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Abstract: The interest in natural gas hydrates is due both to huge natural reserves and to the
strengthened role of environmentally friendly energy sources conditioned by the deterioration
of the global environmental situation. The combustion efficiency increase is associated with the
development of understanding of both the processes of dissociation and combustion of gas hydrates.
To date, the problems of dissociation and combustion have, as a rule, been considered separately,
despite their close interrelation. Usually, during combustion, there is a predetermined methane flow
from the powder surface. In the present paper, the combustion of methane hydrate is simulated
taking into account the non-stationary dissociation process in the powder layer. Experimental studies
on the methane hydrate dissociation at negative temperatures have been carried out. It is shown that
due to the increase in the layer temperature and changes in the porosity of the layer over time, i.e.,
coalescence of particles, the thermal conductivity of the layer can change significantly, which affects
the heat flux and the dissociation rate. The flame front velocity was measured at different external air
velocities. The air velocity and the vapor concentration in the combustion zone are shown to strongly
affect the combustion temperature, flame stability and the flame front velocity. The obtained results
may be applied to increase the efficiency of burning of a layer of methane hydrate powder, as well as
for technologies of degassing the combustible gases and their application in the energy sector.

Keywords: combustion; methane gas hydrate; gas hydrate dissociation; heat transfer

1. Introduction

The huge natural reserves of methane in the form of gas hydrate deposits induce a
large number of scientific research and solutions to various technological problems realized
in the world’s scientific centers. Even in the coming decades, natural gas hydrates, as well
as artificial methane hydrates, will be considered as an additional source of energy [1].
The prospects for the production of natural gas hydrates, as well as the problems of the
development of these technologies, are considered in [2–4]. Despite the higher cost, the
production of gas hydrates is approaching the efficiency of methane production using
conventional production methods. The deterioration of the environment leads to the need
to increase the costs of eliminating the influence of polluting factors. Today, great efforts
are being made to reduce the rate of climate warming, which also strengthens the role of
environmentally cleaner energy sources.

The main regularities of the growth and dissociation of gas hydrates and equilib-
rium curves, as well as the types of gas hydrates and the structure of their elementary
cells are given in [5,6]. Already, today, gas hydrates are used in various tasks: the gas
flow assurance [7]; storage of natural gas hydrates [8,9]; increasing the efficiency of the
natural hydrate recovery [10,11]; and technologies related to the gas separation and CO2
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sequestration [12–14]. The technology of the water desalination has high efficiency [15].
Environmental problems are considered in [16,17]. When burning gas hydrates, a signifi-
cantly smaller amount of NOx is released, and there are also no emissions of sulfur and
other harmful substances that are released during the combustion of various coal fuels that
cause significant harm to the environment [18,19].

The rate of growth and dissociation of methane hydrate depends on a large number of
factors: pressure, temperature, powder surface area, and type of unit cell [5,6]. Empirical
expressions in the form of Arrhenius equations describing the dissociation of methane
hydrate using activation energy are given in [20,21]. The kinetic coefficients in these studies
are found by processing experimental data obtained at different sample temperatures.
The method of describing the growth rate of methane hydrate is considered in [22]. The
heterogeneity of the powder porosity during the dissociation of methane hydrate leads
to the formation of an uneven outflow of methane from the surface of the powder layer.
Incomplete combustion of methane leads to the formation of methane gas bubbles, which
are removed upwards from the combustion region [23,24]. Insufficient speed of air-fuel
mixing in the methane bubble area may result in incomplete methane combustion and in a
decrease in combustion efficiency [24].

When describing the dissociation rate of a gas hydrate, it is important to take into
account both the dissociation kinetics and the heat and mass transfer inside a porous rock.
Modeling of offshore methane hydrate production is considered in [25,26]. This simulation
should deal not only with the kinetics of dissociation of natural gas hydrate, but also
the mechanisms of transfer in a porous space. The account of heat and mass transfer in
modeling of the injection of carbon dioxide in the gas hydrate deposits is given in [27,28].
The effect of heat transfer on the gas hydrate dissociation in porous media is given in [29].

The dissociation rate and simulation depend on the temperature range. Methane
hydrate decomposes into gas (methane) and water (a film of water forms on the surface of
the particle) at sample temperatures above 273 K. In the range of temperatures below 273 K,
the dissociation of methane hydrate is accompanied by the formation of an ice crust (on
the surface of the particle) and gas (methane), which is removed from the particle through
a porous space in the ice shell. When modeling the dissociation of methane hydrate in
the region of negative temperatures, it is necessary to take into account both the pore
structure and the phenomenon of so called “self-preservation” [30,31]. Self-preservation
refers to abnormally low dissociation rates in the temperature range of 228–271 K [30]. The
dissociation rate of gas hydrate during self-preservation decreases by several orders of
magnitude. The dissociation behavior depends on the thickness of the ice shell, as well as
on the ice structural characteristics on the particle surface [31–33]. Due to the occurrence of
self-preservation at the initial moment of fuel ignition, a noticeable decrease in the flame
front velocity is realized [34]. Experimental studies on the influence of key factors on the
dissociation of gas hydrates are given in [35–38]. Modeling of dissociation, taking into
account the porosity of gas hydrate particles is given in [39]. A semi-empirical model of
dissociation of a spherical gas hydrate particle using an effective diffusion coefficient is
given in [40]. The kinetic coefficients in the dissociation equation in the Arrhenius form (at
negative powder temperatures) are obtained by processing experimental data in [41,42].
These kinetic coefficients significantly differ from those corresponding to methane hydrate
dissociation at positive temperatures, i.e., when ice does not form during dissociation [42].
The diffusion model of dissociation of gas hydrate taking into account self-preservation
is given in [43]. The characteristic pore sizes and their influence on the gas hydrate
dissociation are discussed in [44]. The formation and dissociation kinetics of gas hydrates
presented in the review [45].

When a gas hydrate burns over a powder layer, the gas flow is unevenly distributed
over the surface due to inhomogeneous dissociation and an uneven temperature field
inside the layer. In addition, the dissociation rate changes over time, which complicates
the modeling. The spherical shape of the particles also leads to the dependence of the
dissociation rate of the gas hydrate on time [46]. Combustion of a porous layer of propane
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hydrate is inhomogeneous and unstable. Non-stationary combustion is realized inside the
layer in the form of flames [47]. The motion of the flame front edge in the presence of a
laminar air flow is studied in [48–50]. Measurement of the temperature profile in the gap
during the combustion of the methane-oxygen mixture is performed in [51,52]. Methane
enters the narrow gap from the powder tank, where the dissociation of methane hydrate
is realized. The maximum temperature value on the slit axis does not exceed the value
of 1600–1650 K. The simulation shows that the combustion temperature decrease is due
to the high concentration of water vapor in the combustion zone. Experimental studies
of the combustion of the methane hydrate sphere are carried out in [53,54]. The square
of the sphere diameter decreases non-linearly with the burning time, which is associated
with self-preservation inside the pressed sphere. Modeling of the effect of water vapor
on the combustion of a methane hydrate particle in the air atmosphere is given in [55,56].
The simulation data on the combustion temperature correlate with [51,52]. The maximum
calculated combustion temperature does not exceed 1650 K. The influence of water vapor
on the combustion kinetics is studied in [57].

An analysis of the literature has shown that there is very little experimental data on
the effect of methane hydrate combustion on the powder texture, particle size, and porosity
of the layer. Additional experimental data are needed to establish the effect of combustion
on the non-stationary nature of dissociation.

2. Experimental Methods

For experimental studies on the dissociation and combustion of methane hydrate, an
artificial methane hydrate synthesized in a high-pressure reactor was used (Figure 1a). The
method of synthesis of methane hydrate and a detailed description of the experimental
setup are given in [24,42]. To accelerate the production of methane hydrate powder, finely
crushed ice with a particle diameter of 0.2–0.3 mm was used. Methane gas with purity
99.98% and distilled water were used. The ice powder was placed in a reactor with methane
for the synthesis of gas hydrate. In the working chamber of the reactor, the temperature
was 274 K, and the methane pressure was 5.5–6 MPa (with an error of ±0.5 bar).
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Figure 1. (a) Methane hydrate powder synthesis scheme: 1, coolant temperature meter; 2, heat exchanger for cooling
the reactor working chamber; 3, high-pressure reactor working chamber; 4, methane hydrate powder; 5, 6, devices for
measuring and adjusting the gas (methane) pressure; 7, thermocouple for measuring the temperature in the working
chamber; 8, temperature controller; 9, PC; (b) scheme of the working unit for studying the dissociation of the methane
hydrate powder layer and its combustion; (c) a two-layer dissociation scheme of a spherical methane hydrate particle (rf is
the radius of the methane hydrate sphere and r0 is the initial radius of the particle).
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After the gas hydrate synthesis, the pressure in the chamber decreased. The powder
was removed from the working chamber, crushed again and cooled at the temperature
of liquid nitrogen. This scheme was repeated several times until the required amount of
gas hydrate was reached. After sieving the powder using sieves, the particle diameter
corresponded to a range of values from 0.2 mm to 0.3 mm. The X-ray diffraction served to
find that the mass content of ice in the synthesized methane hydrate was approximately
1–2%. The manufactured methane hydrate corresponded to cubic structure I. The elemen-
tary cell of the methane hydrate was 2D·6 T·46H2O. The initial mass content of methane
in the powder was 9–10%. The scheme of the working installation is shown in Figure 1b.
At methane hydrate dissociations, ice and gas were formed. Methane was removed from
the powder into the atmosphere, and as a result, the mass of the sample decreased with
time. The change in the powder mass was measured using the gravimetric method (scales
Vibra AJH 4200 CE). The working area with the gas hydrate was located on the scales.
Before the experiment, the methane hydrate powder was extracted from liquid nitrogen
and poured into the working area. The temperature of the powder continuously increased
due to heat exchange with the ambient medium. The outside air temperature corresponded
to 297 K. The external air pressure was 1 bar. When the equilibrium temperature was
exceeded (approximately 193 K), the gas hydrate dissociated. A methane–air–water vapor
diffusion layer was formed above the powder layer. Combustion occurred with the help
of the pilot burner (Figure 1b). When combustion occurred, the edge of the flame front
moved from right to left, in the opposite direction from the forced laminar air flow. The
powder was located in the working area with dimensions: layer height of 15 mm, width of
40 mm, and length of 50 mm. The dissociation rate of methane hydrate was determined
as J = ∆m/∆t, where ∆m was the change in the powder mass over the dissociation time
interval ∆t. The experimental error in measuring the dissociation rate of the gas hydrate
(taking into account the measurement error of the powder mass and the approximation
error of the measurement data) did not exceed 7–8%. It is important to note that J is not a
local value, but is defined as an integral value for the entire surface of the powder (there is
an inhomogeneous distribution of J on the surface of the layer). The temperature inside
the powder layer was measured by thermocouples. The layer surface temperature Ts was
measured using a thermal imager (NEC San Instruments). The relative measurement error
Ts corresponded to ±1 K. In this case, the error of the thermocouple (after calibration)
corresponds to ±0.1 K (the error range of ±1 K is mainly of a methodological nature, since
the thermocouple is located inside a porous layer, but not inside a solid particle).

3. Modeling and Experimental Results
3.1. Dissociation of Gas Hydrates at Negative Temperatures

In the quasi-stationary approximation of the isothermal dissociation process, as well
as at moderate dissociation rates, the diffusion flow of methane (during dissociation) is
assumingly equal to the dissociation rate of methane hydrate. This approximation is
justified, since, for methane hydrate particles with a size of 0.1 mm, the time period of
dissociation is many times longer than the period of establishing stationary equilibrium.
In experiments, particles with a significantly larger size are usually used. In addition, the
Lewis number (the ratio of the diffusion coefficient to the thermal conductivity coefficient)
is much less than one. As a result, the main resistance for the dissociation process will
be the internal dissociation kinetics and diffusion. Since the value of the dimensionless
Bio criterion is very low, the temperature inside the particles will be quasi-uniformly
distributed. The temperature unevenness occurs only for a thick layer of powder and
will be taken into account when solving the equations for heat transfer. Let us consider
the problem for the dissociation of a spherical particle (each layer consists of separate
spherical particles). The particle packing density is regulated by the porosity, which is
determined experimentally based on the mass and volume of the layer. A schematic
representation of the dissociation of the methane hydrate sphere is shown in Figure 1c.
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During dissociation, the thickness of the ice crust layer δ (δ = r0 − rf) increases, and the
radius of the non-dissociated sphere of the methane hydrate rf decreases with time.

Taking into account the Darcy equation, the flow of methane Jm through the pores of
individual particles will correspond to Equation (1),

− 4πr2ρm
kD
µ

dP
dr

= Jm (1)

where r is the average particle radius for the entire powder, ρm is the density of methane
inside the pores, P is the pressure of methane inside the pores, µ is the dynamic viscosity of
methane at a set temperature and gas pressure inside the pores, and kD is the permeability
coefficient, which is associated with a diameter of pores dp, and with a density of pores
σp (a density of pores is number of pores per 1 square meter (1/m2)) by the equation:
kD = (F1dp

2)/32 [58], where F1 = (σfπdp
2)/4 (F1 is a surface part occupied by open pores).

In the approximation of the ideal gas equation (the maximum pressure used in experi-
ments with the gas hydrate dissociation is below 30 bar, which allows using the ideal gas
equation), as well as a result of integration, we obtain Equation (2) for the flow of methane
Jm through the porous space of spherical particles.

Jm =
2πkD Mr

µRgT

(
P2

f − P2
0

)
(

r f
−1 − r−1

0

) (2)

The dissociation rate of methane hydrate can also be expressed using a semi-geometric ki-
netic expression [20,21] Jm = 4πr2

f kR

(
Peq − Pf

)
, where the kinetic constant kR = k0·exp(−Ea)/

RgT) (k0 is the internal kinetic constant and Ea is the activation energy during the dissociation
of methane hydrate). The values of k0 and Ea at negative dissociation temperatures of methane
hydrate were obtained experimentally in [24] (k0 = 0.003 kg/(m2Pa·s), Ea = 33.8 kJ/mol).
Equating the expressions for the flows taking into account the dissociation kinetics and the
filtration rate, we obtain Equation (3)

2r2
f kRµRgT

kD Mr

(
1
r f

− 1
r0

)(
Peq − Pf

)
=
(

P2
f − P2

0

)
(3)

Let us represent the parameters in the left part of Equation (3) in the form of the
parameter λ and solve the resulting quadratic equation with respect to the unknown
pressure in the pores Pf, so we obtain the solution in the form of Equation (4) for the
methane flow Jm.

Jm = 4πr2
f kR

(
Peq +

λ

2
−
√

λ2

4
+ P2

0 + λPeq

)
(4)

Let us represent the dissociation rate of methane hydrate as a degree of transformation
of the particle X over time t (A = mH/m0, mH is the current mass of methane hydrate, m0 is
the initial mass of methane hydrate, mH = mg/B, B is the initial mass concentration of
methane in the gas hydrate (B = 0.14), the initial mass of the particle m0 = 4

3 πρsr3
0, and the

parameter λ =
2r0kRµRgT

kD Mr

(
A

1
3 − A

2
3

)
). Changes in the degree of transformation of methane

hydrate over time will be written as Equation (5).

dA
dt

= − 3kR
Bρsr0

A2/3

(
Peq +

λ

2
−
√

λ2

4
+ P2

0 + λPeq

)
(5)

The obtained expressions employ the pore parameters (porosity, pore diameter, and
pore density) to calculate the methane flow. In other works [20–22,29,40,43,45], the porosity
of the particles and the ratio of kinetic and filtration resistances are not considered, which
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prevents the correct dependence of the dissociation rate of gas hydrate on temperature in a
wide temperature range from being established (at temperatures below the melting point
of ice, including during self-preservation). In order to solve the system of equations, we
have developed a special computational code to find the characteristic parameters of the
dissociation of gas hydrates, as well as parameters of combustion under quasi-stationary
modes. When calculating the temperature field, the difference grid has the first order of
approximation for the time step and the second order for the spatial step (the time step was
0.1 s; the maximum number of layers in the powder layer (at the maximum layer height)
corresponded to 60 layers). The maximum difference between calculating the powder mass
during dissociation of methane hydrate and the experimental data, does not exceed 10%.

The dissociation rate of methane hydrate is inversely proportional to the initial average
radius of the particles. To increase the efficiency of storage and transportation of methane
hydrate, it is more profitable to produce methane hydrate in the form of large particles
when low dissociation rates are realized. For effective combustion of methane hydrate, it is
necessary, on the contrary, to use particles of small size, since low rates of methane release
can lead to the termination of combustion.

Figure 2 shows the calculated data on the change in the pressure difference in the
pores for different values of the average radius of particles in the methane hydrate powder
layer. These curves are obtained under the condition of self-preservation, in which the pore
size reaches a low value, and the filtration resistance becomes sufficiently high and controls
the nature of the decomposition of methane hydrate. For the calculation, the following data
are taken: the external air pressure P0 = 1 atm, the pore radius inside the spherical particles
rp corresponds to the average pore radius of 0.3 µm (this pore radius is taken in accordance
with the data of various works where a high degree of self-preservation is achieved). With
the time of dissociation, the degree of transformation A increases.
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Figure 2. The methane pressure Pf on the reaction front in the dimensionless form (Pf − P0)/(Peq − P0);
depending on the degree of transformation, A at changes in the initial average radius of the particles in
the powder layer r0 (powder temperature of 260 K).

As follows from Figure 2, the pressure in the pores at the methane hydrate dissociation
front varies greatly with time and has a nonlinear character. Pf depends on the initial parti-
cle size. The above equations addressed a thin layer of powder, when a quasi-isothermal
formulation is acceptable not only for particles, but also for the entire layer, as well as a
homogeneous temperature distribution within the layer. For a thick layer and at a high heat
flux, a spatially inhomogeneous and non-stationary temperature field will be observed. In
this case, it is necessary to simultaneously solve both the equation for heat transfer inside
the powder layer and the equation of dissociation of methane hydrate. Let us consider the
heat transfer in the powder layer using the effective thermal conductivity coefficient with
λef, which takes into account the thermal conductivity of solid particles and methane as
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well as the porosity of the layer. During the dissociation process, the layer height decreases,
which indicates a change in the porosity of the powder over time due to the coalescence
of particles. Next, we will vary the λef for numerical solutions of the equations. Let us
consider the heat transfer equation in a powder layer in the form of a one-dimensional
equation, Equation (6):

cpρ
∂T
∂t

= λe f
∂2T
∂z2 − QρH(1 − Por.)

∂A
∂t

(6)

where T is the temperature inside the powder layer; t is the dissociation time of methane
hydrate; z is the height coordinate of the powder layer; cp is the specific heat capacity of
powder particles (taking into account the transformation A, both the heat capacity of ice
and the heat capacity of gas hydrate are considered); λef is the effective value of the thermal
conductivity coefficient for the entire powder layer; Q is the heat of dissociation of methane
hydrate; A is the degree of transformation of a methane hydrate particle; Por. is the porosity
in the powder layer, which is defined as Por. = (ρH − ρ)/ρ (ρH is the density of the gas
hydrate; and p is the average density of the powder in the layer (ρ = ρH(1 − Por.)). In this
formulation, the heat flux along the longitudinal coordinate is neglected (the side walls
are considered as heat-insulated with high thermal resistance). The z coordinate changes
with the height of the powder layer. Boundary and initial conditions of heat exchange are
introduced for the upper surface of the layer. The average density in the powder layer
and the degree of transformation are related by the ratio ρ

1−P or.
= AρH + (1 − A)ρI (ρH

and ρI are the densities of methane hydrate and ice in a solid particle). For the upper
boundary of the powder layer (coordinate z = 0), a boundary condition is introduced,
−λ ∂T

∂z

∣∣∣
z=0

= α(T − Ta), where Ta is the temperature of the external air, and α is the
convective heat transfer coefficient for the gas medium.

For the lower boundary of the powder layer, we write the boundary condition for
conductive heat transfer −λ ∂T

∂z

∣∣∣
z=H

= λ1w
δw

(T − T0), where λ1w is the thermal conduc-
tivity of the heat-insulating material of the wall, δw is the wall thickness, and T0 is the
temperature of the outer boundary of the thermal insulation. The heat transfer coeffi-
cient α can be related to the gas velocity through the equation for the Nusselt number
(Nu = αL

λ = 0.664Re0.5Pr0.33), where Re = Ua L
ν , Pr = ν

a , ν is the kinematic viscosity of the
gas, λ is the thermal conductivity of the gas, a is the temperature diffusivity, and L is the
characteristic longitudinal length of the layer on which the wall boundary layer develops.

Figure 3 shows calculated and experimental data on the change in the dimensionless
mass of the powder with a continuous increase in the temperature of the powder due to
heat exchange with the ambient medium (the presence of conductive and convective heat
flux). With an increase in the velocity of the laminar forced air flow Ua, the dissociation
rate of the gas hydrate Jm increases (the total dissociation time decreases and the slope of
the curved lines increases). The increase in Jm is associated with an increase in the heat
transfer coefficient α and the heat flux, which is proportional to (Ua)0.5. It should be noted
that at Ua = 0 m/s, there is also a gas flow over the surface of the powder layer due to
buoyancy, since there is a temperature gradient on the surface. The characteristic value
of the convective velocity of the gas U at the characteristic length of the heat exchange
section L can be determined (in accordance with the gas buoyancy) by an approximate

ratio (without taking into account the forces of viscous friction) U ≈
√

2β∆TL (β is the
coefficient of thermal expansion of the gas). At high values of Ua (Ua > 6–8 m/s), an increase
in the air velocity practically ceases to affect the change in dissociation, i.e., the curves tend
to an asymptotic solution. At low heat fluxes (Ua = 0 m/s), the self-preservation site is
more prominent. The above equations allow the behavior of methane hydrate dissociation
to be predicted, taking into account the air velocity and the thickness of the powder layer.
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Figure 3. The change in the mass of methane hydrate during dissociation at different values of the
velocity Ua (Ua is the velocity of the external air (Figure 1b), the height of the powder layer is 18 mm,
the average diameter of the particles is 0.2–0.3 mm, and the porosity of the powder is 50%).

The effective thermal conductivity of the powder layer [58] is usually calculated when
the particles are integral solid spheres (Figure 4a). In this case, the effective value of the
thermal conductivity coefficient in the powder (λef) can be calculated using Equation (7) [58]:

λe f = λmPor. + λs(1 − Por.)
1

G λs
λm

+ 2
3

(7)

where λm and λs are the thermal conductivity coefficients of methane and solid particles,
and G is the parameter that takes into account the contact surface between the particles.
When the powder is poured into the working area, the dimensions of the aggregates, due
to the coalescence of particles, change in the range of 0.5–3 mm. Thus, the size of the
aggregates is much larger than the particle size of 0.2–0.3 mm. In this case, the packaging
of aggregates in the layer (Figure 4b) is fundamentally different from the packaging shown
in (Figure 4a).
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Figure 4. (a) The location of the particles in the powder layer; (b) the location of the particle aggregates
in the powder layer.

It is obvious that the heating of an integral solid sphere will be faster than for the
aggregate consisting of many particles. Given that the thermal conductivity of ice and
methane hydrate is higher than that of gas, the heating of a powder layer consisting
of aggregates may be slower than for a layer of integral solid spheres (particles). In
addition, the porosity is distributed unevenly across the layer, which can also slow down
the conductive heat transfer in the layer. With reference to the above, it is important to
assess how a decrease in the effective thermal conductivity (due to particle aggregation)
will affect the rate of dissociation of methane hydrate. To simplify the analysis, Figure 5
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shows the calculated curves for the total dissociation time of methane hydrate tfull. The
value of the effective thermal conductivity is varied using the coefficient a, which varies
from 1 to 0.1. The calculation results are performed at different thicknesses of the powder
layer h; 3, 7, 17 mm.
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Figure 5. The dependence of the total dissociation time of methane hydrate tfull on the ratio
k0/k0(m) and with a change in the thermal conductivity of the powder layer λef (the kinetic con-
stant k0(m) = 0.003 kg/(m2Pa·s) refers to methane hydrate at negative temperatures [41]; the effective
thermal conductivity of the layer is defined as λef1 = aλef; at a = 1, λef1 = λef, in this case, the effective
thermal conductivity of the layer is calculated in accordance with Equation (7)): 1 (black)–a = 0.1, 2
(red)–a = 0.2, 3 (green)–a = 0.5, 4 (blue)–a = 1.

An increase in the dissociation rate (an increase in k0/k0(m)) at k0/k0(m) > 1 has a weak
effect on a decrease in the total dissociation time of the gas hydrate. In this case, the decisive
role is played by the thermal resistance of the layer and external heat fluxes. A strong influ-
ence of the dissociation kinetics is manifested for small values of k0/k0(m) (k0/k0(m) � 1).
At very low values of k0/k0(m), the predominant dissociation time corresponds to the maxi-
mum deviation of the system from equilibrium. The powder warms up quickly and turns
out to be in the region of maximum temperature, which leads to an increase in the heat of
dissociation (there is an exponential dependence of the dissociation rate on temperature
and a linear dependence on the pressure difference). Therefore, in the specified region
(k0/k0(m) � 1), there is a strong dependence of the dissociation kinetics on the internal
dissociation constant. A small error in the measurement of the activation energy, or in k0,
will lead to a significant error in the calculation of the total dissociation time. As mentioned
above, high values of k0/k0(m), on the contrary, lead to a weak dependence of the calculation
error on the accuracy of determining k0(m). With a thick layer (h = 17 mm), the effect of the
thermal conductivity of the layer is maximum. A 10-fold decrease in the effective thermal
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conductivity of λef1 leads to a more than two-fold increase in tfull. For a thin powder layer
(h = 3 mm), the thermal conductivity of the layer has a noticeably weaker effect on the
solution at k0/k0(m) > 1.

3.2. Combustion of Methane Hydrate at Dissociation of a Powder Layer

When combustion occurs above the powder layer, the heat flux from the gas phase
to the layer increases dozens of times. In addition, the combustion region is located at a
distance of several millimeters from the layer surface. As a result, areas with a relatively
high temperature may appear near the gas hydrate, which leads to the formation of a high
concentration of steam in the combustion region. The presence of an external air flow
affects the effective convective heat transfer coefficient, which is calculated both in the
previous paragraph using the numbers Nu, Re and Pr. The heat balance in the combustion
zone is written as Equation (8),

∑
j

h0
j n0

j = ∑
j

hjnj + τχ(T − Ts) = ∑
j

hjnj +
αe f 1

Ua
(T − Ts) (8)

where τ is the average time of finding the reacting gases in the combustion region; χ is
the effective volumetric heat transfer coefficient for a mixture of gases, which takes into
account the volumetric heat losses during fuel combustion W·m−3·K−1); nj is the molar
concentrations of the gas components (mole·m−3) (superscript 0 refers to the initial compo-
sition, i.e., before the combustion reaction); h is the molar enthalpy (J·mole−1), and h0 is
the molar enthalpy at the initial gas temperature (T0 = 300 K). Specific enthalpies were
determined in accordance with [59]. The initial average temperature on the surface of the
powder layer at the occurrence of combustion Ts = 243 K. The relative humidity of the
external air corresponded to 30%. The reaction rate at the stationary front was considered
in the approximation of an ideal mixing reactor in accordance with [60] (Equation (9)):

r = k0 exp
(
− E

RgT

)
nm1

CH4
nm2

O2
, n0

CH4
− nCH4

=
Le f
U0

r,

n0
O2

− nO2
= 2

Le f
U0

r

nCO2
− n0

CO2
=

Le f
U0

r, nH2O − n0
H2O = 2

Le f
U0

r

(9)

where the pre-exponential factor is k0 = 0.883·107 (s−1), and the activation energy is
E = 121·103 (J·mole−1), m = m1 + m2 = 1.69.

Figure 6a shows the results of modeling the combustion temperature and the methane
flow (Figure 6b) with a change in the concentration of water vapor in the combustion region
(at the external air velocity Ua = 1 m/s). The methane flow reflects the dissociation rate of
methane hydrate. Thus, with an increase in Cw дo of 60–70%, the molar concentration of
methane in the mixing layer (methane–air–water vapor) will decrease several times, which
can lead to the cessation of combustion.

Experimental data show that the combustion becomes unstable at a high air velocity
((Ua > 1–1.5 m/s), which is associated with both high heat losses and a decrease in the rate
of methane entering the combustion zone. The combustion temperature drops by 450 K
when the Cw increases from 0 to 70%. The experimental value of the maximum combustion
temperature is 1700–1750 K, which corresponds to Cw = 60–65%. These values correlate well
both with the calculated curve in Figure 6a and with the results of the work [51,52,55,56].

The effect of the water vapor concentration on the heat flux qf, directed from the com-
bustion region to the upper surface of the powder is shown in Figure 7. When Cw = 55–60%
is exceeded, the slope of the curve increases noticeably. An increase in the amount of water
vapor leads to a decrease in the combustion temperature and, accordingly, to a drop in
the heat flux into the wall. For correct modeling of heat transfer and dissociation rate, it
is important to take into account the nonlinear dependence of heat transfer on Cw. The
ratio of heat loss qw due to water vapor to the heat flux qf also strongly depends on Cw. The
maximum value of qw/qf corresponds to the maximum concentration of water vapor.
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Figure 6. (a) Dependence of the maximum combustion temperature on the concentration of water
vapor in the combustion region (Ua = 1 m/s); (b) molar methane flow depending on the concentration
of water vapor (Ua = 1 m/s).
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Figure 7. The dependence of the heat flux density qf on the concentration of water vapor Cw

(Ua = 1 m/s. qf, heat flux in the direction from the combustion zone to the surface of the methane
hydrate layer); the dependence of heat losses (qw/qf) on the concentration of water vapor in the
combustion region (qw, heat loss associated with water vapor in the combustion region).

Figure 8 shows the experimental curves of the flame edge motion at different heights
of the powder layer h, as well as at different external air velocity Ua. The three re-conducted
experiments showed that the qualitative character of the curves remains, although the
values of the points somewhat differ (the discrepancies between the curves under identical
conditions do not exceed 20–30%). The flame front motion is realized from the rightmost
point of the working area to the left (against the air motion) (Figure 1b). When Ua = 0 m/s,
all three curves have a quasi-linear character. The linear nature of the curves and the highest
velocity of the flame front (Vf) correspond to the thickest layer (h = 17 mm). The ignition,
with the help of the pilot burner, for all experiments, begins at the surface temperature
of the powder Ts = 233–235 K (in the center of the working area—determined by the
measurements of the thermal imager). For lower layer heights h = 3 and 7 mm, the flame
front velocity Vfg decreases and there are 2–3 characteristic modes. For example, for curve 2
in Figure 8c, the first mode corresponds to Vf = 0.15 m/s. The flame front velocity of the
second mode is equal to Vf = 0.0043 m/s (about 40 times decrease in Vf compared to the
first mode).

The third mode corresponds to the velocity Vf = 0.09 m/s (about 20 times growth of
Vf in comparison with the second mode). Such a strong and contradictory dependence
of the behavior of Vf on the layer height and air velocity is associated with a complex
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dependence of the dissociation rate of methane hydrate on temperature, as well as on the
strong inhomogeneity of the temperature field.
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Figure 8. The motion of the flame front X during combustion of methane hydrate at different
heights h of the powder layer and at changes in the external air velocity Ua (1 (blue)—h = 3 mm;
2 (red)—h = 7 mm; 3 (yellow)—h = 17 mm; (a) Ua = 0 m/s; (b) Ua = 0.3 m/s; (c) Ua = 1 m/s.

Figure 9c shows thermal imaging measurements of the layer surface before the start
of combustion. It can be seen that the temperature field is extremely unevenly distributed.
The maximum temperatures always correspond to the side walls of the tank. Three charac-
teristic temperature sections are shown in the schematic Figure 9a. Section 1 corresponds
to the area of the beginning of combustion. The combustion front moves above the powder
surface at a velocity Vfg. The heat front also moves in the powder layer with the velocity
Vth. There is a higher temperature gradient at the boundary of this front. The tempera-
ture of the second section (before the combustion front) increases from Ts2 to Ts1 during
the time interval t2–t1. As mentioned above, the beginning of combustion is realized at
a temperature close to the self-preservation region (238 K). For a thick layer of powder
(h = 17 mm), heating inside the layer is realized more slowly (at any velocity Ua), compared
with thinner layers.

For all cases, there is both a self-preservation region and an area outside the annealing
temperature window at the same time. However, due to the slower heating (q~λ∆T/h,
the characteristic heating time is th~h, where h is the height of the layer), for a thicker
layer, a larger amount of powder is outside the self-preservation region and a higher
dissociation rate is achieved (a higher methane flow, both on the layer surface and in the
combustion region). This leads to stable combustion and a higher combustion temperature,
which provides a higher rate of chemical reaction when the fuel interacts with the oxidizer.
Conversely, a decrease in the height of the layer and an increase in the air velocity lead to a
faster heating of the powder and to its ingress into the region of a low dissociation rate. As
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a result, the stability of combustion and the reaction rate decrease. Thus, when simulating
combustion gas hydrates, it is important to take into account not only the air velocity, but
also the influence of the height of the powder layer, convective and conductive heat flux on
the dissociation rate.
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Figure 9. (a) Changes in the temperature field on the layer surface (three characteristic areas);
(b) changes in the layer surface temperature over time at combustion; (c) thermal imaging measure-
ments of the temperature on the layer surface (top view and cross section).

4. Conclusions

With the growth of air velocity, the dissociation rate increases as well. For a cor-
rect modeling of dissociation, it is important to take into account both convective and
conductive heat exchange.

The thermal conductivity of the powder layer and the conductive heat flux can change
significantly due to the formation of particle aggregates inside the powder layer, which
affects the dissociation rate of methane hydrate.

The air velocity and vapor concentration in the combustion zone strongly affect the
combustion temperature, flame stability and the flame front velocity.

An increase in the amount of water vapor leads to a decrease in the combustion
temperature and, accordingly, to a drop in the heat flux to the wall. For correct modeling
of heat transfer and dissociation rate, it is important to take into account the nonlinear
dependence of heat transfer on the concentration of water vapor.

A decrease in the height of the layer and an increase in the air velocity lead to a faster
heating of the powder and to its ingress in the self-preservation area. When simulating
combustion of gas hydrates, it is important to take into account not only the air velocity,
but also the influence of the height of the powder layer, as well as the convective and
conductive heat flux on the dissociation rate.

The obtained results may be applied to increase the efficiency of methane hydrate com-
bustion, as well as to develop existing methods for calculating the methane hydrate powder
layer, as well as for technologies for degassing combustible gases and their application in
the energy sector.
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Nomenclature

A the degree of transformation of methane hydrate (A = mH/m0)
a the thermal diffusivity
C the mass concentration
Cp the heat capacity
E the activation energy
h the molar enthalpy
h the powder layer height
Mr the molecular weight of gas
m mass
n the molar concentrations of gas components
Por the porosity in the powder layer
P the gas pressure
Q the heat of the methane hydrate dissociation
q the heat flux density
Rg the universal gas constant
r the reaction rate
r the radius of particle
t time
tfull the total dissociation time
T temperature
J gas flow
kR the kinetic constant
kD the permeability coefficient
k0 the kinetic constant refers to methane hydrate at negative temperatures
U the convective gas velocity
X the motion of the flame front
z the transverse coordinate
Greek symbols
α the convective heat transfer coefficient
δ the ice crust layer
λ the thermal conductivity
µ the dynamic viscosity
ν the kinematic viscosity
ρ density
σp the pore density
χ the effective volumetric heat transfer
Subscripts
a air
0 the outer boundary
eq equilibrium
eff effective
f the reaction front
g gas
H hudrate
I ice
m methane
s the layer surface
S solid
w wall
w water
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