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Abstract: This paper presents the numerical research findings for the conditions and characteristics
of methane-propane hydrate particle ignition. The curves of the ignition delay times of a hydrate
particle versus its size and ambient temperature were obtained. The effect of the rates of phase
transformations (evaporation and dissociation) on the hydrate particle ignition behavior was ana-
lyzed. Following the mathematical modeling of the processes under study using different heating
schemes of gas hydrates, the patterns of processes developing in a particle during the induction
period were identified. It was established that the ignition behavior of methane, propane, and other
gases was significantly different from that of other gases produced from hydrate decomposition.
The established differences form the basis for predicting the characteristics of gas hydrate ignition
at different power plants.

Keywords: gas hydrate particle; mathematical modeling; phase transformations; ignition; thresh-
old ignition conditions; ignition delay times

1. Introduction

Gas hydrates are a promising energy resource [1,2]. Methane hydrates are the most
common object of research due to their abundance worldwide [3]. One of the research
fields is the storage of gas in the form of hydrates [4,5]. Such storage is considered as
optimal in terms of fire and explosion safety and is effective due to the high volume ca-
pacity compared to natural gas [6]. Another important area of research is using gas hy-
drates as a new energy resource. This fuel type features high environmental characteris-
tics as its combustion leaves almost no solid products and yields significantly less gase-
ous anthropogenic emissions compared to conventional fuels [1,7]. Gas hydrates have a
heterogeneous structure. Their combustion mechanism is significantly different from
that of conventional liquid and solid fuels [8]. In particular, water in the gas hydrate
composition has a profound effect on the ignition and flame characteristics [1]. Gas hy-
drate combustion in the furnaces of power facilities requires studying the specific aspects
of ignition.

Most studies into the ignition of gas hydrates combine experiments and mathemat-
ical modeling, for instance, in [9]. Some studies on gas hydrate combustion deal with the
flame structure [8,10], the morphology of the surface of the samples [11,12], and dissoci-
ation at different heat fluxes [13-17]. A number of factors are responsible for the ignition
and combustion of gas hydrates: the shape of the particles, their size, heating medium
temperature, external conditions, characteristics of phase transformations, and so on. The
research into the effect of a hydrate sample shape revealed [11] that a spherical methane
hydrate particle combustion goes through two distinct stages. In the first stage, the hy-
drate surface remains dry, since the surface temperature at the beginning of combustion
is below the ice melting point. At the second stage, a water film emerges on the sample
surface. The gas hydrate’s self-preservation effect during dissociation [18] was found to
lead to unsteady combustion and flame extinction. The combustion of propane hydrate,
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which has a higher combustion stability than methane hydrate, was also studied [19]. In
the case of propane hydrate, the flame combustion front spreads very fast mainly due to
the expansion of burned gases. Then, the process rapidly fades with some hydrates re-
maining unburned. The water released in the combustion of gas hydrate is crucial, as it
slows down the heat transfer from the flame to the hydrates and prevents gas from en-
tering the combustion zone [19]. A similar conclusion was drawn [1,20,21] when studying
the effect of water on methane hydrate ignition behavior. A water film accumulating on
the gas hydrate surface sample contributes to the formation of methane bubbles and ac-
celerates liquid evaporation, thus leading to unstable combustion. Water vapors decrease
the flame temperature and combustion rate [1]. As shown by Padilla et al. [20], the
chemical effect of water consists in changing the rates of OH, H, and O radical formation
and depletion. Experiments [20] showed that the effect of water was mainly thermal, and
it decreased the temperature of the flame to its full extinction. The effect of the gas hy-
drate sample sizes on the ignition behavior was explored in [22-24]. A change in the
sample diameter during the combustion of the hydrate spheres followed the D? law, and
the combustion rate decreased with an increase in the diameter or decrease in the initial
temperature at the center of the sample [23]. It was established [24] that an increase in the
sphere diameter caused the flame to go up sharply and the oscillation frequency to de-
crease, whereas the maximum flame temperature remained constant. The experimental
research findings for the effect of the air flow movement conditions on methane hydrate
combustion behavior were described in [25]. An internal vertical air flow was found to be
necessary for the stable combustion of gas hydrates.

In experimental research, it is not always possible to determine the combustion be-
havior of gas hydrates for actual blocks, units, and systems due to the restrictions of
variation ranges and the emergence of effects preventing the identification of certain
common patterns [26]. This is why numerical simulation methods are often used to ana-
lyze the combustion behavior of hydrates. Thus, for instance, Wu et al. [27] carried out
the theoretical research into the combustion of methane hydrate in an opposed-jet porous
burner. Wu et al. [27] found that the free burning of methane hydrate was unstable. The
flame was often self-extinguished due to the formation of a water film layer or
self-preservation phenomena. The kinetics of the methane hydrate decomposition and
self-preservation phenomenon was theoretically studied by Sizikov et al. [28] A new so-
lution to the problem of the laminar combustion of a jet containing three-phase methane
hydrate particles was obtained in [29]. The laminar combustion behavior of a methane
hydrate vapor jet was determined at different methane-to-water mass ratios in the hy-
drate particles. The results of modeling the methane hydrate combustion accounting for
the decomposition kinetics are presented in [30]. At the initial point of time, the rate of
hydrate dissociation in the model that took the decomposition kinetics into account was
shown to be higher than in the model that did not [30]. A mathematical modeling of the
ignition of a gas hydrate sample by a heated metal cylinder-shaped particle was per-
formed in [31]. The ignition delay times were shown to decrease nonlinearly with an in-
crease in the cylinder surface temperature. Gas hydrate self-preservation increases the
ignition delay times. In [32], the combustion characteristics of the hydrated spheres with
different gas contents and at different ambient temperatures were studied. It was estab-
lished [32] that with an increase in the gas content of methane hydrate spheres, the
combustion rate, flame height, flame oscillation frequency, and flame brightness in-
creased. The combustion characteristics of the methane hydrate spheres were very simi-
lar in the ambient temperature range of 293~303 K. Rise and fall periods were observed in
the development of flame combustion. The main part of the flame was bright yellow.
Methane hydrate spheres with a high gas content have a high energy density, but are
characterized by incomplete combustion. The use of in situ combustion technology for
natural gas hydrates is an important direction for future research [32].

A review of the literature found that gas hydrate combustion (at low gas hydrate
temperatures) had only been examined in depth for simple hydrates consisting of one



Appl. Sci. 2022, 12,5953

30f20

type of fuel (usually methane, ethane, or propane). Methane hydrate has the most com-
mon structure (sI). The formula of the unit cell is 2D-6T-46H20. Large hydrocarbon mol-
ecules form an elementary sl structure (the unit cell formula is 16D1:8H-136H20) [33].
Natural gas may also occur with the slI structure [33]. A small concentration of propane
(in addition to methane) leads to the transition from the sl to sl structure. A change in
the elementary structure and an increase in the number of large cells affect the dissocia-
tion kinetics. At a fixed pressure, the equilibrium temperature of double gas hydrates
consisting of high molecular-mass hydrocarbons (methane + ethane, methane + propane)
can rise significantly when compared with methane hydrates [34]. The specific aspects of
the equilibrium curves for the double gas hydrates are conditioned by the fact that their
equilibrium parameters at temperatures below the ice melting point may depend greatly
not only on the pressure and temperature, but also on the concentration of two different
gases [35]. The kinetic constants of complex hydrates (the pre-exponential factor and ac-
tivation energy for the Arrhenius equations), determining the gas hydrate dissociation,
can also depend on the gas concentration ratio. Not only the problem of gas hydrate
dissociation but also the kinetics of the combustion of mixed fuels (e.g., a mixture of
methane and propane) should be considered in the modeling. It is difficult to determine
the activation energy during the combustion of mixed gaseous fuels on the assumption of
the additivity of the activation energies of individual components. In this case, the com-
bustion kinetics is nonlinearly correlated with the concentration of several combustible
gases. Thus, the combustion of complex hydrates is still poorly understood. Additional
experimental and theoretical research is required into the effect of gas temperature, par-
ticle size, heating method, rates of dissociation, and water evaporation on the ignition
delay times.

This paper presents the theoretical research findings for the ignition behavior of gas
hydrates when varying the key input parameters (building on [31,36]). The purpose of
this study was to determine the critical conditions, derived from the mathematical mod-
eling results, of the safe and efficient ignition of double gas hydrates when using rapid
radiant, convective, and conductive heating.

2. Mathematical Model
2.1. Physical Problem Statement

The ignition of a sphere-shaped double gas hydrate particle was investigated using
three heat supply schemes: convective, radiant, and conductive. When stating the prob-
lem for convective heating, an air flow with a temperature that varied in the range of 973—
1273 K was assumed to be supplied from below to the hydrate sample (me-
thane-propane, particle radius Rg = 0.005 m), located in the geometric solution domain
with the following coordinates (X-position = 10Rg; Y-position = 10R;). An increase in the
hydrate temperature occurred as a result of the heat transfer from the outside air, whose
temperature was much higher than the initial sample temperature. When the particle
temperature exceeded the equilibrium temperature (at a pressure of 1 bar), the gas hy-
drate dissociated into gas and ice at a constant dissociation rate with the subsequent re-
lease and ignition of methane. Heating was conducted at a constant air flow rate Uv of 1
m/s. The time interval from when the heating started until the ignition conditions were
met was the ignition delay time 7.

When stating the problem for radiant heating, it was assumed that a spherical gas
hydrate particle is introduced into a high-temperature air medium (973-1273 K). A gas
hydrate particle is heated (primarily due to radiant heat supply), and its surface temper-
ature reaches the equilibrium temperature of dissociation. This is followed by the for-
mation of an ice melting front with a boundary moving to the center (deep layers) of the
hydrate particle. When the vaporization conditions are met, the water film evaporates.
When the temperatures in the vicinity of the gas hydrate and the concentrations of the
mixture (fuel, water vapors and inert gas) components rise to levels sufficient for igni-



Appl. Sci. 2022, 12,5953

4 0f 20

tion, the gas hydrate is ignited. Preliminary research has shown that depending on the
ambient temperature, these conditions can be achieved before the ice melting or water
film formation.

When stating the problem for conductive heating, it was assumed that a spherical
gas hydrate particle (Rg = 0.005 m) with an initial temperature of 203 K was placed on a
metal cylinder surface heated to high temperatures. The volume percent of fuel (me-
thane) in the gas hydrate is known. The near-surface layer of the fuel is heated. At certain
temperatures, dissociation begins, with the hydrate breaking up into ice and methane.
With a temperature rise, the ice that is the gas hydrate component starts melting. On
reaching the vaporization conditions, water evaporates from the gas hydrate surface.
When dissociation intensifies, methane and propane enter the area filled with inert gas. A
gas-vapor mixture with a fuel and inert gas emerges in the close vicinity of the gas hy-
drate particle. When reaching the temperatures and component concentrations sufficient
for ignition, the mixture ignites.

In accordance with the contemporary theory of condensed substance combustion,
two simultaneously satisfied criteria used to estimate the ignition delay times were
adopted: (1) the energy released as a result of a chemical reaction of the fuel oxidation
(methane-propane) is greater than the heat transferred from the heating source and
emerging gas-vapor mixture; and (2) the temperature of the mixture of gaseous compo-
nents of the fuel in the oxidation reaction zone exceeds the initial temperature of the
heating source [31].

Key assumptions: (1) the particle remained spherical with a constant size Rg despite
melting, evaporation, and combustion; (2) the dependence of the thermophysical char-
acteristics on temperature was not taken into account; and (3) the mass exchange pro-
cesses in the gas hydrate pores were not taken into account. These assumptions do not
place any significant restrictions on the problem statement generality and are true for fast
processes. In the ignition of hydrates, heating until combustion start takes more time than
that of the complete water evaporation and hydrate decomposition. Note that in the case
of estimating the total dissociation time of a gas hydrate, the assumption of a constant
radius and the neglect of heat transfer in the pores of the gas hydrate are unacceptable.
Therefore, in order to develop a model for the ignition and combustion of gas hydrates, it
is necessary to consider the decrease in the size of the sample due to the release of gas
from the hydrate, evaporation, and melting, and the influence of the self-preservation
process. It is important to consider the problem with the influence of the real shape
(non-spherical) and the size of the gas hydrate with different configurations (porosity
and irregularities). When simulating the combustion of a gas hydrate, the resulting flame
has an asymmetric shape. In the future, it is important to solve the problem of ignition
and the combustion of gas hydrate in a 3-D formulation.

2.2. Mathematical Model and Numerical Methods

The solution domain for the heat transfer problem when using convective heating is
presented in Figure 1a. A system of transient partial differential equations such as in [31]
was used to describe the interrelated processes of heat transfer in the “hydrate particle—
external gas medium” system under the conditions of chemical reactions, exothermic,
and endothermic phase transformations at 0 <t < Ta.
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Figure 1. A scheme of the solution domain for different heat exchange schemes: (a) convective; (b)
radiant; (c) conductive. Nomenclature: 1 —gas medium; 2—hydrate particle.

When solving the problem of modeling the process of gas hydrate ignition, the au-
thors used the conjugation of the Cartesian and spherical systems. This approach is
widely used in modeling. For a more detailed description of the basic pairing procedures,
see [37].

For the mixture of water vapors, combustible gas, and air (0 <x<H, 0<y<L):

Continuity equation

azw o’y oV ou
St 5 =0, 0=_——— (1)
o oy ox oy

Equation of motion

oo O 0w e 0w oy oy
—HU—+V—=Y(+—>), U=—, V=——,
ot OX oy ox~ oy oy OX )
- oV au @)
®=rot,v=—-——
ox oy

Energy equation

2 2 n
(ﬂ+u@+vﬂ) - 0 T a Tl) ZQW W A’TB" Erl/RtTl 3)

o ox oy ax2
Hydrate gas (Cg) and water vapor (Cw) diffusion equation
(acg oC 96 5= p D (a G, azcg) W W
+U —)-W,
P1 P ax ay P1 oy? i
Gy , %y , 9 azc L6
p(—+U—" Cu )=py 1( 2W ®)
ot x oy e
Cy+CG+G =1 (6)

Energy equation for hydrate particles (0 <r <Rg, 0 <@ <2m):

o, _, {aZT2 2aT2}

ot a2 ror

@)

The volume percentage of the gas-vapor mixture components was calculated from
their mass concentrations using the equations:
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The thermophysical characteristics of the gas-vapor mixture as a heterogeneous
system were given by
Ay =gy Mgy +hgp My + g3y, Gy =Cog gy +Cpp gy +Cygomyg,
P1= P11 My P12 " Th2 T P13 Ths v

Initial conditions (t=0): T=Tg, Co=1, Cg=0,Cw=0,=0,w=0at0<x<H,0<y<L;
T=Twat0<r<Rg 0<¢<2m.
Boundary conditions at ¢ > 0:

(o))

T:Tg,Cozl,CgZO,CWZO, _:U y=0,0<x<H,' (10)
oy
°C,

v/

T 0*C o°C 0

0
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ox 8 X y<yny2<y ™ (12)
n<y<yz
2 o*C 2
a—T=0, 62Co:O, 9.0, aCW:O, a_\ll:(),x=H,0< <L. (13)
o ox? ox? ox? OX g

The thermal effects of dissociation, melting, and vaporization at the hydrate parti-
cle-external gas medium interface were taken into account in the boundary conditions of
the fourth kind:

oT, oT,
R=Rg,0<(P<27'(, _kli_QeWe —Qme _QgWg :_}\-271
or or
oC oC o*C 4
Ti="T,, D.—W W , D l1=W, °=0.
PPy p ew’ P1111 o 0 2

The ice melting rate was calculated by the formula factoring in the linear velocity of
the melting front (Vm) that corresponded to the movement of the front heating to the ice
melting temperature (0 °C):

Wm :Vmp12' (15)
The water evaporation rate was given by

_ AR"-R)
J27RT, M,

We (16)

where A is the accommodation coefficient; Pe" is the equilibrium vapor pressure; Pe. is the
pressure of vapors over the surface; Mw is the molecular mass; Tw is the liquid surface
temperature.

The solution domain for the heat transfer problem when using radiant heating is
presented in Figure 1b [36]. The density of the heat flux supplied to the sample by using
the radiant heat exchange is given by [38]
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ar = oeT,". (17)

The fundamental equations corresponded to the problem statement with convective
heating. The thermal effects of dissociation, melting, and vaporization at the hydrate
particl—external gas medium interface and the heat supply by radiation were taken into
account in the conditions at the outer boundaries of the solution domain:

Ty
y=L 0<x<H,x=H,0<y<lL, —kl—:qr.
or
The solution domain for the heat transfer problem when using conductive heating is
presented in Figure 1c [31]. The thermal effects of dissociation, melting, and vaporization
at the particle—gas medium interface and the heat supply by conduction from the heated
substrate were taken into account in the boundary condition:

0,0<x<H, —) o
y=0,0<x<H, -, —==q :
18r cond

(18)

(19)

The density of the heat flux supplied to the fuel sample by conduction is given by
Gcond = A (Tsub _Tl) : (20)

The rate of the gas hydrate particle dissociation can be calculated using the follow-
ing equation [39,40]:

eq _ po
Xy Bka PPy 0 -

ot Bp,d, 1ty

where X is the percentage of the remaining hydrate (hydrate conversion degree); kr is
the kinetic coefficient of the dissociation rate; B is the initial content of gas in the hydrate;
pH is the density of hydrate particles; do is the average size of hydrate particles; P« is the
equilibrium pressure of gas over the hydrate; P? is the partial gas pressure; v is the coef-
ficient representing the effect of pore resistance. Since ignition occurred within a short
time, the fuel sample temperature did not change significantly. This is why modeling in a
first approximation is possible with an assumption about the constant dissociation rate.
Below are the modeling results at several gas dissociation rates ranging from the mini-
mum to maximum at a corresponding pressure of the external gas medium.

To increase the solution accuracy, a time increment of 10-% s was used. The adopted
sizes of the solution domain (x = H, y = L) were ten-fold larger than the particle sizes (Rg =
x1, D =y2 - y1. The problem was solved by the finite element method. The scheme of the
problem solution area was with a physics-controlled mesh (8700 elements). The calcula-
tions were performed using a 4-core computer (processor 3.4 GHz Intel Core i5-3570
CPU, 32 GB, 64 K L1 cache, 1 MB L2 cache). The calculation time ranged from 2 to 20 min.
The source data for modeling are presented in Table 1.

Table 1. The thermokinetic constants for modeling the processes of heating, evaporation, and igni-
tion of methane-propane hydrate.

Constant Designation Value Measuring Unit
Activation energy of oxidation reaction of fuel vapors Ea 190 x 103 J/mol
Pre-exponential factor of oxidation reaction of fuel vapors ko 7.4 %108 st
Thermal effect of oxidation reaction Or 14.644 x 106 J/kg
Heat of water evaporation Qevap 2.2 x10¢ J/kg
Heat of ice melting Qmeit 3.4 x 105 J/kg

Mass rate of gas hydrate dissociation Wi 0.01 kg/(m?2s)
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Heat of gas hydrate dissociation Qd 108 x 103 J/mol
Mass rate of ice melting Wmelt 0.01 kg/(m?s)
Mass rate of water evaporation Wevap 0.01 kg/(m?s)
External medium (heating source) temperature T 973-1273 K
Initial temperature of gas hydrate Ty 203 K
Air flow rate Ua 1 m/s
Hydrate structure porosity Q@ 0.05 -
Thermal conductivity coefficient of gas hydrate A 1.33 W/(mK)
Gas hydrate density p 909 kg/m?
Specific heat capacity of gas hydrate C 2200 J/(kg'K)

3. Results and Discussion

Gas hydrate combustion involves a certain group of processes, namely, dissociation,
gas release, the formation of a water film on the hydrate surface, its evaporation, the
diffusion of gas inside the hydrate, self-preservation, the formation of a gas-vapor mix-
ture and its oxidation, and the release of additional energy in the gas phase, thus con-
tributing to the heating of deep layers of the sample and burnout of the whole gas vol-
ume. A variety of factors affects the combustion behavior of methane hydrate. These in-
clude ambient temperature, the size and density of the pores within the hydrate, the
characteristics of the oncoming oxidizer gas flow, the size and uniformity of the gas hy-
drates, their shape, phase transformations, etc. This research establishes the role of a
group of factors when determining the key process characteristics (ignition delay times of
gas hydrate). The adequacy of the developed model was preliminarily evaluated by
comparing the calculated ignition delay times with known experimental data. Figure 2
presents the corresponding comparison results that demonstrate a satisfactory correla-
tion between the experimental and modeling values. Taking the experimental data dis-
persion and assumptions made in the mathematical modeling into account, the resulting
discrepancy between the experimental and theoretical ignition delay times can be con-
sidered as rather low. Therefore, the model can be considered as adequate.

0.10
ﬂ 0.08 1
[ | Theoretical research I Theoretical research
Theoretical research [Gaidukova, 0.S., 2022] « 0.06 l:l Theoretical research [Gaidukova, O.S., 2022]
Experimental research W
0.04 1
0.02+
0.00-
973 1073 1173 1273 973 1073 1173 1273
TK T. K

(a) (b)
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Figure 2. The ignition delay times of the gas hydrate (Rg = 0.005 m) when varying the heating
source temperature for three heat exchange schemes: (a) radiant, (b) convective, (c) conductive.

3.1. Effect of Heating Source Temperature

The conducted theoretical research provided the ignition delay times of a double gas
hydrate particle when varying the heating source temperature and using different
schemes of heat supply (radiant, convective, and conductive) to the sample (Figure 2a—c).
The comparison of the ignition delay times of the gas hydrates obtained in this research
showed a positive correlation between the experimental and previous theoretical data
[31,36]. The lowest ignition delay times corresponded to the radiant heating conditions
(up to 0.018 s (Figure 2a)) and decreased by 93% with an increase in the temperature in
the muffle furnace in the range of 973-1273 K. Minimum delays during radiant heating
can be explained by the fact that heat is evenly supplied to the gas hydrate from all sides.
Under the conditions of convective and conductive heating, the essential heat flux is
supplied from one side of the particle. The internal layers are heated more slowly as it
takes more time for the gas hydrate pores to open for the gas release and subsequent ig-
nition of the gas-vapor mixture compared with the radiant heating scheme. The highest
ignition delay times were established when using convective heating, they did not exceed
0.1 s at 973 K (Figure 2b). With a rise in temperature, the ignition delay times also de-
creased to 0.004 s (by 96%). For conductive heating, the ignition delay times decreased
from 0.045 s to 0.0005 s with an increase in the metal heater temperature (Figure 2c). The
Arrhenius law was found to be crucial for the reaction rates in all three heating schemes.
As seen in Figure 2a—c, the heating source temperatures exponentially affected the igni-
tion delay times.

Table 2 presents the ignition delay times established for a methane-propane hydrate
particle exposed to radiant heating at a variable furnace temperature. There were also
ignition delay times of methane, propane, and ethane with the kinetics corresponding to
the reactions of these gases in the air in the form of a gas-vapor mixture. These gases were
chosen for comparison as the most common components in the composition of natural
and artificial hydrates. The chemical reaction constants for the theoretical calculation of
the ignition delay times under the conditions of radiant heating (Ea—activation energy,
ko— pre-exponential factor) for methane, propane, and ethane, adopted for the tempera-
ture range of 1000-3000 K [41] (Table 2), were taken from [42-44].
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Table 2. The ignition delay times of the methane-propane gas hydrate, methane, propane, and
ethane.

Methane-Propane Hy-

Methane Propane Ethane
drate
T,s at T,s at T,s at
T, K T,s at
Ex =190 x 10° J/mol E.=103.8 x 10° J/mol, Ea.=61.5 x 10° J/mol, Ea=76 x 103 J/mol,
’ = 12 g-1 = 11 g-1 = 5 g-1
Ko="7.4 x 108 51 ko=5.6 x1012s ko=4.2x101s ko=1.04x105s
973 1.8 x 102 5.07 x 107 1.70 x 107 6.1 x10*
1073 6.3 x 107 4.80 x 107 1.05 x 107 3.46 x 10
1173 1.52 x 103 1.94 x 107 6.74 x 108 2.36 x 10+
1273 5.1 %10+ 1.13 x 107 443 <108 2.14 x 10+

Considerable differences in the ignition delay times of the gas hydrate particles and
gases (methane, propane) were attributed to the significantly different macrokinetics
(Table 2). These differences arise from the fact that these kinetics are conventionally de-
fined for different heating conditions. In the case of gas hydrates, the heating conditions
have a major role to play. Therefore, it is important to adjust the kinetic scheme to the
process conditions. The gas hydrate is not pure methane and propane. It consists of gases
with certain impurities. Thus, the macrokinetics of the oxidation reactions needs to be
adjusted relative to the reference values when scaling to the actual conditions of the
sample ignition. A substantial volume in the composition of granules belongs to water in
the form of ice, which turns to vapor when heated. The vapor, in turn, has a significant
effect on the physical and chemical processes during the ignition and combustion of gas
hydrate. As a result, the ignition delay times increase several-fold compared to the igni-
tion of methane and propane as gas mixtures in the air medium (Table 2). The combus-
tion of methane, propane, and ethane proceeds in a one-stage reaction:

CHi+ 202.—CO2+ 2H20, (R1)
CsHs+ 50.—3CO2+ 4H20, (R2)
2CHe + 702—4CO2+ 6H20. (R3)

The combustion of methane-propane hydrate (CsHs-2CH4-17H20), in turn, yields
multi-stage chemical reactions due to its multicomponent composition and complex
combustion involving several stages (gas dissociation, ice melting, water evaporation).

3.2. Effect of Hydrate Particle Size

The research findings on the oxidation of the gas hydrate samples [23,24] indicate
that the size of the particle significantly affects its combustion conditions. For storage and
transportation, solid gas hydrates or pressed hydrates of a large diameter should be used.
For solid particles, the dissociation rate is inversely proportional to the particle radius.
For pressed particles, a decrease in porosity and increase in the sphere radius increases
the filtration resistance and, in contrast, reduces the dissociation rate. In the combustion
of large spheres, other factors are responsible for improving the efficiency of gas hydrate
burnout. For pressed spheres (low porosity), almost all of the water trickles down, and
the concentration of water vapors in the combustion area decreases several-fold, which
significantly increases the combustion temperature. With highly porous spheres, water
enters the ice frame and participates in evaporation, which leads to a higher vapor con-
tent in the combustion area and decreases the flame temperature. Pressing (reduction in
the sphere porosity) increases the filtration resistance and decreases the heating rate.
Lower porosity reduces the temperature conductivity of the sphere. Thus, a change in the
sphere size and porosity results in the competing effect of a group of factors. Among
them, the vapor content in the flame area has a decisive effect. The other factors (filtration
resistance and temperature conductivity) are less significant due to a high heat flux and
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high dissociation rate during combustion. Therefore, it is important to consider the in-
fluence of the gas hydrate sample radius on the main characteristics of combustion start.
It was established [45] that the average size of the artificial gas hydrate particles for effi-
cient storage and usage is 0.8—1 mm. In this research, the range of 0.25-1 mm was chosen
for Rg. The ignition delay times for all of the heating schemes (Figure 3a—c) indicated that
an increase in the gas hydrate particle diameter led to significantly higher ignition delay
times, which is related to the dissociation rate. A greater diameter of the particle increases
the filtration resistance for the gas flow in the open pores [45]. Consequently, the maxi-
mum dissociation rate is achieved for the smallest particles. The minimum concentration
required for the fuel to ignite is achieved faster for a small particle than for a larger one.
This is conditioned by the contribution of the decisive factors. A larger-sized hydrate
particle is characterized by a great amount of water that is accumulated in the hydrate
during melting, which prevents the heat transfer from the heating source to the hydrate
and increases the diffusion resistance of the gaseous methane-propane.

T IRy=0.25mm
B R, =05mm
R, =1mm

|Ry=0.25mm
Ry=0.5mm
IR, =1mm

(b)

()

Figure 3. The gas hydrate ignition delay times when varying the gas hydrate particle radius and

heating medium temperature for three heat exchange schemes: (a) radiant, (b) conductive, (c)
convective.
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Under the conditions of radiant heating (Figure 3a), a four-fold increase in the hy-
drate particle radius increased the ignition delay times by 35% on average at a heating
source temperature of 973-1273 K. When a gas hydrate was conductively heated (Figure
3b) at relatively low heating source temperatures (973 K), a change in the particle radius
from 0.25 mm to 1 mm increased the ignition delay times by 77% (from 0.01145 s to 0.049
s). At high heating source temperatures (over 1173 K), the ignition delay times grew by
20% with an increase in the radius when conductive heating was used (Figure 3b). Thus,
during conductive heating under high-temperature conditions, the gas hydrate ignites
approximately with the same delay irrespective of its radius. Under the conditions of
convective heating, the opposite is the case: at T =973 K, the ignition delay times increase
by 68% when the radius Rg changes in the range of 0.25-1 mm. At a heating source tem-
perature of 1273 K, 7 decreases by 90% (Figure 3c). Such a difference from the conductive
heating scheme has the following explanation. When there is convection, the heating of a
particle from the external gas is determined by the Nusselt number (Nu), which is pro-
portional to the square root of the Reynolds number (Re) in the laminar gas flow (i.e., the
convective heat transfer coefficient for the gas phase a~1/(Ro)"5), where Ro is the particle
radius. With a decrease in the radius, the heat flux from the gas to the particle increases,
as does the heating and dissociation rates. Thus, the heat flux for a particle with Ro=0.25
mm will be twice as high (Ro decreases four times) when compared to a particle with Ro=
1 mm. As above-mentioned, the growth of the dissociation rate leads to lower ignition
delay times. Thus, when there is convection, two factors contribute to a significantly
lower ignition delay time. The heat exchange coefficient is inversely proportional to the
radius (1/Ro) and is related to convection in the form (~1/(Ro)*%). The total effect gives
~1/(Ro)'®. This is accounted for by the fact that under the conditions of convective heating
at high temperatures, the gas hydrate pores open faster for gas release. The larger the gas
hydrate particle radius, the more pores are formed on the hydrate surface. In turn, the
heat flux supplied from below to the gas hydrate with a larger radius blows off the water
layer resulting from the melting of ice to the open pores, thus preventing the gas release,
which leads to higher ignition delay times. The growth of the particle diameter increases
the thickness of the water film. This decreases the gas flow (growth of the gas resistance
through the water film) and increases the water flow to the combustion zone, which re-
duces the reaction rate in the flame region.

The hydrate sample with Rz = 0.25 mm was characterized by a low content of gas,
which led to a low combustion rate and lower heat transfer to the hydrate particle (Figure
4a—c). Figure 4a clearly shows great temperature fluctuations in closer proximity to the
hydrate sample than they were in Figure 4b,c, where the gas hydrate particles of larger
typical sizes are presented.
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Figure 4. The temperature fields of the gas hydrate ignition area under the conditions of conductive
heating when varying the typical size of a gas hydrate particle at a substrate temperature of 973 K:
(a) Rg=0.25 mm, (b) Rg=0.5 mm, (c) Rg=1 mm.

3.3. Effect of Dissociation and Evaporation Rates

Gas hydrate combustion includes a variety of interrelated processes: dissociation, ice
melting, water evaporation, gas release, and oxidation reactions. Hydrate dissociation
[45-47] and water evaporation from the particle surface [1,48] are contributing factors to
the ignition delay. Gas hydrate dissociation is a complicated process. The main charac-
teristic of dissociation is its rate, which depends on numerous factors:

W, =cyp, 27 Ry, 22)
3kr (Peq _Pgas) E
_ Ko exol - | p = _ .
bR, R Ko o) o | By —exp (15.517-2105.16/T, ) -1000,
g
Rykrpt p3s3 )
b = 0.12—methane concentration, Bg = 9 k. = P S, =nR

kepg T R@opR PP

where P is the porosity; F is the shape coefficient for sphere (150); Rp is the pore radius
(0.5 um).

The dissociation rate is affected by the pore density, the size of the gas hydrate par-
ticles, ambient temperature and pressure, the density of the heat flux supplied, and the
type of the gas hydrate unit cell. The dissociation rate changes depending on the type of
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heat flux supplied to the gas hydrate particle, the heating source temperature, and heat-
ing conditions [48]. An increase in the heat flux density increases the dissociation rate of
methane hydrate by almost one order of magnitude. At low heating temperatures, the
density of the pore distribution in the gas hydrate decreases, which significantly changes
the breakup rate during dissociation [49,50]. A continuous increase in the heating source
temperature leads to a steadily increasing dissociation rate of the hydrate inside the
spherical particle, which enhances the combustion intensity of the flame [1]. Depending
on the heating conditions and the type of gas hydrate, the dissociation rate changes in a
wide range. In this research, the known mass dissociation rate wa was chosen in the range
of 0.005-0.1 kg/m?-s, which corresponded most closely to gas hydrate combustion. Figure
5a—c presents the ignition delay times determined for the gas hydrate when varying the
mass dissociation rate and heating source temperature using radiant, convective, and
conductive schemes. In every heating scheme, there was a decrease in the ignition delay
times with the growth in the mass dissociation rate. Under the conditions of radiant
heating, the gas hydrate ignition delay times decreased by 22-53% when the mass disso-
ciation rate changed in the range of 0.005-0.1 kg/m?s and the heating source temperature
increased from 973 K to 1273 K, respectively (Figure 5a). When supplying convective heat
to the gas hydrate particle and varying the mass dissociation rate and temperature in the
same way, the ignition delay times decreased by 11-89%, respectively (Figure 5b). Dur-
ing conductive heating, the ignition delay times decreased most dramatically by 79% to
89% when the mass dissociation rate increased from 0.005 kg/m?s to 0.1 kg/m?s (Figure
5c¢). It is clear in Figure 5a—c that at higher heating source temperatures, the mass disso-
ciation rate changed the ignition delay times more significantly. The probability of au-
toignition of the gas hydrate increased with a rise in the dissociation rate and gas tem-
perature. At 973 K, the ignition delay times changed little (by up to 20% during radiant
and convective heating) (Figure 5a,b). Under the conditions of the conductive heating of a
gas hydrate particle, at a high dissociation rate (0.1 kg/m?s), the sample was heated from
below when it was in close contact with the heated metal cylinder. Above the particle, an
ice crust developed and then melted, while below it, gas was released from the pores,
enhancing the ignition of the gas-vapor mixture. This can explain a sharp reduction in the
ignition delay times (by up to 85%) with an increase in the mass dissociation rate in Fig-
ure 5c.

w,=0.005 kg/m?s|

I v,=0.005 kg/m?-s o T w,=0.01 kgim?-s
B w,=0.01 kg/m?-s - I w=0.02 kg/m?*-s
| ws=0.02 kg/m?s | = ' - Il v =0.1 kg/m?s

w,=0.1 kgim>s [0.2g

(a) (b)
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Figure 5. The ignition delay times of the gas hydrate (Rg = 0.5 m) when varying the dissociation rate
and temperature for the three heat exchange schemes: (a) radiant, (b) convective, (c) conductive.

Figure 6a—c presents the temperature fields in the gas hydrate ignition area when
using convective heating and varying the mass dissociation rate for a heating source
temperature of 1273 K. Significantly, the temperature traces were distributed identically
around the gas hydrate particle with Rg = 0.5 mm, irrespective of the dissociation rate.
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Figure 6. The temperature fields of the gas hydrate ignition area under the conditions of convective
heating when varying the mass dissociation rate of the gas hydrate at a heating source temperature
of 1273 K and Rg = 0.5 mm: (a) wa = 0.005 kg/(m?s), (b) wa = 0.01 kg/(m?:s), (c) wa = 0.1 kg/(m?:s).

The ice in the gas hydrate composition melts to produce water. Liquid evaporation
has a decisive effect on the characteristics of gas hydrate ignition and combustion at rel-
atively low temperatures [1]. The water vapors were found [1] to significantly change the
development of some elementary reactions (chemical effect), which led to a lower flame
temperature. The vapor resulting from the water evaporation also reduces the combus-
tion rate [1]. The evaporation rate of water generated on the gas hydrate surface is un-
stable as it is conditioned by dissociation, which, in turn, occurs at different rates de-
pending on the different factors and conditions described above. The water evaporation
rate affects the release of gas from the hydrate pores and the self-preservation phenom-
enon that suppresses the gas release. The more slowly the water evaporates from the
surface, the higher the risk of the formation of an ice crust under certain conditions. The
ice crust clogs the channels emerging from the pores for combustible gas release. There-
fore, the rate of water evaporation from the gas hydrate surface is the key factor in the
kinetics of hydrate combustion that should be taken into account and analyzed. Figure
7a—c presents the gas hydrate ignition delay times when varying the mass evaporation
rate of water and the heating source temperature using radiant, convective, and conduc-
tive heating schemes. It is clear from Figure 7 that the ignition delay times changed
steadily with the growth in the mass rate of water evaporation from the hydrate particle
surface. At a heating source temperature of 1273 K, the ignition delay times for all of the
heating schemes (radiant, convective, and conductive) increased by 63%, 23%, and 4%,
respectively, with an increase in the mass evaporation rate of water from 0.005 kg/m?s to
0.05 kg/m?-s. At T=1273 K, a rise in the mass evaporation rate to 0.1 kg/m?s increased the
ignition delay times by 15%, on average, when convective and conductive heating were
applied (Figure 7b,c). Under the conditions of radiant heating, at the same heating source
temperature and evaporation rate, the ignition delay times increased almost three-fold
(Figure 7a). Under the conditions of conductive heating, the ignition delay times in-
creased with a rise in the mass evaporation rate of water by 10-80% (Figure 7c). Such
changes in the ignition delay times can be explained by the following. When the dissoci-
ation rate reaches its peak, the ice on the gas hydrate particle surface quickly melts and
water evaporation becomes more rapid. With an increase in the heating source temper-
ature, the water film on the particle surface builds up and becomes thicker, thus pre-
venting the release of gas from the hydrate. When gas passes through a thick water film,
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small methane-propane bubbles appear. The bubble then collapses to release gas, which
leads to alocal flame. The condensation of water that has not yet evaporated and trickles
down the hydrate particle leads to local extinction. Thus, a range of factors, in addition to
the water evaporation rate, contributes to the ignition delay times at this stage: the
thickness of the newly-formed water film, the dissociation rate, and the amount of con-
densed water.

e W,,,=0.005 kg/im®-s )
" alo:2 W,,,,=0.01 kg/m? s T
[0 W,,55=0.05 kg/m?'s
- Wevap=0'1 kg[mz's l
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[ Weqy=0.01 kg/im?s
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Figure 7. The gas hydrate ignition delay times (Rg = 0.5 mm) when varying the mass rate of water

evaporation from the fuel sample surface and heating source temperature under the conditions of
heat exchange: (a) radiant, (b) convective, (c) conductive.

Figure 8a,b presents the temperature fields in the gas hydrate ignition area under the
conditions of radiant heating at a mass rate of water evaporation from the gas hydrate
sample surface wevap = 0.01 kg/m?s and 0.1 kg/m?s at a heating source temperature of
1273 K. It is clear from Figure 8a,b that the higher the rate of water evaporation from the
hydrate particle surface (Figure 8b), the more the gas hydrate particles and the area
around it are cooled due to the water vapor generation. In contrast, at a lower evapora-
tion rate of water (Figure 8a), the temperatures around the gas hydrate particle were

higher.
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Figure 8. The temperature fields of the gas hydrate ignition area under the conditions of radiant
heating when varying the mass rate of water evaporation from the gas hydrate sample’s surface at
an air temperature of 1273 K and Rg = 0.5 mm: (a) wevap = 0.01 kg/(m?'s), (b) wevap = 0.1 kg/(m?s).

4. Conclusions

Using the developed mathematical model, theoretical research into the characteris-
tics of a double gas hydrate particle ignition was conducted when varying the parameters
affecting the combustion patterns, namely, the ambient temperature, heating scheme,
particle size, and phase transformation rates. It was established that at an ambient tem-
perature of 973-1273 K, the lowest ignition delay times corresponded to radiant heating
(up to 0.018 s), whereas the maximum ones to convective heating (up to 0.01 s). A rise in
the mass dissociation rate when using radiant, convective, and conductive heating
schemes brought about a 80-90% decrease in the ignition delay times. For all of the
heating schemes, the ignition delay times of the methane-propane hydrate increased by
90% with an increase in the hydrate particle diameter. The gas hydrate ignition delay
times changed unsteadily with the growth in the mass rate of water evaporation from the
hydrate particle surface. In the conducted research, the temperature limits of these re-
gimes were established when using single and double gas hydrates.
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