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ABSTRACT: During the hydrate exploitation in a shallow marine layer by the mechanical crushing, the hydrate particle
decomposition in a wellbore is one of the most concerning problems. In this research, a hydrate dynamic decomposition model
coupling intrinsic kinetics with mass and heat transfer rates was established. The model can simulate the hydrate particle
decomposition process in flowing water. By comparison, the model calculated results are in good agreement with the measured
values. The numerical simulation results show that hydrate decomposition is a non-isothermal process. In the early stage, the hydrate
decomposition rate mainly depends on the heat transfer rate. However, it is mainly affected by the hydrate intrinsic kinetics in the
late stage. In contrast, the mass transfer rate has little effect on it during the whole decomposition process. By analyzing the influence
of sensitivity parameters, it can be found that the activation energy has an important impact on the hydrate decomposition rate, and
the hydrate decomposition rate constant decreases significantly at E/R > 9000 K. Increasing the water flowing rate is beneficial to the
dissolution of hydrates. System temperature and pressure are two significant factors that directly affect the hydrate decomposition
rate, and increasing the temperature or reducing the pressure can effectively increase the hydrate decomposition rate.

1. INTRODUCTION

Natural gas hydrates have attracted wide attention in recent
years, because they are clean and new energy, and abundant in
the seabed. Some countries, such as China and Japan, have
carried out a series of pilot mining or mining activities, but the
technology is still in its infancy.1,2 At present, hydrate extraction
technology can be divided into two categories: in situ
decomposed extraction and in situ crushing extraction. The
former includes depressurization technology, thermal excitation
technology, carbon dioxide replacement technology, and
injection inhibitor technology. The latter includes solid-state
fluidization technology and mechanical−thermal combination
technology.3,4

A shallow marine hydrate reservoir is characterized by low
cementation strength and high fragileness. If in situ decomposed
extraction technology is adopted, the risk of gas leakage and
marine environment pollution is relatively high during the

mining process. However, the in situ crushing extraction
technology is to break the hydrate into small particles by
mechanical crushing, then transport them to the wellhead
through a pipeline, and finally carry out postprocessing on the
platform,5−9 which can effectively avoid gas leakage and
environmental pollution, as shown in Figure 1. Therefore, the
in-situ crushing extraction technology is more applicable to
hydrate extraction in shallow marine.
During the hydrate particle transportation process, the

hydrate particles decompose due to the increase of temperature
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and decrease of pressure in the wellbore. In the production
system, hydrate decomposition will affect the transport
efficiency of hydrate particles and wellhead safety. Therefore,
it is of great significance to research the decomposition behavior
of hydrate particles in the transportation process.
The investigation found that scholars have done much study

work on the hydrate decomposition model. Bayles et al.10 and
Holder et al.11 investigated the hydrate decomposition based on
thermodynamics during the process of hydrate thermal
excitation mining. Kamath and Holder12 studied the thermal
decomposition process of methane and propane hydrate
through experiments. They thought that hydrate decomposition
depends on interfacial heat transfer and is analogous to the fluid
nucleic boiling. Selim and Sloan13 studied the pure hydrate
block decomposition under constant heat flux. They thought
hydrate decomposition is a moving boundary problem,
assuming that the gas carries water away from the hydrate
surface during the decomposition process. Unfortunately, the
models only considered the heat transfer rate, resulting in a large
error. Kim et al.14 built a hydrate decomposition model to
describe the hydrate intrinsic decomposition rate based on
experiments. They thought hydrate decomposition is a process
that involves the particle lattice destruction and the guest
molecule desorption. However, the model ignored the effect of
heat and mass transfer. Jamaluddin et al.15 established a new
hydrate decomposition model coupling the intrinsic kinetics
with the heat transfer rate based on Kim’s hydrate decom-
position model. Hong et al.16 established an analytical model to
simulate gas production from the hydrate reservoirs under
depressure exploitation. They thought that the hydrate
decomposition rate depends on heat transfer, intrinsic kinetics,
and gas−liquid two-phase flow in porous media. Oyama et al.17

proposed a hydrate decomposition model based on heat transfer
and phase equilibrium.
All the above models mainly described the hydrate in situ

decomposition in the reactor and porous media. Besides, some
researchers investigated the hydrate decomposition character-
istics in the flow state. Sean et al.18 studied the methane hydrate
dissociation process under water flowing conditions by
combining experimental observation and CFD numerical

simulations. They believed that the hydrate dissociation rate
constant does not depend on the flow rate and the system
pressure. Hamaguchi et al.19 deduced the relationship between
the Reynolds number and the Nussle number by conducting
hydrate decomposition experiments in flowing water. They
thought that the decomposing gas will improve the hydrate
decomposition rate, when the water temperature is higher than
the gas boiling point.
Meanwhile, in oil and gas transportation, some researchers

have studied the law of multiphase flow in the process of hydrate
slurry transportation. Due to the complexity of hydrate flow in
diverse transportation pipelines, scholars mainly use exper-
imental methods to study the characteristics of hydrate flow in
gas−liquid two-phase systems. Turner et al.20 proposed a
mechanism model of hydrate formation, slurry flow, and
blockage in a three-phase oil−gas−water-mixed transportation
system. They divided the process of slurry flow into two
categories: emulsification−crystallization−aggregation and ad-
hesion−deposition−clogging. Joshi21 found the influence of
hydrate on the transition of the gas−liquid two-phase flow
pattern in the hydrate loop experiment under a high water
content. Zerpa et al.22 established a gas−liquid−solid slug flow
model considering hydrates by coupling the hydrate formation
model and the slug flowmechanismmodel. Shi et al.23 combined
the hydrate shell bidirectional growth model with the stratified
flow and slug flow mechanism models to construct a quasi-
steady-state mechanism model for the stratified flow and slug
flow of natural gas-hydrate slurry.
In conclusion, the current hydrate decomposition models

mainly depend on Kamath’s and Kim’s models. However, they
ignored the combined effects of the hydrate intrinsic kinetics
with heat and mass transfer rates. Meanwhile, these models
cannot accurately describe hydrate particle decomposition
features in the flow state. In addition, the research on the
characteristics of multiphase flow in the process of hydrate
transportation mainly focuses on oil and gas transportation and
primarily studies the growth, deposition, and blockage of
hydrates. There are few studies on the process of hydrate
decomposition. Therefore, developing a mathematical model to
describe the hydrate decomposition process in flowing water is
necessary. In this work, we developed a new mechanism model
of hydrate decomposition that coupled the hydrate intrinsic
kinetics with the heat and mass transfer rates. The effects of
activation energy, water velocity, system temperature, and
pressure were analyzed using the built model.
This study will be beneficial for improving the knowledge of

the hydrate particle decomposition phenomenon in flowing
water and the hydrate decomposition during the hydrate
exploitation bymechanical crushing, thus providing a theoretical
support for improving the transportation efficiency after hydrate
crushing of reservoirs and ensuring the safety of wellheads.

2. MATHEMATICAL MODEL

During the hydrate particles’ upward transportation in the
wellbore, they will gradually decompose and generate a lot of gas
due to the increase of temperature and the decrease of pressure.
Then, the decomposed remaining hydrate particles will continue
to move upward with the bubbles in the water, as shown in
Figure 2. The hydrate decomposition rate is controlled by
hydrate intrinsic kinetics and heat andmass transfer rates, and its
sensitive parameters include water velocity, hydrate particle size,
system temperature, and pressure.

Figure 1. Schematic diagram of in situ crushing exploitation of Marine
shallow hydrates.
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Before establishing the model, the following basic assump-
tions are made:

(1) The hydrate particles do not rupture and permeate.
(2) Physical parameters of hydrate, such as density, specific

heat, and hydrate thermal conductivity, do not change
with time and temperature.

(3) The convective heat transfer coefficient does not change
with the radius of hydrate particles.

(4) The temperature distribution is symmetric to spherical
coordinates in hydrate particles.

2.1. Methane Hydrate Dynamic Decomposition
Model. According to Kim’s methane hydrate decomposition
experimental results,14 the hydrate decomposition rate is related
to the particle surface area, temperature, and pressure.
Therefore, the methane hydrate dynamic decomposition
model can be expressed as follows

n
t

A
r
t

k A f T p f T p
d
d

d
d

( , ) ( , )h hyd eq eq eqρ= = − [ − ]
(1)

The hydrate decomposition rate constant can be determined
by the hydrate intrinsic decomposition rate constant and mass
transfer rate constant, as shown in the following formula

k k k
1 1 1

hyd hydc hydf
= +

(2)

According to the Arrhenius equation, the hydrate intrinsic
decomposition rate constant calculation formula is as follows

k k e E RT
hydc hydc

0 /( )act= [− ]
(3)

2.2. Mass Transfer Process. Figure 3 shows the details of
the hydrate particle decomposition process. With the decom-
position of hydrate particles, a concentration boundary layer
filled with a mixture of methane gas and water will first be
generated on the surface of the particles. As the hydrate
continues to decompose, the resulting water and gas flow
through the particle concentration boundary layer and then
diffuse into the surrounding water. The Sherwood number can
measure this process. It can be expressed as a function of
Reynolds numbers and Schmidt numbers, which can be written
as

n f n(Re, )sh sc= (4)

Hamaguchi et al.19 carried out hydrate decomposition
experiments under water flow conditions. Meanwhile, they
used the lattice gas automata method to simulate hydrate
decomposition in flowing water. Finally, they derived the
relationship between the Reynolds number and the Schmidt
number as follows

n n0.347Resh
0.62

sc
1/3= (5)

According to the related theories of mass transfer, the
formulas for the Sherwood number, Reynolds number, and
Schmidt number can be obtained as follows
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For a very dilute non-electrolyte solution (solvent A+ solvent
B), the diffusion coefficient of methane gas in water can be
estimated using the Wilke−Chang formula as follows

D
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V
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= ×
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(7)

The mass transfer rate constant of methane gas can be
obtained using eqs 5 and 6
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Figure 2. Hydrate particles’ upward transport process in a wellbore.

Figure 3. Schematic diagram of the mass transfer process of hydrate
decomposition.

Figure 4. Schematic diagram of heat transfer process between the
hydrate particles and water.
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2.3. Heat Transfer Process. It can be seen form Figure 4
that the heat transfer process includes heat conduction inside the
particle and heat convection between the hydrate particles and
water, when the hydrate particles move in water.
During the hydrate transportation, the temperature distribu-

tion of hydrate particles can be divided into the initial state,
heating stage, and decomposition stage, as shown in Figure 5. In
the initial state, the temperature of hydrate particles is Tinit.
During the heating stage, hydrate particles’ surface temperature
rapidly reaches the hydrate phase equilibrium temperatureTe. In
the decomposition stage, the surface temperature Ts of the
hydrate particles depends on the heat conduction of hydrate
particles, the heat convection between the hydrate particles and
water, and the heat absorption of hydrate decomposition.
The heat conduction inside the hydrate particle depends on

the heat conduction equation as follows
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The heat convection between hydrate particles and water can
be measured using the Nusselt numbers, which can generally be
expressed as a function of Reynold numbers and Prandtl
numbers. Its corresponding relationship is as follows

Nu f (Re, Pr)= (10)

Based on the experimental data, Gao et al.24 calculated the
Nussel number, which is as follows

Nu 0.01215Re Pr0.7922 0.3= (11)

The heat absorption of hydrate decomposition can be
obtained using the Clausius−Clapeyron equation
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3. NUMERICAL SOLUTIONS
3.1. Governing Equation of Discrete Heat Conduction.

In order to clarify the physical concept of the heat conduction
partial differential equation and ensure the significance of the
dispersion coefficient, the governing equation is discretized by
using the finite volume method. Both sides of the governing
equation were multiplied by r2 sin2 θ, and the heat conduction
equation within the control volume, as shown in Figure 6, was
integrated as follows
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Unsteady term integral discretization
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Diffusion term integral discretization in the φ direction

Figure 5. Schematic diagram of the heat transfer process of hydrate particles.

Figure 6. Geometric diagram of the sphere control volume.
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Diffusion term integral discretization in the θ direction
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Source term integral discretization:
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By sorting out the discrete results, the governing equation can
be expressed as
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In order to accurately calculate the surface temperature of
hydrate particles, logarithmic grid spacing is used in the radial
direction, as shown in Figure 7. The formula is as follows
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3.2. Initial and Boundary Conditions. The initial
conditions are as follows
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The boundary conditions are as follows
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3.3. Auxiliary Equation. Based on the definition of pure
material fugacity, the calculation formula of methane gas
fugacity can be derived by using the Redlich−Kwong (R−K)
equation
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The calculation formula of the coefficient of the R−K
equation is as follows
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According to the comparison form of the R−K equation, the
calculation formula of the methane gas compression factor is
derived as follows
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The phase equilibrium temperature can be obtained by using
the hydrate phase equilibriummodel established by Dzyuba and
Zektser,25 as shown below

T p9.6339 ln 264.9661eq eq= + (27)

3.4. Solution Process. We adopted the finite volume
method to discretize the control equation of the model.
Meanwhile, we used the logarithmic grid to discretize the
control body. We discretized all control units and obtained a set
of seven-diagonal linear equations. In this paper, we used the
Gauss−Seidel iterative method to solve the equations. The flow
chart of the entire solution process shown in Figure 8 and the
detailed calculation steps are as follows:

1. Enter the thermophysical parameters such as hydrate
density, heat capacity, and thermal conductivity, as well as
basic parameters such as hydrate particle radius, water
flow velocity, and pipe diameter.

2. Input the initial temperature and pressure, divide the
space grid, and discretize the control equation.
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3. Use Formula 27 in the manuscript to calculate the hydrate
phase equilibrium temperature Teq. Determine whether
the surface temperature of the hydrate particle reaches the
critical temperature of hydrate decomposition.

4. If Ts < Teq, it means that the hydrate particles have not yet
begun to decompose.We used the boundary conditions in
Formula 23 to solve the linear eq 20 and obtained the
temperature distribution T of the hydrate particles at time
t. Then, return to step 3 and calculate the temperature of
hydrate particles at time t + 1.

5. If Ts > Teq, it means that the hydrate particles have
decomposed. Assume the surface temperature Tassume and
the radius Tassume of the hydrate particles.

6. Use Formulas 2, 3, 8 in the manuscript to calculate the
intrinsic dynamic rate constant, mass transfer rate
constant, and hydrate decomposition rate constant,
respectively.

7. Use eqs 20 to calculate the temperature distribution of
hydrate particles to determine whether the surface
temperature of hydrate particles meets the accuracy
requirements, that is, |Ts − Tassume| < δ.

8. If the surface temperature of the hydrate particles satisfies
|Ts − Tassume| < δ, the temperature distribution of the
hydrate particles at time t is correct, otherwise, return to
the step 5 for correction.

9. According to the calculated temperature distribution of
hydrate particles, use Formula 1 to calculate the radius r of
the hydrate particles at time t. Determine whether the
radius of the hydrate particles meets the accuracy
requirements that is |r − rassume| < δ.

10. If the radius of the hydrate particles satisfies |r − rassume| <
δ, the calculation of the radius of the hydrate particles at
time t is correct, otherwise, return to the step 5 for
correction.

11. Determine whether the hydrate particles wholly decom-
posed. If r≥ 0, it means that the hydrate particles have not
entirely decomposed, and the calculation is over at time t.
We need to update the grid nodes and return to step 5 to
calculate the time t + 1.

12. If r < 0, it means that the hydrate particles are all
decomposed, and the calculation ends. Then, output the
calculation result.

4. MODEL VALIDATION

In this paper, the developed dynamic decomposition model of
hydrate was verified by using the experimentally measured data.
We compared the calculation results of the model with the
experimental results of Hamaguchi et al.19 They tested the
decomposition rate of hydrate particles when the system
temperatures were 295, 297, 308, and 310 K. The water flow

Figure 7. Schematic diagram of the radial logarithmic grid.

Figure 8. Flow chart of the model.
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rates were 10, 30, and 60 L/min. We compared the experimental
results with the model calculation results, as shown in the figure
below. It is easy to find from Figure 9 that the calculation results
of the model in this paper are in good agreement with the
experimental results, which further proves the model’s accuracy.
The experimental relevant parameters are shown in Table 1.

In addition, the calculation results of the new model were
compared with those of the Kim model11 and Jamaluddin
model,12 whose results are shown in Figure 10. The figure shows
that the calculated results of the new model are closer to the
experimental results. The calculated results of the Kim model
and Jamaluddin model deviate from the experimental results to a

certain extent, among which the computed results of the Kim
model have more error. The main reason is that the Kim model
only considered the intrinsic kinetics of hydrate, but regarded
hydrate decomposition as an isothermal reaction. The
Jamaluddin model ignored the mass transfer resistance of the
decomposed gas. At the same time, we can find that the
calculation result of Jamaluddin model is closer to the
experimental measurement value than the Kim model, that is
to say, the effect on the decomposition rate of the heat transfer
rate is more significant than the mass transfer rate. This further
proves the accuracy of the model.

5. RESULTS AND DISCUSSION
A series of numerical simulations were carried out using the
established model to research heat and mass transfer processes,
and the hydrate particle decomposition in flowing water. The
simulation parameters are shown in Table 2.

5.1. Results. Through a series of numerical simulations, the
hydrate particle decomposition behavior in flowing water is
studied. In the process of simulations, it is assumed that the
hydrate particle is suspended in the pipeline in a balanced state
without settling.

Figure 9.Comparison of the measured and calculated results. Reprinted with permission from [Hamaguchi, R.; Nishimura, Y.; Inoue, G.; Matsukuma,
Y.; Minemoto, M. Gas hydrate decomposition rate in flowing water. J. Energ. Resour-Asme. 2007, 129, 102−106]. Copyright [2007] [J. Energ. Resour-
Asme].

Table 1. Experimental Relevant Parameters

parameter value

initial temperature of hydrate particles 280 K
initial diameter of hydrate particles 45 mm
experimental system temperature 295 K
experimental system pressure 0.1 MPa
experimental glass square pipe dimensions 80·80·800 mm
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It is easy to see from Figure 11 that in the early stage of
decomposition of hydrate particles, the surface temperature and
decomposition rate of hydrate particles increase sharply. As the
hydrate particles continue to decompose, the surface temper-
ature of the hydrate particles gradually stabilizes. On the
contrary, due to the decrease of the diameter of hydrate particles,
the dissociation surface area decreases, leading to the gradual
decline of the hydrate decomposition rate. Therefore, we can
realize that the heat transfer efficiency on the surface of hydrate
particles dominates in the early stage of decomposition of
hydrate particles. When the surface temperature of the hydrate
particles gradually stabilizes, the intrinsic power of the hydrate
plays a significant role. In addition, due to the higher
temperature of the hydrate particles, the gas diffusion coefficient
is larger. The gas generated by the decomposition rarely
accumulates on the surface of the hydrate particles, so the mass
transfer resistance has little effect on the decomposition rate of
the hydrate.

The temperature distributions of hydrate particles at different
times are shown in Figure 12 and 13. The temperature of hydrate
particles increases gradually along with the radius from the
inside to the outside. At the same time, with the increase of time,
the hydrate particles continue to shrink, and the overall
temperatures increase and gradually approached the water
temperature. This further indicates that hydrate decomposition
is not an isothermal process, and the heat transfer rate of hydrate
particles cannot be ignored.
The change law of rate constant during hydrate decom-

position is studied, and the results are shown in Figure 14. With
the increase of time, the hydrate decomposition rate constant
and intrinsic rate constant increase gradually, while the mass
transfer rate constant decreases gradually, which is mainly due to
the increase of surface temperature of hydrate particles, which
leads to the decrease of mass transfer resistance of methane gas.
Besides, we can find that the intrinsic kinetics plays a dominant
role in the hydrate decomposition process, and the mass transfer
rate has little effect on the hydrate decomposition rate.

5.2. Discussion. During mining shallow marine hydrate by
in situ crushing extraction, the characteristics of hydrate particle
decomposition during pipeline transportation have an impor-
tant influence on the exploitation system’s safety and the
economic rate of return. Therefore, to further understand the
decomposition of hydrates in the flowing water, we studied the
effects of sensitive parameters such as activation energy, particle
diameter, system temperature, and pressure on the particle
diameter, surface temperature, and decomposition rate constant
during the hydrate decomposition process.

5.2.1. Influence of the Activation Energy. The activation
energy has an important influence on the hydrate decomposition
rate. Kim et al. (1987) estimated the activation energy of
methane hydrate decomposition reaction based on the
experimental data and concluded that the value of E/R was
about 8700 K. Therefore, A and B were used to compare and
analyze the influence of activation energy on hydrate
decomposition. Therefore, the E/R values of 8000, 8500,
9000, and 9500 K were used for comparative analysis to explore
the influence of activation energy on hydrate decomposition.
It can be seen from Figure 15 that, with the increase of

activation energy, the shrinkage rate of hydrate particle diameter
slows down significantly, indicating that the hydrate decom-
position rate decreases. Simultaneously, with the increase of
activation energy, the hydrate decomposition rate constant
decreased significantly, especially when E/R > 9000 K, as shown
in Figure 16. It can be seen from Figure 17 that the higher
activation energy, the higher the surface temperature of hydrate
particle. Besides, we can find that when the activation energy is
low, the decomposition rate of hydrate is mainly controlled by
the intrinsic kinetics. In contrast, when the activation energy is
high, the hydrate decomposition rate is jointly determined by
the intrinsic kinetics and the heat and mass transfer rates.

5.2.2. Influence of the Water Velocity. Through numerical
simulations, it is found that the water velocity has a significant
influence on the hydrate decomposition rate. As can be seen
from Figure 18, with the increase of flowing rates, the heat
convection on the surface of hydrate particles increases, the heat
transfer rate increases, and the surface temperature of hydrate
particles increases accordingly. The increase of the surface
temperature of hydrate particles accelerates the decomposition
of hydrate particles. It can be clearly seen from Figure 19 and 20
that the hydrate decomposition rate constant and the rate of
particle diameter shrinkage increase. Besides, the increase of

Figure 10. Comparison of the model reported in this paper and the
model of Kim and Jamaluddin. Reprinted with permission from [Kim,
H. C.; Bishnoi, P. R.; Heidemann, P. A.; Rizvi, S. S. H. Kinetics of
methane hydrate decomposition. Chem. Eng. Sci. 1987, 42, 1645−
1653]. Copyright [1987] [Chem. Eng. Sci]; Reprinted with permission
from [Jamaluddin, A. K. M.; Kalogerakis, N.; Bishnoi, P. R. Modeling of
decomposition of a synthetic core of methane gas hydrate by coupling
intrinsic kinetics with heat transfer rates. Can. J. Chem. Eng. 1989, 67,
948−954]. Copyright [1989] [Can. J. Chem. Eng].

Table 2. Simulation Parameters

parameters values

system temperature 310 K
system pressure 7 MPa
initial diameter of the hydrate particles 40 mm
initial temperature of the hydrate particles 273 K
water flowing rate 30 L/min
hydrate particle density 0.0083 mol/cm3

hydrate particle heat capacity 255 J/(mol·K)
hydrate particle thermal conductivity 0.005 W/(cm·K)
hydrate number 5.75
hydrate intrinsic rate constant 1.56396 × 109 cm/(MPa·s)
activation energy 78300 J/mol
Universal gas constant 8.314 J/(mol·K)
pipe diameter 80 mm
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water velocity also promotes the gas mass transfer process so
that the mass transfer rate increases, thus enlarging the hydrate
decomposition rate.
5.2.3. Influence of the System Temperature. It is well known

that system temperature is one of the critical factors affecting the
hydrate decomposition rate. The higher the system temperature
is, the higher the heat transfer rate will be. Furthermore, hydrate
particles’ surface temperature will increase correspondingly,
which will eventually promote the increase of the hydrate
decomposition rate constant and the particle diameter reduction
rate, as shown in Figures 21, 22, and 23. Besides, with the
increase of system temperature, the mass transfer resistance of
methane gas decreases continuously, which leads to the increase
of the gas mass transfer rate in the process of hydrate
decomposition, and accordingly promotes the decomposition
of hydrate.
5.2.4. Influence of the System Pressure. The calculation

results show that, as expected, the system pressure significantly
affects the hydrate decomposition rate. It can be seen from

Figures 24 and 25 that the lower the system pressure, the higher
the shrinkage rate of the hydrate particle diameter and the
hydrate decomposition rate constant. This further indicates that
pressure is the main driving force of hydrate decomposition and
depressure-induced hydrate decomposition is one of the main
methods to extract hydrate. Besides, it is worth noting that for
the hydrate, the surface temperature of particles increases with
the decrease of pressure, as shown in Figure 26 which is mainly
because hydrate decomposition is an endothermic reaction. The
higher the hydrate decomposition rate, the more heat absorbed,
and the lower the surface temperature of hydrate particles.

6. CONCLUSIONS
Based on the intrinsic kinetics of hydrates, a dynamic
decomposition model of hydrates in flowing water was
established considering the coupling effects of heat and mass
transfer rates. The decomposition process of hydrate particles in
flowing water was investigated by using the established model.
Moreover, the influence of sensitive parameters such as

Figure 11. Hydrate particle diameter, surface temperature, and the decomposition rate vary with elapsed time.

Figure 12. Cloud image of the hydrate particle diameter and
temperature at different decomposition times.

Figure 13.Temperature of hydrate particles varies along with the radius
at different decomposition times.
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Figure 14. Relation curve of different rate constants with time.

Figure 15. Hydrate particle diameter varies with time under different
activation energies.

Figure 16. Hydrate particle decomposition rate constant varies with
time under different activation energies.

Figure 17.Hydrate particle surface temperature varies with time under
different activation energies.

Figure 18. Hydrate particle diameter varies with time at different
flowing rates.

Figure 19. Hydrate particle decomposition rate constant varies with
time at different flowing rates.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.1c03091
ACS Omega 2021, 6, 23355−23367

23364

https://pubs.acs.org/doi/10.1021/acsomega.1c03091?fig=fig14&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c03091?fig=fig14&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c03091?fig=fig14&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c03091?fig=fig14&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c03091?fig=fig15&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c03091?fig=fig15&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c03091?fig=fig15&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c03091?fig=fig15&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c03091?fig=fig16&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c03091?fig=fig16&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c03091?fig=fig16&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c03091?fig=fig16&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c03091?fig=fig17&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c03091?fig=fig17&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c03091?fig=fig17&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c03091?fig=fig17&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c03091?fig=fig18&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c03091?fig=fig18&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c03091?fig=fig18&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c03091?fig=fig18&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c03091?fig=fig19&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c03091?fig=fig19&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c03091?fig=fig19&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c03091?fig=fig19&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.1c03091?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Figure 20. Hydrate particle surface temperature varies with time at
different flowing rates.

Figure 21. Hydrate particle diameter varies with time at different
system temperatures.

Figure 22. Hydrate particle decomposition rate constant varies with
time at different system temperatures.

Figure 23. Hydrate particle surface temperature varies with time at
different system temperatures.

Figure 24. Hydrate particle diameter varies with time at different
system pressures.

Figure 25. Hydrate particle decomposition rate constant varies with
time at different system pressures.
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activation energy, water velocity, system temperature, and
system pressure on the hydrate decomposition characteristics
was analyzed. This paper draws the following conclusions
through the study:

(1) The hydrate decomposition is a non-isothermal process,
and the decomposition rate depends on the intrinsic
kinetics, heat, and the mass transfer rate of the hydrate. At
the initial stage of hydrate decomposition, the surface
temperature of hydrate particles increases sharply, and the
hydrate decomposition rate mainly depends on the heat
transfer rate. In the late hydrate decomposition stage, the
surface temperature of hydrate particles tends to be stable,
and the hydrate decomposition rate depends on the
hydrate intrinsic kinetics. By contrast, the mass transfer
rate has little influence on the hydrate decomposition rate.

(2) The activation energy of the hydrate decomposition
reaction has an important effect on the hydrate
decomposition rate. The higher the activation energy,
the faster the hydrate decomposition. When E/R > 9000
K, the hydrate decomposition rate constant decreases
significantly. Besides, with the increase of water velocity,
the intensity of heat convection increases, thus accelerat-
ing the decomposition of hydrate particles.

(3) System temperature and pressure are two major factors
affecting the hydrate decomposition rate. With the
increase of system temperature, the surface temperature
of hydrate particles increases, and the heat transfer rate
increases, thus speeding up hydrate decomposition. The
decrease of system pressure directly increases the driving
force of hydrate decomposition and increases the hydrate
decomposition rate.
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■ NOMENCLATURE
n molar amount of hydrate, mol
t time, s
tin time for hydrate particles to begin to decompose, s
khyd hydrate decomposition rate constant, mol/(MPa·m2·s)
khydc hydrate intrinsic decomposition rate, mol/(MPa·m2·s)
khydf mass transfer rate, mol/(MPa·m2·s)
khydc
0 hydrate intrinsic decomposition rate constant, mol/

(MPa·m2·s)
khydf
0 mass transfer rate constant, mol/(MPa·m2·s)
A dissociation surface area of hydrate, m2

feq equilibrium fugacity, MPa
f fugacity, MPa
T temperature, K
Teq equilibrium temperature, MPa
Tw water temperature, K
Ts surface temperature of hydrate particle, K
Tinit initial temperature of hydrate particle, K
Tc critical temperature, K
Tr reduced temperature, K
p pressure, MPa
peq equilibrium pressure, MPa
pc critical pressure, MPa
pr reduced pressure, MPa
Eact activation energy, J/mol
R gas constant, J/(mol·K)
nsh Sherwood numbers
nsc Schmidt numbers
Re Reynolds numbers
ds hydrate particle diameter, mm
DAB diffusion coefficient, m2/s
ν water flowing rate, m/s
ρ density, kg/m3

μ viscosity, Pa·s
Z compression coefficient
c specific heat capacity, J/(kg·K)
λ heat conductivity coefficient, W/(m·K)
r hydrate particle radius, m
Pr Prandtl numbers
Nu Nusselt numbers
ΔHh heat of hydrate decomposition, J/kg
S source term
M molar mass of hydrate, kg/mol
θ spherical coordinates, azimuth

Figure 26. Hydrate particle surface temperature varies with time at
different system pressures.
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φ spherical coordinate elevation

L
distance from the center of the hydrate particle to the
surface, m

i ith node
i0 mesh adjustment factor
m total number of nodes

■ SUBSCRIPTS

g gas
l liquid
h hydrate
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