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Features of natural gas hydrates formation of structures I and II
in quartz sand with water and polymer solutions
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The relevance of investigation of a multicomponent gas mixture hydrate formation in quartz
sand with water and polymer solutions is due to the risk of the hydrate formation in the pore space
of surrounding rocks under the complex effect of a gas injection and water-polymer flooding in
order to increase oil recovery at fields confined to the Nepa-Botuoba oil-and-gas bearing region (NB
OGBR), which are characterized by abnormally low reservoir temperatures. These fields are located
in zones of continuous and intermittent distribution of permafrost rocks, which, in combination with
low values of heat flow and high heat capacity of the rocks composing their productive horizons,
lead to abnormally low reservoir temperatures within 8—17 °C, which is 50-60 °C lower than the
temperature calculated by the geothermal gradient. Thus, the reservoir conditions of oil occurrence
at the NB OGBR fields are in the hydrate stability zone of reservoir gases, and the transition of
the gas to the hydrate state is prevented only by the lack of a sufficient amount of salt-free water.
In the research, natural gas from the the Srednevilyui field was used as a hydrate-forming gas.
Hydrates of this gas were obtained in quartz sand samples with a grain size of 0.4—-0.3 mm. The sand
moisture content of 17.6% was set by distilled water and the following polymer solutions: 1 g/L
polyacrylamide solution, 5 g/L sodium carboxymethyl cellulose solution, and 30 g/L polyethylene
glycol solution. Phase transitions during the hydrate formation and decomposition in “the natural
gas-sand-water/polymer solution” systems were investigated using thermal analysis. It was shown
that hydrates with cubic structures [ and II are formed in systems under study. The gas analysis
in the hydrate of structure Il was carried out by the method of gas-adsorption chromatography:. It
was established that during the hydrates formation of structure 11, the hydrate phase is enriched
with hydrocarbons C2-C4, which is the reason for the shift of the thermodynamic conditions of
their formation to the region of high temperatures and low pressures.
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Introduction

Gas hydrates are non-stoichiometric crystalline
compounds that form at low temperatures and high
pressure from gas and water. During the gas hydrates
formation, water molecules form a polyhedral framework
with cavities that are occupied by gas molecules.
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The interest in studying gas hydrates is due to the
following reasons: 1) the conditions of pipeline operation
and oil and gas production can be favorable for the gas
hydrate formation, which leads to pipelines blockage
and causing of emergency situations; 2) huge deposits
of hydrates discovered both under permafrost and on
the sea shelf can serve as a source of natural gas; 3) gas
hydrate is an attractive way to store large quantities of
gas, such as hydrogen, carbon dioxide and hydrocarbon
gases (Sloan, Koh, 2008).

The main drawback that prevents the large-scale
dissemination of hydrate technologies in industry is the
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low rate of their formation. It is possible to stimulate
the growth of hydrates through the use of porous media
(Manakov, Stoporev, 2021). The increase in the intensity
and completeness of the gas hydrates formation in
porous media occurs due to the improvement of the
conditions for heat transfer in the reaction medium, due
to the occurrence of the exothermic process of hydrate
formation, as well as due to the increase of the number of
crystallization centers and the area of water-gas contact.

The first experimental investigations of hydrate
formation in porous media began in the 60s of the last
century. At present, the process of the hydrate formation
of individual gases and gas mixtures has been studied
quite well and there are a large number of publications
on this topic (Makogon, 1974; Groysman, 1985; Troitsky
etal., 2015; Buleiko et al., 2014; Seo et al., 2009; Kang,
Lee, 2010; Pan, Schicks, 2023; Zaripova et al., 2021;
Klapp et al., 2010; Chuvilin et al., 2002; Chuvilin,
Kozlova, 2005; Chuvilin, Guryeva, 2009; Chuvilin et
al., 2019; Chuvilin et al., 2022; Aladko et al., 2004;
Linga et al., 2012; Zhan et al., 2018; Wu et al., 2022;
Benmesbah et al., 2020; Wang et al., 2019; Yang et al.,
2016; Wang et al., 2022; Khlebnikov et al., 2017; Qin
et al., 2022; Zhang et al., 2023). These studies show
that the porous medium affects the thermodynamic and
kinetic characteristics of the hydrate formation. It is
established that with a decrease in pore size (in the range
<100 nm), the equilibrium conditions of the gas hydrates
formation shift to the region of higher pressures and
lower temperatures, which is explained by a decrease of
water activity in the pore space. In coarse- and medium-
grained sand, the equilibrium pressures of hydrate
dissociation are practically identical to those in the bulk
water. In addition, compared to the hydrate formation
in the bulk water, in a porous medium, the presence of
water bound to the rock reduces the completeness of its
conversion to hydrate. At the same time, there are still
not enough publications devoted to the investigation of
the gas composition in pore hydrates (Makogon, 1974;
Buleiko et al., 2014; Seo et al., 2009; Kang, Lee, 2010;
Pan, Schicks, 2023).

In nature, three crystal structures of gas hydrates are
known (sl, sII and H), the most common of which are
hydrates of the crystal structure I (sI) and II (sII), which
have different sizes and shapes of polyhedral cavities. It
is known that small gas molecules such as methane and
ethane form hydrates of structure I, and larger molecules
such as propane and butane form hydrates of structure
II. Hydrates of the H structure are rare in the natural
environment and were first discovered and described in
a complex sample of the natural hydrate extracted from
Barkley Canyon, located on the Pacific coast of Canada
(Lu et al., 2007) before this, it was believed that they
could only be obtained through artificial synthesis.

Natural gas is a mixture of the above-mentioned
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hydrocarbons and non-hydrocarbon components such
as hydrogen sulfide, carbon dioxide and nitrogen. Each
of these components has its own hydrate equilibria and
structural characteristics (Wang et al., 2022). Therefore,
the hydrates formation from a gas multicomponent
mixture can lead to the coexistence of hydrate phases
with different structures and compositions. Thus, in
Barkley Canyon (Lu et al., 2007) the coexistence of H
and sII hydrate phases was discovered. The occurrence
of hydrates of sl and sll in the Chapopote asphalt volcano
in the southern Gulf of Mexico and in the Qiongdongnan
Basin in the South China Sea was reported in (Klapp et
al., 2010; Kida et al., 2006; Wei et al., 2021).

Under laboratory conditions, coexisting hydrate
phases formed from a multicomponent gas mixture in a
porous medium were described in the works (Seo et al.,
2009; Kang et al., 2010; Makogon, 1974; Pan, Schicks,
2023; Portnyagin et al., 2024). In the works (Seo et al.,
2009; Kang et al., 2010), the hydrate-forming gas had
the following composition, %: methane 89.86, ethane
6.40, propane 2.71 and isobutane 1.03, silica gel with a
nominal pore diameter of 100 nm was used as a porous
medium, its humidity was set by distilled water. They
found that the enrichment of the hydrate with heavy
hydrocarbon molecules is enhanced in the pores of
silica gel, compared to this process in the bulk water.
In addition, when heavy hydrocarbon molecules are
depleted in the gas phase during the formation of a mixed
hydrate, a methane hydrate of structure sl is formed
instead of sl mixed hydrate structure, and both structures
coexist together, which is also confirmed by 13C NMR
spectroscopy. In the monograph by Yu. F. Makogon, the
change of the gas composition in a hydrate was studied
during stepwise hydrates formation of natural gas from
the Srednevilyui deposit (£C2-C4 = 6.56 mol%) in wet
quartz sand. It was established that during the natural
gas hydrates formation, its heavier components are the
first to pass into the hydrate form, forming a hydrate with
the structure II. After the transition of heavy methane
homologues to the hydrate phase, the gas above the
hydrate was pure methane, which then formed the sl
hydrate. A recent study (Pan et al., 2023) found that, as
a result of the natural gas hydrates formation in natural
sediments collected from the permafrost region of
Qilian Mountain, in addition to the sII hydrate, another
coexisting solid phase, amorphous gas hydrate, was
observed.

In the work of the authors (Portnyagin et al., 2024),
it was found that during the natural gas hydrates
formation in samples of monodisperse quartz sand
with a grain size of 0.3—0.4 mm, saturated with water,
a mixture of hydrates with the crystal structures of sl
and sll is formed, while the equilibrium conditions for
the formation of sII hydrates are shifted to the region
of high temperatures by 0.5—1 °C. The detected shift
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from the equilibrium conditions of hydrate formation
can lead to errors in calculating the risks of gas hydrate
formation during the production of hydrocarbon raw
materials. This is especially important for oil production
at fields characterized by abnormally low reservoir
temperatures, where alternating gas methods with water-
polymer flooding is used to increase oil recovery, since
in this case the probability of hydrate formation in the
reservoir increases, which requires experimental studies
of the processes of hydrate formation in porous media
saturated with polymer solutions.

Thus, it was shown that during the hydrates formation
from complex mixtures of hydrocarbon gases, methane
homologues C1-C4, in a porous medium saturated with
water, a mixture of hydrates with the crystal structure sl
and sl is formed. Moreover, the equilibrium conditions
of the slII hydrates formation are shifted toward low
pressures and high temperatures relative to the calculated
equilibrium curves of the hydrate formation of the
original gas mixture. In this paper, one of the reasons for
the shift in the equilibrium conditions for the formation
of coexisting hydrate phases is the involvement of gas
with a high content of methane homologues C2-C4
(ethane, propane, and butanes) in the hydrate of structure
IT compared to the equilibrium composition of the
hydrates of the original natural gas. Thus, the objective
of this work is to determine the composition of the gas
in the hydrate with the crystal structure sll, during its
formation from natural gas with a high content of heavy
methane homologues in the pore space of wet quartz
sand in the presence of polymer solutions.

Materials and methods

The objects of the investigation are natural gas
hydrates obtained in quartz sand with water and
aqueous solutions of the following polymers: 1 g/l
polyacrylamide (PAA) solution (SNF Floerger brand
“FP-207” (France)), 5 g/l sodium carboxymethyl
cellulose (Na-CMC) solution (“Camcell — O technical
specifications (TU) 2231-002-50277563-00 (Russia))
and 30 g/l polyethylene glycol (PEG) solution
(Norchem —008.F01600 TU 2483-008-71150986-2006
(Russia)).

Natural gas from the Srednevilyui gas and condensate
field (GCF) was used as a hydrate-forming gas. In terms
of'its content of methane homologues: ethane, propane,
isobutane and normal butane (C2-C4), it is close to the
reservoir gas of the oil fields of the Nepa-Botuoba oil-
and-gas bearing region (NB OGBR) (Table 1).

The study of natural gas hydrates obtained in a sand
sample moistened with water or a polymer solution was
carried out on a specially assembled setup, the diagram
of which is shown in Figure 1. The main element of the
setup is a high-pressure autoclave made of stainless steel
manufactured at the Institute of Inorganic Chemistry
SB RAS (Novosibirsk) under the supervision of
Dr. Sci. (Chem.) A. Yu. Manakov. The useful volume
of the autoclave is 220 cm’. During preparation for
the experiment, the moistened sand sample was placed
in the autoclave in a perforated glass made of inert
polymer so that the temperature sensor was immersed
in the sample. The gas pressure above the sample was
measured by a “MIDA PI-51" pressure sensor. The set
temperature was changed and maintained by placing
the autoclave in a “MIR-256" dry-air thermostat brand
“Sanyo” (Japan). Collection and processing of primary
data from pressure and temperature sensors was carried
out using a precision multi-channel temperature meter
“MIT-8”, equipped with a special software package and
connected to a computer.

The porous medium used in preparing the sand
sample was sieved quartz sand with a grain size of
0.4-0.3 mm, a mineralogical density of 2.65 g/cm’®, and
a density of the compacted sand sample in dry and wet
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Figure 1. Schematic diagram of the setup for investigation
the hydrates formation and dissociation processes in a
porous medium and static isochoric conditions using thermal
analysis: 1 — high-pressure autoclave, 2 and 3 — type K
thermocouples; 4 — perforated glass made of inert polymer,
designed to form a sample of the porous medium; 6 — MIDA
PI-51 pressure sensor; 7 — air thermostat-incubator “MIR —
256 by Sanyo (Japan); 8 — cylinder with compressed natural
gas; 9 — precision multichannel temperature meter “MIT — 8”
with a computer connected to it

Content of components, mol.%

COz Nz CH4 C2H6

i-C4H10 H-C4H10 XC2-C4

0.032 0.57 9232 543

0.144 0.134 7.07

Table 1. Component composition of natural gas from the Srednevilyui GCF
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form of 1.44 and 1.60 g/cm’, respectively. The porosity
of the dry sand medium was 34.5%, and its filtration
coefficient was 0.03 cm/s. To obtain a sand sample,
96.4 g of sand was mixed with 17 g of water or with an
equivalent volume of polymer solution by the amount of
water. The resulting mixture was placed in a perforated
cylindrical cup, then the sand was compacted, while the
degree of filling of the pores with water in the sample
was 73.6%, and its weight moisture content (/) was
17.6%. The resulting wet sand sample was prepared
using the method described above for all experiments
and had the shape of a cylinder 3.8 cm high and 5 cm in
base diameter. The characteristics of the porous medium
sample and the experimental conditions are presented
in Table 2.

The obtained wet sand sample was placed in a
high-pressure autoclave so that the measuring part of
the thermocouple (3) was located in the center of the
sample volume. Then, in order to remove air from the
free volume of the autoclave, it was purged with hydrate-
forming gas by letting in gas to an excess pressure
in the autoclave equal to 1 MPa and then bleeding it
to atmospheric pressure. The purging procedure was
repeated three times, after which the hydrate-forming
gas was supplied until an excess pressure of 14 MPa
was established. Then the autoclave was thermostatted at
20 °C until the specified temperature was reached in the
sample. After that, the pressure in the autoclave was set
equal to 13 MPa, while the amount of gas in the autoclave
at the start of the experiment exceeded by 2 times its
amount necessary for binding all the water contained
in the prepared sample into hydrate. Then a special
program consisting of three stages was started on the
thermostat: cooling of the moistened quartz sand sample
from 20 to —5 °C at arate of 3 °C/h, its thermostatting for
8 hours at —5 °C and heating from -5 to 30 °C at a rate
of 4 °C/h. Data collection of thermobaric conditions in
the autoclave and the sample began at the moment the
experiment program was started on the thermostat. The
applied program of cooling and heating of the studied
system was the same for all experiments.

Based on the experimental data on the sample
temperature and free gas pressure in the autoclave,
the pressure and temperature profiles of the formation
and dissociation of the pore natural gas hydrate were
constructed. A typical pressure and temperature profile
is shown in Figure 2. It is shown that during the cooling
of the moistened quartz sand sample, upon reaching
point “A” on the pressure and temperature profile
(Figure 2), an intensive formation of the pore hydrate
occurs in the sample, accompanied by an increase in
temperature as a result of the exothermic reaction and
a decrease in pressure due to the binding of the free
gas into the hydrate form. The most intensive hydrate
formation was observed in the temperature range from
12 to 3 °C, depending on the hydrate formation medium.
Upon transition to the region of negative temperatures,
hydrate formation either did not occur (samples saturated
with a PAA solution), or occurred less pronounced,
without the manifestation of an exothermic signal on
the thermograms (samples saturated with water and
Na-CMC and PEG solutions).

The figure shows the thermobaric profile of the
formation and dissociation of natural gas hydrate from
water. The established decrease in the intensity of
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Figure 2. Typical pressure-temperature diagram obtained
during an experiment on the formation and dissociation of
natural gas hydrates in a wetted sand sample (W = 17.6%)

Hydrate Mass of  Mass of Moisture Autoclave Initial Final Initial
formation sand, g solution, g content by volume, ml  temperature, temperature, pressure,
medium weight, % °C °C MPa
Water 96.4 17.00 17.6 220 20 -5 13

PAA solution, 96.4 17.02 17.6 220 20 -5 13

1 g1

Na-CMC 96.4 17.08 17.6 220 20 -5 13
solution, 5 g/l

PEG solution, 96.4 17.51 17.6 220 20 -5 13

30 g/l

Table 2. Characteristics of the porous medium sample and conditions for conducting experiments on the natural gas hydrates
formation of the Srednevilyui gas and condensate field under static isochoric conditions
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hydrate formation in the region of negative temperatures
is consistent with the works (Chuvilin, Guryeva, 2009;
Chuvilin et al., 2019). The greatest binding of gas into
hydrate in the region of negative temperatures occurred
in systems with water and PEG solutions. Probably,
this nature of hydrate formation is associated with the
kinetics of this process for different systems. Thus, in
PAA solutions, hydrate formation ceases before the
system passes into the region of negative temperatures,
while in water and solutions of Na-CMC and PEG, the
hydrate formation process is completed at the stage of
thermostatting the system at —5 °C.

When the sample is heated, the reverse process
occurs: dissociation of the formed hydrate. It is evident
that the dissociation of the hydrate occurs in two stages,
where at point “B” the dissociation of hydrates ceases,
the equilibrium conditions of formation of which are
in good agreement with the equilibrium conditions of
methane hydrates formation, and at point “C” the hydrate
dissociates, the equilibrium conditions of formation of
which are shifted along the thermal scale relative to the
calculated conditions of natural gas hydrates formation
of the Srednevilyui GCF of the initial composition to the
region of high temperatures (Portnyagin et al., 2024).

The composition of the gas in the hydrate was
determined using two methods: experimental and
calculation-experimental.

In order to determine the composition of the gas in
the hydrate, gas samples were collected experimentally
above the hydrate-saturated sample and from it. For
this purpose, after the hydrate was formed in the
sample of moistened quartz sand, at the thermostatting
stage at —5 °C, a gas sample was collected from the
free gas above the hydrate-saturated sample, then the
remaining gas was released into the atmosphere until
atmospheric pressure was reached, as a result of which
the temperature inside the autoclave decreased to (—14)—
(—=18) °C due to the throttling effect, which slowed
down the dissociation of hydrates at this stage. Then the

-6 -4 -2 [} 2 4 6 8 10

Temperature, °C A

autoclave was sealed and heated to 30 °C. During the
heating process, all the pore hydrate dissociated into gas
and water. The gas formed after the dissociation of the
hydrates accumulated in the free space of the autoclave
above the quartz sand sample, from where the next gas
sample was collected. The composition of the obtained
gas corresponded to the gas in the hydrate of both
crystal structures. Next, the component composition of
the gas in the selected samples was determined using
gas- adsorption chromatography.

To determine the gas composition by the calculation-
experimental method, points with a certain step on the
temperature scale corresponding to the temperature
change during the formation of pore hydrates in a sand
sample were selected from the array of experimental
data presented on the thermobaric profile (Figure 2).
In this case, the discreteness of the selected points
was 1 °C (Figure 3). For a correct comparison of the
gas composition determined by the gas-adsorption
chromatography method and the calculated composition
by the method under consideration, empirical data on the
temperature and pressure in the reaction system obtained
in experiments on the formation of natural gas hydrates
in samples of a porous medium, carried out with the
selection of the studied gas samples above the sample
and from the hydrate, were used in the calculations.

Next, based on the thermobaric conditions
corresponding to the selected points, the amount of
free gas in the autoclave not bound into hydrate (n) was
determined for each point under consideration using the
formula (Linga et al., 2012):

pV

n=t, (1)
where p is the pressure of free gas (MPa), Vis the volume
of free gas (m?), T'is the gas temperature (K) and z is the
gas compressibility factor.

The compressibility factor (z) was determined using
a program specially developed at the Institute of Oil
and Gas Problems of the Russian Academy of Sciences,
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Figure 3. Experimental points selected on the curve of natural gas hydrates formation (highlighted in green) for calculating the
component composition of gas in the pore hydrate during its formation in a sand sample saturated with water (A) and a solution

of PAA (1 g/l) (B) (W = 17.6%)
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taking into account the change in the composition of the
hydrate-forming gas at each of the selected points in
accordance with State Standard — GOST 30319.3-2015.

Then it was assumed that the amount of free gas at the
point located before the onset of nucleation of hydrate
particles, expressed by an exothermic peak accompanied
by a decrease in gas pressure in the system, is equal to
n, (red point in Figure 3), and the composition of the
free gas above the hydrate is equal to the composition of
the original natural gas. At the next point (), the amount
of free gas is n , and the amount of gas bound in the
hydrate (4n,,):

Angy =Ny ~ Ny 2

4n,, for subsequent points (green points):

@7

Angy = NGi-1) ~ N

Next, according to the thermobaric conditions
corresponding to the i-th point, the composition of the
gas in the hydrate was calculated using the PVTsim
software product. The calculation also took into account
the ratio of the amount of free gas n, to the amount
of free water n_,, calculated for the i-th point taking
into account the amount of gas and water bound in the
hydrate. The ratio of the amount of free gas to the amount
of free water was calculated using the formula:

Ny _ 100pVMW

Ny TRzmy, Wy

3)

where M is the molar mass of water (g/mol), m  is the
mass of water (g) and I, , is the degree of conversion of
water into hydrate at the point under consideration (%).

The water to hydrate conversion degree (W, ) was
calculated using the formula (Linga et al., 2012):

(n(o) — n()) * N, i—1) * 100
Wh(i) = l Sl ) 4)

Nw(i)

where N, is the hydration number, reflecting the
number of water molecules required to form a hydrate
cell, calculated using the PVTsim software product for
the gas composition corresponding to point i—/.

Based on the gas composition in the hydrate
calculated using the PVTsim software product, the
composition of the free gas remaining in the system,
which did not participate in the hydrate formation
process, was calculated using the formula:

_ ((ng—1) * Cxg(-1)) — (Angy * Ckpay)

CKgipy = 5
G(i) n(i) ( )

where Ck, is the molar concentration of the gas
mixture component that did not participate in the
hydrate formation process (mol%), Ck,,, . is the molar
concentration of the gas mixture component bound into
hydrate (mol%), Ck,, , is the molar concentration of the
gas mixture component that did not participate in the
hydrate formation process, calculated for the previous

point (mol%).

GEORESURSY / GEORESOURCES

Then, using the PVTsim software product the
composition of the gas that entered the hydrate at the
next point (i+7), where the hydrate-forming gas was free
gas with a composition equal to the composition of the
gas determined for the i-th point was calculated. Thus,
the change in the composition of the hydrate-forming
gas, which will affect the composition of the gas that
entered the hydrate at the following points, was taken
into account.

The concentration of gas components involved in
the hydrate after completion of the hydrate formation
process (C,, , mol%) was calculated using the formula:

(6)

2i(Chaqy * Angy) * 100
2jCua(p

where 2'C, . is the total concentration of all components

of the gas mixture (mol%).

If, the system based on the results of calculating the
composition of the gas included in the hydrate, in the
PVTsim software product reveals the formation of a
mixture of hydrates with the crystal structures sl and slI,
then formulas (5) and (6) will take the form:

W) ((Tl(i—n * Cogiony) — (Angqy * CHdsI(i)))
100 = Tl(i)

Cha

CKG(i) =

Wsit ((n(i—n * CG(i—l)) - (Ansll(i) * CHdsII(i))) 7
+ 100 * Tl(i) ( )

where w  and w , are the mass fractions of hydrates
with the crystal structure [and IL, €, and C, . are
the molar concentrations of the components of the gas
mixture bound into hydrates with the crystal structure
I and II (mol%), 4n_ - and 4 n . are the amount of gas
bound into hydrates with the crystal structure I and II

(mol.):

_ Zi((Chasi(iy*Ansiiy) +(Crasii(iy *Ansii(i)))*100 (
ZjChHa(j)

Cha 8)

Thus, for each selected point, the component
composition of free gas that did not participate in the
hydrate formation process, as well as the component
composition of gas that entered the hydrate, were
calculated. Such calculations are necessary to understand
the effect of the water to hydrate conversion degree on
the change in the composition of free and hydrate-bound
gas. The gas compositions in hydrates obtained by
experimental and calculated-experimental methods are
in good agreement with each other during the formation
of natural gas hydrates in moistened samples of coarse
quartz sand under thermobaric conditions that exclude
the formation of methane hydrates. The determined
gas compositions in hydrates formed under conditions
that satisfy the methane hydrate stability zone, by the
methods under consideration diverge due to a decrease
in the content of methane homologues C2-C4 in the gas
composition determined experimentally.
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Research results

Earlier, it was shown in the works (Ivanova et al.,
2023; Portnyagin et al., 2024) that a mixture of hydrates
with the crystal structures I and II is formed in the
samples of moistened monodisperse quartz sand from
natural gas of the Srednevilyui GCF. Moreover, if the
equilibrium conditions of the hydrates formation with
the crystal structure sl were in good agreement with the
equilibrium conditions of the methane hydrates formation
of calculated using the PV Tsim software product, then
the equilibrium conditions of the hydrates formation with
the crystal structure sl were shifted along the thermal
scale to the high temperature region by 0.5—1 °C relative
to the calculated conditions of the natural gas hydrates
formation of the initial composition (Figure 4). This shift
in the equilibrium conditions of the hydrates formation
with the sll crystal structure is possibly associated with
the difference in the composition of the gas involved in
the pore hydrate from the equilibrium composition of
the gas in the hydrate.

To study the dynamics of changes in the content of
components C2-C4 in the gas that entered the hydrate
and above it, their equilibrium compositions were
determined at different stages of the hydrate formation
process using the calculation method described above.

Calculations have confirmed that a mixture of
hydrates with the sl and slI crystal structures (first and
second stages, respectively) is formed in the natural
gas — quartz sand — water system. Figure 5 shows the
dependence of the content of methane homologues
C2-C4 in the calculated composition of gas bound in
the hydrate and in the composition of the gas above the
hydrate on the water to hydrate conversion degree. It
is shown that in the process of hydrate formation, the
content of components C2-C4 decreases both in the gas
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Figure 4. Experimental points of equilibrium conditions of
the pore hydrate formation in the natural gas — quartz sand —
water/polymer solutions system, as well as calculated curves
of methane and natural gas hydrate formation in the water
bulk (PVTsim) (Portnyagin et al., 2024)

that has entered the hydrate and in the gas above the
hydrate. Such a course of the curves indicates that in the
process of natural gas hydrates formation, a change in
the composition of the free hydrate-forming gas occurs,
which leads to a change in the composition of the gas in
the hydrate. At the same time, the composition of the gas
that has entered the hydrate with the sl crystal structure
did not change significantly with an increase in the water
to hydrate conversion degree.

Thus, it can be stated that natural gas in quartz sand
(W = 17.6%) forms a mixture of hydrates with the sl
crystal structure of constant composition and hydrates
with the slI crystal structure of variable composition.

The composition of the gas in the hydrate with
crystal structure Il was determined by the calculation
method using formula 9, where 4 n, is the amount of each
component constituting the gas mixture bound into the
hydrate, determined by the formula:

(CHacsr+sinG)y*(si+nsir)-CHasi(jy*ns1
An; = 100

,(9)
where C, SIS0 G) is the experimentally determined
concentration of the j component of the gas from the
hydrate (mol%), C,, el is the calculated concentration
of the j component of the gas from the hydrate (mol%)
with the sl crystal structure.

The amount of hydrates n with the structure I and 11
was determined experimentally.

The results of determining the component composition
of the gas included in the hydrate by experimental and
calculation methods are presented in Table 3.

Comparison of the calculated and empirical data
of the gas composition included in the mixture of the
obtained hydrates in the system “natural gas — sand —
water” showed that the calculated gas composition
differs from the empirical one in the direction of
increasing the content of methane homologues C2-C4 by
an average of 26.12%. Such a discrepancy in the content
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Figure 5. Dependence of the sum of methane homologues
C2-C4 in the gas included in the mixture of hydrates with
the crystal structure I and II and in the free gas, as well as the
temperature on the water to hydrate conversion degree (Wh)
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Calculation method Empirical method

Components, Natural gas

% mol (NG) In hydrate Above In hydrate Above
s sl sl+sll  hydrate g Sl sl+sll  hydrate
CO, 0.032 0.029 0.052  0.051  0.028 - 0.089 0,070 0,094
N, 0.57 0201 0.187  0.19 0.65 - 0.38 0,32 0,70
CH,4 92.32 97.53 8333 8339  94.04 - 81.54 86,63 93,33
C,H; 5.43 224 1237 1231 410 - 1273 9,39 4,68
C;Hg 1.37 0 3.42 3.42 0.98 - 4.64 3,16 0,98
i-C4Hq 0.144 0 0359 0359  0.103 0414 0282 0,101
n-C,Ho 0.134 0 0282 0282  0.104 - 0217 0,148 0,116
Sctzzttilre - s SIT SIT - - SIT SIT -
¥C2-C4 7.07 224 1643 1637 528 - 18.00 12,98 5,87
n, 10°mol - 873  166.84 17557 - 56.50 12091 17741 -
n sll/ n sl - 19.22 - - 2.14 - -

Table 3. Component compositions of gas in the pore hydrate with crystal structures sl and slI in a water-saturated sand
sample (W = 17.6%), as well as the compositions of the free gas remaining after completion of the hydrate formation process.
* — The composition is calculated based on the ratio of the amount of sII and sI hydrates

of components C2-C4 indicates a different content in the
hydrate mixtures determined by the experimental and
calculated methods of hydrates with the crystal structure
L. It was found that in the composition of the mixture
obtained by the experimental method, nsl is 6.5 times
higher than in the calculated composition of the hydrate
mixture. When a mixture of hydrates with such a ratio
of the amount of hydrates of the sI and slI structures
dissociates, a decrease in £(C2-C4) occurs in the gas
from the hydrate, due to the dilution of the gas saturated
with components C2-C4, released from the hydrate of the
structure II, with a lighter gas from the hydrates of the
structure I, as evidenced by the low values of X(C2-C4)
in the composition of the gas from the hydrate obtained
by the experimental method.

Comparison of the gas compositions in the hydrate
with the crystal structure II, determined by the
calculation and experimental methods, shows that in
the studied system a hydrate is formed with a content
of components C2-C4 that is 9.5% higher than in the
calculated equilibrium composition. This indicates
that from natural gas and water in quartz sand a pore
hydrate with the crystal structure II of a nonequilibrium
composition is formed, with a greater share of methane
homologues C2-C4 than in the equilibrium composition.

The compositions of the free gas remaining in the
system after the end of the hydrate formation process,
obtained by calculation and empirical methods,
agree quite well with each other, which confirm the
redistribution of all the gas contained in the hydrate
between hydrates with the sl and slI structures.

Thus, it can be stated that in the studied system
a mixture of hydrates with crystal structures sl of
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constant composition and slI of variable nonequilibrium
composition with an increased content of components
C2-C4 is formed. This circumstance allows us to explain
the shift of the equilibrium curve of the second stage
hydrates formation (sII) by 0.5—1 °C to the region of high
temperatures and low pressures relative to the calculated
equilibrium curve of the initial natural gas (Figure 4).

The conducted studies of the natural gas hydrates
formation in sand samples saturated with polymer
solutions of given concentrations (Portnyagin et al.,
2023, 2024) showed that, just as in the formation of
hydrates in systems with fresh water, a mixture of
hydrates with the crystal structure II and a hydrate with
the structure I is formed (Figure 4). In this case, the
content of sI hydrates in the mixture of hydrates formed
from PAA solutions is more than 2 times lower than
their content in the mixture of hydrates formed from
fresh water, and in the mixture of hydrates formed from
Na-CMC and PEG solutions, the content of sI hydrate
is lower than this indicator for water by 93 and 67%,
respectively (Table 4). However, in contrast to the data
obtained experimentally, calculations of the composition
of gas in natural gas hydrates formed from polymer
solutions have not established the formation of hydrates
with the sl crystal structure in these systems.

Based on the quantitative ratios of hydrates sII and
sl crystal structures and the gas compositions included
in the sl hydrates and the mixture of hydrates of both
structures, the gas compositions in hydrates with the
sII crystal structure were calculated using formula 9
(Table 4). It is evident that the content of C2-C4 in the
experimentally obtained compositions is higher than this
indicator for the calculated equilibrium compositions by
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NG - Sand - NG — Sand -5 g/l NG - Sand - 30 g/l PEG

OCA)OI‘::(I)’IOnemS NG — Sand - Water 1 g/l PAA solution Na-CMC solufon solution ¢

Calculation  Empirical  Calculation = Empirical ~ Calculation = Empirical = Calculation = Empirical
CO, 0.19 0.089 0.05 0.126 0,050 0,176 0,050 0,181
N, 0.052 0.38 0.19 0.34 0,18 0,63 0,18 0,76
CH, 83.30 81.54 82.32 77.18 81,72 78,12 82,02 78,62
C,Hg 12.31 12.73 12.94 15.28 13,44 14,05 13,26 13,15
C;H; 3.51 4.64 3.81 6.41 3,90 6,23 3,80 6,44
i-C4Hjo 0.362 0.414 0.40 0.443 0,411 0,550 0,398 0,588
n-C4Hyo 0.282 0.217 0.29 0.203 0,297 0,243 0,294 0,262
2C2-C4 16.46 18.00 17.44 22.34 18,05 21,08 17,74 20,44
nsll/ n sl 19.22 2.14 - 4.45 - 4,15 - 3,57
Change
zcz-(g:4, b 935 28.10 16.79 15.22

Table 4. Calculated component composition of gas and composition of gas obtained experimentally in a hydrate with the sII
crystal structure formed from natural gas in quartz sand with water and polymer solutions (W = 17.6%)

8.5-22%, which indicates the formation of hydrates of
variable nonequilibrium composition in the dispersed
medium from polymer solutions.

Discussion

The paper shows that a mixture of hydrates with
the crystal structures I and II is formed in medium-
sized quartz sand with water and polymer solutions
from natural gas of the Srednevilyui GCF under static
isochoric conditions. It is known that the formation of
such a mixture of gas hydrates occurs as follows: first,
during the formation of hydrates in a porous medium,
methane homologues C2-C4, which have a higher
equilibrium temperature compared to methane, are
the first to pass into hydrate from natural gas, forming
hydrates with the crystal structure II. The remaining
unfilled small cavities of the hydrate framework are
occupied by methane molecules, which have a high
partial pressure in the natural gas under consideration.
The preferential transition of the C2-C4 components
of free gas into the hydrate form at a certain point in
time leads to a decrease in their content in the gas over
the hydrate-saturated sample at the next point in time.
Thus, as the hydrate formation process proceeds, the
composition of the hydrate-forming gas continuously
changes, and, consequently, the composition of the gas
bound into the hydrate, towards a decrease in the content
of methane homologues C2-C4. This fact is confirmed
by the results of the calculation of the change in the
composition of free gas and gas bound into hydrate
during the formation of gas hydrate (Figure 5).

Ultimately, the change in the concentration of
components C2-C4 leads to the fact that pure methane
remains in the free gas, from which methane hydrate
with the crystal structure I is formed (Makogon, 1974).
However, as established in the work, the composition

of the gas above the hydrate-saturated sample after
the completion of hydrate formation differs from the
composition of the initial natural gas in the direction
of a decrease in the content of methane homologues
C2-C4, but their concentration is sufficient to form
hydrates with the crystal structure II (Table 3). Also, this
is confirmed by the calculations carried out, where the
formation of methane hydrate occurs from a gas mixture
of hydrocarbons with a total content of components C2-
C4 equal to 13.7 mol. (Figure 5).

One of the important characteristics of the obtained
hydrate mixture is its composition, expressed as the ratio
of'the amount of hydrates of the crystal structures sll to sl
(nsll/ nsl). It was found that the distribution of hydrates
of different structures in the mixture in the calculated
(equilibrium) composition differs significantly from the
composition of the mixture determined experimentally.
Thus, the considered ratio in the equilibrium composition
is 9 times lower than in the empirical one, which indicates
the formation of hydrates with the crystal structure I in
larger quantities than established by calculations. Similar
results were obtained by the authors of the work (Seo,
2009), where in a porous silica gel medium the hydrate
mixture contained 28% more sl hydrates than in the
hydrate mixture obtained from the bulk water. This
character of hydrate formation is related to the fact that
during the formation of natural gas hydrates in quartz
sand, hydrates slI of non-equilibrium composition
with a higher content of components C2-C4 than in the
calculated equilibrium composition are formed. Thus,
Table 3 shows the composition of gas bound in hydrates
sIl, it is evident that the content of components C2-
C4 in the gas composition in the hydrate, determined
empirically, is higher by 9.5% than in the equilibrium
composition. Thus, it has been established that in wet
quartz sand from natural gas of the Srednevilyui GCF,
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a mixture of hydrates of the crystal structures I and
Il is formed, where hydrates sl are hydrates of non-
equilibrium variable composition.

A study of the composition of gas bound in hydrates
obtained from polymer solutions in quartz sand has
established that the content of components C2-C4 in
the composition determined by the empirical method
is 28.1, 16.8 and 15.2% higher than the content of
these components in the calculated composition for
PAA, Na-CMC and PEG solutions, respectively. Such
a discrepancy between the empirical and calculated
compositions indicates the formation of sII hydrates
of a nonequilibrium composition. A decrease in the
proportion of components C2-C4 in a series of polymer
solutions from PAA to PEG is associated with a decrease
in this series in the ratio of the amount of hydrates of
sII to sl crystal structures by 6.7 and 14%, respectively,
which is associated with a decrease in the content of sl
hydrates (Table 4). At the same time, the formation of sl
hydrates in the resulting hydrate mixture is not confirmed
by the calculation method.

The decrease in the amount of sI hydrate is explained
by the kinetic features of hydrate formation in these
systems. Thus, in PAA solutions, the main stage of the
hydrate formation process occurs at higher temperatures
than in water, therefore, the formation of hydrates with
the sl crystal structure in this system has not been
confirmed by calculations. At the same time, the content
of components C2-C4 in the gas from the sl hydrate,
determined experimentally, is higher than this indicator
for water by 24.11%, since at higher temperatures more
components C2-C4 pass into the hydrate than at low
temperatures (Figure 6).

Hydrate formation in Na-CMC and PEG solutions
is characterized by lower values of the pore water
conversion to hydrate degree, at which the concentration
of methane in the gas above the hydrate is insufficient
for the formation of hydrates with the sl structure. Thus,
the water conversion to hydrate degree in Na-CMC
and PEG solutions is 19.8 and 25.2% lower than this
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Figure 6. Dependence of the water conversion to hydrate
degree (Wh) on time during the formation of natural gas
hydrates in quartz sand with water and polymer solutions
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indicator for fresh water at comparable or lower values
of the hydrate formation rate. This is probably due to
a decrease in the intensity of the hydrate formation
when the reaction system passes into the region of
negative temperatures. At a low the water conversion
to hydrate degree, there is no significant decrease in
the content of components C2-C4 in hydrates due to
the low degree of depletion of these components in the
gas above the hydrate, as a result of which the content
of components C2-C4 in hydrates obtained in these
systems is higher than in water by 17.11 and 13.55%,
respectively, and are in good agreement with each other.
Based on the analysis of the kinetic parameters of the
hydrate formation in systems with polymers, it can be
summarized that PAA solutions exhibit the properties
of a kinetic promoter of the hydrate formation, and
Na-CMC and PEG solutions can be classified as kinetic
inhibitors of this process.

Thus, it can be concluded that at fields of the NB
OGBR located in the zone of continuous permafrost
distribution and characterized by low reservoir
temperatures, with joint or sequential injection of
reservoir gas and oil-displacing agents based on the
considered water-soluble polymers into the reservoir,
there is a risk of natural gas hydrates formation in the
reservoir rock. Moreover, the use of PAA solutions is
undesirable, since these solutions exhibit the properties
of a kinetic promoter of the hydrate formation.

Conclusion

As shown by the experimental and calculated
results of the investigation of the natural gas hydrates
formation in sand samples saturated with water and
polymer solutions at their weight moisture content
equal to 17.6%, a mixture of hydrates of the structure
I and hydrates of non-equilibrium variable composition
with the structure II is formed. It was found that
the content of components C2-C4 in the obtained
hydrates of the structure II in all the studied systems
is 8.5-22% higher than in the calculated equilibrium
composition. This indicates that a pore hydrate with the
sII crystal structure of non-equilibrium composition is
formed from natural gas in quartz sand, with a greater
proportion of methane homologues C2-C4 than in the
equilibrium composition.
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Oco0enHocTH 00pa30BaHMsl THAPATOB NPUPOAHOIO ra3a co crpykrypamu KC-1 u
KC-II B kBapueBoM necke ¢ BOAOH U pacCTBOPaAMH IOJIUMEPOB

A.C. Hopmusieun”", UK. Heanoea', JLII. Karauesa', B.K. Heanog', B.B. [lopmuscuna’

! Hnemumym npo6nem nedpmu u 2asa Cubupcrkoeo omoenenus PAH, Sxymck, Poccus
2Cesepo-Bocmounbiil hedepanvhviii yrusepcumem umenu M. K. Ammocosa, Axymcek, Poccus

AKTYaJIbHOCTb HMCCIIEIOBAHMS T'HIPaTo0Opa3oBaHMUS
MHOTOKOMIIOHEHTHOH Ta30BOH CMECH B KBAPIIEBOM IIECKE C
BOZIOI M PacTBOpaMH IOJIMMEPOB 00yCIOBJIEHA PUCKOM 00-
pa3oBaHuUs THAPATOB B IOPOBOM ITPOCTPAHCTBE BMEIAIOIINX
MIOPOJI IIPH KOMIIEKCHOM BO3/I€HCTBUH HA HAX 3aKAUKOii rasa
1 BOJJOIIOJINMEPHBIM 3aBOTHECHUEM C IIEJIbI0 YBEJIINUCHHS He-
(hreoTnaun Ha MECTOPOXK/ICHUSX, IPHYPOUEHHBIX K Hercko-
Boryobunckoii Hedrerazonocnoit odmactu (Hb HI'O), ko-
TOPBIE XapaKTEPHU3YIOTCSl aHOMAJILHO HU3KUMH TIACTOBBIMHU
TemIeparypamMy. JlaHHbIE MECTOPOXKACHUS PacIioiararoTcst
B 30HAaX HEMPEPHIBHOIO U IPEPBIBUCTOTO PACTIPOCTPAHECHUS
MHOT'OJIETHEMEP3JIBIX ITOPOJ], YTO B COUYCTAHUM C HU3KUMH
3HAYEHUSIMH TEIUIOBOTO MOTOKA M OOJIBIION TETIIOEMKOCTH
MIOPOJI CJIATAIOIINX WX TPOYKTUBHBIE TOPU3OHTHI, IPUBOIST
K aHOMaJIbHO HU3KUM IIJIACTOBBIM TEMIIEPATypaM B IIpeAeax
817 °C, uro Ha 50—60 °C HuxKe TeMIIEpaTypbl, pACCYIUTAHHON
T10 TEOTEPMHUIECKOMY I'parieHTy. Taknum 00pa3om, I1acToBbIe
ycnoBust 3aneranus Hedtu Ha Mectopoxennsx Hb HI'O na-
XOJISITCS B 30HE CTAOMIIBHOCTH THAPATOB IUTACTOBBIX I'a30B, a
Mepexo/y ra30BOI YaCTH MECTOPOXKACHHN B I'a30THAPATHOE
COCTOSTHHE HPEISITCTBYET JIMIIb OTCYTCTBHE JOCTATOUYHOTO
KOJIM4eCTBa CBOOOIHOI OT cosn Bozbl. B pabote B kadecTBe
ra3a-ruparoo0pa3zoBaTes MCIONb30BaJICs IPUPOAHBIN ra3
CpeHEeBIWIIONCKOTO MECTOPOXKACHHS. [ HIpaThl 3TOro rasa
OBUIH TTOJTyYeHBI B 00pa3iax KBapLeBOro Mecka ¢ pazMepom
3epeH 0,4-0,3 mm. BecoBasi B1aXHOCTb I1€cKa B KOJINYECTBE
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17,6% 3anaBanach JUCTUILIMPOBAHHON BOJOM U CIIETYIOILIUMU
pacTBOpaMu IMOIUMEPOB: | T/J pacTBOp IMONMAKpUIAMHATA, 5
/]I pacTBOp HATPUEBO COMH KApOOKCUMETHIIISILTIONO3HI 1 30
T/J1 pacCTBOP TMOMUATHICHIIUKOIS. Da30BbIe ITepeXObl ITpr 00-
pa30BaHMU U PA3JIOKCHUH THIPATOB B CHCTEMAX «IIPHPOIHBIN
ra3-TecoK-Bo/a/pacTBOP MOIMMEPay HCCIISOBAIICH METOIOM
TEPMUYECKOro aHaym3a. [loka3aHo, YTO B UCCIETYEMBIX CH-
cTeMax 00pa3yroTCs THAPATHI C KyOMYECKUMHE CTPYKTYPaMU
KC-1 u KC-II. Ananus raza B rugpare KC-II npoBoauics me-
TOJIOM Ta30-a7COPOIIMOHHOI XpoMaTorpaduu. YCTaHOBICHO,
4TO B mporecce oopazoBanus ruaparos KC-1I mpoucxoant
oboramenue runpaTHoit ¢aser yrueBomopomamu C2-C4,
YTO SIBIISICTCS MPUYUHON CMEIICHUS TEPMOIUHAMUICCKUX
ycIoBHiA UX 00pa30BaHMs B 00IACTh BBICOKHX TEMIIEPATyp
Y HU3KHX JABICHUI.

KiroueBrble cjioBa: IpUPONHBIN ra3, THAPATHl KPUCTAT-
mueckoit ctpykrypsl KC-I1 u KC-1II, cocraB rasa B ruapare,
KBapIICBHI ITECOK, Ta30-aICOPOIIMOHHAS XpOMAaTOTrpadus
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