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Abstract: In this paper, the combustion of methane hydrate over a powder layer is experimentally
studied using thermal imaging and Particle Tracking Velocimetry (PTV) methods. The experiments
are carried out at different velocities of the external laminar air-flow from zero to 0.6 m/s. Usually,
simulation of methane hydrate combustion is carried out without taking into account free convection.
A standard laminar boundary layer is often considered for simplification, and the temperature
measurements are carried out only on the axis of the powder tank. Measurements of the powder
temperature field have shown that there is a highly uneven temperature field on the layer surface, and
inside the layer the transverse temperature profiles are nonlinear. The maximum temperature always
corresponds to the powder near the side-walls, which is more than 10 ◦C higher than the average
volumetric temperature in the layer. Thermal imager measurements have shown the inhomogeneous
nature of combustion over the powder surface and the highly variable velocity of methane above the
surface layer. The novelty of the research follows from the measurement of the velocity field using
the PTV method and the measurement of methane velocity, which show that the nature of velocity at
combustion is determined by the gas buoyancy rather than by the forced convection. The maximum
gas velocity in the combustion region exceeds 3 m/s, and the excess of the oxidizer over the fuel
leads to more than tenfold violation of the stoichiometric ratio. Despite that, the velocity profile
in the combustion region is formed mainly due to free convection, it is also necessary to take into
account the external flow of the forced gas U0. Even at low velocities U0, the velocity direction lines
significantly deviate under the forced air-flow.

Keywords: combustion; methane hydrate; hydrate dissociation; PTV method

1. Introduction

1.1. The Key Parameters Controlling the Dissociation of Gas Hydrates

Huge deposits of natural gas in the form of methane hydrates are found in the marine sediments [1,2].
Attention to alternative clean energy sources is increasing every year. Today, scientific interest is focused on
the methods of extraction of alternative raw materials, technologies for their storage, transportation, as well
as methods of efficient combustion of natural fuel [1–3]. The complexity of the study of methane hydrates
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combustion is associated with the presence of three interrelated processes: The dissociation of solid
particles of methane hydrate; gas filtration through a multicomponent medium (methane–water–water
vapor); and diffusion combustion of methane in the mixing layer (methane–air–water vapor), which
is usually implemented over the powder layer. Therefore, it is necessary to consider the features of
these processes.

The gas hydrate dissociation rate is determined by the following driving forces: Deviation of
temperature and pressure from the equilibrium states, size of particles, and structural characteristics of
ice crust [4,5]. Dissociation at positive temperatures has a thin film of water formed on the surface of
solid particles. The dissociation rate is quasi-constant for most of the dissociation time. The case
of negative temperatures is significantly more difficult to describe due to the emergence of the
phenomenon of self-preservation [6]. In the temperature range of 230–268 K, the dissociation rate of
methane hydrate decreases by several orders of magnitude and strongly depends on temperature.
This annealing temperature region was called the self-preservation region. The lowest dissociation
rate of methane hydrate is achieved at the temperature of 265–267 K [6]. A sharp decrease in the
dissociation rate is bound with the appearance of a strong fine-grained ice shell without pores on
the surface of the granules. Thus, in addition to the expression describing the system deviation
from the equilibrium, it is necessary to take into account the structural properties of the ice crust.
At atmospheric air pressure, the equilibrium temperature of methane hydrate is approximately equal
to 188 K. The mechanism of self-preservation was studied in References [7–19]. The influence of
structural parameters of the ice crust on the dissociation process was studied by scanning electron
microscopy (cryo-FE-SEM) [6,15–17]. The effect of temperature and pressure on self-preservation was
considered in Reference [14]. When the methane hydrate temperature changes, the texture changes,
which are clearly visible by scanning electron microscopy, occur on the surface of the ice crust [16,17].
The behavior of mixed methane hydrates at an abnormally low dissociation rate was considered in
Reference [19]. Kinetics of methane hydrate dissociation depends on the external heat flux, curvature
of granules, and pore characteristics [20,21]. Collective effects of crystallohydrate growth on the free
surface of the liquid were studied using thermal imaging technology [22].

When modeling filtration, it is necessary to take into account diffusion and heat transfer for both a
porous methane hydrate particle and a porous medium (solid particle powder–methane–water–water
vapor) [20,23].

1.2. Combustion of Gas Hydrates

Methods of organization of combustion may vary. Thus, natural hydrate of sedimentary rocks
is burned in large reactors. In the tank there is sand with methane hydrate, over which a layer of
water is formed during combustion. In this case, the combustion above the layer surface is uneven and
unstable, and separate flame tips are formed [24]. Combustion of synthetic hydrate without impurities
(sand and clay) is more stable. In this case, the flame height for pure methane hydrate is higher than for
natural sedimentary rocks. However, even in this case, periodic flame tips appear on the surface, and
their location may change [24]. Combustion of methane hydrate and double hydrate (methane-alcohol)
at free gas convection above the surface of the powder layer is also considered in References [25–27].
Combustion is shown to lead to a multiple increase in the dissociation rate. In addition, in the presence
of combustion, the methane velocity above the layer surface is 10–20 times higher than in the case
without combustion [25].

The above combustion option is implemented without the organization of forced air-low.
To organize a more stable combustion, a forced flow of oxidizer (air) is used. The methane flow
moves perpendicular to the powder surface. Methane is formed by the methane hydrate dissociation.
Above the layer surface, there is a laminar air-flow [28–31]. The complexity of the research is that it is
difficult to determine the value of methane velocity, as it depends on the temperature of the powder.
The temperature in the experiments can vary from zero to -80 ◦C in the transverse direction of the
layer. In this range, there are several characteristic temperature zones [10–14]: From −80 to −45–50 ◦C
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there is a multiple increase in the dissociation rate with temperature growth; from −40 to −5 ◦C there
is self-preservation when the dissociation rate falls by several orders of magnitude and the rate varies
greatly with temperature; at about 0 ◦C and above, there is a very high dissociation rate and a high
density of methane flow over the powder. Thus, it is obvious that it is extremely difficult to analyze
the methane combustion in the entire specified range of powder temperature and that there may be
conflicting results. For the development of calculation models, there is a need in conditions when
the temperature of the powder during combustion is quasi-constant over time, which is difficult to
organize in practice.

Often the analysis is carried out based on the powder temperature near the upper surface of the
methane hydrate layer Ts. It has been experimentally established that depending on temperature Ts

there may be both the low speed of flame spreading and the high speed.
The effect of external air velocity on the speed of flame spreading is considered in Reference [29].

The velocity of the external forced air-flow U0 varied in the range 0.1–1.5 m/s. The initial temperature
of the powder surface before combustion (in the middle of the tank) was the same for all experiments
and was equal to −80 ◦C. It has been established that the tenfold growth of speed led only to the
20–30% growth of Us, and the high speed of flame spreading mode was absent. Possible causes
of such flame behavior will be discussed further in the analysis of experimental data. In another
experimental work [31], the ignition was carried out at a certain temperature Ts, which varied for
different experiments in the range from −80 ◦C to −10 ◦C. The external air velocity was constant
U0 = 0.4 m/s. With an increase in the initial temperature Ts, a change in combustion modes was
observed: (1) The low speed flame spreading (Ts < −50 ◦C); (2) the high speed of flame spreading
(Ts = −40–50 ◦C); (3) the low speed of flame spreading (Ts > −50 ◦C). Surprisingly, the increase in
methane velocity VCH4 by only 20–40% (from 0.5 mm/s to 0.6–0.7 mm/s) led to about 100 times
increase in the speed of flame spreading Us (from 10–15 mm/s to 1000 mm/s). The authors of the
article in Reference [31] attribute such a strong increase in speed to the fact that in the first case the
stoichiometric line was absent (lack of fuel for the reaction), and in the second case (the high speed of
flame spreading), the stoichiometric line was present and was located above the dark region (the area
with no combustion). However, more experimental and theoretical studies are needed to justify such
strong Us growth.

Let us consider another method of mixing fuel (methane) and oxidizer (air) [32]. In this paper, the
motion of methane and air is organized in opposite directions in a narrow slit, which allows for a good
mixing of the oxidant and fuel and provides an approximate stoichiometric ratio. The air velocity and
the slit height were selected to perform the stoichiometric ratio. The methane velocity was estimated
using the gravimetric method (the fall of the mass of methane hydrate powder over time was recorded
using weights). This method proved to be successful, and the maximum flame temperature was about
1700 K. In this case, the calculation has shown that the temperature of the combustion is possible at the
mass fraction of water of 0.6. The injection of pure methane (without water vapor) led to a combustion
temperature value of about 1950 K. Thus, high concentration of water leads to an underestimation of
fuel combustion temperature by 200–250 K.

An experimental study of combustion of a single sphere of methane hydrate was performed
in Reference [33]. The rate of change in the sphere diameter decreases with time and depends
on the sphere temperature. Theoretical calculation of combustion of a separate sphere taking into
account dissociation, formation of a film of water, steam bubbles, and water vapor was considered in
Reference [34]. The simulation was performed for a sphere of small diameter of 0.1 mm and for positive
temperatures. The curve of change of a square of sphere radius over time had quasi-linear character
for the most time of dissociation. Thus, this calculation differs significantly from the experimental
conditions [33]. The maximum combustion temperature in the flame in Reference [34] corresponds to
approximately 1700–1750 K, which closely corresponds to the data [32]. The mass fraction of vapor
near the sphere surface is 0.65–0.7 and decreases rapidly at a distance from the surface, which also
closely corresponds to the calculation in Reference [32] (0.65). It is obvious that for a narrow slit [32]
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and for a large number of methane hydrate particles, water saturation occurs and water concentration
in the flame is the same as on the surface of the powder layer (0.65).

The influence of the blowing parameter on the combustion efficiency in the methane-air mixing
layer is considered in Reference [35]. Since the considered air flow rates are low and there is a
noticeable excess or lack of oxidant, the combustion stability in the diffusion layer will depend
on the Richardson number Ri = Gr/Re2 (Gr is Grashof number, and Re is Reynolds number) [29].
The process of mixing the fuel and oxidizer will depend on both buoyancy and forced convection.
The modes of non-premixed combustion were considered in Reference [36] depending on the Da

numbers. When burning methane hydrate, depending on the temperature of the powder, the thickness
of the dynamic layer and the mixing layer, the blowing parameter, and the rate of chemical reaction
can vary significantly. In addition, low air velocities and high temperature gradient in the mixing
layer lead to the formation of a vortex flow. In this case, knowledge of the mean and local flow
parameters is needed to accurately model the transfer processes. This information can be obtained
using modern optical non-contact methods of Shadow Photography (SP) [37], Planar Laser Induced
Fluorescence (PLIF) [38], Particle Tracking Velocimetry (PTV) [39,40], and Particle Image Velocimetry
(PIV) [38]. These optical methods allow for a deeper clarification of the influence of free convection on
the evaporation rate and heat transfer and are already are widely used in the study of droplets, films,
sprays, micro-channel, heterogenic flows, two-phase (vapor-liquid) flows and emulsions, boundary
layers, and crystallization processes in multicomponent solutions.

From the above, it follows that, to increase the efficiency of combustion of methane hydrate,
the following problems must be surmounted: (1) Maintaining the powder temperature quasi-constant
for the entire volume and during the entire combustion time; (2) the temperature of the powder
should provide a high rate of dissociation of the methane hydrate, i.e., to exclude the phenomenon
of self-preservation and at the same time to ensure the maximum deviation of temperature and
pressure from the equilibrium curve (the driving forces of dissociation); (3) it is necessary to ensure
the kinetic combustion condition, as the excess of oxidant and fuel lead to low reaction rates during
combustion. To do this, it is necessary to accurately calculate the diffusion mixing layer and to select
the optimal conditions for mixing the fuel and oxidizer; and (4) the concentration of steam that enters
the combustion region should be reduced.

Analysis of the existing literature has shown that for correct modeling and further development
of methane hydrate combustion technologies, additional experimental data on the instantaneous
characteristics of the velocity field in the mixing layer are needed. The existing data for the case of
pure methane injection through a porous wall are not suitable for the considered problem (methane
hydrate combustion). In addition, there are no experimental data on the rate of dissociation during
combustion in the organization of forced air-flow.

The aim of this work is to determine the dependences for the dissociation rate when the velocity of
the external air flow changes in a wide range and to visualize the velocity field during combustion using
the thermal imaging method and the optical contactless Particle Tracking Velocimetry (PTV) method.
The obtained experimental data will help to improve and test the existing computational methods.

2. The Connection of Dissociation Rate and Heat Transfer

It is well known that the internal kinetics of the process plays an important role only at initial stages
of crystal growth/decomposition. In real processes, taking into account the observed crystallization
time (relatively long times), the point is not the formation and development of the crystallization
nucleus with the size rcr, but the growth of crystals (crystallohydrates) of rather large size r >> rcr.
In this case, the rate of growth or dissociation will be determined by heat transfer and diffusion, since
the characteristic kinetic time will be several orders of magnitude less. It has been previously shown
that only for extremely low pore density (or very small pore radii) it is necessary to take into account
the diffusion of methane through the pores and the value of the kinetic constant [20]. These conditions
correspond to abnormally low dissociation rates when the values of the dissociation rate j fall by



Energies 2018, 11, 3518 5 of 19

three to four orders of magnitude [6]. In the present work, there are no such low rates, despite the
fact that the powder temperature passes through the annealing temperature window from −50 ◦C
to −3 ◦C. This contradiction is associated with a strong transverse and longitudinal temperature
gradient. Experimental data on temperature profiles will be presented further. As a result of uneven
temperature, in different places of the powder there will be areas of both high and very low values of j.
The total flow j will have a relatively high value.

As mentioned above, the main factor regulating the dissociation dynamics is heat transfer. Thus, it is
important to investigate the effect of heat flux q on the dissociation rate. Earlier it has been shown that at
free convection the growth of heat flux leads to an increase in j. Combustion led to about 55–65 times
increase in q (compared to the dissociation without combustion). The dissociation rate increased only
eight–nine times [21,25]. Based on experimental data [21,25], as well as the data of this article, it is possible
to associate the heat flux q (W/m2) with the dissociation rate j (kg/s) in expression (1).

j = a1(q)n1, where a1 = 0.012·10−6, n1 = 0.7 (1)

This expression relates the processes of diffusion and heat transfer both for the solid phase
(methane hydrate granules) and for the gas mixture (air–methane–water vapor).

It is rather difficult to analytically connect the methane transfer with heat transfer, since they
are described by different equations. However, it is possible to use a triple analogy and similarity
between the transfer of heat, momentum, and diffusion [41–44]. In fact, this similarity is not performed
even when there is gas injection through the wall [42,44]. In our case, blowing is associated with
dissociation, which depends on the heat flux and temperature, i.e., the velocity of the injected air cannot
be constant. In addition, the presence of free convection will also lead to a significant dissimilarity of
dimensionless temperature and concentration profiles in the mixing layer. Therefore, we can use a
triple analogy for qualitative evaluation, since the qualitative behavior of j and q is similar in many
ways. For example, with an increase in q, j grows as well. For such a comparison, the stationarity
condition must also be satisfied, i.e., the change of dC/dt and dT/dt over time must be much smaller
than that for the convective terms VρCpdT/dy, UρCpdT/dx and VρdC/dy, UρdC/dx (where C and T are
the methane concentration and temperature in the near-wall boundary layer; x, y are the longitudinal
and transverse coordinates; and U, V are the longitudinal and transverse velocities. In addition,
the three-dimensionality should also be insignificant, i.e., a quasi-plane approximation is considered.
Even when burning, the total period of methane hydrate dissociation is large enough and has an order
of 50–100 s. Therefore, the process of dissociation can be approximately considered as quasi-stationary.

It is important to note that in this problem there is a transfer of methane both in the powder
layer and in the gas mixture above the powder surface. Thus, we have three characteristic processes
of diffusion and three characteristic diffusion relaxation times td: (1) Diffusion through the solid
particle (methane transport through the pores in the outer crust of ice) (td1); (2) diffusion through
the porous space within the powder layer (td2); and (3) diffusion of methane in the mixing layer,
developing over the powder surface (td3). Under the condition ∆C1/∆T1 = const (where ∆C1 and ∆T1

are dimensionless values; the dimensionalization can be done based on initial differences), j ~ q ~ (Re)0.5

~ (U0)0.5. In accordance with expression (1), a fourfold increase in the heat flux leads to approximately
a double increase in the dissociation rate, i.e., to a two-fold increase in the average density of the
methane flux. A noticeable lag in the growth of j is probably due to the fact that the growth of q leads
to an increase in the temperature gradient in the boundary layer ∆T1. At that, the growth of ∆C1 for
the same period of time is significantly slower. It can be reasonably assumed that td1 >> td2 >> td3.
Thus, the main diffusion resistance is associated with the transfer of methane through the pores. As
mentioned above, in the powder volume there are local areas of partial “self-preservation”, which lead
to the formation of closed pores and the appearance of a high-strength ice shell. As a result, the total
methane flow falls significantly and is determined by the flow of methane through a region without
self-preservation (the area of the powder where the temperature T < −50 ◦C and T > −3 ◦C). Thus,
the nature of dependence (1) is determined by the pore density in the granules. Then, the combustion
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kinetics and temperature (Tc) also depend on the methane concentration and on the pore density
distribution (ρp) by the size of rp (rp—pore radius) for all granules, i.e., Tc = f (P(ρp)), where P is the pore
size distribution function). Taking into account expression (1) and taking the dependence q ~ (U0)0.5,
we obtain expression (2) (n2 = n1·0.5 = 0.7·0.5 = 0.35).

j = a2(U0)n2, where a2 = 6.8·10−6, n2 = 0.35 (2)

3. Experimental Apparatus and Procedure

3.1. Test Section for Organizing Methane Hydrate and Combustion

Most research works on methane hydrate combustion are related to temperature measurements in
the powder layer and the flame spread speed determination. The absence of data on the methane flux
density and heat flux both in the powder layer and in the gas phase does not allow correctly simulating
the processes of dissociation and combustion. To calculate the combustion parameters, it is necessary
to know the rate at which methane flows from the powder layer to the diffusion mixing layer. This
flow is formed as a result of methane hydrate dissociation and methane formation. In these studies,
methane velocity was determined using the weight method (the digital scales Vibra AJH 4200 CE).
The dissociation rate j (g/s) was measured as j = ∆m/∆t (where m is the powder mass, and t is the
time). The maximum measurement error j was less than 8–9%. Figure 1 shows the experimental setup.
Three thermocouples (y = 1 mm, y = 5 mm, y = 14 mm) are located in the center of the working area
at different distance y from the upper surface of the powder to measure the temperature profile 1
of methane hydrate in the transverse direction. The vessel walls were made of stainless steel with
thickness of 0.7–0.8 mm. Around the tank thermal insulating material was located.
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Figure 1. Scheme of experimental setup.

Temperature field on the surface of the powder was measured with the use of a thermal
imaging camera (NEC San Instruments). The measurement error of the thermocouple was within
1%. The difference between the temperature values measured by the thermocouple and the thermal
imager did not exceed 1.5–2 K.

Methane hydrate combustion was realized at different air flow velocity U0 from 0 to 0.6 m/s.
The mean flow velocity profile coincides with the Blasius velocity profile of a flat laminar boundary
layer. The intensity of the turbulent velocity fluctuation e (e = urms/U0, where urms is the mean square
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value of velocity pulsations and U0 is the average velocity) was less than 2%. The surface temperature
range of the samples (Ts) varied from 90 K to 273 K. Before the experiment, the methane powder
was taken from liquid nitrogen and placed in a tank. Heating of the powder was due to the heat
coming from the ambient medium, i.e., from the air through the top surface of the powder and from
the metal walls of the tank. Evaluation of thermal resistance (heat transfer coefficient) shows that
heat fluxes both from the upper surface and the side-walls are of the same order of values (without
combustion of methane). The influence of the side-walls leads to a significant longitudinal temperature
gradient (10–20 K) and the maximum temperature always corresponds to the powder on the surface
and near the side-walls. Thus, in addition to measuring the transverse temperature profile, in these
experiments the temperature of the entire surface of the powder Ts is measured using the thermal
imager. The average temperature of the powder is important to know for the correct simulation of
the dissociation rate. In most experimental works, temperatures are measured only in the center of
the powder tank. The motion of the leading flame edge starts from the edge of the tank, where the
temperature can be 20 K higher and a higher local density of methane flow is realized.

A diffusion layer (methane–air–water vapor) is formed inside the laminar boundary layer of air.
The thickness of the diffusion layer is lower than that of the dynamic layer for air (Figure 1).

Methane hydrate was synthesized using the following procedure. The cooled autoclave was
loaded with the powder of ice, the autoclave was blown with methane and the methane pressure of
7–10 MPa was set. The autoclave was placed in a thermostat with a temperature of +1 ◦C. Hydrate
was synthesized by slow melting of ice during the day. Further, the autoclave was cooled to the
temperature of liquid nitrogen, and the resulting mixture of methane hydrate and ice was ground
and reloaded into the autoclave (all at the temperature of liquid nitrogen). After warming up the
autoclave to about −100 ◦C, the methane pressure was set, and the autoclave was again placed in a
thermostat with a temperature of +1 ◦C. This procedure was repeated two times, resulting in an almost
pure methane hydrate with an ice content of not more than a few mass %. Before use, the hydrate
was stored immersed in liquid nitrogen. The purity of the sample was controlled by powder X-ray
diffraction. The average size of methane hydrate particles in all experiments was 0.1–0.2 mm.

3.2. Measurement Using Particle Tracking Velocimetry (PTV) Method

The method of “Particle Tracking Velocimetry” (PTV) was used to determine the gas flow velocity
(formed during combustion of methane hydrates). Similar to the Particle Image Velocity (PIV) method,
the PTV algorithm is based on determining the most likely particle shift for a very short time delay.
The use of the PTV method in these experiments is due to its peculiarities: Unlike the PIV method,
the PTV method does not imply the use of a large number of tracing particles. For this reason, the
influence of tracers on the process can be neglected. In addition, the PTV method has a higher spatial
resolution, as well as a lower sensitivity to uneven seeding of the flow by particles (compared to PIV).
TiO2 powder (particle sizes of 0.1–1 µm) was used as tracing particles for seeding the registration
area. The tracers were blown into a container with hydrate in advance (3–5 s before the start of
the experiment) and formed a slurry. The registration area was dissected with a sheet of a double
pulsed Nd: YAG laser “Qantel EverGreen 70” (wave length—532 nm, pulse energy—74 mJ) with
a frequency of 0.25 Hz. To create a flat sheet, an optical nozzle with an opening angle of 45◦ was
used. The thickness of the laser sheet in the registration area was about 200 µm. Images of TiO2

microparticles in the plane cut by the laser knife were recorded by CCD video camera “ImperX IGV
B2020M” (resolution of 2048 × 2048 pix, and bit width of 8 bit). The angle between the optical axis
of the camera and the plane of the laser sheet was 90◦. A couple of frames were recorded for each
moment. The delay between frames in a pair (frame delay) was 50–100 µs. The data processing required
the use of “Relaxation method of PTV”—a two-frame PTV with an estimation of the probability of
outcomes. Image processing included several successive stages (steps). At the first step, the background
was subtracted from the obtained images and extraneous noise was removed (using mathematical
algorithms, as well as “Median” and “Average” filters). At the second step, the intensity threshold
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“Intensity Threshold” was set to binarize the obtained images. The threshold was set as a percentage
of the maximum intensity value (255 for 8-bit images). The areas that underwent binarization marked
the position of the particles. At the third step, for each region after binarization, the procedure for
finding the center of the particle using the algorithm for calculating the center of mass was carried out.
The fourth step was to find a pair for each particle from the first frame in the second frame. The radius
for the pair search was set based on the maximum possible displacement of the particles in the image.
At the fifth step, the displacement of each particle (l) was determined, after which the absolute value
of the velocity of each particle was determined at the known values of the scale coefficient (S) and the
frame delay value (dt): u = S·l/dt. The last (sixth) step stipulated the elimination of erroneous vectors
(using the algorithm “Moving average validation”).

The result of each experiment was a set of irregular two-component velocity fields. The systematic
error in the determination of particle velocity values by the PTV method depended on the type of
optics used and the size of the registration area and did not exceed 1.5% in experiments. An example
of an image of tracing particles and an irregular velocity field is shown in Figure 2.
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Figure 2. Video image of TiO2 particles (left) and the result of its processing by PTV (right).

4. Measurement

4.1. The Dissociation Rate in the Combustion of Methane Hydrate

To determine the dissociation rate of methane hydrate, it is necessary to construct curves of powder
mass change over time. Figure 3 shows curves for different external air-flow rates U0. The powder
mass values are divided by the initial mass m0 (m0 corresponds to the methane hydrate mass when all
methane is in the sample). As the velocity U0 increases, the slope of the curves grows, i.e., the dissociation
rate j = ∆m/∆t increases. The graphs of j change are shown in Figure 4. The rate of methane hydrate
dissociation depends on the diffusion, heat transfer, and internal kinetics of the reaction.
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Figure 4. The dissociation rate j = ∆m/∆t over time (m0—initial powder mass): 1 − U0 = 0 mm/s;
2 − U0 = 0.2 m/s; and 3 − U0 = 0.6 m/s (I—maximum error interval).

Figure 5 presents experimental data (points 1) for the dissociation rate j of methane hydrate
depending on the velocity of the incoming air flow U0. The calculated curve 2 is obtained in accordance
with expression (2). The difference between the curve 2 and experimental data 1 can be associated with
both the experimental error (measurement error j) and the deviation of the dependence q ~ (U0)0.5

from the quadratic form. This deviation is probably due to the presence of both a forced air-flow and a
free-convective flow due to high temperature gradient and gas density in the diffusion layer of the
mixture. The degree n = 0.5 corresponds only to the plane laminar boundary layer when the buoyancy
is neglected, i.e., when St ~ 1/(Re)0.5 and q ~ (U0)0.5 [41–44], where St and Re are the Stanton number
and the Reynolds number, St = q/(ρ0U0cp∆T), Re = ρ0U0x/µ, x is the longitudinal coordinate, µ is the
dynamic viscosity, and cp is the heat capacity of the gas mixture. If the characteristic velocities caused
by forced flow and buoyancy are comparable (of the same order), their ratio can be estimated using
the Richardson number Ri = Gr/Re2 (Gr is the Grashof number).
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Figure 5. The dissociation rate j of methane hydrate depending on the velocity of the incoming air flow
U0: 1—experiment; 2—calculation by (2); Ucr1 = 0.3 m/s; Ucr2 = 0.7 m/s [29]; 3—Shift curve2 to the
top; and L—the characteristic lengths of the working area.

The deviation of experimental data (1) from curve (2) begins at U0 < 0.25–0.3 m/s, since
expression (2) does not describe free convection (U0 is the velocity of the forced convection). Thus,
there are at least two dissociation modes of j, depending on U0, for which the degree n will vary
significantly. For 0 m/s < U0 < 0.3 m/s the dissociation rate is quasi-constant (n = 0), and for 0.3 m/s <
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U0 < 0.6–0.7 m/s the degree n = 0.29 m/s. With further velocity increase the combustion suppression is
observed. The existence of two modes with increasing velocity U0 was also observed in Reference [29]
for the flame propagation speed. However, the parameters of j and flame propagation speed correlate,
i.e., the reaction rate during combustion and the dissociation rate are interrelated. At the same time,
in Reference [29] there is a certain shift for the boundary of two modes transition. The critical value
of Ucr1 corresponds to velocity, when the experimental curve 1 deviates from the calculated curve 2.
Ucr2 determines the deviation of curve 3 from the calculated curve 2. Curve 3 shows the shift of
the experimental curve 1 in the direction of increasing Ucr2 (Ucr2 = 0.7 m/s). Vertical dotted lines
distinguish regimes 1 and 2 (Figure 5). The mode transition boundary corresponded to velocity
U0 = 0.7 m/s, and then there was an increase in the flame propagation speed. These differences are
related to the difference in the boundary conditions for the two works. It is easy to link possible
causes of this shift with two dimensionless criteria A1 = A1cr = δd/δm (dynamic and diffusion layer
thickness ratio) (Figure 6) and A2 = A2cr = U0/Uconv (ratio of air velocity to convective flow velocity).
In Reference [29], there is a longer background (prehistory) and a thicker δd2. As a result, U0m2 will
be, on the contrary, less than U0m1 in the present work. Let us consider the second reason (A2cr).
The convection velocity can be approximately expressed via the characteristic lengths of the working
area L in form (3).

Uconv ~ (2gL∆ρ/ρ)1/2 (3)

Then, the ratio of characteristic convection velocities for two works Uconv2/Uconv1 will be
proportional to (L2/L1)1/2 = (120 mm/25 mm)1/2 = 2.2. Ignition in [29] begins at the end of the working
area, the length of which is 120 mm. In the present work, combustion is realized approximately in
the middle of the working section of 50 mm long. Thus, the number A2 for L2 will be higher than
for L1. As a result, to realize some critical value of A2cr, it is required to increase the velocity almost
2.2 times in [29]. In this case, external convection U0 will exert a significant influence on heat and
mass transfer and on dissociation rate of methane hydrate. Then, A2cr is implemented for velocity
U0 = 0.3 × 2.2 = 0.66 m/s. The obtained estimated critical velocity (0.66 m/s) corresponds to the
velocity in [29], which is 0.7 m/s. The third reason for the differences in the critical velocity (transition
modes) is associated with different average temperature of the powder, which will lead to different
dissociation rate, methane injection rate, the average combustion temperature, the difference between
the combustion temperature, and the surface temperature of the powder ∆T, which will lead to a
change in ∆ρ (∆ρ = β∆T) and velocity Uconv. Further theoretical and experimental studies are required
to determine more precise dependences of the transition mode on these three factors.
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As can be seen from the graph, with the growth of U0 the dissociation rate j increases. However,
this growth is an extremely weak function of U0. In References [28,29] there was a weak increase in the
velocity of the flame edge Vc with an increase in the velocity U0. Obviously, this velocity is a function
of the combustion temperature Tc. The reason for this weak influence has been considered above in
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accordance with expression (2). Another reason for such a weak effect may be due to the geometry of
the diffusion and dynamic layer. Figure 6 demonstrates the characteristic profiles for two different
velocities of the external incoming air flow U01 and U02 (U01 < U02).

The figure shows the dynamic velocity profile 1 for air and the diffusion profile 2 for the gas
mixture (methane–air–water vapor). The velocity U0m corresponds to the upper boundary of the
mixing layer. Despite the increase in U02 compared to U01, the velocity at the boundary of the
diffusion layer U0m decreases sharply (U0m2 < U0m1). In addition, the characteristic scale of vorticity
Lw decreases sharply due to the flow instability at combustion. With the fall of U0m (factor 1) and
Lw (factor 2), the flow of methane to the combustion region “C” decreases as well. The combustion
region “C” for the case (a) covers most of the mixing region (2). At that, there is a high cross-flow of
methane j (V1 > V2). For figure (b), the largest part of the “C” area is outside the diffusion layer (2).
Thus, the area of the combustion region, which is inside the diffusion layer, is the third factor that
affects combustion. As a result, we obtain the following. The increase in the velocity U0 for the laminar
boundary layer leads to an increase in the heat flux (q ~ (U0)0.5) in the mixing layer.

According to the energy conservation, the heat flux to the powder is equal to the heat flux inside
the powder. The increase in heat flux leads to an increase in dissociation rate according to (1) and to
an increase in methane concentration within the combustion region. However, the other three factors
mentioned above significantly reduce the positive role of U0 growth. Thus, we can draw two important
conclusions from the above: (1) The increase in velocity U0 leads to a weak increase in the burning
rate; and (2) the average temperature of the powder and the uneven temperature distribution in the
layer strongly affect the methane concentration in the combustion region. In turn, the second factor
(temperature) is extremely sensitive to the pores distribution density in the powder particles due to
the phenomenon of self-preservation.

Let us consider the time of combustion start t0c depending on the velocity of the incoming
air-flow U0 (where t0c is the time from the powder placement in the tank to the start of combustion).
Methane was ignited periodically every 5 s. However, combustion began only when the methane
concentration in the combustion zone reached a certain minimum limiting value. Figure 7 shows that
with U0 increase, the value of t0c decreases. This decrease is due to the fact that with the growth of
U0, q and j increase, which leads to a faster increase in the powder temperature. Thus, the required
combustion temperature in the “C” zone and the concentration of methane in the combustion region
are achieved faster. Curve 2, generalizing experimental data for t0c, has a quasi-linear form t0c = −kU0

(where parameter k is a function of both properties of boundary layers over the plate (Figure 1) and
properties of methane hydrate powder.
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Figure 7. The ignition time t0c depending on velocity of incoming air flow U0: (1—experimental data;
2 − t0c = −kU0.



Energies 2018, 11, 3518 12 of 19

4.2. Temperature Measurements in the Powder Layer at Methane Hydrate Dissociation

Since the dissociation rate of methane hydrate and the reaction rate during combustion strongly
depend on the temperature, it is important to know the temperature field for the entire volume of the
powder for correct modeling.

The photo of the tank with the sample is shown in Figure 8a (top view). Figure 8b shows a thermal
image of the powder surface 10 s before combustion. Time t = 0 s corresponds to the beginning of
combustion of methane hydrate.
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Figure 9 shows a graph of the sample surface temperature change along the longitudinal axis
0X, shown in Figure 8a,b. The maximum temperature of the sample corresponds to the side-walls of
the tank (X = 0; 40 mm), which indicates that the heat flux from the walls cannot be neglected. Since
burning begins near the wall (the location of the pilot burner can be seen in Figure 1), it is important to
know not only the average volumetric temperature of the sample, but also the temperature near the
pilot burner. In most experimental works only the temperatures on the tank axis are measured.
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Figure 9. Temperature profile of the powder surface along the 0X line shown in Figure 8a,b.

The temperature change of the powder is shown in Figure 10. Thermocouples were located
on the tank axis (Figure 1). For thermocouple 1 y = 5 mm (the distance y is measured from the top
powder surface, see Figure 1); curve 2 corresponds to y = 14 mm. Over time, the temperature increases
continuously. It should be noted that the powder temperature should fall due to the methane hydrate
dissociation and increase due to the heat flux from the walls of the tank (q1 and q2) (Figure 1) and
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from the ambient medium (q3 is heat flux to the top surface of the powder). Since temperature T
increases for any moment t, it can be concluded that the heat of dissociation is much lower than the
heat supplied to the sample from the ambient medium. Time t = 0 s corresponds to the beginning
of combustion.
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Figure 10. Temperature change in the powder layer over time during combustion of methane
hydrate (1 − y = 5 mm; 2 − y = 14 mm, and y—distance from the top surface of the powder layer;
thermocouples are located in the center of the tank (Figure 1)): (a) the velocity of the incoming flow
U0 = 0 m/s (Figure 1); and (b) U0 = 0.5 m/s (I—intervals of temperature measurement for three
repeated experiments).

As can be seen from the graphs, for U0 = 0.5 m/s, the combustion starts when the temperature
of the powder (for y = 5 mm) is approximately 70 ◦C higher than for the option with U0 = 0 m/s.
This feature (the temperature of combustion onset) is obvious. With an increase in the external flow
velocity, the concentration of methane in the combustion zone C (Figure 6) decreases and combustion
occurs when the powder surface temperature and the temperature in the combustion region increases
substantially. The occurrence of combustion depends on the concentration of the mixture components,
and the temperature of the gas.

Figure 11 shows graphs of temperature distribution (on the tank axis) over the height of the
powder layer during combustion of methane hydrate (y = 0 mm corresponds to the upper surface of the
layer). Time t = 0 s corresponds to the beginning of combustion. As can be seen from the graphs, for the
entire combustion period there are nonlinear curves for the temperature distribution that characterizes
the non-stationary character of the heat equation inside the thick layer. This non-stationary character
is already available for the distance y > 3–5 mm. For smaller values of y (1 mm < y < 2 mm),
the temperature for a few seconds approaches 0 ◦C and then remains constant due to the ice crust
melting on the surface of the granules, i.e., only for the uppermost layer (small height y) a stationary
approximation may be considered. However, for dissociation, despite T = const, the flow of methane j
in the near-surface region will decrease due to the curvature of the granules [21], i.e., the diffusion
problem must be solved in a non-stationary form even under quasi-isothermal conditions.

The above diagrams show the uneven nature of temperature, and accordingly, of the methane
hydrate dissociation throughout the powder volume. As a result, most of the burning time is
characterized by changing flame height as well as by “effective area” of combustion on the layer
surface, which is clearly seen from Figure 12. Features of inhomogeneous combustion are considered
in the following paragraph.
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4.3. Heterogeneous Character of Methane Hydrate Combustion, Velocity Field at Combustion

When calculating the flow of methane only the full surface of the layer is always taken into
account. The average velocity of methane V, directed perpendicular to the layer surface (Figure 13b) is
defined as V = ∆m/(ρF∆t), where m is the mass of methane released, F is layer surface area. The mass
can be measured both by weight and volume method and reflects only the average specific flow of
methane. Figure 13 shows the “effective area” of combustion based on Figure 12. Only the surface
areas of the layer above which methane is burning are highlighted in red. Thus, for t = 80 s there are
three characteristic areas (F1, F2, and F3) and three characteristic velocities (V1, V2, and V3). “Effective
areas (Fef)” are determined by imaging using two thermal imagers, located in the direction of two
perpendicular axes (Figure 13a). It is extremely difficult to experimentally determine the local velocities
of methane Vef over these Fef areas and it is the subject of further research. PIV and PTV methods can
be used for these purposes.
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It should be noted that F > Fef = F1 + F2 + F3, and V > Vef = V1 + V2 + V3 (V = V1 + V2 + V3 + V4),
where V4 corresponds to the surface F4, over which there is no combustion. Not all methane (V4) from
the surface (F4) enters the combustion region, but only part of it. Therefore, over the powder surface
there is always a local uneven flow of methane and uneven local concentration of methane in the field
of burning. The changes in local concentrations of methane and buoyancy effect will lead to unstable
combustion. This unstable combustion is clearly seen in Figure 12.

Figures 1 and 6 show schematic images of the dynamic (δd) and diffusion layer (δm) development.
The laminar velocity profile is considered in the numerical calculation of combustion. However, this
type of profile is valid only for very low rates of injection and with disregard for free convection.
The blowing parameter can be estimated as b = 3ρCH4VCH4(Rex)0.5/(ρ0U0) = 0.2. This value is much
lower than the critical bcr = 1.86 [41–44], which corresponds to the separation of the wall layer.
Thus, the injected methane from the powder can only partially deform the dynamic layer of air.
In the presence of combustion, a significant impact on the development of profiles is exerted by
buoyancy (density gradient due to temperature difference.) The estimation by the approximate
formula shows that the velocity value for free convection in the combustion region is approximately
2–4 m/s. Figure 14 presents the velocity field in the combustion region using the PTV method at an
external flow rate U0 = 0.5 m/s.
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The maximum gas velocity in the combustion zone is approximately equal to Uc = 3.5 m/s.
Average velocity of methane injection, defined by the entire surface area F, equals 8.4 mm/s.
Thus, the injected gas has little effect on the velocity profile of the dynamic boundary layer
(3500 mm/s/8.4 mm/s = 417). The obtained velocity value before burning (0.8 mm/s) closely
corresponds to the experimental value of maximum methane velocity of 0.6–0.7 mm/s (without
combustion) in Reference [31]. The close agreement of the velocities suggests that combustion in the
presented experiments began when the average volumetric temperature of the powder corresponded
to the maximum dissociation rate, i.e., the volume of local regions of partial self-preservation was
minimal. The specified velocity (0.7–0.8 mm/s) provided the high flame spread speed above the
powder surface, which was close to the velocity in Reference [31] (about 1 m/s).

The ratio of the maximum convection velocity to the velocity of the external air flow (Uconv/U0) is
equal to seven. Considering that the diffusion layer is inside the dynamic one (Uconv/U0m) (Figure 6),
this ratio will be higher (about 10). In accordance with the directions of the velocity lines and the value
of velocity in Figure 14 it can be concluded that buoyancy plays a predominant role in the formation of
the velocity field and the type of flow will be fundamentally different from Figures 1 and 6, which are
usually taken for modeling. In addition, it is incorrect to take into account only buoyancy, since the
lines of the velocity direction significantly deviate in the direction of the velocity U0. Even low external
flow velocities U0 significantly effect the flow formation at combustion over the methane hydrate layer,
and accordingly, the distribution of methane concentrations in the diffusion layer.

5. Conclusions

In this paper, the temperature characteristics inside the powder layer at methane hydrate
dissociation and in the presence of the released methane combustion on the powder surface have
been experimentally studied. The experiments were carried out at different velocities of the external
air-flow from 0 to 0.6 m/s, when there was a laminar flow at the inlet to the working area with the
sample. The temperature of the powder during the experiment increased from the temperature of
liquid nitrogen to 0 ◦C due to heat supply from the ambient medium. Measurements were carried out
using the weight method, thermal imaging and PTV methods, as well as a high-speed camera.

During combustion, the transverse temperature profile in the powder layer was nonlinear for
the most part of the layer height and only in a narrow region (at a depth of about 1 mm from the top
surface of the layer) where the powder temperature was quasi-static. Thus, a small granule and a
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thin layer modeling is possible in the form of a stationary heat equation, and for a thick layer, the
non-stationary term cannot be neglected.

Measuring the temperature field of the powder using a thermal imager has shown that there is
a highly uneven temperature field on the surface of the layer. The maximum temperature always
corresponds to the powder near the side-walls, which is more than 10 ◦C higher than the average
temperature in the layer. Thus, it is incorrect to carry out measurements only on the axial line of the
layer, as it is done in most works. The heat flux from the side-walls is higher than for the upper surface
of the powder without combustion.

Thermal imaging measurements have revealed the heterogeneous nature of combustion, when
only a partial area of the layer is effective over the surface of the powder (combustion is realized
above it). Over the rest of the layer surface, the powder temperature is much lower. Thus,
simulating combustion on the average rate of methane release is incorrect, since the rate of methane
release above the surface layer varies considerably along the surface. As a result, the combustion
temperature will be different, i.e., have a non-uniform character, which will lead to non-stationary and
non-uniform combustion.

Measurements of the velocity field using the PTV method have shown that the maximum
gas velocity in the field of combustion exceeds 3 m/s. To perform stoichiometric ratios, given the
methane velocity and oxygen concentration in the air, the velocity of about 0.1–0.2 mm/s is required.
In accordance with the foregoing, the excess of oxidizer over the fuel leads to a more than ten-fold
violation of the stoichiometric ratio. It is obvious that such a high velocity can be achieved only due to
the increased inflow of external air. The methane velocity cannot increase tenfold due to the limited
gas diffusion through the pores of methane hydrate granules (diffusion resistance of pores in the
formed ice crust). Thus, free convection during combustion leads to a significant excess of the oxidant
in the combustion zone, and it is surprising that this air excess results in high velocities of the flame
spread speed above the powder surface, which was close to the velocity in Reference [31] (about 1
m/s). For correct modeling, it is necessary to take the real velocity profile rather than the laminar one,
but taking into account free convection.

Despite that the velocity profile in the combustion region is formed mainly due to free convection,
it is also necessary to take into account the external flow of the forced gas U0. Even at low velocities
U0, the velocity direction lines are significantly deviated by the forced air-flow.
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