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Abstract – The methods of industrial production of gas hydrates are considered, their 
problems are identified, and a list of factors that are decisive for the intensification of mass 
exchange processes is outlined. The prospective use of mass transfer devices with a dynamic 
interfacial surface for the synthesis of gas hydrates is substantiated. A mathematical model 
of hydrate formation on the surface of a water droplet moving in a gas flow is proposed. 
Digital solutions for various droplet sizes, velocities, gas pressures, water temperature, gas 
permeability of gas hydrate, and dynamics of hydrate formation over time were obtained. It 
was established that the main ways of intensification of the synthesis of gas hydrates are: 
obtaining smaller water droplets, maintaining the gas temperature at the level of 0 °С, 
increasing the gas pressure, and increasing the residence time of the droplet in the gas 
medium. Approximation formulas for calculating quantitative indicators of the influence of 
various factors on the formation of methane gas hydrate have been obtained. The analysis of 
the obtained results made it possible to establish promising directions for the optimization of 
equipment for the synthesis of gas hydrates. 
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1. INTRODUCTION  

Gas hydrates (GH) have great prospects for application in various industries and the 
national economy [1]. However, they are not widely used now because industrial technologies 
for their synthesis are not sufficiently developed. Known installations for GH synthesis have 
a number of disadvantages: low rate of mass exchange processes, formation of gas hydrates 
with a high concentration of water, complex structures and high cost [2]. When calculating 
and designing mass transfer devices for the industrial synthesis of GH, the task of 
intensification of mass transfer processes is extremely important. 

The most promising ways to solve this problem are: optimization of the thermobaric 
conditions of hydrate formation, increasing the area of the interphase surface and effective 
removal of heat from the region of hydrate formation [3], [4]. Solving these questions 
experimentally has high reliability, but requires a lot of time and money. Therefore, in order 
to outline promising directions of research in this paper, the methods of mathematical 
modelling of hydrate formation processes are applied. 
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2. ANALYSIS OF LITERATURE DATA AND PROBLEM STATEMENT  

In most cases, issues of intensification of mass transfer processes arise at the design stage 
or immediately after the commissioning of another installation for the synthesis of gas 
hydrates. A number of authors choose thermobaric conditions, some use surface-active 
substances, and make structural changes, which are usually aimed at increasing the area of 
the interfacial surface and increasing the time of its active functioning [5], [6].  

The result of these works is usually a set of experimental data, which are statistically 
processed and based on this, empirical dependencies are derived [7]. The main drawback of 
such empirical formulas is ‘tying’ to the specific conditions of conducting experiments on the 
installation of a certain structure with one or another gas. Of course, on the basis of these 
data, in a first approximation, certain generalizing trends of the influence of various factors 
on the process of hydrate formation can be deduced, but it is impossible to guarantee their 
quantitative influence in other conditions without mathematical modelling. 

For the industrial synthesis of GH, devices with a dynamic phase contact surface are the 
most promising [8]. Peculiarities of hydrate formation in bubbling devices are considered in 
works [9], [10]. Therefore, in this article, we will focus on the study of the influence of 
various factors on the intensification of hydrate formation in injection installations. 

3. THE PURPOSE AND TASKS OF THE RESEARCH  

The purpose of this work is to determine the directions of intensification of mass transfer 
processes by optimizing the design features and operating modes of installations for the 
synthesis of GH. In the synthesis of GH, two processes simultaneously take part: the removal 
of heat from the interphase surface and the supply of gas to this surface. To obtain the 
maximum rate of hydrate formation, these two processes must be balanced – this is the first 
condition. 

In the process of hydrogenesis, a GH crust is formed on the interfacial surface of liquid 
droplets, which has heat-insulating and sealing properties. Therefore, it is necessary to take 
into account the development of heat and mass transfer processes in time. This is the second 
important factor that slows down the process of hydroformation. 

The third factor is the hydrodynamics of the interphase surface, which depends on the 
design features of this or that device. The process of hydrate formation can occur on the 
surface of a liquid, on the surface of liquid drops, on the surface of ice and GH crystals, on 
the surface of oscillating gas bubbles, etc. As a rule, the intensity of heat and mass exchange 
processes is expressed through criterion equations obtained experimentally. The analysis of 
known data shows that only two methods of hydrate formation have the highest velocities: on 
the surface of water droplets in the gas flow; on the surface of gas bubbles in the liquid 
volume. This work is devoted to the study of hydrate formation on the surface of a water 
droplet moving in a gas flow. 

In [11], the kinetics of CO2 hydrate formation was considered. The authors note a 
significant unevenness in the rate of hydrate formation and make assumptions about the cause 
of this phenomenon. According to the authors, the main role in this process is played by the 
GH crust, which forms on the interphase surface and significantly slows down the flow of gas 
to it. 

The task of this paper is to quantitatively assess the influence of various factors on the 
process of hydrate formation, which occurs on the surface of a water droplet moving in a gas 
stream. Mathematical modelling of hydrate formation in various hydrodynamic and 
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thermobaric conditions is a tool for researching heat and mass transfer processes on the 
interphase surface. 

4. PRESENTATION OF THE MAIN MATERIAL 

Mathematical model of heat and mass transfer processes at the interphase surface. Let's 
consider the physical model of the process of hydrate formation on the water surface, 
considering the thickness of the GH crust (δgh) three to four orders of magnitude smaller than 
the size of a droplet of water, Fig. 1. For the formation of GH, it is necessary to remove heat 
(q1) to the gaseous medium and to the liquid (q2). Since GH is actually a heat insulator, after 
the GH crust is formed, the heat transfer resistance increases (δgh/λgh). At the same time, mass 
transfer resistance increases (δgh/σgh), because the gas hydrate crust is poorly permeable to 
gas. The thickness of the crust depends on the intensity of mass transfer (mg) and time (τ). 

 
Fig. 1. Scheme of heat and mass flows near the interphase surface. q1 ‒ specific heat flow with diffusing gas; q2 ‒ specific heat 
flow into the liquid; mg ‒ specific mass flow of gas. 

To calculate hydrate formation on the interphase surface, the system of heat and mass 
transfer Eq. (1) can be applied, which consists of the equation of heat flows between the 
surface of the droplet, the gas (q1) and liquid (q2); heat transfer equation from the process of 
hydrate formation (q3); equation for determining the temperature regime of water in a droplet 
(Tw); the equation for determining the mass transfer coefficient near the interphase surface 
(β); equation for determining the mass of gas used to form gas hydrate (mg); differential 
equation for determining the thickness of the gas hydrate crust (δgh). Avoiding the formation 
of ice both on the interfacial surface and in the volume of the droplet is also an important 
condition. 
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where 

q Specific heat flux, W/m2;  
Т0, ρ0 Temperature and gas density at the line of hydrate formation, K and kg/m3;  
Тg, ρg Temperature and density of gas in the device, K and kg/m3;  
α1 Heat exchange coefficient near the interphase surface from the side of the gas phase, 

W/(m2·K);  
k2 Heat transfer coefficient through the layer of the spherical surface from the liquid 

side, W/(m2·K);  
Tw Liquid temperature, K;  
mw Mass of water in a droplet, kg;  
cw Heat capacity of water, J/(kg·°С);  
D Droplet diameter, m;  
δgh Gas hydrate crust thickness, m;  
σgh Gas permeability of gas hydrate crust, m2/s;  
λgh Coefficient of thermal conductivity GH, W/(m·K);  
mg Specific mass flow, kg/(s·m2);  
β Mass transfer coefficient, m/s;  
rgh Heat of dissociation of GH, J/kg;  
Nu, Nu’ Heat exchange and diffusion Nusselt criteria;  
Dg Molecular diffusion coefficient, m2/s;  
λg Gas thermal conductivity coefficient, W/(m·K). 

In literary sources [12]–[14], several options for determining the gas permeability of the 
gas hydrate crust are given, and it has different units of measurement (for example, m2, 
m2/(s·Pa), m2/s). In our case, the gas permeability of the gas hydrate has the same dimension 
as the diffusion coefficient. Actually, this is consistent with known literary sources [14], 
however, due to the lack of reliable data, it is necessary to take into account approximate 
numerical values of this parameter (5·10‒16< σgh < 5·10‒14 m2/s).  

Heat transfer coefficients near the interphase surface can be determined using criterion 
equations, of the form: 

 Nu f (Re,Pr)= , (10) 

where 
Nu Nusselt criterion;  
Re Reynolds criterion;  
Pr Prandtl’s criterion. 
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In various nozzle chambers, humidifying devices that are widely used in refrigeration 
equipment, heat and mass exchange occurs between water droplets and a gas medium [7], 
[15]. Similarity equations are used to calculate heat and mass transfer coefficients: 

 0.6 0.33Nu 2.0 0.6Re Pr= + , (11) 

 0.5 0.33
dNu ' 2.0 0.6Re Pr= + . (12) 

These equations can be applied in the range 0 < Re < 1000, which is enough to perform 
calculations in the field of hydrate formation. To find the difference in densities (ρg–ρ0), 
express the gas density in terms of pressure and temperature from the equation of 
thermodynamic state 

 gP
R TZµ

µ
ρ = , (13) 

where 
P  Pressure, Pa;  
μg  Molecular mass of gas, kg/mol;  
Rμ  Universal gas constant, J/(mol⋅K);  
Т  Gas temperature, K;  
Z Gas compressibility coefficient. 

Taking into account Eq. (13), the difference in densities from the system of Eq. (1) can be 
determined through the difference in thermobaric parameters, kg/m3 

 g g 0
g 0

g g 0 0

P P
R T Z T Zµ

 µ   ρ −ρ = −  
 

, (14) 

where Рg and Р0 ‒ are gas pressures, respectively, in the apparatus and near the interphase 
surface where the process of synthesis of GH, Pa occurs. 

To use Eq. (14), it is necessary to determine the compressibility factor (Z). Known methods 
of calculating the compressibility coefficient have been developed and standardized for 
natural gas of different composition [16]. Analysis of the operation of various equations of 
state in a wide range of pressures and temperatures shows that in the range of thermobaric 
conditions of hydrate formation, the Soave-Redlich-Kwong modification can be applied with 
an accuracy of up to 5 % [17], [18]. 

Gas compressibility coefficient 
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where 
Vg  Molar volume;  
bg  Constant value;  
F(g)  Modifying function. 

The molar volume of the gas is found from the formula (16): 
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The constant bg can be determined from the known thermodynamic parameters of this gas 
at the critical point 
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where Tkg ‒ gas temperature at the critical point, K and Pkg ‒ gas pressure at the critical point, 
Pa. The modifying function is determined using the Soave equation [15]: 
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  (18) 

 
where ωg ‒ acentric factor. Gas acentric factors are given in [19]. 

If the pressure and temperature of the gas in the apparatus can be set, then at the interphase 
surface these parameters are connected to each other by the line of hydrate formation. For 
various gases, the hydrate formation pressure [20], [21] can be determined using the empirical 
equation, Table 1. 

TABLE 1. APPROXIMATE FORMULAS FOR DETERMINING THE HYDRATE FORMATION  
PRESSURE ON THE EQUILIBRIUM LINE 

Hydrate-forming gas Temperature range, °С Pressure of the equilibrium state of 
the hydrate, Pa, °С  

1 2 3 
Methane 0 < t0 < 22.0 P0 = 10{6+0.006(18+t0)1.5} 

Carbon dioxide 0 < t0 < 10 P0 = 10{6.01+0.05t0} 
Hydrogen sulfide 0 < t0 < 29 P0 = 10{5+0.045t0} 
Propane 0 < t0 < 5.5 P0 = 10{5.24+0.093t0} 
Ethan 0 < t0 < 14.5 P0 = 10{5.72+0.0555t0} 

Note: t0 ‒ gas hydrate formation temperature, °C; P0 ‒ absolute equilibrium pressure on the line of gas hydrate 
formation, Pa. 

The Nusselt criteria in the system of Eq. (1) depends on the method of organizing heat and 
mass transfer processes near the interphase surface, which in turn are determined mainly by 
the design features of a specific mass transfer device. Comparing Eq. (10) and (11) we see 
that the ratio of diffusion and heat exchange Nusselt criteria will be close to unity. This 
actually follows from the theory of similarity of heat exchange and mass exchange 
processes [22]. Thus, as the most common option in most processes, the value can be taken: 

 Nu ' 1
Nu

≈ . (19) 

The Reynolds criterion in Eq. (11), and Eq. (12) is determined by the mutual velocity of the 
liquid droplet and the gas flow in which it resides. As a rule, the initial speed difference is 
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maximal, and the final speed difference is equal to the hovering speed. Therefore, the 
difference in the velocity of the droplet and the gas flow will have a variable character and 
will be described by the formula: 

 d
dτ
V a= − , (20) 

where a is the acceleration of the movement, which is directed in the direction opposite to the 
speed, m/s2. This acceleration is a consequence of the balance of inertia forces and resistance 
of the environment. For spherical particles in a wide range of movement speeds, the 
acceleration can be found from the formula, m/s2 
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w g
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where C is the aerodynamic coefficient, which for different modes of movement acquires the 
following values: 

                                      Laiminar mode Re<0.2;    24
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C = , (22) 

                             Transitional area 0.2 < Re < 500; 0.6 ,
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                                    Turbulent mode Re > 500;  0.44C = . (24) 

Since the size of the drops can vary widely, we determine the floating speed by the Eq. (21), 
taking into account that a = g 
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Thus, the equation of motion of a droplet is described by the dependence 
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Together with Eq. (11), we get the time-varying heat transfer coefficient on the surface of 
the droplet. 

The water inside the droplet can be considered stationary. Therefore, the process of heat 
transfer is reduced only to thermal conductivity in the sphere. Applying Fourier’s law of heat 
conduction, the amount of heat transferred through a spherical wall, W 
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Integrating this equation gives the well-known expression, W 
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where d1 ‒ outer diameter of the droplet (d1 = D), m and d2 ‒ conditional diameter of the 
sphere on the surface of which the entire mass of the droplet is concentrated, m. Thus, the 
coefficient of equivalent heat transfer, W/(m2·°С) 

 w 2
2

dk
D

λ
=

δ
. (29) 

Considering the volume of the droplet divided into 2 parts, which have the same mass, it 
can be written, kg 
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Since m2 = m1/2 we can determine the radius of the conditional sphere, m 
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After substituting d2 from Eq. (31) into Eq. (29), will be obtained, W/(m2·°С) 
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The thickness of the heat-conducting wall, m 

 
1 2 1 3

11
2

r r r
  δ = − = −  
 

 (33) 

After substituting Eq. (33) into Eq. (32), we obtain, W/(m2·°С) 
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After substituting Eq. (33) into Eq. (32), we obtain, W/(m2·°С) 

 w
2

λ
0.13

k
D

≈  (35) 

The temperature of the water in the droplet also changes over time. In particular, a droplet 
of liquid in the gas phase will be gradually heated by the heat of the hydrate formation process. 
The temperature regime of the droplet can be recorded using its ‘point’ model: 
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Whence, after substituting k2 from Eq. (34), we obtain 
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After reductions, we obtain from Eq. (37) 
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Taking into account Eqs. (10)–(38), the system of Eq. (1) for methane takes the form Eqs. 

(39)–(46). It can be used not only to analyse the intensity of hydrate formation in various 
thermobaric conditions, but also to study the dynamics of processes over time. 
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A computer program Syntez was developed to perform mathematical modelling. The system 
of differential equations of the first order is solved by the Runge-Kutta method of the 4th 
order. The experimentally determined time step depends on the droplet diameter and 
thermobaric conditions and can vary within the limits 10−10–10−5 sec. 

5. RESULTS OF EXPERIMENTAL STUDIES OF MASS TRANSFER AT THE 
INTERPHASE SURFACE 

Let's highlight a set of factors that can potentially have a significant impact on the process 
of hydrate formation: droplet size; the influence of the area of speed gain (acceleration) and 
the speed of the droplet; water droplet temperature; gas temperature, especially its decrease; 
gas permeability of gas hydrate; gas pressure. 

With the hydraulic method of spraying, it is possible to obtain an aerosol with a dispersion 
of 30 to 500 microns. The dispersion of the aerosol with the pneumatic method of spraying is 
within 50–200 μm [23]–[26]. Therefore, in further calculations, the droplet range of  
30–500 μm is accepted. 

The output data for the calculation are as follows: λgh = 0.5 W/(m⋅K); σgh = (5‒10)−14 m2/s; 
= 0.129; ρgh = 913 kg/m3; rgh = 3060 kJ/kg; λg = 0.031 W/(m⋅K); μg = 0.016 kg/mol; Prg = 
0.734; Tkg = 190.66 °K; Pkg = 4.64 MPa; ωg = 0.0101; cw = 4187 J/(kg⋅K). 

5.1. The Speed of the Droplet 

The mutual initial speed of the droplet in the gas phase is determined by the design features 
of the nozzles and the pressure of the medium supplied to the nozzle. For different types of 
nozzles, the most common speeds are in the range of 10÷100 m/s. Initial conditions: 
temperature tw = +5 °С, tg = +0 °С; gas pressure Pg = 4.9 MPa. The calculation results were 
used to draw graphs: the dynamics of the speed of drops of different sizes, Fig. 2; speed of 
floating drops, Fig. 3; intensity of mass transfer on the interphase surface, Fig. 4. 

The analysis of the obtained results in Fig. 2 shows that, regardless of the initial gas 
velocity, the duration of the droplet acceleration section depends mainly on their size and is 
10−5–10−4 s. With an initial speed difference of 100 m/s, drops of different sizes will be able 
to fly a distance of 0.01–0.1 mm during this time. Due to the short duration, the accelerating 
parts of the droplet motion and the initial gas velocity have practically no effect on the amount 
of synthesized GH. The main part of the droplet movement, on which the gas hydrate is 
accumulated, occurs at the speed of soaring, Fig. 3. 

 
 
 
 

 

 

 

 

Fig. 2. Dynamics of the difference in speed of water droplets with sizes in the range of 30÷500 µm relative to the gas phase (at a 
gas speed of 100 m/s). 
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Fig. 3. The floating speed (V) of water drops with a diameter of D in methane for a pressure of 4.9 MPa. 

The results of calculating the intensity of mass transfer on the surface of drops of different 
sizes were obtained for the initial section of their movement at the temperature of gas and 
water +5 °С (Fig. 4). Analysis of the dynamics of hydrate formation shows a significant 
intensification of mass exchange processes in the time interval of up to 0.1 s for drops with a 
diameter of up to 100 μm and more than 1 s for drops with a size of 200–500 μm. This effect 
corresponds to the period of heating of the droplet by the heat released during the formation 
of gas hydrate, which leads to an increase in the temperature of the droplet by 1.5–2 °С. It is 
difficult to increase the intensity of hydrate formation by lowering the initial water 
temperature, as there is a danger of freezing. Another possible way is to reduce the gas 
temperature. 

5.2. Droplet Size 

The influence of the size of water droplets on the amount of gas hydrate was studied (Vd) 
for different droplet sizes (in the range of 0.03–0.5 mm) at a gas pressure of 4.9 MPa. The 
total area of droplets of a given size for a constant volume of liquid is taken into account. 

 

 
Fig. 4. The dynamics of mass transfer intensity (Mg) on the surface of drops of different sizes (30, 50, 100, 200 and 500 μm). 
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The results of the calculation of hydrate formation for a constant volume of water and in 
comparison, with droplets of size 500 μm (V500) are shown in Fig. 5. The advantage of using 
droplets of minimum size in devices for the industrial production of gas hydrates is obvious. 
This dependence (Fig. 5) can be described by an approximation curve: 

 500
d 0.9410.515 VV

D
= , (47) 

where D is the droplet size, mm. The obtained results indicate that the decrease in the droplet 
size allows increasing the amount of obtained gas hydrate almost proportionally. 

 

5.3. Time  

The thickness of the GH crust on the surface of the droplet increases over time, but due to 
the slowing down of mass transfer processes (Fig. 4), the growth of the GH crust thickness 
also slows down. The change in the thickness of the GH crust over time for droplets with a 
diameter of 500 μm, at a gas pressure of 4.9 MPa, a gas temperature of 0 °С and a water 
temperature of +5 °С, can be approximated by the equation, mm 

 
0.6

gh 4 ,
10

τ
δ =  (48) 

where τ ‒ time, s. The obtained results show that the process of GH synthesis must be 
organized in such a way that the duration of phase contact is as long as possible. 

5.4. Gas Temperature 

The next important factor for the intensification of the industrial synthesis of GH is the gas 
temperature – the lower it is, the faster GH will be formed. However, over time, conditions 
arise when the intensity of mass transfer will decrease to such an extent that freezing of the 
droplet will begin. Mathematical modelling was performed to study these processes. 

 
 

Fig. 5. Relative intensity of hydrate formation depending on the size of liquid drops (D). 

The initial temperature of the water is taken as constant tw = +5 °С. The studied gas 
temperature varied within the limits tg= −15 – +5 °С. The calculation results are shown in 
Fig. 6. The analysis of the obtained results shows that the optimal temperature for hydrate 
formation is a gas temperature equal to 0 °С. Under the conditions of negative gas 
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temperatures, the intensity of hydrogenesis increases, however, freezing of water droplets 
occurs and the thickness of the GH crust remains less than under optimal conditions. An 
increase in gas temperature also leads to a slowdown in mass processes, and the thickness of 
the GH crust also rapidly decreases, Fig. 6. 

Analysis of the application of negative gas temperatures, Fig. 7, shows that freezing of 
liquid drops occurs in less than 0.05 s. And only for drops of a relatively large size, icing is 
observed within 0.05–0.2 s. With such rapid freezing of liquid droplets, the process of hydrate 
formation slows down even before the GH crust reaches a significant thickness, Fig. 6. Since 
the real jet contains drops of different sizes and, above all, small drops, the use of gas with 
negative temperatures cannot be considered promising. 

 
Fig. 6. GH crust thickness (δgh) depending on gas temperature (tg) and liquid droplet size (D). 

 
 

Fig. 7. Freezing time of droplets of different sizes in a gas flow with different temperatures. 

5.5. Gas Permeability of Gas Hydrate 

In order to assess the influence of the gas permeability of the GH crust on its thickness, 
calculation studies of the formation of GH at different values of gas permeability were carried 
out (σ): 5·10–14, 5·10–15 and 5·10–16 m2/s. The thickness of the GH crust is taken as the ‘base’ 
value (δ14), which is formed on the surface of the droplet when the gas permeability of GH is 
at the level σ = 5·10–14. The results of the performed calculations are shown in Fig. 8. 
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Approximation of dependence shown in Fig. 8 has the form 

 6 0.4869
gh 143·10 σδ = δ . (49)  

The obtained results convincingly prove that a decrease in gas permeability leads to a 
significant decrease in the amount of formed GH. Therefore, further clarification of the gas 
permeability of GH is necessary, which requires additional experimental studies. 

 
Fig. 8. The effect of gas permeability of GH on the thickness of the GH crust on the surface of the droplet. 

5.6. Gas Pressure 

The fourth important factor in hydrate formation is gas pressure. In order to establish the 
quantitative characteristics of this influence, a number of calculations were performed. Initial 
data: initial water temperature +5 °С; gas temperature 0 °С; droplet size range 30–500 μm.; 
gas pressure range 4.9–10 MPa; gas speed 20 m/s. The results of calculating the thickness of 
the GH crust, which forms on the surface of a droplet of water in 0.01 s, are shown in Fig. 9. 

The analysis of the obtained results shows that for different droplet sizes, the intensification 
of heat exchange occurs almost equally. A two-fold increase in pressure makes it possible to 
increase the rate of synthesis of methane gas by approximately 2–2.5 times. Within the range 
of pressures from 4.9 to 10 MPa, an approximate dependence of the form was obtained 

 
gh

gh( =4.9)

0.3929 0.8929
P

P
δ

= −
δ

. (50) 

where Р ‒ gas pressure, MPa. 
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Fig. 9. The thickness of the GH crust (δgh) depending on the gas pressure (Pg) and liquid droplet size (D). 

Thus, the calculation results convincingly prove that gas pressure is another intensifying 
factor of hydrate formation. 

6. DISCUSSION OF THE RESULTS OF STUDIES OF THE INTENSITY OF HYDRATE 
FORMATION ON THE SURFACE OF THE DROPLET 

The calculation results show that the main ways of intensification of GH synthesis are: 
obtaining a finer aerosol, maintaining the gas temperature at the level of 0 °С, and increasing 
the gas pressure. If we combine the influence of the above factors, we will get an equation 
for determining the relative volume of synthesized GH 

 
0.6 0.4868

gh
gh 0.941

w

(728.2 1655),
V

V P
V D

τ σ
= = −  (51) 

where  
Vgh  Volume of synthesized GH, m3;  
Vw  Volume of water used to obtain GH, m3;  
τ  Time, s;  
σ Gas permeability of GH, m2/s;  
D  Droplet size, mm;  
Р  Gas pressure, MPa. 

It has been found that the initial phase of droplet acceleration in the gas phase is too short 
to have a significant effect on the accumulation of gas hydrate. Therefore, nozzles should be 
used that make it possible to obtain small droplets at minimum gas flow rates. After the 
formation of droplets, the gas velocity should be reduced to increase the time of hydrogenesis. 
A constructive solution for the implementation of this process can be a Laval nozzle, which 
will also reduce the energy consumption for dispersion. It is also possible to spray water in a 
stationary gas environment. 

Mathematical modelling of hydrate formation showed the promising use of droplets smaller 
than 100 microns. Reducing the droplet size by half allows to increase the intensity of hydrate 
formation by two to four times. 
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Also, the results of mathematical modeling showed that the optimal temperature for hydrate 
formation is a gas temperature of 0 °С. Deviations from this temperature will lead to a sharp 
decrease in the intensity of hydrate formation. Cooled gas can be obtained relatively simply 
in the process of throttling it. 

The study of the effect of the gas permeability of the GH crust on the surface of the droplet 
showed the need for experimental clarification of this value, since it can reduce the intensity 
of hydrate formation by approximately ten times. 

The calculation results confirmed the thesis that gas pressure is also an important factor in 
the intensification of hydrate formation. An increase in gas pressure leads to a proportional 
increase in the amount of gas hydrate. However, for methane, doubling the pressure can lead 
to a significant increase in the metal capacity of the equipment. 

7. CONCLUSIONS 

Thus, as a result of mathematical modelling of the process of synthesis of methane hydrate 
on the surface of a droplet of water moving in a gas flow, quantitative dependencies have 
been established that take into account the influence of such factors as the size of liquid drops; 
different mutual velocities of gas and drop; time; gas pressures and temperatures; gas 
permeability of GH. Approximation formulas were obtained that characterizes the influence 
of these factors and allows predicting the intensity of hydrate formation in injection-type 
installations. 

8. PLANS 

The obtained results create the basis for a purposeful selection of spraying equipment for 
the industrial synthesis of gas hydrates and optimization of its operation modes. It is also 
worth comparing the obtained results with the rate of hydrate formation on the surface of gas 
bubbles. This will make it possible to find out the most promising mechanism for the synthesis 
of gas hydrates. 
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