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Abstract 

In the present work, a pore-scale numerical simulation of methane hydrate dissociation by 

depressurisation is conducted to analyze the effect of heat and mass transfer on the dissociation 

rate for scaling up the kinetic model at the representative element volume (REV) scale. The 

mass transport limitation shows that the hydrate dissociation preferred to occur near the gas 

phase. The effective reaction surface area is introduced to measure the exposed hydrate surface 

to the gas phase during gas and water migration and is modelled as a function of local hydrate 

and water saturation and hydrate pore habits. Heat transport limitation is computed with the 

one-temperature model due to the local thermal equilibrium. Compared to the pore-scale 

simulation, the proposed REV-scale kinetic model predicts dissociation rates with a relative 

error of less than 10%, which is expected to increase the precision of the hydrate recovery 

forecast. 

 

Keywords: methane hydrate, kinetic model, multiphase heat and mass transport, pore-

scale simulation, lattice Boltzmann method 
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1. Introduction 

Methane hydrate is the crystalline compound consisting of methane guest molecules 

inside the hydrogen-bonded water lattice (Sloan, 2003), which is regarded as a promising 

alternative energy resource due to its abundant deposits and high gas storage capacity (Chong 

et al., 2016). Typically, most hydrate resources are distributed in the deep marine sediment and 

terrestrial permafrost (Yu et al., 2021) under high-pressure and low-temperature conditions 

required for methane hydrate formation. In these sediments, methane hydrate occurred in 

various pore habits, such as grain-coating and pore-filling patterns (Ren et al., 2020), 

accompanied by gas-water multiphase flow in the complex pore structure. The extraction of 

methane hydrate is hindered by the extreme and diverse reservoir conditions, so methane 

hydrate development is still in its early stages among countries. The conventional exploitation 

techniques include thermal stimulation (Pang et al., 2009), depressurisation (Ji et al., 2001), 

inhibitor injection (Dong et al., 2009; Yuan et al., 2011) and their combinations (Wang et al., 

2013). These methods facilitate hydrate dissociation by disrupting the thermodynamic 

equilibrium of the reservoir, and the depressurisation method is currently the most widely used. 

Since methane hydrate dissociation is a complicated multi-physical process involving 

multiphase heat and mass transport (Yin et al., 2016), the kinetic and transport properties of the 

reservoir can change dynamically during the exploitation, further limiting the recovery 

efficiency. A more comprehensive understanding of methane hydrate dissociation is still 

required to improve the methane hydrate exploitation technique. 

In recent years, numerous efforts have been conducted to investigate the methane hydrate 

dissociation process (Chong et al., 2016; Cui et al., 2018; Song et al., 2014). Following the 
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rapid development of computational technology, numerical simulation has become an efficient 

method to evaluate production potential and optimise mining strategies of methane hydrate 

reservoirs (Anderson et al., 2011; Chen et al., 2018a; Feng et al., 2019). Most numerical solvers 

simulate methane hydrate production by calculating the mass and energy conservation 

equations with the dissociation reaction rate (Moridis, 2012). The dissociation reaction rate is 

determined by the kinetic model in these simulators at the representative element volume (REV) 

scale, which is essential for assuring forecast accuracy. For decades, extensive efforts have 

been made to obtain methane hydrate dissociation kinetics models. The most popular kinetic 

model currently in use is the Kim-Bishnoi model proposed by Kim et al. (Kim et al., 1987). 

This model characterises the intrinsic kinetic of methane hydrate dissociation. It attributed the 

reaction driving force to the methane fugacity difference between the reservoir and equilibrium 

state, with kinetic parameters obtained from stirred-tank reactor experiments. Based on the 

Kim-Bishnoi model, Jamaluddin et al. (Jamaluddin et al., 1989) simulated methane hydrate 

dissociation experiments by coupling the thermal effect. They found heat transport plays a 

significant role in the apparent dissociation rate. Youslf et al. (Youslf et al., 1991) conducted 

numerical and experimental investigations on the methane hydrate dissociation gas-water 

migration, emphasizing that mass transport significantly affects the apparent dissociation rate. 

The above investigations demonstrate the importance of heat and mass transport mechanisms 

in the kinetic model. In addition, since the methane hydrate sediment is typically porous media, 

the complex pore structure and diverse hydrate pore habits further influence the dissociation 

kinetic behaviour at the REV scale (Zhang et al., 2017). Although the methane hydrate 

dissociation kinetics model has received significant attention (Yin et al., 2016), it is still 
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challenging to accurately characterize the methane hydrate dissociation rate in the reservoir 

due to the multi-physical and multiphase mechanisms within diverse hydrate pore habits.  

Different studies, from pore-scale to lab-scale, have been conducted to obtain a more 

accurate kinetic model. The typical lab-scale studies combined numerical and experimental 

approaches to obtain the kinetic parameters. Since the lab-scale simulators are also constructed 

at the REV scale (Song et al., 2018; Wang et al., 2018a; Wang et al., 2018b; Zhao et al., 2016), 

the kinetic model is usually derived by history matching (Yin et al., 2018). This data-based 

kinetic model lacked generalizability because it omitted the specific mechanisms of methane 

hydrate dissociation in sediment porous media. The pore-scale investigation is required in order 

to completely take into account the dissociation mechanisms in the pore structure. Various pore-

scale experiments of two-dimensional microfluid visualization (Almenningen et al., 2018) 

provided some insights into the effect of multiphase heat and mass transport on the dissociation 

rate. With the rapid development of three-dimensional observation techniques such as magnetic 

resonance imaging (MRI) (Yang et al., 2017; Zhang et al., 2017) and microscopic X-ray 

computed tomography (micro-CT) (Yang et al., 2016), it was found that gas-water migration 

and interphase mass transport of methane molecules play a significant role in the dissociation 

dynamics. The complicated heat and mass transport within the multiphase system are fully 

coupled and alter the thermodynamic conditions in the sediment, thereby affecting the 

dissociation rate. In addition, some pore-scale numerical studies were performed to further 

elucidate the dissociation mechanisms behind the experimental observation (Song et al., 2021; 

Wang et al., 2019; Yang et al., 2021b; Zhang et al., 2019). However, it is challenging to scale 

up the kinetic model while fully taking into account the controlling mechanisms from the pore-
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scale perspectives. Yu et al. (Yu et al., 2017) proposed the kinetic model of methane hydrate 

dissociation using a pore-scale simulation. They conducted upscaling work, considering the 

single-phase flow with heat and mass transport during the dissociation process. However, this 

kinetic model failed to consider the effect of complicated multiphase flow and interfacial 

transport on the dissociation rate. With pore-scale multiphase dissociation simulation, our 

recent work (Yang et al., 2021b) identified that the interfacial mass transport of methane 

molecules significantly influenced the dissociation rate. We also suggested a modified kinetic 

model to account for the mass transport effect by the water layer thickness. However, the 

simulation was restricted in a single pore throat. Subsequently, we conducted numerical 

investigations on the dissociation process in more complicated pore structures to recognise the 

influence of heat and mass transport mechanisms (Yang et al., 2022b), but a quantitative 

analysis about the influence of these mechanisms on the apparent kinetics is still lacking. 

Therefore, more work is still required to scale up the kinetic model by considering the complex 

multiphase distribution and various hydrate pore habits in the sediment based on pore-scale 

physics.  

The objective of the present work is to upscale the kinetic model from the pore-scale 

perspective to comprehensively describe the methane hydrate dissociation rate in REV, 

considering multiphase heat and mass transport mechanisms within different hydrate sediment 

pore structures. A pore-scale numerical model with the lattice Boltzmann (LB) method is used 

to simulate the methane hydrate dissociation process during depressurisation. The pore-scale 

numerical results identify the critical physical mechanisms affecting the methane hydrate 

dissociation rate, and experimental observations are demonstrated to corroborate the results. 



7 

 

The REV-scale kinetic model is derived and carefully verified based on pore-scale physics. 

Different methane hydrate pore habits and gas-water distributions are investigated to ensure 

the applicability of the proposed kinetic model. The present work aims to provide a more 

accurate kinetic model for production forecast and enlighten the ideas for methane hydrate 

upscaling research. In what follows, a brief introduction of the physical problem, pore-scale 

modelling, REV-scale modeling, and upscaling method will be presented in Section 2. After 

understanding the pore-scale heat and mass transport mechanisms during methane hydrate 

dissociation in Section 3.1, the upscaled kinetic model and its validation will be introduced in 

Sections 3.2 and 3.3. 

2. Numerical method 

2.1. Physical description of hydrate dissociation 

Methane hydrate dissociation by depressurisation is complicated due to multiple 

physicochemical processes in the pore structure, which is schematically demonstrated in Fig. 

S1 (Yang et al., 2022b). Dissociation reaction occurs on the methane hydrate surface when the 

methane hydrate phase equilibrium is broken due to the pressure decrease. The multiphase flow 

dynamics in the sediment are impacted by the formation of gas and water as hydrate structures 

melt, changing the relative permeability of the sediment. On the water-covered hydrate surfaces, 

the released methane molecules need to transport through the water layer into the gas phase via 

gas diffusion (Wang et al., 2019; Yang et al., 2016). The complicated multiphase flow and 

interfacial mass transport influence the methane fugacity (concentration) evolution in the pore 

structure. Meanwhile, the reaction heat absorption due to the endothermic hydrate dissociation 

leads to the temperature decrease through the conjugate heat transport between phases. The 
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multiphase flow, heat and mass transport with phase transition are fully coupled to determine 

the thermodynamic condition in the sediment, which in turn influences the dissociation rate.  

To construct the mathematical description of the dissociation process for the numerical 

model, major assumptions and simplifications in the present work include the following: (1) 

methane molecules can be dissolved in the water as a dilute solution, and the gas phase is 

regarded as an ideal gas; (2) the dissociation reaction only occurs at the hydrate surface; (3) 

influences of heat and mass transport on gas-water multiphase flow can be neglected; (4) since 

the temperature variation is not dramatic, the physical properties can be treated as constant. 

Based on the above assumptions, governing equations of multiphase fluid flow, methane 

molecule mass transport and conjugate heat transport can be written as (Yang et al., 2022b) 
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where the superscript or subscript   denotes physical properties in each phase ( w =  for 

the water phase and g =  for the gas phase).   is the fluid density and u  is the velocity. 

p ,   and   are the pressure, kinematic viscosity and bulk viscosity, respectively. C  and 

T  represents the methane concentration and temperature，respectively. D  is the diffusivity, 

pc  is the heat capacity, and   is the thermal conductivity. RS  is the heat source term. At 

the gas-water interface, mass conservation and species conservation write (Maes and Soulaine, 
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2018) 

 ( ) ( )w w g g

wg wg −  = − u w n u w n  (5) 
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where w  is the velocity of the interface and wgn  is the normal vector to the interface. H  

is the Henry coefficient for Henry’s law. At the hydrate surface, dissociation occurs as 

 4 H 2 4 H 2CH H O CH H O, 0N N H → +    (7) 

where HN  is the hydrate number set as H 6N =  in the present work. H  is the reaction 

enthalpy. The intrinsic kinetic is computed using the Kim-Bishnoi model (Kim et al., 1987) as 

 ( )4CH

0 eq sexp A
dn E

k f f A
dt RT

 
= − 

 
 (8) 

where 0k , AE  and sA  represent the pre-exponential factor, activation energy and reaction 

surface area, respectively. Based on the assumption of an ideal gas and dilute solution, the 

methane fugacity f  can be characterised by the methane concentration in the gas or water 

phase, i.e. gC   and wC  . Since the concentration follows Henry's law by w gC HC=  , the 

reaction mass flux at the hydrate surface   can be obtained by 

 ( ) ( )g wh heq, g g eq, w wexp expA AE E
k kC

RT R
C

T
C C = − − −

   
=  

 
−

 
 (9) 

where gk  and wk  conform to w g /k k H= . Inspired by the Kamath model (Kamath, 1984; 

Moridis, 2012), the equilibrium concentration can be calculated by 

( )eq, w eq, g

9005.5
exp 33.12  mol/L ,  273.15 K 298.15 KC HC H T

T

 
= = −   

 
 (10) 

More details about the model setting of the dissociation intrinsic kinetic and hydrate phase 

equilibrium condition can be found in our previous work (Yang et al., 2021b; Yang et al., 
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2022b).  

2.2 Pore-scale modelling 

Pore-scale modelling of methane hydrate dissociation in the sediment porous media 

within REV is performed to understand the heat and transport mechanisms and develop a more 

precise kinetic model for REV-scale simulators. The numerical models and configurations in 

the present work are introduced in this section. 

2.2.1 Simulation configuration 

Based on the governing equations (1)-(10), pore-scale numerical modelling is conducted 

within the multiphase system in the sediment pore structure. To consider the impact of various 

hydrate pore habits on the dissociation kinetics, two typical hydrate distributions including 

pore-filling (PF) and grain-coating (GC) are introduced in the numerical simulation with 

different hydrate saturations, as shown in Fig. 1. GCh and PFh represent two heterogeneous 

hydrate distribution. The black colour represents the sand in the sediment with the grain 

diameter 300 μmd = , and the grey colour indicates the methane hydrate. The size of each 

porous structure for pore-scale modelling is 3 mm 6 mm  with the porosity of por 0.48 = , 

which is regarded as an independent REV.  

 

Fig. 1. Different hydrate structures in the sediment used for simulations. The black colour 
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represents sands, and the grey colour denotes hydrate. 

This work focuses on the kinetic behaviour under various multiphase heat and mass 

transport conditions, and different water saturations are used in the simulations to look into the 

multiphase effect. The distribution of gas and water is set randomly for each case, and Fig. 2 

gives examples of the gas-water distributions with different water saturations placed in the 

sediment pore structure of GC, h0 0.27S = . The saturations of hydrate, water, and gas satisfy 

 h w g 1S S S+ + =  (11) 

 

Fig. 2. Initial gas-water multiphase distribution in simulations. The red colour represents 

water, and the blue is gas. 

At the initial stage of the simulation, gas, water, and hydrate are in equilibrium at the 

initial temperature 0 288.15 KT =  with the gaseous methane concentration of the equilibrium 
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value g 6.5 mol/LC = by Eq. (10), which is close to the marine hydrate sediment conditions 

(Niu et al., 2021). Then, the methane concentration in the gas phase is artificially shifted to a 

low value g 2.0 mol/LC = to trigger depressurisation. The main physical properties used in the 

simulation are listed in Table 1. In most marine hydrate sediment, the pressure is typically very 

high, above 10 MPa (Niu et al., 2021), resulting in high gas density in the reservoir. Therefore, 

a relatively high gas density 
3

g 110 kg/m =   is adopted in the simulation. The Henry 

coefficient and diffusivity in the water phase are set to a small value 0.2H =   and 

2

w

81.0 10  m /sD −=  , to mimic the low solubility and low diffusivity of methane in water. 

Other parameters including the intrinsic kinetic parameters and thermal properties are obtained 

based on the previous work (Wang et al., 2018c; Yu et al., 2017; Zhang et al., 2019). 

Table 1. Physical properties in the simulations 

Water density, w0  31000 kg/m  

Gas density, g0  3110 kg/m  

Initial temperature, 0T  288.15 K  

Initial concentration in gas phase, g0C  6.5 mol/L  

Henry coefficient, H  0.2 

Kinematic viscosity of water, w  6 21.0 10  m /s−  

Kinematic viscosity of gas, g  7 21.0 10  m /s−  

Methane diffusivity in water, wD  8 21.0 10  m /s−  

Methane diffusivity in gas, gD  6 21.0 10  m /s−  

Pre-exponential factor, gk  95.13 10  m/s  

Activation energy, /AE R  9399 K  



13 

 

Reaction enthalpy, H  51.86 kJ/mol  

Thermal conductivity of water, w  0.55 W/(m K)  

Thermal conductivity of gas, g  0.045 W/(m K)  

Thermal conductivity of hydrate, h  0.49 W/(m K)  

Thermal conductivity of sand, s  0.90 W/(m K)  

Specific heat capacity of water, wpc  4.2 kJ/(kg K)  

Specific heat capacity of gas, gpc  3.0 kJ/(kg K)  

Specific heat capacity of hydrate, hpc  3 32.1 10  kJ/(m K)   

Specific heat capacity of sand, spc  3 32.0 10  kJ/(m K)   

 

2.2.2 Lattice Boltzmann method 

The lattice Boltzmann (LB) method (Krüger et al., 2017), which is discretized from the 

Boltzmann equation with the approximation of the collision operator, is adopted to simulate 

the methane hydrate dissociation process in the present work. The numerical models are briefly 

introduced in this section, including multiphase flow, interfacial mass transport, conjugate heat 

transport, and heterogeneous dissociation reaction with structure evolution. More details and 

validations of the models can be found in our previous work (Yang et al., 2022a; Yang et al., 

2021a). 

2.2.2.1 Multiphase flow model 

The pseudopotential model is adopted in the present work to simulate the gas-water 

multiphase flow described by Eq. (1) and (2). The LB equation for the σth (σ=w or g) 

component with the multiple-relaxation-time (MRT) collision operator is expressed as 
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where ( )0 1 1, ,...,
T

qf f f   

−=f   is the density distribution function and M   is the 

transformation matrix converting the velocity space to the moment space as  =m Mf . A 

two-dimensional nine-velocity (D2Q9) lattice model (Krüger et al., 2017) is used with the 

definition of relaxation matrix ( )diag 0, , ,0, ,0, , ,e q q

      

       =S  , where 

   is 

related to the kinematic viscosity by ( )5 / 31/ 0. t



  = − . The fluid density and velocity 

of the σth component can be calculated by 
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= = + u e F  (13) 

and the total density and velocity are 

 ,  / .      = =  u u  (14) 

In the present work, both intracomponent interaction force F   and intercomponent 

interaction force F  are introduced to realize multicomponent phase separation with large 

density ratios as 
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where   and   are the fluid potentials of water and gas, and their definition can be found 

in ref. (Yang et al., 2022a). Assuming that the gas phase is an ideal gas, the intracomponent 

force of the gas component ggF  is set as zero. The phase fraction of water wx  can be defined 

as 

 
g

w
w

w

x


 
=

+
 (16) 

2.2.2.2 Interfacial mass transport model 
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The CST-LB model (Yang et al., 2021a) in the D2Q5 scheme is adopted to compute the 

interfacial mass transport of methane molecules. The CST-LB equation is written as  

 eq

CST,

1
( , ) ( , ) [ ( , ) ( , )]

D

g t t t g t g t g t     


+  + − = − − +x e x x x  (17) 

where g  is the concentration distribution function. The effective diffusion coefficient and 

the total methane concentration can be calculated by 

 ( )w w w g1C x C x C g


= + − =  (18) 
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CST,  is the CST collision term to calculate the concentration jump at the interface decided 

by Henry's law, which is written as 

 ( )CST, w

w w

1 1
1

2 (1 )D

H
J C x t

Hx x
  



  −
 = −   

+ − 
e  (20) 

At the hydrate surface, heterogeneous chemical reaction boundary treatment (Yang et al., 

2022a) is enforced as 

 *( , ) ( , )g t g t  = − +e x xe  (21) 

where the unknown concentration distribution function g  is computed using the dissociation 

reaction mass flux   and post-collision distribution function in the opposite direction of  , 

*g . 

2.2.2.3 Conjugate heat transport model 

The double-distribution-function thermal LB model (He et al., 2019) in the D2Q5 

framework is used to simulate the conjugate heat transport in the sediment as 

 
eq1

( , ) ( , ) [ ( , ) ( , )] c rh t t t h t h t h t J S t J S t      


+  + − = − − +  + x e x x x  (22) 
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where h  is the temperature distribution function. The thermal diffusivity   is computed 

by 

 ( )( )
2

0

1
1 0.5

2p

x
J

tc






=


−= −


 (23) 

rS  is the dissociation reaction heat source computed by the reaction enthalpy H  and 

cS  is the conjugate source term which is computed by 

 ( )
1

c p

p

S T c T
c

 


 
=   −  +  

 

u  (24) 

2.2.2.4 Hydrate structure evolution model 

The volume of pixel (VOP) method (Kang et al., 2006) is employed in the present work 

to track the hydrate structure evolution by updating the hydrate volume of each node as 

 ( ) ( )hdy hd M sy V A tV t t V t+ = −   (25) 

where MV  is the molar volume of the methane hydrate. When the hydrate volume declines to 

zero, the hydrate node is converted into a fluid node. The physical properties at the converted 

node are then updated by averaging over the adjacent fluid nodes. 

The above LB models are capable of solving the governing equations (1)-(10) (Guo et 

al., 2022; Karani and Huber, 2015; Yang et al., 2021a) and the numerical procedure is 

schematically illustrated in Fig. S2 as our previous work (Yang et al., 2022b).  

2.3 REV-scale models 

In the REV-scale modelling, the mass and energy equations within a REV can be written 

as (Moridis, 2012) 

 
REV REV REVV V

d
MdV dA SdV

dt 
=  +  Q n  (26) 

where M , Q  and S  are the accumulation term, flux term, and source term respectively. 
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REVV   and REV   are the volume and surface area of the REV. For the mass equation of 

methane, 
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w, g w, g
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where C  is the phase-averaged concentration of methane, K  is the permeability, iD  is the 

effective diffusivity at the surface of REV, and r  is the dissociation reaction rate. For the 

energy equation, a one-temperature model based on the local thermal equilibrium assumption 

is typically adopted as 
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where T  is the volume-average temperature,   is the effective thermal conductivity at the 

surface of REV. The dissociation reaction rate r  is provided by (Kim et al., 1987) 

 ( )A
0 sexp A eq

E
r k F A f f

RT

 
= − 

 
 (29) 

where 
0k  is the apparent pre-exponential factor at the REV scale, AF  is the area adjustment 

factor, sA  is the hydrate surface area in the REV and f  is the phase-average fugacity.  

Even though the REV-scale dissociation rate equation (Eq. (29)) shares a similar format 

as the pore-scale dissociation rate equation (Eq. (8)), two variations were introduced during 

upscaling. Firstly, at the REV scale, all the physical variables, including the temperature and 

component fugacity, are averaged over the control volume and derived by Eq. (26)-(28). 

Secondly, as inspired by the previous work (Yang et al., 2021b; Yin et al., 2018), the apparent 

pre-exponential factor 0k  and area adjustment factor AF  can be introduced to account for 

the effects of pore-scale heat and mass transport on the REV-scale dissociation rate. 
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Mathematically, the 
0k   and AF   depend on each other and should be taken into account 

together. As reviewed, the relation of the pre-exponential factor between the pore-scale and 

REV-scale model should be further clarified when considering the effect of the gas-water 

migration and hydrate pore habits (Yang et al., 2021b). Instead of the “unphysical” data fitting 

to yield the area adjustment factor AF , the present study quantifies the factor via an upscaling 

investigation based on pore-scale hydrate dissociation mechanisms.  

2.4 Upscaling conception of the kinetic model 

The upscaling concept of methane hydrate dissociation by depressurisation from the pore 

scale to the REV scale is presented graphically in Fig. 3. From the REV-scale perspective, as 

shown on the left side of Fig. 3, the hydrate field can be discretized numerous control volumes 

with each control volume containing a homogeneous mixture consisting of gas, water, sand, 

and hydrate. At the pore scale, the heterogeneous gas-water phase distribution and hydrate pore 

habits, including grain-coating and pore-filling patterns can be explicitly described in each 

control volume (Fukumoto et al., 2018), as shown on the right side of Fig. 3. As the previous 

work (Yin et al., 2016), a reliable REV-scale kinetic model for the methane hydrate dissociation 

should be developed by comprehensively coupling the heat and mass transport as well as the 

dissociation kinetics described by Eqs. (26)-(29), not just limited to the single dissociate rate 

equation as Eq. (29). According to Eq. (26), accurate calculations of the REV-scale flux and 

source terms are crucial to achieving accurate hydrate field production forecasts. For the flux 

term, the permeability model has received extensive attention via pore-scale investigations 

(Chen et al., 2018b; Zhang et al., 2020). In contrast, as for source terms, the upscaling work 

for a more accurate REV-scale dissociation rate model is still limited. Therefore, the upscaling 
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principle in the present work is to derive the value or submodel for the apparent pre-exponential 

factor 
0k  and area adjustment factor AF  by quantifying the effects of heat and mass transfer 

on the hydrate dissociation rate through a series of numerical simulations with different pore 

habits (Fig. 1), phase distributions (Fig. 2), fluid flow rates and thermal conditions, so that the 

REV-scale kinetic model of Eqs. (26)-(29) can be closed.  

 

Fig. 3. Graphical presentation of upscaling concept. 

To highlight the kinetic model in the source term S  in Eq. (26), we assume that the 

gradient of adjacent REV conditions is not substantial in the flow direction because, as shown 

in Fig. 1, the computational domain for pore-scale modelling, which serves as the REV, is much 

smaller than the field scale and locates far away from the production/injection well. Therefore, 

periodic boundaries are used at the left and right sides of the computational domain, while the 

top and bottom are the walls with no mass and heat fluxes. Gas-water multiphase flow with 

various velocities is driven by numerical body forces in the horizontal direction. With this 

setting, interference of the flux term Q  can be eliminated to facilitate the investigation of the 
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kinetic model. More details on the upscaling work will be introduced in Section 3.2.  

3. Results and Discussions 

In the present study, methane hydrate dissociation under different water saturations and 

fluid flow rates is firstly analysed to understand the role of multiphase heat and mass transport 

in the REV-scale dissociation kinetics. Based on the pore-scale dissociation mechanism, the 

methane hydrate dissociation kinetic model is then upscaled and verified. Hydrate dissociation 

within various sediment structures is also compared to figure out the effect of methane hydrate 

pore habits on the upscaled kinetic model. 

3.1 Methane hydrate dissociation mechanisms 

3.1.1 Methane hydrate dissociation under isothermal conditions 

Methane hydrate dissociation under isothermal conditions without considering reaction 

thermal effect is firstly analysed to highlight the role of multiphase mass transport. Dissociation 

processes under different water saturations and fluid flow rates are investigated. The fluid 

velocity is characterised by the Péclet number as 

 
w

Pe
Ud

D
=  (30) 

where U   is Darcy velocity. Two typical fluid velocities are adopted in the simulation, 

including high Pe ( ( )Pe 0.01O ) and low Pe ( ( )Pe 1O ), to represent situations of the near-

well high flow rate zone and far-well low flow rate zone. In this section, the GC sediment of 

h0 0.27S =  is employed for the numerical analyses.  

Fig.4 compares the hydrate conversion ratio curves under different water saturations and 

fluid velocities, which are computed by dividing dissolved hydrate volume over the original 
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hydrate volume as ( )h h01 /S t S− . The curve shows that the dissociation rate decreases with 

time, and the change of conversion ratio is already very slow at 20 s. Therefore, we focus on 

the numerical results before 20 s. As the water saturation increases, the methane hydrate 

dissociation rate declines significantly, indicating the presence of water limits the dissociation 

process. For the same sediment water saturation, the dissociation rate under the high Pe 

condition is higher than low Pe, especially when water saturation is high ( w 0.3S  ). For a 

more intuitive explanation of the above phenomenon, the evolution of methane concentration 

and hydrate distribution for different Pe under a typical low water saturation w 0.20S =  is first 

illustrated in Fig. 5. Generally, numerical results show the methane concentration in gas gC  

remains almost uniform and much higher than wC  due to the high gas diffusivity gD  and 

low Henry coefficient H . Therefore, to highlight the concentration distribution in the water 

phase for a more explicit discussion, the concentration in the gas phase is not displayed but is 

replaced by navy blue to distinguish the phase distribution. 

 

Fig. 4. Comparison of isothermal hydrate conversion ratio curves under different wS  and 
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Pe. 

 

Fig. 5. The temporal evolution of methane concentration in water during methane hydrate 

dissociation in the GC sediment of w 0.20S =   and h0 0.27S =   at (a) ( )Pe 0.01O  , (b) 

( )Pe 1O . 

As shown in Fig. 5 (a), for low Pe at low water saturation w 0.20S = , methane hydrate 

dissociation occurs primarily near the gas phase when the methane concentration in gas 

decreases by depressurisation. The interface shape remains almost unchanged due to the low 

flow rate, and the methane molecule in the water phase diffuses through the gas-water interface 

into the gas. Due to the low diffusivity of methane in water, only near the gas-water interface 

does wC  decrease appreciably, while other locations away from the interface still maintain 

high values of wC . The high concentration limits the methane hydrate dissociation rate in the 

water phase, regarded as the mass transport limitation, leading to a predominance of 

dissociation front only in the gas phase and in the vicinity of the gas-water interface. Therefore, 

the hydrate enclosed in the gas phase is substantially dissolved in the late dissociation stage 

( 5 st = ). In contrast, a significant proportion of hydrates in the water phase are still present 
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due to the mass transport limitation. 

Microfluidic experiments are also conducted to examine the behaviour of methane hydrate 

dissociation to verify the aforementioned numerical results. The experimental apparatus and 

procedure are similar to previous work (Almenningen et al., 2017; Wang et al., 2021) and are 

not detailed here. Initially, methane hydrate is formed at 274.15 KT =  , 5 MPap =  , after 

which the pressure in the microfluid chip plummets to 1 MPap =  , leading to the hydrate 

dissociation. Fig. 6 presents the experimental image of a specific site before and after 1 second 

at a certain stage of the dissociation process. The red dashed box in the right panel of Fig. 6 

denotes the pre-dissociation hydrate structure in the left panel to highlight the hydrate structure 

evolution. The hydrate surface is covered by gas and water on two sides, respectively. The fact 

that the hydrate considerably decomposes on its gas-covered side but not on its water-covered 

side suggests that the water layer on the hydrate significantly slows down the dissociation 

process. This phenomenon can be attributed to the mass transport limitation in water, which 

shows excellent agreement between experimental and numerical observations. 

 

Fig. 6. Microfluidic experimental image of methane hydrate dissociation process by 

depressurisation. 

As illustrated in Fig. 5(b), the multiphase flow exhibits a distinct pattern when Pe is high. 

Mass transport limitation still plays an important role and the methane concentration in the 
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water phase away from the interface remains high. The concentration distribution differs 

significantly from the low Pe condition because of the deformation of the gas-water interface 

and the increased advection effect. By interfacing with the gas phase, the initial water-

encapsulated hydrate has the chance to lower the local methane content and facilitate hydrate 

dissociation there. The hydrate dissociation rate is extremely slow for low Pe, as seen by the 

blue circles in Fig. 5, leaving a significant amount of hydrate behind. Interfacial mass 

movement with an advection effect lowers the concentration at the same site when the fluid 

velocity is high because the gas phase can pass through there. Therefore, the hydrate in the blue 

circle of Fig. 5(b) undergoes visible dissociation compared with the low Pe condition.  

In Fig. 5, the water saturation is low, thus the gas covers the majority of the hydrate in the 

sediment and most of the hydrate can be dissolved in both low and high Pe circumstances. 

Therefore, it is difficult to measure how the interface movement affects the hydrate dissociation 

rate, as shown in Fig. 4. When the water saturation is high, such as w 0.50S = , the situation is 

quite different. In Fig. 7, except for the region close to the interface, the concentration is still 

high across much of the water body, demonstrating that mass transport limitations play a 

substantial impact. Since hydrate dissociation mostly takes place in the gas phase, Fig. 4 shows 

a reduced overall hydrate dissociation rate due to the increased water saturation. As seen in Fig. 

7(a), the hydrate covered by gas is depleted at t=5 s when Pe is low, exposing the surface of 

the sand particles. Because the hydrate in the gas phase has already been consumed, methane 

hydrate dissociation can only now slowly take place in the water phase. As a result, as seen in 

Fig. 4, the total dissociation rate in the late stage becomes quite constrained. In contrast, with 

large Pe, as seen in Fig. 7(b), the gas bubbles undergo severe distortion and displacement during 
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fluid flow. The blue circles represent the areas where some water-covered hydrates have made 

contact with the gas phase due to the movement of the gas bubbles. As a consequence, the gas-

covered hydrate continues to participate in the dissociation even at a later stage, maintaining 

the dissociation rate. In Fig. 4, the increased fluid velocity at the same high water saturation 

condition causes a much greater dissociation rate. 

 

Fig. 7. The temporal evolution of methane concentration in water during methane hydrate 

dissociation in the GC sediment of h0 0.27S =  and w 0.50S =   at (a) ( )Pe 0.01O  , (b) 

( )Pe 1O . 

In conclusion, the hydrate dissociation kinetic behaviour is significantly influenced by 

mass transport limitation. Due to the poor diffusivity, the methane concentration remains high, 

resulting in the dissociation primarily taking place in the gas phase. Therefore, the dissociation 

rate becomes slower when water saturation increases. For high Pe, the migration of gas bubbles 

helps the previously water-covered hydrate to be exposed to the gas phase, which consequently 

accelerates the hydrate dissociation rate in the region of high water saturation. 

3.1.2 Methane hydrate dissociation under non-isothermal conditions 
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After modelling isothermal methane hydrate dissociation processes to identify the mass 

transport limitation mechanism, the thermal effect and competition mechanisms between heat 

and mass transport are investigated by taking the reaction heat into account. In the simulation, 

various water saturations and fluid flow rates are used, and the resulting hydrate conversion 

ratio curves are displayed in Fig. 8. The hydrate dissociation rate decreases as water saturation 

increases, consistent with the results obtained under isothermal conditions. Compared to the 

isothermal results in Fig. 4, the hydrate dissociation rate decreases significantly when the 

reaction heat is accounted for with the greatest conversion rate only reaching less than 20%. 

As opposed to isothermal situations, the difference between low and high Pe under the same 

water saturation is negligible. 

 

Fig. 8. Comparison of non-isothermal hydrate conversion ratio curves under different wS  

and Pe conditions. 

To explain the different hydrate conversion with isothermal and non-isothermal conditions, 

methane concentration and temperature evolution in four representative cases, respectively 
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w 0.20S =  and w 0.50S =  at high ( )Pe 1O  and low ( )Pe 0.01O , are closely analysed 

to recognize the heat and mass transport characteristics. Fig. 9 shows the temporal evolution 

of methane concentration in water wC  and temperature T  for the low Pe case with the water 

saturation of w 0.20S = , whereas numerical results of the other three cases are presented in the 

Supplement Material for brevity (Fig. S3-S5). The evolution of the methane hydrate 

concentration follows similar patterns to the isothermal conditions in Fig. 5, where the 

concentration in water distant from the gas-water interface maintains a high level. The methane 

hydrate dissociation front is highlighted by grey/black lines in the temperature contour of Fig. 

9(b), which is derived by calculating the hydrate volume drops before and after the dissociation. 

As in the isothermal situation, it can be seen that the dissociation front dominates in the gas 

phase. As a result, the mass transfer limitation mechanism continues to significantly impact the 

dynamics of hydrate dissociation under non-isothermal conditions. This is the cause of the 

dissociation rate decreasing with increasing water saturation, as examined in the previous 

section. 

After some hydrate is dissociated, the endothermic dissociation reaction induces a 

remarkable drop in temperature throughout the sediment shown in Fig. 9 at 5 st = . Eventually, 

the sediment temperature generally falls to the final equilibrium state of approximately 280 K 

at 10 st = , with the local temperature difference being unimportant due to adequate conjugate 

heat transmission. The reduction in the dissociation rate induced by temperature decrease is 

referred to as heat transport limitation. Therefore, an extremely slow dissociation rate is 

observed in both the water and gas phase due to the kinetic (Eq. (8)) and thermodynamic (Eq. 

(10)) reasons. This explains why, when the reaction heat is taken into account, the hydrate 
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dissociation rate reduces dramatically in Fig. 8 when compared to the isothermal simulations 

in Fig. 4.  

 

Fig. 9. The temporal evolution of (a) methane concentration in water and (b) temperature 

during methane hydrate dissociation in the GC sediment with w 0.20S = , ( )Pe 0.01O  and

h0 0.27S = . The grey/black lines in the temperature contour denote the dissociation front. 

In contrast to the isothermal situation, the hydrate on the sand is never completely depleted 

because of the low hydrate conversion ratio shown in Fig. 9. Regardless of the multiphase flow 

pattern, the gas phase is constantly in contact with the hydrate, hence there is no variation in 

the dissociation rate caused by bubble migration. The conversion curves in Fig. 8 for high and 

low Pe conditions thus largely overlap. 

To obtain a quantitative perspective on the competitive mechanism of heat and mass 

transport limitation, three typical simulations are conducted at each water saturation: (1) single-

phase isothermal dissociation; (2) multiphase isothermal dissociation; (3) multiphase non-

isothermal dissociation. The differences among these three situations can characterise the 

extent of heat and mass transport limitations, which is fully explained in our present work 
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(Yang et al., 2022b). Fig. 10 shows the difference in the hydrate conversion ratio among the 

three situations for different water saturations at 1 st = , with the amount of heat and mass 

transport limitations marked. As the water saturation increases, the dissociation dynamics shifts 

from being dominated by the heat transport limitation to being dominated by the mass transport 

limitation. The disparity between the conversion curves for different water saturations is 

decreased as a result of the reduced heat transport limitation partially balancing the increased 

mass transport limitation. Therefore, both heat and mass transport mechanisms must be 

completely taken into account when computing the methane hydrate dissociation kinetic model 

under the non-isothermal condition. 

 

Fig. 10. Quantification of the heat and mass transport limitations under different water 

saturations and fluid flow rates. The clean bars represent high Pe, and the shaded bars 

represent low Pe. 

 

3.1.3 Implications for upscaling the kinetic model 
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Based on the above mechanistic analyses, both heat and mass transport limitations are 

critical factors determining the dissociation kinetic behaviour. This perception brings 

enlightening insights into the upscaling of the dissociation kinetic model. 

As for the consideration of mass transport limitation, it is known from numerical and 

experimental results that methane hydrate dissociation mainly occurs on the hydrate surface 

covered by the gas phase. Therefore, the effective reaction surface area ersA , which is defined 

as the area of the exposed hydrate surface to the gas phase, dominates the dissociation front. 

Fig. 11 illustrates the variation of effective reaction surface area ersA   against the hydrate 

saturation during the isothermal dissociation dynamics. ersA  drops as water saturation rises, 

which causes the dissociation rate to fall as well, which is consistent with the behaviour in Fig. 

4 and Fig. 8.  

For low Pe shown in Fig. 11(a), all the ersA  scatter plots exhibit a typical three-stage 

structure regardless of the water saturation. The example of w 0.31S =  is used to demonstrate 

the physical implication of the three-stage structure. In the first stage, the effective reaction 

surface area ersA  stays plateaued because the hydrate remains to cover the sand surface despite 

some hydrate being dissolved. Considering the effective reaction surface area of the first stage 

as a constant ers0A , this constant value decreases with increasing water saturation wS . As the 

hydrate structure is further dissolved in the second stage beginning at point a, some of the sand 

particle surface starts to get exposed, triggering a rapid parabolic decrease in ersA  . ersA  

decreases to zero and the third stage begins, when all of the hydrate accessible to the gas phase 

is consumed at point b.  
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Fig. 11. Evolution of effective reaction surface area ersA   against the hydrate saturation 

during dissociation process at (a) low Pe, (b) high Pe in the sediment of GC, h0 0.27S = . 

The dash lines denote the fitting curves of ersA  computed by Eq. (34). 

For high Pe shown in Fig. 11(b), the effective reaction surface area presents a distinct 

pattern, a two-stage scheme. Despite the rapid fluid flow rate, ersA  still maintains a constant 

in the first stage, which is similar to the low Pe condition. As the dissociation advances and 

some hydrate on the sand surface are depleted, ersA  begins to decline rapidly at point a  and 

the second stage starts. Due to the deformation and movement of the gas bubble at high flow 

rates, ersA  does not decrease to zero, hence the third stage does not occur in contrast to low 

Pe. The first-stage effective reaction surface area constant ers0A  and start points of the second 

stage a  are generally consistent with low Pe at the same water saturation. However, because 

there is no third stage under the high Pe condition, ersA  is greater than the low Pe in the last 

dissociation moment. This explains why the methane hydrate dissociation rate is more rapid 

for high Pe in Fig. 4. Since the hydrate conversion ratios are all less than 20% for the non-

isothermal condition, the effective reaction surface area variation essentially remains in the 
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first stage for both high and low Pe situations. Therefore, the conversion curves for different 

fluid flow rates appear to have little variation in Fig. 8. In summary, the effective reaction 

surface area variation can effectively explain the dissociation kinetic behaviour induced by 

mass transport limitation. According to pore-scale physics, the effect of mass transport 

limitation on the dissociation rate can be quantified by directly replacing sAF A  in Eq. (29) 

by the effective reaction surface area ersA . 

The effect of temperature decreases on the dissociation rate should be accounted for when 

considering the heat transport limitation. As stated above, the local temperature difference is 

not significant within the pore structure during dissociation, which is consistent with the 

conclusion in our previous work (Yang et al., 2021b; Yang et al., 2022b). The local thermal 

equilibrium assumption is valid for the hydrate dissociation process. Therefore, the classical 

one-temperature model Eq. (28) is reasonable to compute the volume-average energy equation 

at the REV scale without significant loss of accuracy compared to the thermal non-equilibrium 

model (Liao et al., 2022). Since the heat transport limitation can be characterised by the 

volume-averaged temperature via the term ( )exp /AE RT  in Eq. (29), the effect of heat 

transfer may not need to be accounted for in the pre-exponential factor 
0k . Considering the 

mass transfer limitation has been considered by sAF A , the intrinsic kinetic parameter 0k  in 

Eq. (8) can be directly adopted as 
0k  in Eq. (29). Eventually, the hydrate dissociation kinetic 

model can be scaled up based on the above mechanistic insights. The upscaled kinetic model 

will be verified by comparing the pore-scale and the REV-scale results in Section 3.2.2. 

3.2 Upscaling methane hydrate kinetic model from pore scale to REV scale 

3.2.1 Effective reaction surface area model 
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A reliable effective reaction surface area model is required to quantify the mass transport 

limitation effect in the upscaling procedure. According to the three-stage evolution of ersA  for 

low Pe depicted in Fig. 11(a), the effective reaction surface area model can be broken down 

into three parts. In the first stage, the plateaued ersA  can be defined as a constant ers0A , which 

reduces with increasing water saturation. Thus, the effective reaction area ers0A  should be 

proportional to the ratio of gas phase and fluid phase as 

 
g w

ers0 s0 s0

g w h

1
1

S S
A A A

S S S

 
= = − 

+ − 
 (31) 

where s0 0.12 mA =   is the total hydrate surface area at initial, which is computed directly 

based on the morphology in Fig. 1. To verify this relationship, ers0A   for different water 

saturations are plotted and linearly fitted in Fig. 12. The fitting result is 

 ( )ers0 s0 w0.95 1.43A A S= −   (32) 

with 2 0.9962R =  . The fitting result has a similar form as Eq. (31), demonstrating the 

relationship in Eq. (31) can be used to estimate the effective reaction surface area in the first 

stage. 
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Fig. 12. The value of ers0A  (left, blue), a  and b  (right, red) against the water saturation 

in the GC sediment with h0 0.27S = . The dash lines are fitting results. 

In the second stage, the effective reaction surface area shows a rapid parabolic decline. 

The start and end points for the second stage, a  and b , exhibit a significant linear correlation 

to the water saturation wS , as shown in Fig. 12, which can be fitted as 

 
w

w

0.36 0.01

0.33 0.02

a S

b S

= +

= −
 (33) 

with 2 0.9815R = and 2 0.9912R =  respectively. Then, ersA  drops to zero, entering the third 

stage. Based on the analyses for low Pe, the mass transport limitation can be quantified by the 

effective reaction surface area ersA  to replace sAF A  in Eq. (29) as the following empirical 

formula 
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where a  and b  can be defined by Eq. (33) in the GC sediment with h0 0.27S = . The value 

of a  and b  should be restricted to the interval h0[0,  ]S  once the value calculated by Eq. 

(33) is out of this range. The dashed line in Fig. 11(a) denotes the ersA  curves calculated from 

the empirical model Eq. (34), which show acceptable agreement with the numerical results. 

When Pe is high, the effective reaction surface area also experienced a first plateau and a 

second parabolic decline stage similar to the low Pe condition. Therefore, ersA  can also be 

computed by Eq. (34) but b   is set as zero due to the absence of the third stage. The 

empirically calculated curves of ersA   are shown in Fig. 11(b), also demonstrating high 

predictability. It should be noted that when the hydrate structure is different such as the pore-

filling structure, the model parameters of ersA  should be adapted accordingly, which will be 

discussed in the later section. 

3.2.2 Validation of upscaled kinetic model  

From the above discussion, heat and mass transport limitations are the primary 

mechanisms affecting the dissociation rate, which is related to temperature and concentration 

evolution due to the dissociation reaction as well as the gas-water distribution and migration. 

These two mechanisms should be quantified at the REV scale to upscale the kinetic model for 

methane hydrate dissociation. It is already recognised that the effective reaction surface area 

can quantify the mass transport limitation and that a one-temperature model based on the local 
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thermal equilibrium assumption can compute the heat transport limitation. Based on the REV-

scale governing equations (26)-(29) without consideration of the flux term, combining with 

the pore-scale understanding of the heat and mass transport mechanisms, the kinetic model 

within a single REV can be derived by the following set of equations 

 ( )s ers h w,AF A A f S S= =  (35) 
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where the dissociation rate r  is determined by the volume-averaged concentration in the gas 

phase gC  and the volume-averaged temperature T . V  denotes the REV volume and MW  

is the molar mass. The governing equations (35)-(39), which have the form of an ordinary 

differential equation (ODE), are built for a zero-dimensional REV that ignores advection and 

diffusion transfer between the neighbouring REVs. The ODE model is perfectly appropriate 

for analyses since the present work concerns the kinetic model inside a single REV with 

periodic boundaries in the pore-scale numerical simulation. The ODE model can be easily 

extended to the partial differential equations by involving the spatial heat and mass flux 

between REVs, commonly found in most REV-scale solvers (Yin et al., 2016). Eq. (35) and 

(37) characterise the effect of mass transport limitation by simulating the effective reaction 

surface area variation during the hydrate dissociation. The decrease of dissociation rate due to 
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the mass transport limitation is believed to be fully reflected directly by ersA   without 

adjustment of the intrinsic kinetics gk  as discussed in Section 3.1. Eq. (38) account for the 

heat transport limitation based on the one-temperature model assumption. The fourth-order 

Runge-Kutta method is used to solve the ODE model.  

 

Fig. 13. Comparison of REV-scale results predicted by the upscaled kinetic model (dash line) 

and pore-scale numerical results (scatter) of (a) hydrate conversion ratio for low Pe; (b) 

hydrate conversion ratio for high Pe; (c) phase-average methane concentration in gas for low 

Pe; (d) phase-average methane concentration in gas for high Pe during the isothermal 

dissociation process. 

The isothermal dissociation dynamics in the GC sediment with h0 0.27S =   are first 
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investigated for validation. Fig. 13 shows the upscaling result plotted by the dashed line agrees 

well with the pore-scale numerical results for both low and high Pe, with relative errors ranging 

from 2% to 5% for various water saturations. Meanwhile, the temporal evolution of the phase-

averaged concentration in the gas phase is also well predicted. These excellent consistencies 

suggest that the upscaling kinetic model successfully accounts for the mass transport limitation 

mechanism, involving the effect of water saturation and fluid flow rate on the hydrate 

dissociation. 

 

Fig. 14. Comparison of REV-scale results predicted by the upscaled kinetic model (dash line) 

and pore-scale numerical results (scatter) of hydrate conversion ratio during the non-

isothermal dissociation process. 

Afterward, the non-isothermal dissociation dynamics considering both heat and mass 

transport limitations is predicted with the upscaling kinetic model, which is then compared 

with the pore-scale numerical results in Fig. 14 and 15. Fig. 14 indicates that the upscaling 

kinetic model accurately predicts the dissociation rate under various conditions of water 
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saturation and Pe. The relative deviations of the hydrate conversion ratio between the prediction 

and simulation results are less than 6% for all cases. The predicted phase-averaged 

concentration and volume-averaged temperature are also accurately calculated, as illustrated in 

Fig. 15, demonstrating that the upscaling kinetic model effectively captures the heat and mass 

transport mechanisms under the non-isothermal condition. Therefore, compared to the 

conventional production forecast solvers based on history matching (Yin et al., 2018), the 

present model is developed from pore-scale physics and can adapt to the various range of 

reservoir conditions ( wS ) and production scenarios (Pe). 

 

Fig. 15. Comparison of REV-scale results predicted by the upscaled kinetic model (dash line) 

and pore-scale numerical results (scatter) of (a) phase-averaged methane concentration in the 

gas phase, (b) volume-averaged temperature during the non-isothermal dissociation process. 

 

3.3 Effect of methane hydrate pore habits on upscaling kinetic models 

The hydrate pore habit influences the transport properties of the sediment, and hence the 

dissociation dynamics. Therefore, the hydrate dissociation kinetic model should be impacted 
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by the hydrate pore habits. In this section, various hydrate pore habits shown in Fig. 1 are 

applied to investigate their effect on the dissociation kinetics. A moderate water saturation 

w 0.41S =   is used in the simulation. Fig. 16 shows the concentration and temperature 

variations at low Pe in a typical pore-filling (PF) sediment with h0 0.27S = . For high Pe, the 

numerical results are shown in Figure S6. Regarding the preferential hydrate dissociation close 

to the gas phase and the considerable temperature drop with the local temperature difference, 

the heat and mass transport mechanisms are comparable to the grain-coating cases in Fig. 9. 

The difference is the hydrate pore habit changes the multiphase flow dynamics and the 

dissociation front morphology, eventually shifting the effective reaction surface area ersA  . 

Therefore, the upscaling kinetic model should correct the variation of ersA  with the hydrate 

pore habits. 

 

Fig. 16. The temporal evolution of methane concentration in water and temperature during 

methane hydrate dissociation in the PF sediment with w 0.41S =  , ( )Pe 0.01O   and 

h0 0.27S = .  

The isothermal dissociation dynamics under different hydrate pore habits is investigated 
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to highlight the evolution of ersA . Fig. 17 compares the hydrate dissociation rates between 

different sediment structures at low and high Pe conditions with the water saturation of

w 0.41S = . The dissociation rate increases as the hydrate saturation rise. For the same hydrate 

saturation, the dissociation rate in the grain-coating sediment is slightly higher than pore-filling, 

and it is approximately the same in heterogeneous and homogeneous structures. 

 

Fig. 17. Comparison of methane hydrate dissociation rates for different methane hydrate 

pore habits at (a) low Pe, (b) high Pe during isothermal dissociation. 

The variation of ersA   under different sediment structures is calculated in Fig. 18 to 

understand the comparison results above. As seen, the effective reaction surface area ersA  

increases with hydrate saturation for both grain-coating and pore-filling structures. When given 

the same hydrate saturation, ersA  are more extensive in the grain-coating sediment than in the 

pore-filling sediment since the s0A   for the pore-filling habit ( s0 0.09 mA =   for PF, 

h0 0.27S = ) is less than the grain-coating habit ( s0 0.12 mA =  for GC, h0 0.27S = ) . The ersA  

appears to be consistent for heterogeneous and homogeneous structures. These patterns of 

effective reaction surface area are the underlying factors for the above dissociation rate 

characteristics.  
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It can be observed that for all the grain-coating structures, the evolution of ersA   has 

similar schemes as that of section 3.2.1, including the first stage of plateauing, the second stage 

of parabolic decline and the third stage of dropping completely to zero (only for low Pe), which 

can be described mathematically by Eq. (34). Notably, Fig. 18 indicates that the ersA  of the 

pore-filling sediment also displays the typical three-stage characteristics. After a short plateau 

in the first stage, the effective reaction surface area almost linearly decreases in the second 

stage, as opposed to the parabolic decline in the grain-coating sediment. This is because the 

hydrate surface gradually decreases with the shrinking of the dispersed hydrate grains in the 

pore-filling sediment. In contrast, the hydrate surface changes little with dissociation, but it 

abruptly drops to zero when the hydrate covering the sand is exhausted in the grain-coating 

sediment. In the third stage for low Pe, the hydrate accessible to the gas phase is consumed and 

the ersA  drops to zero. For high Pe, the rapid gas bubble migration results in the hydrate always 

being in contact with the gas phase, and thus there is no third stage. 

 

Fig. 18. Comparison of effective reaction surface area for different methane hydrate pore 

habits at (a) low Pe, (b) high Pe during isothermal dissociation. 

Based on the above analysis, for the pore-filling structures, the effective reaction surface 
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area can be calculated to replace sAF A  in Eq. (29) by the following equation similar to Eq. 

(34) as 
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where b  should be zero for the high Pe situation. The values of a  and b  for both grain-

coating and pore-filling structures need to be adjusted accordingly for different h0S , which can 

be obtained by fitting the numerical results as section 3.2.1, and will not be discussed in depth 

here. 

4. Conclusions 

In the present work, pore-scale numerical simulations of methane hydrate dissociation by 

depressurisation are conducted to understand the effects of multiphase heat and mass transport 

limitation mechanisms on dissociation kinetic behaviour. Based on the mechanical knowledge, 

the methane hydrate dissociation kinetic model is then upscaled for REV-scale modelling and 

carefully verified by the pore-scale numerical simulations. 

During methane hydrate dissociation by depressurisation, methane concentration in the 

water phase maintains a high value due to the low diffusivity, leading to the dissociation mainly 

occurring in the gas phase as the mass transport limitation. Due to the heat absorption of the 

endothermic dissociation reaction, temperature decreases significantly, resulting in the limited 

dissociation rate from the kinetic and thermodynamic aspects as heat transport limitation. The 

local temperature difference is not significant through the sediment, indicating the local thermal 
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equilibrium. Heat and mass transport limitations are both critical factors determining 

dissociation kinetic behaviour. 

Based on the mechanistic knowledge, the methane hydrate dissociation kinetic model for 

the REV scale is constructed. Combining the continuum theory, the kinetic model considering 

heat and mass transport limitation mechanisms is proposed based on Eqs. (26)-(29). The 

effective reaction surface area ersA  is proposed to replace sAF A  in Eq. (29) for quantifying 

the mass transport limitation effect, and the formulation to calculate ersA  is provided as Eqs. 

(34) and (40). Based on the local thermal equilibrium assumption, the temperature decrease 

due to the endothermic reaction can be obtained using the one-temperature model. The 

predictions by the upscaled kinetic model and numerical simulation results are in good 

agreement, demonstrating the proposed kinetic model is reliable. The controlling mechanisms 

of dissociation kinetics are similar in different methane hydrate pore habits and the different 

dissociation rates between hydrate structures can be represented by the change of effective 

reaction surface area.  

The present work proposes the kinetic model for REV-scale modelling by fully involving 

the mechanisms of heat and mass transport limitation, which is applicable for diverse sediment 

( wS , hS ) and production (Pe) conditions. It is expected to guide the programme design and 

production forecast for methane hydrate extraction. The present work is an attempt to upscale 

the kinetic model, which still has some limitations due to the two-dimensional idealized 

structure used. In the future, pore-scale modelling will be conducted within realistic three-

dimensional digital rock structures to obtain a more reasonable ersA  model for upscaling. 
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