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Abstract  

Natural gas hydrate (NGH) has been regarded as a fossil fuel reserve for the future on account of its 

tremendous potential. The numerical modeling on NGH formation/dissociation mechanism 

contributes to better understanding its accumulation and distribution feature, and optimizing the 

development program. This paper aims to develop a new simulator for the NGH formation in the 

core-scale sandy sediments based on the computational fluids dynamic (CFD) methods. The 

mathematical model is established based on the kinetic reaction model of hydrate formation, the 

permeability reduction model by the NGH, model of heat and mass transfer in porous media. The 

hydrate formation model is programmed by C language, and used as a subroutine for Fluent software 

which is adopted to solve the governing equations of the multiphase flow. The simulator scheme is 

verified by comparison with the experiment and numerical simulation in literature. What’s more, this 

study reproduces the same fluctuant tendency of temperature as the experiment during the 1.0h to 

2.0h for the first time. Different reaction surface models of NGH formation/dissociation are evaluated 

by the developed codes. The effects of the reaction surface of hydrate (RSH) model and the initial 

fluids distribution on the hydrate formation process are simulated and analyzed. The variation of the 

RSH in NGH formation/dissociation should be taken into consideration when modeling the hydrate 

re-formation in the exploitation of NGH. The initial distribution of water and gas has a great impact 

on the hydrate formation in the sealed reactor. The hydrate distribution is ununiform, even when 

assuming the water and methane are mixed uniformly in a homogeneous porous media. This study 

provides new insight for the parametric estimation of the RSH model in the hydrate formation and 

dissociation modeling. 

 

Keywords: methane hydrate; reaction surface; formation mechanism; ununiform distribution; heat and 

mass transfer 

1 Introduction  

Natural Gas hydrate (NGH) is a naturally-occurring clathrate in which a host lattice of water-ice 

encloses guest molecules, e.g., methane, ethane, SO2, CO2 et al. [1,2]. According to the literature, the 

prospective reserve of NGH in the sediments of the ocean and in permafrost regions is huge [3]. The 
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dissociation of hydrate per cubic meter of gas hydrate will release methane of 160 m3 at the standard 

pressure and temperature condition (STP) [4,5]. Thus, the NGH has been regarded as an important 

fossil fuel reserve for the future around the world. The in-situ stable state of NGH in the underground 

formation is solid. The ambient pressure, temperature, and availability of sufficient quantities of water 

and methane are the primary factors controlling methane hydrate formation and stability. Since the 

NGH is unstable at STP, it’s difficult to acquire the NGH of the in-situ occurrence state in the lab, as 

well as its dissociation and transport mechanism when being extracted. Some scientific efforts at 

state-level have tried to reveal the hydrate morphologies (e.g., pore fill, lenses/veins, and 

nodules/chunks) and characterized the physical properties [6,7]. Whereas, the distribution of the 

natural NGH, e.g., deep underground or in the ocean, makes it expensive and time-consuming to drill 

natural hydrate samples and maintain its stability.  

Many scholars tried to generate the NGH using methane of high purity and water in the designed 

reactor. Some surfaces of the rector are made of transparent materials, e.g., Lucite, which provides 

visualization of the NGH formation. The formation kinetics of NGH was believed to be dependent 

on interfacial area, temperature, pressure, as well as the surfactants in the water [8,9]. Stern et al. 

[10,11] injected the cold CH4 gas at 23 MPa and 255 K into the silica tube filled with the ice grains, 

and investigated the formation process of the NGH which coated on the ice grain surface. However, 

most natural NGH is stored in the porous sediments, which raised the difficulty in investigating the 

formation and dissociation process of NGH in the lab [12,13]. Thus, some scholars have tried to 

produce 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 sizes. The high-pressure condition is needed due to the low solubility 

of methane in water and for the sake of stabilizing methane hydrate [14]. Some scholars used the 

immiscible mixture of water and the tetrahydrofuran (THF) or tetra-n-alkyl ammonium halides to 

generate the THF hydrate as an experimental analogy to natural NGH at a relatively higher 

temperature and lower pressure [15]. However, the accuracy of these substitutions has been 

contentious in the literature [16,17]. Handa and Stupin [18] synthesized NGH in the porous silica gel 

pores, and found that the equilibrium pressures were 20-100% higher than those for the bulk hydrates. 

They also studied the dissociation process of NGH, and determined the composition of hydrate as 

well as its dissociation heat. Since that they used excess gas to stabilize the hydrate after the formation 

process, the proposed workflow was also called as the excess-gas method. Since then, many scholars 

have conducted many experiments on the synthesized NGH using the excess-gas method. 

Bagherzadeh et al. [19] investigated the hydrate formation and dissociation process in different sand 

particle size ranges and different initial water saturations with nuclear magnetic resonance (NMR) 

technique. They observed the ununiform distribution of NGH in the porous media, and found that the 

formation rate increased with the decreasing of the water content and grain size. Linga et al. [20] 

found that the rate of NGH formation in the fixed bed column is significantly greater than that in the 

stirred vessel. Chong et al. [21] found that the presence of the NaCl inhibits the kinetics of methane 

hydrate formation in porous media. Madhusudhan et al. [22] studied the effects of the NGH on the 

stiffness and strength of the hydrate-bearing sands, which were generated by the excess-gas methods. 

Besides, some scholars injected more water than that needed for the hydrate formation into the reactor, 

which is called the excess-water method. Priest et al. [23] firstly proposed this technique and found 

that the NGH morphology was mainly frame supporting, and studied the stiffness of sands cemented 

by the NGH [24]. Best et al. [25] studied the effect of NGH morphology and water saturation on 



seismic wave attenuation of the synthetic methane hydrate-bearing sand created under excess-water 

conditions. Chong et al. [26] generated the hydrate in the packed sandy grains in the cylindrical vessel, 

and found that the fractional conversion of methane is around 81.5%. They also investigated the gas 

production of the synthesized hydrate sandy sediments and found that the temperature driving force 

of about 2.1 K was required to achieve a 90% dissociation within 10 h. Yang et al. [27] investigated 

the dissociation process of the NGH by depressurization using magnetic resonance imaging (MRI) 

technique in the hydrate sediments, which was formed by excess-gas or excess-water methods. The 

heterogeneous NGH distribution of the monitored panel by MRI was revealed according to the 

changing of the water saturation. In addition, the Kinetic promoters (e.g., sodium dodecyl sulphate, 

SDS) were also adopted to improve the gas consumption rate and to decline the induction period of 

the methane with water to form the hydrate without affecting the hydrate phase equilibrium [28-30]. 

Spangenberg et al. [31] synthesized the NGH using the dissolved methane in the aqueous solution 

without injected free gas, which was also called the dissolved-gas method. This method is based on 

the theory that the solubility of CH4 in the warmer water was higher in the presence of hydrate, which 

means the seeded hydrate was required initially [32]. The generated hydrate saturation by the 

dissolved-gas method can reach 95%, far beyond the excess-water or excess-gas method reported in 

the literature, but the formation rate was slower. However, it was difficult to determine the spatial 

hydrate distribution of these experiments in the porous media, though most scholars have inferred 

indirectly the heterogeneity of the NGH distribution by the relevant experimental phenomenon. 

Kneafsey et al. [33,34] investigated the migration of the mineral grains and water during the 

formation by different techniques and dissociation of the methane hydrate in the sandy core using X-

ray computed tomography (CT). They confirmed that the distribution of the NGH produced by the 

technique mentioned above was ununiform. However, the resolution of the CT images in their study 

was too low to distinguish the hydrate in the pores. Some scholars [35,36] used the micro-CT 

technology to investigate the spatial distribution of the NGH generated in the lab, and revealed its 

heterogeneity, but the ice phase and NGH phase in the high-resolution image were difficult to 

distinguish accurately [37,38]. Thus, the numerical modeling on NGH formation become a relevant 

and important supplement for the lab experiments, which has been emphasized by many scholars. 

Scholars also tried to reveal the kinetic mechanism of the NGH formation/dissociation and fluids 

transportation in porous media by numerical modeling, which involves the coupling of multiphase 

flow, chemical reaction, heat and mass transfer in porous media [39]. Most studies focused on the 

dissociation and transportation process of the NGH [40-42], and the homogeneous NGH saturation 

assumption was used. Not like the laboratory test on NGH formation, few numerical modeling on 

NGH formation at core scale were reported in the literature. Sun and Mohanty [43], Li et al. [44], 

Moridis [45] developed a simulator or subroutines for the existing simulator to simulate the hydrate 

formation process. Basically, the continuity hypothesis, Darcy’s law, and the Kim–Bishnoi model [46] 

were adopted in these codes, while the adopted Kim–Bishnoi model for the kinetic hydrate formation 

was proposed for the bulk hydrate dissociation experiments. The hydrate dissociation/formation rate 

in flow loops is believed to be limited by the mass or heat-transfer, rather than intrinsic kinetics [47]. 

The apparent difference between the hydrate formation and dissociation should be that the formation 

process is controlled by the degree of mixing of water and methane. The reacting surface of hydrate 

(RSH) was the main concern in these studies, which was believed to be related to the content and 

existing mode of hydrate in porous media. In Sun and Mohanty [43], Moridis [45], the reaction 

surface was assumed as proportional to the hydrate saturation (the same as most literature on hydrate 



dissociation modeling), while Li et al. [44] assumed that it was controlled by the mass transfer at the 

gas-water contact area. The detailed comparison of these different reacting surface models of hydrate 

is resented in section 3. Yin et al. [48] used Moridis’s RSH model to simulate the above experimental 

process, and found the strongly heterogeneous distribution of hydrate, water and methane at the end 

of the formation experiment. And they also proposed the area parameter over which the hydrate 

reaction occurs, which is from 1e-6 to 35 by history matching. However, a constant permeability of 

the core is adopted during the hydrate formation process. Wan et al. [49] adopted Li et al.’s model 

simulated the NGH formation process in the pilot-scale simulator and analyzed the effects of the 

migration processes of gas and water on the heterogeneous hydrate formation. In these studies, the 

TOUGH+Hydrate v1.5 is the most widely used simulator. However, the difference of RSH value at 

same hydrate saturation could be up to nearly 100 times among these models reported in the literatures 

(especially between the RSH of formation and dissociation), while they all reached a better agreement 

with the experimental benchmark data of their own. Many studies reported the re-formation of NGH 

when the development of NGH by depressurization, but the same RSH model was adopted for the 

formation and dissociation process. This paper aims to study the performance of these RSH models 

on the hydrate formation process comparatively and to provide new insight for the RSH model 

evaluation for the parametric estimation. 

This paper develops subroutine using C language for the commercial CFD software to simulate 

the hydrate formation process for the first time. The basic governing equation of multiphase flow in 

porous media is solved by Fluent, and the hydrate formation model is programmed using user-defined 

function (UDF). The theoretical model is verified by comparing with Chong’s experiment and Yin’s 

simulation result on the hydrate formation. Then different reaction surface models of NGH 

formation/dissociation are evaluated. The effects of the RSH model and the initial fluids distribution 

on the hydrate formation process are simulated and analyzed. 

2 Mathematical Model 

2.1 Governing equations of porous multiphase flow and heat transfer 

The hydrate formation involves coupling of the multiphase flow, phase change, heat and mass 

transfer and kinetic reaction process in porous media. The multiphase of water, gas and hydrate is 

treated as Darcy flow, while the hydrate phase is regarded as stagnant with extremely low 

permeability. The Eulerian multiphase model is adopted to model the multiple separate, yet 

interacting phases of water, gas and hydrate. The continuity equations for different fluids 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 phases 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. 

The momentum balance for each phases k is  
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where k  is the kth phase stress-strain tensor, g  is the gravity, Pk is the momentum addition source 

term for the porous media, which is defined by Darcy’s law. When neglecting the gravity, the Darcy’s 

law for porous flow is  

( ), ,D rk
k k

k

K K
u P k g w


= −  =                                  (3) 

where 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.  

The absolute permeability reduction model proposed by Masuda et al. [50] is adopted, 

( )0 1
N

D D hK K S= −                                    (4) 

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

reduction index which is determined experimentally.  

For the multiphase system, 

1g w hS S S+ + =                                      (5) 

The effective porosity of the porous media is  

( )0 1e HS = −                                      (6) 

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

[51] 
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where p0 is the gas entry pressure, 1000kpa; Swr and Sgr is the residual saturation of water and methane, 

respectively. 

The relative permeability of water and gas is calculated by the Corey formula [52], 

,
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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. 

The heat transfer equation of solids and fluids in porous rock is derived as 

( )

( ) ( )
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               (9) 

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 
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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 can 

be defined as [53], 

g

h h d g g g g g g

p
Q m H S u p

t
  


= −  − − 


                      (11) 

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 [53]. According 

to Gupta et al. [54], ∆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

 − − + −
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                 (12) 

2.2 Formation Mechanism  

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

Dissociation

4 2 4 2
Formation

CH H O CH + H Oh hN N⎯⎯⎯⎯→ ⎯⎯⎯⎯                              (13) 

where Nh is the average number of water molecules in hydrate, and Nh=5.75 in this study. The hydrate 

formation is the reversible reaction of the dissociation process (as shown in Eq.13), which should be 

the same set of fundamental kinetic rules. 

In 1987, Kim et al. [46] conducted the bulk hydrate dissociation experiments in a semi-batch 

stirred-tank reactor under the temperature from 274 to 283K and the pressure from 0.17 to 6.97 MPa. 

By analyzing the experimental results, they proposed the kinetics of hydrate dissociation, written as 

the consumption rate of methane 

( ) ( )0

E

RT
g d d eh d d eh gn k A f f k e A f f


−

= − = −                            (14) 

where 
0

dk  is the intrinsic constant, ΔE is the activation energy, both of which are usually fitted by 

experimental data; R is the universal gas constant, feh is the equilibrium pressure of NGH, f is the 

methane gas fugacity, fg is the gas pressure. Ad is the reacting surface of hydrate, which is believed to 

be related to the content and existing mode of hydrate in porous media. Though Eq. (14) is derived for 

the hydrate dissociation modeling, many papers also applied it to hydrate formation simulation, since 

the methane hydrate trends to form when feh < fg.  

The direct determination of Ad is still a challenge as it’s difficult to investigate the hydrate 

directly in the pores. Thus, the formula for Ad was usually based on some assumptions or fitted by 

historical matching with the experimental data. Yousif used Amyx’s capillary tube model for rock 

pores to estimate the Ad for hydrate dissociation by Kozeny-Carman equation [55]. This expression 



is based on the assumption that the hydrate covers the rock grains uniformly: 

3
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Kim et al. [46] proposed the following equation to estimate the Ad in the hydrate dissociation 

process: 

0d h geoA S A=                                          (16) 

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). Eq. (16) assumes that the 

spherical hydrate particles with the specific diameter exist in pores without coating on the grain surface.  

 Sun and Mohanty [43] proposed the following conceptual model to estimate Ad for hydrate 

dissociation and formation: 

d pA A=                                          (17) 

where Ap is the surface area of the rock grains exposed to pores (void space) and the surface of solid 

particles arising from hydrate formation or dissociation processes, i.e., salt precipitate, ice and/or 

hydrate particles, which is defined by Eq.14, and τ is the fraction of pore surface area that is active in 

hydrate kinetics: 

( )
2/3

= g w hS S S                                     (18) 

Kumar et al. [56] proposed the following correlation for the surface area for gas hydrates by 

assuming that the hydrate formation habit is grain-coating, and used it for hydrate dissociation 

modeling: 

d hsA A=                                          (19) 

where Ahs is the grain surface per unit volume of porous medium,  

3
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where ms, ρs, rs are the mass, density, radius of the spherical glass beads in the packed porous media 

and Vcell is the volume of the cell. And γ is defined as shape factor, which is fitted by experiments in 

the following expressions: 
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Nakayama et al. [57] proposed a specific surface area model of hydrate in the sediment as a 

function of porosity, hydrate saturation, and the size of sediment particles based on the hydrate 

dissociation experiments by depressurization, 
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where Dp is the average diameter of the spherical glass beads.  



Moridis [45] also assumed the hydrate particle as spheres and proposed the RSH model as  

( )2 2/3= 4d V A p hA N F r S                                  (23) 

where FA is the fitted area adjustment constant by experimental data, which is modified as time- 

dependent fitting parameter in [48], and NV is the number of pores, and rp is the solid grain radius. 
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The average radius rp of the porous medium grains can be acquired by the Kozeny-Carman 

equation, as [58] 
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By substituting Eq.24 and Eq.25, the Eq.23 can be expressed as  
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Li et al. [44] thought the RHS was controlled by the mass transfer at the gas-water contact area. 

Thus, they modified Eq. (23), as  

( )2 2/3= 4hs V A p gA N F r S                                  (27) 

where the area adjustment factor is formulated as  

( )= 1A w hF S S
 −                                      (28) 

where the reduction exponent β was assumed as 2/3 in their study. 

3 Simulation on hydrate formation in synthesized sandy cores 

3.1 Model validation 

The experiment [26] and simulation [48] on hydrate formation are adopted as benchmark data for 

model validation. The experiment was conducted in a cylindrical vessel with the inner size of 

Φ102mm×120mm, and then a numerical simulation on the experiment was also conducted using 

TOUGH+HYDRATE v1.5 code. The experimental temperature Ta & Tb inside of the reactor are 

measured by two sets of six-point thermocouples with an accuracy of 0.1 K, where 

6

1

/ 6a ai

i

T T
=

=  and 

6

1

/ 6b bi

i

T T
=

= . The pressure of the reactor bottom, which is opposite to the inlet of the injected fluids, 

is investigated. The porous sandy media is synthesized by uniform fine silica sand with a quartz content 

of over 99.0%. The 97% mean particle diameter is between 150 µm and 300 µm. The grain density is 

2.65 g/cm3. The average particle diameter is estimated as 225μm. The sands of 1480.5 g are filled in 

the reactor of 1.0 L and then compacted to the porosity of 0.44. 



In this work, the 2D symmetry domain of the reactor is established according to the original 

experimental setup using ICEM software. A schematic diagram of the meshed models and its 

dimension is shown in Fig.1, as well as the pressure and temperature inspecting point. A total of 1740 

quadrilateral cells are meshed for the 2D symmetry model, and the inlet channel for the water & gas 

injection is refined locally. 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. The Eulerian 

model of the commercial Fluent software is adopted to solve the governing equations of the 

multiphase flow in porous media, the feasibility and efficiency of which have been proven in many 

studies. The phase coupled SIMPLEC algorithm is used to solve the coupling velocity and pressure, 

and the second-order upwind scheme for the momentum and energy equations. Default relaxation 

factors are used. As is in Fig.2, the same procedures of about 8 hours as the experiment [26] are 

adopted to generate the hydrate in the synthesized sandy porous media with the porosity of 0.44. The 

basic physical properties used in the simulation are listed in Table.1 and Table 2, which are acquired 

by laboratory tests [26]. 

 

Figure 1. Schematic diagram of the meshed models and its dimension  

 

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 998 1 0.6 4180 

Hydrate 910 - 0.393 2010 

Methane PR equation 0.01 0.00335 2205 

Sandy grains 2650 - 1.65 1400 

Table.2 Properties of fluids and sandstone cores in the simulation  

Parameter  Value 

Intrinsic permeability 3.83D 



Porosity of the sand cores(ϕ) 0.448 

nw in Eq. 3.0 

ng in Eq. 3.0 

Swr  0.2 

Sgr 0.01 

 

There are a total of 3 periods for the hydrate formation in [26], in which the result of the 1st 

period is adopted as the validation case. The schematic diagram of the hydrate formation procedure 

of the 1st period using the excess-water method is shown in Fig.2, including: 

1) during S(stage)1 to S3, the reactor was filled with CH4 gas at the temperature of 288.2K and 

the pressure of 6.35MPa. 

2) during S3 to S4, the water of 183.3mL is injected into the reactor at a uniform speed in the 

period of 220 seconds, and the temperature of the cycling water bath is 288.2K; 

3) during S4 to S5, the water and methane in the porous media will redistribute in a stabilized 

state in 2 hours, and the temperature of the cycling water bath is 288.2K;  

4) during S5 to S6, the reactor is cooled by the cycling water of 274.5K and the hydrate formation 

process lasts for 6 hours. 

 

Figure 2 Schematic diagram of the hydrate formation procedure using the excess-water method 

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

hydrate and ice. 1-2: gas injection, 2-3: cooling, 3-4: water injection, 4-5: stabilization, 5-6: cooling for hydrate 

formation 

The distribution of temperature, the saturation of methane and water after the S4 is presented in 

Fig.3. At the end of the water injection stage, the water mainly distributes around the inlet of the 

model. Since that the temperature of the injected water is higher than that of the initial core, the 

temperature around the area of high-saturation water after the stage 4 is higher than that of the area 

close to the boundary. While. the area of high temperature is not the same as the area of high-

saturation water, because of the heat exchange between the core and the cycling water. The pressure 

and temperature of the inspecting points vs. time by the simulation are presented in Fig.4, which 

agree well with the experimental data. The pressure of the core increases gradually from 6.35MPa to 

9.60 MPa with the injection of the water. The distribution of the pressure in the core is uniform since 
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that the intrinsic permeability of the core is large enough. However, it should be noted that the 

experimental initial Tb is higher than that of the surrounding cycling water, which indicates the core 

didn’t reach heat equilibrium in the experiment.  

   

Saturation of Water Sw Saturation of Methane Sg Temperature 

Figure 3. The distribution of temperature, saturation of methane and water after the stage 4. 

  

(a) Presure vs. time (b) Temepetature Ta & Tb vs. time 

Figure 4. Pressure, Ta and Tb of the inspecting points vs. time after the stage 4. 

Then the core is located in the reactor for the stabilization stage of two hours under the pressure 

of 9.6MPa and the cycling water of 288.2K. This stage is designed for the redistribution of the water 

and methane in the core. After S5, the pressure of the core stays constant 9.6MPa and its temperature 

is cooled to 288.2K, which distribute uniformly in the core. However, the pressure of the core in the 

experiment is reported to decrease from 9.6MPa to 9.5MPa, which is caused by the methane 

dissolution when the injected water migrates from the inlet to the bottom of the reactor. The gas 

dissolution effect is neglected in this study. The distributions of the water and methane after the stage 

5 are presented in Fig.5, which are proved to be heterogeneous in the core. The water saturation 

almost distributes in layers from the top (about 0.3) to the bottom (about 0.5) of the core. The main 

reason lies in that the injected water is driven to the bottom by gravity, while the methane gas moves 

upward by the buoyancy. The stabilized distribution of water and methane gas are controlled by the 

irreducible water saturation of 0.2 and the capillary pressure.  
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Saturation of water Sw Saturation of methane Sg 

Figure 5. Distribution of temperature, saturation of methane and water after the stage 5. 

During the S5 to S6, the temperature of the cycling water decreases from 288.2K to 274.5K in 

0.66 hour in the experiment, which is assumed to be decreased linearly in the simulation. The 

distribution of the temperature and the hydrate saturation at the time of 2h and 5h are presented in 

Fig.6. The porous sample is cooled from the boundary part to the center part by the cycling water 

until the temperature of the sample is equal to 274.5K, the same as the cycling water. Thus, the hydrate 

forms firstly in the parts close to the boundary part, which causes a higher hydrate saturation in these 

parts. The distribution of the hydrate saturation is found ununiform in the sandy porous media, which 

decreases from the boundary to the center part. For the sake of the heterogeneous initial distribution 

of water and methane, the final hydrate saturation at the bottom is about 0.17, which is lower than 

that of 0.43 at the top. The result proves that the uniform assumption of the hydrate distribution in 

the hydrate dissociation modeling is not accurate, even assuming the sandy porous media is 

homogeneous. The pressure, temperature of the inspecting points and the mass of hydrate vs. time of 

the simulation in this study and the experimental benchmark data in literature are presented in Fig.7. 

In the initial stage, the pressure and the temperature of the inspecting points decrease slowly, which 

are caused by the cooling of the cycling water. When the temperature of the surrounding cycling 

water decreases to about 282K (at about 20 min), the hydrate starts to form from the boundary close 

to the cycling water, which causes the sharp decrease of the pressure and the temperature from 0.3h 

to 3.5h. During 3.5h to 5.0h, the mass of the hydrate becomes stable, indicating the completion of the 

hydrate formation process because the pressure approaches to 3.2 MPa (the hydrate equilibrium 

pressure at 274.5K), so it is with the pressure and the temperature. What’s more, the simulation in 

this study predicts the same fluctuant tendency of temperature as the experiment during the 1.0h to 

2.0h, while Yin’s study showed a 0.5h delay. During this period, the rising of the temperature is caused 

by the exothermic reaction of the hydrate formation, which releases more heat than that the cores 

exchange to the cycling water. The simulation results in this study agree well with the experimental 

benchmark data and the simulation result in Yin et al. [48], which validates the feasibility of the 

simulator and the programmed subroutine of this study. It should be noted that the same basic 

governing equations, kinetic reaction model of hydrate formation, and the material properties as [48] 

are adopted. The small variations between these two simulations lie in that the numerical 

computational scheme. The real gas PR equation is adopted for methane in this study while it was not 

reported in the study of Yin et al. [48]. The numerical solver differs that Fluent used in this study is a 

finite volume method (FVM) based software while TOUGH is based on finite difference method 

(FDM), while the detailed numerical solvers in [48] are also not reported.  
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Figure 6. Distribution of temperature and saturation of hydrate at the time of 2.0h and 5.0h. 
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(b) Temperature at the inspecting points vs. time  

 

 

(c) Mass of the hydrate vs. time  

Figure 7. Comparison between the simulation and the experiments on the pressure, temperature of the inspecting 

points and the mass of hydrate vs. time  

3.2 Evaluating the effects of RSH models on the hydrate formation 

The RSH models of Eq. (14) (15) (16) (18) (21) (25) (26) for the kinetic dissociation and 

formation process in literature [43-48,55-57,59] are shown in Fig.8, including a different constant 

index of the permeability reduction model for Eq.14. The initial average saturation of water and CH4 

gas is the same as that in section 3.1. The same fitted FA in the RSH model as Yin et al. [48] is adopted 

in this study, the simulation result of which is adopted as a benchmark data for model validation and 

comparison with other RSH models. The dot lines in Fig.8 represent the RSH models of the 

dissociation, and the solid lines are the RSH models of the formation. In the low-saturation phase of 

NGH(Sh<0.1), there is no big gap of the RSH values between the dissociation and formation models, 
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except the Yousif’s model [55]. However, with the increasing of Sh (Sh>0.1), the RSH models of 

dissociation except the Nakayama et al.’s were all 10 to 100 times larger than that of the formation in 

the literature. The models except for the Yousif’s model [55], Li et al.’s [46] and Nakayama’s model 

[57] reach 0 when there is no hydrate, which means the hydrate formation starts only when the non-

zero initial hydrate saturation is specified. No literature reported the exact value of the initial hydrate 

saturation used for the hydrate formation modeling. Among these models except Sun and Mohanty’s 

[43] and Li et al.’s [44], the RSH is thought to be positively related to the Sh, which means the 

formation and the dissociation rate rise with the hydrate saturation. In Moridis’s model [45,48], the 

area adjustment constant FA is fitted by experimental data and was reported that may differ by 4 

orders of magnitude in the simulation of one case, which means the accuracy of the numerical 

simulation is uncertain if there is no corresponding experimental benchmark data.  

 

Figure 8. Different RSH models vs. hydrate saturation in literature 

Though the performance of the RSH models above were superior in their studies in literature, 

no literature reported the comparison of these models on the same case. Using the initial distribution 

of water and gas as shown in Fig.5, the effects of different RSH models on the hydrate formation are 

simulated. The initial hydrate saturation of the RSH models containing Sh is assumed a constant of 

0.0001 to start the hydrate formation, which means Sh=0.0001 when the Sh is below 0.0001. The 

pressure variations vs. time of the reactor bottom in the NGH formation process using the RSH 

models by Yousif [55], Kim et al. [46], Sun and Mohanty’s [43], Li et al. [44], and this study are 

presented in Fig. 9. Since the hydrate formation in the porous media will cause the decrease of the 

pressure, thus the decreasing rate of the time-dependent pressure can be regarded as a reflection of 

the rate of hydrate formation after reaching the equilibrium temperature of hydrate formation. In the 

low saturation of hydrate, the formation rate of the hydrate is larger using the RSH models by Yousif 

[55] or Li et al. [44], thus the pressure decreases sharply. While in the high-saturation stage of the 

hydrate, the RSH models by Yousif [55] or Kim et al. [46] will cause a higher formation rate of the 

hydrate. The formation time of Yousif [55] or Kim et al. [46]’s proposed models is about 2.5 hours 

earlier than that of the experiment, while that of Sun and Mohanty’s [43] or Li et al. [44] is about 1 

hour earlier than that of the experiment. The value gap of the RSH in the hydrate dissociation and 

formation process is believed to be caused by the interfacial properties between methane and water. 

The results indicate that different RSH models for formation and dissociation should be taken into 
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consideration when modeling the hydrate dissociation at large scale when there will be newly 

generated hydrate. Many studies in literature reported the re-formation of hydrate during the 

development of NGH [60,61], however, rare studies considered the different RSH value variations. 

This phenomenon can also be confirmed by the slope of the pressure curve in Fig.9. Meanwhile. the 

final distribution of hydrate, water and gas is nearly consistent in these cases. Thus, the effects of the 

RSH models on the final distribution of the hydrate formation in the core are found negligible at the 

core scale.  

 

 

 Figure 9. Comparison between the pressure variations vs. time using different RSH models in literature 

3.3 Evaluating the effects of initial fluids distribution on the hydrate formation 

In this section, the effects of the initial distribution of water and gas are evaluated. Three cases 

with the same average saturation of water and methane initially are simulated: case 1 assumes the 

methane distributes uniformly with the saturation of 0.58, that is, the initial water saturation is 0.42; 

case 2 uses the simulation result of the redistribution methods as S4 to S5 shown in Fig. 2, but only 

lasts for 1 hour; case 3 uses the same water and methane distribution as the Fig.5. The initial 

distribution of water and methane in case1 is close to the dissolve-gas method for hydrate formation 

in the lab. The boundary conditions and the physical properties used in the simulation are the same 

as those in section 3.1. The hydrate saturation of the 3 cases when the hydrate formation completes 

after 6 hours is presented in Fig.10. The hydrate distributions of the three cases are all ununiform, 

even when assuming the water and methane are mixed uniformly in case1 in a homogeneous porous 

media. The final hydrate saturation shows an approximate circular distribution in the reactor, 

decreasing from the parts near the boundary to the center part. Since the hydrate formation requires 

a proportion of both water and methane at the same time, the initial methane saturation of the reactor 

bottom in case 2 is much lower than this ratio, which leads to a lower hydrate saturation than that of 

other parts close to the boundary when the hydrate formation is completed. Accordingly, the final 

hydrate saturation of the top part in case3 is also lower. The results indicate that the initial distribution 

of water and gas has a great impact on the hydrate formation in the sealed reactor. And the current 

hydrate formation methods using high-pressure injection then cooling in the lab trends to form a 
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higher hydrate saturation in the parts closer to the cooling boundaries. Thus, the heterogeneous 

distribution of the hydrate, water and methane should be taken into consideration when modeling the 

hydrate dissociation process or models validation/modification using the experimental benchmark 

data. 

Case1 Case2 Case3 

 

Initial Sg 

 

Initial Sg 

 

Initial Sg 

 

Sh 

 

Sh 

 

Sh 

Figure 10. Initial distribution of methane and the corresponding final distribution of hydrate 

4 Conclusion 

 This paper presents the numerical modeling on NGH formation in the core-scale sandy 

sediments. The mathematical model is established based on the kinetic reaction model of hydrate 

formation, the permeability reduction model by the NGH, heat and mass transfer in porous media. 

The hydrate formation model is programmed by C and used as a subroutine of Fluent software, which 

is adopted to solve the governing equations of the multiphase flow. The simulator scheme is verified 

by comparison with the experimental and numerical simulation in literature. The following 

improvements can be concluded: 

1) The proposed simulation scheme in this study predicts the same fluctuant tendency of 

temperature as the experiment during the 1.0h to 2.0h, while Yin’s study showed a 0.5h delay in 

literature.  

2) Most RSH models of dissociation were all 10 to 100 times larger than that of the formation in 

the literature when Sh>0.1, and the gap increases with the hydrate saturation. The value gap of the 

RSH should be taken into consideration when modeling the hydrate dissociation when the hydrate 

re-formation in the exploitation of NGH. The effects of the RSH models on the distribution of the 

hydrate formation are found negligible.  

3) The initial distribution of water and gas has a great impact on the hydrate formation in the 

sealed reactor. The hydrate distribution is ununiform, even when assuming the water and methane are 



mixed uniformly in a homogeneous porous media. The current hydrate formation methods using high-

pressure injection then cooling in the lab trends to form a higher hydrate saturation in the parts closer 

to the cooling boundaries. Thus, the heterogeneous distribution of the hydrate, water and methane 

should be taken into consideration when modeling the hydrate dissociation process or models 

validation/modification using the experimental benchmark data. 

It should be noted that the pore structure and material properties in the natural sandy sediments 

are more complex and heterogeneous, which are assumed as homogeneous in the simulation. 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. 

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); and financial support from China Scholarship Council.  

Nomenclature 1 

Ad   reacting surface of hydrate, m2 2 

Ageo  surface area to volume ratio of hydrate particles, 3 

1/m 4 

Dp   average size of the glass beads, m  5 

Ck   heat capacity of phase k, J/(Kg·K) 6 

ΔE  activation energy, J 7 

FA  fitted area adjustment constant 8 

h    enthalpy, J 9 

ΔHd latent heat of hydrate during the dissociation of 10 

methane hydrate, J/kg 11 

KD0 absolute permeability of the sandstone without 12 

contains hydrate, mD 13 

KD  absolute permeability of the sandstone which 14 

contains hydrate, mD 15 

Krk  relative permeability of phase k 16 

kd  hydrate dissociation constant, Pa·s 17 

0

dk   intrinsic constant, mol/m2·Pa·s 18 

mk   mass flow rate of phase k on the outlet, kg/s 19 

km  mass rate of dissociation/formation of phase k 20 

Mk  molecular weight of phase k 21 

Nh average number of water molecules in 22 

hydrate,5.75 23 

NV  number of pores 24 

p0  gas entry pressure, pa 25 

pca  capillary pressure, pa 26 

Pc  critical pressure of methane, 4640kPa 27 

Peh  equilibrium pressure of hydrate, Pa 28 

Pk  pressure of phase k, Pa 29 

hQ  energy source term 30 

r   radius of the hydrate particle, m 31 

rp  radius of the solid grain radius 32 

R  gas constant. 8.314 J·K−1·mol−1 33 

Shc  threshold value of hydrate saturation 34 

Sk  saturation of water, methane and hydrate 35 

Swr irreducible saturation of water 36 

Sgr residual saturation of methane 37 

t   time, s 38 

T  temperature, K 39 

T0  temperature of the air/water bath, K 40 

U  internal energy, J 41 

Vm  molar volume of methane gas, m3/mol 42 

ϕ0  absolute porosity 43 

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


ϕe  effective porosity 44 

ku  fluid velocity of phase k, m/s  45 

ρ   density of phase k, kg/m3 46 

μk  viscosity of phase k, Pa·s 47 

λb  boundary heat transfer coefficient, W/(m2·K) 48 

λk  thermal conductivity of phase k, W/(m·K) 49 

λe  effective thermal conductivity, W/(m·K) 50 

σg  Joule-Thomson throttling coefficient, -1.5E-4 51 

τ  active fraction of pore surface area 52 

γ  shape factor 53 

Subscripts 54 

w   water 55 

h   hydrate 56 

g   methane gas 57 

R  solid matrix 58 

N  permeability reduction index 59 

k  different phases of hydrate, methane and water 60 

Abbreviations 61 

NGH  natural gas hydrate 62 

NMR  nuclear magnetic resonance 63 

MRI  magnetic resonance imaging 64 

PR  Peng–Robinson 65 

RSH reacting surface of hydrate   66 

STP  standard pressure and temperature condition 67 

TCM  trillion cubic meters  68 

THF  tetrahydrofuran 69 

UDF  user defined function 70 

71 
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