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The article presents the results of experiments involving diff erential thermal analysis to study the kinetics 
of growth of a freon-12 hydrate sample at the cyclic change in the temperature in the range of 263–276 K. The 
radial growth rate of the gas hydrate cake initially formed at the temperature of 263 K on ice granules with the 
mean size of 150 μm has been measured. Comparative analysis has been carried out for the growth rate of the 
hydrate among the samples, depending on the presence of water or ice in them. It has been found that hydrate 
growth is determined by the diff usion properties of the inhomogeneous gas hydrate cake: there are inclusions of 
either water or ice in it, depending on the sample temperature. The main factors have been identifi ed to contrib-
ute to the maximum content of gas hydrate in a sample. 
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INTRODUCTION

Increased emission of gases of anthropogenic ori-
gin into the Earth’s atmosphere (CO2, CH4, N2O, 
etc.) negatively aff ects the cryogenic formations of 
the Earth: the glaciers’ melting rate increases, degra-
dation of permafrost zones takes place, relic gas hyd-
rates get destroyed, accompanied by methane emis-
sion, etc. [Kisilev and Reshetnikov, 2013].

The gas hydrate technologies being developed 
are aimed at utilization of the greenhouse gases of an-
thropogenic origin [Gudmundson et al., 2000; Chuvi-
lin and Guryeva, 2009], their storage and transporta-
tion [Dawe et al., 2003; Levin et al., 2011]. In these 
technologies, gas hydrates are used, formed from wa-
ter molecules and low-molecular gases under specifi c 
thermobaric conditions [Sloan and Koh, 2008]. Those 
areas of the permafrost zone of the Earth where such 
conditions are met may be used as gas hydrate stora-
ges [Melnikov et al., 2009]. 

The prospects of using gas hydrate technologies 
are mainly determined by the degree of water trans-
formation into a hydrate, which can be signifi cantly 
raised by diff erent methods of expanding the surface 
of interaction between water (ice) and hydrate-form-
ing gas [Sloan and Koh, 2008]. Therefore, it is eco-
nomically advantageous to use artifi cial disperse ice 
or loose snow in implementing gas hydrate technolo-
gies in the regions of Extreme North. However, as 
time goes, the rate of transformation of ice particles 
into ice signifi cantly decreases, as they build up on 
the surface of the gas hydrate cake [Yakushev et al., 
2008]. The scope of retardation of gas hydrate forma-

tion is described, for example, in [Groisman, 1985], 
where the time of transition natural gas in hydrate 
when ice granules sized 200–400 μm were used at a 
temperature of 260 K and a pressure of 5 MPa was 
6 days. Much greater retardation of gas hydrate for-
mation was observed for pure methane in using ice 
particles with the mean size of 50 μm under practi-
cally the same experimental conditions: after 5 days, 
only 60 % ice became gas hydrates [Kuhs et al., 2006]. 

As one of the ways to intensify gas hydrate for-
mation, the technology of cyclic change of the sample 
temperature is used in the atmosphere of hydrate-
forming gas, with its mandatory transit through the 
ice melting point [Wright et al., 1998; Chuvilin et al., 
2002; Vlasov et al., 2011а]. However, in order to im-
prove and further develop this technology, it is neces-
sary to ascertain the causes and the degree of infl u-
ence of the phase state of water on the intensity of the 
gas hydrate growth. This can be done in investigating 
the growth of the gas hydrate cake by the method of 
differential thermal analysis (DTA), which allows 
study of phase transformations and evaluation of the 
amount of water transformed into the gas hydrate 
[Zavodovsky et al., 2014]. 

In this study, we suggest using the same model of 
the gas hydrate system as that proposed in [Vlasov et 
al., 2011а]. This will allow us to compare the DTA 
data with the measurement results obtained by the 
nuclear magnetic resonance (NMR) method and to 
reduce the number of uncontrollable factors aff ecting 
the kinetics of the gas hydrate growth, which will 
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contribute to the study of the mechanisms of gas hyd-
rate formation from water and ice in the presence or 
absence of the gas hydrate cake.

THE OBJECT OF STUDY

In the study using the DTA method, a large 
amount of the particles of freon-12 hydrate (Fig. 1) 
was used, the adhesion of which, according to [Uchi-
da et al., 2015], was assumed to be insignifi cant. The 
gas hydrate particles were prepared on the basis of ice 
granules with the mean size of ~150 μm, obtained by 
crushing monolithic ice formed in freezing of distilled 
water. The ice was crushed and a narrow fraction of 
the particles was separated with a system of sieves in 
a freezing chamber at the temperature of 263 K. To 
crush the ice, a mechanical chopper (a coff ee-grinder) 
was used for 60 s at a speed of 1600 rpm. The ob-
tained ice powder was fractioned by vibration using a 
PE-6700 vibration machine, with sieves with the 
mesh size 94 and 200 μm, respectively, used. 

As hydrate-forming gas, freon-12 (R-12) was 
used, with the volume content of CCl2F2 not less 
than 99.7 %. The gas hydrate of freon-12 is related to 
hydrates of the structure of the s-II type and is char-
acterized by the low pressure of hydrate formation 
[Byk et al., 1980], which essentially simplifi es the ex-
perimental conditions.

THE EXPERIMENTAL SETUP

The DTA setup, the schematic of which is shown 
in Fig. 2, is meant for synthesizing and studying gas 
hydrates with low pressure of hydrate formation. It is 
based on two identical cells located in a Julabo 
FM50-ME liquid thermostat. A hydrate sample was 
synthesized and measured in one of the cells. The 
other cell was used as an etalon for DTA measure-
ments and was party fi lled with liquid Thermal H5S, 
which did not have any phase transitions in the range 
of temperatures of 263–276 K used in the experi-

ment. The original DTA-signal ΔT  =  Tm  – Ts was 
formed on the basis of the temperature values Tm and 
Ts, measured with the accuracy of ±0.1 K in the cen-
ter of the sample and of the etalon, respectively.

The hydrate-forming gas was injected into the 
reactor from a gas cylinder containing freon-12. To 
lower the pressure in the sample-containing cell, a 
vacuum pump 2FY-1B was used. Gas pressure in the 
reactor was controlled with a digital manometer 
DM5002G UHL with the accuracy of ±1.5 kPa thro-
ughout the entire measuring range. Manual adjust-
ment of the pressure rate in the reactor was possible 
from 0.1 to 20 kPa/min at the stage of gas injection 
and pumping out, using needle valves. Signals con-
verted with an ADC (analog-to-digital converter) 
from the temperature sensors and from the digital 
pres sure manometer and the DTA-signal were re-
corded on a personal computer (PC) in the real-time 
mode.

THE EXPERIMENTAL PROCEDURE

To prepare a hydrate sample, the reactor cooled 
to the temperature of 263.2 K was fi lled with ground 
ice up to the height of ~10 mm. Then it was placed 
into the thermostat with the temperature of 263.2 K. 
After brief vacuuming of the reactor containing ice, 
freon-12 was injected into it to reach the pressure of 
150 kPa. At the sample temperature equal to 263.2 K, 
this value of pressure exceeds the equilibrium pres-
sure of hydrate formation but is lower than the re-
spective pressure of saturated vapor of freon-12 [Byk 
et al., 1980].

In the state with the pressure of ~150 kPa and 
the temperature of 263.2 K, the sample was kept for 

Fig. 1. The sample used in the DTA experiment (a) 
and a model of a gas hydrate particle (b).
d – particle diameter; h – thickness of the gas hydrate cake.

Fig. 2. Confi guration of the DTA installation for 
studying gas hydrates (see the explanations in the 
text).
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105 minutes, with periodic compensation of the re-
duction in the gas pressure due to hydrate formation. 
During this time, the eff ectiveness of hydrate growth 
decreased, indicated by noticeable decrease in the gas 
consumption and eventually by establishment of 
practically constant pressure in the cell containing 
the sample.

To activate the growth of the hydrate, the tem-
perature of the sample varied by to the scheme 
(Fig. 3), developed in accordance with the results 
[Vlasov et al., 2011a]. In this scheme, the heating of 
the sample from 263 to 276 K corresponds to line 
 segment AB and BC with heating rates of 0.5 and 
0.2 K/min. The sample was kept at the temperature 
of 276 K on the line segment CD during 10 min, and 
then it was cooled to the temperature of 263 K at the 
rate 0.5 K/min (line segment DE). At the fi nal stage 
of the cycle, the sample was kept at the temperature 
of 263 K for 10 min (line segment EA).

In cyclic change of the sample temperature, the 
pressure of the hydrate-forming gas was maintained 
manually at the level of ~150 kPa, in order to ensure 
duration of the process of hydrate formation with a 
constant driving force. The cycle was repeated seve-
ral times, in order to obtain the maximum amount of 
the gas hydrate in the sample. The total duration of a 
cycle was 87 min.

RESULTS AND DISCUSSION 

Kinetics of the freon-12 hydrate growth
Shown in Fig. 4 is the thermal DTA curve ob-

tained by repeated thermal cycling of a sample of 
freon-12 hydrate in accordance with the above de-
scribed scheme. The observed reduction of the areas 
of the DTA peaks of water crystallization and ice 
melting qualitatively indicates the growth in the 
amount of the formed freon-12 hydrate as time goes 
(as the number of the cycles increases). The values of 
the areas of these peaks were used by the authors to 
evaluate the degree of transformation of water/ice 

into a hydrate (the degrees of hydrate formation of 
the sample Ph(k)) according to the formula [Za-
vodovsky et al., 2014]

 
−
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where S0 is the area of the ice melting peak (of water 
crystallization) in air; Sk is the area of the melting peak 
of non-reacted ice (of crystallization of non-reacted 
water) in the atmosphere of freon-12 in the k-th cycle 
(k = 1, 2, 3, …). It is to be noted that in order to obtain 
the peak of ice melting and the subsequent peak of 
water crystallization in air, we took ice granules of 
the same mass as in the original amount of ice used in 
obtaining the gas hydrate. 

The results of calculating Ph according to formu-
la (1) are shown in Fig. 5, where, just as in the study 
using the pulse NMR method [Vlasov et al., 2011a], 
slowing down of the growth of the freon-12 hydrate is 
observed as the number of the cycles increases. Such 
behavior of the hydrate is quite understandable, 
since, as the number of the cycles grows, the thickness 
of the gas hydrate cake increases and thus the access 
of the gas molecules to the hydrate formation front 
decreases [Rivera and Janda, 2012]. In that, the 
multi-stage character of hydrate formation is ma-
nifested (Fig. 5), due to the infl uence of diff erent me-
chanisms on the hydrate growth [Kuhs et al., 2006].

It should be noted that in experiments using the 
DTA method regarding complete conversion of the 
aqueous phase to hydrate was indicative of the ab-
sence of peaks of crystallization and melting of water 
and ice that did not convert into hydrate. In further 
thermal cycling of the sample, the fact of obtaining 
100%-hydrate was also confi rmed by practically con-
stant gas pressure in the control points of the cycle, 
which were the temperatures 263 and 276 K. Com-
plete conversion of the aqueous phase into hydrate 
indicates that for a cyclic change in the sample tem-
perature, a monolithic mass of gas hydrate is not for-
med. To prove that, a DTA experiment was conducted 

Fig. 3. A schematic of a thermal cycle used in the 
synthesis of the freon-12 hydrate (see the explana-
tions in the text).

Fig. 4. A DTA – thermogram of the synthesis of 
freon-12 hydrate at multiple cyclic change of the 
sample temperature in the range 263–276 K.
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on formation of freon-12 hydrate based on bulk ice of 
the same mass as in the experiments with the ice 
granules. Based on the results of this experiment, the 
authors found that in thermal cycling of the sample 
according to the model presented in Fig. 3, the degree 
of conversion of the water phase into hydrate was less 
than 2 % after 10 cycles. 

Unfortunately, the authors were unable to ob-
tain convincing visual evidence of adhesion or lack of 
adhesion of the particles of freon-12 hydrate seem-
ingly taking place during thermal cycling of the sam-
ple. Yet, in accordance with the results of [Uchida et 
al., 2015], where the authors observed adhesion of the 
particles of the CO2, C2H6 and CH4 hydrates, formed 
on ice granules, we may assume that adhesion and 
partial accretion of the freon-12 hydrate particles 
may principally take place.

According to the analysis of the results of [Uchi-
da et al., 2015], the “spot” of accretion of two parti-
cles of the studied hydrates is insignifi cant (<1 %) 
during the time equal to 1000 min, which is commea-
surable with the full time spent in the authors’ ex-
periments on thermal cycling of the sample. Suppos-
ing the same insignificant adhesion of the hydrate 
particles takes place for the particles of freon-12 hyd-
rate, then the total area of the “spots” on the surface 
of a particle of freon-12 hydrate (the maximum num-
ber of the “spots” for the given particle is 6) will be 
small compared to its “working” surface (<6 %). The 
authors understood that adhesion of the particles of 
freon-12 hydrate took place due to the increase of the 
mechanical strength of the sample (it does not pre-
cipitate like powder does and gets separated into 
small fragments under little mechanical impact). 

Correctness of the values of Ph shown in Fig. 5 is 
confi rmed by the NMR results and by the results of 

P–V–T-measurements in using identical samples, 
other conditions being equal. It turned out that the 
values of Ph obtained in this study are in most cases 
close to the results of the NMR measurements, and 
their maximum deviation from the results obtained 
on the basis of P–V–T-measurements does not exceed 
5 %.

The values of Ph(k) shown in Fig. 5 were used 
later for calculating the thickness of the gas hydrate 
cake according to the formula [Vlasov et al., 2011а]

 ( )( )= − −30.5 1 1 ( ) /100 ,hh d P k

where d is the particle diameter.
To analyze the kinetics of the growth of the 

thickness of the hydrate cake, we divided the time of 
the gas hydrate formation in the sample into intervals 
Δtj (j = 1, 2, 3, …, N; N is the total number of inter-

Fig. 5.  Increase of the degree of hydrate forma-
tion as the number of the melting–freezing cycles 
increases.
The values of Ph were obtained on the basis of respective DTA-
peaks: 1 – melting of ice not turned into hydrate; 2 – crystalliza-
tion of water not turned into hydrate.

Fig. 6. The basic diagram of division of the total sample cycling time into intervals corresponding to the 
growth of hydrate from water and ice. 
A0 – the beginning of the experiment; A1, A2 – the beginning of the fi rst and second cycles, respectively; Δt1, Δt3 – time intervals of 
the stay of water not turned into hydrate in a solid state; Δt2, Δt4 – time intervals of the stay of water not turned into hydrate in a 
liquid state; h – thickness of the hydrate cake at the beginning of the experiment (h0), at the end of recording ice melting peaks 
(h1, h3) and water crystallization peaks (h2); S – the area of the melting peaks (S1, S3) and the crystallization peak (S2) of ice and 
water not turned into hydrate, respectively. 
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vals), corresponding to the synthesis of the hydrate 
from water and ice in full agreement with the ob-
served DTA peaks of crystallization and melting of 
the hydrate-turned water phases (Fig. 6). For each of 
these time intervals, the increments of the hydrate 
cake Δhj were determined, and the mean values of the 
radial velocity of the growth of the freon-12 hydrate 
were calculated according to the formula 

 ( )−= Δ Δ = − Δ1 .j j j j j jv h t h h t

The results of these calculations shown in Fig. 7 
demonstrate the high growth rate of the hydrate from 
water compared to ice, with the thickness of the gas 
hydrate cake being equal, the diff erence was by an or-
der of magnitude. It is interesting that, independent-
ly of the phase state of water which does not turn into 
hydrate, the radial velocity of the growth of the hy-
drate cake decreases as its thickness increases. As a 
fi rst approximation, this indirectly indicates the man-
ifestation of the diff usion mechanism of hydrate for-
mation.

The diff usion properties
of the freon-12 hydrate cake

It is to be remembered that, given the gas hy-
drate cake, the growth rate of the studied gas hydrate 
is infl uenced by several factors: the intensity of the 
inflow of gas molecules to the hydrate formation 
front, heat outfl ow from the boundary of the phase 
transition water (ice) → hydrate, the rate of forma-
tion of an elementary cell of the hydrate (the phase 
transition velocity), etc. In our experiments, the 
small size of the gas hydrate particles and of the sam-
ple as a whole contributed to the intense outfl ow of 
heat from the boundary of the hydrate formation 
(Fig. 1). Proceeding from this, further the authors 
limited themselves to analysis of the contributions to 
the growth rate of the gas hydrate cake made by the 
diff usion motion of the gas molecules to the hydrate 
formation front and by the water (ice) → hydrate 
phase transition.

To evaluate the diffusion coefficient D  of the 
freon-12 molecules diffusing through the hydrate 
cake, we use Groisman’s formula for the velocity of 
the hydrate formation front in gas hydrate particles 
of a spherical shape (the radial velocity of the hydrate 
growth v) [Groisman, 1985]:
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Here r0  =  d/2; Xf  =  Mh/(Mh  +  nMw), where 
n  = 17 – hydrate number; Mh = 120.9⋅10–3 kg/mol, 
Mw = 18⋅10–3

 kg/mol – molar mass of freon-12 and of 
water, respectively. Hence, considering the above nu-
merical values, we obtain the desired expression for 
the diff usion coeffi  cient:

 ( )= −1 2 2.53.D h d hv  (2)

The results of calculating D by formula (2), per-
formed on the basis of the data presented in Fig. 7, 
indicate decrease of the diff usion coeffi  cient as the 
thickness of the hydrate cake increases and its depen-
dence on the phase state of the water that has not 
passed into the gas hydrate. Thus, as the hydrate cake 
thickness varies from 30 to 60 μm, the diff usion coef-
fi cient decreases from 4.4⋅10–14 to 0.4⋅10–14 m2/s in 
the presence of water in the sample, and in the pres-
ence ice it decreases from 0.5⋅10–14 to 0.1⋅10–14 m2/s. 

Dependence of the diffusion coefficient of the 
hyd rate cake on its thickness and the phase state of 
the water that has not passed into hydrate suggests 
its non-homogeneity. Considering the porous struc-
ture of the freon-12 hydrate formed, just as in our 
study, on the basis of disperse ice [Vlasov et al., 
2011b], it is logical to assume that inhomogeneity of 
the hydrate cake in our case is related to the presence 
of water or ice not turned into hydrate, depending on 
the sample temperature. It is to be mentioned that 
non-uniform hydrate formation in ice particles has 
been reported previously in [Kawamura et al., 2002]. 
The authors of this study account for the dynamics of 
the changes in the combinational scattering (CS) 
spectra in the process of the growth of the CO2 hyd-
rate by the presence of ice inclusions in the hydrate 
cake. Considering the inhomogeneity of the freon-12 
hydrate cake, the above-mentioned diff usion coeffi  -
cients should be treated as eff ective diff usion coeffi  -
cients.

It is clear that pores heal with the time, and in-
clusions of water and ice turn into hydrate. As a re-
sult, the hydrate cake becomes more homogeneous. 
Therefore, it is quite logical that the increase in the 
thickness of the gas hydrate cake results in the reduc-
tion and approximation of the considered rates of its 
growth (Fig. 7). This, in its turn, testifi es to approxi-
mation of the respective effective diffusion coeffi-
cients, which, as the hydrate cake achieves its maxi-
mum thickness, approach the diff usion coeffi  cient of 

Fig. 7. Change in the radial velocity of the hydrate 
cake growth (v) as its thickness increased (h) in 
the case of hydrate formation from water (1) and 
ice (2).
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freon-12 molecules in the gas hydrate under study. In 
our estimate, its value is ~10–15 m2/s in the range of 
temperatures 263–276  K and at the pressure of 
150 kPa.

It is quite unlikely that the rates of the water → 
hydrate and ice → hydrate phase transitions essen-
tially infl uence the diff erence in the growth rates of 
the hydrate cake observed in Fig. 7. To ascertain that, 
we will fi rst evaluate the characteristic times of form-
ing the elementary cells of the hydrate from water 
tw = a/vw and ice ti = a/vi. Here a = 1.73 nm is the 
characteristic size of an elementary cell of the gas 
hyd rate of the s-II structure [Byk et al., 1980]; vw, vi 
are the linear growth velocities of an elementary cell 
of the gas hydrate from water and ice in the direction 
of movement of the front hydrate formation. As for 
freon-12, the values of the velocities vw and vi are un-
known; to evaluate the times tw and ti, we will use the 
values of the hydrate growth velocities from water 
v0w and ice v0i in the absence of the hydrate cake 
(h = 0). It is evident that in reality vw ≥ v0w и vi ≥ v0i.

To fi nd v0w and v0i , we approximate the depen-
dences v(h) shown in Fig. 7 by polynomials to the 
n-th degree with the maximum approximation reli-
ability R2. As a result, we have v0w = 321 nm/s (n = 4, 
R2 = 0.994), and v0i = 5 nm/s (n = 4, R2 = 0.985). 
Hence, under the thermodynamic conditions realized 
in the experiment, the unit cell of the freon-12 hyd-
rate is formed from water 64 times faster than from 
ice: tw = 5.4 ms and ti = 346 ms. This qualitatively 
corresponds to the results of [Melnikov et al., 2010], 
where, other conditions being equal, the hydrate for-
mation front of propane, forming, just as freon-12, the 
hydrate of the s-II structure, moved on the water sur-
face faster by an order of magnitude than on the sur-
face of ice.

To compare the contributions of the above mech-
anisms to the growth velocity of the hydrate cake, we 
can evaluate the respective times of diff usion of the 
freon-12 molecules through the hydrate cake with 
thickness h according to the formula td = h2/D and 
compare them with tw and ti. The calculations demon-
strate that, given water not turned into hydrate in 
the sample, the value td is ~2⋅104 s with cake thickness 
h = 30 μm and grows to ~9⋅105 s with h = 60 μm, 
which is much greater than time tw. Fulfi llment of the 
condition td >> tw with the values h ≥ 30 μm recorded 
in the experiment indicates that in this case the 
growth of the gas hydrate cake is determined by the 
diff usion of the freon-12 molecules to the hydrate for-
mation front. In its turn, given ice not turning into 
hydrate in the sample, the limiting role of the diff u-
sion processes is manifested by the thickness values 
h ≥ 15 μm recorded in the experiment. It is to be not-
ed that in reality, based on the obtained evaluations 
of time tw, ti and td, the diff usion processes play the 
major role in forming the gas hydrate cake for sizes 
much less than those indicated above. It is most likely 

that the rate of forming an elementary hydrate cell 
will essentially aff ect the process of gas hydrate for-
mation as the hydrate cake appears at the initial stage 
of its growth.

CONCLUSION

In obtaining gas hydrate particles on the basis of 
ice granules, the growth of the hydrate slows down 
with the time, which is related to the shielding action 
of the gas hydrate cake forming on its surface. In this 
case, the procedure of thermal cycling of the hydrate 
sample has a positive eff ect for initializing and further 
growth of the hydrate, with mandatory realization of 
the ice formation and melting stages. 

The use of the simplest model system of gas hy-
drate in the DTA experiments reduced the number of 
the incontrollable factors which aff ect the kinetics of 
the gas hydrate growth and allowed the possibility of 
ascertaining the main mechanisms which infl uence 
the hydrate formation process for diff erent aggregate 
states of water. The following results were obtained.

1.  In thermal cycling of the freon-12 hydrate 
sample, the hydrate more actively grows from water 
than from ice, both in the presence and absence of the 
hydrate cake, as:

a) the eff ective diff usion coeffi  cient of the fre-
on-12 molecules for diffusion through the hydrate 
cake, given water inclusions in it, exceeds the eff ec-
tive diff usion coeffi  cient given ice inclusions by more 
than an order of magnitude;

b) for the freon-12 gas hydrate, the water–hy-
drate phase transition speed exceeds the ice–hydrate 
phase transition speed more than 60 times.

2.  In the DTA experiments, with the hydrate 
cake thickness being h  ≥  15  μm (for ice) and 
h ≥ 30 μm (for water), the growth rate of the gas hyd-
rate cake is determined by the diffusion of the gas 
molecules to the hydrate formation front. 

3. The gas hydrate cake is not homogeneous in 
its composition: depending on the temperature of the 
sample, it has inclusions of water or ice not turned 
into hydrate or ice, which eventually transform them-
selves into hydrate.

4. The value of the diffusion coefficient of the 
molecules of the hydrate forming gas in the freon-12 
hydrate is ~10–15 m2/s in the range of temperatures 
263–276 K at the pressure of 150 kPa.

To enhance the eff ectiveness of gas hydrate for-
mation and to improve the process of thermal cycling 
of a sample, it is necessary to reduce the time of stay 
of the water not turned into hydrate in the solid state 
and to decrease the size of the gas hydrate particles. 

The study was performed with partial financial 
support of the Fundamental Research Program for 
State Academies of Sciences for 2013–2017 (priority 
sector VIII.77.2.) and of the Grants Council of the RF 
President (SS-9880.2016.5).



52

A.G. ZAVODOVSKY ET AL.

References
Byk, S.Sh, Makogon, Yu.F., Fomina, V.I., 1980. Gas Hydrates. 

Khimiya, Moscow, 296 pp. (in Russian)
Chuvilin, E.M., Guryeva, O.M., 2009. Experimental investiga-

tion of CO2 gas hydrate formation in porous media of frozen 
and freezing sediments. Kriosfera Zemli XIII (3), 70–79.

Chuvilin, E.M., Perlova, E.V., Makhonina, N.A., et al., 2002. 
Phase transition of water in gas-saturated sediments. Russian 
Geology and Geophysics, 43 (7), 689–697.

Dawe, R.A., Thomas, S., Kromah, M., 2003. Hydrate technolo-
gy for transporting natural gas. Eng. J. Univ. of Qatar 16, 
11–18.

Groisman, AG., 1985. Thermophysical Characteristics of Gas 
Hydrates. Nauka, Novosibirsk, 94 pp. (in Russian)

Gudmundson, J.S., Andersson, V., Levik, O.I., et al., 2000. Hyd-
rate technology for capturing stranded gas. Ann. New York 
Acad. Sciences 912, 403–410.

Kawamura, T., Komai, T., Yamamoto, Y., et al., 2002. Growth 
kinetics of CO2 hydrate just below melting point of ice. J. 
Crystal Growth 234, 220–226.

Kisilev, A.A., Reshetnikov, A.I., 2013. Methane in Russian Arc-
tic: the results of observations and calculations. Problems of 
Arctic and Antarctic 2 (96), 5–15.

Kuhs, W.F., Staykova, D.K., Salamatin, A.N., 2006. Formation 
of methane hydrate from polydisperse ice powders. J. Physi-
cal Chemistry B 110 (26), 13283–13295.

Levin, I.V., Glazkov, O.V., Poltavsky, D.A., 2011. Evaluation 
of the boundary conditions of applicability of oil gas trans-
port technologies as hydrates in oil and gas fi elds under 
permafrost conditions. Neftyanoye Khozyaistvo, No.  3,
66–69.

Melnikov, V.P., Drozdov, D.S., Malkova, G.V., 2009. Climatic 
and cryogenic factors of development of northern territories. 
Izvestiya vysshikh uchebnykh zavedeniy, geology and survey, 
No. 6, 78–86.

Melnikov, V.P., Nesterov, A.N., Reshetnikov, A.M., et al., 2010. 
Stability and growth of gas hydrates below the ice-hydrate – 
gas equilibrium line on the P–T phase diagram. Chemical 
Eng. Science 65 (2), 906–914.

Rivera, J.J., Janda, K.C., 2012. Ice particle size and temperature 
dependence of the kinetics of propane clathrate hydrate 
formation. J. Physical Chemistry C 116, 19062–19072.

Sloan, E.D., Koh, C.A., 2008. 3rd ed. Clathrate Hydrates of 
Natural Gases. Marcel Dekker, New York, 761 pp.

Uchida, T., Kishi, D., Shiga, T., et al., 2015. Sintering Process 
Observation on Gas Hydrates under Hydrate-Stable and 
Self-Preservation Condition. J. Chemical and Eng. Data 
60 (2), 284–292.

Vlasov, V.A., Zavodovsky, A.G., Nesterov, A.G., et al., 2011a. 
Hydrate formation in thermal cycling of disperse ice samples 
by the nuclear magnetic resonance method. Bulletin of Tyu-
men State University, No. 7, 73–81.

Vlasov, V.A., Zavodovsky, A.G., Madygulov, M. Sh., et al., 2011b. 
A study of metastable water formed at negative temperatures 
in dissociation of Freon 12 hydrate with the pulse NMR 
method, in: Proceedings of the Fourth Russian Geocryolo-
gists’ Conference (Moscow, June 7–9, 2011). Univesritets-
kaya Kniga, Moscow, vol. 1, pp. 5–7. (in Russian)

Wright,  J.E., Chuvillin, E.M., Dallimore, S.R., et al., 1998. 
Methane hydrate formation and dissociation in fi ne sands at 
temperatures near 0 °C, in: Proceedings of the 7th Interna-
tional Permafrost Conference. Yellowknife. Canada, Collec-
tion Nordicana, No. 55, pp. 1147–1153.

Yakushev, V.S., Kvon, V.G., Gerasimov, Yu.A., Istomin, Yu.A., 
2008. Current Situation in Gas Hydrate Technologies. Gaz-
prom information and advertising center, Moscow, 88 pp. (in 
Russian)

Zavodovsky, A.G., Madygulov, M.Sh., Nesterov, A.N., et al., 
2014. Growth of gas hydrates in water/oil emulsion accord-
ing to diff erential thermal analysis data. Izvestiya vuzov, oil 
and gas, No. 2, 82–88.

Received November 27, 2015


