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When the depressurization development of a hydrate-bearing layer is initiated, the temperature of the near-wellbore formation quickly
decreases to near the equilibrium temperature due to the dissociation of natural gas hydrate Therefore, the secondary generation of
natural gas hydrates in the wellbore easily occurs if pressure jumps to a high value due to the changes of production rates or
shutdown of the well. Though hydrate generation in the process of high-pressure drilling and gas and water transportation has
been widely investigated, the secondary generation of natural gas hydrates caused by pressure jump during the depressurization
development process is not fully understood. In this study, the multiphase pipe flow of a horizontal well, the Vyniauskas–Bishnoi
generation dynamics of natural gas hydrate, and a decomposition dynamics model developed by Kim and Bishnoi are combined to
build a set of horizontal well gas–liquid–solid three-phase flow models, which consider the phase transition in the wellbore and
distinguished the secondary hydrate generation area in the wellbore under different temperature and pressure conditions. The
results show that when the toe-end pressure is 7MPa and the environment temperature is 6.4°C, the secondary hydrate generation
exists in the horizontal section of the horizontal well, and the maximum hydrate flow velocity in the wellbore is 0.044m3/d. A high
toe-end pressure, low environment temperature, and high gas output will result in a greater hydrate generation in the wellbore,
and the wellbore pressure will have a remarkable influence on the amount generated and its range.

1. Introduction

Natural gas hydrate is an ice-like substance existing in high-
pressure and low-temperature environments and is widely
distributed in deep-sea sediment and land permafrost. Its
reserves are extremely large, i.e., approximately twice as
much as conventional fossil energy [1, 2]. The USA, Canada,
Japan, and China have successfully carried out a trial produc-
tion of natural gas hydrate reservoirs, concurrent with the
gradual increase in global energy consumption and a reduc-

tion in fossil energy reserves. Natural gas hydrate has been
regarded as one of the most promising new energy sources
during the 21st century and has received heavy attention
[3–5]. Natural gas hydrate is in a solid form in a reservoir
and has no flowability, and its existence requires special tem-
perature and pressure conditions. The current method of
development is to decompose the hydrate by artificially
destabilizing its conditions [6–8]. The state of gas hydrate
generally varies dynamically during the exploitation process.
The produced natural gas can react with the residing water
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and reform hydrate. At present, themain developmentmethods
of natural gas hydrate reservoirs include depressurization, ther-
mal activation, CO2 displacement, and chemical injection [9–
12]. Compared to thermal activation, CO2 displacement, and
chemical injection, depressurization can achieve a level of pro-
duction without injecting fluid into the reservoir, which incurs
the lowest development cost. Meanwhile, its technical feasibility
has been proven by the successful development of theMessoya-
kha Gas Reservoir of the former Soviet Union; thus, depressur-
ization has been the most studied development method in this
field [13–15]. The decomposition of natural gas hydrate is an
endothermic process, the reservoir temperature during the
depressurization development process gradually decreases,
and a secondary generation of hydrate is apt to occur in the
near-wellbore area. Myshakin et al. established 2D and 3D
models to simulate and analyze the rules of secondary hydrate
generation and ice blockage during the depressurization devel-
opment process [16, 17]. Ruan et al. established a three-phase
three-component core-scale hydrate depressurization simula-
tion model and studied the influences of the hydrate secondary
generation and permeability change on the development of
depressurization [18]. Gaddipati and Anderson found that after
one year of depressurization development, the secondary gener-
ation of hydrate occurs in the near-wellbore formation, and the
results show an increased potential for the formation of second-
ary hydrate and the appearance of a lag time for the production
rates as the reservoir size increases [19]. Using a horizontal or
inclined well can increase the contact area between the wellbore
and reservoir, and much higher decomposition and production
rates of natural gas can thus be realized. Owing to the lengthy
contact, the temperature near the wellbore will decrease after
the decomposition of the natural gas hydrate, thus decreasing
the temperature in the wellbore, which enhances the regenera-
tion of the hydrates.

In fact, during conventional gas and water pipeline
transportation and underbalanced drilling studies in the
petroleum industry, it has been discovered that if the temper-
ature and pressure conditions in the transportation pipe or
drilling wellbore meet the hydrate generation condition, the
hydrate will tend to gather at the pipe wall to cause a flow
area. Numerous researchers have targeted the multiphase
flow issue in a transportation pipe and drilling wellbore.
Experimentally, Grasso et al. observed that hydrate sedimen-
tary phenomena exist in the pipe flow and proposed three
hydrate sedimentation mechanisms [20]. Joshi et al. adopted
a 95-m-long pipe to study the hydrate blockage mechanism
in a high water content system; the results showed that the
hydrate generation process can be divided into three phases,
i.e., the hydrate is evenly distributed in the aqueous phase
when the hydrate content is low during the original phase,
the hydrate starts to aggregate when the hydrate amount
increases to a certain level, and the aggregated hydrate starts
to deposit and eventually block the wellbore during the last
phase [21]. Natural gas hydrates have been proposed as a
means to capture the associated gas produced on offshore
oil platforms. In this regard, Andersson and Gudmundsson
adopted a circulation pipe experiment to study the viscosity
and rheological properties of hydrate in water slurries and
found that as the concentration of the hydrate increases,

the viscosity of the water slurries increases [22]. Ding et al.
adopted a high-pressure flow loop to observe the hydrate
generation process when the gas and liquid mix and flow in
the pipe; they found that the generation of hydrate has a sig-
nificant influence on the flow type of the gas and liquid [23].
Nicholas et al. conducted a measurement of the adhesion
force existing between the hydrate and the metal wall. The
results showed that the hydrate entrained in the flow will
not adhere to the metal wall, whereas the hydrate is directly
generated on the pipe wall during the hydrate aggregation
and thickening [24].

To investigate the mechanisms of the secondary genera-
tion of gas hydrate and flowability, studies have been con-
ducted to build a simulation model to predict the
generation of gas hydrates during the drilling process. In
terms of mathematical modeling, Jassim et al. established a
hydrate sedimentary model targeting a gas-dominated flow-
line; simulations were conducted on the hydrate particle size
and hydrate sedimentary location [25]. Nicholas et al. estab-
lished a hydrate sedimentation prediction model in a liquid
condensate system according to the laws of the conservation
of energy and mass and compared the resulting pressure and
temperature curves [26]. Wang et al. studied a hydrate sedi-
mentary model in a gas-dominated system with free water
and conducted a simulation and prediction of the hydrate
layer thickness distribution in a horizontal pipe [27–29].

The flow environment in a horizontal wellbore during
the depressurization process of natural gas hydrate is quite
different from that found in a conventional drilling wellbore
[30]. Because hydrate dissociation is an endothermic process,
the temperature of the near well region decreases to the equi-
librium temperature quickly. At this time, if the pressure
jumps to a high value due to the shutdown of the well or
the adjustment of depressurization amplitude, natural gas
hydrates will form in the wellbore and the following produc-
tion of gas and water will be greatly hindered. Till now, the
secondary generation of natural gas hydrates in horizontal
wellbore caused by pressure jump during the depressuriza-
tion development of hydrate-bearing layers has not been fully
investigated. For this reason, the present study combines a
mass variable flow in a horizontal well with the generation
of natural gas hydrate and a decomposition dynamical model
to establish a set of three-phase (i.e., gas, water, and hydrate)
mass variable mathematical models for a horizontal well,
which consider the hydrate phase transition in the wellbore,
adopting a node analysis method to solve the model and con-
duct the example verification, which distinguishes the gener-
ation area of secondary hydrate under different temperature,
pressure, and gas output conditions. The results of this study
can provide a certain theoretical basis for the temperature
and pressure control of a horizontal well in terms of the
depressurization development of the hydrate reservoir and
a hydrate prevention in the wellbore.

2. Mathematical Model

Figure 1 shows a schematic diagram of the depressurization
development of a natural gas hydrate reservoir in a horizon-
tal well. The water and methane produced through hydrate
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decomposition will enter into a horizontal wellbore owing to
the pressure difference. A hydrate generation will be triggered
if the temperature and pressure condition in the wellbore meet
the required conditions of the hydrate generation. If the antico-
agulant and wellbore heating measures are not taken under the
hydrate generating conditions, the hydrate aggregation and
blockage are likely to occur by influencing the production. At
this part, the mass conservation equations of the three-phase
gas–water–natural gas hydrate and the momentum and energy
conservation equations of the system are first established and
are then combined with the Vysniauskas and Bishnoi genera-
tion dynamics model and the Kim and Bishnoi decomposition
dynamical model. In addition, a three-phase mass variable
mathematical model for a horizontal well considering the
hydrate phase transition is established. Considering that the
wellbore length is much larger than the well radius, the fluid
flow in the wellbore is often seen as one-dimensional flow in
the current researches and commercial software [31, 32]. In this
paper, the flow is also assumed as one-dimensional, and only
the flowing properties along the wellbore are investigated.

2.1. Conservation Law. Assume that the flow of each phase in
a wellbore is in a stable state, for the gas and liquid phases, the
changes in mass when flowing in the horizontal wellbore are
mainly the amount of inflow from the hydrate reservoir to
the wellbore, and the mass caused or consumed through
the hydrate generation or decomposition. For the hydrate
phase, because there is no inflow amount, the change in mass
only equals the generation or decomposition mass. Thus, the
mass conservation equations of the three phases are as
follows:

∂ ρgvgEgA
� �

∂s
= qg − xgRH ,

∂ ρwvwEwAð Þ
∂s

= qw − 1 − xg
� �

RH ,

∂ ρHvHEHAð Þ
∂s

= RH ,

8>>>>>>>><
>>>>>>>>:

ð1Þ

where ρg, ρw, and ρH are the densities of the gas, water, and
hydrate phases (kg/m3); νg, νw, and νH are the velocities of
the gas, water, and hydrate phases (m/s); and Eg, Ew, and
EH are the volume fractions of the gas, water, and hydrate
phases, respectively.

Based on the momentum theorem, the momentum
equations of a mathematical model for a three-phase pipe
flow can be obtained as follows:

∂
∂s

AEgρgνg
2 + AEwρwνw

2 + AEHρHνH
2

� �
= −

d AFrð Þ
ds

− Ag sin α Egρg + Ewρw + EHρH

� �
,

ð2Þ

where αis the angle between the wellbore and the horizontal
direction (°), Fr is the frictional resistance of the fluid during
the wellbore flow process (Pa), and P is the wellbore pressure
(Pa).

The energy change in the fluid for each phase during the
wellbore flow process mainly includes the heat carried by the
injecting gas and water, the heat exchange between fluids in
the wellbore and reservoir, and the heat released or absorbed
through the hydrate generation and decomposition, and
thus, the energy conservation equation of the system is as
follows:

∂
∂s

wg CgT + 1
2 vg

2 − g ⋅ s ⋅ sin α

� ��

+ww CwT + 1
2 vw

2 − g ⋅ s ⋅ sin α

� �	
=
d qgCgTe + qwCwTe

� �
ds

− 2πT − Te

Rt
−
RHΔHH

MH

ð3Þ

where wg and ww are the mass flow of the gas and liquid
phases, respectively (kg/s), Cg and Cw are the specific heat
of the gas and liquid phases (J/(kg·°C)), T is the temperature
in the wellbore (°C), Te is the environment temperature (°C),
Rt is the pipe thermal resistance, ΔHH is the decomposition
heat of the hydrate (J/mol), andMH is the average molecular
weight of the natural gas hydrate (kg/mol).

2.2. Supplementary Conditions. The biggest difference
between a mathematical model and a conventional gas–water
variable mass flow model of a horizontal wellbore is that a
mathematical model includes the natural gas hydrate gener-
ation and decomposition dynamics, whereas the aspects of
the high-pressure physical properties, state equation, and
flow type judgment of the gas are the same as in a conven-
tional model. The natural gas state equation used in this
paper is a P-R equation, and the flow-type judgment adopts
the classical Beggs–Brill model.

As for the calculation of the hydrate decomposition rate,
this paper adopts the most commonly used Kim–Bishinoi
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Figure 1: Natural gas hydrate reservoir horizontal well
depressurization development.
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dynamics model, the expression of which is as follows [33]:

rH = Aas exp
ΔEa

RT

� �
exp −

a

ΔTb

� �
⋅ Pγ, ð4Þ

where A is the composite preindex constant, A = 4:554 ×
10−26cm3/cm2 ⋅ min ⋅ barγ; ΔEa is the activation energy, Δ
Ea = 106204J/mol; R is the gas constant, R = 8:314J/ðmol ⋅ K
Þ; γ, a, and b are the test constants, where γ = 2:986, a =
0:0778Kb, and b = 2:411; ΔT is the subcooled temperature
(K), ΔT = Teq − T ; Teq is the phase equilibrium temperature;
P is the pressure (kPa); and as is the area of the gas–liquid
interface, as = 67:1cm2.

As for the calculation of the hydrate generation rate, this
study adopts the Vysniauskas–Bishinoi dynamics model, the

expression of which is as follows [34]:

dnH
dt

= kAs exp −
ΔE
RT

� �
Peq − Pg

� �
, ð5Þ

where k is the decomposition rate constant, k = 1:24 × 1011
mol/ðm2MPa ⋅ sÞ; ΔE is the hydrate decomposition activation
energy, ΔE = 78300J/mol; R is the gas constant, R = 8:314J/ð
mol ⋅KÞ; T is the temperature (K); Pg is the pressure
(MPa); Peq is the pressure balance corresponding to the tem-
perature T (MPa); and As is the total surface area of the
hydrate particles (m2). Based on the phase equilibrium line
of the hydrate, the judgments of the hydrate generation,
and the decomposition, the phase equilibrium line adopted
by this study is the regression form proposed by Moridis in
2003 [35]:

where T is the temperature (K) and Pe is the pressure balance
corresponding to T (MPa).

2.3. Boundary Conditions. The inlet pressure of the wellbore,
external environment temperature, horizontal well length,
gas production index, and liquid production index are
included as follows:

P Lð Þ = PL,
T Lð Þ = PL,

(
ð7Þ

Te = Te hð Þ, ð8Þ

Ei Lð Þ = 0
vj Lð Þ = 0

(
 j = g,w,H, ð9Þ

where h is the wellbore depth (m), Te is the environment
temperature (K), Te is the linear function of the wellbore
depth (h), and PL and TL are the horizontal well toe-end
pressure and temperature.

The main difference between the model in this paper and
those for well drilling and gas transportation is that the gas
and water will flow into the horizontal wellbore through the
perforations during the development of the hydrate-bearing
layer. Therefore, the fluid flow in the wellbore is variable
mass flow, and the gas and liquid production indices are used

to determine the inflow rate of gas and water as follows:

Jg = I,
Jw = J ,

(
ð10Þ

where I and J are the gas production index and liquid
production index and L is the horizontal well length (m).

3. Solution and Verification of Model

3.1. Solution of Model. The node method is adopted to solve
the model, which divides the horizontal well into N sections,
and N + 1 nodes will be generated in total, where i = 0, 1,⋯
,N − 1,N . Based on the flow direction, where i = 0 is located
at the toe-end of the horizontal well, the model is then solved
from the toe-end toward the heel end, deflecting the horizon-
tal and vertical section successively. Figure 2 shows a flow
chart of the calculation. The following takes any two nodes
i and i + 1 in the wellbore as an example to describe the
details of the calculation process. Assume that the parameters
of the node i are known quantities used to calculate the values
of each parameter at node i + 1.

(1) Assume that the pressure and temperature of node
i + 1 are Pi+1 and Ti+1, respectively

(2) Utilize the state equation to calculate the properties
of each phase at node i + 1 and calculate the inflow

T ≥ 273:2K  ln Pe =
−1:94138504464560 × 105 + 3:31018213397926 × 103T
−2:25540264493806 × 101T2 + 7:67559117787059 × 10−2T3

−1:30465829788791 × 10−4T4 + 8:6065316687571 × 10−8T5

,

8>><
>>:

T ≥ 273:2K  ln Pe =
−4:38921173434628 × 101 + 7:76302133739303 × 10−1T
−7:27291427030502 × 10−3T2 + 3:85413985900724 × 10−5T3

−1:03669656828834 × 10−7T4 + 1:09882180475307 × 10−10T5

8>><
>>: ,

ð6Þ
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terms of gas qg,i+1 and water qw,i+1 based on the gas
output and liquid output indexes

(3) Base on the pressure and temperature conditions at
node i + 1 to judge whether the hydrate is generated;
if the hydrate generation condition is met, the
amount of hydrate generated is RH,i+1, and the cor-
responding reaction heat can then be calculated.
By contrast, if the hydrate decomposition condition
is met, we can then judge whether the hydrate first
exists. The calculation is not required if the hydrate
does not exist, and if the hydrate does exist, the
hydrate decomposition amount RH,i+1 correspond-
ing to the reaction heat can then be calculated

(4) The continuity equation is used to solve the appar-
ent rate of each phase vi+1

(5) The Beggs–Brill method is utilized to judge the flow
type and determine the liquid holdup Ew j+1

(6) The volume fractions of the hydrate phase EH j+1
and gas phase Eg j+1 are calculated, and the apparent
rate is then utilized to solve the fluid velocities of
each phase vj+1

(7) Substitute the determined parameters into the
momentum and energy equations to solve the new
Pi+1 and Ti+1

(8) If the obtained pressure and temperature are within
the allowable error, i.e., jPi+1 − Pi+1j < ε1, jTi+1 −
Ti+1j < ε2, then stop calculating the i + 1 node;

otherwise, return to step (1) to reestimate until the
condition becomes true

(9) Judge whether the i + 1 node is the last node; if not,
take the parameters of i + 1 as the known condi-
tions for the calculation of the next node and
repeat the above steps. The entire calculation of
the wellbore is then complete, and the calculation
is finished

(10) The parameters of all nodes in the wellbore can be
calculated through the above steps

3.2. Model Verification. No detailed measurement data of the
fluids in the wellbore of a natural gas hydrate reservoir with a
recent trial production were available, and thus, the model
verification in this study is simply for a vertical wellbore
gas–liquid two-phase flow mode. The measured data in 14
actual water-and-gas producing wells in a Chinese gas field
are shown in Table 1 [36]. In this study, a wellbore gas–liquid
two-phase flow model was established, as described in Sec-
tion 2.1, to calculate the flowing bottom-hole pressures of
the 14 wells. We then compared them with the measured
data, as shown in Figure 3. According to Figure 3, the rela-
tive error between the calculation results of the model
established by this study and the measured data is between
0.6% and 8.4%, which means that the goodness of fit is gen-
erally high, and thus, the model established through this
study is reliable.

The model in this paper is verified with field data from
the well testing operations on a deepwater gas well: M-3,
see refer [37]. The temperature profile along the wellbore is
calculated. The ambient temperature profile is the same as
in the reference. The calculated data and the measured data
are shown in Figure 4. It shows that the calculated data is
consistent with the testing temperature.

4. Results and Discussions

4.1. Temperature-Pressure Distribution and Hydrate
Generation in Wellbore. Taking the basic information of the
natural gas hydrate reservoir of the Shenhu Sea area of the
South China Sea as a reference to conduct a parameter selec-
tion, the main parameters are as shown in Table 2 [38–41].
We assume the original pressure and temperature of a
hydrate reservoir to be 10MPa and 11°C, respectively. Dur-
ing the depressurization development process, excessive
depressurization will readily lead to a fast air and water flow
and the production of sand; therefore, the depressurizing
range will generally not exceed 50% [42]. The depressuriza-
tion range of a horizontal well is selected to be 5MPa, which
means that the horizontal well produces a pressure of 5MPa
at a flowing bottom hole. Based on the hydrate phase equilib-
rium line, which was regressed by Moridis, the hydrate phase
equilibrium temperature corresponding to 5MPa is approx-
imately 6.4°C; considering that the depressurization will first
lead to a fast hydrate decomposition in the near-wellbore
area, the temperature of the near-wellbore formation will
decrease to near the equilibrium temperature. At this
moment, if the pressures of the wellbore and near-wellbore

Initiation (i = 0)

i = i +1
i = N

Assume Pi+1 and Ti+1

Calculate water and
gas properties

Judge the formation or
dissociation of hydrate

Calculate the fractions and
velocities of each phase

Yes

Yes

No

No

Stop

Obtain Pʹi+1 and Tʹi+1

Pi+1 = Pʹi+1, Ti+1 = Tʹi+1

|Pi+1 – Pʹi+1| < 𝜀1& |Ti+1 – Tʹi+1| < 𝜀2

Figure 2: Calculation workflow.
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formation increase owing to a change in production and
other factors, a secondary hydrate generation will easily
occur in the near-wellbore formation and wellbore. Assume
that the toe-end pressure increases to 7MPa, the differential
pressure of the production is 2MPa, and thus, the pressure
of the near-wellbore formation is 9MPa.

Figure 5 shows the original temperature and pressure
distribution along with the wellbore formation. The origi-
nal temperature and pressure curves of the formation
can be divided into four parts: Section I is the horizontal
section of a horizontal well; the formation pressure in this
section decreases to 9MPa owing to the depressurization

development, and the pressure in the near-wellbore forma-
tion decreases to approximately 6.4°C owing to the endo-
thermic decomposition of the near-wellbore hydrate.
Section II is the hydrate layer section; the vertical deep
span of this section is 30m, and the wellbore length in
this section is approximately 80m owing to the deflecting
section. According to the radial flow principle, the forma-
tion temperature and pressure will gradually restore to the
original formation temperature and pressure in a logarith-
mic form as the vertical distance between this section and
the horizontal well increases. Section III is the original for-
mation section, and the temperature and pressure in this

Table 1: Measured data in gas wells.

Well
no.

Well
depth

Gas output, 104

m3/d
Water output,

m3/d
Wellhead

temperature, °C
Well-bottom

temperature, °C
Wellhead

pressure, MPa
Well-bottom
pressure, MPa

1 3260 5.3 15.7 34 106.5 20.402 27.704

2 3260 4.3 7 33 106 24.088 32.234

3 3260 3 3.5 32 108 30.137 39.195

4 2520 6.5 48 43 89 7.436 13.077

5 2520 5.2 33 41 96 7.482 13.164

6 2520 4 29 40 99 7.301 13.122

7 2520 3.5 38 39 98 7.012 13.155

8 2330 2.4 50 35 85 9.002 17.363

9 2330 2 45 35 84 8.679 17.597

10 2800 2 35 35 100 4.989 11.454

11 2800 1 11.3 35 97 8.367 14.185

12 3260 4.5 12 24 106 16.392 23.911

13 2860 2.5 49 31 107.6 4.394 10.592

14 2800 2 33 30 101.9 6.433 12.024

1 2
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Real pressure
Calculated pressure
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Figure 3: Comparison between calculated results and measured data of flowing bottom-hole pressure.
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section are the temperature and pressure of the original
formation, where the temperature gradually decreases as
the depth decreases. When the flow reaches the bottom
of the ocean, the temperature is 5°C and the pressure is
8MPa. Section IV is the seawater section, and the temper-
ature and pressure in this section increase linearly as the
well length increases. When it finally reaches the ground,
the temperature is 25°C, whereas the pressure is 0.1MPa.

Figure 6 shows the temperature and pressure distribu-
tion in the wellbore. It should be noted that the dotted
line in Figure 6(b) denotes the equilibrium temperature
at the corresponding pressure in the wellbore. Figure 7
shows the gas and water output profiles of the horizontal
section at the corresponding standard ground temperature
and pressure, and the hydrate flow velocity curve in the
wellbore. As indicated in Figure 6, in the horizontal sec-
tion, namely, Section I, the changes in the wellbore tem-
perature and pressure are small, mainly because the
viscosities of gas and water are low and the pressure loss
caused by frictional resistance is also small, whereas the
pressure is mainly consumed during a lift in the inclining
and vertical sections; similarly, the temperatures of the
inflow gas and water are the same as the formation envi-
ronment temperature; meanwhile, the influences of the
heat conduction and convection can be analyzed by com-
paring Figures 5 and 6(b). The two changing trends of the
wellbore fluid temperature and the environment tempera-
ture are consistent after the entrance of the fluid into the
deflecting section. The formation temperature is higher
than the wellbore fluid temperature, and thus, the fluid
temperature will continually increase. However, as the
depth decreases, the formation temperature continually
decreases, and therefore, the wellbore fluid temperature
will decrease continually and the temperature will reach
the lowest point at the bottom of the sea section; after

entering the seawater section, the seawater temperature
increases as the depth decreases, and the wellbore fluid
temperature increases continually. The shaded area in
Figure 6(b) indicates that the wellbore fluid temperature
is lower than the equilibrium temperature in the wellbore
section; the temperatures in Sections I–IV are lower than
the equilibrium temperature, and thus, different levels of
hydrate are generated. By considering Figure 7(b) as well,
the hydrate flow rates in these three sections continually
increase, the hydrate generation rate is high, and the
increasing amplitude of the flow rate is large when the dif-
ference between the wellbore temperature and equilibrium
temperature is significant; when fluid enters Section III,
the hydrate generation rate slows down and the increase
in the amplitude of flow rate correspondingly decreases
as the wellbore fluid temperature increases. As the fluid
enters Section IV, the seawater section, and migrates
upward, the wellbore fluid temperature continually
increases, finally exceeding the hydrate equilibrium tem-
perature. The hydrate in the wellbore turns from a gener-
ation to decomposition, and because the decomposition
rate is much faster than the generation rate, as shown in
Figure 7(b), the hydrate flow rate will decrease rapidly
until a full decomposition occurs, and the flow rate is zero.
Numerically, the maximum hydrate flow rate in the well-
bore is 0.044m3/d because the diameter of the wellbore
is small and the tubing volume per unit length is only
7:85 × 10−3 m3. If the generated hydrate has a certain
amount of pipe wall deposition, it easily causes the effec-
tive diameter of the wellbore to decrease and even block
the wellbore, and thus, wellbore heating and other mea-
sures should be adopted to prevent the hydrate generation
in the wellbore and ensure a smooth production. Accord-
ing to Figure 7(a), the wellbore pressures from the toe-end
to the heel-end are slightly decreased owing to a friction
resistance, and thus, the differential pressure correspond-
ing to the toe-end is the largest. The gas and water output
rates are also the greatest at this point; however, the het-
erogeneity of the formation is not considered in this
scheme because the frictional resistance is relatively small,
the difference in the inflow profile throughout the entire
wellbore is relatively small, and the water and gas outputs
under the ground obtained through accumulation are
1:38 × 104 and 91:7m3/d, respectively.

4.2. Analysis of Influencing Factors. Hydrate generation is
closely related to the temperature and pressure in the well-
bore. In this section, we investigate the influences of the envi-
ronment temperature and wellbore pressure on the hydrate
generation and inflow performance.

4.2.1. Wellbore Pressure. Each parameter is kept consistent
with the basic scheme, whereas the toe-end pressure is
changed to 6MPa (corresponding to a difference in pro-
duction pressure of 3MPa) and 8MPa (corresponding to
a difference in production pressure of lower than 1MPa).
Figure 8 shows a comparison diagram of the on-way pres-
sure, temperature, hydrate flow rate, total gas, and water
output under different toe-end pressures. Among them,
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Figure 4: Comparison between the calculated temperature and
measured temperature (M-3 well: gas production rate = 30 × 104
m3/d; water flow rate = 10m3/d).
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the dotted line in Figure 8(b) denotes the hydrate phase
equilibrium temperature (EqT) of the corresponding well-
bore pressure. According to Figure 8(a), the changing
trends of the wellbore pressure under different toe-end
pressures are the same, and the change in the differential
pressure in the horizontal section is small; in addition, a
decrease in the main pressure occurs in the fluid lifting
of the vertical wellbore. The lower the toe-end pressure
is, the lower the on-way pressure will be in the wellbore.
Thus, the equilibrium temperature in Figure 8(b) corre-
sponding to the toe-end pressure of 6MPa is the lowest
point; the fluid temperature in the wellbore will rapidly
increase to above the equilibrium temperature after the
fluid enters the deflecting section. The hydrate starts to
decompose at this time, as shown in Figure 8(c). The
hydrate flow rate in the wellbore will rapidly decrease.
When the toe-end pressures reach 7 and 8MPa, respec-

tively, owing to the relatively high hydrate phase equilib-
rium temperatures, the temperature will increase to
above the equilibrium temperature only when the wellbore
fluid reaches the wellbore of the seawater section. Accord-
ing to Figure 8(c), the hydrate peak flows corresponding to
6, 7, and 8MPa are 0.016, 0.044, and 0.085m3/d, respec-
tively. According to the comparison results between the
gas and water outputs (Figure 8(d)), the lower the well-
bore pressure is, the greater the corresponding production
differential pressure will be, and the larger the gas and
water outputs that will occur without a change in the
gas and liquid production indexes. Overall, the wellbore
pressure has a significant influence on the hydrate genera-
tion and the generation area; in addition, the amount of
hydrate flow in the wellbore increases as the toe-end pres-
sure increases, and thus, the pressure in the wellbore
should be closely monitored during the actual develop-
ment of a hydrate reservoir to prevent hydrate generation
and wellbore blockage.

4.2.2. Environment Temperature in the Horizontal Section.
During the depressurization process of a horizontal well,
the temperature of the near-wellbore formation continually
decreases because of the hydrate endothermic decomposi-
tion. It should be noted that the toe-end pressure in this
section is assumed to be 7MPa. To simulate the hydrate
generation in the wellbore under different environment
temperatures, the environment temperatures of the hori-
zontal section are set to 5.4°C, 6.4°C, and 7.4°C, respec-
tively. Because the differential pressure and gas and
water production indexes during production are constant,
it can be seen that the pressure and gas and water inflows
in the wellbore of the three schemes are basically the
same. Figure 8 only compares and analyzes the tempera-
ture and amount of hydrate flow in the wellbore; at the
same time, because the pressure change is small, the three
schemes in Figure 9(a) only plot one hydrate phase equi-
librium line corresponding to the wellbore pressure.
According to Figure 9(a), the difference among the

Table 2: Basic parameters.

Basic parameters Value Basic parameters Value

Horizontal section length, m 500 Wellhead environment temperature, °C 25

Submarine environment temperature, °C 5 Submarine section length, m 800

Horizontal well burial depth, m 1,000 Deflecting section length, m 150

Sea temperature gradient, °C/100m -2.5 Formation temperature gradient, °C/100m 3

Gas output index, kg/(MPa·m·s) 0.0001 Water output index, kg/(MPa·m·s) 0.001

Hydrate reservoir pressure, MPa 10 Thermal conductivity of formation, W/m/°C 3.92

Radius of tubing, m 0.05 Tubing thickness, m 0.01

Radius of casing, m 0.1 Casing thickness, m 0.01

Radius of cement sheath, m 0.15 Cement sheath thickness, m 0.05

Thermal conductivity of cement, W/m/°C 19.4 Thermal conductivity of casing and tubing, W/m/°C 45

Hydrate formation rate, mole/(MPa·s·m2) 2:9 × 103 Hydrate dissociation rate, mole/(Pa·s·m2) 1:24 × 1011

Activation energy, J/mole 81084.2 Reaction enthalpy, J/mole 51858
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Figure 5: The original temperature and pressure distribution along
with wellbore.
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wellbore temperature distributions corresponding to the
three schemes is only reflected in the horizontal and
deflecting sections; the lower the environment temperature
is, the lower the fluid temperature will be in a horizontal
section. For the deflecting section, the fluid temperature
in the wellbore will rapidly increase because of the
increase in the environmental temperature. The tempera-
tures in the wellbore for the three schemes are gradually
approaching each other. According to Figure 9(b), the

lower the temperature is in the horizontal section, the fas-
ter the hydrate generation rate will be, and the maximum
hydrate flow rates corresponding to environment tempera-
tures of 5.4°C, 6.4°C, and 7.4°C are 0.036, 0.044, and
0.048m3/d, respectively, which means that a lower well-
bore temperature will lead to a faster hydrate generation
rate; however, because the hydrate decomposition rate is
much faster than its generation rate, the hydrate will rap-
idly decompose when the temperature in the wellbore is
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higher than the hydrate phase equilibrium temperature,
and the differences among the hydrate generation areas
in the three schemes are slight.

4.2.3. Influence of Gas Output. To investigate the influence of
the gas output on hydrate generation in the wellbore, assum-
ing the toe-end pressure and environment temperature as
7MPa and 6.4°C, respectively, the gas output index is set as
0:5 × 10−4 kg/ðMPa · m · sÞ, 1 × 10−4 kg/ðMPa · m · sÞ, and
1:5 × 10−4 kg/ðMPa · m · sÞ for the three schemes, respec-
tively. Figure 10 shows a comparison diagram of the on-
way pressure, temperature, hydrate flow rate, and total gas

and water outputs under different gas outputs. It can be seen
from the figure that, because the frictional resistance of the
wellbore is small, the difference among the fluid pressures
in the horizontal wellbore under different gas outputs is
slight. For the vertical wellbore, the gas holdup increases
because, owing to a large gas output, the density of the gas–
water mixture decreases, and thus, the differential pressure
in the vertical section under a large gas output is small.
According to Figure 10(b), although the difference among
the fluid pressures in the wellbore under different gas outputs
is slight, the pressures in the vertical wellbore under different
gas outputs are different, and the corresponding phase
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equilibrium pressures also have some differences, i.e., the
larger the gas output, the higher the equilibrium temperature
of the corresponding vertical section will be. At the same
time, according to Figure 10(c), the higher gas output corre-
sponds to a larger hydrate generation area and hydrate gen-
eration amount, although the differences among the three
schemes are generally small. Because only the gas production
index is changed, and according to Figure 10(d), the liquid
outputs of the three schemes are basically the same; the gas
outputs increase as the gas output indexes increase.

5. Conclusions

In this study, a multiphase pipe flow of a horizontal well was
combined with natural gas hydrate generation and a decom-
position dynamics model to establish a set of gas–liquid–solid
three-phase flowmodels of a horizontal well when considering
the phase transition in the wellbore. Based on this model, the
temperature and pressure distribution and hydrate secondary
generation rule are analyzed in the wellbore. The main conclu-
sions obtained are as follows:

(1) The viscosities of gas and water are low, the pressure
loss in the horizontal section caused by frictional
resistance is small, and the fluid pressure in the hor-
izontal section is almost the same. If the toe-end pres-
sure is higher than the equilibrium pressure of the
hydrate phase, the hydrate generation condition will
be met within the entire horizontal section

(2) The fluid pressure loss in a wellbore is mainly con-
sumed in the fluid lifting of the deflecting section
and the vertical section after it reaches the deflecting
section; when the environment temperature changes,
the changing trends of wellbore fluid temperature
and environment temperature are the same. Because
the temperatures of the sea-bottom and the subbot-
tom formation are relatively low, the horizontal well-
bore area mainly concentrates on the horizontal
section of the horizontal well, the sea-bottom forma-
tion section, and the subsea area if the hydrate gener-
ation condition is met in a horizontal wellbore

(3) For the case described herein, the fastest hydrate flow
in the wellbore is 0.044m3/d. If the generated hydrate
has certain amounts of pipe wall deposition, it may
block the wellbore and cause a decrease in its effective
diameter. Heating and other measures should be
adopted to prevent hydrate generation in the well-
bore to ensure a smooth production

(4) Pressure in the wellbore has a significant influence on
the secondary hydrate generation. In addition, the
hydrate generation area and flow amount in the well-
bore increase as the toe-end pressure increases, and
thus, to prevent a hydrate generation and wellbore
blockage, the pressure in the wellbore should be
closely monitored during the actual development of
a hydrate reservoir. A lower wellbore temperature
and higher gas output index will lead to a greater

amount of hydrate generated, and the influences of
these two factors on the secondary hydrate genera-
tion will be much smaller than the influence of the
wellbore pressure

The three-phase mass variable mathematical model of a
horizontal well considers the hydrate phase transition, which
is a stable state model. During the depressurization develop-
ment process of a natural gas hydrate reservoir, the pressure,
temperature, and gas and water indexes of the near-wellbore
formation are continuously changing as the development pro-
gresses. At different development stages, the gas–water flow
state and hydrate secondary generation situation in the well-
bore are different, and the influence of the hydrate generated
in the wellbore on the reservoir development is the study cat-
egory of the instable model. Subsequent studies need to couple
the established stable state model with a natural gas hydrate
reservoir depressurization development model and utilize
the coupled instability model to confirm the above studies.
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