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Abstract. The research is aimed at revealing the theoretical features of the kinetics of the process of
dissociation of natural gas hydrates, the accounting of which is useful in designing technologies for
their development. The process of decomposition of gas hydrates is considered as a heterogeneous
process, proceeding at the interface of the phases and contains three consecutive stages. The
mathematically grounded speed with which molecules fluctuate around fixed positions and the velocity
of their translational motion in the system “gas — rock environment”. The mathematical expression of
the constant coefficient of molecular diffusion is made. It has been established that when gas is
extracted from gas hydrates, external and internal diffusion zones, as well as diffusion inhibition, are
caused, which causes an increase in the decay time of gas hydrate to gas and water. The character of
the dependence of the change in the rate of dissociation during its various periods is revealed. It was
found that the speed of the dissociation process in these conditions varies with the temperature under
the exponential law.
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Introduction. In today’s fast-moving conditions of intensive energy consumption, it is
obvious that in the near future, mankind will exhaust most of the discovered natural gas deposits [1,
2]. In this regard, the international scientific community is actively conducting research on the
possibility of using alternative types of fuel and searching for additional sources of energy [3 —5]. To
date, there is no alternative energy source that can significantly reduce the impact of traditional fossil
fuels to ensure the energy independence of modern states. The future development of the energy sector
of Ukraine is directly related to a sufficient level of production as solid combustible minerals in
various ways. [6 — 9], as hydrocarbons [10 — 13], in the development of which there is no industrial
waste [14, 15]. A promising direction in the development of hydrocarbon sources is the development
of gas hydrate deposits, which are currently being mined in a number of developed countries [16 —
18], and in Ukraine only at the level of theoretical study [19, 20]. For Ukraine, the gas hydrate
deposits of the Black Sea are of considerable interest, since the gas reserves concentrated in the
Ukrainian part (20 — 25 trillion m®) exceed several times the existing gas reserves of traditional
deposits, which will allow Ukraine to provide this energy supply for several centuries, taking into
account all necessary needs of both the industrial complex of the state and the population [21 — 23].

As a result of a comprehensive analysis and systematization of existing data on the patterns of
hydrate formation and hydrate accumulation under natural conditions, it was found that gas hydrate
deposits are deposited not only with continuous layers of pure gas hydrate, but contain a certain
proportion of rock inclusions [24, 25], what should be considered when studying the kinetics of the
process of its dissociation and the development of technological schemes of production.

Thus, the establishment of the kinetic features of the decomposition process of natural gas
hydrates and the determination of their mechanism is a pressing issue in the development of technologies
for the integrated development of gas hydrate deposits as an alternative source of energy.

Research results. The process of decomposition of gas hydrates, like any other heterogeneous
process, proceeds at the interface of the phases and contains three consecutive steps (phases):

— the first stage involves the transfer of heat to the surface of the solid phase — the reaction
zone — in which the transition of one structure of hydrated ice to another, as well as its melting;

— the second stage is the dehydration of the gas hydrate, that is, the adsorption-chemical act on
the surface of the section;

— the third stage consists in the complete dissociation of the gas hydrate and the removal of the
reaction products (methane gas and water) from the reaction zone.

The main stages of decomposition of a gas hydrate deposit of an inhomogeneous structure
containing a certain proportion of rock inclusions are given in Figure 1.
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Fig. 1. Formation of the stages of decomposition of the gas hydrate deposit of the inhomogeneous structure

At the first stage melting of the gas hydrate deposit, where there is a partial separation of water
from the deposit. In this case, two aggregate states of substances that take place in the structure of the
inhomogeneous structure can be singled out: gas hydrate and rock inclusions, which are solids, and
water, which is a liquid. The second stage involves the process of dehydration. There is a partial
decomposition of methane gas molecules, the third aggregate state of matter is gaseous, but the gas
output is not maximal, since the thermal state of the gas hydrate deposit of the inhomogeneous
structure does not reach the limiting point, for the introduced energy, at which there is a transition to
the dissociation zone. The process of dissociation is the third stage in which there is a full factor
separation of methane gas, the allocation of water and the isolation of rock inclusions.

The process of decomposition of gas hydrates occurs as a result of the shift of thermobaric
parameters of their stable existence, that is, the molecules of gas, released from the cavities of clathrate,
may be delayed in or through the volume of ice or soil. Thus, the penetration of the active zone to a
greater depth is observed [17, 26, 27], which leads to bulk ionization of the activated material.

Brownian’s motion of gas and liquid particles in the process of passing through the soil is
usually not taken into account, since the pathway of particles passing through Brownian’s diffusion of
about 0.1 microns is not more than 5% (often no more than 1 — 2%), and particles of 1 microns or more
are less 1% of the average path of the volume flow of liquid during passage through porous materials.
Another picture is observed at the passage of gaseous substances, when the diffusion component is one
of the main in the mechanism. In the development of gas hydrate deposits there is a change in temperature
regime, which leads to thermal motion as a liquid, which is a by-product of dissociated gas hydrate, and
gas, therefore, it is necessary to take Brownian’s motion into account [28].

To do this, consider the equation of the linear motion of particles of mass m, on which the
constant force F and the resistance is proportional to the velocity:

d’x .~ dx
dt? dt
The solution, averaged over all the particles in the system, has the form:

X2 — @{PE{l—exp(_gﬂ} = 2Dt {1—m—D{1—exp(—mﬂ , @)
C Ct m KTt mD

KT
where D = E — coefficient of diffusion; C — coefficient of resistance.

In comparison with the usual molecule, the gas hydrate is a macromolecule that moves according
to the laws established for Brownian particles. Therefore, the distance traversed by it in any direction will
not be proportional to the travel time, as in the case of a body whose vector of velocity remains constant.
The chaotic (disordered) motion is characterized by another pattern: the mean square of the distance to
which the particle moves over time is proportional to the absolute temperature and inversely proportional to
the particle coefficient of friction. Already after a short time interval (for particles with a molecular weight
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of 40 g/moles in water at room temperature, the time interval is approximately 2-107s), the value will be
up to 90% of the limit. For longer time intervals the equation will look like:
x? =2Dt.

This equation characterizes the important property of the diffusion process: the time required
for diffusion increases proportionally to the square of the distance. The diffusion coefficient will be
determined by the size and shape of the molecules. The particle is in a constant zigzag movement,
which is caused by chaotic collisions with other gas molecules and a viscous environmental resistance
that is characteristic of secondary gas hydrate deposits.

However, if we consider the motion for less than 2-10*?s, then, as can be seen from equation
(1), the motion becomes independent of viscosity (primary gas hydrate deposits). These are leaps
forward and back with frequency order of oscillatory frequencies:

1

1(kT)2

v=—"/,\—|,
24\ m

Thus, the velocity with which the molecules fluctuate around the fixed positions and the
velocity of their translational motion in the “gas — rock environment” system, which consists of liquid
and gaseous parts, is obtained.

Passage of gases through the environment includes the following cases:

— penetration through the pores;

— penetration through holes cracks;

— full plugging of the mouth of the channel.

In Figure 2 schematically depicts the flow of gas through an environment consisting of
mineral particles of the rock bottom sediments.

1
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Fig. 2. Scheme of gas flow and clogging capillaries in the ideal (a) and real (b) systems

For an ideal system, the blockage of the mouth of one of the channels (Fig. 2a, 1) leads to the
cessation of movement of fluid in it. The labyrinth system of interconnected channels provides, when the
main mouth of the main canal is hammered (Fig. 2b), the detection and disclosure of the side (Fig. 2b, 1°)
with a mouth of smaller or larger diameter. As a result of the opening of the side channels, there is a partial
compensation for the drop in permeability when the main channel’s mouth is clogged.

When considering the diffusion component in the process of extracting gas from the gas hydrate
layers of the inhomogeneous structure, it is necessary to isolate the outer and inner regions of diffusion. The
intrinsic diffusion region of the process flow in turn can be divided into two sections, which are determined

2r
by the ratio 7 , Where 1 — length of free run of the molecule, and r — pore radius:

2r
1. The Knudsen’s diffusion region corresponds to inequality 7 <1. Consequently, the free

path of the molecule is greater than the average pore size.
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2r
2. The area of molecular diffusion within the pores corresponds to inequality 7 >1. In this

case, the probability of collisions between molecules is greater than with the walls of pores. In this
case, the diffusion coefficient does not depend on the pore size, but is related to the length of the free
run of the molecules.

Thus, when the average mileage of a molecule in the gas phase is large in comparison with the
radius of the pore, the diffusion coefficient is determined by the flow of Knudsen; if so 4 < 2r, then
there is molecular diffusion.

The general equation for determining the effective diffusion coefficient, which shows the
relation between the diffusion of Knudsen and ordinary diffusion, is written as follows:

D, =su[ 24|
3 \1+2r/a

where U — average Maxwell’s speed equal to:

- 8RT
U=\ @)

where R — universal gas constant; T — temperature; M — molecular weight.

Formula (2) should be used with adherence r and 2.

At a pressure of 0.1 MPa (1 atm) for a pore size of 50 nm or more there is a complete
transition to molecular diffusion, and the diffusion coefficient becomes constant. This corresponds to
the following expression:

D- i(l— e—2-105 P )
3P

With the dissociation of the gas hydrate, diffusion inhibitory increases the time of its
decomposition into methane and water. The rate of decomposition of the gas hydrate decreases with
increasing depth of transformation due to diffusion inhibition. The decrease begins in the transition
region and reaches the largest value in the area of internal diffusion, after which it remains constant.

The boundary of domains in diffusion braking in the process of decomposition of gas hydrate is
more rational expressed through the hydraulic radius rwar, Which is in the area of diffusion of Knudsen

2 rhydr

: , I f r
<1, but in the field of molecular diffusion — % >1. Onaverage, for these systems I, 4 =~ re

Proceeding from the foregoing, the support of the diffusion and kinetic stages is comparable, so
the interaction mode is mixed. It is important that any of the stages did not limit the speed of the process
in a permanent (stationary) mode, the speed of all stages is the same. Let’s consider the kinetics of the
heterogeneous process of decomposition of gas hydrates of an inhomogeneous structure.

The process of dissociation of gas hydrate M -nH,O+AH — M +nH,0O is heterogeneous,

since it occurs at the interface between the solid phase - the starting gas hydrate and a mixture of liquid and
gas. The process of dissociation is a topochemical process, which is accompanied by the disappearance of
one phase by the transition of hydrated ice to a more fragile structure and, finally, the emergence of new
phases. This transition is accompanied by the formation of a new and destruction of the old crystal lattice.
This stage takes some time and is characterized by an induction period, that is, the process is auto-catalytic,
and it is during this period that the dissociation reaction proceeds at a negligible low speed.

The beginning of the decomposition process is initiated by the formation of a certain number
of cavities in hydrated ice that is sufficient for the actual restructuring of its structure, which is
necessarily due to the presence of the required energy reserve, due to which separation of molecules of
gas from water molecules occurs. The emergence of the nuclei of a new phase and, consequently, the
surface of the separation between the two solid phases (gas hydrate and rock inclusions), as well as the
dissociation of the gas hydrate deposit of the inhomogeneous structure, are already on the surface of
solid inclusions represented by aluminosilicates.

The boundary between the solid phase gradually moves inside the crystal lattice of the maternal
phase from the moment of the emergence of a new phase, which occurs in the expansion of the deposit.
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It should be noted that increasing the degree of dispersion of rock inclusions leads to an increase in the
number of active centers, which are the peaks of rock crystals, some defective spots on their faces and
edges, where the particles of matter have an increased supply of energy. The growth of the number of
active centers leads to a decrease in the induction period (Fig. 3, period I).

reaction front

11

Speed of dissociation, v, m/s

fos Reaction time, 7, s

I — induction period (the reaction proceeds at an extremely low speed); Il — autocatalytic period
(noticeable increase in the reaction rate due to the growth of the interface between the solids);
111 — the period completion of the reaction (the speed falls due to the reduction of the reaction front)
Fig. 3. Dependence of velocity (v) topochemical response on time (t)

The increase of the interphase boundary facilitates the further course of the dissociation
reaction, which leads to an increase in the amount of gas hydrate per unit time, that is, the reaction rate
(Fig. 3, period II). Finally, the surface of the solid phase separation, reaching its maximum value,
begins to decrease due to the fact that the solid gas hydrate deposit has finite dimensions and, hence,
the final value of the surface area (Fig. 3, period Ill). Simultaneously with the decrease of the
boundary of the solid phase, the process speed drops. The decrease of speed contributes to the growth
of the surface of the rock. If its porosity is small, then the process eventually passes into the diffusion
regime, and the limiting step becomes the diffusion of gas molecules from the reaction zone. With a
considerable porosity and relatively small dimensions of the dissociation phase, the kinetic mode of
the process (the slowdown of the transformation) will be maintained.

In other words, the constant of the diffusion rate K dif :% in the expression for the rate of

P02
6 1
N + J—
D k
chemical interaction k. The process speed in these conditions varies with the temperature according to

the exponential law:
V= A-exp(ij,
RT

where A — complex function, which depends on the composition of the gas phase, the size and nature of the
surface of the solid phase, the presence of impurities in it, and the like; E is the activation energy (the
minimum value of the Kinetic energy with which the particles move to each other is necessary in order for
the meeting to be effective (calculated for one single element of the elementary acts)).

Thus, analytical studies of the kinetic features and mechanism of the decomposition process of
natural gas hydrates will be useful when conducting experimental laboratory studies to clarify the
decomposition time in various temperature and pressure conditions, which must be considered when
developing technologies for the production of gas hydrates.

Conclusions. The kinetic peculiarities of the process of decomposition of gas hydrate layers of
inhomogeneous structure, which takes place when the thermaobaric parameters of their stable existence

heterogeneous reaction y; _ will turn out to be larger compared to the constant of adsorption-
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are shifted, are considered. It has been established that when gas is extracted from gas hydrates,
external and internal diffusion zones, as well as diffusion inhibition, are caused, which causes an
increase in the decay time of gas hydrate to gas and water.
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