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Abstract: Natural gas hydrates have attracted many attentions recently as a promising 22 

energy, the exploitation of which will cause complicated multifield coupled behavior of 23 

hydrate-bearing sediments. As sediments usually vary from tens to hundreds of meters, 24 

the gravity effect on gas-liquid migration and soil deformation may not be completely 25 

ignored. This paper develops a new thermo-hydro-chemo-mechanical model to 26 

investigate the sediment behavior during the hydrate dissociation. The equations of gas-27 

liquid migration are numerical solved with explicit incorporation of hydrate 28 

dissociation process. The numerical stability and efficiency have been improved by 29 

expanding the Taylor series of the source terms and making the first-order 30 

approximation. Furtherly, pre-calculation procedures have been considered to obtain 31 

the initial state of field variables. Pilot-scale model results show that the gas-liquid 32 

migration, soil deformation and NGH dissociation are accelerated when the gravity 33 

effect is present. During the exploitation, a dissociation front can be observed, and gas-34 

liquid migration and hydrate dissociation dominate the process alternatively, leading to 35 

first decrease and subsequent increase of gas saturation and continuous rise of liquid 36 

saturation. Moreover, it is inferred that marginal enhancement of gas production can be 37 

achieved with the increase of wellbore lengths, but it should not exceed 75% of the 38 

reservoir thickness. 39 

Keywords: natural gas hydrates; thermo-hydro-chemo-mechanical coupled; gravity 40 

effect; gas-liquid migration; hydrate dissociation; numerical modelling.  41 
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1 Introduction 42 

The natural gas hydrates (NGHs) are caged crystalline compounds composed of natural 43 

gas and water molecules under high pressure and low temperature, and they are widely 44 

distributed in marine sediments and permafrost formations (Sloan and Koh, 2008). The 45 

amount of carbon stored in NGH reservoirs is estimated to be at least twice than that in 46 

traditional fossil fuels (Kvenvolden, 1988; Milkov, 2004). So far, several exploitation 47 

methods have been reported, including depressurization, heat stimulation and chemical 48 

injection (Yousif et al., 1991; Sun et al., 2014; Song et al., 2016). The NGH dissociation 49 

is an endothermic process, which absorbs heat from the surroundings, and then further 50 

affects soil stiffness and strength. Simultaneously, changes of pore pressures caused by 51 

released gas and liquid from NGHs will lead to variations of skeleton effective stresses, 52 

heat advection parameters and eventually the NGH dissociation itself. Besides, 53 

temperature change causes thermal expansions of all three phases in the sediments and 54 

the variation of NGH dissociation process, and skeleton deformation will reciprocally 55 

affect pore pressures.  56 

These processes are recognized as the coupled thermo-hydro-chemo-mechanical 57 

(THCM) behavior during the NGH exploitation. Inappropriate depressurization rate or 58 

production wellbore layout may lead to abrupt variations and spatial inhomogeneity of 59 

effective stresses, thus possibly triggering geotechnical hazards, such as borehole 60 

collapse, seabed facility failures and submarine landslides (Maslin et al., 2010; 61 

McConnell et al., 2012). As the thickness of hydrate-bearing sediments varies from tens 62 
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to hundreds of meters (Wang et al., 2017; Li et al., 2018; Ye et al., 2020), the pore gas 63 

/ liquid pressure and skeleton effective stresses will vary alone the depth, resulting in 64 

altered fluid flow during the NGH exploitation (shown in Fig. 1). This may further 65 

enhance the spatial inhomogeneity of effective stresses and aforementioned hazards. 66 

 67 

Fig. 1 Diagram of sediment phases and gravity effect on gas-liquid migration 68 

So far, several countries have conducted in-situ NGH exploitation tests. The hydrate-69 

bearing sediment in the Messoyakha field in Russia in the 1960s was the first report of 70 

such attempt (Makogon et al., 2007). In this field, gas in the hydrated state existed in 71 

the upper layer of the sediments and the underlying layer contained gas in a free state. 72 

In Mackenzie Delta of Northwest Territories in Canada, a longer in-situ hydrate 73 

exploitations were carried out in 2002, 2007 and 2008 (Yamamoto and Dallimore, 74 

2008). Depressurization method was applied to the investigating study. This research 75 

program was believed to be a new step forward towards realizing NGHs as a viable 76 

energy resource. The Iġnik Sikumi field program on the Alaska North Slope in America 77 

in 2012 was designed to provide insight into the potential commercial gas production 78 

by adopting the CO2-CH4 swap process and extract nature gas from hydrate-bearing 79 
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sediments (Boswell et al., 2017). With the application of depressurization method in 80 

Nankai Trough in Japan, the first successful oceanic NGH extraction was achieved in 81 

2013 (Konno et al., 2017; Yu et al., 2019). During the test production, sand intrusion 82 

was detected and tests were terminated in 2013. Afterwards at site AT1-P in South 83 

China Sea, China, trial exploitations were carried out in 2017 and 2020 (Li et al., 2018; 84 

Ye et al., 2020), and daily gas production rate was recorded to be 0.51 × 104 m3 and 85 

2.87 × 104 m3 for 60 and 30 days respectively, which holds the longest continuous 86 

extraction record so far. These in-situ exploitations are extremely valuable. For 87 

commercial operation, the gas production rate needs to reach at least 5.0 × 105 m3/d in 88 

marine sediments (Sloan, 2003; Wang et al., 2022) and the production life of a particular 89 

site needs to be at least 10 years (Chen et al., 2022). According this standard, most of 90 

the NGH sites are still far from commercial production. 91 

To comprehensively investigate the gas-liquid migration, hydrate-bearing sediment 92 

deformation and possible geotechnical hazards during the NGH dissociation, laboratory 93 

experiments and numerical simulations are often carried out and compared. Some 94 

laboratory-scale tests are conducted to analyze skeleton deformation (Miyazaki et al., 95 

2011, 2012), porous fluid flow (Kleinberg et al., 2003; Kumar et al., 2010) and chemical 96 

reaction characteristics (Gayet et al., 2005; Chong et al., 2015), which greatly promote 97 

the basic understanding on the underlying mechanism for hydrate-bearing sediments. 98 

Taking Li’s study (2014) for example, six experimental runs were carried out in a three-99 

dimensional pressure vessel. Among them, four runs were used to calibrate the kinetic 100 
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reactive parameters, where the relative deviations of gas pressure from the six 101 

experiments range from 2.9% to 10.5%. With the optimization (history-matching) 102 

process (Thomas et al., 1972; Moridis et al., 2005; Yin et al., 2018) providing estimates 103 

of the thermal properties and of the kinetic parameters, the minimized deviations 104 

between observations and simulation results have been found to be less than 3% 105 

(Moridis et al., 2005). Based on the scaling criteria, the parameters obtained in the 106 

laboratory can be up-scaled to reflect hydrate reservoir responses in the field (Bai et al., 107 

2013; Kwon et al., 2013; Wang et al., 2014, 2016). Besides, initial pore pressures and 108 

stresses driven by gravity corresponding the prototypes play a critical role in these 109 

modeling cases. 110 

As for numerical simulations, intensive THCM coupled models are performed with 111 

different codes, including Tough+Hydrate (Rutqvist et al., 2009; Jin et al., 2018b), 112 

Comsol (Sun et al., 2019), Code-bright (Sánchez et al., 2018). Wilder et al. (2008) and 113 

White et al. (2020) have made extensive reviews on the available numerical approaches 114 

simulating the hydrate behavior. The Tough+Hydrate code (Moridis et al., 2012) has 115 

been continually developed by Lawrence Berkeley National Laboratory (LBNL) to 116 

model non-isothermal CH4 release with phase-change behavior, and is one of the mature 117 

simulators for hydrate dissociation. By simulating two known hydrate-bearing 118 

permafrost sediments with Tough+Hydrate+Flac, Rutqvist et al (2009) found that the 119 

depressurization-induced NGH dissociation increases shear stresses in dissociation 120 

regions and the Poisson’s ratio is a key parameter determining the effective stress path, 121 
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possibly revealing the collapsed mechanism of boreholes. For the cross-platform finite 122 

element multi-physics code Comsol (COMSOL, 2017), user-friendly graphical user 123 

interface (GUI) and coupled systems of partial differential equations allows researchers 124 

to build and modify the model easily (Sun et al., 2018). Sun et al (2018) introduced a 125 

new thermodynamics-based constitutive model into Comsol with the external material 126 

interface and established a THCM coupled model for NGH exploitations, which is an 127 

effective method to reveal the complicated static and dynamic mechanical responses. 128 

Besides, gas production and ice thawing / formation in hydrate-bearing sediments 129 

considering dilatancy and anisotropy were simulated based on Code-bright (Sánchez et 130 

al., 2018), which is a finite element code originally developed by Olivella et al (1996) 131 

and designed to solve multiphase mass and heat transport problems. For simulating the 132 

complicated coupled processes during the NGH dissociation, computational efficiency 133 

is of great importance. In Code-bright, the mass balance for each component (i.e. water 134 

or air) combines the mass in all phases to eliminate the frequent change of source terms, 135 

and the accumulation terms are directly discretized by a finite difference in time, which 136 

reaches a more economical iteration (Olivella et al., 1996; Sánchez et al., 2018). In 137 

general, the numerical models are considered a valuable tool to predict the physical 138 

behavior of the reservoir before in-situ operations. 139 

Gas / liquid pressure presents a gradient distribution along the depth by the gravity 140 

effect, thus making gas-liquid migration different from that neglecting it. To our best of 141 

knowledge, few researches were reported to analyze the gravity effect on NGH 142 
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dissociation in detail. So, we wonder how much impact the gravity has on the THCM 143 

coupled behavior when NGH is exploited. Therefore, we comprehensively investigate 144 

the gravity effect based on a new developed THCM coupled model based on the open-145 

source finite element code OpenGeoSys (OGS) (Kolditz et al., 2012; Lehmann et al., 146 

2018; Bilke et al., 2019). To achieve a higher numerical stability and efficiency, mass 147 

change in source terms caused by NGH dissociation is expanded by Taylor series and 148 

explicitly solved locally. After verified against both experimental data and also previous 149 

numerical results, a pilot-scale model has been established to investigate the gravity 150 

effect. As the gas production rate is of great importance during the exploitation, it is 151 

important to know how much is the optimum length of vertical production wellbore in 152 

comparison to the reservoir thickness. Hence, the impacts of gravity effect on NGH 153 

dissociation and the influence of vertical wellbore length on gas production rate are 154 

investigated in detail using this numerical model. Conclusions are drawn in the end that 155 

will facilitate a more efficient exploitation of NGH resources. 156 

 157 

2 Methodology 158 

The THCM coupled responses of hydrate-bearing sediments mainly consist of NGH 159 

dissociation, skeleton deformation, gas / water migration and heat transfer. Fig. 2 160 

illustrates their coupled relationship. In our numerical model, the following 161 

assumptions are adopted: (1) the solid, hydrate and liquid phases can thermally expand, 162 

whereas the gas thermal expansion is regulated by the Clapeyron’s equation, (2) heat 163 

transfer includes conduction and advection, (3) Darcy’s law and Fick’s law are used to 164 



9 
 

illustrate seepage and diffusion of pore water and dry air, with  the phase-transition 165 

between liquid water and gaseous vapor also considered (Zhu et al., 2020), and (4) none 166 

of NGH secondary formation, ice formation and air dissolution happens during the 167 

NGH dissociation. Based on these assumptions, gas pressure pg, liquid pressure pl, 168 

temperature 𝑇𝑇  and displacements 𝐮𝐮 are treated as independent primary variables, 169 

leading to equations presented below. 170 

 171 

Fig. 2 Coupled processes of hydrate-bearing sediments during the NGH dissociation 172 

 173 

2.1 Governing equations 174 

2.1.1 Mass balance equations 175 

The mass balance equations here are formulated for the air and water components. This 176 

means the water mass balance includes water in aqueous phase and also the water vapor 177 

in the gas phase, which can be formulated as (Wang et al., 2015): 178 

 ds
dt
�ρa

gSgφ�+∇∙(Ja
g) + ρa

gSgφ∇ ⋅ dsu
dt

=qa (1a) 179 

 ds
dt
�ρw

l Slφ+ρw
g Sgφ�+∇∙�Jw

l + Jw
g � + ρw

l Slφ∇ ⋅ dsu
dt

=qw (1b) 180 

where ds
dt

 denotes the material time derivative following the solid skeleton, ∇ is the 181 
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Nabla operator, ρa
g, ρw

l  and ρw
g  represent the density of dry air, liquid water and vapor 182 

respectively. Sg and Sl denote the saturation of gas and liquid phase. φ refers to the 183 

porosity. Ja
g  is the air flux while Jw

l  and Jw
g  are liquid water and vapor flux 184 

respectively. u represents the soil displacements, with and qa and qw are the source 185 

terms of air and water, following the definition in Eqs. (6a) and (6b) respectively. 186 

 187 

2.1.2 Energy conservation equation 188 

The total energy conservation equation over all phases reads as follows (Wang et al., 189 

2015): 190 

 �Csρs(1− φ) + ClρlSlφ+CgρgSgφ+ChρhShφ� ds𝑇𝑇
dt

+∇·Jc+∇·�JE
l +JE

g� = qE (2) 191 

whereCs, Cl, Cg and Ch are the specific heat capacity of soil, liquid, gas and NGHs 192 

respectively. Jc  refers to the heat flux of conduction, JE
l  and JE

g  denote the heat 193 

advection fluxes caused by liquid and gas migrations. The source terms of energy qE 194 

is regulated by Eq. (6d). 195 

 196 

2.1.3 Momentum balance equation 197 

Neglecting the inertial forces and considering the gravity effect, the linear momentum 198 

balance equation for all phases is governed by (Wang et al., 2015): 199 

 ∇·σ + �ρs(1− φ)+ρlSlφ+ρgSgφ+ρhShφ�g = 𝟎𝟎 (3) 200 

where g is the gravity vector, and σ is the total stress tensor, which is related to the 201 

effective stress tensor σ' by (Sun et al., 2019): 202 

 σ = σ' − Slpl+Sgpg

Sl+Sg 𝟏𝟏 = σ' − Sg

Sl+Sg pg𝟏𝟏 − Sl

Sl+Sg pl𝟏𝟏 (4) 203 
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where 𝟏𝟏 is the second-order identity tensor. 204 

 205 

2.2 Constitutive equations 206 

2.2.1 NGH dissociation 207 

During the NGH dissociation, the solid NGH transforms to liquid water and methane 208 

gas, changing properties of the solid skeleton. Meanwhile, it absorbs a large amount of 209 

heat. At 275.15 K, this is approximate 409.63 kJ per kilogram of NGHs (Liang et al., 210 

2010). Currently, several models haven been proposed for quantitatively describing the 211 

NGH dissociation process, mainly including equilibrium model (Kowalsky and Moridis, 212 

2007; Teng and Zhang, 2020), pseudo-kinetic model (Sánchez et al., 2018; Teymouri 213 

et al., 2020) and kinetic reaction model (Kim et al., 1987; Yin et al., 2018), whose 214 

specific characteristics are shown in Table 1. 215 

Table 1 NGH dissociation models 216 

Dissociation model Characteristics Reference 

Equilibrium model 

NGH dissociates completely once 

phase equilibrium state no longer 

holds 

Kowalsky and Moridis (2007) 

Teng and Zhang (2020) 

Pseudo-kinetic model 

The rate of NGH dissociation is 

determined by the dimensionless 

distance away from the p-T plane 

Sánchez et al. (2018) 

Teymouri et al. (2020) 

Kinetic reaction model 

The rate of NGH dissociation 

originates from chemical kinetic 

theory and is affected by p and T 

Kim et al. (1987) 

Yin et al. (2018) 

To our best of knowledge, the Kim-Bishnoi kinetic reaction model is the most widely 217 
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applied. Based on the kinetic chemical reaction theory, the activation energy and the 218 

specific surface area are considered to be the factor determining the actual reaction rate. 219 

The dissociation rate then reads: 220 

 Rr=KdAs(pe − pg) (5a) 221 

 Kd=K0exp �− ΔE
RT
� (5b) 222 

where Rr  refers to the reaction rate, Kd is the kinetic dissociation rate, K0 is the 223 

kinetic dissociation constant, ΔE is the activation energy, R is the gas constant, and 224 

As is the specific surface area, which can be given by As=φAs0Sh, where Sh is NGH 225 

saturation and As0=7.5×105 m-1 (Hardwick and Mathias, 2018; Sun et al., 2019). With 226 

the dissociation rate calculated in Eqs. (5a) and (5b), the source terms for air, water, 227 

NGH and energy equations read: 228 

 qa=MaRr (6a) 229 

 qw=NhMwRr (6b) 230 

 qh=− MhRr (6c)231 

 qE = −∆HMhRr (6d) 232 

where qh is the source terms for the NGH equation, Ma, Mw and Mh are the molar 233 

mass for air, water and NGH, Nh is the stoichiometric ratio of molar water amount 234 

over that of dissociated methane. ∆H  is the enthalpy change, which is usually 235 

expressed as the linear function of T (Liang et al., 2010; Sun et al., 2019): 236 

 ∆H = C0+C1T (7) 237 

where C0 and C1 are parameters of enthalpy change. 238 
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Concerning that the Kim-Bishnoi model is well studied and also verified against 239 

experimental data, it is adopted in this work to calculate kinetic reaction rates.  240 

 241 

2.2.2 Fluid migration 242 

Pore fluids here refer to pore gases (dry air and water vapor) and pore water, and the 243 

migrating process of pore gases includes both advection and diffusion (Wang et al., 244 

2015). The corresponding processes are regulated: 245 

 Jαg=JαC
g + JαD

g   α=a, w (8) 246 

where α represent component of pore gases, and JαC
g  and JαD

g  are respectively the 247 

advection and diffusing parts for the α phase respectively. They can be determined by 248 

Darcy’s law and Fick’s law (Wang et al., 2015): 249 

 JαC
g =− ρα

gKkrel
g

μg (∇pg − ρgg)  α=a, w (9a) 250 

 JαD
g = − ρg MaMw

�Mg�
2 Dα

g∇ �pα
g

pg�   α=a, w (9b) 251 

For pore water, Darcy’s law is considered: 252 

 Jw
l = − ρw

l Kkrel
l

μl �∇pl − ρw
l g� (10) 253 

where ρg and Mg can be expressed as: 254 

 ρg=ρa
g+ρw

g  (11a) 255 

 1
Mg

= ρw
g

ρg
1

Mw
+ ρa

g

ρg
1

Ma
 (11b) 256 

According to Clapeyron’s equation for an ideal gas and Dalton’s law for pressure of 257 

pore gases, we have: 258 

 ρα
g= pα

gMα

RT
  α=a, w (12a) 259 

 pg=pa
g+pw

g  (12b) 260 
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For vapor pressure pw
g  and saturated vapor pressure pws

g , the Kalvin-Laplace 261 

equation and the model proposed by Philip and De Vries (1957) are applied: 262 

 pw
g =pws

g exp �− pcMw
ρlRT

� (13a) 263 

 pws
g =10−3 RT

Mw
exp �19.84 − 4975.9

T
� (13b) 264 

where pc is the capillary pressure. According to the Brooks-Corey function for soil 265 

water retention curve (SWRC), pc  is regulated by the difference between gas and 266 

liquid pressure (Liang et al., 2010; Sun et al., 2019): 267 

 pc=pg − pl (14a) 268 

 pc=p0Seff
−npc (14b) 269 

where Seff  is the effective saturation, expressed by Seff=
Sl

Sl+Sg−Srl−Srg

1−Srl−Srg
, p0  is the 270 

constant entry air pressure, and npc is the pore size distribution index. 271 

Relative permeabilities of liquid and gas are given by Corey’s model (Corey, 1984; 272 

Hardwick and Mathias, 2018; Sun et al., 2019): 273 

 krel
g = �Sg−Srg

1−Srg
�

ng
 (15a) 274 

 krel
l = �Sl−Srl

1−Srl
�

nl
 (15b) 275 

where Srg and Srl are the residual saturation of gas and liquid phase, and ng and nl 276 

are the pore size distribution index. 277 

The permeability of hydrate-bearing sediments is highly associated with porosity and 278 

NGH saturation, and a critical threshold permeability model has been proposed by Sun 279 

et al. (2019) and Hardwick and Mathias (2018) to more accurately reflect the relatively 280 

slow far-field boundary pressure response: 281 
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 K=

⎩
⎪
⎨

⎪
⎧ K0 �

φ
φ0
�

3
2
� 1−φ

1−φ0
�

3
�1 − S0

h�
Np   Sh>Sc

h 
 

K0 �
φ
φ0
�

3
2
� 1−φ

1−φ0
�

3
�1 − Sh

Sc
h �1 − �1 − S0

h�
Np��   Sh<Sc

h

 (16) 282 

where K is the scalar value of permeability tensor K in isotropic soil, K0, φ0 and S0
h 283 

are the initial intrinsic permeability, porosity and NGH saturation of the host sediments, 284 

and Np and Sc
h  are parameters related to the impact of NGH for the permeability 285 

model. 286 

 287 

2.2.3 Heat transfer 288 

The heat transfer process consists of heat conduction and advection, with the former 289 

often described by Fourier’s law with the volume average model for heat conduction 290 

coefficient tensor (Sun et al., 2019): 291 

 Jc = −�ks(1− φ) + klSlφ+ kgSgφ + khShφ�∇T (17) 292 

where ks, kl, kg and kh are the heat conductive coefficient tensor of soil, liquid, gas 293 

and NGHs respectively. 294 

Furthermore, the heat advection flux for liquid and gas phase is formulated as: 295 

 JE
l = ClρlvlT (18a) 296 

 JE
g = CgρgvgT (18b) 297 

where the Darcy velocity vl and vg can be obtained from Darcy’s law by Eq. (9a) and 298 

Eq. (10). 299 

 300 
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2.2.4 skeleton deformation 301 

The skeleton deformation is determined by the soil constitutive relationship, which is 302 

highly affected by the NGH dissociation. Generally, the strengthening effect of NGH 303 

existence and weakening effect of NGH dissociation on soil skeleton are both linked to 304 

NGH saturation Sh. In the literature, the deformation of hydrate-bearing sediments can 305 

be described by linear elasticity, nonlinear elasticity, elastic-plasticity, elasto-306 

viscoplasticity, critical state mechanics, and etc. Following the categorization of the 307 

mechanical constitutive model, the representative codes and references are summarized 308 

in Table 2.  309 

Table 2 Soil constitutive models and representative codes 310 

Constitutive model Representative code Reference 

Linear elasticity 

Comsol  

DUNE-PDELab 

K+hydrate+Flac  

GrapeFloater  

Sun et al., 2019 

Gupta et al., 2015 

Kim et al., 2018 

Liu et al., 2017 

Linear elasticity with 

Drucker-Prager  

Tough+Hydrate+Millstone  

DUNE-PDELab 

Moridis et al., 2019 

Parente et al., 2019 

Linear elasticity with 

Mohr-Coulomb 

Tough+Hydrate+Flac  

Tough+Hydrate+Biot 

K+hydrate+Flac 

STARS 

Abaqus 

Rutqvist et al., 2009 

Jin et al., 2018a 

Klar et al., 2013 

Wu and Hsieh, 2020 

Song et al., 2019 

Nonlinear elasticity 
(Duncan-Chang model) 

Abaqus Zhao and Shang, 2010 

Elasto-viscoplasticity COMVI-MH Kimoto et al., 2007, 2010 
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Critical soil mechanics 

Code-bright 
Comsol 
Geo-COUS 
CMHGS 

De La Fuente et al., 2020 
Sun et al., 2018, 2019 
Shin and Santamarina, 2017, 2019 
Zhou et al., 2020 

For modified linear elasticity (Santamarina and Ruppel, 2010; Gupta et al., 2015; 311 

Sun et al., 2019), triaxial tests reveal that Sh have a great impact on elastic modulus but 312 

little impact on Poisson’s ratio. Due to fewer parameters and easier calibration, this 313 

model can be implemented into numerical simulator and possesses good convergence. 314 

The modified model proposed by Santamarina and Ruppel (2010) can be expressed as: 315 

  E=E0 �
σc
σc0
�

ah
+chEh�Sh�

bh (19) 316 

where E is the modified elastic modulus, σc and σc0 are the confining pressure and 317 

its initial value respectively. E0 and Eh refer to the soil modulus without NGHs and 318 

enhanced modulus by pure NGHs. ah is the sensitivity of the modulus of hydrate-free 319 

sand to confining stress σc, bh is the nonlinear effect of NGH saturation, and ch is the 320 

contribution of the isothermal modulus of hydrate for a given pore habit. 321 

Since the focuses of this study are on the gas-liquid migration and gas production 322 

efficiency during the NGH dissociation, modified elastic model is implemented into the 323 

OGS for convenience and better convergence. The modified linear elasticity 324 

relationship thus reads: 325 

 σ' = De:(ε− εT) = De: ∇u+∇Tu
2

− De:𝟏𝟏αs(T − T0) (20) 326 

where De is the linear elastic tensor, which can be determined by Modified elastic 327 

modulus E following Eq. (19), together with Poisson’s ratio ν. Here ε and εT refer to 328 

the total and thermal strain tensors. αs is the linear thermal expansion coefficient of 329 
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the solid skeleton, and T0 denotes the initial temperature in Kelvin. 330 

Considering the above-mentioned coupled processes, this model is suited for cases 331 

within small strains (Gupta et al., 2015), where the range of application is limited to 332 

small-strain cases far away from the critical state (Masui et al., 2006; Miyazaki et al., 333 

2011). For those situations where large strains or plastic failures occur, soil constitutive 334 

relationships accounting for behavior of nonlinear elasticity (Zhao and Shang, 2010; 335 

Miyazaki et al., 2011), elastic-plasticity (Rutqvist et al., 2009; Moridis et al., 2019), 336 

critical state mechanics (Sun et al., 2018; De La Fuente et al., 2020) or others (Kimoto 337 

et al., 2007) should be considered. These sophisticated models will be further 338 

investigated in our future work to have a deep discussion about hydrate related 339 

geotechnical hazards (Maslin et al., 2010; McConnell et al., 2012). 340 

 341 

3 Numerical model developments 342 

3.1 Establishment of NGH dissociation process considering gravity effect 343 

3.1.1 Numerical description for NGH dissociation process 344 

In this study, the open-source FEM platform OGS (Kolditz et al., 2012; Lehmann et al., 345 

2018; Bilke et al., 2019) has been adopted, which is developed in C++ to solve 346 

multiphase coupled problems and currently in its 6th version (hereafter as OGS-6, 347 

Lehmann et al., 2018; Bilke et al., 2019). Compared with the former 5-th version 348 

(Kolditz et al., 2012, 2016), both the input files and source codes are clearer and more 349 

concise in OGS-6. This makes the source code of OGS-6 easier and more convenient 350 
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to be modified for users or developers who have a specific requirement, and even 351 

establish their own models. Additionally, more third-party libraries have been included 352 

in OGS-6 for more flexible extension of additional features, such as Paraview for post-353 

processing and ogs6py for python-API of OGS. The MFront library for soil constitutive 354 

relationship and the python script for complex boundary conditions are also embedded. 355 

Considering these advantages, OGS-6 is used in this study. 356 

In OGS-6, four partial differential equations, including Eqs. (1a), (1b), (2) and (3), 357 

are solved for four primary variables, i.e. X=[pg pl T u]T. The model domain is 358 

spatially discretized with finite element method, while backward Euler finite difference 359 

approach is applied to discretize the time. The NGH dissociation process is in-360 

cooperated into the governing equations via source terms, based on the calculated NGH 361 

reaction rate (Eqs. (6a), (6b), (6c) and (6d)). As the reaction rate is highly sensitive to 362 

the primary variables, minor changes in the X vector can lead to considerable amount 363 

of source and sink terms, causing instability and non-convergence issue in certain time 364 

steps. To mitigate this problem, the NGH reaction rate is expanded in Taylor series, and 365 

a first-order approximation is calculated based on the primary variable vector X from 366 

the previous iteration. The updated reaction rate thus reads: 367 

 Rr(X)=Rr(X0)+ ∂Rr(X0)
∂X

∙ (X − X0) (21a) 368 

 ∂Rr
∂pg =−KdAs (21b) 369 

 ∂Rr
∂T =KdAs �

ΔE
RT2 (pe − pg) + 9459

T2 pe� (21c) 370 

 ∂Rr(X0)
∂X

= �∂Rr
∂pg 0 ∂Rr

∂T 0��
X=X0

 (21d) 371 
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Subsequently, the source terms in the governing equations are substituted by the 372 

expanded Rr(X) following Eq. (21a). Similar to the solid phase mass equations in 373 

Appendix I, the mass equation for NGH components can be expanded as:  374 

 ρhSh ∂φ
∂t

+φρh ∂Sh

∂t
+φρhSh � 1

ρh
∂ρh

∂t
�+ρhShφ ds(∇∙u)

dt
=qh (22) 375 

For the local problem, the value of Sh needs to be found based on the given primary 376 

variables. With a given time step size, the ∂φ
∂t

, ∂ρ
h

∂t
 and ds(∇∙u)

dt
 terms can be substituted 377 

by the finite difference of primary variables over time. This transforms Eq. (22) to an 378 

ordinary differential equation of Sh over time. By fixing primary variable values from 379 

the last iteration, the reaction rate Rr  is then implicitly dependent on the NGH 380 

saturation Sh:  381 

 Rr(X0)=Rr�X0, St−∆t
h �+

∂Rr�X0,St−∆t
h �

∂Sh ∙ �St
h − St−∆t

h � (23) 382 

where the subscript t and ∆t refers to the current time and time step size. Therefore, 383 

the explicit expression of Sh over time can be written as: 384 

  St
h=

φSt−∆t
h +Mh

ρh
∂Rr�X0,St−∆t

h �

∂Sh ∆tSt−∆t
h −Mh

ρh Rr�X0,St−∆t
h �∆t

�φ+Mh
ρh

∂Rr�X0,St−∆t
h �

∂Sh ∆t+�−(1−φ)βs−φβh�(Tt−Tt−∆t)+((εV)t−(εV)t−∆t)�

 (24) 385 

When NGHs completely dissociate in a time step ∆t, the actual reaction time ∆treact 386 

can be calculated by: 387 

  ∆treact=
φρhSt−∆t

h

Mh�Rr�X0,St−∆t
h �−

∂Rr�X0,St−∆t
h �

∂Sh St−∆t
h �

 (25) 388 

Similar to Sh, the explicit expression of φ is derived from the solid mass equation 389 

according to Appendix I. Its explicit form in a certain iteration reads: 390 

 φt = φt−∆t−βs(Tt−Tt−∆t)+((εV)t−(εV)t−∆t)

1−βs(Tt−Tt−∆t)+((εV)t−(εV)t−∆t)
 (26) 391 
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The first-order term of the Taylor series uses the primary variable values from the 392 

previous iteration. This allows a higher numerical stability and efficiency, especially 393 

when the fast-changing reaction rates have to be included. 394 

 395 

3.1.2 Numerical implementation of NGH dissociation into OGS 396 

Based on the OGS-6 (Kolditz et al., 2012; Lehmann et al., 2018; Bilke et al., 2019), the 397 

existing THM model is extended in this work by implementing an additional air mass 398 

balance equation to reflect the partially saturated condition (Zhu et al., 2021). In detail, 399 

Dalton’s law of partial pressure, Clapeyron’s equation of ideal gas, Kelvin-Laplace 400 

equation, and saturated vapor pressure equation are adopted to illustrated gas-liquid 401 

migration. In the extended model, a critical threshold permeability model (Hardwick 402 

and Mathias, 2018; Sun et al., 2019) is applied to the gas / liquid phase, which is 403 

dependent on the porosity and NGH saturation. The NGH dissociation process is 404 

modeled by introducing phase equilibrium equation, chemical kinetic reaction rate, 405 

mass / energy rate and enthalpy change, which are incorporated into the governing 406 

equations via source terms, following Eqs. (6a) to (6d). Before the start of the 407 

simulation, a pre-calculation is performed to find the initial steady-state pressure, 408 

temperature and stress field, with the gravity effect taken into consideration. The 409 

distributions of these three variables are set as initial conditions. Within each iteration, 410 

the secondary state variables, such as hydrate saturation and porosity, are updated 411 

according to the current time step primary variable values. 412 
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The flux boundary conditions for air, water and energy equations, and traction 413 

boundary condition for the stresses are: 414 

 (Ja
g)∙n = qa on Γa

q (27a) 415 

 �Jw
l + Jw

g �∙n = qw on Γw
q (27b) 416 

 (Jc)∙n = qE + αc(Tc − T) on ΓE
q (27c) 417 

 σ⋅n = t ̅ on Γu
q (27d) 418 

where qa, qw and qE are the air, water and energy flux across the boundaries, Γa
q, Γw

q, 419 

ΓE
q and Γu

q are the respective Neumann boundaries, t ̅ is the traction vector on Γu
q, n 420 

is the unit normal vector, αc  is the heat exchange coefficient, and Tc  is the 421 

circumstantial temperature, which can be used to represent the air and water bath 422 

technology used in NGH extraction (Hardwick and Mathias, 2018; Sun et al., 2019). 423 

In the finite element setting, the pg, pl, T and u values on the integration points 424 

are obtained by multiplying nodal primary variable vectors (pg, pl , T, u) and the 425 

shape function matrices N. The Bubnov-Galerkin procedure for the construction of the 426 

weak form of Eqs. (1a), (1b), (2) and (3) is applied to formulate the global linear 427 

equation system. Eventually, the following asymmetric, non-linear and coupled system 428 

of equations are obtained: 429 

 �

Mgg
Mlg

Mgl
Mll

MgT Mgu
MlT Mlu

0 0 MTT 0    
0 0 0      0    

� ∂
∂t

⎣
⎢
⎢
⎢
⎡p
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pl

T
u ⎦
⎥
⎥
⎥
⎤

+

⎣
⎢
⎢
⎢
⎡
Kgg
Klg

Kgc
Kll

KgT  0   
KlT   0   

KTg KTl KTT  0   
Kug Kul KuT Kuu⎦

⎥
⎥
⎥
⎤

⎣
⎢
⎢
⎢
⎡p

g

pl

T
u ⎦
⎥
⎥
⎥
⎤

= �

fg
fl
fT
fu

� (28) 430 

where explicit expressions of matrices, Mij, Kij and fi are provided in Appendix II; 431 

here i, j ∈ {p, T, u}. 432 
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The solution strategy of solving the coupled THCM model considering NGH 433 

dissociation is illustrated in Fig. 3. The coupled model is solved in a monolithic scheme. 434 

Non-linear iteration is regulated by the Newton-Raphson method. Within each non-435 

linear iteration, the linear equation system is solved with the Biconjugate gradient 436 

stabilized (BICGSTAB) approach (Van der Vorst, 1992). The overall strategy is as 437 

follows: (1) following the NGH kinetic reaction equation and phase equilibrium 438 

equation, the reaction rates of NGHs, liquid, gas and energy are calculated and applied 439 

in source terms of mass and energy equations; (2) based on soil and NGH mass 440 

equations, φ and Sh are solved in each iteration respectively, their impacts on the soil 441 

stuffiness are then considered; (3) the Kalvin-Laplace equation, Dalton’s partial 442 

pressure law, Clapeyron’s equation, saturated vapor pressure equation and critical 443 

threshold permeability model for intrinsic permeability and Corey’s model for relative 444 

permeability are adopted to capture the saturation, density and partial pressure for liquid 445 

and gas phases; (4) when considering gravity, the initial gas / liquid pressure and stress 446 

distribution are obtained by pre-calculation. Then they are set as the initial states for the 447 

model simulation.  448 
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 449 

Fig. 3 The strategy of solving THCM coupled model induced by NGH dissociation in OGS-6 450 

 451 

3.2 Model verification 452 

In this section, two benchmarks are introduced to verify the aforementioned THCM 453 

coupled model. The first one was presented by Schrefler et al. (1995) to capture the 454 

THM coupled behavior for partial saturated sediments. The secondary one carried out 455 

by Masuda et al. (1999) in order to explore the THC coupled response during the NGH 456 

dissociation by depressurization method. 457 

3.2.1 Benchmark of THM process 458 

Schrefler et al. (1995) has proposed a numerical benchmark for the one-dimensional 459 

THM coupled response of unsaturated soil, and simulated it with their Comes-Geo code. 460 

The model domain has a height of 0.1 m and a width of 0.01 m. The lateral and bottom 461 

boundaries are thermally insulated, hydraulically impermeable and simply supported. 462 

The initial values for temperature T0, pore gas pressure p0
g, and pore water pressure p0

l  463 

are 283.15 K, 102 kPa and -420 kPa respectively. A temperature increment of 15 K and 464 
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water pressure decrement of 140 kPa are applied on the top boundary to represent 465 

unsaturated subgrade soil below a highway or airfield pavement due to the effect of 466 

environmental change. Based on the extended THCM model with NGH dissociation 467 

implemented in OGS-6, the Sh value is set to zero throughout the simulation. Brooks-468 

Corey model for SWRC and ven Genuchten model for gas / liquid relative permeability 469 

are adopted, where pc = p0Seff
1/npc , p0=200 kPa ， npc = 0.38 ， Srl=0.32  Srg=0.0 , 470 

krel
g =Seff

1/2 �1 − �1 − Seff
1/nl�

nl�
2

, krel
l =(1 − Seff)1/3�1− Seff

ng �
2ng  and nl = ng = 3.0 . 471 

Young’s modulus E and Poisson’s ratio v of the soil were 6000 kPa and 0.4 respectively, 472 

and other details are referred to existing studies (Schrefler et al., 1995；Zhu et al., 2020). 473 

As is shown in Fig. 4(a), the distribution curves of temperature between Schrefler 474 

et al. (1995), Zhu et al. (2020) with OGS-5 and the current model with OGS-6 are in 475 

good agreement. Generally, good consistency of gas pressure can be seen in Fig. 4(b), 476 

where only negligible difference can be found between this study and Zhu et al. (2020). 477 

The minor deviation is caused by the solid and water compressibility considered in 478 

OGS-5, which has not been yet included in OGS-6. Besides, differences in gas pressure 479 

can be observed at the height about 0.09 m, where the results from Schrefler’s (1995) 480 

simulation are considerably higher. This is induced by the temperature dependent model 481 

for SWRC applied in Schrefler’s simulation, and additionally different spatial and 482 

temporal discretization. Overall, the newly developed THCM model in OGS-6 is 483 

successfully verified to simulate the THM coupled problems in unsaturated sediments. 484 



26 
 

0 5 10 15
0.00

0.02

0.04

0.06

0.08

0.10
(a)

pg
0  = 102 kPa

pl
0  = -420 kPa

T0  = 183.15 K

10 h

100 h

1 h

H
ei

gh
t (

m
)

Temperature (K)

 Schrefler et al.  (1995)
  OGS-5 (Zhu et al. 2020)
  OGS-6 (This study)

 485 

99 100 101 102
0.00

0.02

0.04

0.06

0.08

0.10
(b)

  Schrefler et al. (1995)
  OGS-5 (Zhu et al. 2020)
  OGS-6 (This study)

H
ei

gh
t (

m
)

Gas pressure (kPa)

1 h

10 h

100 h

 486 

Fig. 4 Comparison of profiles of (a) temperature; (b) gas pressure simulated by the OGS-6 model, 487 

by Zhu et al. (2020) and by Schrefler et al. (1995)  488 

 489 

3.2.2 Benchmark of axisymmetric THC process 490 

Masuda et al. (1999) has conducted a laboratory-scale test to investigate the behavior 491 

of hydrate-bearing sediments during the NGH dissociation under depressurization 492 

conditions. His results have been widely applied to verify numerical models (Hardwick 493 

and Mathias, 2018; Sun et al., 2019; Deng et al., 2020). The parameters used here, 494 

including capillary pressure, intrinsic permeability, elastic modulus, enthalpy change 495 

and common parameters of all phases, can be found in Table 3. The initial conditions 496 
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are shown in Table 4. 497 

 498 

Fig. 5 Domain and mesh of the Masuda’s benchmark 499 

Table 3 Parameter values applied in the Masuda’s benchmark (following Nazridoust and Ahmadi, 500 

2007; Hardwick and Mathias, 2018; Sun et al., 2019) 501 

Parameters Symbol Unit Expression Value 

Capillary 

pressure 
pc MPa pc=p0Seff

−npc Seff=
Sl

Sl+Sg−Srl−Srg

1−Srl−Srg
 

p0=1 MPa, npc=0.65 

Srl=0.1, Srg=0.0 

Intrinsic 

permeability 
K m2  K=

⎩
⎪⎪
⎨

⎪⎪
⎧

K0 �
φ
φ0
�

3
2
�

1− φ
1− φ0

�
3

�1− S0
h�

Np  Sh>Sc
h 

 

K0 �
φ
φ0
�

3
2
�

1 − φ
1− φ0

�
3

�1 −
Sh

Sc
h �1− �1− S0

h�
Np��   Sh<Sc

h

 

K0 = 9.67 × 10-4, 

φ0= 0.182 

Np=5.2, S0
h=0.0001 

Elastic 

modulus 
E MPa  E=E0 �

σc

σc0
�

ah
+chEh�Sh�

bh 
E0=300, Eh =1350 

ah = 0, bh = ch = 1 

Enthalpy 

change 
∆H J/kg ∆H = C0+C1T 

C0=446120 

C1 = −132.638 

 Soil NGH Liquid Gas 

Density ρπ kg/m3 2600 910 1000 - 

Thermal kπ W/(m·K) 8.8 0.393 0.556 0.0335 

Adiabatic
Impermeable
Simply supported

Outlet

75 mm

75 mm

75 mm

75 mm

P1

P2

P3

Symmetric axis

25.5 mm
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conductivity 

Specific heat 

capacity 
Cπ J/(kg·K) 800 2000 4200 2100 

Viscosity μπ Pa·s - - 1 × 10-3 7 × 10-6 

Thermal 

expansion 
απ m/K 1.5 × 10-5 1.5 × 10-5 4.0 × 10-4 - 

Molar mass Mπ kg/mol - 0.124 0.018 0.016 

Gas constant R J/(mol·K) - - - 8.314 

Note: π represents s, h, l or g. 502 

Table 4 Initial Conditions in the Masuda’s benchmark (following Nazridoust and Ahmadi, 2007; 503 

Hardwick and Mathias, 2018; Sun et al., 2019) 504 

Variables Symbol Unit Initial value 

Temperature T K 275.4 

Air-bath temperature Tc K 275.15 

Gas pressure pg MPa 3.75 

Outlet pressure - MPa 2.84 

NGH saturation Sh - 0.443 

Gas saturation Sg - 0.206 

Liquid saturation Sl - 0.351 

 505 

As depicted in Figs. 6(a), 6(b) and 6(c), the numerical results for the developed model, 506 

such as temperature, gas pressure and volume of gas production, are in close agreement 507 

with those observed in the experiment (Masuda et al., 1999) and existing numerical 508 

results (Sun et al., 2019). It can be noticed that there exists a slight discrepancy of the 509 

temperature and the gas pressure between the experimental data (Masuda et al., 1999) 510 
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against simulation results. In our simulation, the temperature is overestimated in the 511 

time period between zero and 6000 seconds. This is likely to be caused by the Joule-512 

Thomson effect (Wang et al., 2018; Liu et al., 2019; Deng et al., 2020), which will 513 

absorb more heat when the gas is released from the hydrates and has not yet been 514 

considered in our model. For gas pressure, a local peak at about 3000s is not fully 515 

reflected, neither in Sun’s (Sun et al., 2019) nor in our results. Through detailed 516 

investigation, it is found that a recent model proposed by Deng et al. (2020) captures 517 

this peak. Deng et al. suggested that this peak might be caused jointly by the Joule-518 

Thomson effect, the compressibility coefficient of gas phase, the specific surface area 519 

related to absolute permeability and gas density governed by the Berthelot equation of 520 

state. The absolute derivations are also investigated in this work with respect to the 521 

temperature, gas pressure and volume of gas production. It can be inferred that the 522 

absolute derivations for these four variables are 0.192 K, 0.128 K, 0.047 MPa and 8.373 523 

× 10-4 m3 in Sun’s results (Sun et al., 2019). In comparison, they are 0.182 K, 0.161 K, 524 

0.031 MPa and 4.224 × 10-4 m3 in our results respectively. Although the temperature at 525 

P3 in Sun’s simulation (Sun et al., 2019) is more accurate, we are able to achieve closer 526 

fit with respect to the gas pressure and the volume of gas production. In Sun’s model 527 

(2019), the impact of gas diffusion and vapor flux are not included. Our model in OGS-528 

6 is capable of considering these but neglects the compressibility of solid / liquid and 529 

the variations of kπ / Cπ. Despite of these differences, the developed OGS-6 model 530 

can still reproduce the NGH dissociation process and largely fit the experiment data.  531 
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Fig. 6 Comparison of the evolutions of (a) temperature, (b) gas pressure, and (c) gas production 535 

volume simulated by the OGS-6 model, observed by Masuda et al. (1999) and solutions by Sun et 536 

al. (2019) 537 

 538 

4 Numerical analyses of NGH exploitation by depressurization method 539 

Based on the previously verified numerical model, we design a series of pilot-scale 540 
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simulations in the section to discuss the scientific and engineering problems during the 541 

NGH exploitation in practice. The impacts of gravity effect on THCM coupled behavior 542 

is first investigated. For the engineering problem, the influence of vertical production 543 

wellbore length on gas production efficiency is also investigated.  544 

4.1 Model configuration 545 

The above scientific and engineering problems are investigated with a 2-dimensional 546 

pilot-scale numerical model. In reality, the thickness of hydrate-bearing sediments, H, 547 

varies from tens to hundreds of meters (Wang et al., 2017; Li et al., 2018; Ye et al., 548 

2020). Here we offset the model thickness H value to 10 m. To make sure that the NGH 549 

dissociation process is not influence by the boundary effect, the radius R of the domain 550 

is set to a large value, i.e. 200 m here. This leads to an axisymmetric model domain as 551 

shown in Fig. 7, representing hydrate-bearing sediments. The top boundary is imposed 552 

with a constant load of 2.00 MPa to represent the lithostatic pressure. The parameters 553 

of soil, NGH, liquid and gas are the same with those listed in Tables 3. NGHs are 554 

exploited in this scenario by the depressurization method, in which the liquid and gas 555 

pressures are decreased from 3.75 MPa and 2.34 MPa to 2.84 MPa and 1.71 MPa 556 

respectively. 557 

 558 

Fig. 7 Model domain, finite element mesh, initial and boundary conditions 559 
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To investigate the gravity effect, the length of the vertical production wellbore Hwell 560 

is fixed to be 5 m, also recorded as Hwell = 0.50H. The magnitude of the gravity vector 561 

g is noted as g. In the numerical model, g = 9.8 m/s2 or 0 m/s2 respectively, representing 562 

cases with or without the gravity effect. As for cases concerning the wellbore length, 563 

four scenarios are simulated, where Hwell = 0.25H, 0.50H, 0.75H and 1.00H. To analyze 564 

the evolution of dissociation front, three points at the depth of 0.25H and at different 565 

radial distance from the wellbore, Hr, are monitored, where Hr = 0.1H, 0.2H and 0.3H. 566 

In the following section, the z / H ratio is taken as a dimensionless number to indicate 567 

the spatial effect. 568 

 569 

4.2 Gravity effect on THCM coupled behavior 570 

To illustrate the impact of gravity effect, the simulated gas and NGH saturation are 571 

presented in its increment form in comparison to their initial distribution. Fig. 8 shows 572 

the simulated gas saturation increments at 1 × 106 s and 1 × 107 s, where the left side of 573 

the figure represents the results ignoring the gravity effect, and the right side 574 

considering it. It is found that gas saturation increases at the bottom of the wellbore 575 

(positive increment), and decreases sharply near the vertical wellbore (negative 576 

increment). At the moving front (Selim and Sloan, 1990; Yousif et al., 1991; Jin et al., 577 

2018a), the dissociation front gradually expands over time from Fig. 8(a) to Fig. 8(b). 578 

The latter figure shows a larger area where the gas saturation increment value is positive. 579 

The hydrate-bearing sediments can be separated into the dissociated region and the 580 
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undisturbed part by the dissociation front. Within this front, NGHs are completely 581 

dissociated. As the gas viscosity is far smaller than that of liquid, the dissipation of gas 582 

phase is also much faster than that of liquid migration. This means the dissociated 583 

natural gas moves faster in the gas phase and quickly enters the production wellbore 584 

when gravity is present. Meanwhile, the liquid phase will re-fill the influence area 585 

driven by the density effect. This causes a slight decline of gas saturation in the 586 

undisturbed region. It also creates great gradient near the NGH dissociation front. As a 587 

result, when considering the gravity effect, the gas saturation increments are generally 588 

lower, and the area of influenced region is also smaller. It can be inferred that this 589 

phenomenon will be enhanced with increasing thickness of hydrate-bearing sediments. 590 
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 592 

Fig. 8 Gravity effect on the distribution of gas saturation increments at: (a) 1 × 106 s; (b) 1 × 107 s 593 

As depicted in Fig. 9(a), NGH saturation drops sharply around the vertical wellbore 594 

and decreases slightly at places far away from the dissociation front. This indicates that 595 

a small amount of NGHs will dissociate in the undisturbed region, which is caused by 596 

the aforementioned faster dissipation of gas phase compared to that of liquid phase and 597 

the induced gas pressure decrease. At the depth of z / H = 0.4, a local smaller radius of 598 

the dissociation front can be observed. This means that a large amount of NGHs 599 

dissociates at the bottom of the wellbore and less heat can be supplied from surrounding 600 

sediments at this depth. From Fig. 9(a) to Fig. 9(b), the dissociation front moves 601 

outwards over time, especially at the bottom of the wellbore, as the increasing time 602 

allows for thermal recharge from the surroundings. Compared to cases ignoring the 603 

gravity effect, a larger influence region can be observed. This is again facilitated by the 604 

faster gas dissipation driven by the gravity effect. 605 
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606 

 607 

Fig. 9 Gravity effect on the distribution of NGH saturation increments at: (a) 1 × 106 s; (b) 1 × 107 608 

s 609 

In Fig. 10(a), it can be noticed that an apparent compression zone occurs near the 610 

vertical wellbore. This is caused by the great drop of pore gas / liquid pressure and the 611 

stiffness reduction of soil skeleton induced by NGH dissociation in Eq. (19). In Fig. 612 

10(b) and 10(c), this behavior is further enhanced over time. Along with the propagation 613 

of the dissociation front over time, the vertical displacement curve in the radial direction 614 

gradually becomes smoother from Figs. 10(a) to 10(c). As illustrated in Figs. 10(a) and 615 

10(b), when the gravity effect is on, the vertical displacement is evolving faster and 616 
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further. This can be explained by the above-mentioned faster gas dissipation, thus 617 

showing the same trend as in the previous gas / NGH saturation distributions. After 618 

about four months (Fig. 10(c)), little difference in deformation can be observed. In 619 

summary, the gravity effect on THCM coupled behavior should be considered when the 620 

thickness of hydrate-bearing sediments is larger than tens of meters during NGH 621 

exploitations, especially for a short duration of hours and days. When the production 622 

wellbore is penetrating the entire depth of the hydrate-bearing reservoir, the gravity 623 

effect will have a minor impact on the pore gas dissipation and skeleton deformation. 624 

In comparison when Hwell < H, the gravity effect cannot be neglected. In the worst 625 

scenario, the spatial inhomogeneity of vertical displacement will push the hydrate-626 

bearing sediments into plastic behavior, and may eventually cause hydrate related 627 

geotechnical hazards (Maslin et al., 2010; McConnell et al., 2012). 628 
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 630 

 631 

Fig. 10 Gravity effect on the distribution of vertical displacement (unit: mm) at: (a) 1 × 105 s; (b) 1 632 

× 106 s; (c) 1 × 107 s 633 

 634 

4.3 Effect of wellbore length on NGH exploitation 635 

The impact of the wellbore length on the gas production during the NGH exploitation 636 

is discussed in this section. In detail, the evolutions of the gas / liquid / NGH saturation 637 

increment and gas production volume are simulated with different wellbore length to 638 

reservoir thickness ratio, and the results are shown below. Figure 11 depicts evolutions 639 

of these parameters at three different locations. Fig. 11(a) depicts the gas saturation 640 
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increment at location A, B and C (see the white dot in Fig. 7). The gas saturation 641 

increment first drops slowly at the beginning but accelerate the decrease over time. 642 

After the start of NGH dissociation, the gas saturation increment sharply rises to a 643 

positive value. Meanwhile as shown in Fig. 11(b), liquid saturation increment always 644 

increases over time. Great changes happen at around 2 × 106 s when Hr = 0.1H, 645 

indicating that the dissociation front has arrived there. With the increase of Hwell, the 646 

time of sharp decline in NGH saturation increment and the sudden rise of gas / liquid 647 

saturation increment is postponed. This is because a larger Hwell means a smaller 648 

undisturbed region below the wellbore bottom, leading to less thermal recharge 649 

supporting the dissociation. When dissociation happens, it always leads to a sudden 650 

jump in liquid saturation, caused by the release of water from the NGHs. At the 651 

beginning stage, all parameters are controlled by gas-liquid migration process. After 652 

the NGH dissociation, generated gas / liquid mass will occupy the pore space, leading 653 

to the increase of gas / liquid saturation. Accordingly, dissipation and generation of gas 654 

/ liquid alternatively dominate during the exploitation, which is reflected in the change 655 

of saturation curve.  656 
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 659 

Fig. 11 Effect of wellbore length on evolutions of increments of: (a) gas saturation; (b) liquid 660 

saturation; (c) NGH saturation 661 

As shown in Fig. 12, the volume of gas production rises with the increase of Hwell, 662 

which always shows a sharp ascending tendency over a long period of time. This is 663 

because the large radius of the NGH reservoir will supply a continuous gas generation. 664 
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Obviously, the difference in gas production rate gradually reduces with the increase of 665 

Hwell. Between Hwell = 0.75H and Hwell = 1.00H, only little discrepancy can be observed. 666 

This suggests that the marginal production rate increase will happen when the wellbore 667 

length is increasing from 0.25H to 0.75H, but not much more after Hwell exceeds 0.75H. 668 

In practical engineering, larger value of Hwell indicates higher investment, meaning that 669 

reasonable value of Hwell should be discussed when considering both efficiency and cost. 670 
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Fig. 12 Evolutions of gas production with different wellbore length 672 

 673 

5 Conclusions 674 

A new THCM coupled model has been developed in this work to investigate the 675 

behavior of hydrate-bearing sediments during the NGH dissociation, with explicit 676 

consideration of the gravity effect. The process of gas-liquid migration and NGH 677 

dissociation are implemented in the OGS-6 code. The numerical stability and efficiency 678 

of the NGH dissociation model is improved by expanding the source terms of governing 679 

equations and taking the first-order term of Taylor series. Furthermore, pre-calculation 680 

considering gravity have been carried out with explicit method, and then distributions 681 
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of three variables (pressure, temperature and stresses) are set as initial conditions to 682 

analyze the impacts of gravity effect on THCM coupled behavior. The extended 683 

numerical model has been verified by two benchmarks, including one for THM coupled 684 

response of unsaturated soils and another for NGH dissociation. Main conclusions are 685 

summarized as follows: 686 

(1) A dissociation front can be observed during the NGH exploitation, and the 687 

hydrate-bearing sediments can be separated into the dissociated region and the 688 

undisturbed part by this front. Generation of gas / liquid dominates at the dissociation 689 

front and gas-liquid migration predominates in the undisturbed region. As gas viscosity 690 

is much smaller than that of liquid phase, the dissipation of gas phase is much faster 691 

than that of pore liquid. This causes great increase of gas / liquid saturation at the front 692 

and slight decline of gas / NGH saturation in the undisturbed region. 693 

(2) When the vertical production wellbore length Hwell < H, gas-liquid migration is 694 

accelerated by the gravity effect, which enhances the degree of gas saturation decline 695 

and the acceleration of liquid pressure dissipation compared to that without it. This 696 

leads to the faster NGH dissociation, the larger soil deformation and a larger influence 697 

region in a short period of time. Gravity effect on gas-liquid migration and NGH 698 

dissociation will be enhanced by the increase of hydrate-bearing sediments thickness 699 

and cannot be ignored when the thickness exceeds tens of meters. 700 

(3) Dissipation and generation of gas / liquid alternatively dominate during the NGH 701 

exploitation. That is to say, gas saturation decreases in the early stage and increase 702 
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subsequently, while liquid saturation increases all the time. When dissociation happens, 703 

it always leads to a sudden jump in gas / liquid saturation, caused by the release of gas 704 

/ water from the NGHs. Obvious difference of gas production appears with the increase 705 

of vertical wellbore length Hwell when Hwell < 0.75H while negligible difference occurs 706 

when Hwell > 0.75H. 707 
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 715 

Appendix I 716 

The mass equation of soil skeleton is: 717 

  ds
dt
�ρs(1− φ)� + ρs(1− φ)∇∙vs = 0 (I-1) 718 

where ρs is the solid phase density, vs is the velocity of soil skeleton and ds
dt

 denotes 719 

the material time derivative following the solid skeleton. Eq. (I-1) can be expressed as: 720 

  ds𝜑𝜑
dt

= 1−φ
ρs

ds𝜌𝜌s

dt
+ (1 − φ)∇∙vs (I-2a) 721 

 1
ρs

ds𝜌𝜌s

dt
= −βs

ds𝑇𝑇
dt

 (I-2b) 722 

 ∇∙vs = ∇∙ ds𝐮𝐮
dt

 (I-2c) 723 
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Combining with Eqs. (I-2b) and (I-2c) considering the assumption of incompressible 724 

solid phase, Eq. (I-2) can be transformed to: 725 

  ds𝜑𝜑
dt

= −(1 − φ)βs
ds𝑇𝑇
dt

+ (1 − φ)∇∙ ds𝐮𝐮
dt

 (I-3) 726 

Analogous to what has been used in (I-2b), the volumetric thermal expansion 727 

coefficient of water and NGHs are defined as: 728 

 1
ρw

∂ρw

∂T
= −βw (I-4a) 729 

 1
ρh
∂ρh

∂T
=− βh (I-4b) 730 

 731 

Appendix II 732 

The matrices in Eq. (28) are defined as follows: 733 

 Mgg = ∫Ng
T �−φρa

g ∂Sl

∂pg − φSg Ma
RT

∂pw
g

∂pg + φSg Ma
RT
�Ng dΩ (II-1) 734 

 Mgl = ∫Ng
T �−φρa

g ∂Sl

∂pl − φSg Ma
RT

∂pw
g

∂pl �Nl dΩ (II-2) 735 

 MgT = ∫Ng
T �−(1 − φ)ρa

gSgβs − φρa
g ∂Sh

∂T
− φSg Ma

RT
�pg

T
+ ∂pw

g

∂T
− pw

g

T
��NT dΩ (II-3) 736 

 Mgu = ∫Ng
T �ρa

gSg − φρa
g ∂Sh

∂(∇u)� ∇Nu dΩ (II-4) 737 

Kgg = ∫∇Ng
T �ρa

g Kkrel
g

μg + ρg MaMw

�Mg�
2 Da

g �− 1
pg
∂pw

g

∂pg + pw
g

(pg)2��∇Ng dΩ + ∫Ng
T ��ρa

gMh

ρh −738 

Mg�
∂Rr
∂pg�Ng dΩ  (II-5) 739 

 Kgl = ∫∇Ng
T �ρg MaMw

�Mg�
2 Da

g �− 1
pg
∂pw

g

∂pl ��∇Nl dΩ (II-6) 740 

KgT = ∫∇Ng
T �ρg MaMw

�Mg�
2 Da

g �− 1
pg
∂pw

g

∂T
��∇NT dΩ + ∫Ng

T ��ρa
gMh

ρh − Mg�
∂Rr
∂T
�NT dΩ(II-7) 741 

fg = ∫∇Ng
T �ρa

g Kkrel
g

μg ρgg� dΩ+ ∫Ng
T ��Mg −

ρa
gMh

ρh � �Rr�X0, St
h� −

∂Rr�X0,St
h�

∂X
∙ X0�� dΩ−742 
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∫Ng
T(qa + qga) dΓ  (II-8) 743 

 Mlg = ∫Nl
T �φ�ρw

l − ρw
g � ∂Sl

∂pg + φSg Mw
RT

∂pw
g

∂pg�Ng dΩ (II-9) 744 

 Mll = ∫Nl
T �φ�ρw

l − ρw
g � ∂Sl

∂pl + φSg Mw
RT

∂pw
g

∂pl �Nl dΩ (II-10) 745 

MlT = ∫Nl
T �−(1− φ)�ρw

l Sl+ρw
g Sg�βs − φρw

l Slβw − φρw
g ∂Sh

∂T
+ φSg Mw

RT
�∂pw

g

∂T
−746 

pw
g

T
��NT dΩ  (II-11) 747 

 Mlu = ∫Nl
T ��ρw

l Sl+ρw
g Sg� − φρw

g ∂Sh

∂(∇u)�∇Nu dΩ (II-12) 748 

Klg = ∫∇Nl
T �ρw

g Kkrel
g

μg + ρg MaMw

�Mg�
2 Da

g � 1
pg
∂pw

g

∂pg −
pw

g

(pg)2��∇Ng dΩ + ∫Nl
T ��ρw

g Mh

ρh −749 

NhMw�
∂Rr
∂pg�Ng dΩ  (II-13) 750 

 Kll = ∫∇Nl
T �ρw

l Kkrel
l

μl + ρg MaMw

�Mg�
2 Da

g � 1
pg
∂pw

g

∂pl ��∇Nl dΩ (II-14) 751 

KlT = ∫∇Nl
T �ρg MaMw

�Mg�
2 Da

g � 1
pg
∂pw

g

∂T
��∇NT dΩ + ∫Nl

T ��ρw
g Mh

ρh − NhMw�
∂Rr
∂T
�NT dΩ 752 

  (II-15) 753 

fl = ∫∇Nl
T �ρw

l Kkrel
l

μl ρw
l g+ρw

g Kkrel
g

μg ρgg� dΩ+∫Nl
T ��NhMw −

ρw
g Mh

ρh � �Rr�X0, St
h� −754 

∂Rr�X0,St
h�

∂X
∙ X0�� dΩ − ∫Nl

T�ql + qgw� dΓ (II-16) 755 

 MTT = ∫NT
T(ρC)NT dΩ (II-17) 756 

 KTg = ∫NT
T �−Cgρg Kkrel

g

μg � ∇Ng∇T dΩ + ∫NT
T �∆HMh

∂Rr
∂pg�Ng dΩ (II-18) 757 

 KTl = ∫NT
T �−Clρl Kkrel

l

μl � ∇Nl∇T dΩ (II-19) 758 

KTT = ∫∇NT
T(kT)∇NT dΩ+ ∫∇NT

T�Clρlvl + Cgρgvg�NT dΩ + ∫Ng
T �∆HMh

∂Rr
∂T
�NT dΩ759 

  (II-20) 760 



45 
 

fT = ∫NT
T �Clρw

l Kkrel
l

μl ρw
l g + Cgρg Kkrel

g

μg ρgg� ∇T dΩ+ ∫NT
T �−∆HMh �Rr�X0, St

h� −761 

∂Rr�X0,St
h�

∂X
∙ X0�� dΩ − ∫NT

T�qE + αc(Tc − T)� dΓ (II-21) 762 

 Kug = ∫∇Nu
T �− Sg

Sl+Sg� 1NgdΩ (II-22) 763 

 Kul = ∫∇Nu
T �− Sl

Sl+Sg� 1NldΩ (II-23) 764 

 KuT = ∫∇Nu
T (De:1)αsNTdΩ (II-24) 765 

 Kuu = ∫∇Nu
TDe ∇NudΩ (II-25) 766 

 fu = ∫Nu
T �ρs(1− φ)+ρlSlφ+ρgSgφ+ρhShφ�gdΩ + ∫Nu

Tt ̅ dΓ (II-26) 767 

 768 
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