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Abstract — The paper proposes a new model of gas 
hydrate particles dissociation at high heat fluxes. 
In this model, the process of hydrate decomposition 
occurs under the conditions of competition between 
heterogeneous kinetics and gas filtration. An analysis 
of the experimental data gives new values   of the 
kinetic coefficients for the hydrate dissociation at low 
temperatures. The calculation results make it possible 
to reproduce experimental data on the dynamics 
of methane hydrate powder dissociation (including 
dissociation under the conditions of gas burning above 
the surface) and to describe the phenomenon of self-
conservation in terms of changes in the pore structure 
of the ice crust. The submodel of dissociation of a single 
particle is embedded in the mathematical model of 
transport processes in the powder layer, which allows 
analyzing the heterogeneity of heating and the collective 
effects of dissociation.
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According to the energy forecasts in [5], [6], cost-
effective technology for the extraction of natural gas 
from hydrate deposits will not emerge until 2040. In a 
recent review of the prospects for the energy use of gas 
hydrates [7], the authors estimate the start of commercial 
production no earlier than 2030. This is due to some 
technical problems, for example, low gas flow rates.  
Despite the widespread occurrence of hydrates on the 
seabed and in permafrost (estimates of reserves vary, but 
even pessimistic methods give multiple excesses of the 
"traditional" natural gas reserves), their volume fraction 
in bearing rocks is usually too small to provide a stable 
high gas flow rate [8]. An important issue is also the safety 
of production since during gas extraction hydrate-bearing 
formation changes its mechanical characteristics, which 
means that it can lose stability. Nevertheless, gas hydrate 
programs are intensively developed abroad. Note that the 
USSR and Russia have successful long-term experience 
in the extraction of methane from gas hydrate deposits 
in northern conditions [9]. At present, the average cost 
of methane gas hydrate exceeds the cost of traditional 
natural gas by 2–3 times. However, research and industrial 
projects in this area are quite intensive [10-12]. In addition 
to underwater drilling, the possibility of extracting hydrate 
from permafrost zones is being investigated.

Another important aspect of the energy applications of 
gas hydrates is storage and transport. The bulk density of 
the gas in hydrated form is higher than that for compressed 
gas, and storage conditions are softer compared to liquefied 
gas [13]. Under certain conditions, gas hydrates can exhibit 
abnormal stability, which is called self-preservation: 
at atmospheric pressure and slight cooling, the hydrate 
particles get covered with a crust of ice, which prevents 
the outflow of gas from the inner layers [14]. Maintaining 
hydrates under self-preservation conditions requires much 
less energy, and fire and explosion hazard is significantly 
reduced. Gas hydrate transport can be cost-effective at 
short distances and small volumes of supply [15, 16], 
for example, for supply to small power systems. Other 
hydrate applications may include thermal energy storage, 
desalination, gas treatment [17], etc. The stability of gas 
hydrates is an important issue, in particular, in the studies 

I. INTRODUCTION

Gas hydrates are crystalline compounds formed by the 
interaction of gases with water at low temperatures and 
high pressures [1]. The wide interest in gas hydrates is due 
to their formation in natural and technical systems. For 
example, gas hydrate formation can be a problem during 
gas production in the cold season and its transport over long 
distances [2-4]. Estimates of the reserves of combustible 
gases bound in the hydrated form are very large, but the 
specificity of gas hydrates (dispersion, inaccessibility) 
does not allow them to be extracted.
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of the global climate. Methane is a greenhouse gas, and 
its natural emission includes, among other things, the 
decomposition of gas hydrates at seabed and permafrost 
[18]. To reliably predict the emissions, it is necessary to 
study the physicochemical features of hydrate dissociation 
under natural conditions. One way to use gas hydrates in 
the energy sector is to store CO2 in gas hydrate deposits. 
Under a suitable combination of conditions, methane can 
be displaced from its hydrate form by carbon dioxide 
[19, 20]. Such technologies will reduce CO2 emissions 
and control CH4 emissions which, according to some 
geological models, can be dangerous (i.e. clathrate gun 
hypothesis [21]).

The existing problems of using hydrates are somehow 
related to an insufficiently complete understanding of 
the physics and chemistry of the processes that occur 
during the formation and dissociation of the hydrate 
phase [22, 23]. This, in turn, is associated with a variety 
of phenomena taking place during hydrate processing. 
Usually, the theoretical consideration of such processes 
employs simplified approaches. They simulate the 
propagation of the dissociation front with various moving 
boundary conditions [24, 25], or use diffusion models [26]. 
More detailed models take into account the formal kinetics 
of physicochemical transformations [27], heat and mass 
transfer in particles [28] and rocks containing hydrates 
[29].

One of the features of the dissociation of gas hydrates 
is a wide range of scales: physical and chemical processes 
occur at the level of hydrate cells (10-20 angstroms), 
clusters (of the order of nm), pores and cracks (0.1-10 
microns), micrograins (0.1-1 mm), granules (1-10 mm), 
agglomerates (1-10 cm), and, finally, hydrate deposits (1-
100 m).

Studies of the hydrate decomposition kinetics are 
possible only when sufficiently small (microns) particles 
are used [30]. There are also known studies, in which the 
molecular dynamics of the processes of decomposition and 
formation of gas hydrates is simulated [31-33]. In reality, 
however, hydrate particles are much larger, therefore, in 
the study of their dissociation, transport processes must be 
taken into account. In this case, the nature of the diffusion 
process remains uncertain, since dislocation diffusion in 
the ice layer allows one to explain the dissociation rate only 
in deep self-preservation. At the same time, it is known that 
the ice formed in the process of hydrate dissociation differs 
in properties from the ice obtained by freezing pure water. 
As a rule, it has a developed microporous structure, which 
results from the difference in the molar volumes of ice and 
hydrate [34]. Therefore, it is natural to assume that the key 
process responsible for the release of methane from the 
particle is filtration.

Previously, the filtration process was often considered 
as limiting on the scale of the gas flow in a porous rock 
containing gas hydrate. In this case, the decomposition of 
the hydrate occurs when the corresponding thermobaric 

conditions are reached and is limited by processes on the 
scale substantially larger than the particle size [35-37], 
or kinetics of dissociation is given that does not take into 
account the structure of the particle [38].

Mathematical models of porous reactive particles 
are widely used in problems of chemical technology and 
combustion theory [39-43]. Chemical transformations 
in porous particles take place in catalytic processes and 
during pyrolysis and combustion of solid fuels. Despite the 
formal differences, there is a certain analogy between these 
processes and the decomposition of hydrates, which can be 
used in the theoretical analysis.

In the present research, a hydrate particle dissociation 
model is developed, taking into account the heat transfer 
of the particle with the environment and the filtration of 
the gas released during dissociation through the particle 
pores. The process of hydrate conversion into ice and gas 
is considered as a one-stage irreversible chemical reaction 
with the kinetic coefficients that are evaluated from an 
analysis of various experimental data.

II. FIlTRaTION-KINeTIC MODel OF DIssOCIaTION OF 
TheRMally UNIFORM Gas hyDRaTe PaRTICle

We consider a hydrate particle placed in a heating 
gas medium.  Under suitable conditions (increasing 
temperature, lowering pressure), the gas hydrate reaches 
the stability boundary and releases gas (Fig. 1). Depending 
on the external conditions, the limiting factor may be heat 
transfer or mass transfer.

The mathematical model is built taking into account 
several simplifications and assumptions, namely:
• there are no impurities in the hydrate, and the 

dissociation products are pure gas and porous ice;
• the particle is considered spherically symmetric;
• gas hydrate dissociation is a one-stage irreversible 

reaction (association is excluded);
• dissociation front gradually moves from the surface 

towards the center of a particle;
• the temperature field in the particle is uniform;
• the gas pressure field in the particle pores is 

quasistationary;
• the impact of the Joule-Thomson effect is neglected.

At the initial moment, the mass of the particle is 
equal to the mass of the hydrate phase. The mass fraction 
of methane in the hydrate is denoted by B (for example, 
for methane, one can take B = 0.12. Then we can make 
the material balance equations for the components of the 
particle:

  
 
B
r

dt
dmH

-=   (1)
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B
B
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Here m is the mass, kg; indices H, I, G refer to hydrate, 
ice, and gas, respectively; r is the rate of gas formation 
during decomposition of the hydrate, kg/s; jg is the loss of 
gas mass due to mass transfer with the environment, kg/s. 
The thermal conductivity of a hydrate particle is of the 
order of 0.5 W/m/K [44]. Therefore, at moderate heating 
rates, it can be assumed with good accuracy that the Biot 
number for particles of the order of 1 mm is quite small. 
To be accurate, it is also necessary to take into account 
the contribution of the endothermic process, however, 
assessment of these disturbances can be made later. For 
small Biot numbers, the particle can be considered as 
thermally homogeneous, i.e. one can assume that the 
temperature gradient in it is not significant. In this case, the 
problem can be simplified without considering the process 
of thermal conductivity, and we can write the equation of 
heat and mass balance in the particle:

   
 gjdt

dm
-=

 
 (4)

 
 ( ) ( ) g

G
poutp jTTcQrTTS
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dTС 0----=a

 
(5)

In equation (5), Cp is the heat capacity of the particle, 
cp

G is averaged specific heat capacity of gas, J/kg/K; m is 
the particle mass, kg; T is the temperature of the particle, 
K; Tout is the temperature of the surrounding medium, K; 
a is the particle heat transfer coefficient, W/m2/K; S is the 
particle outer surface area, m2; Q is the thermal effect of 
the hydrate dissociation, J/kg.

The last term on the right-hand side of (5) is associated 
with a change in enthalpy due to a decrease in the particle 
mass (dH = d(hm) = mdh + hdm). The change in particle 
mass is determined by the gas flow rate through the surface. 
We assume that the specific heat capacity Cp is additive in 
terms of components:

  
 H H I I G G

p p p pС c m c m c m= + +  (6)

The density and heat capacity of ice and hydrate are 
taken from published data [45, 46]. The mass and linear 
dimensions of the particle are interconnected by obvious 
geometric relationships.

The fraction of unreacted hydrate can be found from 
the gas mass balance:

  
 0

0

1
rdt

X
Bm

t

= -
ò

 
(7)

From equation (7), we can immediately obtain the 
expressions for the mass of the solid components of the 
particle: mH = m0X; mI = m0(1 - B)(1 - X). In differential 
form, equation (7) can be written as follows:

  
 

0Bm
r

dt
dX

-=   (7а)

Equations (4) and (5) are supplemented by the 
expression for the rate of the hydrate decomposition and 
gas flow from the surface:

  
 ( )0

aE
eqRT

rr k e S P P
-

= -   (8)

  
 outD

g g
P Pkj S
-

= r
µ d

  (9)

In equations (8) and (9), k0 and Ea are the pre-exponent 
factor and activation energy of the hydrate dissociation 
reaction, kg/m2/Pa/s and J/mol, respectively; Sr is the 
area of   the dissociation front in particle, m2; P, Peq, Pout 
is the current (intraporous), equilibrium and external gas 
pressure, Pa; rg is gas density in the pores of the particle, 
kg/m3; kD is the permeability coefficient of porous ice; m is 
the dynamic gas viscosity, Pa·s; d is the effective thickness 
of the ice crust, m.

The equilibrium pressure of methane above the 
hydrate is usually expressed by an exponential function of 
temperature:

  
 ( ) 2

1lg eq AP P A
T

- D = -
 

(10)

Coefficients A1 and A2 can be determined from 
experimental data or theoretical estimation [47]. In this 
paper, the following values   are accepted: A1 = 4.77047; 
A2 = 920.701; DP = 0.5. These values   give characteristic 
features for the dissociation of methane hydrate: 
equilibrium temperature of -80 °C at 1 atm and equilibrium 
pressure of 25 atm at 0 °C. 

To determine the gas density and pressure, it is necessary 
to know the pore volume in the particle. The hydrate 
porosity is usually very low, and due to the difference in 
densities during dissociation, ice is formed with a porosity 
of the order of 0.1. The volume of gas in the particle is 
very small, and the contribution of gas to the density of 
the heat capacity is almost invisible. With external heating, 
the dissociation of hydrate particles usually occurs layer by 
layer, and the decomposition front moves from the surface 
to the center. Given this, the surface of the dissociation 
front and the outer surface of the particle are connected by 
a relationship arising from geometric considerations: if we 
denote by X the fraction of unreacted hydrate (with respect Fig. 1.The scheme of dissociation of a spherical gas hydrate.
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to the initial amount), then the shrinking core model gives 
the expression for spherical particle:

        
2

3
0rS S X=   (11)

Similarly, for the thickness of the ice crust, we obtain 
the expression (at linear approximation, i.e. for thin crust):

        
 ( )10 31

2
d

Xd = -   (12)

In equation (12), d0 is the particle diameter. Thus, during 
dissociation, the area of   decaying hydrate decreases, while 
at the same time the filtration resistance increases due to 
the growth of the ice crust.

Equation (9) models the Darcy filtration equation for 
the transfer of gas forced by pressure difference. In this 
case, a simplified form is adopted: the filtration rate is 
proportional to the average pressure difference in the 
particle, and the denominator in the expression for the 
pressure gradient is the thickness of the ice crust. Equation 
(5) is applicable to small X, when the change in the 
curvature of the dissociation front can be neglected. In a 
wide range of conversion degrees, we can consider the 
quasi-stationary problem [48, 49], then we can write:

        
 0

1
3

1
2 1

d

X
d

-
=

-
 (13)

For a numerical study of the solutions to the system 
of equations (1-5), it is necessary to know the values   of 
thermophysical and kinetic parameters. The most difficult 
parameter to evaluate is the permeability coefficient of 
porous ice. This parameter depends primarily on the size 
distribution of pores and their density. Following [50], 
it can be assumed that each pore can be represented as a 
cylindrical channel with an equivalent diameter equal to 
the average diameter of the pore. Then, the permeability 
coefficient for ice can be estimated as the total drag 
coefficient of pores per unit surface area of   a particle. 
Assuming the laminar gas flow in small channels, we can 
write:

   
 

2
0

32D
dk P

=
 

(14)

In equation (14), dp is the average pore diameter, and Π 
is the surface porosity (total pore cross-sectional area per 
unit area of   ice surface). The average pore diameter can be 
estimated from the studies where the hydrate surface was 
scanned using microscopy [14, 51] (hereafter, it is taken 
equal to 0.5 μm). In addition, an assumption is introduced 
that the average pore size does not change with the radius 
of the particle, which, of course, requires additional 
verification, but is applicable as a first approximation. 
Surface porosity is equal to the product of the surface pore 
density and the cross-sectional area of   a single channel:

                      
 2

4 pd
psP =

 
(15)

Π

In equation (15), σ is the surface pore density, m-2. This 
parameter varies both under the influence of thermobaric 
conditions and under the action of mechanical stresses in 
the particle; its current value most likely depends on the 
particle heating dynamics. Evaluation of pore density is 
the most difficult task. At the same time, this parameter 
is most important for modeling processes such as self-
preservation. In terms of the proposed mathematical 
model, this process is accompanied by a sharp drop in pore 
density. Thus, for closure, the model requires an additional 
equation for the pore density, which relates this quantity to 
the conditions of the dissociation process (temperature and 
pressure). Obtaining such an equation (even in the form of 
an empirical formula) is of scientific and practical interest. 
Since we do not have them at the moment, we have to use 
a simplified approach, namely, setting a piecewise constant 
pore density for different parts of the experimental curves. 
This approach is essentially adjustable, however, it allows 
obtaining several interesting results. 

At the initial point X = 1, equation (9) is singular, 
therefore, for correct calculations, we assume that at the 
initial time moment X0 = 1-ε, where ε is an arbitrarily small 
number (for example, of the order of the relative weighing 
error in experiments).

Preliminary studies have shown that to apply the 
model to explain the observed effects, it is also necessary 
to take into account in detail the conditions for the heat 
transfer of particles with external heat sources. Typically, 
in experiments, particles are heated by natural or forced 
convection of the airflow or combustion products (in 
the case of gas hydrates combustion), or by the heat flux 
passing through the wall of the vessel filled with hydrate. 
In both cases, there are characteristic effects of heat 
transfer in two-phase systems with phase transitions, as 
well as heat transfer in granular beds. The heat flux to a 
hydrate particle cannot be generally estimated simply by 
the temperature difference between the particle and the 
external environment: both the heat transfer coefficient 
and the local temperature difference (especially for the 
underlying layers of particles) in an unobvious way depend 
on the conditions specified in the experiment.

III. lOw-TeMPeRaTURe KINeTICs OF MeThaNe hyDRaTe 
DIssOCIaTION

An important problem in hydrate dissociation modeling 
is the selection of reliable kinetic coefficients. At present, 
the published studies on the experimental measurement 
of the hydrate dissociation rate coefficient are very 
limited. This is due to some problems arising from such 
measurements: the mass transfer restrictions, the need to 
maintain isothermal conditions, self-preservation, etc. 
The results obtained by Bishnoi et al. [29, 52], where 
kinetic coefficients were measured for the dissociation 
of particles at temperatures above 273 K (which helped 
to avoid self-preservation) are most widely used. For 
negative temperatures, these coefficients, however, give a 

Π
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significant error, which may be due to differences between 
the mechanisms of "low temperature" (t < 0°C) and "high 
temperature" (t > 0°C) dissociation. The following is an 
attempt to clarify the values   of kinetic coefficients for 
the region of negative temperatures and to generalize the 
known experimental data on this topic.

The present mathematical model of gas hydrate 
dissociation is based on the model of a shrinking-core and 
irreversible kinetics of dissociation in the Bishnoi form. It 
is supposed that the particle is isothermal. In this case, one 
can write:

 

  

( )
2

0 3
0

0

dE
eqRT

dk e P P S XdX
dt Bm

-
-

= -  (16)

Here X is the fraction of unreacted hydrate, the ratio of 
the gas contained in the hydrated form to its initial amount; 
kd is the preexponential factor of the kinetic coefficient, 
kg/Pa/m2/ s; Ea is the activation energy of the dissociation 
process, J/mol; P is the gas pressure in the pores of the 
particle; Peq is the equilibrium gas pressure outside the 
hydrate particle; S0 is the surface of the particle; B is the 
mass fraction of gas in the hydrate; m0 is the initial mass 
of the particle.

For a spherical particle, we can write:
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For isothermal conditions, the entire expression written 
before X2/3 can be considered constant, i.e. the specific 
dissociation rate increases with a decrease in the particle size, 
which is consistent with empirical observations. Complete 
decomposition of the particle is achieved at a finite time  
t = 3/K, where

  
 

( )0

0 0

6
dE

eqRT
dk e P P

K
B dr

-
-

=  (18)

The half-life will be equal to:

  
 

( )3 3

0.5

3 1 0.5

K
t

-
=  (19)

The average half-life rate is:

  

 
( )0.5 3 3

0.5
3 1 0.5

KR =
-

 (20)

To compare the data obtained under different 
conditions, it is necessary to take into account the 
temperature dependence of the reaction rate both for the 
kinetic coefficient (related to activation energy) and for the 
equilibrium pressure. The superposition of the temperature 
dependences of the kinetic coefficient and the equilibrium 
pressure can lead to a wide range of possible apparent 

temperature coefficients of the dissociation rate. Therefore, 
it is necessary to separate these factors with sufficient 
accuracy. 

It is worth noting that the values of the kinetic 
coefficients are very sensitive to the choice of the equation 
for the equilibrium curve.

The kinetic coefficient can be determined in two ways: 
by the differential method (by measuring the rate of the 
process and comparing its values   with kinetic models) and 
by the integral method (by measuring the characteristic 
conversion time).

Differential method
From equation (17) we have:

  

,  

2
3XK X
t

= -
D

D
  (21)

where the numerator is the value of the kinetic function for 
the selected value of X, and the denominator is the average 
rate for a given moment in time, calculated as the differ-
ence approximation. For a constant heating rate, we have:

  
, 

2
3

β
TXK
X

D
= -

D
 (22)

where b is the constant rate of temperature change.
Integral method
Knowing the characteristic time, for example, the 

time of complete conversion or half-life (which can be 
determined more precisely), we can write:

  
 3K =

t
 (23)

  
 ( )3 3

0.5

3 1 0.5
K

-
=

t
 (24)

After the coefficient K is found, it is possible to isolate 
the component that corresponds directly to dissociation, 
according to (18):

  

 
( )

0 0 0

6

dE
RT

d d eq

B dk k e K
P P

- r
= =

-
. (25)

The pre-exponent and activation energy can be 
determined by constructing a regular Arrhenius plot in the 
coordinates ln(kd) ~ 1/T.

The two main sets of measurements that will be 
considered here are the data from  [53] and [54]. Authors 
of [53] measured the relative intensity of the methane-
water bond signal in samples of hydrate powder of 
different fractions at a constant heating rate of 1 K/min. 
The low rate of temperature change makes it possible 
to consider the conditions as isothermal between two 
consecutive measurements. Therefore, in this case, we 
can use the differential method, i.e. equation (21). In [54], 
the authors measured the average half-life rate of methane 
hydrate samples. The authors report possible temperature 
inhomogeneities, however, to a first approximation, we 
consider their experiments to be isothermal. The integral 
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method, namely, equation (24), is well suited for processing 
these data.

Some experimental points are not suitable for analysis 
since, given constant P, equation (17) does not take into 
account self-preservation. According to the well-known 
literature data, this process begins at temperatures of the 
order of 240 K. Therefore, to isolate the kinetic coefficients 
without the influence of transfer processes, we have to 
exclude the temperature range from 240 K and higher. 
Nevertheless, there are still enough experimental points: 10 
points from experiments [54] and about 20 from [53]. The 
processed results are shown in Fig. 2.

The average mass content of methane in the hydrate is 
assumed to be 0.12. The density of the hydrate is 910 kg/
m3. The average particle size for the data [53] is taken equal 
to the arithmetic mean for the boundaries of the indicated 
ranges. In [54], the samples were prepared by pressing 
a hydrated powder (an average size of 200–300 μm) into 
cylinders with an average porosity of 0.29. In this case, the 
hydrate particles most likely agglomerate, although they do 
not turn into monolithic samples (as indicated by porosity 
measurements). Therefore, the size of 10 granules of the 
initial powder was adopted as the characteristic size d0.

Figure 2 shows that, despite significant differences in 
the experimental methods, the obtained kinetic coefficients 
quite well fall into a single dependence. The effective 
parameters of the Arrhenius form of the kinetic coefficient 
are equal to: k0 = 3.25x10-5 kg /Pa/m2/s; Ea = 34 kJ/mol. 
These values   differ significantly from the kinetic coefficients 
from [29, 51], which may be due to the difference in the 
mechanism of dissociation. Interestingly, Clarke-Bishnoi 
(high-temperature) kinetic coefficient becomes larger than 
the obtained (low-temperature) values at a temperature close 
to 240 K (self-preservation starts here).

Fig. 2. Arrhenius plot constructed while processing the kinetic 
data [53, 54](the thick line is linear regression, the thin line is 
the kinetics of hydrate dissociation above 273 K [29]).

Fig. 4. Comparison of experimental and calculated kinetic 
curves of dissociation of methane hydrate fractions at a heating 
rate of 1 K/min [53]: solid lines — calculation, markers — 
measurements.

Fig. 5. Comparison of experimental and calculated data on the 
kinetics of methane hydrate dissociation (data [54]): (a) kinetic 
dissociation curves; (b) average integral half-life rate (solid 
lines — calculation, markers — measurements).

Fig. 3. The dependence of the residual function Φ on the values 
of the Arrhenius coefficients for the selected data set.
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The estimation of kinetic coefficients from the 
measurement results is a typical inverse problem, the 
solution to which is not always unambiguous and stable. 
In this case, the solution was found by the least-squares 
method (search for the minimum of the non-negative 
residual function Φ): 

 
  

( )2min exp calc
j j j

j

Y YF = w -å  (26)

Since the direct problem is nonlinear (especially in 
the non-isothermal case), and the set of experimental data 
includes experiments performed under various conditions, 
it is necessary to carefully select the weight coefficients 
for the residues obtained by approximating the kinetic 
coefficients for different options (heating rate, particle size, 
etc.).

The residual function includes discrepancies that arise 
when comparing the experimental and calculated data for 
four experimental sets: integral data [54]; isothermal kinetic 
curves [54]; non-isothermal kinetic curves with a constant 
heating rate [53]; non-isothermal kinetic curves with a 
varying heating rate [55]. In total, the residual function Φ 
includes about fifty terms. The results of optimizing the 
residual function in the space of coefficients k0 and Ea are 
shown in Fig. 3. 

One can see a region of parameters, where the pre-
exponent and activation energy, varying over a fairly wide 
range, give approximately the same residues (the so-called 
compensation effect is observed). Therefore, for certainty 
in the calculations, the activation energy is taken to be 
34 kJ/mol, as the generalized Arrhenius plot gives. The 
preexponential coefficient under these conditions is 0.019 
kg/Pa/m2/s. For these values, calculations were performed 
according to the data of [53, 54], the results of which are 
shown in Figs. 4 and 5. The calculated curves are in a very 
good agreement with the experiment for small fractions (up 
to about 200 mm). With a further increase in size under the 
experimental conditions, transport processes most likely 
begin to affect the kinetics of decomposition (for example, 
the resistance of the ice crust increases, which is one of 
the mechanisms of self-preservation [56]). Therefore, 
the decomposition of particles after reaching a degree of 
conversion of 50% is slower than expected from the kinetic 
model.

IV. eFFeCT OF PaRTICle sIzes OF Gas hyDRaTes ON The 
RaTe OF TheIR DIssOCIaTION

The granule size of a gas hydrate determines its outer 
surface through which heat and mass transfer processes 
occur, and the total amount of stored gas. From the simplest 
geometric considerations, it is possible to evaluate the 
qualitative dependence of the hydrate dissociation rate on 
the particle size, namely, small particles dissociate faster, 
dX/dt ~ 1/d0. Such a simple dependence, however, will be 
observed only under isothermal conditions. If a gas hydrate 
dissociates at changing temperature, the dependence can 
change significantly due to nonlinear effects. 

Equations (1–5) were numerically solved using a 
combination of explicit and implicit methods for ODEs. 
The equation for the kinetics of dissociation (17) is solved 
explicitly:
 ( ( )2/31 1 1( )k k k kX X K T Xt- - -= -  (27)

Equation (27) gives the gas production rate rk, the 
position of the dissociation front, and the ice porosity Π. 
Knowing these quantities, we can solve the difference 
equation of the gas mass balance (3):

( 

1
1

k k
k k k k GD
G G G outk k
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t t r
µ d

-
- æ ö

- = - -ç ÷
è ø

 (28)

The pore volume VG is determined from the 
geometric relationships: in the “shrinking core” model 

for the sphere  ( )XmV HG -P= 1
ρ
0 . The gas density ρG is 

specified iteratively (in most cases, however, an explicit 
approximation is sufficient). After all the components 
of the material balance are determined, the heat balance 
equation (5) is solved:

  
( ) ( )1k k k k G k
out g p in

p p p

T T S T T Qr j c T T
C C C
t t ta-- = - - - -  (29)

Equation (27) is an explicit Euler method formula, and 
equations (28) and (29) are written as an implicit form of 
Euler method. The numerical scheme was obtained by 
splitting the initial system into steps related to a chemical 
reaction, convective mass transfer, and heat transfer. 
Typically, such schemes have the first order of accuracy 
related to τ. In the calculations presented below, the time 
step was 10–4 s: such accuracy is sufficient for research 
purposes.

When considering the process of dissociation of a thin 
layer of gas hydrate, we can take the approximation of the 
reference particle [57, 58] and simulate the dynamics of 
the layer by the dynamics of dissociation of an individual 
particle. To test our model, experiments on the dissociation 
of a thin hydrate particles layer were carried out (the 
experimental technique is described in [55, 59]). Synthetic 
gas hydrate powder (mass fraction of methane 12%), 
poured into a metal tank with a layer with a height of 0.6 
to 30 mm, was heated at atmospheric pressure and ambient 
temperature. In some experiments, the produced methane 
was ignited. Separate fractions (0.6 and 6 mm) and their 
mixtures were used.

The heat transfer conditions in the particle layer are 
rather difficult to establish with the necessary accuracy. In 
the experiment, the surface of the powder was controlled 
while the powder was heated by heat conduction through 
the walls of the tank, by the gas flow and the liquid water 
drainage, as well as flame radiation (in the experiments with 
hydrate combustion). Therefore, the heating of the layer 
was modeled by a constant heat flux. It was determined 
by the constant temperature difference between the particle 
surface and the gas at the heat transfer coefficient (q = aDT), 
which was estimated according to the recommendations 
for granular materials from [50].

Ф
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By varying the DТ value in the calculations, we can find 
a suitable value for the experimental conditions. Under such 
conditions, the heat flux turns out to be a fitting parameter. 
The results of such a selection are shown in Fig. 6.

Hydrate dissociation without combustion of gas 
above particles is expected to occur more slowly due to a 
smaller heat flux. During dissociation with gas combustion 
above a layer, the temperature difference estimated using 
a mathematical model is about 100 K. It can be assumed 
that heat transfer occurs mainly between water vapor and 
melting ice on the surface of the particles. A high heat 
flux leads to intense heating of the powder; therefore, the 
hydrate passes rather quickly through the temperature 
region of self-preservation (240-270 K). The dissociation 
process without combustion is much slower. Therefore, 
in the experiment (circles in Fig. 6) a stepwise change in 
mass is observed: the hydrate particles remain in the self-
preservation region for a time long enough to form stable 
ice crust on the surface. A model of the self-preservation 
phenomenon will be described in the next section.

The dynamics of methane hydrate dissociation with 
different particle sizes (reduced to the same mass) is 
shown in Fig. 7. Firstly, for the particles, the heating time 
to the dissociation temperature differs significantly: for 
small particles, heating takes time on the order of minutes, 
and for large particles, it takes tens of minutes. The peak 
dissociation rate also differs by an order of magnitude. 
Therefore, the dissociation and combustion of powders 
with different sizes of gas hydrate granules will occur in 
stages. Small particles are most reactive, however, their 
share in the powder depends on the method of hydrate 
production and processing (grinding, pressing, etc.). The 
production, storage, and transport of small particles are 
associated with additional energy costs and losses but the 
dissociation of large particles is much slower. Therefore, 
the question of the optimal fractional composition for 
different methods of gas hydrate processing is of interest. 
If the released methane ignites above the layer, then small 
particles could act as the initiator of dissociation.

V. MODelING The PheNOMeNON OF selF-PReseRVaTION 
OF Gas hyDRaTe

The boundaries of the existence of gas hydrates are 
known with fairly high accuracy from direct measurements 
and models of chemical thermodynamics [1]. Self-
preservation of gas hydrates is the abnormal stability of 
the hydrate in the region below the dissociation curve. 
The mechanisms of self-preservation are not completely 
understood [12]. It is known that the cause of abnormal 
stability is often an impermeable ice crust on the surface of 
particles. This crust can be formed both due to the liquid 
water contained in the system and due to the crystallization 
of supercooled water, which is formed during the hydrate 
decomposition [60, 61]. Surface microscopy shows 
that during self-preservation, the surface of particles is 
rearranged from a porous structure to a smooth continuous 
crust [62].

Using the molecular dynamics method, the authors 
of [63], [64] showed that the decomposition of hydration 
cells can be difficult due to the difference in the thermal 
expansion coefficients of ice and hydrate.

In [49], [65-68], the phenomenon of self-conservation 
is considered as a diffusion process with a damping 
diffusion coefficient (see also simplified diffusion-
kinetic model with apparent mass transfer coefficient 
[69]). The author constructed an isothermal theory of 
self-preservation for particles of different geometries. 
Similar ideas were proposed in our studies [70, 71] of 
non-isothermal processes. A decrease in the transfer 
coefficients in a porous medium often means changes in its 
structure, namely, in the sizes and connectivity of cracks 
and pores of the ice crust. In this regard, it is interesting 
to study the relationship between the size and distribution 
of pores, and the dynamics of their change. The studies in  
[72, 73] proposed models for a developing pore system in 
carbonaceous fuels. It seems reasonable to use the available 
models for the inverse process associated with narrowing 
and blocking of pores [74, 75]. For example, exponent 
in time damping function used in [66], [68] is to have a 

Fig. 6. Gravimetric curves of methane hydrate powder. Solid 
lines: calculation at different values   of DТ; points: experiment 
(triangles– with gas burning, circles– without gas burning).

Fig. 7. The gas evolution rate during the dissociation of 
methane hydrate particles (numbers are average particle 
diameters, mm).
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physical sense related to thermomechanical properties of 
the ice crust.

Model (1-9) can be used to construct a qualitative 
theory of self-preservation based on the idea of   varying 
permeability of the ice crust. Under the constant 
thermobaric conditions, we can write the equations for the 
stationary pressure in the pores of a particle (using thin 
crust approximation (11)):

 

 ( ) ( )
2
3

1
3

1 0
1

eq
R F outk P P X k P P

X
- - - =

-  
(30)

For different values   of the fraction of unreacted hydrate 
X, this equation gives different values   of quasi-stationary 
pressure level. The natural parameter in this equation 
is the ratio of the kinetic coefficients kR and kF, which 
determine the rates of dissociation and filtration processes, 
respectively. 

Applying stationary flow approximation (12), we 
obtain the following equation:

 ( ) ( )
2
3

1
3

1 0
1

eq
R F outk P P X k P P

X -
- - - =

-
  (31)

The dependence of the dimensionless pressure in the 
pores of the particle on the ratio kF/kR and the fraction of 
unreacted hydrate X is shown in Fig. 8 for (30) and Fig. 9 
for (31). The qualitative behavior of the solution does not 
depend on the approximation for the filtration resistance. 
With a high permeability of the crust, the pressure in the 
pores practically does not differ from the ambient pressure, 
however, even with comparable dissociation and filtration 
rate coefficients, the pressure increase becomes significant. 
The position of the maximum pressure can be determined 
by differentiating the expression for P with respect to X 
and equating the derivative to zero: the value of X at the 
peak of pressure does not depend on the coefficients kR 
and kF. Maximum pressure point Xmaxis equal to 8/27 for 

(30) and 1/8 for (31). Therefore,  when using the thin crust 
approximation, we obtain peak pressure in the pores after 
the hydrated particle dissociates by about 70%. Given the 
spherical curvature of the particle, we obtain peak pressure 
in the later stages of decomposition (about 90%).

The self-preservation range may be considered as 
regions of low permeability curves in Figs. 8 and 9, when 
the pressure in the pores is close to the equilibrium value 
for a given temperature most of the conversion time. It can 
be said that the  dissociation with self-preservation (at least 
in one of the variants of this phenomenon) is limited by 
filtration. With a sharp change in permeability, the solution 
moves from one curve to another. 

The permeability of the ice crust, however, is uncertain. 
Its direct measurement is challenging, therefore, it is 
necessary to look for suitable assessment methods. As 
suggested above in (8), permeability can be considered 
(as a first approximation) in the form of a product of pore 
density and hydraulic resistance of a single pore. Then 
we need to measure the average pore diameter and their 
density per unit of surface. Both quantities, however, can 
change in the process of dissociation. Based on the surface 
microscopy studies of hydrates, the following values   were 
taken: an average pore diameter equal to 1 μm and a pore 
density equal to  1011 m-2 (pores occupy about 8% of the 
surface).

In the region of self-preservation, the density and 
size of pores change quite sharply due to multiple local 
temperature inhomogeneities that cause phase transitions. 
Thus, a simulation model of self-preservation can be 
proposed: when a particle enters a chosen temperature 
range, its permeability characteristics drop to small 
(compared to the initial) values. In the calculations, 
this drop occurs stepwise, after which the permeability 
begins to increase (due to the development of cracks and 
thermomechanical stresses).
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Fig. 8. The dependence of the solution to equation (30) on the 
fraction of unreacted hydrate X and the ratio kF/kR (values   are 
shown on the corresponding curves).
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Fig. 9.The dependence of the solution to equation (31) on the 
fraction of unreacted hydrate X and the ratio kF/kR (values   are 
shown on the corresponding curves).
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To validate the mathematical model, dissociation of 
methane hydrate of different origins (synthetic and natural) 
was studied under the conditions of gas combustion above 
a layer of powder [76]. The average particle size was 1.2 
mm for synthetic hydrate and 2.5 mm for natural one. 
The calculations were carried out for the experimental 
conditions, given permeability as a function of time. The 
comparison of the calculated and experimental data is 
shown in Figs. 10 and 11.

The change in permeability is specified through a 
change in the pore density (we assume that the pore size 
varies slightly under the experimental conditions). The 
initial density is 1011 m-2, but when it goes into the region 
of   self-preservation, it drops to 103 m-2.  The synthetic 
gas hydrate remains in the self-preservation conditions 
for a relatively short time,  therefore, pore density in the 
calculation decreases and grows stepwise, which allows 
a fairly close reproduction of the measured kinetic curve 
(Fig. 10). Particles of natural gas hydrate are 2 times 
larger, so the duration of its decay, including the time 
spent in the self-preservation conditions, lasts longer. A 
stepwise change in pore density, in this case, gives high 
deviations; therefore, attempts were made to find a better 
approximation for the dynamics of permeability reduction. 
As the calculations show, the best agreement with the 
experiment is provided by a linear increase in the logarithm 
of pore density, i.e. exponential growth in the number of 
pores in time (Fig. 11). This dependence can be explained 
in terms of the development of random cracks.

The change in temperature and gas pressure in the 
particle can be seen in Fig. 12: when the site of self-
preservation occurs, the pressure in the pores increases 
sharply, reaching equilibrium values, and dissociation 

Fig. 10. Kinetic curves of dissociation of gas hydrates: 1 and 3 – natural 
gas hydrate; 2 and 4 – synthetic gas hydrate (lines – calculation, 
markers – measurements).

Fig. 11. Gas emission rate during dissociation of methane 
hydrate, kg/s: a – synthetic gas hydrate, b – natural gas hydrate 
(solid lines - calculation, markers – measurements).

Fig. 12. Calculated parameters of dissociating artificial hydrate 
particle: a – pressure, b –  temperature.
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practically stops. After returning to the initial permeability, 
the mass-loss rate becomes high due to the high rate of 
transfer processes after depressurization in the pores 
of the particle. In the case of natural hydrate, the rate of 
dissociation, taking into account self-preservation, slows 
down more smoothly, due to a larger particle size and, hence, 
higher filtration resistance of the ice crust (Fig. 11). Thus, 
using a fairly simple model with dynamic permeability, 
we can reproduce the phenomenon of methane hydrate 
self-preservation and study some details of this process 
associated with the internal state of the particle (apparent 
kinetics of dissociation, gas pressure in the pores).

VI. MaTheMaTICal MODelING OF DIssOCIaTION 
OF a Gas hyDRaTe layeR IN a ONe-DIMeNsIONal 

aPPROxIMaTION

The above calculations were based on the approximation 
of the thermal uniformity of particles and the possibility of 
representing the entire powder layer as a single particle. 
This approximation is applicable to thin layers, and with 
an increasing thickness (which is especially important 
for technological applications) it is necessary to take into 
account the inhomogeneity of heating along the layer 
height. It is especially important for the combustion of 
gas hydrates when temperature gradients could be large 
[77, 78]. In this section, we consider a problem in the one-
dimensional approximation, where the spatial coordinate 
is the layer height. The problem statement is presented in 
Fig. 13.

A layer of powder of height L on a thermally insulated 
surface is considered. At the initial moment, the temperature 
of the powder is Tin, and the gas pressure in the porous 
space is atmospheric (Pout). Hydrate is heated by convective 
heat transfer from the ambient air with a temperature Tout. 
When the dissociation conditions are reached, the gas 
hydrate decomposes, and the released gas flows between 
the particles and leaves the powder layer. The perturbations 
introduced by the gas flow over the powder layer, the 
effect of self-preservation, and the influence of gravity are 
neglected. We use a single-temperature approximation (heat 

transfer between gas and particles occurs faster than heat 
distribution due to heat conduction and gas movement). 
Then the system of heat and mass transfer equations inside 
the layer is written as follows:
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Here Peq is the equilibrium gas pressure above the 
hydrate at a given temperature, and Kd is the apparent 
dissociation kinetic coefficient, which is determined by the 
expression:
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The boundary and initial conditions are as follows:
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The calculations were carried out with the following 
parameters: a layer height is 20 mm, an average particle 
size is 1 mm, porosity is 0.4, the initial temperature of the 
powder is 190 K, and the outer temperature is 473 K. The 
heat transfer coefficient of the layer surface is 10 W/m2/K. 
The effective coefficient of thermal conductivity of powder 
was calculated according to the recommendations [50]. 
Hydrate and ice phases have a thermal conductivity of 
about 0.2-0.5 W/m/K but heating of the whole layer occurs 
through porous space filled with gas and contact areas 
between particles, i.e. Biot number for a single particle is 
still small but Biot number for a layer of particles could be 
very large. 

A numerical algorithm used for the calculations 
was previously developed for a mathematical model of 
pyrolysis of woody fuel particles [58]. Each moment is 
divided into several calculation stages. First, a kinetic step 
is made, gas sources and heat sinks are calculated. In the 
next step, the pressure and velocity fields are calculated. 
Finally, the problem of thermal conductivity is solved. 
The calculation results are shown in Figs. 14 and 15. It is 
possible to averagely divide the layer height into sections 
corresponding to particles and construct the dynamics 
of heating and dissociation of particles in these sections. 
Since the layer height is 20 particle diameters, the curves 
are plotted for these sections with reference to the layer 
(particle) number, and the calculation is carried out starting 
from the bottom of the tank.

Fig. 13. Hydrate powder layer dissociation model.
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To simulate the heating of a layer from the air, it 
is necessary to take into account the melting of ice at 
temperatures above 273 K. Therefore, in addition to the 
equations of thermal conductivity and filtration, the Stefan 
condition for the phase transition is included in the system. 
Considering the scheme of layer dissociation similar to that 
used in [79], we can neglect the effect of water drainage.

Ice melting occurs as a monotonic process of heat 
absorption at a constant temperature: one can see in Fig. 14 
the areas, where the temperature remains constant for long 
periods. In contrast to melting, dissociation is characterized 
by significant temperature fluctuations, including those 
associated with collective effects. Dissociation begins when 
thermobaric stability limits are reached but it is kinetically 
limited at low temperatures. Therefore, the heating of the 
lower layers is faster than the complete dissociation of 
the upper layers. When dissociation in the 18th particle 
begins, the surface still does not have time to decompose 
completely (see Fig. 15). As a result, heat sink intensifies, 
and sharp minima are observed on the temperature curves. 
Even the melting of ice on the surface (time point of about 
250 s) is interrupted due to the intense absorption of heat 
by dissociating inner layers. The developed mathematical 
model will allow us to calculate the variance in the particle 
decomposition rate in different sections of the layer, find 
reasonable averaging methods, and compare them with the 
ones used above.

VII. CONClUsIONs

1. The paper proposes a mathematical model for the 
dissociation of gas hydrates, which is based on 
the hypothesis of a filtration mechanism of self-
preservation. The model takes into account the kinetics 
of heterogeneous decomposition and gas transport in 
the pores of a particle. The presented model is shown 
to distinguish several conditions of decomposition of 

hydrate particles. The establishment of these conditions 
depends on the characteristics of the porous structure 
of the ice crust. With a high pore density, a kinetic 
decomposition occurs, and at a low pore density, 
filtration is involved. For intermediate values   of pore 
density during the decomposition process, the conditions 
change.

2. Based on the experimental data analysis conducted by 
different scientific teams, new kinetic coefficients of 
dissociation of methane hydrate at low temperatures 
were obtained. The activation energy of the process of 
low-temperature dissociation (34 kJ/mol) is much lower 
than the known activation energy of dissociation at 
temperatures above ice melting, which may be due to a 
change in the dissociation mechanism.

3. The developed model and new kinetic coefficients were 
used to reproduce the experimental kinetic features of 
the methane hydrate dissociation in a thin powder layer: 
the dependence of the dissociation kinetics on time, 
particle size, and heat fluxes.

4. A one-dimensional unsteady mathematical model 
of dissociation of a layer of gas hydrate particles was 
developed taking into account heat transfer and filtration 
in a porous volume. The model allows us to investigate 
the features of the collective behavior of gas-emitting 
particles, the absorption of dissociation heat, and to 
evaluate inhomogeneities along the layer height.
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Fig. 14. Dynamics of temperature changes in a layer of gas 
hydrate particles.

Fig. 15. Dynamics of unreacted hydrate fraction changes in a 
layer of powder.
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