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The paper presents the study of natural gas hydrate formation in dispersed ice produced by either “dry 
water” freezing or by mechanical grinding with hydrophobic silica nanoparticles (stabilizer), along with the infl u-
ence of the amount of stabilizer on dispersity of crushed ice and gas hydrate formation kinetics. It has been es-
tablished that the time of half-transformation of dispersed ice into hydrate will decrease for frozen “dry water” 
with the increasing stabilizer content. For crushed ice, its half-transformation into hydrate will also take less time 
in case ice is ground with stabilizer, rather than without adding it. The time of half-transformation of dispersed 
ice into hydrate is found to be less than for frozen “dry water” with the stabilizer content of 5 wt.%, under iden-
tical conditions for water dispergating and ice grinding. If the content of stabilizer is 10 wt.%, the time of half-
transformation of ice into hydrate will be less for frozen “dry water”. The obtained results might be used in 
technologies related to transportation, storage, and utilization of natural gases in the hydrate state. Realization 
of these projects would be more eff ective under the low-temperature conditions of high latitude regions.

Gas hydrate, frozen “dry water”, crushed ice, hydrophobic nanoparticles, nuclear magnetic resonance, hydrate 
formation kinetics

INTRODUCTION

Gas hydrates are crystalline compounds consist-
ing of hydrogen-bonded water molecules confi gured 
into cage structures that enclose molecules of guest 
substances, and exist as gas under standard condi-
tions for temperature and pressure (STP, 0 °C and 
100 kPa). During dissociation of one volume of natu-
ral gas hydrate (NGH) at STP, up to 170 gas volumes 
are yielded, which makes applications of gas hydrates 
attractive to the actively developing alternative tech-
nologies for transportation, storage and utilization of 
natural and associated petroleum gases in the hydrate 
form [Horiguchi et al., 2011; Rehder et al., 2012].

Producing and storing gas hydrates requires re-
latively low temperatures and elevated pressure; fur-
ther lowering the temperature allows to reduce the 
pressure required for gas hydrates formation. The gas 
hydrate technologies therefore appear to be the most 
promising primarily under conditions of low ambient 
temperatures, for example in the Arctic. The develop-
ment of gas hydrate-based technologies in recent 
times is impeded by the lack of production technolo-
gies capable to maintain high (commercially viable) 
rates of hydrate formation. 

One of the approaches to solving this problem is 
the application of dispersed ice to gas hydrates forma-

tion. The rate of hydrate formation can be enhanced 
at the expense of the increased ice–gas interface, and 
due to the fact that this ice–gas interface is more ad-
vantageous for hydrate formation, than the water–
gas interface [Melnikov et al., 2010]. As is known, sin-
tering of ice particles leads to a decrease in its disper-
sity [Blackford, 2007], lowering thereby the rate of 
hyd rate formation. Dispersed ice persistent to sinter-
ing (“stabilized” ice) can be obtained by ice crushing 
with admixture of hydrophobic silica nanoparticles 
acting as a stabilizer [Podenko and Molokitina, 2012; 
Melnikov et al., 2013]. 

Alternatively, stabilization of dispersed ice can 
be achieved by the “dry water” freezing [Podenko et 
al., 2015]. “Dry water” is a free-fl owing powder pro-
duced by high-speed mixing of ordinary water (up to 
98 wt.%), hydrophobic silica nanoparticles and air 
[Binks and Murakami, 2006]. Water is contained in 
the powder as micron-sized individual drops or their 
aggregates [Podenko et al., 2011]. Adsorption of silica 
nanoparticles on the surface of micron-sized drops of 
water prevents their coalescence, insuring stability in 
such dispersed systems.

Recent research has shown that unlike bulk wa-
ter, the application of “dry water” to gas hydrates 
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production process essentially enhances the rate of 
hydrate formation [Wang et al., 2008; Carter et al., 
2010; Ildyakov et al., 2011]. This prompted to us an 
inference about “dry water” to serve a basis for viable 
system for gas hydrates production. Gas hydrate for-
mation in the frozen “dry water” was analyzed in de-
tail by L.S. Podenko and his colleagues [Podenko et 
al., 2013]. 

However, a possible infl uence of concentration of 
silica nanoparticles used for production of “dry wa-
ter” and aff ecting the dispersion of ice formed during 
the freezing of “dry water” and therefore the rate of 
hydrate formation in dispersed ice, is still poorly un-
derstood. There is also a paucity of research on natu-
ral gas hydrates formation using crushed ice stabi-
lized by hydrophobic nanoparticles. As such, the fo-
cus of our research has been narrowed to the latter 
topic. 

PREPARATION OF “DRY WATER” 

“Dry water” was produced by mixing distilled 
water and hydrophobic pyrogenic silica dioxide (here 
and further in the text, stabilizer) (total mixture 
weight: about 100 g) in a household blender Braun 
VX2050 at a speed of 18,700 rpm during 30 seconds. 
The stabilizer content in the mixture varied from 0.5 
to 15 wt.%. In this research, we used Powders of 
nanoparticles of hydrophobic silica manufactured by 
Evonik Industries AG (Aerosil® R202 trademark) 
(here and further in the text, aerosil) or Wacker 
Chemical (HDK® H18) (here and further in the 
text, H18) as stabilizers.

The main parameters of the stabilizers used for 
producing dispersed ice by freezing “dry water” or by 
grinding ice are listed in Table 1 showing that carbon 
content and bulk density slightly diff er for aerosil and 
H18 (whose specific surface area is much larger, 
though). However, the hydrate-forming abilities of 
“dry water” stabilized by Aerosil and H18 have not 
yet been compared.

“Dry water” is a polydisperse system. The analy-
sis of size-distribution of aqueous droplets in “dry wa-
ter” samples by visual methods appears to be time- 
and labor-taking. Therefore, we applied visual obser-
vations on optical microscope (Motic DM 111 
Digital Microscopy) only for the purpose of qualita-
tive analysis of dispersity of the investigated samples, 
whereas quantitative determinations of mean water-
droplet sizes were carried out with the proton nuclear 

magnetic resonance (NMR) [Melnikov et al., 2011; 
Podenko et al., 2011].

Nuclear-magnetic relaxation was measured with 
a Bruker Minispec mq pulsed NMR relaxometer (res-
onance frequency: 20 MHz). In the experiment, the 
well known Carr–Parsell–Meibum–Gill (CPMG) 
technique was realized to determine the spin-spin re-
laxation time T2 [Slichter, 1990]. The nuclear magne-
tization decay curves were processed with approxi-
mations of data by one- and two-exponential curves, 
and supplemented by an inverse Laplace transforma-
tion of the signal decay function of relaxation for cal-
culating time or spectrum (frequ ency distribution) of 
relaxation times for nuclear magnetization [Proven-
cher, 1982]. The resultant data were used to deter-
mine mean size of water droplets in the “dry water” 
samples following the procedure reported in [Podenko 
et al., 2011].

 PREPARATION OF DISPERSED ICE 

The two modes used to produce dispersed ice 
were: 1) freezing of “dry water”; 2) mechanical grind-
ing during 30 seconds of ordinary ice, adding pow-
dered stabilizer nanoparticles into the grinding cham-
ber. For the “dry water” freezing, its sample weighing 
7 g at room temperature was placed into a tempera-
ture-controlled high-pressure reactor, which can also 
be used to produce gas hydrates (Fig. 1). The reactor 
was then cooled down to –20 °C at a constant rate of 
2 °C/min.

The exothermic peak was observed in the tem-
perature interval between –6 and –10  °C, on the 
thermogram obtained from the cooled sample, indi-
cating the freezing of water droplets. The crystalliza-
tion of water was completed at a temperature of about 
–10 °C. After cooling to –20 °C, the frozen sample of 

Ta b l e  1. Main parameters of silica dioxide nanoparticles 
 [HDK® H18…, 2016; Hydrophobic…, 2016]

Paramerter
Silica dioxide

H18 A erosil
Carbon content, % 4.6 4.3
Bulk density, g/L 50 60
Specifi c surface, m2/g 200 100

Fig. 1. Schematics of the experimental apparatus: 
1 – thermostat; 2 – sample; 3 – thermal gauges; 4 – reactor; 
5 – manometer; 6 – analogue-to-digital converter; 7 – com-
puter; 8 – gas bulb.
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“dry water” was removed from the reactor for further 
analysis of its properties.

The ice was mechanically ground in a Teledoor 
thermostated chamber at –20 °C on the aforemen-
tioned equipment and the applied speed was equal to 
that used for the preparation of “dry water” (Braun 
VX2050 blender, 18,700 rpm).

The dispersion composition of the prepared fro-
zen “dry water” and ground ice samples was deter-
mined by the sieve analysis using laboratory screens 
with calibrated 1000, 700, 500, 400, 200, 160, 140 and 
80-micron openings. The samples were sieved on 
PE-6700 electro-dynamical shaker with 20 Hz fre-
quency of the worktable vibration at the ambient 
temperature –20 °С.

GAS HYDRATES PREPARATION

Schematics of the experimental apparatus for gas 
hydrate preparation is shown in Fig. 1. Natural gas 
sampled from the Urengoy–Surgut–Chelyabinsk gas 
pipeline was used as the hydrate-forming gas (mol.%): 
C1H4 – 98.6, C2H6 – 0.46, C3H8 – 0.24, C4H10 – 0.06, 
C5H12 – 0.02, СО2 – 0.15, N2 – 1.01. Hydrate was 
form in a stainless steel high-pressure reactor with a 
volume of 60 cm3.

For hydrate synthesis, equal amount of about 7 g 
of either “dry water” or crushed ice, was loaded into 
the reactor. The “dry water” was loaded at room tem-
perature, while loading the ground ice into the reac-
tor proceeded in the Teledoor refrigerator chamber at 
–20  °С. After that, natural gas was slowly blown 
through the reactor at atmospheric pressure, to re-
move the air. The reactor was placed in a thermostat 
and cooled down to –20 °С to freeze the “dry water”. 
The freezing of sample was monitored through the 
control of its cooling thermograms. This step was fol-
lowed by the reactor warming up to –1 °С and its fi ll-
ing with natural gas until pressure reached 4.6 MPa. 
The same procedure was done for the ground ice once 

it was loaded in the reactor at –20 °С. The rate of gas 
hydrates formation from ice is known to be increasing 
sharply as the hydrate formation temperature increas-
es to the melting point of ice [Hwang et al., 1990; 
Staykova et al., 2003]. This was why we opted for 
–1 °С as the temperature for the hydrate formation 
(close to the melting temperature of ice, taking into 
account the correction for the pressure in the reactor).

Hydrate formation took place under isochoric 
conditions during 80 h and occurred with a decrease 
of the pressure in the reactor. The amount of moles Δn 
of gas uptake during the hydrate formation was cal-
culated by the equation

 Δn = pV/(ZRT)0 – pV/(ZRT)t , (1)

where V is gas volume in the reactor; R is the universal 
gas constant; p, T are pressure and temperature in the 
reactor; Z is the compressibility factor calculated using 
the Peng-Robinson equation of state. Indices 0 and t 
are the initial (immediately after fi lling the reactor with 
gas) and the current time, respectively. 

RESULTS AND DISCUSSIONS

“Dry water” samples were obtained by the au-
thors using a stabilizer in the amount of 0.5, 1.0, 1.5, 
2.0, 3.0, 5.0, 10 and 15 wt.%. In case the stabilizer 
content was less than 2 wt.%, the resulting sample be-
came quickly (a matter of few minutes) stratifi ed into 
bulk liquid water and stabilizer powder with inclu-
sions of water droplets (Fig. 2). Given a higher con-
tent of the stabilizer, we obtained a stable (within the 
time frame of the experiment) “dry water” dispersion.

According to the data of visual observations 
(Fig. 3) and NMR measurements (Table 2), an in-
crease in the stabilizer (both aerosil and Н18) con-
tent resulted in a decrease in the size of microdroplets 
of water in the “dry water” samples. Given the same 
content of aerosil and H18, droplets in “dry water” 
stabilized by H18 had a smaller average size than in 

Fig. 2. Samples of “dry water” with aerosil content from 0.5 to 15 wt.%.



41

NATURAL GAS HYDRATES FORMATION IN DISPERSED ICE STABILIZED WITH SILICA NANOPARTICLES

the “dry water” stabilized by aerosil (Table 2). The 
latter is probably is accounted for by the specifi c sur-
face area value being 2 times greater for H18 than for 
aerosil (Table 1). 

Fig. 4 illustrates two samples of the frozen “dry 
water” with a stabilizer content of 5 and 10 wt.% after 
they are removed from the reactor (at –20 °С). It has 
been found that frozen “dry water” with the stabilizer 
content not more than 5 wt.% represents by itself 
solid, frozen mass slightly admixed with bulk mate-
rial in the form of white powder (Fig. 4, a) consisting 
mainly of ice particles. If the stabilizer content in the 
“dry water” is above 5 wt.%, the proportion of the 
powder in the sample increases (Fig. 4, b). As shown 
by the fractional composition analysis carried out at 
T  =  –20  °С, the powder was completely sieved 
through a screen with a mesh size of 700 μm. The 
weight content of the powder fraction with a particle 
size of 0–700 μm was determined from the frozen 
“dry water” sample (Table 3). As can be deduced from 
the data listed in Table 3 it has grown from 0.06 to 

1.0 wt.% in parallel with the stabilizer content in the 
“dry water” (from 3 to 15 wt.%). This suggests that 
an increase in the stabilizer content in the “dry water” 
has caused a greater dispersity of ice produced from 
its freezing.

The sieve analysis data allowed to determine a 
dispersed composition of the crushed ice, with the 
 average particle size distribution of ice calculated 
based on the known technique by [Kouzov, 1987]. 

Fig. 3. Microphotographs of “dry water” with Н18 contents:
а – 3 wt.%; b – 5 wt.%; c – 10 wt.%; d – 15 wt.%.

Ta b l e  2. Mean particle size of water droplets
 in the “dry water” samples from NMR data

Stabilizer Stabilizer
concentration, wt.%

Mean particle size
of water droplets, μm

Aerosil 3 13
5 10

10 8
15 6

H18 5 8
10 5
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The results obtained are shown in Fig. 5 and in Ta-
ble 4. As follows from the latter, the additional input 
of hydrophobic silica nanoparticles provoked a more 
than 2-fold decrease in the average grain size of 
crushed ice compared to ice ground without such ad-
ditive. At this, an increase (from 5 to 10 wt.%) in the 
content of an additive slightly aff ected the variation 
in the crushed ice dispersity, which was not the case 
with the samples of frozen “dry water” where in re-
sponse to the increased concentration of the stabilizer 
(from 5 to 10 wt.%) the fraction of particles have 
shown almost 5-fold increase (Table 3). We also note 

that the average grain size of crushed ice obtained by 
grinding with admixture of aerosil and using H18 re-
mained practically unchanged.

The formation of natural gas hydrates was stud-
ied by the authors under isochoric conditions at a 
temperature of T  =  –1  °С and initial pressure 
p0 = 4.6 MPa for samples of frozen “dry water” and 
ground ice with stabilizer content of 3, 5, 10 and 
15 wt.%. For comparison, control experiments were 
conducted with crushed ice (with an average particle 
size of 500 μm) obtained without the stabilizing addi-
tive. 

In both the cases of hydrate formation from the 
frozen “dry water” and crushed ice stabilized with hy-
drophobic silica nanoparticles, as well as in the con-
trol experiment with crushed ice prepared without 
adding any stabilizer, there was observed a pressure 
reduction in the reactor, once its fi lling with gas was 
completed, which is associated with the hydrate for-
mation and is indicative of its proceeding without an 
induction or lag period. 

Using data on the amount of natural gas uptake 
during the hydrate formation (equation (1)), it is 
possible to calculate the amount of hydrate formed. 
To this end, the composition of the hydrates formed 
should be known. A gas hydrate composition is deter-
mined by the stoichiometric ratio G·nH2O, where G 
is the gas-hydrate-forming component; n is the hyd-
ra te number (the number of water molecules per one 
mo lecule of gas hydrate-former in hydrate). Natural 
gas containing 0.2 mol.% of propane forms mixed 
hyd rates with CS-II structure [Istomin and Yakushev, 

Fig. 4. Samples of frozen “dry water” after retrieval from the reactor. 
Н18 contents in the samples: а – 5 wt.%; b – 10 wt.%.

Ta b l e  3. Mass ratio of the particle fraction
 with a size of 0–700 μm in “frozen water” samples

Aerosil contents in the
“dry water” sample, wt.%

Mass ratio of the 0–700  μm 
fraction, rel. un.

3 0.06
5 0.20

10 0.94
15 1.00

Ta b l e  4.  Mean particle size of the crushed ice,
 ground with and without additive

Stabilizer Content, wt.% Mean particle size, μm

no 0 500
Aerosil 5 175
Aerosil 10 165

Н18 5 160

Fig. 5. Particle size distribution of the ice crushed 
with admixture of aerosil in the amount of 5 wt.% 
(1), 10 wt.% (2) and without this additive (3).
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1992], which have n = 5.66 if all cavities are fi lled 
with gas molecules. Gas hydrates being non-stoichio-
metric clathrate compounds, however, their degree of 
cavity occupancy is less than 1 and is controlled by 
the hydrate formation conditions (i.e. in our case, n 
will be greater than 5.66). In addition, n is largely in-
fluenced by the composition of natural gas. The 
CSMGem software [Sloan and Koh, 2008] ena b led us 
to calculate n on the water (ice)–hydrate–gas equi-
librium line. The calculations showed that for a tem-
perature value of –1 °С, the equilibrium hydrate for-
mation pressure for the natural gas used in our work 
is 1.67 MPa, and n = 6.58.

The calculation accuracy for n can be estimated 
by comparing its results with the known experimen-
tal data, for example, for methane hydrate. The aver-
age value of n for methane hydrate on the water 
(ice)–hydrate–gas equilibrium line according to the 
experimental data obtained by C. Circone with col-
laborators [Circone et al., 2005] equals 6.0 and does 
not change with the increasing pressure along the 
equilibrium curve in the temperature range from –10 
to +12  °С, whereas the calculations showed that 
n = 6.27 at the equilibrium pressure and T = –10 °С, 
and n = 6.04 at the water–hydrate–gas equilibrium at 
+12 °С. According to the calculations, at the equilib-
rium pressure 2.47 MPa and a temperature –1 °С, 
n = 6.31 for methane hydrates, which is about 5 % 
higher than the experimental values. An increase in 
pressure at a given temperature versus the equilibri-
um pressure of hydrate formation also causes a de-
crease in n. Thus, for methane hydrate, a 2-fold in-
crease in the hydrate formation pressure versus the 
equilibrium pressure, leads to a decrease in the hyd-
rate number by about 5 % (from 6.1 to 5.8) [Circone 
et al., 2005]. 

We note that the equilibrium pressure of natural 
gas hydrates formation in our experiments at –1 °С 
(1.67 MPa) is almost 3 times less than the initial pres-
sure of the gas charged to the reactor (4.6 MPa). Al-
though the pressure in the reactor was constantly 
decreasing during the isochoric formation of natural 
gas hydrates, by the time the hydrate formation had 
ceased, it remained measurably higher (2.8 MPa) 
than the equilibrium pressure. With consideration of 
the above discussed, we assume that n =  6.0 for natu-
ral gas hydrates, which is approximately 10 % less 
than the calculated value (n = 6.58). Also, it should 
be borne in mind that the hydrates formed under iso-
choric conditions with an excessive amount of natu-
ral gas (as in our experiments) represent a mixture of 
methane hydrates (CS-I structure, n  =  6.0) and 
mixed natural gas hydrate (CS-II) [Uchida et al., 
2004; Nesterov, 2006; Medvedev et al., 2015].

Hence, in our calculations the amount of formed 
hydrate was derived from the hydrate composition 
determined by the G⋅6H2O ratio. Then the ice-to-
hydrate conversion degree Δh ( mass of ice trans-

ferred into hydrate divided by the initial ice mass in 
the sample) is calculated as follows:

 Δh = (6MwΔn)/m,

where Mw is molar mass of water; m – initial ice-mass 
in the analyzed sample.

Fig. 6 shows a characteristic behavior of the ki-
netic curves illustrating the transformation of dis-
persed ice into natural gas hydrate for the samples 
of frozen “dry water” and crushed ice. It follows from 
these data that the rate of hydrate formation, defi ne-
das Δh/Δt, is a variable value, strongly slowing down 
with time. Therefore, the half-reaction time of ice-
 to-hydrate conversion (t1/2), i.e, the time during 
which Δh reached the value of 0.5, was assumed to be 
the average kinetic characteristic of the gas hydrates 
formation. 

The inverse of the half-reaction time (1/t1/2), can 
be considered as the average rate of ice-to-hyd rate 
conversion at a given time interval. The smaller the 
value of 1/t1/2, the greater is the average rate of hyd-
rate formation. The results of the calculations are 
given in Table 5. As follows from Table 5, with the in-
creasing content of silica dioxide in the samples of 
frozen “dry water” from 3–5 to 15 wt.%, the t1/2 time 
has decreased by more than 7–15 times, depending on 
which of the stabilizers (aerosil or H18) was used to 
prepare “dry water”. We relate this result to the in-
creased dispersity of ice in the frozen “dry water” with 
an increase in the silica dioxide content (Tab le 3). 

A relation between the half-reaction time of dis-
persed ice converting into a hydrate and the ice par-
ticles size distribution was also observed in the 
crushed ice. The use of an additive for the ice grin-

Fig. 6. Changes in the dispersed ice-to-natural gas 
hydrate conversion degree (T = –1 °С, p0 = 4.6 MPа) 
for frozen “dry water” (1–3) and for ice ground 
without adding the stabilizer (4) and with adding 
Н18 (5 wt.%) (5).
Н18 content in the “dry water”: 1 – 5 wt.%; 2 – 10 wt.%; 3 – 
15 wt. %.
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ding allows to reduce grain size of the crushed ice 
(Tab le 4). This is, in our opinion, what accounts for a 
decrease in t1/2 time for the dispersed ice obtained 
with adding the stabilizer, versuc ice ground with-
out it (Table 5). Besides, a signifi cant eff ect (almost a 
10-fold reduction of t1/2) is achieved, once the stabi-
lizer is added in the amount of 5 wt.%. 

We analyzed the impact of the technique for ob-
taining dispersed ice (freezing of “dry water” or me-
chanical crushing of ice) on the ice particle size distri-
bution and the kinetics of its transformation into a 
hydrate. According to the data listed in Table 4, the 
average particle size of the crushed ice obtained by 
grinding with added 5 wt.% aerosil was 175 μm, while 
the frozen “dry water” with the same content of aero-
sil for the most part represented by itself a frozen ice 
mass (Table 3). As a result, the half-time of ice-to-
hyd rate conversion was several times less in the 
ground ice than in the frozen “dry water” containing 
5 % by weight of the stabilizer. An increase in the 
aerosil concentration in “dry water” to 10 wt.% has 
led to an increase in the dispersity of frozen “dry wa-
ter” (mass content of the free-fl owing fraction became 
almost 5 times larger, compared to the frozen “dry 
water” containing 5 wt.% of the stabilizer, Table 3). 
At the same time, the average particle size distribu-
tion of the crushed ice changed insignifi cantly when 
the aerosil concentration increased to 10 wt.% (Tab-
le 4). As a result, with a stabilizer concentration being 
10 wt.% in the sample, the t1/2 time for the frozen “dry 
water” was less than for crushed ice.

When estimating the infl uence of the stabilizer 
type (aerosil and H18) on the half-reaction time of 
dispersed ice-to-hydrate conversion, we inferred from 
the analysis data that t1/2 is signifi cantly lower in the 

frozen “dry water” and in ice crushed using H18, as 
against the stabilized aerosil (Table 5). This probably 
is associated with a greater H18 specifi c surface area 
in comparison with aerosil, however the nature of this 
relation has not been fully understood by the authors.

CONCLUSIONS

It has been found that the frozen “dry water” 
containing not more than 5 wt.% of silica is a solid, 
frozen mass with a small admixture of free-fl owing 
material in the form of white powder consisting main-
ly of ice particles. Once the silica concentration ex-
ceeds 5 wt.%, the free-fl owing fraction in the sample 
of the frozen “dry water” will grow, approaching 1 at 
15 wt.% concentration of silica nanoparticles.

 It is shown that the half-reaction time of ice-to-
hydrate conversion decreased with the increasing 
content of silica dioxide nanoparticles. Given the lat-
ter thus increases from 3–5 to 15 wt.%, the half-con-
version time becomes more than 7–15 times greater, 
depending on the type of silica used to prepare the 
“dry water”.

It has been established that for the crushed ice 
prepared by grinding of ordinary ice admixed with 
silica nanoparticles, the half-reaction time of ice-to-
natural gas hydrate conversion is reduced by an order 
compared with the ice crushed without such additive. 
It is shown that under identical conditions for water 
dispersion and ice crushing, the half-reaction time is 
several times lower for the crushed ice than for the 
frozen “dry water” containing 5 wt.% of stabilizer 
nanoparticles in the test samples. With the stabilizer 
content being 10 wt.%, the half-reaction time will be 
less in the frozen “dry water”.

The type of stabilizer used for grinding the ice is 
found to aff ect the rate of hydrate formation in the 
crushed ice. Thus, the half-reaction time for the 
crushed ice stabilized with H18 (specifi c surface area: 
200 m2/g) was 3 times less than for the crushed ice 
stabilized with aerosil (specific surface area: 
100 m2/g), with the same stabilizer content (5 wt.%).

The research results obtained can be translated 
into specific practical applications for developing 
technologies related to transportation, storage and 
utilization of natural gases in the form of hydrates. 
Their realization would be most eff ective in northern 
latitudes regions with their severe ambient low- tem-
perature conditions. 
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Ta b l e  5. Half-reaction time of ice-to-hydrate
 conversion during hydrate formation at isochoric
conditions in the samples of “dry water” and crushed ice 

Stabilizer Stabilizer content, 
wt.%

Half-reaction time, 
min

Frozen “dry water” 
Aerosil 3 2750
Aerosil 5 3350
Aerosil 10 1020
Aerosil 15 150

H18 5 1750
H18 10 650
H18 15 240

Crushed ice
– 0 4800

Aerosil 5 1700
Aerosil 10 1500

Н18 5 510

 N o t e. Temperature T  =  –1  °С, initial pressure p0  = 
= 4.6 МPа.
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tifi c research for benefi ts of development of the Arctic 
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