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The negative influence of the gas hydrates (GH) self-preservation effect on the course of the technological process of their
industrial development by the depressurization method is considered. The main parameters of the self-preservation manifesta-
tion: the porosity of the hydrate and its morphological characteristics are justified. An important practical conclusion was made
that solving the problems of gas hydrates self-preservation should be facilitated by the selection of the optimal operation mode
for the production well, which would harmonize the hydrate porosity and its morphological characteristics, and at the same
time ensure the maximum possible production and control over the processes of gas hydrates dissociation.
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EdexT camokoHcepBailil ra30Bux riaparis
B Mpoueci ix NpoMucJI0BOI PO3po0KHU
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BiasnaueHo, 1110 HaepCIeKTUBHILIO Ha CHOTO/IHI TEXHOJIOTIE0 po3po0Kku poaoBuil ra3oBux riapatis (I'T) e nekommpeciii-
HHMIT MeToZ (METO pO3repMeTHu3allii), CyTh SKOro MOJIATae B IITYYHOMY 3HH)KEHHI TUCKY B IUIACTi HABKOJIO CBEPIOBUHHU 200
3a paxyHOK CKOPOYEHHS THCKY BOJM Ha riJpar, abo THCKY BUIBHOIO rasy Iicis iX 4acTKOBOTrO BifikauyBaHHS. Po3risHyTo
HeraTHBHUI BIUTUB e()eKTy CaMOKOHCEpBallii ra30BUX TipaTiB Ha nepeOir TEXHOIOTIYHOTO MPOLECy TX MPOMHUCIOBOI PO3pOOKH
MeToZ0oM po3repmeru3arii. OOIpyHTOBaHO OCHOBHI MapaMeTpH MPOsiBY CAMOKOHCEpBallii — MOPUCTICTh TiApaTy Ta Horo Mop-
(oJoTiuHI XapaKTepUCTHKU. PO3IISHYTO 0COOIMBOCTI MPU3HAYEHHS IapaMeTpiB TEIUIOTH TiIpaTOyTBOPEHHS YU €HTAJIBIIis
JHcoIianil Ipy MOJIeNIOBaHHI IpoleciB (a30Boi piBHOBAru Ta MpoIleciB Auconiamii ra3oBux rigparis. [Togano HaouHwuit BU-
IS MOJICKYJIIPHOTO CKJIay TripaTy MetaHy, GOopMyIy CIOJIYKH Ta 3aralbHUN BUIIISL iforo 3paskiB. OMHCaHO METOMUKY i
pe3ynbTaTd J1abOpaTOPHUX  EKCIECPUMEHTANBHUX JOCHIUKCHb 31 3pa3KkaMH LITYYHO YTBOPEHOTO TIa30BOrO Trifpary.
ITinTBEpKEHO PO3PAXyHKOBY 3aJIKHICTh IIOPUCTOCTI 3pa3Kka BiJl HOTrO MOYATKOBOI TEMIEPATYPH, SIK YMOBH [ HIPOSIBY Ca-
MOYMHHOI KOHCepBallii razorigpary. Takox BCTAHOBJICHO, L0 MPU MOJAJBLIOMY HaJIXO/PKSHHI TEIUIOBOI eHeprii 1o 3pa3ka
HE3aJIe)KHO Bijl HOT0 IIOPHCTOCTI BiI0YBaJIOCh MOCTYMOBE IUIABJICHHS YTBOPEHOI JIbOJSHOT Kipku. 3adikcoBaHoO, IO Liei mporec
HPOJOBXKYETHCS 10 THX TIip, JOKH HE BUUEPIIYBABCS «3aIac XOJOAY» y 3pa3KoBi, MICIs 4Or0 JUCOLHaLis MPUCKOPIOBAIACh.
BcraHoBieHo, 1o i rigpary mopucrictio noHan 28% Oinblia 4YacTHHA BOAM HPOHMKANa MOpaMH B0 3paska.
3po06IIeHO BaXKIIMBHUIA IS TIPAKTUKK BUCHOBOK IIPO T€, 110 BUPIIICHHIO IPO6JIeM CaMOKOHCEPBaLlil ra30BHX TiJpaTiB IIOBUHEH
CIIPHSATH ITi01p ONTUMAIBFHOTO PEXHUMY eKCILTyaTallil BHIOOYBHOI CBEPUTOBUHH, SIKHH OU y3roXKyBaB Mi>K COOOIO TOPHUCTICTH
rizpaTy Ta Horo MopQoJIoridHi XapaKTepUCTHKH Ta 3a0e3edyBaB IIPH [bOMY MaKCHMaJIbHO MOJJIMBHI BUJOOYTOK 1 KOHTPOIIb
3a MpolecamMy AUCOIliallii ra30BUX TiAPaTiB.

KurouoBi ciroBa: ra3osi rifpaTta, po3poOka ra3oripaTHUX MOKJIAIiB, CAMOKOHCEpPBAIis, JILOASIHA KipKa, TapaMeTpH MPOSBY
CaMOKOHCepBaLil IpH BUTOOYTKY.
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Introduction

Gas hydrates (GH) were first obtained in laboratory
conditions in the 1800s. In the following decades, la-
boratory experiments continued, but scientists did not
expect that GHs could form in the natural environment.

Then, in the 1930s, man-made GH were discovered
in gas pipelines, which blocked the transportation of
natural gas. This triggered a new round of scientific re-
search aimed at preventing the formation of GH in gas
pipelines. Finally, in the 1960s, the development of
the Messoyakh deposit in Western Siberia began,
which confirmed the existence of natural methane
hydrates [1].

In the 1970s, they were discovered in samples from a
well on the North Slope of Alaska and at the bottom of
the Black Sea. The results of research in the 1980s led
to the fact that GH were considered as a new and po-
tential source of methane [2]. And since the 1990s, tar-
geted and large-scale programs for the detection and
development of GH have been implemented around the
world [3, 4].

Review of the research sources and publications

The process of developing a GH deposit is carried out
due to a phase transition - GH dissociation into water
and gas, with subsequent extraction of the latter. At the
same time, GH decomposition can be carried out in var-
ious ways, in particular: deviation of thermodynamic
parameters from the equilibrium ones (that is, by in-
creasing the temperature or decreasing the pressure in
the reservoir); injection of inhibitors and other electro-
magnetic or acoustic influences [5].

Today, the most promising technology for the devel-
opment of GH deposits is the decompression method
(depressurization) [6]. Its essence is to artificially re-
duce the pressure in the reservoir around the well either
by reducing the pressure on the GH of water or free gas
after they are partially pumped out. When the pressure
in the GH layer is lower than the phase equilibrium, it
begins to break up into gas and water, absorbing heat
energy from the environment.

Thus, the application of the decompression method is
accompanied by the cooling of hydrate-bearing rocks
and the manifestation of the self-preservation phenom-
enon of the hydrate itself. As a result, the gas hydrate
surface is covered with an ice crust, which, on the one
hand, increases its stability, and on the other hand,
slows down or stops its dissociation, that is, the amount
of production.

Such a problem was encountered in 2013 during the
experimental and industrial development of gas hydrate
deposits using the decompression method in the area of
the Nankai trough near the coast of Japan [7]. In order
to maintain the proper level of production due to pres-
sure reduction in the process of liquid pumping, inten-
sive removal of rock took place. Mining had to be
stopped to solve this problem, which may be related to
the phenomenon of GH self-preservation.

By the way, similar problems were noted in the
course of other projects of experimental and industrial
GH development [8-10].

Definition of unsolved aspects of the problem

Analyzing the available practical results regarding the
development of gas hydrate deposits by the depressuri-
zation method, it is possible to make a certain general-
ization that it was the self-preservation process that led
to the premature termination of the experiment (signif-
icant removal of rock from the well and clogging of the
separation equipment).

Problem statement

Therefore, the study of the self-preservation effect for
GH in the process of their development is an urgent task
that requires careful study.

Currently, a number of studies on the self-preserva-
tion GH effect are known [11-17], but they do not take
into account the porosity of the hydrate and its morpho-
logical characteristics. The actual article is devoted to
the justification of the latter as the main parameters of
the self-preservation manifestation.

Basic material and results

Methane (CHg) forms hydrates or clathrates - crystal-
line structures in which it is surrounded by water mol-
ecules held together at low temperature and high pres-
sure.

GHs are formed due to the inclusion of methane mol-
ecules (guest molecules or guest subsystem) in the cav-
ity of an ice-like framework built by hydrogen-bonded
water molecules (host framework or host subsystem)
without the formation of a chemical bond between
guest and host molecules.

Stabilization of aqueous clathrate frameworks, which
are thermodynamically less stable than hexagonal ice
(at T<273 K) or water (at T>273 K) is ensured by van
der Waals host-guest interactions.

The general appearance of the methane hydrates com-
position is described by the formula CH4xnH,O, where
n is a number showing the number of water molecules
per one molecule of methane. The molecular composi-
tion of methane hydrate, the formula of the compound,
and the general appearance of the samples are shown in
Fig. 1.

One of the most important parameters in modeling
phase equilibrium processes and GH dissociation pro-
cesses is the heat of hydrate formation or enthalpy of
dissociation [18].

The latter is equal to the amount of heat required to
decompose the hydrate compound into water and gas at
equilibrium temperatures and pressures and, in this
case, is a function of temperature and pressure. Exper-
imentally obtained values for the heat of the hydrates
phase transition lie within 480-540 kJ/kg.

During hydrate formation, heat is released and the en-
thalpy is positive, while hydrate decomposition is neg-
ative.

Dissociation of hydrate inclusions occurs starting
from their surface layer and then gradually moves
deeper. The water layer formed on the surface of a hy-
drate particle as a result of the dissociation of its surface
layer contacts the next hydrate layer.
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Figure 1 — The methane hydrate molecular composition,
the formula of the compound and the general appearance of the samples

At the same time, under certain conditions, the
amount of energy spent on the dissociation of this layer
may exceed the amount of energy required for crystal-
lization (freezing) of this water layer. As a result, the
formed ice crust will prevent further dissociation of the
gas hydrate (from its slowing down to a complete stop).
Therefore, the processes of hydrates dissociation in the
pore space are characterized by a decrease in tempera-
ture, and as a result - a manifestation of the self-preser-
vation effect.

In general, it consists of the following. If GH, ob-
tained under normal equilibrium conditions, is cooled
to a temperature below 0°C and the pressure is reduced
to atmospheric, then after the initial surface decompo-
sition, it self-isolates from the environment with a thin
film of ice, which prevents further decomposition.

After that, GH can be stored for a long time at atmos-
pheric pressure (depending on temperature, humidity
and other parameters of the external environment).
The discovery of this effect made a significant contri-
bution to the study of natural GHs. In addition, the self-
preservation effect opened up new opportunities for gas
storage and transportation in a concentrated form with-
out increased pressure [3, 4, 18, 19].

It has been experimentally proven that the clathrate
framework of the host is metastable for hydrates
[20; 21]. When the framework cavities are filled with
"guest" molecules, its stabilization occurs. At a certain
degree of filling, equilibrium occurs [22]. Gas hydrates
are thermodynamically stable only when they almost
completely (more than 95%) fill at least one of the types
of cavities [18].

This especially applies to hydrates of the KS-2 struc-
ture, which include natural gas hydrates [18]. When the
equilibrium conditions are disturbed, the hydrated lat-
tice loses gas molecules and becomes metastable again.

Powdery and finely dispersed hydrates at atmospheric
pressure dissociate almost immediately completely at
temperatures below 273K and close to equilibrium. In
large or monolithic samples, the dissociation process
takes place in two stages: first, at temperatures below
273K, the surface of the hydrate decomposes into gas
and ice, and then the ice begins to melt at a temperature

of about 273K. As a result, the surface of the sample is
gradually covered with ice, which slows down its fur-
ther dissociation [23].

As a result of self-preservation, hydrates at atmos-
pheric pressure and temperatures below 273K exist in
a metastable state for a long time without significant
gas losses [24].

At the same time, there is also a partial dissociation
effect, which is observed for samples of natural hy-
drates with initial temperatures of 273-278 K. Since
dissociation is an endothermic process, the temperature
of such a sample usually drops to 273 K. Decomposi-
tion of the hydrated clathrates surface leads to the for-
mation of an ice crust, which actually stops their further
destruction, while the temperature of the hydrate grad-
ually increases to the initial one.

As the results of experimental studies prove, at tem-
peratures from 272 K to 255 K, samples of gas hydrates
with different morphology have different rates of dis-
sociation [25].

During the study of the dissociation process for arti-
ficial gas hydrate samples, which contained up to 15%
of trapped water, the destruction of the ice formed
around the hydrate particles stopped already at a tem-
perature of 258 K and atmospheric pressure, although
the equilibrium temperature for such pressure is 195 K
[16].

Ice and inclusions located in an ice-hydrate system
with hydrate particles with a diameter of 15 mm (where
the hydrate particles are encapsulated by an ice crust)
with an ice layer thickness of 1 mm can withstand a
pressure of about 0.5 MPa. At the same time, the
strength limit of ice is more sensitive to the size of the
crystals than to their temperature [15].

The metastability of natural gas hydrate is a conse-
quence of an insufficient amount of heat, and if such
storage is adiabatic, then the hydrate is stored for a long
time [19]. The dissociation kinetics of the samples de-
pends on the ratio of the surface area to the mass of the
gas hydrate (monolithic or powdered). With its in-
crease, both the rate of gas hydrate dissociation and the
rate of temperature decrease increase.
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In addition, in the process of melting, the sharp pro-
trusions of the hydrate crystals are rounded. As a result,
their surface area decreases [18].

In the geological environment, an important geo-
chemical and technological problem is the prediction of
thermobaric and morphological parameters of the self-
preservation effect manifestation. Preliminary calcula-
tions made it possible to determine the thermobaric
conditions of gas hydrate self-preservation depending
on their porosity.

A cooled sample of gas hydrates under conditions of
reduced pressure to atmospheric at a temperature above
273 K receives energy from the gas phase and heats up.
At the same time, the amount of energy entering the gas
hydrate sample is determined by the formula

dQ: Of(tGH_tsurﬂ Sdr, (1)

where o — heat transfer coefficient, W/m>K;

tGh, tswr— temperature of the sample and air, respec-
tively, K;

S — the area through which heat flows, m?;

7 — sample heating time, s.

Integrating equation (1) over time t makes it possible
to determine the amount of heat that will enter the sam-
ple from the external environment. Using dependence
(1) and the value of the melting enthalpy of 1 mole of
methane hydrate, it is possible to determine the dura-
tion of the dissociation process of a hydrate layer
1-2 mm thick.

Having determined the amount of water required to
fill part of the pore space on the gas hydrate surface, it
is possible to calculate the thickness of the continuous
ice layer on its surface. As shown by previous experi-
ments on the process of self-preservation of artificially
formed natural gas hydrate samples for a typical com-
position and porosity ranging from 0.02 to 0.18, a layer
of ice about 1-2 mm thick is sufficient for their high-
quality preservation.

For samples with higher porosity, it is necessary to
take into account the additional amount of water, which
will fill the pores in the sample to a depth up to 1 mm.
After receiving the appropriate amount of thermal en-
ergy, the surface layer of the gas hydrate sample will
enter non-equilibrium conditions and begin to melt.
The process of dissociation will be accompanied by
the absorption of energy from the environment.
The amount of energy required for the crystallization of
this water amount is determined by the formula of
0.V. Lykova

dchyst = Feryst Pice 0Sdr (2)

where r,, — specific heat of ice crystallization, J;

7 — freezing time, s;

0— ice crust thickness, m;

pice — ice density, kg/m?;

S — the area through which the flow of cold flows, m?.
Since the thickness of the ice layer is relatively small

compared to the size of the test sample, this object can

be considered semi-infinite. The process of heat trans-

fer to the sample during the crystallization of a certain

water amount is assumed to correspond to the boundary

conditions of the first kind and is determined by the for-
mula [26]

Aou .
QGH = (tcryst _tGH )J%HPGHS (3)

where ?., tn — respectively, the crystallization temper-
ature and the initial temperature of the gas hydrate, K;
Acn — thermal conductivity of hydrate, W/m-K;

cen — specific heat capacity of hydrate, J/kg;

pcu — density of the gas hydrate sample, kg/m®.

Taking into account the duration of the energy re-
quired for the dissociation of the hydrate layer from the
gas phase, using formula (3), we determine the amount
of energy that will be used to freeze the ice layer in a
given period of time.

Comparing the amount of energy required for the dis-
sociation of the gas hydrate layer over a certain period
of time and the energy required for crystallization of the
volume of water released at the same time allows estab-
lishing the dependence of the porosity of the gas hy-
drate sample on its temperature for the manifestation of
the self-preservation effect. The dependence obtained
as a result is presented in fig. 2.
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Figure 2 — Dependence of the gas hydrate sample
temperature on the porosity at atmospheric
pressure for the manifestation
of the self-preservation effect at an air
temperature of 273 K (curve 1) and 278 K (curve 2)

To verify the above calculations, experimental studies
were conducted with samples of artificially formed GH.
The gas hydrate was produced in a laboratory unit by
mixing with a mechanical stirrer and subsequent separa-
tion of free water. However, part of the water remains
trapped in the intergranular space, in drops covered with
a hydrate crust and in the form of film water [26].

Therefore, to obtain samples, the formed gas hydrate
was cooled to a temperature of 245 K, removed from
the reactor, crushed, returned to the reactor and kept for
three days at a temperature of 275 K and a gas pressure
of 5.5 MPa. As a result, all the water turned into gas
hydrate. After that, the gas hydrate was again cooled to
245 K, removed from the reactor, and compacted under
a press.

The obtained hydrate samples had a porosity in the
range of 0.34 to 0.02. In terms of structure and physical
characteristics, they roughly corresponded to natural
GH formed under geological conditions.
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The samples were examined at temperatures of
273.3 K and 278 K. The beginning of the dissociation
of the surface layer sample (by the release of gas mi-
crobubbles), the formation of a water film on its surface
(according to the corresponding surface gloss) and the
crystallization of the ice crust (clouding of the formed
water film was observed) were investigated using an
optical system with the possibility of photofixation.

The calculated dependence of the porosity for the sam-
ple on its initial temperature was confirmed, as a condi-
tion for the spontaneous conservation of gas hydrate.

With the further supply of thermal energy to the sam-
ple, regardless of its porosity, a gradual melting of the
formed ice crust was observed. However, a sharp in-
crease in the dissociation intensity of the sample sur-
face was not observed.

This is explained by the fact that the protective ice
crust, although melting, did not completely disappear.
The melting of its surface was compensated by gradual
freezing from the middle. As a result, a movement of
the "water - ice - hydrate" boundary towards the center
of the sample is observed. Under such conditions, the
melting of the surface of the ice crust is accompanied
by the draining of part of the formed water.

This process continues until the "cold reserve" in the
sample is exhausted. After that, dissociation acceler-
ated. For the hydrate with a porosity of more than 28%,
most of the water penetrated through the pores deep
into the sample. At the same time, the energy of the
sample was not enough for its freezing, and therefore
the process of intense dissociation was observed.

Therefore, for the development of gas hydrate depos-
its, knowledge of the above-mentioned properties for
GH, the kinetics of their formation and dissociation
processes is necessary. To date, there are a large num-
ber of kinetic models for hydrate processes [27].

At the same time, an important factor determining the
extraction of natural gas from GH is the permeability
and porosity of the host rocks. It was established that
the volume of gas production depends linearly on the
GH clusters area and the rate of its dissociation [28-31].

The gas hydrates processes of the transition from one
phase state to another require a detailed study [32], as
well as the study of the influence of water migration
during gas production [33].

Conclusions

Thus, the analysis of works devoted to the effect of
GH self-preservation revealed significant technological
complications in the process of methane production by
the depressurization method. The solution to these
problems should be facilitated by the selection of the
optimal mode of operation for the production well [34],
which would harmonize the factors listed above and at
the same time ensure the maximum possible production
and control over the GH dissociation processes.
The improvement of industrial mining technologies re-
quires a detailed study of the self-preservation phenom-
enon, which occurs as a result of a decrease in reservoir
pressure during the volumetric cooling of a productive
Teservoir.
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