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a b s t r a c t 

A simple model of the dissociation of methane from a layer of methane-hydrate particles is suggested. 

The model is based on the assumption that methane-hydrate particles form a flat porous film lying on 

an adiabatic wall. This film is heated by ambient air convection. It is assumed that when the temper- 

ature inside a certain region within the methane-hydrate reaches the critical temperature for the re- 

lease of methane from the methane-hydrate, all methane is released from the methane-hydrate and the 

latter turns into ice. The contribution of heat required for the release of methane is considered. The 

model is based on the analytical solution to the one-dimensional heat transfer equation in the two-layer 

(methane-hydrate/ice) system. This solution is incorporated into the numerical code and used at each 

time step of the calculations. Model predictions are compared with experimental data for the heating of 

a layer of methane-hydrate of porosity 0.3 and thickness 5 mm. It is shown that good agreement be- 

tween the predictions of the model and experimental data is observed at the initial stage of the process. 

At longer times, the model predicts faster methane release than observed experimentally unless the ef- 

fect of self-preservation can be ignored. This deviation between modelling results and experimental data 

is attributed to the main assumption of the model that all methane is instantaneously released from the 

methane-hydrate when the methane-hydrate temperature reaches the above-mentioned critical temper- 

ature. 

© 2023 The Author(s). Published by Elsevier Ltd. 

This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
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. Introduction 

Methane-hydrates are solid crystalline compounds. Water 

olecules form the outer framework of the crystalline structure 

hat is made of hydrogen bonds and a cage-like crystal lattice. 

uest gas molecules are bound to water molecules by van der 

aals forces. Stabilisation of the crystal lattice is realised at a cer- 

ain temperature and pressure (cf. equilibrium curve linking pres- 

ure and temperature) [1–3] . To date, there are about 60 known 

ypes of gas molecules that form gas-hydrates with various crystal 

tructures. The most common structures are cubic (sI and sII) and 

exagonal (sH) [1,2] . Methane-hydrates have the ability to contain 

 large number of gas molecules per unit volume of clathrate hy- 
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rate (for example, one volume of methane hydrate contains about 

70 volumes of methane [1] ). Prospects for the development of en- 

rgy technologies associated with natural methane-hydrates stem 

rom their abundance, and the gradual depletion of traditional re- 

erves of natural raw materials. World reserves of natural gas in 

he form of methane-hydrates are estimated to be in excess of 

 . 5 × 10 16 m 

3 on land and offshore [4–8] . 

Presently, methane-hydrates are used in various technologies, 

ncluding energy transportation and storage [9,10] , recovery of nat- 

ral gas [11,12] , methane separation from coal mine methane gas 

sing tetra-n-butyl ammonium bromide [13] , technologies for gas 

eparations and CO 2 sequestration [14,15] , desalination [16] , geo- 

azard technologies [17] , the replacement of CH 4 -CO 2 hydrate be- 

ow freezing point [18] and for problems related to climate warm- 

ng [19] . Technologies related to combustion [20] and reduction 

f harmful emissions from fuel combustion [21,22] could also be 

dded to this list. 
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1 These are typical values of this coefficient available in the literature: 10 −14 −
10 −13 m 

2 /s [ 53 ], 10 −14 − 10 −11 m 

2 /s [ 54 ], 10 −17 − 10 −15 m 

2 /s [ 55 ], 10 −16 − 10 −12 m 

2 /s 

[ 56 ]. 
Nomenclature 

c specific heat capacity [J/(kg K)] 

G Green function or parameter in (E2) [-] 

h convective heat transfer coefficient [W/(m 

2 K)] 

k thermal conductivity [W/(m K)] 

m mass [kg] 

m 

′′ 
m 

mass flux of methane from the layer surface 

[kg/(m 

2 s)] 

p pressure [kPa] 

P radiation source term [K/s] 

S h area of the layer [m 

2 ] 

t time [s] 

T temperature [K] 

v n eigenfunctions [-] 

z distance from the wall [m] 

Greek symbols 

αm 

mass fraction of methane in methane-hydrate [-] 

�t time step [s] 

ε porosity [-] 

� function introduced in (10) [-] 

κ thermal diffusivity [m 

2 /s] 

λn eigenvalues [m/ 
√ 

s ] 

ξ z 
z i 

[-] 

ρ density [kg/m 

3 ] 

Subscripts 

cr critical temperature for methane release 

g ambient gas 

h methane-hydrate 

i ice 

p porous 

α methane-hydrate ( α = h ) or ice ( α = i ) 

β nitrogen ( β = N 2 ) or methane ( β = CH 4 ) 

0 initial conditions 

The dissociation of methane-hydrates into ice and methane 

epends on a large number of key parameters including: pres- 

ure, temperature, degree of deviation of temperature (pressure) 

rom the equilibrium curve, the size of methane-hydrate particles 

nd specific surface area, the type of elementary crystalline cell, 

he peculiarities of the interaction of gas molecules with water 

olecules, the porosity of both the powder layer and of the ice 

hell that occurs during the dissociation of the gas hydrate, the 

ethane-hydrate structural characteristics, defects [1,2,23] , the ex- 

ernal heat flux [24] , and self-preservation of methane-hydrates 

uring dissociation at low temperatures (below the melting point 

f ice) [1,2] . Thus, when burning a combustible gas over the sur- 

ace of the methane-hydrate powder layer, a high heat flux is re- 

lised. The latter leads to an increase in the dissociation rate by 

ore than ten times (compared to the rate of dissociation without 

ombustion). 

Dissociation of methane-hydrates has been described by a 

emi-empirical expression obtained on the basis of the Arrhenius 

quation, when the dissociation rate is proportional to the devia- 

ion of the pressure from the equilibrium value [25] . At tempera- 

ures above the critical temperature for methane-hydrate dissoci- 

tion, the activation energy of methane hydrate is known to in- 

rease from 78.3 to 81 kJ/mol with an increase in temperature 

25,26] . During the dissociation of methane hydrate at a tempera- 

ure below the melting point of ice, water is not formed (methane- 

ydrate dissociates into methane and ice) and the activation en- 

rgy becomes significantly lower (33.5 kJ/mol) [27] . 
2 
When modelling the processes in methane-hydrates, dissocia- 

ion is considered to be the process of movement of the dissocia- 

ion front in the presence of a constant heat flow [28] . The kinetic

echanism of dissociation is discussed in [25] , where an internal 

inetic constant and activation energy were obtained based on a 

ummarisation of experimental data. The model described in that 

aper does not take into account the limitations associated with 

eat and mass transfer processes. The need to simultaneously ac- 

ount for the kinetics of dissociation and heat transfer is consid- 

red in [29] . The results of simulation of methane-hydrate disso- 

iation in a porous medium under thermal stimulation are pre- 

ented in [30] . The results of modelling methane-hydrate dissocia- 

ion taking into account mass and momentum processes in differ- 

nt phases (gas, water and methane-hydrate), as well as the kinet- 

cs of methane-hydrate dissociation in a porous medium, are pre- 

ented in [31] . The results of modelling methane-hydrate decom- 

osition using CFD software tools are presented in [32] . 

Unlike the case for temperatures above the ice melting point, 

odelling the dissociation of methane-hydrates at temperatures 

elow this point is complicated by the phenomenon of ‘self- 

reservation’. In the temperature range 233 K – 267 K, the rate 

f dissociation of methane-hydrate decreases by 2–4 orders of 

agnitude [33] . Abnormally low rates of dissociation of methane- 

ydrates during annealing are referred to as the phenomenon of 

elf-preservation. The influence of key factors on the rate of disso- 

iation at these temperatures was investigated in [33–35] . 

The motion of the dissociation front of a spherical particle for 

 specified diffusion coefficient and pressure drop was investigated 

y the authors of [ 36 ]. In the temperature range 230 K to 267 K,

he dissociation rate decreases by several orders of magnitude. In 

his range, the diffusion coefficient strongly depends on tempera- 

ure and cannot be considered to be constant 1 . This limits the ap- 

licability of the results presented in [ 36 ]. The results of the mod- 

lling of the phenomenon, taking into account the diffusion pro- 

ess, are presented in [ 37,38 ]. The dissociation of methane-hydrate 

epends on the porosity of the ice shell, which is controlled by 

inetic and filtration coefficients [ 39,40 ]. 

As follows from this brief analysis of the modelling of the dis- 

ociation of methane-hydrates, this problem cannot be considered 

s fully solved. The model described in this paper is not intended 

o replace the previously developed models but rather to supple- 

ent them, focusing on the processes which have been largely 

verlooked so far. Our analysis shifts the focus from the analysis 

f spherical methane-hydrate particles to the analysis of a porous 

ethane-hydrate layer formed of pressed methane-hydrate parti- 

les. This approach will allow us to directly compare the modelling 

esults with experimental data. In contrast to most previously de- 

eloped numerical models of the process [ 41–44 ], the new model 

s based on the incorporation of the newly obtained analytical so- 

ution to the heat transfer equation into the numerical code. This 

pproach is similar to the one widely used for modelling of the 

rocesses in individual droplets [ 45 ]. The model described in this 

aper is designed not to replace the above-mentioned purely nu- 

erical models but to supplement them. 

Basic equations and approximations of the model are described 

n Section 2 . An analysis of the predictions of the model using val-

es of parameters that are typical of engineering applications is 

resented in Section 3 . Section 4 focuses on the validation of the 

odel using the available experimental data. The main results of 

he paper are summarised in Section 5 . 



D.V. Antonov, E.A. Shchepakina, V.A. Sobolev et al. International Journal of Heat and Mass Transfer 213 (2023) 124225 

2

g

c

l  

u

c

o

o

w  

a

h

s

f

w

w

d

h

t

u  

v

f

c

h

s[
w

f[

w

t

h

h

t  

a  

f

l

w

t

r

q

w

f

t

i

t

t

m

Fig. 1. Schematic presentation of a two-layer (methane-hydrate/ice) system. 
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a

t  
. Basic equations and approximations 

It is assumed that methane-hydrate particles are pressed to- 

ether to form a flat film lying on an adiabatic wall. This film is 

onsidered to be porous with porosity (volume fraction of pores) of 

ess than or equal to 60%. The upper surface of the film is heated

p by ambient air at temperature T g with convection heat transfer 

oefficient h assumed to be constant (see [ 45,46 ] for the discussion 

f this assumption). At the start of the process, the temperature 

f the methane-hydrate is below the critical temperature above 

hich methane can be released from it ( T cr = 193 K), while the

mbient temperature T g is above T cr . Self-preservation of methane- 

ydrate and its effect on the temperature distribution was not con- 

idered. The heating of a methane-hydrate film is described by the 

ollowing equation: 

∂T 

∂t 
= κh 

∂ 2 T 

∂z 2 
+ P (t, z) , (1) 

ith the initial condition: 

T | t=0 ≡ T 0 (z) , (2) 

here t is time, z is the distance from the wall, κh is the thermal 

iffusivity of the methane-hydrate, P (z, t) describes the volumetric 

eat source or sink (e.g. due to radiative heating or chemical reac- 

ions). The model is developed in such a way that it can potentially 

se any functional form of P (z, t) . At this stage of the model’s de-

elopment, however, these processes are not considered, and this 

unction will be assumed to be equal to zero. The effect of the 

hemical reaction is considered in the conditions at the methane- 

ydrate/ice interface (see Eq. (5) ). 

The boundary condition for Eq. (1) at the adiabatic wall is pre- 

ented as: 

T 
′ 

z 

]
z=0 

= 0 , (3) 

here 
′ 

shows the derivative with respect to z. 

The boundary condition for Eq. (1) at the methane-hydrate sur- 

ace is presented as: 

T 
′ 

z + 

h 

k h 
T 

]
z= z h 

= 

hT g 

k h 
, (4) 

here z h shows the surface of the methane-hydrate film, k h is the 

hermal conductivity of the methane-hydrate, h is the convective 

eat transfer coefficient. 

After a certain time step �t 1 the temperature of the methane- 

ydrate in a thin layer close to the surface of the film is expected 

o raise above T cr . The thickness of this layer �z 1 ≥ 0 is estimated

s the distance of the point where T (z h − �z 1 ) = T cr from the sur-

ace of the film. It is assumed that methane is instantaneously re- 

eased from this layer and that the methane-hydrate turns into ice 

ithin it. This release of methane is accompanied by the absorp- 

ion of part of the heat supplied by the ambient gas. The heat flux 

equired for this release of methane is estimated as: 

 m 

= αm 

ρh Q m 

�z 1 
�t 1 

≡ αm 

ρh Q m 

∣∣∣∣d z h 
d t 

∣∣∣∣, (5) 

here ρh is the density of the methane-hydrate, αm 

is the mass 

raction of methane in the methane-hydrate in layer �z 1 , Q m 

is 

he specific heat required for this release of methane (in J/kg). αm 

s constant during each time step but is allowed to change between 

ime steps. The mass flux of methane from the layer surface is es- 

imated as: 

 

′′ 
m 

= αm 

ρh 

∣∣∣∣d z h 
d t 

∣∣∣∣. (6) 
3 
ue to possible inhomogeneity of the distribution of αm 

inside 

he layer of methane-hydrate, the value of αm 

near the methane- 

ydrate surface can be rather different (smaller) than the average 

alue of αm 

. 

It is assumed that the density of ice (with cracks forming af- 

er the release of methane) is the same as that of the methane- 

ydrate. The dependence of both densities on temperature is ig- 

ored. The differences between the thermal conductivity and spe- 

ific heat capacities of methane-hydrate and ice and their depen- 

ence on temperature are considered. 

Once methane has been released from the methane-hydrate 

nd a layer of ice has been formed above the layer of methane- 

ydrate, the heat transfer process in a composite methane- 

ydrate/ice film is described by Eq. (1) with κ defined as: 

= 

{
κh when 0 ≤ z ≤ z h 
κi when z h < z ≤ z i , 

(7) 

here κh and κi are the thermal diffusivities of methane-hydrate 

nd ice, respectively; z h and z i are the heights of the upper surfaces 

f the methane-hydrate and ice layers, respectively. 

In this case Eq. (1) needs to be solved subject to the following 

nitial condition: 

T | t=0 ≡ T 0 (z) = 

{
T h 0 (z) when 0 ≤ z ≤ z h 
T i 0 (z) when z h < z ≤ z i . 

(8) 

ote that T h 0 (z h ) = T i 0 (z h ) . 

The boundary conditions for this equation at the methane- 

ydrate/ice interface are presented as: 

T | z= z −
h 

= T | z= z + 
h 
, k h 

[
T 

′ 
z 

]
z= z −

h 

= k i 
[
T 

′ 
z 

]
z= z + 

h 

− αm 

ρh Q m 

∣∣∣∣d z h 
d t 

∣∣∣∣, (9) 

here | d z h 
d t 

| is estimated at the previous time step. | d z h 
d t 

| remains 

onstant during each time step. z i remains constant during the 

hole process as the densities of methane-hydrate and ice are as- 

umed to be constant and equal. 

The boundary condition at the surface of the ice is given by 

q. (4) with z h and k h replaced by z i and k i , respectively (see

ig. 1 ). 

The analytical solution to Eq. (1) with the above-mentioned 

oundary and initial conditions is presented as (see Appendix A for 

he details): 

 = 

[ 

∞ ∑ 

n =1 

�n (t) v n (ξ ) + φ

] 

, (10) 

here v n and �n are given by Expressions (A31) and (A50) , respec- 

ively; φ is given by Formula (A11) . 

Expression (10) is used at each time step of the calculations, 

aking into account the changes of | d z h 
d t 

| with time. 

. Analysis 

Expression (10) was incorporated into Matlab R2020a and used 

t each time step of the calculations. These involved 50 terms in 

he series for expression (10) , time steps of 0.01-1 s, and 20,0 0 0
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Fig. 2. Plots of temperatures at z = 0 ( T c ) and at z = z i ( T s ) versus time predicted 

by the analytical model (AM) and numerical model (NM). The thickness of the 

methane-hydrate layer, the critical temperature of methane-hydrate dissociation, 

porosity and convection heat transfer coefficient were taken to be equal to 10 mm, 

193.15 K, 0.6, and 100 W/(m 

2 ·K), respectively. αm was equal to 0.05. 
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Fig. 3. (a) Plots of 
∣∣ d ξh 

d t 

∣∣ versus t for distributions of αm given by Expressions 

(11) (curves 1) and (12) (curves 2). These distributions are shown in the insert. (b) 

Zoomed part of (a) for times less than 1 s. 
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m

ells across the methane-hydrate/ice layer. The roots of Equa- 

ion (A27) for eigenvalues were found using the bisection method 

ith absolute accuracy of 10 −15 (cf. Appendix B). The thermody- 

amic and transport properties of nitrogen (approximation of air), 

ethane, methane-hydrate and ice, used in calculations, are sum- 

arised in Appendix E. 

The methane-hydrate initial temperature and ambient gas tem- 

erature were assumed equal to 173.15 K and 300 K, respectively. 

he thickness of the methane-hydrate layer, the critical tempera- 

ure of methane-hydrate dissociation, porosity and convection heat 

ransfer coefficient were taken equal to 10 mm, 193.15 K, 0.6, 

nd 100 W/(m 

2 K), respectively. Ambient pressure was atmospheric 

101.325 kPa) [ 47,48 ]. Two cases of the distribution of αm 

along z

ere considered. This is the linear distribution given by the equa- 

ion 

m 

= αm 0 

[ 
1 − z 

z i 

] 
= 0 . 1 [ 1 − ξ ] , (11) 

here αm 0 is assumed equal to 0.1 in this section, and 

m 

= 0 . 05 . (12) 

We start our analysis with the verification of the prediction 

f the model described in Section 2 . This verification was per- 

ormed based on the comparison between the predictions of the 

ew model, hereafter referred to as the analytical model (AM), 

nd the model based on the purely numerical solution of the heat 

ransfer equation in a methane-hydrate layer using the finite el- 

ment numerical tools for the simulation of heat conduction and 

onvection in COMSOL Multiphysics, hereafter referred to as the 

umerical model (NM). The results of this comparison for the time 

volution of the temperature at z = 0 ( T c ) and z = z i ( T s ) predicted

y the analytical and numerical models are shown in Fig. 2 . As fol-

ows from this figure, the results predicted by the new model and 

OMSOL Multiphysics coincide within the accuracy of plotting. This 

ives us confidence in using both approaches to the problem. Thus 

he predictions of the new model can be considered verified. 

Plots of 

∣∣∣ d ξh 
d t 

∣∣∣ versus t for these values of input parameters and 

istributions (11) and (12) are shown in Fig. 3 . As follows from 

his figure, for both distributions 

∣∣∣ d ξh 
d t 

∣∣∣ = 0 until about 0.26 s. This 

s the time required for the outer surface of the film to reach 

he critical temperature when the release of methane from the 
4 
ethane-hydrate starts. The values of 

∣∣∣ d ξh 
d t 

∣∣∣ predicted for distribu- 

ion (11) are slightly lower than those predicted for distribution 

12) . 

Plots of temperature versus ξ at various time instants are 

hown in Fig. 4 for the same input parameters as in Fig. 3 . These

lots are consistent with the results presented in Fig. 3 . As follows 

rom Fig. 4 , the level at which this temperature reaches the critical 

emperature (193.15 K) for methane release (methane-hydrate/ice 

nterface) moves towards the wall with time. At t = 20 s the thick-

ess of the methane-hydrate layer had reduced by about 3.4 mm, 

t t = 40 s, by about 5.3 mm, at t = 60 s, by about 6.8 mm, and at

 = 80 s, by about 8.5 mm. 

Our next focus is on the relative reduction of the mass of 

ethane ( m ) in the methane-hydrate predicted by the model for 

istribution (11) . The initial mass of methane is estimated as: 

 0 = ρm 

S h z i αm 0 / 2 , (13) 

here ρm 

is methane density, S h the area of the layer, αm 0 is the 

aximal mass fraction of methane in the methane-hydrate ( αm 0 = 

 . 1 for distribution (11) ). 

During the methane release process, when the thickness of the 

ethane layer reduces from z to z , the mass of methane in the 
i h 
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Fig. 4. Plots of temperature versus ξ at t = 0 s (curve 1), t = 20 s (curve 2), t = 40 s 

(curve 3), t = 60 s (curve 4), t = 80 s (curve 5) for the same input parameters as in 

Fig. 3 . Symbols (6) show the methane-hydrate/ice interfaces. Distribution (11) was 

used for these plots. 
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Fig. 5. (a) Plots of m/m 0 versus time for h = 10 W/(m 

2 K) and the initial thicknesses 

of methane-hydrate layer ( z h 0 = z i ): 3 mm (curve 1), 5 mm (curve 2), 10 mm (curve 

3), 15 mm (curve 4), and 20 mm (curve 5). (b) Plots of m/m 0 versus time for the 

initial thicknesses of methane-hydrate layer 3 mm and convection heat transfer co- 

efficients h : 5 W/(m 

2 K) (curve 1), 10 W/(m 

2 K) (curve 2), 30 W/(m 

2 K) (curve 3), 

50 W/(m 

2 K) (curve 4), and 100 W/(m 

2 K) (curve 5). 
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ethane-hydrate reduces to 

 = ρm 

S h z h (αm 0 + αm 

) ξh / 2 , (14) 

here αm 

is the mass fraction of methane at z = z h . 

From (13) and (14) it follows that 

m 

m 0 

= ξ 2 
h 

αm 0 + αm 

αm 0 

. (15) 

Plots of m/m 0 versus time for h = 10 W/(m 

2 K) and five initial

hicknesses of methane-hydrate layer ( z h 0 = z i ), and for the initial 

hicknesses of methane-hydrate layer 3 mm and five convection 

eat transfer coefficients h are presented in Fig. 5 . As follows from 

ig. 5 (a), in all cases shown in this figure there was always a time

elay before the release of methane started. For the initial thick- 

ess of 10 mm this delay was about 25 s. This is close to the de-

ays predicted for other thicknesses z i . In all cases shown in this 

gure, m/m 0 almost linearly decreased with time. The rate of this 

ecrease decreased with increasing z i . 

As follows from Fig. 5 (b), the delay before methane release 

tarts decreases with increasing h . For h = 5 W/(m 

2 K), this delay

as about 61 s; it decreased to 0.2 s for h = 100 W/(m 

2 K). For

 > 5 W/(m 

2 K), m/m 0 almost linearly decreased with time as in 

he cases shown in Fig. 5 (a). For h = 5 W/(m 

2 K), the dependence

f m/m 0 on time turned out to be rather complex. 

Plots of the layer surface temperature T s versus time for h = 

0 W/(m 

2 K) and five initial thicknesses of methane-hydrate layer 

 z h 0 = z i ) are shown in Fig. 6 (a). All plots are presented until

he time instant when all methane has been released from the 

ethane-hydrate. As can be seen from this figure, in all cases T s in- 

reases with time. The rate of this increase is rather large initially, 

hich is attributed to the relatively low thermal conductivity of 

he methane-hydrate. At the later stage, this rate decreases which 

s attributed to the conversion of methane-hydrate into ice near 

he surface of the layer (the thermal conductivity of ice is higher 

han that of methane-hydrate). 

Plots of T s versus time for an initial thickness of the methane- 

ydrate layer equal to 3 mm and five convection heat transfer co- 

fficients h are shown in Fig. 6 (b). As follows from this figure, the

ate of increase of T s increases with increasing h as expected. 
5 
. Modelling results versus experimental data 

Experimental studies of the dissociation of methane from 

ethane-hydrates with porositiy ε = 0 . 3 were carried out us- 

ng laboratory scales. The distribution of the mass fraction of 

ethane in the methane-hydrates was approximated by Expres- 

ion (11) with αm 0 = 0 . 1 . Methane-hydrate samples in the form of 

ablets of diameter 25 mm and thickness 5 mm were used in the 

xperiments. 

The working area in which the methane hydrate was produced 

as a cylinder of 40X14 steel, which had a wall thickness of 6 mm 

nd a bottom thickness of 12 mm. This design allowed it to with- 

tand pressures up to 150 bar. A WIKA EN 837-1 316L pressure 

auge was used to monitor the pressure. The working space of 

he stand had dimensions: height 70 mm, diameter 30 mm. Wa- 

er was loaded into the working space with the obturator open. 

he apparatus was filled with gas through a shut-off valve. The 

utput part of the valve was connected directly to the gas cylin- 

er by means of an adapter. All parts of the device were made 
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Fig. 6. (a) Plots of the layer surface temperature T s versus time for h = 10 W/(m 

2 K) 

and initial thicknesses of the methane-hydrate layer ( z h 0 = z i ): 3 mm (curve 1), 

5 mm (curve 2), 10 mm (curve 3), 15 mm (curve 4), and 20 mm (curve 5). (b) 

Plots of T s versus time for a methane-hydrate layer of initial thickness 3 mm and 

convection heat transfer coefficients h : 5 W/(m 

2 K) (curve 1), 10 W/(m 

2 K) (curve 2), 

30 W/(m 

2 K) (curve 3), 50 W/(m 

2 K) (curve 4), and 100 W/(m 

2 K) (curve 5). 
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Fig. 7. Plots of m/m 0 versus time observed experimentally (1) and predicted by 

the model assuming that pores in the methane-hydrate are filled with CH 4 (2) 

and air approximated by N 2 (3). The distribution of the mass fraction of methane 

was assumed to be given by Expression (11) ; the initial and ambient temperatures 

were 83.15 K and 273.15 K, respectively; the critical temperature for methane re- 

lease was 193.15 K, and pressure was atmospheric (101.325 kPa). It was assumed 

that αm 0 = 0 . 1 , porosity of methane-hydrate and ice ε were equal to 0.3, and h = 5 

W/(m 

2 K). The thickness of the layer was 5 mm. The input parameters in simulations 

and experiments were the same. 

i

i

S

i

p

w

d  

W

i

f

o

t

t

s

a

i  

p

C  

s

o

d

o

t

m

m

t

t

n

h

fi

i

w

i

r

v

rom either heat-treated steel 40X13 (body, obturator, ring), steel 

2X18N9T (valve, pressure gauge) or BrZH9-4 (power nut). In the 

rst stage, distilled water and a stand were placed in the refrig- 

rator. A day later, ice was taken out of the refrigerator, and was 

hen placed in a chopper. Next, the resulting ice chips were stirred 

n the body of the stand. At the next stage, the working space of 

he stand was sealed. The raw materials were mixed in a chamber 

t an ambient temperature of about 273 K. Next, gas was pumped 

nto the chamber. The procedure was repeated three times to ob- 

ain methane-hydrate with a methane concentration of 13–14%. 

Before the start of the experiments, the samples were stored in 

iquid nitrogen in a Dewar vessel at a temperature of 83 K. During 

he experiment, a sample was removed from the Dewar vessel and 

laced on the weighing platform of the OHAUS Pioneer PX125D 

aboratory scales (with the resolution of 0.0 0 0 01 g, and nonlinear- 

ty 0.0 0 01 g). The initial mass of the sample was 1 . 3 ± 0 . 1 g. 

During a series of 3 to 5 experiments for each sample, contin- 

ous recording of the mass of the methane-hydrate sample was 

arried out. The data was digitised in increments of 1 s. 
6 
Two cases were considered. Firstly, it was assumed that pores 

n both methane-hydrate and ice are filled with nitrogen (approx- 

mating air), which is justified at the initial stage of the process. 

econdly, it was assumed that pores in both methane-hydrate and 

ce are filled with methane, which is justified during most of the 

rocess, except its initial stage. The transition between these stages 

as not considered in our analysis. 

Plots of m/m 0 versus time observed experimentally and pre- 

icted by the model are shown in Fig. 7 . The value of h = 5

/(m 

2 K) used in the model was a fitting parameter (it cannot be 

nferred from the experimental data available to us). As follows 

rom Fig. 7 , in both cases good agreement between the predictions 

f the model and experimental data is observed only at the ini- 

ial stage of the process (up to about 10 s assuming that pores in 

he methane-hydrate are filled with CH 4 and up to about 6 s as- 

uming that pores in the methane-hydrate are filled with N 2 ). The 

greement between the modelling and experimental results is vis- 

bly better for Case 1 than for Case 2 at the initial stage of the

rocess (less than about 3 s), while this agreement is better for 

ase 2 than for Case 1 at times longer than about 3 s. This re-

ult is expected as the pores are filled with air at the initial stage 

f the process and with methane at longer times. Note that the 

elay in the onset of dissociation was excluded from the results 

f calculations presented in Fig. 7 to match the conditions during 

he recording of methane-hydrate dissociation as a dependence of 

 (t) /m 0 on time in the experiment. 

At longer times, in both cases the model predicts faster 

ethane release than observed experimentally. This deviation be- 

ween modelling results and experimental data is attributed to 

he main assumption of the model that all methane is instanta- 

eously released from the methane-hydrate when the methane- 

ydrate temperature reaches the critical temperature 193.15 K. The 

nite rate of methane release would slow down the process which 

s consistent with the experimental observations, the results of 

hich are shown in Fig. 7 . In other words, the model described 

n the paper is expected to predict the maximal possible rate of 

elease of methane rather than its actual release rate except at the 

ery beginning of the process. 
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Fig. 8. Plots of ξi = (z i − z h ) /z i (normalised thickness of the ice crust) versus time 

inferred from experimental data for m/m 0 presented in Fig. 7 (1) and predicted 

by the model assuming that pores in the methane-hydrate are filled with CH 4 (2) 

and air approximated by N 2 (3). The distribution of the mass fraction of methane 

was assumed to be given by Expression (11) ; the same input parameters as in 

Fig. 7 were used in calculations. 
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Fig. 9. Plots of m/m 0 versus time for h = 5 W/(m 

2 K) and initial thickness of the hy- 

drate layer 15 mm: observed experimentally (1), predicted by the model assuming 

that porosity ε = 0 . 7 (2), predicted by the model assuming that ε = 0 . 6 (3). The dis- 

tribution of the mass fraction of methane was assumed to be given by Expression 

(11) ; the initial and ambient temperatures were 192.15 K and 223.15 K, respectively; 

the critical temperature for methane release was 193.15 K, and pressure was atmo- 

spheric (101.325 kPa). Pores in the methane-hydrate were assumed to be filled with 

CH 4 . 

Fig. 10. Plots of ξi = (z i − z h ) /z i versus time for h = 5 W/(m 

2 K) and initial thickness 

of the hydrate layer 15 mm: observed experimentally (1), predicted by the model 

assuming that ε = 0 . 7 (2), predicted by the model assuming that ε = 0 . 6 (3). The 

distribution of the mass fraction of methane was assumed to be given by Expres- 

sion (11) ; the initial and ambient temperatures were 192.15 K and 223.15 K, respec- 

tively; the critical temperature for methane release was 193.15 K, and pressure was 

atmospheric (101.325 kPa). Pores in the methane-hydrate were assumed to be filled 

with CH 4 . 
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Note that it is not easy to track the dissociation front ex- 

erimentally. The methane-hydrate turns into ice without con- 

rasting changes in colour or volume. This tracking would re- 

uire in situ layer-by-layer analysis of the crystal structure or to- 

ographic study. Neither approach was performed in our exper- 

ments. Instead the location of this front was inferred from the 

ass balance (gas/ice/methane-hydrate). The time evolution of a 

ormalised thickness of the ice crust inferred from experimen- 

al data and predicted by our model, assuming that pores in the 

ethane-hydrate are filled with CH 4 and N 2 , is shown in Fig. 8 .

s follows from this figure, in both cases good agreement between 

he predictions of the model and experimental data is observed 

nly at the initial stage of the process (up to about 12 s assuming

hat pores in the methane-hydrate are filled with CH 4 and up to 

bout 8 s assuming that pores in the methane-hydrate are filled 

ith N 2 ), in agreement with the results presented in Fig. 7 . 

In the second experiment, the same setup as described above 

as used but the ambient temperature was taken equal to 

23.15 K (-50 ◦C). At this temperature the contribution of the ef- 

ects of self-preservation, which are expected to take place in the 

emperature range 233–268 K, can be safely ignored. 

Plots of m/m 0 and ξi = (z i − z h ) /z i versus time for h = 5

/(m 

2 K) and initial thickness of the hydrate layer 15 mm are pre- 

ented in Figs. 9 and 10 , respectively. In both cases, two values of

orosity ( ε) were considered (0.7 and 0.6). It should also be noted 

hat during dissociation the height of the powder layer is reduced 

y about 10–15%, which leads to a decrease in ε from the initial 

.65-0.7 to 0.5-0.6 at the final stage of dissociation. With a de- 

rease in porosity, the heat of dissociation increases, which leads to 

ore intensive cooling of the powder and, accordingly, to a slow- 

own in the rate of dissociation at the end of the process. 

This allows us to consider ε = 0 . 7 to be typical for the begin-

ing of the process, while ε = 0 . 6 is typical for the final stage. As

ollows from Figs. 9 and 10 , the agreement between the modelling 

nd experimental results is much better for the second experiment 

han for the first, the results of which are shown in Figs. 7 and 8 .

his is attributed to the fact that our model does not consider the 

ffect of self-preservation which is not expected to take place in 

he second experiment, but can play an important role in the first 

xperiment except at the initial stage of the process. Note that the 

ecrease in the ambient temperature led to a substantial increase 

n the duration of the process from about 20 s to about 10 minutes. 
7 
As follows from Figs. 9 and 10 , the agreement between mod- 

lling and experimental results is better for ε = 0 . 7 than for

 = 0 . 6 at the beginning of the process than at its end. The

pposite is true at the end of the process. This agrees with the 

bove-mentioned observation that ε = 0 . 7 is typical for the begin- 

ing of the process, while ε = 0 . 6 is typical for the final stage. The

ncreased deviation between modelling and experimental results 

t times longer than 500 s is attributed to weighting errors when 

he mass of the remaining methane in the powder is low (about 

.01 g). 
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. Conclusions 

A simple model for the dissociation of methane from a layer 

f methane-hydrate particles is suggested. The model is based on 

he assumption that methane-hydrate particles form a flat porous 

lm lying on an adiabatic wall. This film is heated by ambient 

ir convection. It was assumed that when the temperature inside 

 certain region within the methane-hydrate reaches the critical 

emperature for the release of methane from the methane-hydrate 

 T cr ), all methane is released from the methane-hydrate and the 

atter turns into ice. The contribution of heat required for the re- 

ease of methane is considered in the model. 

Two cases of the initial distribution of the mass fraction of 

ethane in the methane-hydrate layer ( αm 

) were considered. 

irstly, it was assumed that αm 

linearly decreases from its maximal 

alue at the wall to zero at the surface of the film. Secondly, the 

istribution was assumed to be constant. The first distribution is 

loser to that observed experimentally and our analysis was mainly 

ocused on this case. 

The model is based on the analytical solution to the one- 

imensional heat transfer equation in a two-layer (methane- 

ydrate/ice) system. This solution was incorporated into the nu- 

erical code and used at each time step of the calculations. 

It was seen that at the very initial stage of methane-hydrate 

ayer heating no conversion of methane-hydrate into ice was pre- 

icted until the methane-hydrate surface temperature reached T cr . 

nce the hydrate surface temperature reached T cr the speed of the 

ecession of the methane-hydrate/ice interface was predicted to in- 

rease rapidly until it reached the maximal value. After that it be- 

an to decrease. 

The speeds of the predicted release of methane from the 

ethane-hydrate and rise of the layer surface temperature were 

hown to increase with decreasing initial thickness of the layer and 

ncreasing values of the convection heat transfer coefficient. 

Model predictions were compared with experimental data rele- 

ant to the heating of a layer of methane-hydrate with porosity 0.3 

nd thickness 5 mm, and where the mass fraction of the methane 

ecreased from 0.1 (at the wall) to zero (at the layer surface). The 

nitial and ambient temperatures were 83.15 K and 273.15 K, re- 

pectively. Two cases were considered. Firstly, it was assumed that 

he pores in the methane-hydrate were filled with air (approxi- 

ated by nitrogen). Secondly, it was assumed that the pores in the 

ethane-hydrate were filled with methane. The first case refers to 

he very initial stage of the process. The second case refers to most 

f the process except its initial stage. 

It was shown that in both cases good agreement between the 

redictions of the model and experimental data is observed at 

he initial stage of the process. At longer times, in both cases the 

odel predicted faster methane release than observed experimen- 

ally unless the effect of self-preservation can be ignored. This de- 

iation between modelling results and experimental data was at- 

ributed to the main assumption of the model that all methane 

s instantaneously released from the methane-hydrate when the 

ethane-hydrate temperature reaches the critical temperature for 

ethane release (193.15 K). Thus, the model is expected to predict 

he maximal possible rate of release of methane rather than its ac- 

ual release rate except at the beginning of the process. 
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ppendix A. Derivation of Formula (10) 

Let us consider an infinite composite layer of porous methane- 

ydrate and ice placed on an adiabatic wall. The layer of ice, of 

hickness z i − z h , is placed above the layer of methane-hydrate of 

hickness z h . The surface of the layer of ice is heated by ambient

ir at temperature T g with a convection heat transfer coefficient of 

 . 

These assumptions lead us to the following transient heat trans- 

er equation for the composite film 

∂T 

∂t 
= κ

∂ 2 T 

∂z 2 
+ P (t, z) (A.1) 

ith the following initial condition: 

 | t=0 ≡ T 0 = 

{
T h 0 ( z ) when 0 ≤ z ≤ z h 
T i 0 ( z ) when z h < z ≤ z i , 

(A.2) 

here z h and z i are the heights of the upper surfaces of the 

ethane-hydrate and ice layers, respectively; κ is thermal diffu- 

ivity. Note that T h 0 (z h ) = T i 0 (z h ) . 

The boundary condition for Eq. (A.1) at the adiabatic wall is 

resented as: 

T 
′ 

z 

]
z=0 

= 0 . 

he boundary conditions for Eq. (A.1) at the methane-hydrate/ice 

nterface are presented as: 

T | z= z −
h 

= T | z= z + 
h 
, k h 

[
T 

′ 
z 

]
z= z −

h 

= k i 
[
T 

′ 
z 

]
z= z + 

h 

− αm 

ρh Q m 

∣∣∣∣d z h 
d t 

∣∣∣∣, (A.3) 

here ρh is the density of the hydrate, αm 

is the mass fraction of 

he methane in the methane-hydrate, Q m 

is the specific heat re- 

uired for the release of methane (in J/kg), 
d z h 
d t 

≤ 0 is the speed 

f the movement of the methane-hydrate/ice interface, estimated 

t the previous time step. Note that z h and 

d z h 
d t 

remain constant 

uring each time step. z i remains constant during the whole pro- 

ess as the densities of methane-hydrate and ice are assumed to 

e constant and equal; their temperature dependence is ignored. 

https://doi.org/10.13039/100012934
https://doi.org/10.13039/501100006769
https://rscf.ru/en/project/21-19-00876/
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The boundary condition at the surface of the ice is presented as 

T 
’ 

z + 

h 

k i 
T 

]
z= z i 

= 

hT g 

k i 
. (A.4) 

Having introduced the new variable and functions 

= z/z i , ˜ P (ξ ) = P (z i ξ ) and F (t, ξ ) = T (t, z i ξ ) 

nd remembering that z i is constant, we re-write (A.1) as 

 

2 
i 

∂F 

∂t 
= κ

∂ 2 F 

∂ξ 2 
+ z 2 i 

˜ P (ξ ) , (A.5) 

here 

 ≤ ξ ≤ 1 . 

The initial and boundary conditions for Eq. (A.5) are presented 

s: 

F | t=0 = 

{
T h 0 (z i ξ ) when 0 ≤ ξ ≤ ξh 

T i 0 (z i ξ ) when ξh < ξ ≤ 1 , 
(A.6) 

( 0 ≤ ξh = z h /z i ≤ 1 ), 

F 
′ 
ξ

]
ξ=0 

= 0 , (A.7) 

F | ξ= ξ−
h 

= F | ξ= ξ+ 
h 
, k h 

[
F 

′ 
ξ

]∣∣
ξ= ξ−

h 

= k i 
[
F 

′ 
ξ

]∣∣
ξ= ξ+ 

h 

− αm 

ρh Q m 

z 2 i 

∣∣∣∣d ξh 

d t 

∣∣∣∣, 
(A.8) [

F 
′ 
ξ + 

hz i 
k i 

F 

]∣∣∣∣
ξ=1 

= 

hz i T g 

k i 
. (A.9) 

To convert the boundary condition at the ice surface ( Eq. (A.9) ) 

nto a homogeneous one, the new function V (t, ξ ) is introduced 

ia the equation: 

 (t, ξ ) = V (t, ξ ) + φ(ξ ) , (A.10) 

here 

(ξ ) = 

{
T g − q 

k i 
( 1 + (1 /h 0 ) − ξh ) when 0 ≤ ξ ≤ ξh 

T g − q 
k i 
( 1 + (1 /h 0 ) − ξ ) when ξh < ξ ≤ 1 , 

(A.11) 

 = αm 

ρh Q m 

z 2 i 

∣∣∣∣d ξh 

d t 

∣∣∣∣, h 0 = 

hz i 
k i 

. (A.12) 

Expression (A.11) allows us to re-write Eq. (A.5) and initial and 

oundary conditions (A .6) - (A .9) as 

 

2 
i 

∂V 

∂t 
= κ

∂ 2 V 

∂ξ 2 
+ z 2 i 

˜ P (ξ ) , (A.13) 

 (t = 0 , ξ ) = T 0 (z i ξ ) − φ(ξ ) , (A.14) 

T 0 (z i ξ ) | t=0 = 

{
T h 0 (z i ξ ) when 0 ≤ ξ ≤ ξh 

T i 0 (z i ξ ) when ξh < ξ ≤ 1 , 
(A.15) 

V 

′ 
ξ

]
ξ=0 

= 0 , (A.16) 

V | ξ= ξ−
h 

= V | ξ= ξ+ 
h 
, (A.17) 

 h 

[
V 

′ 
ξ

]∣∣
ξ= ξ− = k i 

[
V 

′ 
ξ

]∣∣
ξ= ξ+ , (A.18) 

� = 

∣∣∣∣∣
cos (λa h ξh ) 

−λk h a h sin (λa h ξh ) 
0 −λ
h h 

9 
[
V 

′ 
ξ + h 0 V 

]∣∣
ξ=1 

= 0 . (A.19) 

We look for the following solution to Eq. (A.13) : 

 = 

∞ ∑ 

n =1 

�n (t) v n (ξ ) , (A.20) 

here v n (ξ ) form the full set of non-trivial solutions to the eigen- 

alue problem: 

d 

2 v 
d ξ 2 

+ a 2 λ2 v = 0 (A.21) 

ubject to boundary conditions: (
v ′ 
ξ

+ h 0 v 
)∣∣

ξ=1 
= 0 

v | ξ= ξ−
h 

= v | ξ= ξ+ 
h 

k h 
[
v ′ 
ξ

]
ξ= ξ−

h 

= k i 
[
v ′ 
ξ

]
ξ= ξ+ 

h [
v ′ 
ξ

]
ξ=0 

= 0 

⎫ ⎪ ⎪ ⎪ ⎪ ⎬ 

⎪ ⎪ ⎪ ⎪ ⎭ 

, (A.22) 

 = 

1 √ 

κ
= 

⎧ ⎨ 

⎩ 

√ 

c h ρh 

k h 
≡ a h when 0 ≤ ξ ≤ ξh √ 

c i ρi 

k i 
≡ a i when ξh < ξ ≤ 1 . 

(A.23) 

Note that λ has dimensions of length / 
√ 

time . 

The general solution to (A.21) is as follows: 

 (ξ ) = 

{
A 1 cos (λa h ξ ) + B 1 sin (λa h ξ ) when 0 ≤ ξ ≤ ξh 

A 2 cos (λa i ξ ) + B 2 sin (λa i ξ ) when ξh < ξ ≤ 1 . 

(A.24) 

From the last condition in System (A.22) we obtain B 1 = 0 . 

hree other conditions (second, third, and first in System (A.22) ) 

ead to the following system of equations 

cos (λa h ξh ) A 1 = cos (λa i ξh ) A 2 + sin (λa i ξh ) B 2 , 
−λk h a h A 1 sin (λa h ξh ) = λk i a i (− sin (λa i ξh ) A 2 + cos (λa i ξh ) B 2 ) , 
λa i (− sin (λa i ) A 2 + cos (λa i ) B 2 ) + h 0 ( cos (λa i ) A 2 + sin (λa i ) B 2 ) = 0 . 

} 

(A.25) 

To have a nontrivial solution to System (A.25) , the determinant 

of this system should be equal to zero: 

cos (λa i ξh ) − sin (λa i ξh ) 
 i a i sin (λa i ξh ) −λk i a i cos (λa i ξh ) 
 (λa i ) + h 0 cos (λa i ) λa i cos (λa i ) + h 0 sin (λa i ) 

∣∣∣∣∣ = 0 . (A.26) 

Eq. (A.26) leads to the following equation for the unknown λ
see Appendix B ): 

 h a h tan (ξh a h λ)[ a i λ + h 0 tan (a i λ(1 − ξh ))] 

+ k i a i [ a i λ tan (a i λ(1 − ξh )) − h 0 ] = 0 . (A.27) 

Remembering that B 1 = 0 , Expressions (A.24) can be re-written 

s: 

 (ξ ) = 

{
A 1 cos (λa h ξ ) when 0 ≤ ξ ≤ ξh 

B sin (λa i ξ + β2 ) when ξh < ξ ≤ 1 , 
(A.28) 

here 

 = 

√ 

A 

2 
2 

+ B 

2 
2 

and β2 = tan 

−1 

(
A 2 

B 2 

)
. (A.29) 

he following formula was used when deriving (A.28) 

 2 cos (λa i ξ ) + B 2 sin (λa i ξ ) = 

√ 

A 

2 
2 

+ B 

2 
2 

sin 

(
λa i ξ+ tan 

−1 

(
A 2 

B 2 

))
.

(A.30) 
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The explicit expressions for v n for λn inferred from (A.27) fol- 

ow from (A.28) , remembering the expressions for A 1 and B : 

 n (ξ ) = 

{ 

cos (λn a h ξ ) 
cos (λn a h ξh ) 

when 0 ≤ ξ ≤ ξh 

sin (λn a i ξ+ βn ) 
sin (λn a i ξh + βn ) 

when ξh < ξ ≤ 1 , 
(A.31) 

here βn = β2 (λ = λn ) . 

Functions v n (ξ ) are orthogonal with weight (see Appendix C ) 

 = 

{
k h a 

2 
h 

= c h ρh when 0 ≤ ξ ≤ ξh 

k i a 
2 
i 

= c i ρi when ξh < ξ ≤ 1 

. 

Thus 
 1 

0 

v n (ξ ) v m 

(ξ ) bd ξ = δnm 

|| v n || 2 , (A.32) 

here 

nm 

= 

{
1 when n = m 

0 when n 
 = m 

. 

rom the second equation in System (A.22) we obtain: 

 1 cos (λa h ξh ) = B sin (λa i ξh + β2 ) . (A.33) 

This equation is satisfied when: 

 1 = 

1 

cos (λa h ξh ) 
, and B = 

1 

sin (λa i ξh + β2 ) 
. (A.34) 

Remembering (A.34) , the third equation in System (A.22) can 

e re-arranged to 

ot (λa i ξh + β2 ) = −k h a h 
k i a i 

tan (λa h ξh ) . (A.35) 

The expression for β2 follows from (A.35) : 

2 = cot −1 

[
−k h a h 

k i a i 
tan ( a h λξh ) 

]
− λa i ξh + iπ, (A.36) 

here i = 0 , 1 , 2 , 3 , . . . . . 

We consider only the case when i = 0 . The values of v would

e the same for other i . 

The norm of v n with weight b is given by the following expres- 

ion: 

| v n || 2 = 

∫ 1 

0 

v 2 n bd ξ

 

∫ ξh 

0 

[
cos (λn a h ξ ) 

cos (λn a h ξh ) 

]2 

c h ρh d ξ + 

∫ 1 

ξh 

[
sin (λn a i ξ + βn ) 

sin (λn a i ξh + βn ) 

]2 

c i ρi d ξ

= 

c h ρh 

cos 2 (λn a h ξh ) 

∫ ξh 

0 

cos 2 (λn a h ξ )d ξ

+ 

c i ρi 

sin 

2 (λn a i ξh + βn ) 

∫ 1 

ξh 

sin 

2 (λn a i ξ + βn )d ξ (A.37) 

Using the following formulae 

 ξh 

0 

cos 2 (λn a h ξ )d ξ = 

1 

λn a h 

[
a h λn ξh 

2 

+ 

sin (2 a h λn ξh ) 

4 

]

 

1 

2 λn a h 
[ a h λn ξh + sin (a h λn ξh ) cos (a h λn ξh ) ] (A.38) 

 1 

ξh 

sin 

2 (λn a i ξ + βn )d ξ

= 

1 

λn a i 

{
a i λn (1 −ξh ) 

2 

− sin (2 λn a i + 2 βn ) − sin (2 λn a i ξh + 2 βn ) 

4 

}

 

1 

2 λn a i 
{ a i λn (1 −ξh ) − sin ((1 −ξh ) λn a i ) cos ((1 + ξh ) λn a i + 2 βn ) } 

(A.39) 
10 
e obtain 

| v n || 2 = 

√ 

c h ρh k h 

2 λn cos 2 (λn a h ξh ) 
[ a h λn ξh + sin (a h λn ξh ) cos (a h λn ξh ) ] 

 

√ 

c i ρi k i 

2 λn sin 

2 (λn a i ξh + βn ) 

× [ a i λn (1 − ξh ) − sin ((1 − ξh ) λn a i ) cos ((1 + ξh ) λn a i + 2 βn ) ] . 

(A.40) 

The fact that functions v n are orthogonal with weight b allows 

s to perform the following expansions: 

f (ξ ) ≡ −φ(ξ ) = 

∞ ∑ 

n =1 

f n (t) v n (ξ ) , (A.41) 

 0 (ξ ) ≡ T 0 (z i ξ ) = 

∞ ∑ 

n =1 

q n (t) v n (ξ ) , (A.42) 

 

2 
i 

˜ P (ξ ) = 

∞ ∑ 

n =1 

p n (t) v n (ξ ) , (A.43) 

here 

f n = 

1 

|| v n || 2 
∫ 1 

0 

f (ξ ) v n (ξ ) bd ξ (A.44) 

 n = 

1 

|| v n || 2 
∫ 1 

0 

F 0 (ξ ) v n (ξ ) bd ξ (A.45) 

p n = 

1 

‖ v n ‖ 

2 

∫ 1 

0 

z 2 i 
˜ P ( ξ ) v n ( ξ ) bd ξ . (A.46) 

The validity of (A .41) - (A .43) is justified in Appendix D . 

Having substituted (A.20) into (A.13) and remembering 

A.21) we obtain: 

∞ 

 

 =1 

[
z 2 i 

d�

d t 
+ λ2 

n �

]
v n (ξ ) = 

∞ ∑ 

n =1 

p n v n (ξ ) . (A.47) 

his equation is satisfied if, and only if, the coefficients on the two 

ides are equal, which implies that 

 

2 
i 

d�

d t 
+ λ2 

n � = p n . (A.48) 

Eq. (A.48) is solved for a set of countable values of λ, leading 

o discrete values of � ( �n ) subject to the initial condition: 

n (t = 0) = q n + f n . (A.49) 

Condition (A.49) follows from (A.14), (A.20), (A.41) and (A.42) . 

Assuming that p n is constant during the time step, the solution 

o (A.48) is straightforward: 

n (t) = ( q n + f n ) exp 

(
−λ2 

n t 

z 2 
i 

)
+ 

p n 

λ2 
n 

[
1 − exp 

(
−λ2 

n t 

z 2 
i 

)]
. (A.50) 

Remembering (A.10) and (A.20) the final solution to the prob- 

em is presented as 

 = 

[ 

∞ ∑ 

n =1 

�n (t) v n (ξ ) + φ

] 

, (A.51) 

here v n and �n are given by Expressions (A.31) and (A.50) , re- 

pectively; φ is given by Formula (A.11) . 

This expression is identical to Expression (10) . 
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ppendix B. Derivation and analysis of Equation (A.27) 

The expansion of (A.26) leads to the following expression for 

: 

= cos (λa h ξh )�1 − (−λk h a h sin (λa h ξh ))�2 , (B.1) 

here 

1 = 

∣∣∣∣ λk i a i sin (λa i ξh ) −λk i a i cos (λa i ξh ) 
−λa i sin (λa i ) + h 0 cos (λa i ) λa i cos (λa i ) + h 0 sin (λa i ) 

∣∣∣∣, 
(B.2) 

2 = 

∣∣∣∣ − cos (λa i ξh ) − sin (λa i ξh ) 
−λa i sin (λa i ) + h 0 cos (λa i ) λa i cos (λa i ) + h 0 sin (λa i ) 

∣∣∣∣. 
(B.3) 
h

ig. 11. (a) Plot of f (λ) (left-hand side of Eq. (A.27) ) for input parameters described in A

f (λ) with the line f (λ) = 0 . (b) Zoomed part of (a) showing the details of the calculation

11 
Expressions (B.2) and (B.3) can be presented as: 

1 = λk i a i sin (λa i ξh )(λa i cos (λa i ) + h 0 sin (λa i ))+ 

k i a i cos (λa i ξh )(−λa i sin (λa i ) + h 0 cos (λa i )) = 

 i (λa i ) 
2 [ sin (λa i ξh ) cos (λa i ) − cos (λa i ξh ) sin (λa i )]+ 

 0 λk i a i [ sin (λa i ξh ) sin (λa i ) + cos (λa i ξh ) cos (λa i )] ; (B.4)

2 = − cos (λa i ξh )(λa i cos (λa i ) + h 0 sin (λa i ))+ 

in (λa i ξh )(−λa i sin (λa i ) + h 0 cos (λa i )) = 

 −λa i [ cos (λa i ξh ) cos (λa i ) + sin (λa i ξh ) sin (λa i )]+ 

 0 [ − cos (λa i ξh ) sin (λa i ) + sin (λa i ξh ) cos (λa i )] . (B.5) 
ppendix B. Solutions to Eq. (A.27) ( λ1 , λ2 , λ3 , . . . . ) are found as intersections of 

 of λ1 . 
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Remembering that: 

sin (α − β) = sin (α) cos (β) − cos (α) sin (β) , 
cos (α − β) = cos (α) cos (β) + sin (α) sin (β) , 

}
(B.6) 

xpressions (B.4) and (B.5) can be simplified to: 

1 = λk i a i { [ −λa i sin (λa i (1 − ξh ))] + h 0 [ cos (λa i (1 − ξh ))] } , 
(B.7) 

2 = −λa i [ cos (λa i (1 − ξh ))] − h 0 [ sin ((λa i (1 − ξh ))] . (B.8) 

Having substituted (B.7) and (B.8) into (B.1) we obtain: 

= cos (λa h ξh ) λk i a i [[ −λa i sin (λa i (1 − ξh ))] 

+ h 0 [ cos (λa i (1 − ξh ))]] −

k h a h sin (λa h ξh )[ λa i [ cos (λa i (1 −ξh ))] + h 0 [ sin (λa i (1 −ξh ))]] = 0 . 

(B.9) 

Dividing both sides of (B.9) by −λ cos (λa h ξh ) cos (λa i (1 − ξh )) 

e obtain Eq. (A.27) . 

A graphical solution of Eq. (A.27) for a typical set of input pa- 

ameters (see [ 47,48 ]) is illustrated in Fig. 11 . The methane-hydrate 

nitial temperature and ambient gas temperature were taken as 

73.15 K and 300 K, respectively. The convection heat transfer co- 

fficient was assumed equal to 100 W/(m 

2 K). The thickness of the 

ethane-hydrate layer was taken as 10 mm, ξh = 1 , the ambient 

ressure was set to 101.325 kPa. The porosity was assumed equal 

o 0.6. The mass fraction of methane in the methane-hydrate was 

nferred from (11) with αm 0 = 0 . 1 . 

The following first three values of λ were obtained from Fig. 11 : 

1 = 0 . 0 0 06 ; λ2 = 0 . 0 018 ; λ3 = 0 . 0 031 . 

ppendix C. Proof of orthogonality of v n and v m 

when n �= m 

The scalar product of eigenfunctions v m 

and v n corresponding 

o eigenvalues λm 

and λn can be presented as: 

v m 

, v n ) = 

∫ 1 

0 

v m 

(ξ ) v n (ξ ) bd ξ

 

∫ ξh 

0 

cos (λm 

a h ξ ) 

cos (λm 

a h ξh ) 

cos (λn a h ξ ) 

cos (λn a h ξh ) 
k h a 

2 
h d ξ

 

∫ 1 

ξh 

sin (λm 

a i ξ + βm 

) 

sin (λm 

a i ξh + βm 

) 

sin (λn a i ξ + βn ) 

sin (λn a i ξh + βn ) 
k i a 

2 
i d ξ . (C.1) 

Using the following auxiliary relationships 

 1 = 

∫ ξh 

0 

cos (λm 

a h ξ ) cos (λn a h ξ )d ξ

= 

1 

2 

∫ ξh 

0 

[ cos ((λm 

+ λn ) a h ξ ) + cos ((λm 

− λn ) a h ξ )]d ξ

 

1 

2 a h 

[
sin ((λm 

+ λn ) a h ξh ) 

λm 

+ λn 
+ 

sin ((λm 

− λn ) a h ξh ) 

λm 

− λn 

]

 

1 

2 a h 

[
sin (λm 

a h ξh ) cos (λn a h ξh ) + cos (λm 

a h ξh ) sin (λn a h ξh ) 

λm 

+ λn 

 

sin (λm 

a h ξh ) cos (λn a h ξh ) − cos (λm 

a h ξh ) sin (λn a h ξh ) 

λm 

− λn 

]

= 

1 

a h (λ
2 
m 

− λ2 
n ) 

× [ λm 

cos (λm 

a h ξh ) sin (λn a h ξh ) − λn sin (λm 

a h ξh ) cos (λn a h ξh ) ] ,
12 
nd 

 2 = 

∫ 1 

ξh 

sin (λm 

a i ξ + βm 

) sin (λn a i ξ + βn )d ξ

= 

1 

2 

∫ 1 

ξh 

[ cos ((λm 

− λn ) a i ξ + βm 

− βn )) 

− cos ((λm 

+ λn ) a i ξ + βm 

+ βn ))]d ξ

 

1 

2 a i 

[
sin ((λm 

− λn ) a i + βm 

− βn ) 

λm 

− λn 
− sin ((λm 

+ λn ) a i + βm 

+ βn ) 

λm 

+ λn 

− sin ((λm 

− λn ) a i ξh + βm 

− βn ) 

λm 

− λn 
+ 

sin ((λm 

+ λn ) a i ξh + βm 

+ βn ) 

λm 

+ λn 

]

 

1 

2 a i 

[
sin (λm 

a i + βm 

) cos (λn a i + βn ) − cos (λm 

a i + βm 

) sin (λn a i + βn ) 

λm 

− λn 

sin (λm a i ξh + βm ) cos (λn a i ξh + βn ) − cos (λm a i ξh + βm ) sin (λn a i ξh + βn ) 

λm − λn 

sin (λm 

a i + βm 

) cos (λn a i + βn ) + cos (λm 

a i + βm 

) sin (λn a i + βn )

λm 

+ λn 

 

sin (λm a i ξh + βm ) cos (λn a i ξh + βn ) + cos (λm a i ξh + βm ) sin (λn a i ξh + βn ) 

λm + λn 

]

= 

1 

a i (λ
2 
m 

− λ2 
n ) 

[ −λm 

cos (λm 

a i + βm 

) sin (λn a i + βn ) 

+ λn sin (λm 

a i + βm 

) cos (λn a i + βn ) 

−λn sin (λm 

a i ξh + βm 

) cos (λn a i ξh + βn ) 

+ λm 

cos (λm 

a i ξh + βm 

) sin (λn a i ξh + βn )] 

e can re-write (C.1) as 

v m 

, v n ) = 

1 

λ2 
m 

− λ2 
n 

[ 
I 1 

cos (λm 

a h ξh ) 

k h a h 
cos (λn a h ξh ) 

+ 

I 2 
sin (λm 

a i ξh + βm 

) 

k i a i 
sin (λn a i ξh + βn ) 

] 

 

1 

λ2 
m 

− λ2 
n 

[ k h a h (λm 

tan (λm 

a h ξh ) − λn tan (λn a h ξh )) 

+ k i a i (−λm 

cot (λm 

a i + βm 

) + λm 

cot (λm 

a i ξh + βm 

) 

+ λn cot (λn a i + βn ) − λn cot (λn a i ξh + βn )] . (C.2) 

The first and third equations in System (A.22) can be presented 

s: 

m 

cot (λm 

a i + βm 

) = −h 0 /a i , (C.3) 

 i a i cot (λm 

a i ξh + βm 

) = −k h a h tan (λm 

a h ξh ) . (C.4) 

Having substituted (C.3) and (C.4) into (C.2) we obtain 

v m 

, v n ) = 0 when n 
 = m . Thus, functions v n and v m 

are orthogo-

al. 
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[  
ppendix D. Validity of presentations (A .41) - (A .43) 

Consider Green’s function for the boundary value problem 

A .21), (A .22) in the case λ = 0 : 

 (ξ , ζ ) 

= 

⎧ ⎪ ⎪ ⎪ ⎨ 

⎪ ⎪ ⎪ ⎩ 

− k h 
k i 

(1 − ξh + 1 /h 0 ) − ξh + ζ when 0 ≤ ξ ≤ ζ ≤ ξh 

−(1 − ζ + 1 /h 0 ) when ξh < ξ ≤ ζ ≤ 1 

− k h 
k i 

(1 − ξh + 1 /h 0 ) − ξh + ξ when 0 ≤ ζ ≤ ξ ≤ ξh 

−(1 − ξ + 1 /h 0 ) when ξh < ζ ≤ ξ ≤ 1 

(D.1) 

Then problem (A .21) - (A .22) takes the following form 

 1 

0 

G (ξ , ζ ) v (ζ ) bd ζ = −a 2 λ2 v (ξ ) . (D.2) 

Instead of the usual Hilbert space L 2 [0 , 1] of square-summable 

n [0,1] functions we consider, following [ 49 ], the Hilbert space 

 = L 2 (0 , ξh ) 
⊕ 

L 2 (ξh , 1) , which is the direct sum of spaces for

0 , ξh ) and (ξh , 1] . 

The left-hand side of (D.2) generates so called Hilbert-Schmidt 

ntegral operator A v acting in the Hilbert space H. To justify 

he possibility of representing (A .41) - (A .43) , note that the ker-

el G (ξ , ζ ) of this integral operator is symmetric, continuous and 

ounded, and the eigenvalue problem for operator A is equivalent 

o the eigenvalue problem (A .21) - (A .22) . 

ppendix E. Thermodynamic and transport properties of 

itrogen, methane, methane-hydrate, and ice 

Key thermodynamic and transport properties of air (approxi- 

ated by nitrogen), methane, ice, and methane-hydrate at temper- 

tures T = 193 . 15 K for ice and methane-hydrate, and T = 300 K

or N 2 and CH 4 are summarised in Table 1 . The value of the dis-

ociation heat of methane-hydrate is assumed equal to 18.1 kJ/mol 

 2,50 ]. 

Assuming that space between granules of methane-hydrate and 

ce is filled with nitrogen (which is justified at the initial stage 

f the process) or methane (which is justified except at the ini- 

ial stage of the process), the density ( ρ), thermal conductivity ( k )

nd specific heat capacity ( c p ) of porous methane-hydrate and ice 

re estimated as [ 47,48,51,52 ]: 

pα = (1 − ε) ρα, (E.1) 

 pα = εk β + (1 − ε) 
k α

G 

[ 
k α
k β

+ 

2 
3 

] , (E.2) 

 pα = εc β + (1 − ε) c α, (E.3) 

here subscript α refers to methane-hydrate ( α = h ) or ice ( α = i ),

ubscript β refers to nitrogen ( β = N 2 ) or methane ( β = CH 4 ), sub-

cript p refers to a porous medium, G is the parameter that takes 

nto account the contact surface between the particles. Following 

 51 ], G is taken equal to 0.05. 
Table 1 

Density, thermal conductivity, and specific heat capacity of nitrogen, 

methane, ice and methane-hydrate at temperatures T = 193 . 15 K for ice and 

methane-hydrate, and T = 300 K for N 2 and CH 4 [1] . In our analysis the dif- 

ference between the densities of methane-hydrate and ice was ignored, and 

the density of methane-hydrate was assumed to be the same as that of ice. 

Property | Substance N 2 CH 4 Ice Hydrate 

Density, kg/m 

3 1.25 0.86 920 910 

Thermal conductivity, W/(m K) 0.026 0.026 2.7 0.5 

Specific heat capacity, J/(kg K) 1037.2 2070 1790 1890 

[

[

[

[

[

13 
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