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Abstract:
This paper presents a new semi-analytical solution and the related methodology to analyze
the pressure behavior of multi-branch wells produced from natural gas hydrates. For
constant bottom-hole pressure production, the transient flow solution is obtained by Laplace
transforms. The interference among various branches is investigated using the superposition
principle. A simplified form of the proposed model is validated using published analytical
solutions. The complete flow profile can be divided into nine distinct regimes: wellbore
storage and skin, vertical radial flow, linear flow, pseudo-radial flow, composite flow,
dissociated flow, transitional flow, improvement flow and stress-sensitive flow. A well’s
multi-branch structure governs the vertical radial and the linear flow regimes. In our
model, a dynamic interface divides the natural gas hydrates deposit into dissociated and
non-dissociated regions. Natural gas hydrates formation properties govern the composite-
effect, dissociated, transitional, and improvement flow regimes. A dissociation coefficient
governs the difference in flow resistance between dissociated and non-dissociated natural
gas hydrates regions. The dissociated-zone radius affects the timing of these flow regimes.
Conversion of natural gas hydrates to natural gas becomes instantaneous as the dissociation
coefficient increases. The pressure derivative exhibits the same features as a homogeneous
formation. The natural gas hydrates parameter values in the Shenhu area of the South
China Sea cause the prominent dissociated flow regime to conceal the later transitional
and improvement flow regimes. Due to the maximum practical well-test duration limitation,
the first five flow regimes (through composite flow) are more likely to appear in practice
than later flow regimes.

1. Introduction
The goals of carbon neutrality and peak carbon production

present urgent requirements for transitioning from traditional
energy to clean energy sources (Hepburn et al., 2021; Chu et
al., 2023). Clean energy sources include solar, hydrogen, wind,
ocean, and geothermal (Dincer and Acar, 2015). Although
clean energy has advantages in environmental protection, the
current growth rate of these energy sources is far below target

values. Fossil fuels accounted for 82% of the world’s primary
energy in 2015, and only a quarter of the world’s electricity
came from clean energy in 2017 (Gielen et al., 2019; Newell et
al., 2019). Therefore, achieving efficient and large-scale clean
energy production remains an elusive and unfulfilled goal.
Natural gas hydrates (NGH) may assist.

The combustion products of NGH include only small
amounts of CO2 and water. Its energy density is enormous,
with almost 164 cubic meters of methane per unit volume of
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hydrate structure. Thus, investigators have widely recognized
NGH as a potential clean-energy source (Nair et al., 2018;
Cai et al., 2020a, 2020b; Li et al., 2021; Shaibu et al., 2021;
Nakajima et al., 2022). The accumulations in more than 230
NGH regions contain nearly 20,000 trillion cubic meters of
methane gas. This amount is sufficient for centuries of energy
needs (Kushwaha et al., 2019).

As a mature reservoir characterization method, well-testing
technology has grown considerably over the decades, and it
has achieved success in petroleum and natural gas evalua-
tions (Lee, 1982; Lee et al., 2003; Spivey and Lee, 2013;
He et al., 2017; Chu et al., 2022). Well testing begins as
obtaining formation information by analyzing the pressure
response caused by production changes. Evaluators can use
the information from well tests to identify reservoir types,
dominant parameters for wells and reservoirs, and reservoir
pressure and reserves. Evaluators use type curves proposed by
Gringarten and Bourdet extensively to analyze pressure tran-
sient responses (Gringarten et al., 1974; Bourdet et al., 1989).
Further, to avoid production losses caused by shutting in
wells for pressure buildup tests, evaluators can use production
rate responses to obtain near-well and reservoir information
(Blasingame et al., 1991; Blasingame and Lee, 1988). Lessons
from the mature petroleum and gas industry show that well-
testing technology is a prerequisite for efficiently developing
oil and gas reservoirs.

Well-testing in NGH will require a mathematical fluid flow
model in NGH accumulations. At present, proposed modeling
approaches include analytical, semi-analytical, and numerical
methods (Tsypkin, 2000; Sun et al., 2005; Tsimpanogiannis
and Lichtner, 2007; Uddin et al., 2008; Myshakin et al.,
2016; Hou et al., 2019; Roostaie and Leonenko, 2020; Xiao
and Tian, 2020; Lu et al., 2022; Wei et al., 2022; Zhang et
al., 2022). Numerical methods are good choices for describ-
ing the underground flow of NGH. Sun et al. (2005) pro-
posed a one-dimensional numerical model. They investigated
saturation, pressure, and temperature changes using finite-
difference methods. Uddin et al. (2008) numerically simulated
the kinetics and decomposition of NGH accumulations. Their
kinetic model contains two mass transfer equations for gas,
water, and NGH. Myshakin et al. (2016) forecasted NGH
production performance in the Prudhoe Bay region using
a commercial numerical simulator, CMG STARS. Results
showed that inclined wells performed better than vertical
wells. Hou et al. (2019) developed a numerical model to
study the transient pressure behavior of vertical wells in class
III hydrate reservoirs. Their model divided the reservoir into
16,100 grid blocks to capture the widely varying hydrate sat-
urations, pressures, and temperatures near the wellbore. Using
the open-source code HydrateResSim (HRS) developed by
Lawrence Berkeley National Laboratory, Zhang et al. (2021,
2022) predicted the production performance of multi-branch
wells in NGH reservoirs using the finite-element method.
Using the commercial CMG STARS numerical simulator,
Ye et al. (2022) clarified the effects of various well types
and branch parameters on well productivity in NGH. Ye et
al. (2023) studied gas production, temperature, and pressure
behavior in a complex-structure NGH well in the Shenhu Sea

area.
These numerical studies provide meaningful suggestions

for numerical simulation and production forecasts in NGH.
However, the demonstrated speed and accuracy of well-test
type-curve matching leads many reservoir engineers to prefer
the computational cost advantages of analytical or semi-
analytical solutions. In an example analytical method study,
Tsypkin et al. (2000) developed a mathematical model of gas
production in NGH reservoirs with regions containing gas-
water, gas-hydrate-water, and gas-hydrate. Hydrate dissocia-
tion always occurs in the gas-hydrate-water region. Hong et
al. (2003) proposed an analytical production model for vertical
wells in NGH. Production performance is controlled by heat
transfer, fluid flow, and the kinetics of hydrate decomposition.
Roostaie and Leonenko (2020) used an analytical method
to couple the wellbore heating process and NGH dissoci-
ation in a coaxial vertical well. Their proposed analytical
solution used a moving boundary to separate the dissociated
and non-dissociated regions. Chen et al. (2022) proposed an
analytical vertical well model in NGH reservoirs; the typical
flow regimes are identified by pressure behavior. In summary,
current analytical and semi-analytical models of NGH focus
on vertical wells. A theoretical void remains for multi-branch
wells with NGH decomposition and stress sensitivity.

We developed a semi-analytical multi-branch well model
with NGH dissociation and stress sensitivity effects in this
work. The Laplace transforms and the Stehfest numerical
inversion algorithm are used to obtain point source solutions.
The superposition principle allowed us to obtain the solution
for a multi-branch well as the integral of the point source
solution along each branch. The work is validated with the
published analytical model. The essential parameters from
multi-branch wells and NGH reservoirs are used for sensitivity
analysis. A synthetic case study is performed using NGH
properties from the Shenhu area in the South China Sea.

2. Methodology

2.1 Physical model and assumptions
Fig. 1 is a horizontal view of an infinite NGH reservoir.

NGH dissociation causes two regions with different flow
capabilities to appear. A multi-branch well is distributed in
the center of the inner zone. The well uses depressurization
to recover NGH: as the pressure decreases, the NGH begins
to dissociate. The radius of the area with dissociated NGH
is time-dependent. The size of the dissociated NGH zone
increases with time. Other assumptions are as follows:

1) The dissociated NGH flow is single-phase compressible
gas flow that satisfies Darcy’s law.

2) Effects of gravity and capillary forces on gas flow are
negligible.

3) Initial pressure distribution in the NGH is uniform.
4) NGH reservoir has impermeable top and bottom vertical

boundaries.
5) The average permeability can replace permeability

anisotropy in three dimensions, a theory Spivey and Lee
(1998) proposed.
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Fig. 1. Physical model of a multi-branch well with NGH dissociation and stress sensitivity. (a) Discrete multi-branch well with
a moving interface and (b) pore shrinkage caused by stress sensitivity (modified from Wu et al. (2022)).

6) During NGH depressurization, effective stress increases
due to the pore pressure decline. Stress-sensitive perme-
abilities are modeled by the Pedrosa (1986) method.

α =
1
k

∂k
∂ p
→ k = kie−α(pi−p) (1)

where α is the permeability modulus, p is pressure, and ki is
the permeability at original pressure, pi is the initial pressure.

2.2 Mathematical model
As NGH is recovered with a multi-branch well, the NGH

reservoir can be divided into two regions. The governing
equations of the dissociated zone and the un-dissociated zone
are:

3.6piMgki

ZRT µr
∂ p1

∂ r
+

3.6piMgkie−α(pi−p1)

ZRT µ

(
∂ p1

∂ r

)2
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3.6p1Mgkie−α(pi−p1)

ZRT µ
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∂ r2

=
∂
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p1Mg

ZRT
ϕ [1+CH (p1− pi)]

} (2)

3.6
r

∂

∂ r

(
rp2Mgkie−α(pi−p2)
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∂ r

)

= η
2 ∂
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{
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ZRT
ϕ [1+CH (p2− p1)]

} (3)

where Mg is the gas molar mass, R is the gas-law constant,
r is the radial distance, η refers to the

√
M12/W12, M12 is

the mobility ratio, W12 refers to the diffusivity ratio, T is the
temperature, CH is the NGH compressibility, Z is the Z-factor,
ϕ is the porosity, µ is the gas viscosity, and the subscripts 1
and 2 represent the inner and outer regions. As the multi-
branch well starts to produce, the inner boundary conditions
are: (

r
∂ p1

∂ r

)
r→0

=
3.684×10−3qscµBH

hkie−α(pi−p1)
(4)

where BH is the formation volume factor of NGH, h is the
reservoir thickness, and qsc is the production rate at standard
conditions. The NGH reservoir pressure at the infinite outer
boundary is the initial formation pressure.

p2 (r→ ∞, t) = pi (5)
where the subscript i represents the initial state. The NGH
reservoir has a uniform initial pressure distribution, as in Eq.
(6):

pi (r,0) = p2 (r,0) = pi (6)
For the moving interface caused by NGH dissociated effect,
the pressure around the interface is:

p1
(
R′, t
)
= p2

(
R′, t
)

(7)
where R′ is the time-varying radius of the moving interface.
With the dimensionless variables and pseudo pressure de-
scribed in Appendix A, the mathematical model for the inner
region is:

∂ 2Ψ1D

∂ r2
D

+
1
rD

∂Ψ1D

∂ rD
− γD

(
∂Ψ1D

∂ rD

)2

= eγDΨ1D
∂Ψ1D

∂ tD
(8)

where γD is the stress-sensitive permeability coefficient, Ψ1D
is dimensionless NGH pressure in the inner region, tD is the
dimensionless time, and rD is the dimensionless distance. The
dimensionless inner boundary and moving interface conditions
can be expressed as:(

rDeγDΨ1D
∂Ψ1D
∂ rD

)
rD→0

=−1 (9)

Ψ1D
(
R′, tD

)
= Ψ2D

(
R′, tD

)
(10)

The initial condition is:

Ψ1D (rD,0) = Ψ2D (rD,0) = 0 (11)
Using Laplace transforms, and the Pedrosa substitution

method (Pedrosa, 1986), the mathematical models for a dis-
sociated region and an un-dissociated region are:
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= uξ̄1D (12)
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ξ̄2D (rD→ ∞,u) = 0 (15)
ξ̄1D
(
R′,u

)
= ξ̄2D

(
R′,u

)
(16)

where u is the Laplace variable, and ξ refers to the pressure
after Pedrosa substitution. Following the works of Goel et al.
(2001) and Chen et al. (2022), the time-varying distance of
moving dissociated interface in an NGH reservoir is:

R′ = 2

√
λ tDki

ϕµCH
(17)

where λ is the dissociation coefficient. The natural gas flow
rate at the moving interface satisfies the equation:

∂ ξ̄1D

∂ rD
− 1

M12

∂ ξ̄2D

∂ rD
=

λ ′D√
u
=

λ ′D
U

(18)

where λ ′D is the improved NGH dissociated coefficient and U
refers to

√
u.

λ
′
D = 2ZT SHBH

ki

µ1

πh
Bqsc

psc

TscCH

√
3.6πλ (19)

where SH is the NGH saturation, the subscript sc refers to the
standard condition.

2.3 Solution strategy
Eq. (11) is a Bessel-type equation. Using the inner bound-

ary condition in Eq. (14) and the dissociated interface condi-
tion in Eq. (16), we can write the final general solution in the
dissociated region as:

ξ̄1D (rD,u) =
V K1 (U) I0 (rDU)+K0 (rDU) I1 (U)

I1 (U)−KIK1 (U)

− KIK0 (rDU)+ I0 (rDU)

u1.5 [I1 (U)−KIK1 (U)]

(20)

where K1 is the first-order modified type II Bessel function,
K0 is the zero-order modified type II Bessel function, I0 refers
to the zero-order modified type I Bessel function, and I1 is
the first-order modified type I Bessel function. Similarly, Eqs.
(13), (15), and (16) can be used to obtain the solution of an
un-dissociated region.

ξ̄2D (rD,u) =
K0 (rDUη)V

K0 (R′Uη) [(I1U)−KIK1U ]

×
[
K1 (U) I0

(
R′U

)
+K0

(
R′U

)
I1 (U)

− 1
u1.5 KIK0

(
R′U

)
+ I0

(
R′U

)] (21)

where V can be given as:

V =

M12λ ′DK0 (R′Uη)

uM12K0 (R′U)K1 (R′Uη)
√

η−uM12K0 (R′Uη)K1 (R′U)

(22)

KI is defined as:

KI =
K0 (R′Uη) I1 (R′U)+ 1

M12ηI0(R′U)K1(R′Uη)

K0 (R′Uη)K1 (R′U)− 1
M12ηK0(R′U)K1(R′Uη)

(23)

Because governing equations are linear, the superposition
principle can be used to study the influence between various
branch segments. Using pressure superposition and the line
source function, the pressure response of the jth segment on
the ith branch caused by the flow rate of the kth segment in
the lth branch is:

ξ̄D ji (rD,u) =
m

∑
l=1

n

∑
k=1

q̄Dkl ξ̄1D ji (24)

where n is the number of segments on each branch and m is
the number of branches. For constant rate production, the flow
rate terms in a multi-branch well also satisfy the condition:

m

∑
l=1

n

∑
k=1

q̄Dkl =
1
u

(25)

As Fig. 3 demonstrates, we can write Eqs. (24) and (25) for
all segments in multi-branch well as:

A =



a11 ... a1n 1 ... 0

a21 ... a1n 0 1 0

... ... ... ... ... ...

an1 ... ann 0 0 1

... ... ... ... ... ...

0 0 0 1 1 1


(2N+1)×(2N+1)

(26)

where N refers to the total number of segments in a multi-
branch well. The unknowns in Fig. 2 include the segments’
flow rate term, pressure term, and BHP term from multi-branch
well.

X =
[

ξ̄D,1 ... ξ̄D,N q̄D,1 ...q̄D,N ξ̄wD

]
(27)

where ξ̄wD is the BHP after Laplace transformation and
Pedrosa substitution. For the BHP obtained, the Eq. (28) is
used to add the effects of wellbore storage and skin factor (Van
Everdingen and Hurst, 1949). The Stehfest numerical inversion
algorithm is selected to convert the BHP in the Laplace domain
to the BHP in the real domain (Stehfest, 1970).

ξ̄wD =
S+uξ̄wD (u)

u
{

1+CDu
[
S+uξ̄wD (u)

]} (28)

where CD is the dimensionless wellbore storage coefficient and
S is the skin factor. NGH dissociation leads to an increase in
effective stress. Eq. (29) shows the effect of stress sensitivity
on NGH reservoir permeability.

ΨwD (tD) =−
1
γD

ln [1− γD×ξwD (tD)] (29)

For naturally-fractured porous media, the Laplace variable u
can be replaced by f (u) and our conclusions remain valid.

f (u) =
ωu(1−ω)+ γ

u(1−ω)+ γ
(30)
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Fig. 2. Flow chart to obtain bottom-hole pressure for multi-branch well with NGH dissociation and permeability stress sensitivity.
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Fig. 3. Comparison of calculated pressures and derivatives
from the simplified proposed model and the published ana-
lytical radially-composite model.

where γ is the inter-porosity flow factor and ω is the storativity
ratio.

3. Method validation
By setting the branch length, dissociation coefficient, and

permeability stress sensitivity coefficient in the model to small
values, the proposed model simplifies to a radially- composite
model for a vertical well. Thus, the analytical radial composite
model of Ozkan and Raghavan (1991) is used to validate our
proposed model. Table 1 provides the input parameters for
model validation. The pressure data from the analytical model
and the proposed model generated are plotted in a log-log

coordinate system for comparison (Fig. 3). The comparison
shows that the proposed model is reliable. The proposed
model is semi-analytical and needs to be discretized only at
the position of the multi-branch wellbore. This provides a
significant advantage in computational cost because the match-
ing process of well-test data requires hundreds of iterations
using the model. The advantage of reduced computational cost
makes the semi-analytical model especially suitable for well-
test research.

4. Results and discussion

4.1 Complete flow regimes
Log-log plots of pressure and pressure derivative profiles

from the proposed model (Fig. 4) help identify the typical
flow regimes in NGH reservoirs. The parameter combinations
in Table 1 are chosen to illustrate flow regimes more clearly.
Well-test theory (Lee, 1982; Spivey and Lee, 2013) suggests
nine possible flow regimes in NGH reservoirs as multi-branch
wells produce NGH. Although Fig. 4 illustrates all nine flow
regimes, factors such as test duration, reservoir heterogeneity,
and decomposition coefficient may cause some flow regimes
not to develop fully. Instead, some flow regimes may interact
with one another and exhibit an integrated transitional flow
feature.

(a) Wellbore-storage-effect regime.
NGH flows into the multi-branch wellbore as gas. Gas

compressibility and wellbore volume cause differences in gas
flow rate at the wellhead and the bottom of the well during the
initial period of well testing. During this period, the pressure
and derivative exhibit a straight line with a unit slope on a
log-log plot.
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Table 1. Model validation parameters for vertical well in
NGH formation.

Parameter Value Unit

Initial pressure 30 MPa

Formation thickness 20 m

Permeability 5 md

Porosity 0.4 -

Total compressibility 0.0192 MPa−1

Wellbore storage coefficient 3 m3/MPa

Skin factor 1×10−5 -

Composite radius 20 m

Mobility ratio 2 -

Dispersion ratio 2 -

Production rate 1 m3/d

(b) Skin effect regime.
Contaminants, reservoir heterogeneities, and NGH dissoci-

ation cause an additional pressure drop as gas flows through
the formation near the wellbore. This additional pressure drop
is called the skin effect, and the derivative during this period
increases with time.

(c) Vertical radial flow regime.
When the pressure response propagates from the initial

horizontal direction to the vertical, the fluid in the three
dimensional (3D) domain starts to flow into the multi-branch
wellbore. In a slice in the z-direction in the 3D domain, the
pressure response appears as a circle, and the circle’s center
is the wellbore (Fig. 5(a)).

(d) Linear flow regime.
As the pressure response spreads further, the gas beyond

the wellbore begins to flow. Since the formation is effectively
infinite in the horizontal direction, the fluid supply capacity in
the horizontal direction is greater than in the vertical direction.
Meanwhile, each branch in the multi-branch well can be
simplified as a straight line. The gas flow direction at this
time is perpendicular to the wellbore orientation in the 3D
domain.

(e) Composite-effect flow regime.
The difference in flow resistance between the dissociated

and original regions causes the pressure derivative to trend
upward. The multi-branch well can be viewed as a point source
compared to the dissociated region, and the gas flows to the
wellbore in a pseudo-radial pattern.

(f) Dissociated flow regime.
The pressure response begins to propagate to the moving

interface that dissociation causes. The NGH, at initial condi-
tions, begins to dissociate in large quantities to form natural
gas at this time. The flow capacity of dissociated natural gas
is greatly enhanced, and gas begins to flow into the inner
region, thus indicating the supply-boundary characteristics.
The derivative decreases at this time.

(g) Transitional flow regime.

1 0 - 1 1 0 1 1 0 3 1 0 5 1 0 7 1 0 9 1 0 1 1 1 0 1 3 1 0 1 5
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1 0 0

1 0 1

� w
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( d ) ( e ) ( f ) ( g ) ( h ) ( i )

Fig. 4. Pressures and derivatives illustrate all flow regimes of a
multi-branch well with dissociation and stress-sensitive effects
in the NGH reservoir.

Although a large amount of NGH begins to dissociate into
natural gas, the flow capacity in the un-dissociated region is
still smaller than that of the inner region. Due to the difference
in flow resistance difference between inner and outer regions,
the pressure derivative turns upward.

(h) Improvement regime.
After NGH dissociation, pressure in the un-dissociated

zone decreases. The physical properties of reservoir fluid
begin to change from those of NGH to gas. The gas flow
capacity from the outer region begins to increase gradually.
The mobility and dispersion ratios tend to become uniform
throughout the drainage area of the well. As a result, the
pressure derivative begins to decrease.

(i) Stress-sensitive effect regime.
As flow continues, the pore pressure gradually decreases,

and the effective stress increases. The permeability and poros-
ity decrease as effective stress increases. The pressure deriva-
tive increases. Fluid flows radially to the multi-branch well
(Fig. 5(b)) and can be regarded as a point source.

4.2 Sensitivity analysis
This section summarizes the results of a sensitivity analysis

of production from NGH reservoirs with multi-branch wells.
The model had two branches with a dimensionless branch
length of 25. The dimensionless radius of the dissociated
region was 100. The wellbore storage coefficient was 10, and
the skin factor was 0.5. The basic mobility ratio was 3, and
the dispersion ratio was 2. The dissociation coefficient was
1×10−4.

(a)Effect of dissociation coefficient
The dissociation coefficient determines the dissociated

volume of NGH per unit of time. Fig. 6 shows that the
dissociation coefficient affects the composite-effect, dissoci-
ated, transitional, and improvement flow regimes. A small
dissociation coefficient leads to a slower dissociation rate of
NGH. At this point, the dissociated natural gas from the outer
region begins to flow to the dissociation area, and the pressure
derivative decreases. The transitional flow regime and the im-
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Fig. 5. Pressure distributions for a multi-branch well in an NGH reservoir during different flow regimes. (a) vertical radial
flow regime, (b) linear flow regime, (c) composite-effect flow regime and (d) stress-sensitive effect regime.
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Fig. 6. Effect of dissociation coefficient on multi-branch well’s
pressure transient behavior.

provement regime caused by the composite feature appear
next. As the NGH dissociation rate increases, derivatives
curves gradually flatten. The formation exhibits homogeneous
properties as the transformation of NGH to natural gas occurs
instantaneously.

(b)Effect of the radius of the dissociated region

Fig. 7 shows that the radius of the dissociated region is
related to the start times of the composite-effect, dissociated,
transitional, and improvement flow regimes. When the radius
of the dissociated region increases to 1,000, the multi-branch
well can be regarded as a point source, and the fluid flow
around the well can also exhibit radial flow characteristics.
The starting and ending times of these flow regimes are pro-
portional to the radius of the dissociated area, but the pressure
derivative value is independent of the radius. Meanwhile, the
durations of these flow regimes are prolonged as the radius
increases.

(c)Effect of branch angle
Fig. 8 shows that branch angle variation affects the vertical

radial and linear flow regimes. The branch angle does not
affect the wellbore storage and skin effect flow regimes as the
pressure response spreads around a single discrete segment.
When the pressure response propagates, the impact of indi-
vidual branch segments emerges. Derivatives during vertical
radial and linear flow regimes correlate positively with the
branch angle. Derivative behavior changes are influenced by
branch angle peaks in the vertical radial flow regime and
disappear in the later linear flow regime. The effect of branch
angle on the pressure derivative shows that a multi-branch well
structure controls the vertical radial and linear flow regimes.
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Fig. 7. Effect of dissociated-area radius on multi-branch well’s
pressure response.
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Fig. 8. Effect of branch angle on multi-branch well’s pressure
response.

In contrast, the composite-effect, dissociated, transitional, and
improvement flow regimes are governed by NGH properties.

(d)Effect of stress-sensitive coefficient
Fig. 9 illustrates the effect of the stress-sensitive coef-

ficient on the pressure derivative. The stress-sensitive coef-
ficient affects the change of permeability with stress. The
flow regimes affected include composite-effect, dissociated,
transitional, improvement, and stress-sensitive effect regimes.
As the dimensionless stress-sensitive coefficient increases, the
pressure derivative increases during the stress-sensitive effect
flow regime.

5. Case study
The Pearl River Mouth Basin (Fig. 10) is the largest oil

and gas basin in the South China Sea. Geological exploration
evidence demonstrates that several NGH orebodies are dis-
tributed in the South China Sea; we selected the Baiyun Sag
area as the test area (Cheng et al., 2020; Jin et al., 2022; Qin et
al., 2022). Well logs (Fig. 10(b)) and core analysis data show
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Fig. 9. Effect of the stress-sensitive coefficient on multi-branch
well’s response.

that the distance from the overlying strata to the seabed is
1495 m. From top to bottom, the NGH reservoirs in the
test region can be divided into three sets of strata, including
solid-gas hydrate, liquid water, and free methane gas. The
lithology of NGH reservoirs in Fig. 11 is clayey siltstone (Li
et al., 2018; Ye et al., 2020). The average median particle size
of the sediment is about 12 µm. The mineral composition
includes quartz feldspar (53%), carbonate (18%), and clay
minerals represented by montmorillonite and illite (26%-30%),
as Fig. 11 shows. Porosity ranges from 32% to 35%. The
average permeability ranges from 1.5 to 7.4 mD. The NGH
reservoir below 1,530 m, considered the region with the
most significant potential for gas production, contains three
phases: solid NGH, free hydrocarbon gas, and liquid water.
Temperatures and pressures in this region are closest to the
NGH phase equilibrium curve, which is suitable for recovering
NGH (Li et al., 2018). Methane accounts for more than 99%
of produced gas in hydrate-bearing cores.

Through 2022, the China Geological Survey conducted
two production tests of NGH from the Shenhu area in the
South China Sea. Operators use an offshore drilling platform
(e.g., Blue Whale 1) for NGH drilling operations. Due to the
unique structure of multi-branch wells and the potential cost,
companies have regarded enhancing NGH production as an
add-on option (Wilson et al., 2011). The typical parameters
of the reservoir, gas hydrate, and multi-branch wells in the
Shenhu area of the South China Sea are used as model inputs,
as given in Table 2. Using these parameters, the synthetic
pressure profiles for multi-branch wells are generated (Fig.
12). With certain combinations of parameters, many of the
theoretical flow regimes may appear in actual test data from
NGH reservoirs. However, the prominent dissociated regime
masks the later transitional and improvement flow regimes.
Due to test-time constraints, earlier flow regimes are more
likely to exist in the actual data.

6. Conclusions
This study developed a semi-analytical multi-branch well

model for NGH accumulations. The innovations include a new
multi-branch well model of NGH and a procedure to identify
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(a)

(b)

Fig. 10. (a) Gas hydrate study area location map in the Shenhu area of the South China Sea, (b) log data from a production
test well in the Shenhu area (modified from Li et al., (2018); Cheng et al., (2020)). PMRB refers to the Pearl River Mouth
Basin.
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Fig. 11. Mineralogy and lithology of sediments in gas hydrate study area (modified from Li et al., (2018)).

Table 2. Gas hydrate, formation, and well properties in the
case study of the Shenhu area (Parameter sources include Li

et al. (2010) and Jin et al. (2022)).

Parameter Value Unit

Underburden thickness 30 m

Formation thickness 22 m

Initial dissociated region radius 1000 m

Initial pressure 13.83 MPa

Initial saturation 44 %

Temperature 287.31 K

Grain density 2600 kg/m3

Porosity 37.3 %

Permeability 2.38 mD

Branch length 250 m

Number of branches 2 -

Bottom hole pressure 7 MPa

NGH composition 100% CH4 -

NGH volume factor 0.01 -

NGH dissociation coefficient 2×10−4 -

Compressibility 2×10−4 -

Stress sensitivity coefficient 1.45 MPa−1 · s

the typical flow regimes in the pressure profiles of multi-
branch wells in the South China Sea. Some conclusions from
this study include the following:

1) The typical flow regimes of pressure profiles from well
tests in multi-branch wells in NGH include wellbore stor-
age and skin effects, vertical-radial, linear, pseudo-radial,
composite-effect, dissociated, transitional, improvement,
and stress-sensitive effect flow regimes. A multi-branch
well structure controls the vertical radial flow and the lin-
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Fig. 12. Synthetic transient pressure profiles for multi-
branch well testing in the Shenhu NGH area of the South
China Sea.

ear flow regimes. The composite-effect, dissociated, tran-
sitional, and improvement flow regimes are governed by
NGH formation properties.

2) As the dissociation coefficient increases, the amount of
dissociated natural gas also increases, and the conversion
process of NGH to natural gas is instantaneous. The
reservoir behaves as a homogeneous reservoir. The radius
of the dissociated area is proportional to production time
and the duration of the composite-effect, dissociated, tran-
sitional, and improvement regimes. As the properties of
the outer region are fixed benchmarks, the flow capacity
in the inner zone increases with increases in mobility
ratio. The derivative also increases as the mobility ratio
increases.

3) The branch angle correlates positively with the derivatives
during vertical radial and linear flow regimes. This deriva-
tive change caused by branch angle peaks during vertical
radial flow and gradually weakens in the later linear flow
regime. The influence of the stress-sensitive coefficient
on the pressure behaviors is concentrated in the stress-
sensitive effect regime. Derivatives during the stress-
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sensitive effect period increase as the stress-sensitive
coefficient increases.

7. Future Work
This paper presents the pressure solution and well-test

model for multi-branch wells producing from NGH accumula-
tions. The parameters obtained from well-test analysis can be
used to predict production match history. The proposed model
has limitations, including single-phase flow and laminar flow.
The flow of formation water and the flow pattern changes
caused by the injection of a heated fluid to dissociate NGH
reserves are ignored. Thus, our subsequent research will focus
on the effects of gas-water two-phase flow and turbulent flow
regimes in predicting production.
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Appendix A. Dimensionless variables
The dimensionless pressure for the dissociated NGH region is:

Ψ1D =
kih(Ψi−Ψ1)

3.684×10−3µ2BHqscZ
(A1)

where Ψ is:

Ψ =
∫ p

0

2p
µZ

d p (A2)

The dimensionless pressure for the non-dissociated region is:

Ψ2D =
kih(Ψi−Ψ2)

3.684×10−3µ2BHqscZ
(A3)

Dimensionless time is:

tD =
3.6kit

µϕCtL2 (A4)

where L is the reference length.
Dimensionless wellbore storage coefficient is:

CD =
C

2πϕCthL2 (A5)

Mobility ratio is:

M12 =

(
ki
µ

)
1(

ki
µ

)
2

(A6)

Diffusivity ratio of inner region and outer region is:

W12 =
(ϕCt)1
(ϕCt)2

(A7)

Dimensionless radial distance is:

rD =
r
L

(A8)

Improved permeability modulus is:

γ =
αµZ
2p

(A9)

Stress-sensitive coefficient is:

γD =
3.684×10−3 pscqscT

kiTsch
γ (A10)
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