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Abstract  

Better understanding of the dissociation and transport mechanism of methane hydrate contributes to 

the future commercial extraction of hydrate. This paper presents a comparative study on the 

dissociation and transport modeling of methane hydrate in core-scale sandy sediments. The 

mathematical model is established considering the heat and mass transfer in the hydrate dissociation 

and the migration process of gas-water flow. The permeability model of the core is modified based 

on the lab test on the Berea sandstone, which is more feasible and physical than those by historical 

matching. The theoretical model is verified by comparing with experiments. The following 

improvements are achieved: 1) The distribution of the synthetic hydrate within the core in the lab is 

not uniform even when assuming the core is homogeneous. 2) Better agreements are acquired 

between the simulation and experimental data using the simulated initial distribution of the hydrate, 

water and methane in Masuda’s experiment. 3) As the first effort in literature, the mini peak of the 

far-field pressure and the temperature fluctuation in Masuda’s experiments are investigated by 

simulation, which reveals the physical reason for the phenomena. Moreover, this paper provides new 

insight into the modeling validation using Masuda’s experiment for numerical simulation 

benchmarking. 

 

Keywords: methane hydrate, dissociation mechanism, nonuniform distribution, heat and mass transfer 

1 Introduction  

With the expansion of the world population and the environmental concerns caused by coal and 

petroleum, the global demand for natural gas will grow fastest of the fossil fuels over the period to 

2035, with an increasing rate of 1.9% per year [1-3]. Natural gas has been widely promoted as a 

promising transition fuel into the future world with sustainable energy system, which is kind of 

cleaner and more efficient one than other traditional energy sources. The dissociation of hydrate per 

cubic meter of gas hydrate will release methane of 160 m3 at the standard pressure and temperature 

condition. It is believed that the global natural hydrate deposit contains methane gas ranging from 

3000 trillion cubic meters (TCM) to 20,000 TCM, the most conservative estimation of which is still 
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about 10 times larger than the conventional natural gas [4-6]. This may make those countries that 

currently import natural gas to become self-sufficient [7,8]. Meanwhile, the impact of hydrate on the 

greenhouse effect is also emphasized by scholars because it is an important part of the global carbon 

cycling [9,10]. While all fossil fuels impact the environment in some way, natural gas emits the least 

amount of carbon dioxide into the air than oil and coal when combusted, which makes it as the 

cleanest burning fossil fuel of all [11]. According to the literature, methane is potent greenhouse gas, 

around 20 times more effective per molecule than carbon dioxide [12]. And it is conceivable that 

global warming will affect the stability of methane hydrate and bring the potential risks of the leakage 

of the methane from the ocean to the atmosphere. Thus, the safe and economical way of hydrate 

mining became relevant. According to the literature, the hydrate distributes in the marine sediments 

and permafrost region and exhibits pore habits of contact-cementing, surface-coating, load-bearing, 

pore-filling and patchy pattern [13]. The hydrate deposit of high saturation in the sandy sediments 

was treated as the economically favorable target of hydrate mining. The successive field tests of 

hydrate mining over the world up to now were conducted in the sandy (or partly sandy) sediments 

[14-16]. These short-duration scientific field tests revealed that the primary technology for gas 

hydrate production will be depressurization, compared with heating and chemical injection 

stimulation [17-21]. As a consequence, the dissociation and transportation of the hydrate in the sandy 

sediments by depressurization has been a hot research topic. 

Many Scholars produced methane hydrate in the synthetic cores using natural sandstone or 

synthetic cores generated by the mineral grains (e.g., quartz glass beads, quartz sand, corundum, and 

silicon carbide) and cylindrical vessel with different size. Using these synthetic hydrate cores, Huang 

and Fan [21], Cortes et al. [22], Yang et al. [23], Wang et al. [24] investigated the thermal conductivity 

and specific heat capacity of cores, and gave the fitting functions of the two parameters with the 

porous media type, porosity and hydrate saturation under the different temperature and pressure 

conditions. Kumar et al. [25], Oyama et al. [26], Ta et al. [27], and Singh et al. [28] studied the effects 

of the hydrate saturation on the absolute permeability and water-gas relative permeability of the core, 

and proposed corresponding correlations using classic theory. In addition, some scholars adopted 

these synthetic hydrate cores to simulate the exploitation of the methane from the hydrate cores and 

optimize the recovery plans. Li et al. [29], Yang et al. [30], Zhao et al. [31], Li et al. [32], Nair et al. 

[33] found the remarkable influencing factors of the gas production rate include the permeability, 

hydrate saturation, initial temperature and thermal conductivity of the hydrate cores. Li et al. [34] and 

Feng et al. [35] simulated the development process of the methane hydrate using a cubic vessel and 

analyzed the effects of single production well or double wells on the gas production rate. Most 

research agrees that the combined use of the depressurization, heat, and chemical injections will be 

the most efficient way of the hydrate exploitation, while the depressurization is the most economic 

with a good efficiency. 

Among these studies, there are two remarkable experiments. One is the experimental result 

reported by Masuda [36] on the core-scale hydrate dissociation experiments in Berea sandstones by 

depressurization. The time-dependent pressure at the far-field boundary to the fluid outlet and 

temperature at three different points in the core were investigated, as well as the gas and water 

production. Though the porosity and permeability of the natural Berea sandstone adopted in their work 

were much lower than the natural sandy hydrate deposit, they provided basic experimental benchmark 

data for hydrate dissociation modeling. And it’s impossible to inspect the temperature and pressure 

inside of the rock, since the sensors can’t be located in the cores without destroying it. Besides, Chong 
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and Yin et al. [37, 38] generated the hydrate in the synthetic sandy sediments by silica sands and a 

cylindrical vessel (Φ10.2×12cm). They investigated the recovery of gas in the water-saturated bearing 

sediments via depressurization and thermal stimulation. Since it’s applicable to set the temperature and 

pressure sensors inside of the synthetic cores, the temperature of 12 inspecting points inside of the rock 

and the pressure of the reactor bottom via the time are observed, as well as the gas & water production. 

Meanwhile, they also presented simulations on their experimental results [39,40], which is ideal for 

theoretical validation and also used in this paper. Since that most parameters of these two experiments 

are known, it makes them a good benchmark data for validation of the core-scale hydrate dissociation 

and transportation modeling. 

Masuda et al. [36] also conducted one dimensional simulation on their experiments. However, 

the gas production and the temperature distribution varied with the experimental benchmark data, 

while a good agreement was obtained on the pressure response. Nazridoust and Ahmadi [41] 

simulated the Masuda’s experiments using the volume of fraction (VOF) model in FLUENT software 

and the self-developed user’s defined subroutine. Better match is acquired compared to Masuda’s 

simulation. However, the gas production and the temperature distribution were also delayed 

compared to Masuda’s experimental data, and the far-field boundary pressure fell earlier than that of 

the experiment. The cumulative water production was 3.3 times than that of the experiment. Liang et 

al. [42] simulated Masuda’s experiment using the dissociation models proposed by Sun [43] and self-

developed IMPES (implicit pressure-explicit saturation) numerical codes. Similar results were 

acquired as Nazridoust and Ahmadi’s work. Ruan et al. [44] and Zhao et al. [45], which are come 

from the same team, also tried to simulate the Masuda’s experiment using the same codes but with a 

different permeability function of hydrate saturation. The temperature distribution in Zhao’s work 

was more delayed than that of experimental data and other simulation results. They used different 

points or sections for the temperature inspecting and validation with the experiments. Chen et al. [46] 

used the similar VOF scheme as Nazridoust [41] to model their simulation on hydrate dissociation. 

The major difference between Chen’s work and the previous literature lies in that Chen adopted a 

constant temperature boundary to the non-flow sides of the core while others used adiabatic boundary 

conditions with constant heat flux to represent the air-bath effect. They also compared to the previous 

simulation results, whereas there are obvious differences among these numerical results. Hardwick 

and Mathias [47] commented on these studies neglecting the water production and the far-field 

boundary pressure, while the only pressure result by Nazridoust [41] is thought as inconsistent with 

the Masuda’s observed pressure data. They proposed a piece-wise function permeability model of the 

hydrate cores to study the temperature and pressure of the inspecting point. Good agreements are 

acquired by comparing to other simulation results and the experimental data. And they used three 

different points as the previous simulations for temperature inspecting. Sun et al. [48] adopted 

Hardwick and Mathias’s permeability model and conducted verification using Masuda’s experimental 

result. However, in Masuda’s experimental pressure data, there is a peak during the dissociation 

process, while these simulation results all indicated a continuous reduction of pressure via time. Deng 

et al. [49] proposed a new piece-wise permeability function of hydrate saturation, which is 

discontinuous on the piece point. They used the commercial software COMSOL to simulate the 

Masuda’s experiment, and got the pressure peak point in their simulation as the Masuda’s 

experimental data. They concluded their achievements as the peak point is not an accidental 

phenomenon, but one of the characteristics of the two-phase flow in porous media caused by hydrate 

dissociation. Deng et al. [50] extended their studies by transforming the hydrate dissociation model 
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into a new piece-wise function based on the previous models, in the similar way as the permeability 

in [49]. However, it’s found that some key parameters of these proposed theoretical models in 

literatures varied largely, e.g., the hydrate dissociation constant (the maximum up to 100 times), the 

reaction surface calculation, the permeability model, the thermal properties of Berea sandstone, and 

even the inspecting location for temperature validation. Moreover, the fluctuation of both the far-field 

pressure and temperature in the experimental benchmark data was not investigated in the literature. 

This paper presents a comparative study on the dissociation and transport modeling of methane 

hydrate in core-scale sandy sediments. The new permeability model of the core is proposed based on 

the lab test on the Berea sandstone. The basic governing equations of the proposed model are solved 

by the Fluent software, while the modified permeability model and hydrate dissociation model are 

programmed using user defined function (UDF). The UDF is a subroutine interface that can be 

dynamically loaded with the FLUENT solver to enhance the standard features of the code. It can be 

used to define boundary conditions, material properties, and source terms. The theoretical model is 

verified by comparing with Masuda’s dissociation experiment via depressurization and Chong’s 

experiment via thermal stimulation. The nonuniform initial distribution of the hydrate, water, and 

methane in Masuda’s hydrate dissociation experiment is reproduced by simulation on hydrate 

formation. This distribution is used as the input for the hydrate simulation for Masuda’s experiments. 

Better agreements are acquired between the simulation and experimental data, compared with the 

simulation studies in the literatures. Meanwhile, comparative analysis on this study with the earlier 

studies on modeling of Masuda’s dissociation experiments is conducted. 

2 Mathematical Model 

2.1 Governing equations of porous multiphase flow and heat transfer 

The continuity equations for different fluid phases are  

( ) ( )0 , , ,k k k k ku m S k h g w
t

  


− + = =


                    (1) 

where 
km  is the mass rate of dissociation/formation of species k, ϕ0 is the porosity, S is the saturation, 

ρ is the density, t is the time, and 
ku  is fluid velocity. The subscripts h, g, w represents the hydrate, 

gas, and water, respectively. For the multiphase system, 

1g w hS S S+ + =                                      (2) 

The effective porosity of the porous media is  

( )0 1e hS = −                                      (3) 

The momentum equation for the porous flow is modeled by the addition of a momentum source 

term to the standard fluid flow equations. The source term is defined by Darcy’s law. When neglecting 

the gravity, the Darcy’s law for porous flow is  
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( ), ,D rk
k k

k

K K
u P k g w


= −  =                               (4) 

Krk is the relative permeability of phase k and μk is the phase viscosity. KD is the absolute permeability 

of the sandstone which contains hydrate. P is the fluid pressure. 

The capillary pressure between the water and gas can be described by the Brooks-Corey model 

[48] 
0.65

0
1

w wr
ca g w

wr gr

S S
p p p p

S S

−

 −
= − =   − − 

                              (5) 

where p0 is the gas entry pressure, 1000kpa; Swr and Sgr is the residual saturation of water and methane, 

respectively. 

The Corey formula is used to calculate the relative permeability of water and gas [47], 

,
1 1

nw ng

gw wr
rw rg

wr wr

SS S
K K

S S

   −
= =   

− −   
                          (6) 

where Krw and Krg are the relative permeability of water and gas, and Swr is the irreducible saturation 

of water, and nw and ng are empirical exponents. 

Hydrate dissociation is an endothermic process. The heat transfer equation of solids and fluids in 

the representative volume is derived as 

( )

( ) ( )

0 0 0 0

w

1 R R h h h w w w g g g

gw w g g e h

C T S C T S C T S C T
t

T C u C u T Q

       

  


 − + + + + 

  + −  =
               (7) 

where T is the temperature, C is the heat capacity, U is the internal energy, and h is the enthalpy. 

Subscript R represents rock. λe is the effective thermal conductivity and is defined as the mass 

weighted 

( ) ( )0 01e R h h w w g gS S S      = − + + +                           (8) 

where λR, λh, λw and λg are the thermal conductivity of rock, hydrate, water, and gas, respectively. hQ  

is the source term due to the endothermic reaction based on the hydrate dissociation, which is 

discussed in the following section. 

In the process of the hydrate dissociation, the core in the holder or reactor is located in a constant 

temperature environment using cycling water or air bath. The heat transfer between the sample and 

the environment can be expressed as  

( )0bq T T= −                                           (9) 

where q is boundary heat flux; T0 is air temperature; λb is the boundary heat transfer coefficient which 

is determined by the heat transfer coefficient of the rubber sleeve and the environmental convection 

strength.  
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2.2 Permeability modeling of rock containing hydrate 

Many studies have tried to reveal the effects of the existing hydrate on the absolute permeability 

of rock. Masuda et al. [36] proposed a simple power law between the absolute permeability and 

hydrate saturation, which can be expressed as  

( )0 1
N

D D hK K S= −                                  (10) 

where KD0 is the absolute permeability when the hydrate saturation Sh=0, and N is the permeability 

reduction index which is determined experimentally. And N is assumed as 15 in the paper of Masuda 

et al. to calibrate the experimental benchmark data, but caused extra 120min of gas production time 

[36]. Other scholars adjusted this model using different reduction index N (from 3 to 30) to simulate 

the dissociating experiment by Masuda et al. [36]: N was equal to 15 in Nazridoust’s [41] and Zhao’s 

[45] simulation, and N=11 in Ruan’s work [44]. This model was found to be able to maintain the 

production time, but failed to simulate a sustained far-field boundary pressure compared with the 

experimental benchmark data.  

Amyx et al. [51] conducted an experiment in laboratory to study the performance of hydrate 

dissociation through depressurization of a methane hydrate core sample, which was artificially made 

with a Berea sandstone. Considering that the Berea sandstone is adopted in the Masuda’s experiments, 

some scholars used this bilinear relationship between the permeability and porosity in semi-

logarithmic coordinates [43,52]: 

( )

( )

0.86

9.1478

5.51721 , 0.11

4.84653 10 , 0.11

e e

D

e e

K
 

 

  
= 

  

                            (11) 

Daigle [53] assumed that the permeability decreased to some significantly small value until the 

dissociation of the hydrate is almost complete. Based on this idea, Hardwick and Mathias [47] 

proposed the permeability reduction model as follows: 

( )

0

0 0 0

/100,

,0
/100 /100

D h hc

D h hchc h
D D D

hc

K S S

K S SS S
K K K

S




=   −
+ −  

 

             (12) 

where Shc is the threshold value of hydrate saturation. In Hardwick and Mathias’s work, the Shc is 

reported as 10-4[47]. 

Deng et al. [49] combined the Eq.10 and Eq.11 and proposed the permeability expression as  

( )

( )

0.86

0

5.51721 , 0.11

, 0.11

e e

D N

D e e

K
K

 

 

  
= 



                             (13)  

Deng et al. [50] also proposed another piecewise function of permeability as 

e

0

0

- -
,

- -

-
,

-

f e i
Di Df e f

f i f i

D

e f

D Df Df e f

f

K K

K

K K K

   
 

   

 
 

 


− 


= 

 
− +    
 

                             (14)  

where ϕi and KDi are initial porosity and initial permeability, respectively; ϕf and KDf' are the porosity 
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and permeability at the inflection point, respectively; and N is the index. However, the authors didn’t 

give the definition or exact values of these new proposed parameters.  

Here, considering the permeability should be equal to the origin Kd0 when the absence of the 

hydrate. We modify the Eq.11 proposed by Amyx by multiplying a coefficient: 

( )

( )

0.86

9.1478

1.18534 5.51721 , 0.11

1.18534 4.84653 10 , 0.11

e e

D

e e

K
 

 

   
= 

   

                    (15) 

2.3 Dissociation mechanism of methane hydrate 

The reaction of hydrate dissociation & formation is represented in Eq (16) 

Dissociation

4 2 4 2
Formation

CH 5.75H O CH +5.75H O⎯⎯⎯⎯→ ⎯⎯⎯⎯                              (16) 

Water is assumed to be incompressible, and the volume and the mole number of methane gas are 

calculated using the Peng–Robinson (PR) equation of state, 

2 22
g

m m m

RT a
P

V b V bV b


= −

− + −
                              (17) 

2 20.4572 c

c

R T
a

P
=                                      (18) 

0.07780 c

c

RT
b

P
=                                     (19) 

( )( )( )
2

2 0.51 0.37464 1.54226 0.26992 1 rT  = + + − −                   (20) 

r

c

T
T

T
=                                           (21) 

g

m

g

V
V

n
=                                          (22) 

where Pg, R, T, Vm, Tc, Pc, α, Tr, and ng represent the pressure of methane gas, gas constant, temperature 

of porous media, molar volume of methane gas, critical temperature of methane, critical pressure of 

methane, acentric factor of methane, reduced temperature, and mole number of methane gas, 

respectively. Here Tc, is 190.8K and Pc is 4640kPa.  

The generation rate of methane due to the dissociation of hydrate can be calculated as [54], 

( ) ( )0

E

RT
g d g d eh g d g d eh gm k M A P P k e M A P P


−

= − = −                       (23) 

where 
0

dk  is the intrinsic constant, ΔE is activation energy, R is the universal gas constant, Mg is the 

molecular weight of methane. Peh is the equilibrium pressure, Pg is the methane pressure. Ad is reacting 

surface of hydrate, which is believed to be related to the content and existing mode of hydrate in porous 

media, and is also affected by hydrate filling level in pores. 
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The direct determination of Ad is still a challenge, for it’s difficult to investigate the hydrate 

directly in the pores. Yousif used Amyx’s capillary tube model for rock pores to estimate the Ad for 

hydrate dissociation by Kozeny-Carman equation [51,53]. This expression is based on the assumption 

that the hydrate covers the rock grains uniformly: 

3

2

e
d

D

A
K


=                                             (24) 

Kim et al. [54] proposed the following equation to estimate the Ad: 

0d h geoA S A=                                          (25) 

where ϕ is absolute porosity; Sh is the saturation of hydrate; Ageo is the surface area to volume ratio of 

hydrate particles, which is determined by the hydrate particle diameter (2r). In Kim’s work, r is 

assumed as 16μm, which leads to Ageo=3.75×105 m2/m3, 
0 51.24 10dk =    mol/m2∙Pa∙s. Clarke and 

Bishnoi [55] found r distributed about 8 μm with a standard deviation of approximately 3 μm. And the 

Ageo= was reported as 7.5×105 m2/m3and 
0 43.6 10dk =   mol/m2∙Pa∙s. 

Kumar et al. combined Eq.24 and Eq.25 and proposed [25]  

3

0
0

02
d h

D

A S
K


=                                      (26) 

Deng et al. combined Eq.24 and Eq.26 and proposed [50] 

1 0

1/2

2 0

,

,
2

h
h geo

hI

d e

e h
h

D hI

S
S A r

S
A

S
S r

K S

 


 





= 

   
 

                                (27) 

where θ1=1 and θ2=4 used in Deng’s work, and ShI is initial hydrate saturation. r0 is the demarcation 

point of the proposed piecewise function which depends on the model used for permeability calculation.  

For the methane hydrate with the form of CH4·(NH)H2O, the dissociation rate of hydrate (
hm ) 

and the generation rate of water (
wm ) can be calculated by  

/w w H g gm M N m M=                                  (28) 

/h h g gm M m M− =                                    (29) 

where Mw and Mh are the molecular weight of water and hydrate, respectively. 

The equilibrium pressure can be calculated by [56,57]  
9459

49.3185

1.15 T
ehP e

−

=                                  (30) 

In Eq. (7), hQ   is the source term due to the endothermic reaction based on the hydrate 
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dissociation, which can be defined as [58], 

g

h h d g g g g g g

p
Q m H S u p

t
  


= −  − − 


                      (31) 

where 
hm  is the mass dissociation rate for methane hydrate, and ΔHd is the latent heat of hydrate 

during the dissociation of methane hydrate, T is the temperature. σg is the Joule-Thomson throttling 

coefficient, -1.5E-4. The heat of dissociation (∆Hd) is defined as the enthalpy change to dissociate the 

hydrate phase to a vapor and aqueous liquid at the temperature just above the ice point [52]. According 

to Gupta et al. [59], ∆Hd can be expressed as  

( )( ) ( )h g w h g g heh
d

h

M M h h M h hdP
H T

dT M

 − − + −
 =  

  

                 (32) 

The density of the water is assumed as constant. The density of the methane is calculated by the 

PR equation. Then the water and the gas production during the hydrate dissociation process under the 

standard conditions are derived as  

g

gs

gs

w
w

w

m
V

m
V





=

=

                                             (33) 

where mg and mw are acquired by the mass flow rate of methane and water on the outlet.  

3 Case validation for the basic hydrate dissociation and transportation mathematical model 

Two experimental cases are used as model validation in this paper, including Chong’s experiment 

via thermal stimulation and Masuda’s dissociation experiment via depressurization. The initial state 

of the hydrate in the reactor and the starting state of the dissociation for the two experiments are 

shown in Fig.1, as well as the phases equilibrium curve of methane hydrate and water freezing line. 

And the dissociation state is approved to ensure the whole sample is above the ice point. The 

temperature and pressure inside of the core are assumed as uniform initially. The sandy core is also 

assumed as uniform in porosity, permeability and thermal properties. In the process of the hydrate 

dissociation, the core in the holder or reactor is located in a constant temperature environment using 

cycling water or air bath, which provides the required heat for the endothermic reaction. And the 

kinetic reaction of the hydrate dissociation obeys the same assumption as Kim’s work [54]. The 

multiphase of water, gas and hydrate is treated as Darcy flow, while the hydrate phase is regarded as 

stagnant with extremely low permeability. Meanwhile, the thermal properties of the fluids and solids 

used in the simulation are listed in table.1. The fluids properties of methane, hydrate, and water used 

in the simulation refer to the standard database according to the literature [60]. The properties of 

quartz sand used in Chong’s experiment were measured directly in their work [61]. However, the 

thermal properties of the Berea sandstone varied in different literatures, since the rock is not a pure 

substance, the properties changes with the mineral composites. For example, in Hardwick and 

Mathias’s work [47], the thermal conductivity of Berea sandstone was 8.80 W∙m-1∙K-1, while in Deng 

et al.’s work it was 1.35 W∙m-1∙K-1[49]. Considering that the energy supply for the endothermic 
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process of the hydrate dissociation relies on thermal exchange between the rock and the air bath, this 

difference definitely impacts the dissociation and transport process in the core. According to the 

experimental study in the literature [62], the conductivity of the Berea sandstone under the Masuda’s 

experimental condition ranged from 2 to 3 W∙m-1∙K-1. Here, 3 W∙m-1∙K-1is adopted in our work.  

Meanwhile，the commercial Fluent software is adopted to solve the governing equations, the 

feasibility and efficiency of which have been proven in many studies. The Eulerian model is used for 

two-phase flow of water and gas. The phase coupled SIMPLE algorithm is used to solve the coupling 

velocity and pressure, and the second-order upwind scheme for the momentum and energy equations. 

The PR equation of the state is adopted for the gas properties calculation of methane. Default 

relaxation factors are used. The absolute convergence criterion is set to 1E-5 for all equations.   

 

Figure 1 Initial condition and boundary conditions in validation cases 1, 2 with the phases equilibrium curve of methane hydrate and 

ice  

Table 1. Phase properties used in the simulation 

 
Density ρ 

(kg/m3) 

Fluids 

viscosity (cp) 

Thermal 

conductivity 

(W·m-1·K-1) 

Thermal capacity 

Cp (J·kg-1·K-1) 

Water 1000 1 0.6 4180 

Hydrate 910 - 0.393 2010 

Methane PR equation 0.01 0.00335 2205 

Sandy Grains 2650 - 0.5 800 

Berea sandstone 2650 - 3 800 

3.1 Case 1 of Chong’s hydrate experiments on hydrate dissociation via thermal  

The experiment and simulation on hydrate dissociation via thermal stimulation by Chong et al. 

[39] are adopted as benchmark data for model validation. The experiment was conducted in a 

cylindrical vessel with the inner size of Φ102mm×120mm. The hydrate is formed in the sandy porous 

media in the reactor initially. Then the hydrate was dissociated in the reactor using a boundary-wall 

heating thermal stimulation technique. The fluids production and the temperature of the inspecting 

point inside of the sediments were collected. The authors also conducted simulations using 

TOUGH+Hydrate v1.5 numerical simulator [39]. In this work, the 2D symmetry domain of the 
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reactor is modeled according to the original experimental setup using ICEM software. A schematic 

diagram of the meshed models and its dimension is shown in Fig.2, as well as the temperature 

inspecting point. A total of 1740 quadrilateral cells are meshed for the 2D symmetry model, and the 

outflow channel is refined locally. As the assumption used in [39], the hydrate, water, and methane 

gas are assumed as uniform distribution in the sandy samples. The properties of fluids and sandstone 

cores in the simulation are listed in Table.2, which are determined by the original study of Chong et 

al. [38]. The initial pressure and temperature of the synthetic hydrate sample are 4.5MPa and 277.2K, 

to ensure the stability of hydrate in the core according to the phases equilibrium curve of methane 

hydrate. Then the reactor is heated using cycling water of 283.2K to start the hydrate dissociation and 

provide the required heat for this endothermic reaction. The internal diameter of pressure outlet is 

6.00 mm. The thickness of the reactor surrounding wall is 15mm, and that of the top & bottom wall 

is 25 mm, which is represented by virtual shell model in Fluent. The material properties used in the 

simulation of case1 are listed in the table2.  

Table.2 Properties of fluids and sandstone cores in the simulation for Chong’s experiments[33] 

Parameter  Value 

Initial temperature 277.2K 

Initial Pressure 4.5MPa 

Initial Permeability 3.83D 

Porosity of the sand cores(ϕ) 0.44  

Initial hydrate saturation (Sh) 0.40 

Initial water saturation (Sw) 0.58 

Initial gas saturation (Sg) 0.02 

Boundary temperature (Tair) 283.2K 

nw in Eq. 3.0 

ng in Eq. 3.0 

  

Figure 2. Schematic diagram of the meshed models and its dimension for case 1 of Chong’s experiment 

The simulation cumulative methane production (Vg-total) via time during the hydrate dissociation 

is shown in Fig.3, as well as the experimental data and simulation benchmark data in the literature. 

Good agreement is acquired. The gas production is slightly faster than the experimental data in the 

initial 75min but becomes slower after that. The main reason lies in that the homogeneous assumption 
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of the initial distribution of hydrate in the core sample. Many experimental results and simulations 

have proven the nonuniform distribution of the synthetic hydrate in the core samples [34, 57, 58].  

The temperature evolution of the same inspecting points (as Ta and Tb in the Fig.2) as the 

experiment in the core is investigated and shown in Fig.4. The location of Ta and Tb is 38mm and 

25mm to the symmetry axis, respectively. Both Ta and Tb rise from the initial temperature 277.2K to 

the ambient temperature 283.2K in about 250min. And the increase of Ta is slower than that of Tb 

which is closer to the heated boundary and earlier in the dissociation process of hydrate. The 

simulation shows better agreement to the experimental benchmark data compared to the simulation 

result in literature [39]. The only difference of the reactor model between the two cases is Chong et 

al. used a constant layer of 0.1 mm to represent the reactor wall, while a virtual wall with the same 

thickness as the experimental setup is adopted. And the numerical solver also differs that Fluent used 

in this study is a finite volume method (FVM) based software while TOUGH is based on finite 

difference method (FDM). The difference between the simulation and experimental data is mainly 

caused by the inhomogeneity of the synthetic sandy porous media. The spatial distribution of hydrate, 

water, and gas at the time of 100min is also presented in Fig. 5. It’s found that the hydrate dissociates 

starting from the surrounding boundaries of the reactor, which provides the required energy for the 

endothermic reaction from the water bath. The water and methane of high saturation mainly 

distributes near the boundary, where the hydrate dissociated completely. And the distribution of the 

water and methane is heterogeneous. The methane gas flows toward to the upper boundary of the 

model driven by the buoyancy. While, the tendency of the water immigrating to the bottom by the 

gravity is not obvious, which is believed to be mitigated by the capillary pressure. The overall 

distribution of the hydrate, water, and gas is consistent with that of [39], which proves the feasibility 

of our model and simulations. It should be noted that the permeability reduction caused by the hydrate 

saturation is neglected both in this paper and Chong’s simulation. This case aims to verify the basic 

hydrate dissociation and transportation model proposed by this paper, with the exception of the effects 

of the permeability model. 

 

Figure 3. Cumulative gas production (Vg-total) via time 
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Figure 4. Ta and Tb of the simulation and experimental benchmark data 
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Figure 5. Saturation distribution of hydrate, methane and water at t=100min 

3.2 Case 2 of Masuda’s hydrate experiments on hydrate dissociation via depressurization 

The hydrate used in Masuda et al.’s experiment is synthesized in the lab. Some literature have 

revealed that the distribution of the synthetic hydrate in the core is not uniform even when assuming 

the core is homogeneous [40, 63, 64]. This study reproduces Masuda’s hydrate dissociation 

experiments using a nonuniform distribution of hydrate firstly, which is acquired by hydrate 

formation simulation initially. 

There are several methods proposed to generate hydrate in the lab in literature, including [64]: 

(a) ice-to-hydrate method; (b) the excess-gas method; (c) the excess-water method; and (d) the 

dissolved-gas method. The ice-to-hydrate method mixed the ice and sands to generate hydrate, while 

there is little hydrate formation in the matrix of the porous media. The excess-gas method and the 

excess-water method refers to injecting the gas and water in sequence, which are the most widely 

used for hydrate formation in porous media in the lab. Here, the excess-water method is adopted for 

the hydrate formation simulation. The schematic of the excess-water method is presented in Fig.6. 

0 50 100 150 200 250 300 350 400

277

278

279

280

281

282

283

284

 Exp.Ta by Yin et al.(2018)

 Exp.Tb by Yin et al.(2018)

 Sim.Ta by Yin et al.(2018)

 Sim.Tb by Yin et al.(2018)

 Ta of Case in this study

 Tb of Case in this study

T
em

p
er

at
u

re
/K

Time/min



14 

 

The gas will be injected firstly, following by the cooling process and water injection. To achieve the 

same saturation as Masuda’s experiment, a total of 0.456mol methane is injected into the core, then 

followed by the 4.90mol water at the temperature 298K. The pressure of the core will be up to 

33.72MPa after the injection of gas and water. Then the system will be cooled to 280K to form the 

hydrate. After the average hydrate saturation reaches 0.501, the formation process is completed. And 

the temperature and pressure of the core sample will be initialized to 275.45K and 3.75MPa. The 

initial hydrate saturation and pressure & temperature conditions follow the previous work by 

simulation [47-50]. The simulated distribution of the hydrate, methane, and water saturation is 

presented in Fig.7. It’s found that the continuous hydrate formed along with the contact areas between 

the grains and the cycling water (the surrounding surfaces and the bottom of the reactor). The reason 

lies in that the temperature of the region close to the constant temperature boundary will decrease to 

the formation temperature of hydrate at the earliest, and the hydrate starts formation from these areas 

to the core part. And these regions are also easier to release the generated heat by the hydrate 

formation to the external environment. Thus, the hydrate formation concentrates near the boundary 

of the cooling environment. Meanwhile, there is a hydrate-water-methane coexistence region in the 

middle part of the core when the simulation is completed, which means the final hydrate saturation 

will be larger if the formation process continues. And the distribution of the hydrate, methane and 

water is highly complex and heterogeneous, which shows that the homogeneous assumptions in the 

previous studies are not accurate, even invalid. The distribution pattern of the hydrate, water and 

methane shows a good agreement on the tendency with the simulation results using the excess-water 

method by Yin et al. [64]. 

 

Figure 6 Schematic of the excess-water method with the phases equilibrium curve of methane hydrate and ice 
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(b) Distribution of methane saturation 

 

 

(c) Distribution of water saturation 

Figure 7 Simulated distribution of hydrate, methane and water saturation 

This distribution is used as the input for the hydrate simulation for Masuda’s experiments. The 

pressure and the temperature in the domain are initialized as uniform (3.75MPa and 275.45K). The 

2D symmetry domain of the core is discretized into 20 equally-spaced points in the y direction and 

120 equally-spaced points in the x direction and a total of 2400 cells are generated using ICEM 

software. The simulation boundary conditions are presented in Fig.8. The left side is the outlet for the 

fluids with the pressure of 2.84MPa. The surrounding face and the right side are non-slip and free 

convection walls with the air bath at the temperature of 275.15K. According to the literature [47], the 

reasonable range of h is 1.90–272.7 W/(m2·K) assuming a sleeve thickness of 10 mm in Masuda’s 

experiment. This study adopts 60W/(m2·K). The edges of the symmetry axis and the outlet are defined 

as x and y coordinate axis, respectively. Three key points, P1(7.5, 2.5), P2(15, 2.5), P3(22.5, 2.5), on 

the core surfaces will be inspected for the temperature in the dissociation process. In some literature, 

the sections S1-S4 and the point P0’&P2’ are also adopted for temperature inspection and validation 

with the experimental results (detailed discussion is conducted in section4). The pressure variation 

with the time of the right side on the core is recorded for comparison with the experimental data. The 

material properties used in the simulation are listed in Table 3. According to the literature [47-50], 

the initial average saturation of the hydrate, methane and water is 0.501, 0.148 and 0.351, respectively; 

the initial permeability and the porosity of the Berea core without hydrate is 97.98mD and 0.182. 

 

Figure 8 Schematic of boundary condition for hydrate dissociation simulation on Masuda’s experiment. S refers to section, P refers to 

point. 

Table.3 Properties of fluids and sandstone cores in the simulation for Masuda’s experiments 

Parameter  Value 

Initial temperature 275.45K 

Initial Pressure 3.75MPa 

Outlet Pressure 2.84 MPa 

Initial Permeability of Core  97.98mD 

Porosity of the sand cores(ϕ) 0.182  
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Initial average hydrate saturation (Sh) 0.501 

Initial average water saturation (Sw) 0.351 

Initial average gas saturation (Sg) 0.148 

Ambient temperature (Tair) 274.15K 

Density of sands (ρR) 2650kg/m3 

Thermal conductivity of sands (λR) 3.0W/m∙K 

Specific heat of sands (CR) 800J/kg∙K 

nw in Eq. 0.86 

ng in Eq. 2.11 

 

The comparison between the simulation results and the Masuda’s experiment is shown in Fig.9, 

including the changing of the methane production, the far-field boundary pressure and the 

temperature of the inspecting point with time. The results of the simulation agree well with Masuda’s 

experimental benchmark data. The gas production vs. time of the simulation and the experiment is 

shown in Fig.9(a), which indicates that the production rate of the simulation is about 10 minutes 

earlier than that of the experiment. The coefficient of determination (R2) of the gas production is 

0.962. As is in Fig.9(b), the far-field boundary pressure in the simulation accurately reproduces the 

experimental data, including the pressure increasing peak in the curve around 50 min. The R2 of far-

field boundary pressure is 0.969. The predicted temperature of P1 and P2 is found to match the 

experimental benchmark well. The temperature P3 of the simulation is lower than that of the 

experiment. Moreover, it’s the first time to investigate the same fluctuant tendency of temperature 

during the 20 min to 100min by simulation. The temperature on the inspecting point P1(7.5, 2.5), 

P2(15, 2.5), P3(22.5, 2.5) are presented in Fig.9(c), the R2 of which are 0.915, 0.926 and 0.738, 

respectively. Considering that the homogeneity assumption of the core sample is used, the proposed 

initial distribution of the hydrate, water and methane in this paper is verified to represent the Berea 

core sample used in Masuda’s experiment properly. 

For gas-liquid flow, there is a direct relationship between the variation of pressure and 

temperature distribution. To reveal the reason of the pressure and temperature fluctuation in the curve 

around 50min, the pore pressure at different inspecting points ((0,0), (0,1), (0,2), (7.5,0), (15,0), 

(22.5,0) during 20 to 100min is shown in Fig.9(d). It’s found that the pore pressure of the fluid domain 

increases during this period. According to the equation of state for real gas, the rising of the pressure 

means the increase of the temperature when the volume is constant. Thus, the decrease of the 

temperature is slowed down until reaching the minimum temperature when the pressure increases 

initially. Following that, there was a stage of rapid increase of the temperature. The reason for this 

phenomenon is believed that the hydrate dissociation rate is too fast at the beginning of the rising of 

the pressure. After the dissociation of the hydrate, part of the gas and water will remain in the pore 

where the hydrate once in, while others will be released from the outlet. Obviously, the permeability 

of the sample is too low to transport all the fluids released by hydrate, which will lead to the increasing 

of the pressure. And the rising of the pressure increases the temperature and slows down the 

dissociation of hydrate. 
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(a) Accumulation gas production vs. time at the outlet 

 

(b) Pore pressure vs. time at the far-end boundary 

 

(c) Temperature of P1, P2 & P3 vs. time 
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(d) Pore pressure vs. time at different inspecting points during 20 to 100min 

Figure 9. Comparison between the simulation results and the Masuda’s experiments 

4 Results and discussion 

This section presents a comparative analysis on the models and simulation results of this paper 

and the earlier studies. There are several models proposed to revisit Masuda’s sandstone core hydrate 

dissociation experiment. The basic fluids governing equation and heat transfer models are almost 

identical. The main differences lie in the thermal properties of the Berea grains, the permeability 

models, and the Reaction surface models of hydrate dissociation. Here, we listed these differences in 

table 4.  

Table 4. Different modeling on Masuda’s experiment in literature 
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4.1 Comparison with the simulation results in literature 

Fig.10 shows the comparison on the temperature of the inspecting point/section between this 

study and the literature [20, 36, 41-50]. In Masuda’s experiment, the temperature at 7.5 cm, 15 cm, 

and 22.5 cm (refers to TP1, TP2, and TP3) from the fluid outlet is observed. Considering that it’s 

impossible to fix the temperature sensor inside of the natural Berea sandstone core without destroying 

it, the inspection point should be on or close to the core surface. Theoretically, the closer to the outlet, 

e.g. TP1, the earlier the dissociation of the hydrate and the decreasing of the temperature. All the 

modeling results, excepting for Chen et al. [46], predicted correctly the TP1 decreased earlier than 

TP21, which is earlier than TP3 in the early stage of the hydrate dissociation. Following that, TP1 raised 

earlier than TP2, which is earlier than TP3. Moreover, it should be noted that different inspecting points 

or sections are used in the literature to validate the experimental benchmark data, as is in Table 4. The 

adopted points or sections can refer to the schematic in Fig.8. In general, the average temperature on 

the section is lower than that of the surface point. In the literature [20, 41,42, 44,45], the temperature 

of the section S0 (0.375cm) is used to validate the experimental TP1 (7.5cm). Adopting the same 

model, the predicting temperature in [42,44] is consistent (but the inspecting location is different) in 

Fig(a) (c), while a very different result was reported in [45]. However, the studies in literature all 

failed to predict the temperature fluctuation as the experimental curve.  

 

(a) Temperature validation for TP1 in Masuda’s experiment in our study and literature 
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(b) Temperature validation for TP2 in Masuda’s experiment in our study and literature 

 

(c) Temperature validation for TP3 in Masuda’s experiment in our study and literature 

Figure 10. Comparison on the temperature of the inspecting point/section between this study and the literature 

Figure 11 presents the comparison on the far-field pressure between this study and the literature. 

Some former studies didn’t present the predicted far-field pressure. The predicted result by Masuda 

et al. [36] and Nazridoust et al. [41] is obviously different from the experimental benchmark data. 

Ruan et al. [44] didn’t report the far-field pressure in the literature, while the adopted model and 

parameters in hydrate dissociation are close to those in [36]. Chen et al.’s result showed about 100 

min earlier than that of the experiment when the far-field pressure is equal to the outlet [46]. Hardwick 

and Mathias’s result [47] is close to the experimental data. However, all these studies mentioned 

above failed to reproduce the mini peak between about 25 min and 75 min. And there is also no 

temperature fluctuation in their studies. Deng et al.’s work predicted the mini peak, while the 

maximum peak value is lower than that of the experiment and there was no corresponding 

temperature fluctuation in their result [49,50]. Our model successfully reproduces the shape of the 

experimental benchmark data, with the exception of the higher value after the pressure peak. 
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Figure 11. Comparison on the far-field pressure vs. time between this study and the literature 

Figure 12 presents the comparison on the gas production of the outlet vs. time between this study 

and the literature. Masuda’s result shows obvious delay in methane production [36]. Though the 

temperature in Liang et al. [42] and Ruan et al. [44] were the same, they predicted a very different 

gas production curve. Wang et al. [20], Hardwick and Mathias’s result [47] and Deng et al. [49,50] 

all predicted a smaller methane gas production in the early stage of hydrate dissociation, while this 

study predicts a higher gas production during that period. It should be noted that the initial hydrate 

saturation in [20, 36, 41-46] used is which is 0.443 measured by Masuda, while the studies in [47-50] 

thought it should be 0.501. This study also adopts the value of the average hydrate saturation as 0.501. 

This difference leads to the different values of the final methane production. Based on the 

comparisons with the earlier studies above, the model proposed in this paper shows a better 

improvement on hydrate dissociation prediction in the core sample. From this perspective, it’s 

essential to take the uniform distribution of hydrate and fluids into consideration. 

 

Figure 12. Comparison on the gas production of the outlet vs. time between this study and the literature 

4.2 Comparison on models and properties with the simulation results in literature 

The reason for the differences in the predicted results in literature is discussed in this section, 
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which are mainly thermal properties of Berea sandstone grains, the permeability model, and reaction 

surface model. Since the values of some key parameters were not mentioned in the earlier studies, 

it’s difficult to conduct a parallel comparison. For example, the thermal properties of the Berea 

sandstone were only reported in Hardwick and Mathias’s work [47] and Deng et al.’ work [49,50], 

while the thermal conductivity in Hardwick and Mathias’s work is 6.5times larger than that of Deng 

et al.’ work.  

Meanwhile, the earlier studies paid much attentions on the permeability modeling of the hydrate 

core sample. According to the literature, the permeability reduction by the hydrate is controlled by 

the hydrate saturation, whose functional relationship mainly depends on the pore-filling pattern of 

the hydrate, including the contact-cementing, surface-coating, load-bearing, pore-filling and patchy 

[13]. As is stated in section 2, there are mainly five permeability reduction models by hydrate of the 

core in literature, which are Eq. (10) to Eq. (14). As shown in Fig.13, Hardwick and Mathias’s model 

[47] and Deng et al.’ model [49,50] enhance the permeability when the hydrate saturation is below 

0.4, which are based some assumptions. The discontinuous point in Deng et al.’ model [49,50] may 

give rise to convergence difficulties. To our knowledge, no literature reported the discontinuity of the 

permeability in the hydrate formation experiments. The modified permeability reduction model in 

this study is very close to that in the literature [20, 36, 41-46], but the simulation results in our study 

are much closer to experimental data and more accurate than these in literatures as discussed in 

section 3. The model used in this study is modified by Eq.11 proposed by Amyx [51], which is based 

on the lab test of the Berea sandstone (the same as the Masuda’s experiment). We modified Eq.11 by 

multiplying a constant coefficient, considering the permeability should be 97.98mD when the absence 

of the hydrate. It should be more feasible and physical compared to the empirical models by curve 

fitting or historical matching. 

 

Figure 13. Comparison on the permeability models proposed in this study and the literature 

5 Conclusion 

This paper presents a comparative study on the dissociation and transport modeling of methane 

hydrate in core-scale sandy sediments. The mathematical model is established considering the heat 

and mass transfer in the hydrate dissociation and the migration process of gas-water flow. The new 
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permeability model of the core is proposed based on the lab test on the Berea sandstone. The basic 

governing equations of the proposed model are solved by the Fluent software, while the modified 

permeability model and hydrate dissociation model are programmed using UDF. The theoretical 

model is verified by comparing with Masuda’s dissociation experiment via depressurization and 

Chong’s experiment via thermal stimulation. Meanwhile, an comparative analysis on this study with 

the earlier studies on modeling of Masuda’s dissociation experiments is conducted. The following 

improvements can be concluded: 

1) The permeability reduction model used in the study is modified based on the lab test on the Berea 

sandstone, which is more feasible and physical compared to the empirical models by historical 

matching. 

2) The distribution of the synthetic hydrate in the core in the lab is not uniform even when assuming 

the core is homogeneous. The nonuniform initial distribution of the hydrate, water, and methane 

in Masuda’s hydrate dissociation experiment is reproduced by simulation on hydrate formation. 

This distribution is used as the input for the hydrate simulation for Masuda’s experiments. Better 

agreements are acquired between the simulation and experimental data, as compared with the 

simulation studies in the literature. 

3) The mini peak of the far-field pressure and the temperature fluctuation in Masuda’s experiments 

are firstly investigated by simulation. The insight of this phenomenon is revealed firstly.  

This paper provides new insights into the modeling validation using Masuda’s experiment for 

numerical simulation benchmarking. Moreover, this study shows that it’s essential to take the initial 

heterogeneous distribution of the synthetic hydrate in the core into consideration when simulating the 

dissociation process of the hydrate, which provides an important guidance for the future modeling 

study. It should be noted that the real distribution of the hydrate in the pore should be more complex 

and heterogeneous, which requires high-resolution imaging technology to figure out, e.g., micro-CT 

or NMR, as well as pore-scale modeling in the simulation. 

Author Contribution Statement 

Rui Song: Conceptualization, Data curation, Investigation, Methodology, Writing - original draft. 

Xiaoyu Feng: Investigation. Shuyu Sun & Yao Wang: Supervision, Writing - review &editing. 

Jianjun Liu: Writing - review & editing. 

Declaration of competing interests 

The authors declare that they have no known competing financial interests or personal 

relationships that could have appeared to influence the work reported in this paper. 

Acknowledgment 

This work was financially supported by National Natural Science Foundation of China (Grant 

Number 51909225, 51874262); King Abdullah University of Science and Technology (KAUST) 

(Grant Number BAS/1/1351-1301); Natural Science Foundation of SWUST (Grant Number: 

20zx7129), and financial support from China Scholarship Council. 



26 

 

Availability of data and material 

All the data and materials used in this paper are available from the corresponding author upon request. 

 

Nomenclature 

Ad   reacting surface of hydrate, m2 

Ageo  surface area to volume ratio of hydrate particles, 1/m 

Dp   average size of the glass beads, m  

Ck   heat capacity of phase k, J/(Kg·K) 

ΔE  activation energy, KJ 

h    enthalpy, J 

ΔHd latent heat of hydrate during the dissociation of 

methane hydrate, J/kg 

KD0 absolute permeability of the sandstone without 

contains hydrate, mD 

KD  absolute permeability of the sandstone which contains 

hydrate, mD 

Krk  relative permeability of phase k 

kd  hydrate dissociation constant, Pa·s 

0

dk   intrinsic constant, mol/m2·Pa·s 

mk   mass flow rate of phase k on the outlet, kg/s 

km  mass rate of dissociation/formation of phase k 

Mk  molecular weight of phase k 

p0  gas entry pressure, Pa 

pca  capillary pressure, Pa 

Pc  critical pressure of methane, 4640kPa 

Peh  equilibrium pressure of hydrate, Pa 

Pk  pressure of phase k, Pa 

hQ  energy source term 

r   radius of the hydrate particle, m 

R  gas constant. 8.314 J·K−1·mol−1 

Shc  threshold value of hydrate saturation 

Sk  saturation of water, methane and hydrate 

Swr irreducible saturation of water 

Sgr residual saturation of methane 

t   time, s 

T  temperature, K 

T0  temperature of the air/water bath, K 

Tc  critical temperature of methane, 190.8K 

U  internal energy, J 

Vm  molar volume of methane gas, m3/mol 

ng  mole number of methane gas 

α  acentric factor of methane 

ϕ0  absolute porosity 

ϕe  effective porosity 

ku  fluid velocity of phase k, m/s  

ρ   density of phase k, kg/m3 

μk  viscosity of phase k, Pa·s 

λb  boundary heat transfer coefficient, W/(m2·K) 

λk  thermal conductivity of phase k, W/(m·K) 

λe  effective thermal conductivity, W/(m·K) 

σg  Joule-Thomson throttling coefficient, -1.5E-4 

Subscripts 

w   water 

h   hydrate 

g   methane gas 

R  solid matrix 

N  permeability reduction index 

k  different phases of hydrate, methane and water 

Abbreviations 

TCM  trillion cubic meters 

VOF  volume of fraction 

IMPES  implicit pressure-explicit saturation 

UDF  user defined function 

PR    Peng–Robinson  

https://en.wikipedia.org/wiki/Joule
https://en.wikipedia.org/wiki/Kelvin
https://en.wikipedia.org/wiki/Mole_(unit)
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