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Abstract: The development of technologies for the accelerated formation or decomposition of gas
hydrates is an urgent topic. This will make it possible to utilize a gas, including associated petroleum
one, into a hydrate state for its further use or to produce natural gas from hydrate-saturated sediments.
In this work, the effect of water content in wide range (0.7–50 mass%) and the size of quartz sand
particles (porous medium; <50 µm, 125–160 µm and unsifted sand) on the formation of methane and
methane-propane hydrates at close conditions (subcooling value) has been studied. High-pressure
differential scanning calorimetry and X-ray computed tomography techniques were employed to
analyze the hydrate formation process and pore sizes, respectively. The exponential growth of water
to hydrate conversion with a decrease in the water content due to the rise of water–gas surface
available for hydrate formation was revealed. Sieving the quartz sand resulted in a significant
increase in water to hydrate conversion (59% for original sand compared to more than 90% for sieved
sand). It was supposed that water suction due to the capillary forces influences both methane and
methane-propane hydrates formation as well with latent hydrate forming up to 60% either without a
detectable heat flow or during the ice melting. This emphasizes the importance of being developed
for water–gas (ice–gas) interface to effectively transform water into the hydrate state. In any case,
the ice melting (presence of thawing water) may allow a higher conversion degree. Varying the
water content and the sand grain size allows to control the degree of water to hydrate conversion
and subcooling achieved before the hydrate formation. Taking into account experimental error, the
equilibrium conditions of hydrates formation do not change in all studied cases. The data obtained
can be useful in developing a method for obtaining hydrates under static conditions.

Keywords: gas hydrates; methane; methane-propane mixture; quartz sand; water saturation; gas storage

1. Introduction

Gas hydrates have been known since the end of the 18th century. They are clathrate
compounds, composed of small molecules located in the cells built by hydrogen-bonded
water molecules, which can be formed under low temperature and high pressure condi-
tions [1]. By structure, gas hydrates can be divided into three main groups, namely sI, sII
and sH. Unit cell of sI hydrates is formed with 2 tetrakaidecahedron and 6 dodecahedron
cavities; the unit cell consists of 46 water molecules; such a structure is characteristic of
hydrates of methane, carbon dioxide, hydrogen sulfide, and ethane. sII structure consists of
16 dodecahedron and 8 hexadecahedron cavities; the unit cell contains 136 water molecules;
such hydrates are formed by propane, isobutane, as well as nitrogen, oxygen, argon. Finally,
unit cell of sH hydrates consists of 3 dodecahedron, 2 irregular dodecahedron and one
irregular icosahedron cavities; the cell consists of 34 water molecules; sH type hydrates are
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formed if heavy molecules such as 2,2-dimethylbutane, methylcyclopentane are present in
a mixture of hydrocarbons. More information can be found in [2,3].

Since the beginning of the 20th century, the formation of gas hydrates in pipelines has
been regarded as a serious problem for the oil and gas industry, as this process can lead
to emergencies and, consequently, to a threat to human safety, huge economic losses and
environmental pollution [4,5]. On the other hand, the development of gas hydrate nature-
mimic technologies is important for the storage and transportation of natural gas, capture of
carbon dioxide, desalination, combustion and even refrigeration processes [6–10], since one
volume of hydrate can accommodate up to 160 volumes of gas [1]. Besides, hydrates are
widespread in nature (up to 99% of natural gas hydrates occur in marine sediments) [11–13].
However, estimates of gas hydrate resources vary widely and generally decreased from
the 1970s to the 2000s as more subsurface data became available [11]. Altogether, gas
hydrates may be a future energy resource, but only where the accumulations are large and
concentrated [14]. At the same time, natural gas as a fuel is much more environmentally
friendly than coal and oil since it has a high calorific value; when it is burned, only carbon
dioxide and water are formed [9,15]. Four main methods of gas hydrate field development
have been proposed [16]: depression [17,18], heating [19,20], injection of inhibitors [21–23],
and replacement with carbon dioxide [24,25]. In this regard, the study of the formation
and decomposition of gas hydrates in porous media is a key point for a fundamental
understanding of natural gas hydrates’ behavior, the development of technologies for their
extraction and practical application in the processes of transportation and storage.

A significant drawback that hinders the large-scale industrial applications of hydrates
is their low formation rate. Hydrate formation can be promoted in several ways, including
through the use of porous materials [26–28]. As hydrate formation is an exothermic process
that proceeds at low temperatures, heat and mass transfer in the system play an important
role [29,30]. The presence of a porous medium improves heat transfer conditions by
increasing the thermal conductivity coefficient. Moreover, an increase in the interface
area increases the nucleation rate [31]. Therefore, studies of the gas hydrates formation in
porous media such as silica gel [32], activated carbon [27,32], corundum, silicon carbide [33],
pumice [34], natural marine sediments [35], and clay minerals [36,37] were carried out.
However, quartz sand remains the most common medium used for this purpose. Professor
Linga et al. [38] studied the formation of gas hydrates in water–quartz sand system (fixed-
bed column) and in bulk water (both in quiescent and stirring conditions). The results
showed that the hydrate formation rate in quartz sand was much higher than in the aquatic
environment. In addition, in experiments using a porous medium, a higher conversion
of water to hydrate was found. It was also reported [39] that a large surface area of
dispersed particles reduces the induction time of hydrate formation (of course, in the case
of a developed water–gas interface).

According to the literature, particle size is one of key factors affecting the gas hydrates
formation in a porous media [40,41]. It was shown [42] that media with a particle size of
fewer than 4 µm are characterized by a significant shift in the equilibrium conditions of
hydrate formation towards lower temperatures and higher pressure. This indicates an
inhibitory effect due to both a decrease in the bound water activity and the size effect in
confined pores. According to studies [43,44], the rate of hydrate formation is higher in
quartz sand with smaller particles. Another relevant characteristic for hydrate formation
in porous sediments is water saturation [35,40,41,45]. It was shown that an increase in
water saturation resulted in a decrease in water to hydrate conversion while the addition of
sodium dodecyl sulfate removing this restriction. Thus, similar systems can be promising
for developing clathrate hydrate technologies for a hydrate-forming gas utilization.

Previous studies indicate that both particle size and saturation in a porous medium
are important factors affecting hydrate formation. However, there is still no data on the
effect of water saturation in a wide range on the formation of methane and natural gas
hydrates. The aim of this research was to study the effect of water saturation on the
formation and decomposition of methane and methane-propane hydrates in a porous
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medium, which was taken as quartz sand with different particle sizes. High-pressure
micro-differential scanning calorimetry (HP-µDSC) was employed. This technique allows
one to study both thermodynamic and kinetic features of the gas hydrates formation and
dissociation processes [46–48].

2. Materials and Methods

Methane with a purity of 99.95% was used for methane hydrates formation experi-
ments. To study the formation of natural gas hydrates, a model gas mixture containing
9.1 mol% propane and 90.9 mol% methane was used. Quartz sand and deionized water
were employed as hydrate-forming medium.

The analysis of the granulometric composition of quartz sand was carried out on a
vibrating sieve from Fritsch (Germany). The device includes a set of sieves ranging in size
from 1 mm to 0.025 mm. To analyze the granulometric composition, a prepared sample
with a known mass was poured into a stack of sieves of different dimensions (sieves are
located from top to bottom from larger to smaller). Then, the lid of the device was closed,
and the program was set to vibration for 10 min with an amplitude of 2 mm. After 10 min,
the weight of the sample fraction deposited on each sieve was measured. X-ray computed
microtomography (CT) was used as well (General Electric V|TOME|X S 240 tomograph,
Germany). The resolution was 1.5 µm. Avizo 7.1. software was employed to build the
virtual models of porous structure.

To study the processes of formation and dissociation of gas hydrates in a porous
medium and the influence of various factors on these processes, a number of experi-
ments were carried out using high-pressure micro-differential scanning calorimeter HP-
µDSC 7 Evo (Setaram Instrumentation, France). The calorimeter is equipped with a three-
dimensional Calvet sensor that allows the total heat flux to be recorded. The operating
temperature range is from −45 ◦C to 120 ◦C. The programmable rate of temperature change
can vary from 0.001 to 2 ◦C/min. A high-pressure cell capable of withstanding pressures
up to 40 MPa was taken. The maximum difference between the repeated measurements for
the same system did not exceed 0.8 ◦C and 1% for temperature and heat effect, respectively.

The experimental technique was as follows. The cell was filled with deionized water
and quartz sand in a certain weight ratio (from 1:1 to 1:100) so that the total weight of the
system did not exceed 150 mg, stirred and sealed. The pressure was injected using the gas
panel, 9 MPa in the case of methane, 2.2 MPa in the case of a gas mixture. The cell was
placed in the calorimeter and, after the signal stabilized, the experiment was started.

Temperature program in the case of studying methane hydrates: the isotherm was
maintained at 20 ◦C for 10 min, then the sample was cooled to −35 ◦C at a rate of 0.25
◦C/min, after which it was heated to 20 ◦C at a rate of 0.25 ◦C/min, the cycle was repeated
3 times. Temperature program in the case of studying hydrates of a methane-propane
mixture: an isotherm was maintained at 30 ◦C for 10 min, then the sample was cooled to
−15 ◦C at a rate of 0.25 ◦C/min, and then heated to 30 ◦C at a rate of 0.25 ◦C/min, the
cycle was repeated 3 times. The values of temperatures and heat effects of the recorded
phase transitions were found using the Calisto Processing software.

3. Results
3.1. Granulometric Analysis

To study the effect of water saturation on the formation of methane and methane-
propane mixture hydrates, original quartz sand (O) as well as its small (S) and medium (M)
fractions were used. The particle size distribution was determined by X-ray CT. The average
particle size of original quartz sand was also analyzed by sieving. The results are shown in
Figure 1 and Table 1.
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Figure 1. (a) Grain and (b) pore size distributions of quartz sand determined by sieving (dash line) and X-ray CT (solid
lines); S and M are small and medium fractions, O corresponds to original sand.

Table 1. Characteristics of the used fractions of quartz sand.

Quartz Sand
Fractions

Grain Size by
Sieving (µm)

Grain Size by
CT/Mean Size

(µm)

Mean Pore Size
by CT (µm) Porosity (ϕ)

Small (S) < 50 10–80/43.3 ± 0.5 41.5 ± 0.6 0.34
Medium (M) 125–160 50–250/162 ± 2 208 ± 2 0.46

Original
unsifted sand

(O)
30–800 100–600/460 ±

80 320 ± 10 0.41

The pore network models built according to the algorithm described in [49] is pre-
sented in Figure 2.

Figure 2. 3D visualization of pore structure for (a) S fraction, (b) M fraction, and (c) original unsifted
sand O with sand grains in gray and pore volume in blue.

3.2. Influence of Water Saturation on the Methane Hydrate Formation

As already noted, the method of high-pressure differential scanning calorimetry al-
lows one to determine the thermodynamic characteristics of the processes of formation
and decomposition of gas hydrates. Figure 3 shows a typical DSC-curve of the forma-
tion/dissociation of hydrate and ice upon successive cooling and heating.
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Figure 3. Typical DSC curve for the methane—water—sand system under pressure of 9 MPa;
water:sand mass ratio is 1:50; cooling/heating rate equals to 0.25 ◦C/min; heat flow is normalized to
water content.

At the first stage of the work, the effect of water saturation of quartz sand on the
formation of methane hydrates was investigated. Samples with different ratio of water to
sand (by weight) equaled to 1:1, 1:2, 1:4, 1:6, 1:8, 1:10, 1:15, 1:20, 1:50, 1:100 were used for
the experiments. Table 2 presents the obtained values of temperature and heat effect of
methane hydrate/ice formation and melting/decomposition.

Table 2. Values of temperature and heat effect (enthalpy ∆H) for the ice and methane hydrate
formation and melting/decomposition at different water saturation (WS) of studied samples; Teq is
equilibrium temperature of hydrate decomposition.

mw/ms WS

Content
of O
Sand

(Mass%)

∆Hice cryst

(J/g) 1
∆Hice melt

(J/g) 1
Thyd onset

(◦C)
∆Hhyd form

(J/g) 1
Teq
(◦C)

∆Hhyd dec

(J/g) 1

1:1 3.74 50.0 −299 ± 4 323 ± 3 – – 11.0 16 ± 3

1:2 1.87 66.7 −327 ± 4 333 ± 4 −7.4 ±
0.1

−2.3 ±
0.1 11.5 28 ± 3

1:4 0.94 80.0 −317 ±
19 306 ± 7 0.5 ± 5 −15.7 ±

0.1 12.0 68 ± 9

1:6 0.62 85.7 −310 ± 7 312 ± 3 −3 ± 2 −19 ± 4 11.2 74 ± 5

1:8 0.47 88.9 −320 ±
23 312 ± 3 2.3 ± 0.8 −33 ± 2 11.8 121 ± 17

1:10 0.37 90.9 −287 ±
41 255 ± 5 −2 ± 2 −54 ± 13 11.3 167 ± 2

1:15 0.25 93.8 −329 ± 1 275 ± 4 – – 11.8 192 ± 15

1:20 0.19 95.2 −219 ±
26 206 ± 18 5 ± 6 −99 ± 24 11.9 212 ± 9

1:50 0.07 98.0 −151 ±
48 111 ± 10 4 ± 6 −145 ±

25 11.9 296 ± 10

1:100 0.04 99.0 −113 ±
30 66 ± 17 3 ± 5 −177 ±

32 11.9 308 ± 14

1 Normalized per water content.

Water saturation (WS) of the sand was calculated as follows.

WS = Vw/Vp = ρs mw (1-ϕ)/ρw ϕms, (1)
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where Vw and Vp are water and pore volumes, ρs and ρw are the sand and water densities
(2.6 and 1 g/cm3, respectively), mw/ms corresponds to water:sand mass ratio, and ϕ is the
porosity.

3.3. Influence of Water Saturation on the Formation of Methane-Propane Hydrate

At the second stage, the effect of water saturation of quartz sand on the formation of
hydrates of a gas mixture consisting of methane and propane was studied at a pressure of
2.2 MPa. On the one hand, this pressure was chosen in order to avoid condensation of the
mixture, and, on the other hand, to carry out measurements with the same driving force
for methane hydrates and methane-propane mixture, since the equilibrium temperature
of hydrate formation in this case is 12.2 ◦C. For the experiments, we used systems with a
water:sand ratio (by mass) of 1:1, 1:4, 1:10, 1:100. The results are shown in Table 3.

Table 3. Values of temperature and heat effect (enthalpy ∆H) for the ice and methane-propane
hydrate formation and melting/decomposition at different water saturation (WS) of studied samples;
Teq is equilibrium temperature of hydrate decomposition.

WS
Content

of O Sand
(Mass%)

∆Hice cryst

(J/g) 1
∆Hice melt

(J/g) 1
Thyd onset

(◦C)
∆Hhyd form

(J/g) 1
Teq
(◦C)

∆Hhyd dec

(J/g) 1

3.74 50.0 325 ± 3 349 ± 3 – – 12.3 7.8 ± 0.6
0.94 80.0 358 ± 3 2 310 ± 7 −4.9 ± 0.2 358 ± 3 2 11.0 65 ± 11
0.37 90.9 408 ± 44 2 120 ± 43 −4.6 ± 0.1 408 ± 44 2 11.4 407 ± 74
0.04 99.0 – 6 ± 6 0 ± 5 470 ± 32 10.8 449 ± 6

1 Normalized per water content. 2 Simultaneous ice + hydrate formation.

3.4. Influence of the Size of Quartz Sand Particles on the Formation of Methane Hydrates

We also examined the effect of the size of quartz sand particles on the formation of
methane hydrate. Fractions with a particle size of less than 0.05 mm and from 0.125 to 0.16
mm were separated using a sieve system. The mass fraction of sand for these experiments
was 96.8% (1:30 water to sand ratio). This ratio was chosen based on the data on the heat
effect of hydrate decomposition (compare the data in Tables 2 and 4 for O sand). Indeed, at
a ratio of 1:30, the heat effect of hydrate decomposition normalized to the water content is
the same as for a ratio of 1:50 at a higher water content. An additional sample was also
prepared by water vapor sorption. A sample of sand S was placed in a desiccator over
deionized water and kept for up to a month. This provided an even distribution of water
in the pore space of the sand. In the case of a sample of 1:100, the water content is close,
however, with mechanical mixing of water and sand, we cannot say that the water was
evenly distributed over the sample. In this case, different weights of the sample were
taken in order to check whether the sensitivity of the instruments is sufficient for a quanti-
tative characterization of the occurring processes. The results of DSC studies are shown
in Table 4.

Table 4. Values of temperature and heat effect (enthalpy ∆H) for the ice and methane-propane hydrate
formation and melting/decomposition; Teq is equilibrium temperature of hydrate decomposition
depending on the particle size of quartz sand; water-sand ratio is 1:30 (96.8% of sand by mass).

Quartz
Sand

Fraction
WS

∆Hice cryst

(J/g) 1
∆Hice melt

(J/g) 1
Thyd onset

(◦C)
∆Hhyd form

(J/g) 1
Teq
(◦C)

∆Hhyd dec

(J/g) 1

S 0.17 −145 ± 52 148 ± 35 1 ± 5 −318 ± 53 11.3 459 ± 13
M 0.10 – 5.0 ± 0.8 5 ± 7 −445 ± 2 11.8 447 ± 4
O 0.12 −320 ± 46 256 ± 11 0.3 2 −95.5 2 11.9 296 ± 16
S 3

0.04
– – −6 ± 3 −159 ± 23 10.6 138 ± 4

S 4 – – −7 ± 3 −105 ± 4 11.0 105 ± 1
1 Normalized per water content. 2 Hydrate occurred only in the 3rd cycle. 3 Sample was prepared by water
sorption (withstanding of S fraction in water vapor atmosphere above the deionized water in a desiccator); 1:136
water to sand ratio (99.3 mass% of sand); full DSC cell loading (311.83 mg). 4 Sample was prepared by water
sorption (withstanding of S fraction in water vapor atmosphere above the deionized water in a desiccator); 1:136
water to sand ratio (99.3 mass% of sand); half DSC cell loading (148.92 mg).
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4. Discussion
Influence of Water Saturation, Grain Size of Quartz Sand and Hydrate-Former on Gas Hydrate
Formation

The equilibrium temperature of hydrate formation for methane hydrate at 9 MPa, as
well as for methane-propane hydrate at 2.2 MPa, calculated with the CSM Gem software [1]
is about 12 ◦C. Thus, formation of the methane (sI type) and methane-propane (sII type)
hydrates was studied at the same conditions (subcoolings). It was observed that the
presence of a porous medium does not shift the equilibrium conditions of the hydrate
phase existence within experimental error (Figure 4). This can be explained by a sufficiently
large sand grain and pore size.

Figure 4. Equilibrium conditions of a hydrate formations in the studied systems: red and black
lines correspond to the calculated gas–hydrate–water equilibrium curves for methane and methane-
propane mixture, respectively (CSM Gem software [1]); different symbols denote experimental
temperature of a hydrate decomposition at 9 and 2.2 MPa for methane and methane-propane mixture,
respectively (see Tables 2 and 3).

Figure 5a shows the dependence of the hydrate onset temperature on the number
of the cooling/heating cycle. An increase in the temperature of hydrate formation from
cycle to cycle was frequently observed. This could be due to memory effect. It is possible
that in the first cycle supersaturation is created because of gas bubbles, which persists
for some time [50,51]. Despite the fact that weighed water and sand were thoroughly
mixed in the cell before gas supply, another reason may be an increase in the water–gas
contact surface due to the redistribution of water after the cycle of hydrate formation
and decomposition. Conducting a larger number of cycles is necessary to determine the
stability of the system and clarify the reasons for the decrease in subcooling of hydrate
formation achieved in subsequent cycles. Elucidation of the stability in time of the possible
aqueous phase supersaturation with a gas is also the subject of a separate work. In any
case, this feature is useful for the implementation of hydrate formation in such systems.
It should be noted that the pore space is completely filled with water at high WS (greater
than 1). A gas hydrate seems to be formed only on the sample surface. In this case, there
is no developed water–gas contact surface available for an enhanced hydrate formation
like at low WS (smaller than 1). As can be seen from Figure 5b, a decrease in WS increases
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the temperature of hydrate formation except of the S fraction sample with adsorbed water.
This result supports the concept that the developed water–gas surface facilitates the hydrate
formation.

Figure 5. Methane hydrate onset temperature vs. (a) the cycle number (sand fractions are in the
figure) and (b) water saturation.

In the case of a sample with a water-to-sand ratio of 1: 136 obtained by sorption
of water vapor, the hydrate was formed at higher supercooling. This can be related to
the distribution of unrelated microvolumes of water in the pore space. In this case, the
formation of hydrate in such volume may not be detected by the DSC device. As a result,
the apparent formation of hydrate is recorded when a certain critical subcooling is reached.

The heat effect of hydrate decomposition per gram of water increases with a decrease
in the particle size (Figure 6). This is apparently due to an increase in the interface, which
once again confirms the results of previous studies [31,40,52].

Figure 6. Effect of the grain size of quartz sand on the formation of methane hydrate; average
decomposition curves are shown.

It can be noted that ice crystallization was observed in the system with sand O and
S, while this was almost undetectable with sand M (Figure 6 and Table 4). Such a latent
crystallization can take place if microvolumes of water are separated from each other [53].
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The pores in M fraction are bigger compared to the S one, so that the WS is lower for M
fraction at the same water content that can lead to the isolation of water microvolumes
making a quite uniform water distribution in the sample which readily affects nucleation
and further growth of gas hydrates. In the case of a sample with sand S with adsorbed
water, ice also did not crystallize (or we did not record this because of a too small heat
flow). In the latter case, this can be explained by a small volume of water at a high water–
gas contact area which facilitate the formation of hydrate (surface-dependent process)
compared to ice. At the same time, additional formation of hydrate was observed after ice
melting in the sample of unsifted sand. Figure 7 shows the dependence of the amount of
such a reformed hydrate on the composition of the system. It is clear that this process is
also triggered by the presence of a developed contact of water with hydrate-forming gas. It
seems that the thawing water–gas surface area to water volume ratio is maximal at 0.25
WS and starts to decrease with a WS increase resulting in a decrease in water available for
the reformation process.

Figure 7. Effect of the water saturation on the hydrate reformation process.

Thus, the thermal effect of hydrate decomposition normalized to the mass of water in
the system increases with a decrease in water saturation, while the heat effect of ice melting
decreases (Tables 2 and 3). The conversion of water to hydrate in a system was calculated
as follows:

ω = 100*∆H/λ, (2)

whereω is the mass percentage of the water transformed to hydrate, ∆H is the enthalpy
of hydrate decomposition expressed in J/g, and λ is the specific heat of a hydrate decom-
position. For methane hydrate λ equals to 501.4 J per gram of water [1] for CH4·6H2O
hydrate composition [1,54]. Calculation in CSM Gem showed that at 12 ◦C and 2.2 MPa
the equilibrium composition of the methane-propane hydrate is 1.6CH4·C3H8·17.5H2O or
G·6.9H2O (G—guest). In this case, the enthalpy of decomposition of the hydrate into gas
and water, calculated per gram of water, is 637.2 J/g. Obtained results are presented in
Table 5.
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Table 5. Conversion of water into a hydrate at different water saturation of quartz sand.

Sand Type mw/ms WS Water to Hydrate
Conversion of (%)

Methane hydrate

O

1:1 3.74 3 ± 1
1:2 1.87 6 ± 1
1:4 0.94 14 ± 2
1:6 0.62 15 ± 1
1:8 0.47 24 ± 3

1:10 0.37 33 ± 1
1:15 0.25 38 ± 3
1:20 0.19 42 ± 2
1:50 0.07 59 ± 2

1:100 0.04 61 ± 3

Methane hydrate; different sand fractions

O
1:30

0.12 59 ± 3
S 0.17 92 ± 3
M 0.10 89 ± 1

S 1:136 0.04
28 ± 1 1

20.9 ± 0.2 2

Methane-propane hydrate

O

1:1 3.74 1.2 ± 0.1
1:4 0.94 10 ± 2

1:10 0.37 64 ± 12
1:100 0.04 70 ± 1

1 For full DSC cell loading (311.83 mg; see Table 4). 2 For half DSC cell loading (148.92 mg; see Table 4).

The effect of system composition on the water to hydrate conversion is shown in
Figure 8. The gas type (hydrate type in the case study) unexpectedly does not affect the
conversion. However, the level of conversion differs significantly at the stage of formation
(cooling). Figure 9 shows the dependence of the amount of ice on hydrate formation
during the cooling stage. There is a reciprocal correlation (Figure 9; the straight lines here
correspond to the linearization of the experimental data). Within the experimental error,
the correlation shows that all water (100%) is transformed into ice if a hydrate does not
occur. At the same time, achieving a certain degree of water transformation into hydrate,
ice would not form. Surprisingly, this level of water to hydrate conversion turned out to be
different depending on sand fraction (O, S, M) and gas type. The data obtained revealed
that the hydrate formation in the wet sand can be tuned by proper choice of the porous
medium.
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Figure 8. (a) Effect of the mass fraction of the porous medium on the overall water conversion (de-
composition data); (b) effect of the water saturation on the overall water conversion (decomposition
data); exponential trends are shown with solid lines.

Figure 9. The dependence of water part converted into ice vs. water part transformed into hydrate
(formation data).

It should be noted that in the absence of one of the solid phases (ice or hydrate),
the enthalpy of melting/decomposition of the formed phase coincides well with the
enthalpy of its formation (Tables 2–4 and Figure 10). In this case, some outgrowth of a
hydrate from ice is always observed either in a latent form at temperatures below the ice
melting point or during its melting. This process increases the gas content of the sample.
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Figure 10. (a) Influence of the WS (X-axis) and part of hydrate formed (Y-axis) on the overall water to hydrate conversion
(decomposed hydrate; Z-axis); (b) Y-Z projection of the mentioned dependence.

One can see that with a decrease in the WS, the conversion of water increases signifi-
cantly (Figure 10). The dependance can be divided into two branches, namely the hydrate
formation from ice/melting water at initial zero and non-zero content of the hydrate after
the cooling stage. At the same time, the steepness of the slope of the curve decreases
(Figure 10b), which may indicate the reaching of limiting conversion value for a given sand
grain size; however, this issue requires further research.

5. Conclusions

The effect of water saturation in a wide range, the size of quartz sand particles, and
hydrate-forming gas (methane and methane-propane mixture) on the hydrate formation
using high-pressure differential scanning calorimetry has been investigated. It was shown
that the equilibrium temperature of hydrate formation does not change within the experi-
mental error. Both sI methane and sII gas mixture hydrates demonstrate a similar increase
in the conversion of water to hydrate with a decrease in the water saturation of the porous
medium. The possible explanation is that the hydrate formation proceeds on the surface
more intensively than in the water column due to an enhanced water–gas and/or thawing
water–gas interface at a lower water saturation level with the sand polydispersity affecting
both the hydrate onset temperature and conversion degree. Indeed, in the case of a sieved
sand, the more uniform quartz particles packing results in more uniform water distribution
in the sample (an increased water–gas interface at low water saturation), which readily
affects nucleation and further growth of gas hydrates. The results obtained reveal how to
optimize the composition of the hydrate production system (sand particle size and water
content). The observed increase in the temperature of hydrate formation from cycle to cycle
can be associated with both the memory effect and an increase in the water–gas contact
surface due to the redistribution of water after hydrate formation-decomposition. It is
worth noting that there is almost no difference between methane and methane-propane
hydrates formation (conversion degree) at low water content. It seems to be that mass
transfer limitation becomes negligible in this case. This makes it possible to avoid severe
subcooling during the initialization of hydrate formation and consider similar systems as
promising for developing clathrate hydrate gas utilization technologies, since it is relatively
easy to implement. As the polydispersity of the sand medium and water–gas interface
play an important role in the hydrate formation regardless the hydrate structure type
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(for hydrocarbons), it is a relevant issue to find a way to modify the porous medium for an
enhanced hydrate formation.
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