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Abstract 

In this study, a one-dimensional analytical model to describe heat and mass transfer during 

methane hydrate dissociation under thermal stimulation in porous media has been developed. The 

model is based on a similarity solution that considers a moving dissociation boundary which 

separates the dissociated zone containing produced gas and water from the un-dissociated zone 

containing only methane hydrate. The results of temperature distribution, pressure distribution, 

energy efficiency, and parametric study considering various initial and boundary conditions as 

well as various reservoir properties are presented and compared with previous studies. Sensitivity 

analysis of gas production on reservoir properties is also presented in this paper.  The dissociation 

boundary moves faster by increasing the heat source temperature while decreasing the heat source 

pressure simultaneously, but the associated energy efficiency decreases. Increasing the well 

thickness has a negative effect on the energy efficiency of the process. Among the proposed 

thermal properties of the system, only the thermal diffusivities and conductivites of the reservoir 

as well as the porosity of the sediment affect the dissociation. The main contribution of this work 

is investigating analytically the hydrate dissociation using thermal stimulation by taking into 

account the effect of wellbore thickness and structure. 

1 Introduction 

Gas hydrates are cage-like substances (clathrates) in which a large amount of gas molecules is 

trapped by crystalline water molecules. They contain about 170 to 180 standard cubic meters of 

natural gas per cubic meter of hydrate (Kamath and Godbole, 1987). The high pressure and low 
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temperature underground with sufficient methane gas induce methane hydrate (MH) formation 

(Davie and Buffett, 2001). The estimation of the volume of the MH exceeds the whole volume of 

conventional gas resources worldwide (Englezos, 1993; Makogon, 1981). However, considering 

MH as a reliable and alternative source of energy for future depends on the availability of hydrates 

and the cost of gas production process from them. 

The MH are mainly formed beneath the permafrost in arctic regions and in marine shelf sediments 

according to appropriate pressure and temperature conditions (Collett, 2001; Collett, 2008). As 

mentioned above, MH formation and stability require specific pressure and temperature 

conditions, so any change in temperature or pressure from equilibrium conditions would induce 

MH instability. The three main methods of MH dissociation that have been reported in previous 

works are as follows (Li et al., 2016; Pooladi-Darvish, 2004): i) thermal stimulation, in which the 

temperature of the reservoir is increased above the equilibrium temperature; ii) depressurization 

by decreasing the pressure inside the MH reservoir lower than the equilibrium pressure of the 

hydrate, so that the MH will start dissociating; and iii) depressurization in conjunction with thermal 

stimulation, that can improve the efficiency of the dissociation process (Wang et al., 2014). It 

should be noted that gas production aspects and potential using different methods is not yet fully 

investigated. 

The mathematical backgrounds in the field of MH dissociation can be divided into two main 

categories: analytical and numerical. Analytical solutions are fast and simple, also they can provide 

better mechanistic view. On the other hand, the numerical studies are more comprehensive with 

smaller number of assumptions. In 1982, one of the first numerical studies was developed for MH 

dissociation under depressurization using a three dimensional (3D) model consisting of an MH 

layer and a free gas zone, in which conduction heat transfer and gas fluid flow were considered 

(Holder and Angert, 1982). This work was extended in 1986 by considering water movement, 

which is produced from MH dissociation (Burshears et al., 1986). In neither of the mentioned 

studies, the water/gas convective heat transfer was considered. In 1991, a numerical model was 

designed to predict MH dissociation in porous media by depressurization considering three phases 

of water, gas, and MH with gas-water flows and neglecting the effect of heat transfer (Yousif et 

al., 1991). Then, it was extended by considering water-gas flows and convective-conductive heat 

transfer (Masuda, 1997; MASUDA, 1999). In 2000, MH dissociation upon thermal stimulation 
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was simulated by assuming a moving dissociation boundary, which separates the dissociated zone 

from the undissociated zone, and considering different media permeability (Tsypkin, 2000). This 

moving boundary layer was assumed to be impermeable, so if the pressure and temperature 

conditions fall below the balance point the dissociation will be halted. Another numerical work 

employing finite difference method was performed to study gas production form MH dissociation 

using depressurization (Ahmadi et al., 2004). They considered the effect of heat transfer and 

reported that the process is a function of well pressure. At the same year, gas production from MHs 

using both depressurization and thermal stimulation was shown to be possible by using TOUGH2 

simulator, which is capable of simulation by considering four components and up to nine phases 

in either kinetic or equilibrium models and upon different dissociation processes (Moridis, 2002). 

The feasibility of gas production from MH reservoirs in in the Mackenzie Delta, Northwest 

Territories, Canada was also studied using TOUGH2 simulator (Moridis et al., 2004). The results 

revealed the gas production using depressurization and thermal stimulation, and higher efficiency 

achieved by using both the methods together. They additionally showed that increasing the initial 

formation temperature, the well temperature, and the formation thermal conductivity increased the 

amount of produced gas; while, it is not affected by the permeability of the formation and the 

specific heat of the rock and hydrate. The numerical simulations in another work showed that the 

kinetic reaction models should be taken into account in order to avoid under-prediction of 

recoverable MH, however, it requires more computational effort compared to equilibrium reaction 

model (Kowalsky and Moridis, 2007). Investigation on disperse oceanic MH reservoirs with low 

hydrate saturation using TOUGH-Fx/HYDRATE simulator upon depressurization showed low gas 

production potential, which was not economically feasible, with high amount of water production 

(Moridis and Sloan, 2007). Nowadays, researchers are performing more mathematical 

investigations on this field accompanying with comparison with real field or experimental results 

or using parameters from real reservoirs (Chen and Hartman, 2018; Konno et al., 2017; Mardani 

et al., 2018; Wang et al., 2019; Wang et al., 2016a; Zhao et al., 2016). 

In 1990, Selim et al. (Selim and Sloan, 1990) designed an analytical one-dimensional (1D) study 

on MH dissociation upon thermal stimulation method by considering a moving dissociation 

boundary. They took into account the gas convection heat transfer and its flow, while the water 

by-product remained motionless in the sediments. In 1982, a study on hydrate dissociation process 

upon hot water injection and depressurization employing two models has been designed: the 
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frontal-sweep model, and the fracture-flow model. They reported that the gas production from 

hydrates using the depressurization method is feasible compared to thermal stimulation (McGuire, 

1982). Makogon (Makogon, 1997) reported analytical expressions for the temperature and 

pressure profiles for the MH dissociation upon depressurization using a similar process of moving 

dissociation boundary including the effect of the throttling process in the energy equation. Tsypkin 

(Tsypkin, 2001) extended it by considering similarity solutions for temperature and pressure 

distributions and the water and gas movement. Another model was also presented in 2001 by 

including heat conduction to Makogon’s model (Ji et al., 2001). An analytical work on dissociation 

induced by depressurization reported that the effect of the gas-water two-phase flow on MH 

dissociation is smaller than the effect of heat transfer and the intrinsic kinetics of MH 

decomposition (Hong et al., 2003). Recently, an analytical-experimental work has been reported 

to study MH decomposition by depressurization, thermal stimulation, and depressurization in 

conjunction with thermal stimulation (Wang et al., 2015). The analytical model in that work was 

based on performed experimental conditions, for example, heat transfer from outside the 

experimental reservoir into the reservoir is also considered.  

In addition to mathematical approaches, experimental tools have also been employed to investigate 

MH dissociation upon different methods. One of the major challenges in experimental works in 

this field, is the size of the setup that significantly affects the outcome of tests (Wang et al., 2016b). 

For example, scale of experiment setup determines the main mechanism involving in the hydrate 

dissociation in porous media (Wang et al., 2016b), which could be one of the followings: i) the 

intrinsic kinetics of hydrate decomposition; ii) heat transfer in the decomposing zone; or iii) the 

multiphase flow (i.e., gas-water flow) during gas production (Hong et al., 2003). Tang et al. (Tang 

et al., 2007) reported that the intrinsic kinetics of hydrate decomposition is the determining factor 

in the core-scale experiments. They also showed that in larger scale works, such as field works, 

heat transfer in the decomposing zone becomes the controlling mechanism. An experimental 

investigation of the MH dissociation in a 3D cubic hydrate simulator (CHS) upon huff and puff 

thermal stimulation showed that MH dissociation process upon thermal stimulation proceeds as a 

moving boundary ablation process (Li et al., 2011b). Li et al. (Li et al., 2012b) experimentally 

investigated the MH dissociation upon depressurization using two hydrate simulators with 

different scales. They revealed that gas production period is longer for larger scale simulators. In 

another experimental work, conduction heat transfer was reported as the main mechanism for heat 
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transfer to the dissociating zone (Zhao et al., 2012). Wang et al. (Wang et al., 2016b) studied the 

hydrate dissociation behavior below the quadruple point in the sandy sediment employing a 3D 

Pilot-Scale Hydrate Simulator (PHS). They revealed that MH dissociation below the quadruple 

point induces ice formation in pores, which in turn increases the dissociation rate. Another work, 

designed and performed by Wang et al. (Wang et al., 2018), reported that depressurization in 

conjunction with thermal stimulation is the optimum method to dissociate water-saturated hydrate 

samples using a pilot-scale hydrate simulator via the three abovementioned main methods. Studies 

over the past decades have provided important information on MH Dissociation and its gas 

production potential. 

Apart from the interactions happening in the reservoir upon hydrate dissociation, the wellbore 

structure may affect the dissociation especially the heat transfer mechanism in thermal stimulation 

method. Furthermore, data from several studies suggest that the wellbores in the production region 

mainly consisted of three layers: casing, cement, and gravel (Florez Anaya and Osorio, 2014; 

Pucknell and Mason, 1992; Xu et al., 2014). On the other hand, among previous mathematical 

works that have been done in the field of hydrate dissociation up to now (Li et al., 2010; Li et al., 

2012a; Wan et al., 2018; Zhao et al., 2016), no analytical study has investigated the impact of heat 

source structure (i.e., wellbore radius and the associated outer layers) on dissociation upon thermal 

stimulation using wellbore heating, which might induce unreliable outcomes while comparing to 

those from experiments or field works. Existing research addresses this gap and recognizes the 

critical role played by the wellbore structure in hydrate dissociation via wellbore heating. 

In the present work, an analytical solution is generated to model a semi-infinite 1D hydrate 

reservoir in Cartesian coordinates using a flat heat source considering three main layers: casing, 

cement, and gravel. The model and results are validated and compared with the previous 

mathematical and experimental studies. The results of this work will be useful in assessing the gas 

production from MH reservoirs using thermal stimulation. The importance and originality of this 

study are that it analytically explores, for the first time, the effect of wellbore structure on the MH 

dissociation and the associated heat transfer process. Therefore, the findings should make an 

important contribution to the field of gas production from MH reservoirs by providing the 

outcomes obtained using conditions that are closer to the real-condition tests, which make them 

more valuable and reliable. 
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2 Modeling  

Figure 1 shows a schematic of hydrate dissociation using thermal stimulation method in the 

proposed 1D flat case. It should be mentioned that the reservoir is semi-infinite, and L denotes the 

overall well thickness including, cement, gravel, and casing layers. The fundamental steps of MH 

dissociation are as follows: in the beginning of the process, the reservoir with the porosity of  is 

filled with MH in equilibrium conditions with initial temperature T0 . At time t = 0, the temperature 

of the heat source at x = 0, increases to a new temperature of Ti , which is above the equilibrium 

temperature of the hydrate, and is kept constant during the process. Subsequently, MH starts 

dissociating and a sharp moving boundary surface is created as shown by dashed lines in Figure 

1, which indicates the rate of hydrate dissociation and separates the water and gas produced in the 

dissociated zone (Zone I) from the un-dissociated zone (Zone II). The temperature of the 

dissociated zone is higher than the temperature in the hydrate zone inducing heat conduction from 

the dissociated zone to the hydrate zone and hydrate dissociation. The rate of hydrate dissociation 

is determined by the speed of moving interface, which decreases as the process continues and the 

dissociated zone thickens. Actually, it consumes a larger part of input heat to increase the 

temperature of the matrix material in the dissociated zone as well as the produced water and gas 

at the dissociation front as the dissociation interface moves forward. The remaining input energy 

is consumed for hydrate dissociation and temperature increase of the matrix materials in Zone II. 

As shown in Figure 2, the temperature and pressure distributions in the Zone I (TI  and P ) are 

respectively s I iT T T   and i sP P P  , and in the Zone II, the temperature distribution is 

0 II sT T T  and the pressure is in the equilibrium condition of the hydrate. The dissociation 

interface is shown by the dashed line and the associated pressure and temperature change due to 

time. It should be noted that TI at the outer surface of the well changes with time, but it is always 

lower than Ti . 
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Figure 1. Schematic of hydrate dissociation in the semi-infinite flat reservoir. The dissociation 

interface is identified by the dashed line, and the grey region shows well thickness. 

 

 
Figure 2. Schematic of pressure and temperature distribution in the reservoir upon hydrate 

dissociation. 

According to the mass conservation law and the sudden change in density at the dissociation front 

due to gas production, the produced gas will be streaming towards the heat source. The 

assumptions considered in this study, which were in accordance with the previous analytical works 

(Selim and Sloan, 1990; Tsimpanogiannis and Lichtner, 2007), are as follows: i) hydrates filled 

the entire pores of the media; ii) temperature and pressure at the dissociation interface are at the 

thermodynamic equilibrium; iii) the produced water from the dissociation remains motionless in 

the pores; iv) thermophysical properties of the phases are constant; v) ideal behavior of gas is 

applied in the equation of state of gas; vi) the produced gas is in thermal equilibrium with the local 
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sediments (with the same temperature); vii) viscous dissipation and inertia effects are neglected. 

It should be noted that the thermal properties of the system are assumed to remain constant during 

dissociation 

The fundamental set of equations and the solution procedure for the flat case by considering a 

wellbore heat source are presented by the following expression: 

The continuity equation of gas in Zone I is: 

0
g g gv

t x

 


    
+ =   

    
, , 0L x S t          (1) 

 where,  is porosity, g is gas density (kg/m3), and gv is gas velocity (m/s). The gas velocity in 

Zone I is calculated by the multiphase Darcy’s law, which is as follows: 

g

k P
v

x

   
= −   

  
, , 0L x S t           (2) 

 where k is relative permeability of gas (md),  is gas viscosity (mPa.s), and P is gas pressure (Pa). 

Equations 3 and 4 show the energy balance in Zones I and II, respectively: 

2
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 
+ =
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, , 0L x S t        (3) 
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

 
=

 
, , 0S x t           (4) 

 where I is density (kg/m3) of zone I, g is gas density (kg/m3), pIC is specific heat capacity 

(J/(kg.K)) of Zone I, pgC is specific heat capacity of gas (J/(kg.K)), IT is the temperature (K) in 

Zone I, IIT  is the temperature (K) in Zone II, II  is thermal diffusivity (m2/s) of Zone II, and Ik  

is the thermal conductivity (W/(m.K)) of Zone I.   In equation 3, the gas temperature in each 

location in Zone I is assumed to be equal to the local sediment temperature. This assumption has 

been proved by Weinbaum and Wheeler (Weinbaum and Wheeler Jr, 1949) and also employed in 

another work by Selim and Sloan (Selim and Sloan, 1990). 

The gas behavior is assumed to obey the ideal gas law. So, the gas density in Zone I can be 

evaluated by the following equation: 
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g

I

mP

RT
 = , , 0L x S t            (5) 

 where m is gas molecular mass (kg/mol), and R is the universal gas constant (J/(mol.K)). The 

above set of equations represents the fundamental concept of the process. In the following, the 

associated initial and boundary conditions are stated. Temperature and pressure at the inner wall 

of the well (x = 0) are kept constant and respectively equal to Ti and Pi. It is assumed that there is 

no pressure drop in the well wall so the pressure at the outer surface of the well (x=L) is Pi as well. 

The assumed wellbore schematic in the production region is shown in Figure 3, in which the 

thickness of each of the casings is 0.7 cm, and the thickness for the cement and gravel respectively 

is 2.5 cm and 1.5 cm. Hence, the heat transfer equation in the wellbore could be stated by equation 

6: 

( )I i I
I w

w

T T T
k A

x R

 −
− =


, , 0x L t=          (6) 

1 gs c
w

w s c g

LL L
R

A k k k

 
= + +  

 

         (7) 

 
Figure 3. Schematic of the proposed wellbore structure. Different parts are as follows: 1) 

casing, 2) gravel pack, 3) casing, and 4) cement 

where Aw is the wellbore area (m2), wR is thermal resistivity of the wellbore (W/K), xk and xL are 

respectively the thermal conductivity (J/(s.m.K)) and thickness (m) with s, c, and g subscripts 

respectively stands for steel (casing), cement, and gravel. It should be noted that this proposed 
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structure for wellbore is a general geometry and model, and there are many of the wellbore 

structures and the associated geometries in the literature that are different from this model. 

The pressure at the dissociation interface is calculated from the Antoine equation, which is a 

thermodynamic relationship with the interface temperature:  

( / )
e a a sA B T

sP
−

= , , 0x S t=           (8) 

where sP is the pressure (Pa) and temperature (K) at the moving interface, and aA and aB are 

constants. The mass and energy balances at the dissociation interface are respectively represented 

in equations 9 and 10. Also, the heat of MH dissociation is calculated by equation 11 (Selim and 

Sloan, 1990), and equations 12-14 represent the boundary conditions: 

( ) 0gH H g g

dS
F v

dt
 + = , , 0x S t=          (9) 

II I
II I H Hd

T T dS
k k Q

x x dt


 
− =

 
, , 0x S t=        (10) 

hyd sQ c dT= +            (11) 

( )I II sT T T t= = , , 0x S t=           (12) 

0IIT T= , , 0x t→           (13) 

0IIT T= , 0 , 0x t  = , S L=         (14) 

where H  is the hydrate density (kg/m3), IIk is the thermal conductivity (W/(m.K)) of Zone II, 

HdQ is heat of MH dissociation (J/kg), and c and d are constants. FgH in equation 8 is a constant, 

representing the ratio of mass of the methane gas trapped inside the MH to the mass of hydrate. In 

this work, the value of 0.1265 kg CH4/kg hydrate is chosen for FgH, which has been used in a 

previous study by Selim et al.(Selim and Sloan, 1990).  

The following equations 15-17 are obtained respectively from equations 1, 3, and 8 by employing 

equations 2 and 5 in order to eliminate the gas velocity and density. 

0
I I

P k P P

t T x T x




     
− =   
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To solve the above set of equations, the similarity solution introduced by Neumann (Ã–zisik et al., 

1993; Carslaw and Jaeger, 1959) is employed. In this solution, the movement of the dissociation 

interface is assumed to be proportional with the square root of time (t1/2). This assumption satisfies 

the initial and boundary conditions, and the following dimensionless transformation, shown in 

equation 17, is employed to simplify and solve the abovementioned equations. 

4 II

x

t



=            (18) 

So, on the moving dissociation front, equation 18 becomes: 

4 II

S

t



= , , 0x S t=           (19) 

Also, on the outer surface of the well: 

4
os

II

L

t



= , , 0x L t=           (20) 

The transformation of the above equations using equation 17 is developed and presented in the 

supplementary information.  

By considering the procedure suggested by Özışık et al.(Ã–zisik et al., 1993), Carslaw et 

al.(Carslaw and Jaeger, 1959), and Selim et al.(Selim and Sloan, 1990), error function is employed 

to choose the following solutions for the temperature distributions: 

0

( ) ( )

( )

I

II

T Aerf a b Aerf b B

T T Cerfc





= + − +


= +
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A, B, a, and b constants are introduced in the supplementary information. 

The pressure distribution (Pa) in Zone I can be calculated from equation S7 as follows: 
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That by replacing and integrating TI from equation 21, becomes: 

( )
1/2

2

0 1 1( ) ( )( ) ( )( ( ) ( ))os osP P J K AJ L L      = + − + −      (23) 

where ( )J  , ( )K  , and 1( )L  are defined in the supplementary information. 

Heat flux at the boundary (J/(s.m2)) as a function of time is calculated from the following formula: 

 I
f I

T
u k

x


= −


, x L=          (24) 

The transformed version of equation 24 considering equation 18 is provided in the supplementary 

information. 

Cumulative heat input into the reservoir from the heat source (J/m2) is calculated by integrating 

equation 23 with regard to time as follows: 

0

t
I

ft I

T
Q k dt

x


= −


, x L=          (25) 

In order to calculate the total volume at standard temperature and pressure (STP) of dry gas, 

equation 26 is employed, where fpV is the total volume of produced gas per surface area of the 

moving interface up to time t (m3/m2), ftn is the total moles of gas produced per surface area of the 

moving interface up to time t (mole/m2), and STPT  and STPP are temperature and pressure of gas at 

STP conditions, respectively.  

ft STP
fp

STP

n RT
V

P
=           (26)  

More details of total volume calculation are provided in the supplementary information. 

For the efficiency evaluation of gas production during the dissociation process using thermal 

stimulation method, the energy efficiency ratio is introduced as follows (Song et al., 2015): 

fp g

f

ft

V Q

Q
 =            (27) 

where f  is the energy efficiency ratio in this case, and gQ is the heating value of the gas at STP 

conditions (J/m3). Actually, f  represents the amount of energy that would be produced from 
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combustion of the produced gas to the amount of input energy to the system from the heat source. 

It becomes apparent that an energy efficiency higher than one is preferred. It should be mentioned 

that the surface area of the well that is in contact with the reservoir is equal to 1m2. 

The obtained solution for temperature and pressure distributions can satisfy the abovementioned 

basic equations and boundary conditions (equations 1-17) by direct substitution. MATLAB 

programming software is used for all calculations in this work.  

3 Results and discussion  

Equation 18 indicates that the location and movement of the dissociation interface are dependent 

on  . It should be noted that   represents both the dimensionless interface position and 

dimensionless interface velocity (
1/2/ (4 )s IIv t ). Thus, the higher the value of  , the faster the 

movement of the dissociation interface. As shown in the equation S23, the value of   is dependent 

on sP and sT  values, which are calculated using the pressure and temperature at the heat source 

wall (outer boundary) according to the equations in the previous section. The temperature at the 

outer boundary of the heat source is time dependent, inducing sP and sT at the dissociation front 

to change over time. Figure 4 shows the value of   considering specific physical and boundary 

conditions presented in Table 1, which are obtained and set from the previous studies (Cheng et 

al., 2011; Dalla Santa et al., 2017; Remund, 1999; Selim and Sloan, 1990).   increases from a 

slightly lower value at the beginning but converges to a value as the temperature at the wall surface 

converges to temperature Ti of the inside of the well, which is kept constant.  

 

Table 1. Parameters used in the modeling. 

Total wellbore thickness, L, m 0.054 

Cement thickness, Lc, m 0.025 

Gravel thickness, Lg, m 0.015 

Casing thickness, Ls, m 0.014 

Contact area of wellbore with reservoir in production region, m2 1 

Thermal conductivity of cement, kc, W/(m.K) 0.933 

Thermal conductivity of gravel, kg, W/(m.K) 0.4 

Thermal conductivity of casing (steel), ks, W/(m.K) 43.3 

Porosity,    0.3 

Permeability, k, μm2 1 
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Thermal diffusivity of Zone I, I , μm2/s 2.89×106 

Thermal conductivity of Zone I, Ik , W/(m.K) 5.57 

Thermal diffusivity of Zone II, II , μm2/s 6.97×105 

Thermal conductivity of Zone II, IIk , W/(m.K) 2.73 

Hydrate density, H , kg/m3 913 

Heat of dissociation of hydrate, HdQ , J/kg 3446.12 10 132.638 sT −  

Gas heat capacity, pgC , J/(kg.K) 8766 

Gas viscosity,  , Pa.s 10-4 

Heating value of the gas at STP conidtions, gQ , MJ/m3  37.6 

Molecular mass of methane, m, g/mol 16.04 

Mass ratio of the methane gas trapped inside the hydrate to the 

mass of hydrate, FgH 
0.1265 

Universal gas constant, R, J/(mol.K) 8.314 

 

 

 
Figure 4. Dimensionless position of interface during 1000 days dissociation process at 

Ti=563.5 K, Pi=7.6 MPa, and T0=275K. 

 

The effect of boundary conditions on the interface movement is presented in Figure 5, which shows 

the value of   with regards to different well pressure and temperature after 100 days of 
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previous work by Selim et al. (Selim and Sloan, 1990), but with a slightly lower values of   (about 

0.1 difference). This difference is due to the conduction heat transfer in the wellbore thickness, 

which causes the amount of transferred heat to the dissociation surface becomes lower compared 

to the previous work (Selim and Sloan, 1990), in which a flat heat source with constant temperature 

without wellbore thickness is considered. In all cases, decreasing the heat source pressure while 

increasing its temperature induces higher values of  . Figure 6 represents the relation between 

the interface velocity and MH temperature, T0. The higher the hydrate temperature, the higher the 

interface movement. These results are consistent with data obtained in a Numerical work by Liang 

et al. (Liang et al., 2010), who also found that decreasing the pressure and increasing the 

surrounding temperature would increase the rate of hydrate dissociation upon depressurization. 

They also validated their results against experiments performed by Masuda (MASUDA, 1999). 

 
Figure 5. Dimensionless position of interface at T0=280 K and various Ti and Pi values. 
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Figure 6. Dimensionless position of interface at Ti=563.5 K and various T0 and Pi  values. 

Furthermore, in Figures 5 and 6, the associated temperature and pressure of the locus for which 

the dissociation temperature is equal to the temperature of MH (280 K) is shown. The dissociation 

temperature is mainly dependent on heat source pressure, while the effect of the temperature of 

the heat source and MH temperatures on Ts is almost negligible; higher Pi increases Ts, while lower 

Pi decreases Ts. This is also in agreement with the previous work by Selim et al. (Selim and Sloan, 

1990), as they showed the direct dependency of Ts on Pi and mentioned that for lower pressures of 

6 MPa, Ts may reduce to the freezing temperature of water which causes the interruption of the 

dissociation process due to ice generation. It should be mentioned that when Ts is equal to T0, all 

the transmitted heat to the interface is consumed for the dissociation and no heat is transferred to 

or from the hydrate zone, and the temperature of the hydrate zone remains constant. On the other 

hand, as Ts falls below T0, some part of the required heat for dissociation is absorbed from the 

hydrate zone, resulting in the temperature reduction of the hydrate zone.  

Temperature and pressure distributions are calculated and presented in Figures 7 and 8 for the 

following two boundary conditions (BCs): BC 1) 450iT = K, 10iP =  MPa, and 0 280T = K, and 
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BC 2) 563.5iT = K, 7.6iP =  MPa, and 0 275T = K considering three different time frames. The 

temperature distribution in Zones I and II are separated by a horizontal dashed line that shows the 

interface temperature. However, due to the small temperature increment at the well surface in 

longer time frames (as shown in the Figure 7), the interface temperature changes slightly. The 

temperature change at the well surface also causes the interface pressure to change in longer time 

frames. It should be noted that as the dissociation progresses and the temperature at the well surface 

converges to that inside the well, the temperature and pressure at the interface respectively tend to 

decrease and increase gradually and converge to the associated values reported Selim et al.’s work 

(Selim and Sloan, 1990), in which the associated values for the interface temperature and pressure 

for the two proposed boundary conditions were reported to be: BC 1) Ts = 285 K, Ps = 290 Pa; BC 

2) Ts 282.5 K, Ps = 560 Pa. Tsimpanogiannis et al. (Tsimpanogiannis and Lichtner, 2007) in their 

semi-analytical model showed that increasing the temperature of well would increase the pressure 

at the interface, which is also shown in our results of boundary conditions of BC 1 and BC 2. 

The results of temperature distribution also illustrate that the distance between the dissociation 

surface and the heat source is higher in the previous study without considering the wellbore 

thickness (Selim and Sloan, 1990) compared to the present model due to the negative effect of heat 

conduction in the well, but this difference decreases in longer time frames as the dissociated zone 

thickens and the effect of heat source thickness disappears gradually. The results presented in 

Figure 7 for temperature distribution are also in good agreement with those reported by Li et al. 

(Li et al., 2011b), who experimentally investigated MH dissociation upon thermal stimulation. 

They also reported that the decomposition progressed by a moving boundary, which separates 

dissociate zone form the undissoicated zone. 

https://scholar.google.ca/citations?user=vQkLq_IAAAAJ&hl=en&oi=sra
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Figure 7. Temperature distribution for case 1 at different time frames for two initial and 

boundary conditions of a) BC 1 b) BC 2. 

 

   
Figure 8. Pressure distribution for case 1 in the dissociated zone at different time farmes for 

two initial and boundary conditions of a) BC 1 b) BC 2. 

The volume of produced gas in STP conditions, amount of input heat, and energy efficiency upon 

hydrate dissociation considering the two initial and boundary conditions during 100 days of gas 

dissociation are shown in Figure 9. The volume of produced gas and the amount of input heat are 

higher considering BC 2 compared to BC 1. However, the energy efficiency is higher considering 

BC 2 compared to BC 1 due to the higher difference between the amounts of input heat and 

relatively smaller difference between the associated produced gas as shown in Figure 9. The results 

of energy efficiency indicate that increasing the heat source temperature and decreasing its 
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pressure would increase the rate of dissociation, but will not increase the total efficiency of the 

process. It is somewhat surprising that the energy efficiency increases to a peak point in the 

beginning then it decreases as dissociation progresses. This could be due to the constant surface 

area of the dissociation interface, which is equal to the surface area of the heat source, during the 

dissociation that restricts the amount of gas production during dissociation. On the other hand, the 

amount of input heat increases such that it cannot reach the dissociation front due to the sediment 

matrix of Zone I and dissociation products. Therefore, the speed of input heat increment exceeds 

the speed of the produced gas increment until the temperature at the heat source surface gradually 

converges to that inside the heat source, and the energy efficiency also converges to a constant 

value. The same trend for energy efficiency (i.e., significant increase at the beginning then 

decreasing smoothly) was also reported by Li et al. (Li et al., 2014; Li et al., 2011a) and Wang et 

al. (Wang et al., 2013), who investigated the MH dissociation behavior upon thermal stimulation 

using cubic hydrate simulators. They claimed that the sudden increase of the energy efficiency at 

the beginning is due to the rapid hydrate dissociation close to the wellbore at the beginning of the 

process. In another experimental work performed by Wang et al. (Wang et al., 2014) on the gas 

production form MH using thermal stimulation by hot water, the same trend for the energy 

efficiency and gas production was reported. It was claimed that the pre-depressurization before 

heat stimulation caused the sudden increase of the energy efficiency at the beginning, then it 

decreased and converged to lower value. They reported an energy efficiency of around 4 after 100 

minutes of dissociation, which shows a good agreement with our results. In the work of Selim et 

al. (Selim and Sloan, 1990) an energy efficiency between 6.4-11.2 was reported, which is close to 

the results presented in the current paper and of high value because of the similar conditions 

considered in the two works. The energy efficiency reported in this work is consistent with that of 

Tang et al. (Tang et al., 2005), who experimentally investigated the gas production from MH 

reservoirs upon thermal stimulation. They reported an energy ratio, which was calculated in the 

same way as the energy efficiency in the present work, of about 5 upon conditions close to the BC 

2. They also revealed that increasing the initial temperature and decreasing the initial pressure 

improved the energy ratio. Bayles et al. (Bayles et al., 1986) studied analytically MH dissociation 

upon cyclic steam injection. They reported the same trend for the energy efficiency for one year 

dissociation, which was converged between 4 to 9.6. Again, our results are in good agreement with 
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theirs, and the slight difference could be due to the direct steam injection into the reservoir and the 

cyclic pattern of the process.  

  

  
Figure 9. a) volume of produced gas, b) amount of input heat, and c) energy efficiency during 

hydrate dissociation for two BCs. 

A parametric study is performed in order to investigate the effect of various parameters, stated in 

Table 2, on the dissociation process. The obtained results from the parametric study, shown in 

Figure 10, indicate the following points: a) the higher the thermal diffusivity and conductivity of 

Zone I, the higher the dissociation movement; b) the lower the thermal diffusivity and conductivity 

of Zone II, the higher the dissociation movement; and c) the permeability and gas viscosity almost 

have no effect on the dissociation process as the interface velocity does not change by various 

values of each. The same results were reported by Selim et al. (Selim and Sloan, 1990). Zhao et 
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al. (Zhao et al., 2015) investigated the numerical model of gas production form MH using thermal 

stimulation and showed that increasing the thermal conductivity promoted the dissociation 

process, on the other hand, different relative water-gas permeabilities have almost no effect on the 

gas production. They also numerically showed that increasing sediments’ thermal conductivity 

would increase the rate of gas generation at the beginning of hydrate dissociation upon 

depressurization (Zhao et al., 2014). It should be mentioned that both of their works were validated 

by the experimental work of Masuda (MASUDA, 1999). Tsimpanogiannis et al. (Tsimpanogiannis 

and Lichtner, 2007) investigated a parametric study on the effect of different parameters on the 

MH dissociation upon thermal stimulation. They revealed that increasing the thermal conductivity 

of the porous media induced more MH dissociation.   

Table 2. Range of parameters employed in the parametric study. 

Porosity,    0.1 to 0.5 

Permeability, k, μm2 0.1 to 5 

Thermal diffusivity of Zone I, I , μm2/s 1×106 to 5×106 

Thermal conductivity of Zone I, Ik , W/(m.K) 3 to 7 

Thermal diffusivity of Zone II, II , μm2/s 4×105 to 8×105 

Thermal conductivity of Zone II, IIk , W/(m.K) 1 to 5 

Gas viscosity,  , Pa.s 10-4 to 10-6 

 

 

 

 

 

 

 

 

 

https://scholar.google.ca/citations?user=vQkLq_IAAAAJ&hl=en&oi=sra
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Figure 10. The effect of various values of the parameters stated in Table 2 on the interface 

movement after 100 days dissociation. a) thermal diffusivity and thermal conductivity of Zone 

I, b) thermal diffusivity and thermal conductivity of Zone II, c) various values of porosity with 

different permeabilities, and d) various values of porosity with different gas viscosities. 

4 Conclusions 

In this study an analytical model to investigate MH dissociation using thermal stimulation is 

presented. It takes into account the effect of wellbore thickness which may include multiple layers 

with different thermal properties. Evaluations of the effects of various reservoir parameters and 

boundary conditions on the dissociation process have been performed. The two main factors that 

have been considered for assessing the process are: a) moving dissociation boundary 
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position/velocity (λ), and b) energy efficiency of the process (η). These findings have significant 

implications for the understanding of how the wellbore structure affect the hydrate dissociation by 

providing an analytical solution for thermal stimulation method by taking into account heat 

conduction through the wellbore, which makes the models closer to the real conditions. This study 

appears to be the first study that examines associations between the wellbore structure and hydrate 

dissociation. In the limit when wellbore thickness approaches zero the model is in good agreement 

with previous similar analytical study. Additionally, the results of the present study match with 

those of previous mathematical and experimental investigations.Based on the results of this 

investigation, the following main conclusions can be made: 

- The rate of dissociation and efficiency of reservoir heating are dependent on both well 

thickness and composition (which are design parameters). Well thickness causes a 

reduction in the dissociation front speed and produced gas amount compared to the cases 

without considering the well thickness.  

- Temperature of the well boundary is not constant, which is also dependent on well 

thickness and composition. 

- As a result, pressure and temperature at the dissociation front are not constant during 

dissociation.  

- Increasing the well temperature, but decreasing its pressure, induce higher dissociation 

interface velocity and volume of produced gas, but reduces energy efficiency. Thus, in 

order to increase the energy efficiency of the process, a detailed study on the initial and 

boundary conditions including well composition (number of layers, their thickness and 

thermal properties) of the system should be performed. 

- The good agreement between the results of this study and previous experimental and 

numerical studies provides validation of the assumptions made in the model development.  
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Nomenclature  

A Dimensionless constant in equation S9 
ftn   Total moles of produced gas per 

surface area of the moving 

interface up to time t  

Aa Dimensionless constant in equation 8 P Pressure in Zone I 

Aw Wellbore area  Ps Pressure at the interface 

a Dimensionless constant in equation S12 Pi Pressure of the heat source 

B Dimensionless constant in equation S10 
STPP  Pressure of gas at STP 

conditions 

Ba Dimensionless constant in equation 8 
HdQ   Heat of MH dissociation 

BC Boundary conditions  
gQ   Heating value of the gas at STP 

conditions 

b Dimensionless constant in equation S13 
ftQ  Total input heat to the reservoir 

from the heat source  

C Dimensionless constant in equation S11 R  Universal gas constant 

pIC  Specific heat capacity of Zone I Rw Thermal resistivity of the 

wellbore 

pgC  Specific heat capacity of gas   

c Dimensionless constant in equation 11 S Interface position  

D Dimensionless constant in equation S14 Ti Temperature of the heat source 

d Dimensionless constant in equation 11 
IT  Temperature in Zone I 

E Dimensionless constant in equation S15 
IIT  Temperature in Zone II 

F Dimensionless constant in equation S16 T0 Initial temperature of hydrate 

FgH Ratio of mass of the methane gas trapped 

inside the MH to the mass of hydrate 

Ts Temperature at the interface 

( )G   Dimensionless constant in equation S20 
STPT   Temperature of gas at STP 

conditions 
( )H   Dimensionless constant in equation S20 t Time 

( )I   Dimensionless constant in equation S20 uf Heat flux from the well  

( )J   Function in equation S17 
fV  Volume of produced gas per 

surface area of the moving 

interface in the time fraction of 

“t,t-1”  

k Permeability 
fpV  Total volume of produced gas 

per surface area of the moving 

interface up to time t  

Ik  Thermal conductivity of Zone I vs Interface velocity 

IIk  Thermal conductivity of Zone II X Axial position  

ck  Thermal conductivity of cement 
g  Gas density  

gk  Thermal conductivity of gravel 
H  Hydrate density 

sk  Thermal conductivity of casing    Gas viscosity 

( )K   Function in equation S18   Dimensionless variable in 

equation 18 
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L Thickness of the well    Dimensionless constant in 

equation 19 

1( )L   Function in equation S19 
os  Dimensionless variable in 

equation 20 

cL  Cement thickness   Porosity 

gL  Gravel thickness 
I  Thermal diffusivity of Zone I 

sL  Casing thickness 
II  Thermal diffusivity of Zone II 

MH Methane hydrate 
gv  Gas velocity 

m  Gas molecular mass 
f  energy efficiency ratio  

fn  Total moles of produced gas per surface 

area of the moving interface in the time 

fraction of “t,t-1”  

  

5 References 

Ã–zisik, M.N., Özısık, M.N. and Özışık, M.N., 1993. Heat conduction. John Wiley & Sons. 

Ahmadi, G., Ji, C. and Smith, D.H., 2004. Numerical solution for natural gas production from methane 

hydrate dissociation. Journal of petroleum science and engineering, 41(4): 269-285. 

Bayles, G., Sawyer, W., Anada, H., Reddy, S. and Malone, R., 1986. A steam cycling model for gas 

production from a hydrate reservoir. Chemical Engineering Communications, 47(4-6): 225-245. 

Burshears, M., O'brien, T. and Malone, R., 1986. A multi-phase, multi-dimensional, variable composition 

simulation of gas production from a conventional gas reservoir in contact with hydrates, SPE 

Unconventional Gas Technology Symposium. Society of Petroleum Engineers. 

Carslaw, H. and Jaeger, J., 1959. Conduction of heat in solids: Oxford Science Publications. Oxford, 

England. 

Chen, W. and Hartman, R.L., 2018. Methane Hydrate Intrinsic Dissociation Kinetics Measured in a 

Microfluidic System by Means of in Situ Raman Spectroscopy. Energy & Fuels, 32(11): 11761-

11771. 

Cheng, W.-L., Huang, Y.-H., Lu, D.-T. and Yin, H.-R., 2011. A novel analytical transient heat-

conduction time function for heat transfer in steam injection wells considering the wellbore heat 

capacity. Energy, 36(7): 4080-4088. 

Collett, T.S., 2001. AAPG Memoir 74, Chapter 7: Natural-Gas Hydrates, Resource of the Twenty-First 

Century? 

Collett, T.S., 2008. Assessment of gas hydrate resources on the North Slope, Alaska, 2008, AGU Fall 

Meeting Abstracts. 

Dalla Santa, G. et al., 2017. Laboratory measurements of gravel thermal conductivity: An update 

methodological approach. Energy Procedia, 125: 671-677. 

Davie, M.K. and Buffett, B.A., 2001. A numerical model for the formation of gas hydrate below the 

seafloor. Journal of Geophysical Research: Solid Earth, 106(B1): 497-514. 

Englezos, P., 1993. Clathrate hydrates. Industrial & engineering chemistry research, 32(7): 1251-1274. 

Florez Anaya, A. and Osorio, M.A., 2014. A Successful Gravel-Packing Technique in Vertical and 

Deviated Wells with Enlarged Open Hole in Cased Completions: A Case Study, Rubiales and 

Quifa Fields, SPE Heavy and Extra Heavy Oil Conference: Latin America. Society of Petroleum 

Engineers. 

Holder, G.D. and Angert, P.F., 1982. Simulation of gas production from a reservoir containing both gas 

hydrates and free natural gas, SPE annual technical conference and exhibition. Society of 

Petroleum Engineers. 



[Type here] 

 

Hong, H., Pooladi-Darvish, M. and Bishnoi, P., 2003. Analytical modelling of gas production from 

hydrates in porous media. Journal of Canadian Petroleum Technology, 42(11): 45-56. 

Ji, C., Ahmadi, G. and Smith, D.H., 2001. Natural gas production from hydrate decomposition by 

depressurization. Chemical Engineering Science, 56(20): 5801-5814. 

Kamath, V.A. and Godbole, S.P., 1987. Evaluation of hot-brine stimulation technique for gas production 

from natural gas hydrates. Journal of petroleum technology, 39(11): 1,379-1,388. 

Konno, Y. et al., 2017. Key findings of the world’s first offshore methane hydrate production test off the 

coast of Japan: Toward future commercial production. Energy & Fuels, 31(3): 2607-2616. 

Kowalsky, M.B. and Moridis, G.J., 2007. Comparison of kinetic and equilibrium reaction models in 

simulating gas hydrate behavior in porous media. Energy conversion and management, 48(6): 

1850-1863. 

Li, G., Li, X.-S., Li, B. and Wang, Y., 2014. Methane hydrate dissociation using inverted five-spot water 

flooding method in cubic hydrate simulator. Energy, 64: 298-306. 

Li, G., Moridis, G.J., Zhang, K. and Li, X.-S., 2010. Evaluation of gas production potential from marine 

gas hydrate deposits in Shenhu area of South China Sea. Energy & Fuels, 24(11): 6018-6033. 

Li, X.-S., Li, B., Li, G. and Yang, B., 2012a. Numerical simulation of gas production potential from 

permafrost hydrate deposits by huff and puff method in a single horizontal well in Qilian 

Mountain, Qinghai province. Energy, 40(1): 59-75. 

Li, X.-S., Wang, Y., Li, G. and Zhang, Y., 2011a. Experimental investigations into gas production 

behaviors from methane hydrate with different methods in a cubic hydrate simulator. Energy & 

Fuels, 26(2): 1124-1134. 

Li, X.-S., Wang, Y., Li, G., Zhang, Y. and Chen, Z.-Y., 2011b. Experimental investigation into methane 

hydrate decomposition during three-dimensional thermal huff and puff. Energy & Fuels, 25(4): 

1650-1658. 

Li, X.-S. et al., 2016. Investigation into gas production from natural gas hydrate: A review. Applied 

Energy, 172: 286-322. 

Li, X.-S. et al., 2012b. Experimental investigation into gas production from methane hydrate in sediment 

by depressurization in a novel pilot-scale hydrate simulator. Applied energy, 93: 722-732. 

Liang, H., Song, Y. and Chen, Y., 2010. Numerical simulation for laboratory-scale methane hydrate 

dissociation by depressurization. Energy Conversion and Management, 51(10): 1883-1890. 

Makogon, I.U.r.F., 1981. Hydrates of natural gas. PennWell Books Tulsa, OK. 

Makogon, Y.F., 1997. Hydrates of hydrocarbons: Pennwell Pub. Comp. Tulsa, Oklahoma. 

Mardani, M., Azimi, A., Javanmardi, J. and Mohammadi, A.H., 2018. Effect of EMIM-BF4 Ionic Liquid 

on Dissociation Temperature of Methane Hydrate in the Presence of PVCap: Experimental and 

Modeling Studies. Energy & Fuels, 33(1): 50-57. 

Masuda, Y., 1997. Numerical calculation of gas production performance from reservoirs containing 

natural gas hydrates, Annual Technical Conference, Soc. of Petrol. Eng., San Antonio, Tex., Oct. 

1997. 

MASUDA, Y., 1999. Modeling and experimental studies on dissociation of methane gas hydrates in 

Berea sandstone cores, Proceedings of the third International Gas Hydrate Conference. 

McGuire, P.L., 1982. Recovery of gas from hydrate deposits using conventional technology, SPE 

Unconventional Gas Recovery Symposium. Society of Petroleum Engineers. 

Moridis, G.J., 2002. Numerical studies of gas production from methane hydrates, SPE Gas Technology 

Symposium. Society of Petroleum Engineers. 

Moridis, G.J. et al., 2004. Numerical studies of gas production from several CH4 hydrate zones at the 

Mallik site, Mackenzie Delta, Canada. Journal of petroleum science and engineering, 43(3-4): 

219-238. 

Moridis, G.J. and Sloan, E.D., 2007. Gas production potential of disperse low-saturation hydrate 

accumulations in oceanic sediments. Energy conversion and management, 48(6): 1834-1849. 

Pooladi-Darvish, M., 2004. Gas production from hydrate reservoirs and its modeling. Journal of 

Petroleum Technology, 56(06): 65-71. 



[Type here] 

 

Pucknell, J. and Mason, J., 1992. Predicting the Pressure Drop in a Cased-Hole Gravel Pack Completion, 

European Petroleum Conference. Society of Petroleum Engineers. 

Remund, C.P., 1999. Borehole thermal resistance: laboratory and field studies. ASHRAE transactions, 

105: 439. 

Selim, M. and Sloan, E., 1990. Hydrate dissociation in sediment. SPE Reservoir Engineering, 5(02): 245-

251. 

Song, Y. et al., 2015. Evaluation of gas production from methane hydrates using depressurization, thermal 

stimulation and combined methods. Applied Energy, 145: 265-277. 

Tang, L.-G., Li, X.-S., Feng, Z.-P., Li, G. and Fan, S.-S., 2007. Control mechanisms for gas hydrate 

production by depressurization in different scale hydrate reservoirs. Energy & Fuels, 21(1): 227-

233. 

Tang, L.G., Xiao, R., Huang, C., Feng, Z. and Fan, S.S., 2005. Experimental investigation of production 

behavior of gas hydrate under thermal stimulation in unconsolidated sediment. Energy & Fuels, 

19(6): 2402-2407. 

Tsimpanogiannis, I.N. and Lichtner, P.C., 2007. Parametric study of methane hydrate dissociation in 

oceanic sediments driven by thermal stimulation. Journal of Petroleum Science and Engineering, 

56(1-3): 165-175. 

Tsypkin, G., 2001. Regimes of dissociation of gas hydrates coexisting with a gas in natural strata. Journal 

of engineering physics and thermophysics, 74(5): 1083-1089. 

Tsypkin, G.G., 2000. Mathematical models of gas hydrates dissociation in porous media. Annals of the 

New York academy of sciences, 912(1): 428-436. 

Wan, Q.-C., Si, H., Li, B. and Li, G., 2018. Heat transfer analysis of methane hydrate dissociation by 

depressurization and thermal stimulation. International Journal of Heat and Mass Transfer, 127: 

206-217. 

Wang, X., Dong, B., Wang, F., Li, W. and Song, Y., 2019. Pore-scale investigations on the effects of ice 

formation/melting on methane hydrate dissociation using depressurization. International Journal 

of Heat and Mass Transfer, 131: 737-749. 

Wang, Y., Feng, J.-C., Li, X.-S. and Zhang, Y., 2016a. Experimental and modeling analyses of scaling 

criteria for methane hydrate dissociation in sediment by depressurization. Applied energy, 181: 

299-309. 

Wang, Y., Feng, J.-C., Li, X.-S., Zhang, Y. and Chen, Z.-Y., 2018. Fluid flow mechanisms and heat 

transfer characteristics of gas recovery from gas-saturated and water-saturated hydrate reservoirs. 

International Journal of Heat and Mass Transfer, 118: 1115-1127. 

Wang, Y., Feng, J.-C., Li, X.-S., Zhang, Y. and Li, G., 2015. Analytic modeling and large-scale 

experimental study of mass and heat transfer during hydrate dissociation in sediment with 

different dissociation methods. Energy, 90: 1931-1948. 

Wang, Y., Feng, J.-C., Li, X.-S., Zhang, Y. and Li, G., 2016b. Large scale experimental evaluation to 

methane hydrate dissociation below quadruple point in sandy sediment. Applied energy, 162: 

372-381. 

Wang, Y., Li, X.-S., Li, G., Huang, N.-S. and Feng, J.-C., 2014. Experimental study on the hydrate 

dissociation in porous media by five-spot thermal huff and puff method. Fuel, 117: 688-696. 

Wang, Y. et al., 2013. Experimental investigation into methane hydrate production during three-

dimensional thermal stimulation with five-spot well system. Applied energy, 110: 90-97. 

Weinbaum, S. and Wheeler Jr, H., 1949. Heat Transfer in Sweat‐Cooled Porous Metals. Journal of 

Applied Physics, 20(1): 113-122. 

Xu, E., Soga, K., Zhou, M., Uchida, S. and Yamamoto, K., 2014. Numerical analysis of wellbore 

behaviour during methane gas recovery from hydrate bearing sediments, Offshore Technology 

Conference. Offshore Technology Conference. 

Yousif, M., Abass, H., Selim, M. and Sloan, E., 1991. Experimental and theoretical investigation of 

methane-gas-hydrate dissociation in porous media. SPE reservoir Engineering, 6(01): 69-76. 



[Type here] 

 

Zhao, J. et al., 2012. Heat transfer analysis of methane hydrate sediment dissociation in a closed reactor 

by a thermal method. Energies, 5(5): 1292-1308. 

Zhao, J., Fan, Z., Dong, H., Yang, Z. and Song, Y., 2016. Influence of reservoir permeability on methane 

hydrate dissociation by depressurization. International Journal of Heat and Mass Transfer, 103: 

265-276. 

Zhao, J., Liu, D., Yang, M. and Song, Y., 2014. Analysis of heat transfer effects on gas production from 

methane hydrate by depressurization. International Journal of Heat and Mass Transfer, 77: 529-

541. 

Zhao, J., Wang, J., Liu, W. and Song, Y., 2015. Analysis of heat transfer effects on gas production from 

methane hydrate by thermal stimulation. International Journal of Heat and Mass Transfer, 87: 

145-150. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



[Type here] 

 

Supplementary Information 

 

 

• Materials and methods 

In the following, the transformation of the fundamental equations, initial and boundary conditions 

in terms of   is provided.  

Equation 4: 
2

2
2 0II IId T dT

d d


 
+ = ,           (S1) 

Equation 12: 
2 2 2

2 2

2
0

2

pgI II I

I I

C kmd T dT d P

d d k R d

 

    
+ + = , os        (S2) 

Equation 13: 
2 gH H II

I

F RP dP

T d km

   


= ,  =       (S3) 

Equation 14:
2

0II

I I

d P dP d P

d T d k d T

 

  

   
+ =   

   
, os        (S4) 

Equation 6: 
( )

4

I w I i I

wII

k A dT T T

d Rt 

− −
= , os =        (S5) 

Equation 7: exp( / )s sP A B T= − ,  =        (S6)  

Equation 9: 2II I
II I H II Hd

dT dT
k k Q

d d
  

 
− = ,  =      (S7) 

And, from equation 10: 0IIT T= ,  →        (S8) 

Furthermore, in a previous work reported by Selim et al. (Selim and Sloan, 1990), it is stated that 

due to the very small ratio of 
g

H




, the rate of hydrate dissociation (dS/dt) is too slow that the 

transient term in the continuity equation could be neglected (second term in equation S4). 

In the equation 21, A, B, and C constants are defined using equations S5 and 11 as follows: 
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C

erfc 

−
=            (S11) 

, where a, b, D, E, and F are as follows: 
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 
=  
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22 exp( ( ) )I osk a a b
D

e





− − +
=         (S14) 

( ( ) ( ))osE F erf a b erf b= − − + +         (S15) 

1

w

F
R

=             (S16) 

In the equation 22, pressure distribution in zone I, the ( )J  , ( )K  , and 1( )L  are defined as 

follows: 

4
( )

gH H IIF R
J

km

   
 =          (S17) 

( ) ( )K B Aerf b = −           (S18) 

2

1

( ) exp( ( ) )
( ) ( )

berf a b a b
L erf a b

a a

 
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

+ − +
= + + +      (S19) 

Now, equation S7 by insertion of the resulted TI and TII formulas (equation 21 and considering 

equation 10 becomes: 
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 So, temperature at the interface is calculated as follows: 

0 ( ) ( ) ( )

( ) ( ) ( )

II I i
s

I II

k T H ak T G cI
T

ak G dI k H

  
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From the equation 22, the pressure at the dissociation interface ( sP ) would be: 

( )
1/2

2

0 1 1( ) ( )( ) ( )( ( ) ( ))s os osP P J K AJ L L      = + − + −      (S22) 

Now, by implementing the equation 8 (Antoine equation), which is transformed to the following 

form (equation S23), the exact solution of temperature and pressure distributions will be achieved. 

0
ln( )

a
s

a s

B
T

A P
− =

−
          (S23) 

Actually,  is the root of the equation S23 as all the parameters are known at each time except 

. MATLAB programming software is employed to find the root of the equation S23 at each time 

and to perform all other calculations in this work. By finding  , the temperature and pressure 

distribution will also be calculated at each time. 

The transformed form of the heat flux (equation 24) from the well due to the transformation term 

of equation 18 is as follows: 

4

I I
f

II

k dT
u

dt 

−
= , os =          (S24) 

By inserting TI from equation 21, equation S24 becomes: 

22 exp( ( ) )

4

I os
f

II

ak A a b
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t



 

− − +
=         (S25) 

In order to calculate the total volume of gas produced at STP conditions, the molar quantity of 

produced gas at each time should be calculated first as follows: 



[Type here] 

 

1( )f t tV S S −= −           (S26) 

/f gH H fn F V m=           (S27) 

Equation S26 shows the volume of dissociated hydrate at each time step (t-1, t), and equation S27 

represents the moles of produced gas at each time step (t-1, t). By summing the moles of produced 

gas at each time step, total moles of produced gas up to time t will be achieved as presented in 

equation S28. 

0

t

ft f

t

n n
=

=            (S28) 

Finally, the total volume of produced gas at STP conditions up to time t will be calculated by using 

equations S28 and 5 as presented by equation 25. 


