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Abstract — The paper analyses the influence of pressure and temperature of gas and liquid on
the process of hydrate formation, proposes equations that allow to predict the course of heat
and mass exchange processes of gas hydrate synthesis and estimate the amount of gas hydrate
obtained at given thermodynamic parameters. The synthesis of gas hydrates begins with
the creation of appropriate thermodynamic conditions in the reactor. However, the
formation of hydrate layers on the surfaces of gas bubbles in bubbling or high-speed
mixing technologies has peculiarities associated with the fact that the temperature and
pressure of the gas change depending on the bubble size fluctuations. This should be
taken into account when determining the conditions of hydrate formation. To this end,
the article proposes a mathematical model that allows the thermodynamic conditions of
synthesis to be optimised. The obtained results can be used to design process equipment and
optimise its parameters.
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1. INTRODUCTION

In many countries worldwide, gas hydrates are considered one of the most promising
alternative energy sources. Global gas hydrate reserves are estimated to be at least 250 trillion
m? [1]-[3]. This exceeds the known reserves of conventional natural gas, which, according to
current data, amount to 187.1 trillion m? [4], [5].

A key advantage of gas hydrates for storage and transport is their ability to self-preserve,
allowing for storage and transport at atmospheric pressure [6], [7]. Synthesized gas hydrates
enable the transport and storage of light hydrocarbons (methane, ethane), which are often
flared at production sites, significantly contributing to environmental pollution in surrounding
areas [8].

The main thermodynamic parameters that determine the stability of hydrates are pressure
and temperature. The behaviour of hydrates under pressure varies from destabilisation of KS-
IT hydrates with a stoichiometric composition of 1:17 (e.g., for THF-17H,O hydrates,
d7/dP = 2.5 K/kbar, k= 0.485) to significant stabilisation for KS-I hydrates (e.g., for
C,H40-6.7H,0, d7/dP=7.0 K/kbar, k=0.537) [9], [10]. A characteristic feature of
crystalline hydrates is that their formation temperature is much higher than the freezing point
of water. However, as the temperature increases, the pressure must be increased to form a gas
hydrate. Above this temperature, methane hydrate is formed only at very high pressures, and
other gases liquefy during compression [11]-[14], see Table 1.
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TABLE 1. CRITICAL TEMPERATURES OF NATURAL GAS HYDRATE FORMATION

Hydrocarbon gases Ethane Methane Isobutane Propane
Temperature, °C 14.5 23 2.5 55
Pressure, bar 35 300 1.7 5.5

This implies that hydrates will inevitably form within this stability domain, provided
sufficient gas and water are present. At exceedingly high pressures, the volumetric
equivalence of the hydrate phase and its decomposition products results in a maximum in the
hydrate decomposition curve (lhg), occurring at 47.7 °C and 500 MPa.

At point Qp, a discontinuity in the hydrate decomposition curve is observed, attributed to
the formation of a new hydrate, hy, whose composition and structure remain undetermined.
The inclusion of guest molecules within the clathrate water lattice results in an increased
packing coefficient compared to ice Th (k= 0.43), reaching 0.47-0.52 for structure KS II
hydrates (with a stoichiometric composition of 1:17), 0.53—0.58 for structure KS I hydrates,
and 0.59-0.60 for fully occupied hydrates. The behaviour of hydrates under pressure varies
from decomposition to varying degrees of stabilization. Even in the best-case scenario, the
complementarity between the guest molecule and the host cavity is insufficient to form a
denser packing with a coefficient approaching 0.74. Consequently, at high pressures, the
density of the clathrate structure becomes lower than that of the gas phase, leading to maxima
in the hydrate decomposition curves [15].

Studies [16], and [17] highlight that even under favourable thermodynamic conditions,
hydrate formation often requires significant time. While hydrate decomposition generally
occurs more readily, hydrocarbon hydrates at temperatures below 0 °C and relatively low
pressures are metastable. These hydrates decompose gradually and can persist for years due
to a self-preservation effect [18]. According to several researchers, this effect is attributed to
the formation of an ice crust upon decomposition, which prevents further breakdown. This
crucial property is well-documented in studies [19], [20]. Thus, while phase diagrams
delineate the stability regions of gas hydrates, they do not provide information regarding the
kinetics of hydrate formation or dissociation. Further investigations are required to determine
these characteristics.

2. KINETICS OF HYDRATE FORMATION

The first studies of hydrate formation kinetics are presented in [21]. The studies were
carried out to determine the composition of hydrates and to obtain hydrates of various gases.
However, the issue of improving the technology of hydrate production was not relevant at
that time, and the purpose of the research was usually to prevent hydrate formation in wells
and gas pipelines. Further studies [22]-[26] were devoted to the study of cyclic processes of
hydrate synthesis and dissociation, and they also evaluated gas diffusion through hydrate. The
authors showed the possibility of synthesising small amounts of gas hydrates in the laboratory
over a long period of time. Recently, due to the need for industrial use of GH, there has been
a need to improve the technologies for their synthesis. Studies [27] have shown a very weak
dependence of the hydrate formation kinetics on the temperature of the reactor environment,
and gas pressure was determined as the main driving force of the hydrate formation process.
In study [28], it is noted that the growth rate of the hydrate film is proportional to the
temperature difference between the equilibrium state of the hydrate at the operating pressure
and the gas temperature (supercooling). In work [29], the kinetics of hydrate film growth is
based on the heat transfer of the interfacial surface with the surrounding environment. The
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thickness of the hydrate film on the interfacial surface was investigated in [30] using a laser
interferometer. It was established that within 150 hours it reaches 40 um. Additionally,
research into methods of intensifying gas hydrate synthesis has become increasingly active.
In particular, works [31]-[33] consider the influence of surfactants on the rate of hydrate
formation. In article [34], a mathematical model is proposed to determine the formation time
of a hydrate film on the interfacial surface depending on the gas pressure and the number of
nucleation sites. It is known that the rate of hydrate formation can vary widely, from
practically two weeks to several minutes. To improve the technology of gas hydrate synthesis,
studies on the influence of various factors on this process are essential. Laboratory studies
[35] show that hydrate formation under isochoric-isothermal conditions (static mode) takes a
long time — from six hours to several weeks. According to [36], the kinetics of methane
hydrate formation is described by the function

U
U=U,-—%. (M
o ekt

where U, — calculated amount of hydrate, m?; k — hydrate formation rate constant, s™'; # — time
of the hydrate formation process, s. This dependence reflects only the general nature of the
hydrate formation process in time.

Study [37] reveals that supercooling by 1-2 °C markedly enhances hydrate formation rates,
although further supercooling leads to a gradual decrease in hydrate crystal growth, deviating
from the predictions of Eq. (1). Article [38] examines gas hydrate formation under both free
and forced mixing conditions, as well as in the presence of a constant magnetic field. The
authors' choice of hydrate formation time as a parameter does not provide a direct measure of
mass transfer rates. While [39] proposes using a water injector to accelerate hydrate
formation, quantitative data on mass transfer rates are absent. The kinetics equation for the
formation of refrigerant R12 (CF2CI2) hydrate is derived in [40].

= 0.4AT0A5(D0.288I—0445 , (2)

where 7 is the hydrate formation rate (kg H.O/m?*-s), AT is the temperature difference, and
is the mass ratio of hydrate-forming agent in the crystallizer.

An analysis of the graphical data presented in this study clearly indicates that the rate of
hydrate formation is primarily dependent on time. The influence of other factors falls within
the experimental error. Depending on the process conditions, [41]-[45] systematizes five
models for hydrate formation kinetics: at the surface of bubbles, growth of a hydrate film on
a stationary water surface, with the use of stirrers, based on mass transfer processes, and the
growth of hydrate crystals from ice. Empirical coefficients in the equations are provided only
for methane and ethane. An analysis of the aforementioned studies reveals the empirical
nature of the obtained dependencies, which require adjustments under different hydrate
formation conditions. The influence of gas pressure, liquid temperature, bubble size, types of
surfactants, and other factors on this process has been insufficiently studied. The lack of such
critical information significantly complicates the decision-making process in the design of
industrial installations for hydrate synthesis
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3. MODEL OF GAS HYDRATE FORMATION ON THE SURFACE OF GAS BUBBLES

The Rayleigh-Plesset equation, as presented in [46] and [47], serves as the foundation for
modeling the hydrate formation process. This equation describes the behaviour of a bubble
as it transitions to a new state of thermodynamic equilibrium:

2 2
Pl pdD 3D\ _p p O dndD 3)
4 dr dr

where D is the diameter of the gas bubble (m), ¢ is time (s), it is the dynamic viscosity of the
liquid (Pa-s), o is the surface tension of the liquid (N/m), p is the density of the liquid (kg/m?3),
Py is the pressure inside the bubble (Pa), and P is the pressure in the liquid at a distance from
the bubble (Pa). The velocity of the liquid (v =dD/(2d¢)) at the bubble boundary can be
determined by integrating Eq. (3):

dv_2(R-P) 3V 16wy 8o @)

dt pD D pD* pD’

At the initial time, a bubble with diameter D and internal pressure Py appears in a liquid
with pressure P. If the bubble is in equilibrium with the liquid, then from Eq. (4), subject to
the condition 0.5dD/d¢t, we obtain

4
P=P+2. )
D
If the mass of gas in the bubble changes as a result of mass transfer processes on its surface,
then
d 6 dD
L_2ir-pt (©)
dd D 2dt¢

where [ is the mass of gas entering the gas space of the bubble or diffusing into the liquid and
forming a hydrate layer through a unit area per unit time, kg/(m?s). It follows from Eq. (6)
that the density of the gas in the bubble changes significantly due to the mass transfer with
the interfacial surface of the bubble.

The first law of thermodynamics is used to determine the temperature inside the bubble.
For a mixture of gas and vapour, it can be written as follows:

= nqu—andD , (7)

where m,, m; are the masses of gas and vapour, kg; cg, ci are the heat capacities of gas and
vapour, J/(kg-°C); q is the specific heat flux at the bubble surface, W/m?.

From this equation, we obtain:

T\cl +c,I )R

3 q_T(ci]i +Cp]p)_(“f""’)_1:;dR

dT 3 dr

_— . (8)
dr R(cili +cp1p)
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Eq. (8) includes several unknown variables: specific heat flux (gq), specific surface mass
flux of gas (/;) and vapour (/;), and specific volumetric mass fluxes of gas (/gy) and vapour
(Iiv). A temperature difference between the vapour bubble wall and the gas-vapour mixture
inside it is a prerequisite for the emergence of heat flux. The driving force for mass transfer
fluxes is the difference in partial pressures near the vapour bubble wall and its internal
environment. The component 7T(c./;+cil;) represents the heat fluxes supplied to the bubble
wall due to mass transfer processes. Simultaneously, this heat flux is lost to the gas-vapour
environment of the bubble. The equations presented above allow us to describe the process
of gas bubble oscillations. However, the intense exchange of energy and mass between the
bubble's internal environment and its interfacial surface can lead to rapid damping of
oscillations

4. HEAT AND MASS TRANSFER AT THE INTERFACIAL SURFACE

The total specific heat flux (g) near the bubble surface consists of the following
components:
— heat flux from molecules moving from the vapour-gas mixture to the bubble wall (g1,
q92);
— heat flux from gas molecules that have rebounded from the bubble wall, evaporated from
it, and are moving into the bubble (g3, g4);
— heat flux entering the bubble wall from its vapour-gas environment with vapour and gas
molecules that condense on this surface (gs, gs) — as per Eq. (8).
The heat balance equation for these fluxes can be written as follows:

9=49, -4 t495+q4,— 454, 9)

where ¢1,92,¢3,q4 are the specific heat fluxes transferred by elastic collision of gas and vapour
molecules with the bubble wall; gs,gs are the specific heat fluxes transferred by mass transfer
processes near the bubble surface.

Since the temperature of the gas in the bubble does not depend on the coordinate, and the
temperature of the liquid surface is different from the gas temperature, there will be a
temperature 'jump' between them. The heat flux transferred with the vapour molecules to the
bubble surface can be calculated by the formula:

q,=1cT, (10)

where I; is the mass flux of vapour molecules to the liquid surface, kg/(m?-s).

The thickness of the layer of gas molecules in the bubble participating in the processes at
the liquid surface is equal to the free path length of the molecule. For bubbles filled with gas,
especially under overpressure, the free path length of molecules is several orders of
magnitude smaller than the bubble radius. Therefore, when considering heat and mass flows
near the bubble surface, we will neglect its curvature.

prIClT (1 1)

9= 6

Similarly, the heat flux transferred by the gas molecules to the bubble surface can be found:
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q, = T (12)
SRT | . . . . .
where v, = . is the arithmetic mean velocity of the thermal motion of the gas
O

molecules, m/s.
The heat flux entering the bubble with the vapour molecules reflected from the bubble wall,

v.eTl
q, =M+IiciT. (13)
6
The heat flux entering the bubble with the ,,reflected” gas molecules,
veT
q, :pgA+Igch. (14)

Heat flux with vapour molecules ‘captured’ by the liquid surface,

qs = IiCiT. (15)
Heat flow with gas molecules ‘captured’ by the liquid surface,

qs = Igch ) (16)

To obtain the total heat flux, we substitute all the heat flux values into Eq. (9) and, assuming
that the temperature difference between the gas and the bubble surface is within a few degrees,
we can assume that the heat capacities are constant over a relatively small temperature range.
The equation can then be rewritten as:

V. v.T
q= [%-{-L]Ciﬁ- pg6‘°’ +1, |c, [T(r)—T] (17)

The heat balance equation must be supplemented by the mass balance equations for gas and
vapour at the bubble surface. The driving force for the mass fluxes /g, /; is the difference in
partial pressures or concentrations. To determine the mass flux, we use Fick’s first law,
according to which (the mass dm moving over an elementary surface dS in a time df is
proportional to the concentration gradient dc/dx of this substance).

d_m = _\Ilde_C , (18)
dr dx

where W is the mass diffusivity in m?/s. Considering a steady-state mass flux through a
known area S, we can write the mass flow rate in kg/s as:

Gg = 47:‘Pch . (19)

Dividing by the surface area of the bubble gives the specific mass flux in the hydrate
formation processes on the surface of the gas bubble
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I =—=. (20)

It follows from the equation that the specific mass flux of gas diffusing into water decreases
as the bubble size increases. Therefore, bubbles of a minimum size are required to intensify
mass transfer processes

5. INFLUENCE OF THERMODYNAMIC PARAMETERS ON THE INTENSITY OF GAS
HYDRATE FORMATION

Various authors have experimentally investigated the influence of thermodynamic
parameters on the rate of gas hydrate formation at the phase interface [44]-[48]. However, a
comprehensive methodology for such an influence is still lacking. In order to solve this
problem, the mathematical model of the hydrate formation process presented above is used
in this paper, which includes the main thermodynamic parameters and the calculations
obtained in comparison with experimental data.

It is known that thermodynamic conditions determine the range of existence of gas hydrates,
so their influence is crucial. However, we are interested in quantitative parameters that
influence the rate of gas hydrate formation. These parameters are:

— gas and liquid temperature;
— pressure in the liquid-gas system.

5.1. Influence of Gas Temperature

We will change the gas temperature from the start of hydrate formation to the freezing point
of water on the surface of the methane bubble. The calculation results are shown in Fig. 2.

The blue line in Fig. 1 corresponds to a gas temperature of 6 °C, which is 0.5 °C higher
than the hydrate formation temperature at this pressure. A further increase in temperature
does not lead to hydrate formation within 200 ps, as the cooling of the gas in the bubble takes
longer. In general, the hydrate formation process cannot begin until the temperature reaches
5.5 °C. The higher the initial gas temperature, the later the hydrate formation process starts.

The purple curve in Fig. 2 corresponds to an initial temperature that is 0.5 °C lower than
the hydrate formation temperature. It can be seen that the hydrate formation process starts
almost immediately and reaches its maximum values during the heating of the bubble. This
amount of hydrate formed is normalized to 1.

The green curve in Fig. 1 corresponds to an initial gas temperature of 0 °C, which is 5.5 °C
below the hydrate formation temperature. A sharp increase in hydrate quantity is evident.
Quantitative analysis reveals a six-fold increase in hydrate formation.

At a gas temperature of —5°C (red curve in Fig. 1, 10.5 °C below the hydrate formation
temperature), a significant (15-fold) increase in hydrate quantity is observed, while at —10 °C
(blue curve, 15.5 °C below the hydrate formation temperature), a further, albeit less
significant, increase is noted. This suggests that further cooling is ineffective. The reason for
this is the hindered heat removal from the reaction zone. The freezing of inner layers and the
sharp increase in thermal resistance between the gas and the hydrate formation zone impede
heat transfer. The deterioration of heat removal slows down the hydrate formation process.
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Fig.1. Influence of gas temperature on the hydrate formation process.

At an initial temperature of 6 °C, gradual cooling occurs until the hydrate formation
temperature is reached. This cooling process is superimposed by a damped oscillatory
process. Within 200 ps, the thermal wave penetrates 2.4 % of the bubble radius into the water.
Hydrate formation commences only after sufficient cooling of the gas within the bubble.
Under such conditions, the amount of hydrate formed is very small. When the initial gas
temperature is lowered to 0 °C, the situation changes dramatically. The amount of hydrate
formed increases significantly. However, hydrate formation occurs only in the first, thinnest
layer of water, with a thickness of approximately 0.04 % of the bubble radius. Additionally,
during oscillations, it may partially dissociate.

To induce hydrate formation in deeper liquid layers, the gas must be cooled. Mathematical
modelling results indicate that the most significant oscillations (damped oscillations) of the
bubble occur at the beginning of the hydrate formation process. The driving mechanism for
these oscillations is the temperature difference between the vapour-gas environment of the
bubble and the hydrate formation temperature, which is determined by the ambient pressure.
During hydrate formation, a local increase in liquid temperature occurs, followed by an
increase in the temperature of the vapour-gas environment of the bubble due to heat exchange.
The increase in gas temperature leads to an increase in bubble pressure and initiates a process
of increasing its diameter.

Thus, the maximum hydrate formation rate is observed during the period of gas heating in
the bubble. This period is the most productive but has a short duration of 2—40 ps.

Over time, the oscillations damp out and the hydrate formation rate decreases. Gradually,
in viscous fluids, the oscillations cease and the hydrate formation process is sustained by heat
removal to the outer liquid layers.

5.2. Effect of Liquid Temperature on Hydrate Formation

Consider a methane bubble in water. The bubble diameter is 1 mm, and the initial gas
temperature is 5 °C. The water temperature will be varied within the range of 0-5 °C. The
calculated results for the bubble radius are presented in Fig. 2, where rapidly damping
oscillations are observed, with amplitudes proportional to the decrease in water temperature.
The radius varies within the range of 1-1.5 pm, which is 0.2-0.3 %.
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Fig. 3 presents the vapour-gas phase pressure inside the bubble. Pressure oscillations are
within the range of £17 kPa (0.3 %). The temperature of the vapour-gas phase inside the
bubble is shown in Fig. 4. A gradual cooling of the bubble to the hydrate formation
temperature is observed. Moreover, the lower the water temperature, the higher the amplitude
of the oscillations and the lower the gas temperature.
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Fig. 3. Pressure of the vapour-gas medium inside the bubble as a function of water temperature.
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The constant temperature at the bubble surface corresponds to the duration of hydrate
formation in the boundary layer of the bubble. After filling this layer with hydrate, a damped
oscillatory process near the hydrate formation temperature is observed. When the water
temperature is decreased by 5 °C, the surface temperature decreases by only 1 °C, indicating
the existence of reserves for intensifying hydrate synthesis. Such intensification can be
achieved by increasing the pressure or reducing the initial temperature of the gas in the
bubble.

The calculation results show that the rate of hydrate formation increases linearly in
proportion to the decrease in water temperature. On the other hand, the rate of hydrate
formation gradually decreases due to the deterioration of heat transfer between the hydrate
formation area and the surrounding water layers. The increase in the thickness of the gas
hydrate crust worsens the process of heat removal to the environment (water). Experimental
data confirm this conclusion.

5.3. Influence of Gas Pressure on the Intensity of Hydrate Formation

The process of hydrate formation begins only when the gas pressure exceeds the minimum
value characteristic of a given temperature. Gas pressure is a parameter that directly affects
the efficiency of the gas hydrate synthesis process.

However, it is not clear how much more intensive the hydrate formation process will be
when the pressure exceeds the equilibrium for the hydrate formation process at a given
temperature. The results of mathematical modelling of hydrate formation at different methane
pressures are shown in Fig. 5.

mg,g/m>

/

0.6

0.5

0.4

0.3

0.2

0 40 80 120 Time, ps

Fig. 5. Effect of gas pressure on methane hydrate formation.

Fig. 6 demonstrates that the amount of hydrate formed is proportional to the pressure in the
gas-water system. Thus, the results of mathematical modelling show that increasing the
pressure has a positive effect on the hydrate formation process.

5.4. Effect of Bubble-Size on the Intensity of the Hydrate Formation Process

For a bubble with an initial radius of 0.1 mm, the calculated results of its size and the mass
of hydrate formed over time are shown in Fig. 6. The most intense hydrate formation
coincides with the most intensive increase in bubble size. During the oscillatory process, the
growth of the hydrate amount varies with periods of its dissociation. The growth phase
coincides with the increase in bubble radius. After the damping of the oscillatory process, the
bubble size stabilizes, but the hydrate continues to form due to heat removal to the liquid.
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Fig. 6. Variation of bubble diameter (D) and specific mass of the formed hydrate ().

Fig. 7 shows three characteristic temperature regions of the bubble: the heating region (from
0 °C to +7 °C), the damped oscillation region, and the stationary region. Small bubbles heat
up very quickly, and this region is almost imperceptible on the graph. The heating region
becomes noticeable only for relatively large bubbles. Due to intensive heat removal, the
highest hydrate formation rate is observed in this region, but it has a short duration, and
therefore the amount of hydrate formed is small.

For all bubble sizes, under the given initial conditions, the amplitude of temperature
oscillations of the vapour-gas mixture does not exceed 0.5 °C. The logarithmic decrement of
damping for bubbles with a radius of 0.01 mm is 0.32; for bubbles with a radius of 0.05 mm
— 0.26; for bubbles with a radius of 0.1 mm — 0.25. After the completion of the oscillatory
process, the temperature of the vapour-gas medium of the bubble practically does not change.

/\ 0.05

20 30 Time, ps

Fig. 7. Temperature of the vapour-gas medium of bubbles: 0.05 mm, 0.1 mm, 0.5 mm, 2 mm — bubble radius.

6. DISCUSSION

The analysis of the obtained dependencies indicates a significant influence of two factors
on the hydrate formation rate: bubble size and time. For large bubbles (radius greater than
0.5 mm), the initial bubble heating stage has a dominant influence on hydrate formation.
Subsequent bubble oscillations have little effect on the amount of hydrate formed. The small
total surface area of such bubbles also does not contribute to an increase in the amount of
hydrate. Medium-sized bubbles (with a radius of 0.1-0.05 mm) have two characteristic
hydrate formation regions: the initial heating region and the heat exchange region with the
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surrounding medium. Due to heat removal to water, the amount of hydrate formed gradually
increases. The highest hydrate formation rate is characteristic of small bubbles (with a radius
of 0.01 mm and less). The initial heating stage is very short here and does not play a
significant role. The main amount of hydrate is formed in the process of heat exchange
between the gas and the aqueous medium. Bubbles with a diameter greater than 1 mm have
approximately the same hydrate formation rate. It is precisely such bubbles that are easiest to
obtain under bubbling conditions. With a decrease in bubble size to less than 1 mm, the
hydrate formation rate increases. This is especially noticeable for bubbles with a diameter of
less than 0.02 mm. However, their production requires complex dispersers and additional
energy costs. The maximum rate of gas hydrate formation is observed at the initial stage of
bubble heating. This is typical for non-isothermal initial conditions. In large bubbles (radius
greater than 2 mm), the oscillatory parameters have a dominant influence on hydrate
formation. Their oscillations decay relatively slowly, and during this time, the main part of
the hydrate is formed. However, large bubbles have a small total surface area of the phase
contact. In general, an increase in bubble size leads to an increase in the thickness of the layer
in which hydrate formation occurs. For large bubbles, the possibility of dissociation of part
of the formed hydrate during the oscillation process is characteristic. For small bubbles, the
hydrate continues to form during the entire time interval. For large bubbles, most of the
hydrate is formed in the region of heating the gas medium of the bubble. Since the initial
conditions are isothermal, the initial heating occurs due to hydrate formation.

7. CONCLUSION

This research investigates the impact of various factors on the thermodynamic state of an
oscillating gas-vapour bubble and the associated mass transfer processes at the interface. The
study reveals that initial temperature differences between the bubble's internal environment
and the hydrate formation temperature drive oscillatory behaviour. During hydrate formation,
local temperature increases and heat exchange between the bubble and its surroundings
influence the bubble's diameter and the rate of hydrate formation. Each bubble size exhibits
unique oscillation frequencies, and over time, oscillations damp down, leading to a stabilized
hydrate formation process driven by heat dissipation. The initial heating phase of the gas
within the bubble is characterized by the highest hydrate formation rates, although this rate
gradually decreases. This study provides valuable insights into the complex dynamics of
hydrate formation. The findings highlight the importance of controlling temperature,
pressure, and bubble size to optimize hydrate production. Future research will focus on
developing more accurate models and exploring additional factors that may influence hydrate
formation. Thus, the synthesis of gas hydrates on the surface of gas bubbles has a complex
dependence on gas pressure and temperature and, most importantly, these parameters are
constantly changing with fluctuations in bubble size. These phenomena are inherent in the
operation of bubbling devices, high-speed stirrers, etc. Therefore, in such technologies, it is
necessary to determine the intervals of gas temperature and pressure in which the synthesis
of gas hydrate would be sufficiently intensive.
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