by
partial perforation and the permeability ratio.

(d) Pseudo-radial flow

After spherical flow, horizontal pseudo-radial flow is generated
in the inner zone, and the dimensionless pressure derivative curve
exhibits a typical horizontal straight line.

(e) Composite effect flow

The pressure wave produces a composite effect when it reaches
the dynamic interface. The dissociated zone radius affects the start
time of the composite effect stage. In addition, the diffusivity ratio
difference between the dissociated and undissociated zones
influences the curvature of the pressure derivative curve. During
this stage, the pressure derivative will deviate more when the
diffusivity ratio is higher.

(f) Improvement regime

Following the composite effect stage, the NGH reservoir
pressure in the outer region decrease as the pressure wave
spreads, resulting in a dissociation of NGH into gas and an
increase in fluid flow capacity.

(g) Radial flow

Radial flow occurs in the undissociated zone system, and the
pressure derivative curve appears as a horizontal straight line in this
period. The entire system reaches a dynamic steady state.

Sensitivity analysis

Effect of the formation–opening degree

Figure 3 shows the influence of the formation–opening degree
(LD) on the pressure transient behavior within an NGH reservoir.
The formation–opening degree is defined as the thickness ratio of
the perforated section to the overall layer, which can influence how
easily fluids flow into the wellbore. As LD increases, both the
pressure and derivative curves for the skin effect and spherical
flow stages trend downward. This implies that the fluid flow into the

FIGURE 2
Typical curves of a partially perforated well with dissociation
effects in the NGH reservoir.

TABLE 1 Basic input parameters of the model.

Parameter Value Unit Parameter Value Unit

Initial pressure 30 MPa Well radius 0.248 m

Formation thickness 20 m Production rate 1 m3/d

Mobility ratio 4 - Dissociation factor 0.01 -

Diffusivity ratio 2 - Wellbore storage 1 m3/MPa

Skin effect 0.5 - Inner-zone permeability 5 mD

Porosity 40 % Outer-zone permeability 1 mD

Total compressibility factor 0.024 MPa-1 Fluid viscosity 0.0016 mPa·s
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wellbore becomes easier, which results in a decrease in the pressure
drop across the reservoir. This could be due to a larger open area
allowing for more flow paths and reducing the concentration of flow
near the wellbore.

Effect of the radius of the dissociated zone

Figure 4 shows the impact of the dissociated zone radius on
the pressure behavior within the NGH formation. As the
dissociated zone radius increases, the pressure derivative curve
trends to the right, and the pressure curve trends downward. The
trends observed suggest that the pseudo-radial flow stage is
gradually extended, and the system requires more time to
reach the interface due to the larger volume of the dissociated

zone. In addition, the appearance time of the composite effect
stage is gradually delayed.

Effect of the mobility ratio

Figure 5 shows how the pressure transient behavior changes
with different mobility ratios (M12) between the dissociated and
undissociated zones. As the mobility ratio increases, both the
pressure and derivative pressure curves increase higher during
the outer radial flow stage. The slope of the composite effect
stage becomes steeper with an increasing mobility ratio,
indicating a more rapid change in pressure. Additionally, the
figure also shows a significant pressure drop when pressure
transfers from the inner to the outer zone. This pressure drop is
related to the difference in mobility between the two zones. A higher
mobility ratio implies a larger contrast in the fluid flow ability and
formation properties within the two zones, which can result in a
more abrupt change in pressure as the pressure wave moves through
the composite effect stage.

Conclusion

This paper presents a new well-testing model for NGH reservoir
development. The proposed model is in a 3D system and takes into
account the formation–opening degree of the reservoir and the
dynamically decomposing boundary. These features could be
significant advancements in the field of NGH testing studies. The
model is then discussed and analyzed for sensitivity. The following
conclusions are obtained:

(a) Considering the formation–opening degree and NGH
decomposition, a well-testing model incorporating the
dynamic interface of the hydrate reservoir is established.
This model includes seven flow stages: pure wellbore

FIGURE 3
Pressure transient behavior with different
formation–opening degrees.

FIGURE 4
Pressure transient behavior with different radii of the
dissociated zone.

FIGURE 5
Pressure transient behavior with differentmobility ratios between
the two zones.
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storage, skin effect, spherical flow, pseudo-radial flow in the
inner region, composite effect near the interface,
improvement, and outer radial flow regime. Among these
stages, the pure wellbore storage, skin effect, and spherical
flow stages are primarily influenced by NGH well parameters,
while the other four stages are mainly influenced by reservoir
properties and NGH decomposition.

(b) The spherical flow regime is influenced by the
formation–opening degree after the skin effect in the early
stage of well testing. A higher degree of formation–opening
makes it easier for the fluid to flow into the wellbore, resulting
in a decrease in the pressure and pressure derivative.

(c) The pseudo-radial flow regime is mainly affected by the
decomposition zone radius. The pressure derivative curve
progressively trends to the right as the radius increases,
showing an extension of the pseudo-radial flow stage and a
delay in the appearance time of the composite effect stage.

(d) As the mobility ratio increases, the pressure curve and its
derivative curve become higher at the composite effect stage
and outer radial flow stage. This suggests that the fluid flow
characteristics of the inner and outer zones differ more, which
causes the pressure drop in the undissociated zone to
be greater.

The proposed model offers a comprehensive approach to analyze
the flow dynamics and pressure behavior within partially perforated
hydrate layers. Despite its utility, the model has certain limitations, such
as the single-phase flow and the use of average permeability. It employs
average permeability to represent both the horizontal and vertical
permeabilities. This approach may not fully account for the
anisotropic properties of the hydrate layer. Additionally, the NGH
decompose and then release gas and water, leading to a complex flow in
the reservoir. The assumption of a single-phase flow of gas may not
always reflect the multi-phase flow conditions within the NGH layer.
Thus, future research will aim to refine the model by consideringmulti-
phase flow and the properties within the reservoir.
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