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REPOSITORY OF GAS HYDRATES

The article considers technology of production of gas hydrate with purpose it
transportation and storage. The optimal parameters defined of storage of hydrates in
terrestrial repositories at the nonequilibrium the conditions and melting of blocks with the
internal source of energy preserved with ice crust. During research of kinetics of dissociation
of samples of gas hydrate with the internal source of energy preservation with ice crust
established that most of blocks to the moment of full dissociation long time was in the
nonequilibrium conditions. In the process of dissociation of the samples was fixed effect self-
preservation, melting of the surface of ice crust and freezing its basics. The dependence that
describes the correlation-regressive relation between a surface area of hydrate block and the
difference between fugacity of gas in the three-phase equilibrium and free gas was installed.
The proposed gas hydrate technology makes it possible to solve the problem of diversification
of sources of natural gas supplies, the development of a large number of small and medium
sized remote gas deposits (including being in the form of gas hydrate), efficient use of
resources associated gas, of shale gas and coal bed methane, and gas supply consumers in
the absence of the pipeline.

Keywords: storage of gas, hydrate technology, gas hydrate block, self-preservation, icy
crust, dissociation, equilibrium conditions.
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CXOBHIIIA T'ABOBUX T'T/IPATIB

Posenanymo mexnonozito supobHuymea 2azo2iopamy 3 Memoio tio2o mpancnopmyeaHHs
i 30epicanns. Busnaueno onmumanvui napamempu 30epicants 6 HA3eMHUX 2I0paAmMoCxo8uUax
3a HEPIBHOBANCHUX YMO8 [ MNIAGIEeHHS 2aA302i0pamuux OO0KI8 13 GHYMPIUHIM 0dHcepelom
eHepeii, 3aKOHCEePBOBAHUX IbOOSHOIW KIpKoto. Y npoyeci 00cniodceHHs Kinemuku oucoyiayii
3paska eazociopamy i3 GHYMpIWHIiM 0xHcepesiom eHepeii, 3aKOHCEPBOBAHO20 IbOOSHOK KiPKOIo,
BCMAHOBNEHO, WO NEPesadcHa Yacmuua 2azociopamy 00 MOMeHmY NoeHOI oducoyiayii
MpUBAIUll 4ac 3HAXoO0UNacb y HEPIBHOBANCHUX YMogax. Y npoyeci oOucoyiayii 3pasxa
3aghikcosano npose egekmy camoxoHcepsayii, NiA6IeHHs NOBEPXHI NbOOAHOI KipKu ma
HaMopodicysanus il OCHo8U. Ycmanoseneno 3anedxicHicms, WO ONUCYE  KOPENAYIUHO-
peepecusHull 38’ 130K Midic NiIowWer NoGepxXHi 2i0pamuozo O10Ka i pisHuyero ¢yeimusHocmetl
2azy 6 mpugasHii pienoeasi ma 6ilbHO20 2a3y. 3’ACO8AHO, WO 3aNPONOHOBAHA 2A302I0PAMHA
MexHoN02ia  003601A€  po36’sasamu  npobremy ousepcugpikayii - 0dxcepenr  NOCMAYAHHS
NPUPOOHO20 2a3y, PO3POOKU 3HAYHOT YACMUHU MATUX MA CEPeOHIX 8i00AIeHUX POOOBULY A3y
(6 momy uucni y ¢opmi eazociopamy), eghexmueHo20 GUKOPUCMAHHA Pecypcié NONYMHO20
Haghmoeozo 2asy, clanyesozo 2azy ma Memawy 8yLIbHUX NIACMI8, d MAKodC 3a0e3neyeHHs
CROJICUBAYIB 2A30M 3a BIOCYMHOCMI MPYOONPO8oIY.

Knrouoei cnoea: 36epicanua 2asy, 2azociopamua mexwonozis, 2azoliopamuutl OJOK,
NPUMYCO8A KOHCEPBAYisl, Tb00sIHA KIpKA, OUCOYIayis, PiBHOBANCHI YMOBU.
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Problem statement. Reserves of natural gas and other hydrocarbons rapidly are
exhausted. 80% of the open gas fields are classified as small or average distant. Therefore, the
problem of rational using of existing gas resources is relevant today. However the traditional
technology of it using are often ineffective. For example, a large number of small and
medium distant gas fields not developed because of the problem of accumulation and
transportation.

Diversification of gas supply sources is important for many countries. Transportation of
natural gas is carried out by pipelines or LNG-tankers at present. These technologies are
effective the presence of significant reserves at the deposit and high level of investment [1]. In
recent years, a technology based on the ability of molecules of gas and water to form gas
hydrates, actively developed. Significant volumes of gas in the gas hydrate can keep a long
time at atmospheric pressures and slight temperature below zero [2]. In 1 m’ of gas hydrate
contains 160 m> of methane [3, 4].

Recent research analysis and publications on the problem. However, the broad
introduction technology in connection with the imperfections is not become yet. Some
concepts of transporting of gas in hydrate form are considered today. However, transport of
gas hydrates in equilibrium conditions at insignificant temperatures below zero and
atmospheric pressure are the most attractive. The necessity of production of gas hydrate
structures fit for transport and storage in these conditions lies at it basis. Granular gas hydrate
is the main form of its transportation, but it has some flaws at present. Monolithic blocks of
large size consider favorable variant. However, the technology their industrial production has
not yet worked out [3]. To increase the efficiency of transportation and storage technologies
of gas hydrates we suggest to produce it in the form of gas hydrate blocks with the internal
source of energy and to preserve with ice crust. However, the parameters of storage and the
dissociation of gas hydrate blocks, a key element of the proposed technology, are studied
insufficiently [5, 6].

Objectives.  Therefore, installation of optimal parameters storage in the non-
equilibrium conditions and dissociation of gas hydrate blocks with the internal source of
energy preserved with ice crust is the purpose of the study. For conducting of experiments
samples of gas hydrates (d =81 mm, 2 = 102 mm,) are produced according to the technology
(Fig. 1, a) that described in [5, 6]: 110 pellets were mixed with 375 cm® hydrate a powdered
of a porosity 0.51 (Fig. 1, c, 1, d); after the formation porosity of a homogeneous sample are
0.12 (Fig. 1, e, 1, f); cooled samples forcibly were preserved with a layer of ice (for this
purpose, we applied at their surface in two steps certain amount of water (Fig. 2)).

A melting of the samples performed in the device illustrated in Pic. 3 at atmospheric
pressure (P; = 0.1 MPa = const) and temperature 7 =275.3 K (initial temperature of the
sample Ty = 263 K). Volume of gas, which stand out, and changing of temperature at the
surface, in the depth 7 — 10 mm and on the center of the sample recorded with the time.

Material research. The process took place in several stages: surface heating to the
melting temperature of ice, melting of ice crust, slow dissociation of gas hydrate to the gas
and water. Border of ice crust of hydrate cannot be installed on the surface of gas hydrates
visually. Therefore the beginning of formation of microbubbles on the surface of the sample,
which testified about the beginning of dissociation of gas hydrates, was considered the time of
completion of melting crust. However, the structure of gas hydrates, its temperature and the
temperature of the gas around of the sample match the settings manifestation of effect of self-
preservation. So we considered that in the process of dissociation its surface always was
covered with ice crust. This allowed mass of gas hydrate before moment of dissociation a
long time is in nonequilibrium conditions. Rising of temperatures at the surface of the sample
from 258 to 273 K and in the center of the sample on the some value was according to the
formula [7].
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Figure 1 — Stages of formation of gas hydrate blocks:
a — hydrate unit with the built with temperature sensing devices
b - granular hydrates; ¢ — mixing of granulated and powdered of gas hydrates;
d — load the mixture into the form; e — sample after formation of gas hydrates;
f — cross-sectional of the sample hydrate

c

Figure 2 — Force preservation of hydrate block with ice crust:
a — typical shine of layer of ice at the sample;
b, ¢ —ice crust cross section of the sample
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Figure 3 — A device for studying the melting of process of gas hydrates

6¢/6’= f (Fo, Bi), (1)

where @and @’ the dimensionless values of temperature.

Surface of the sample contacted with the gas which released because it was placed
under the glass case during experiment (Fig. 3) Complex process of convective heat exchange
in this case we considered as a elementary thermal conductivity, taking into account the
equivalent coefficient of thermal conductivity Ae and the coefficient of convection &
(& = Ao/ Ay, Where A, — the thermal conductivity of the gas phase).

As the 10° < Gr,- Pr, < 10°, coefficient of convection was determined according to the
formula

& = 0.105(Gr,-Pr,)"”, )

where Gr), Pr, — criteria of Grashof and Prandtl.
Hence, Ao amounts to 0.057 W/(m-K) and &= Au/x = 1.66 W/(m*K).
Criterion Bio can be written as
pi = 2R _ AR
A xA,,

o2

3)

where A — the thermal conductivity of gas hydrates, W /(m'K); R — radius of the
sample of cylindrical shape, m; Fo = a 7R’

Considering the calculated values of criteria Bi and Fo and influence of length of a
cylinder for heating, and used the graphs of dependencies 6./60" = f. (Fo, Bi) and 6,/6" = f,
(Fo, Bi) for the cylinder of infinite length, we defined time during which surface of hydrate
block was warmed to the temperature ¢, = 273.15 K. The process lasted during 5100 s.

Thus the temperature at the center of the sample rose to 7, = 271.4 K.

This interval determines the balance of heat flow, which goes to the crust of ice and
the surface of the sample, namely, the difference between temperature melting of ice and
air, melting of ice and hydrate, equilibrium temperature of gas hydrate and the temperature
of the sample, intensity of heat exchange between air and surface of the sample and the
thermal conductivity of hydrates.

Then we observed the following: process of heating the inside of the sample continued,
and the temperature its surface remained the same (7)., = 273 K = const); there was a
gradual melting formed on the surface of ice crust and draining of water; dissociation of
hydrate layer adjacent to crust (because endothermic the process of the system seeks to
equilibrium what at atmospheric pressure is at temperatures below 273 K) observed and
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supercooled water appeared at the same time; evolution of gas during of dissociation of the
gas hydrate from the surface of the sample observed as individual of bubbles. When the
initial temperature is slightly higher than the equilibrium, they broke integrity of the ice
layer and came out through the surface periodically for some time. However the crust of ice
at the site of the destruction rapidly recovered as a result of crystallization of layer of
supercooled water; crystallization of supercooled water with the formation of ice on the
border of crust and hydrate of a new layer ice; the gradual decrease in the size of the sample
and moving of contact surface of phase («gas — water», «water — ice», «ice — supercooled
water», «supercooled water — hydrates») to the center of the sample.

Under similar conditions, the process (P; = R,;) in case of isobaric of process of
dissociation of gas hydrates (V = const) when a equilibrium pressure in the volume of a gas
stops. This process describe a mechanism of cessation of dissociation of gas hydrates, which
occurs under by crust of ice to formed on the surface of hydrate blocks too. At the same
time heating of preservation hydrate in ice leads to the establishment of equilibrium
pressure in its pores for hydrate of this composition. That is preservation of gas hydrate
structures with the ice crust allows to create and sustain thermobaric conditions of stability of
gas hydrate masses at the time when the sample is stored in nonequilibrium conditions.

The simplified process of heating of surface of hydrate the blocks can be considered as
nonstationary thermal a process with the boundary conditions of third kind. The differential
equation of thermal conductivity for an infinite length of cylinder of radius R will be followed

2
a—ﬁza(—aﬂ+1—aﬂj. 4)
ot or’

r or
The initial conditions for 7=0 @ =6", where 8" = t,ps — t 7 1,04 — air temperature, K;

t“— initial temperature of the hydrate block, K.
Boundary conditions for

06
—= b . 5
o2 ar ( )
Solution a relatively of dimensionless values 6,/0, 6y8, where 6, — surface

temperature, @) — temperature in the center of the block is a function of two criteria:
Bi = aR/A.. and Fo = avR’. Dependencies 6,/8” = f(Bi, Fo) are presented graphically in the
work [7]. Time, surface temperature and in the center of hydrate block are defined here. The
process of melting of the ice crust is schematically shown in Fig. 4.

Riﬁi?

Figure 4 — Scheme of the melting process of ice crust

For simplification of calculations initial temperature of gas hydrates in the volume of
the block assume uniform and equal to the temperature melting point of ice
Tsuny=273.15K =const. The temperature on the side surface immediately rises to the
temperature 7T,,.;; > Tsur, and is supported throughout the process of melting of ice cover. At
the same time a liquid layer with thickness R, — Rs = [ forms on surface of the cylinder.
The problem is formulated as follows:

36ipHuK HaykoBHX Hpausk. Cepis: ['amy3eBe MamMHOOYXyBaHHS, OyAiBHHITBO. B 1 (46). —2016. — ITontHTY 283




ot or’ r or
The initial conditions for: T(Riui, 0) = Tpen.
Boundary conditions: T(Riir, T) = Tyes = const, T(Rpin, 7) = Tgur = const.
Heat flux g occurs according with the law thermal conductivity Fourier, hence receive
ratio

2
oT (r,7) _ a(a I(r,7) +laT(“7)j, 7> 0, Rfin <7 < Rinir.  (6)

oT ., (r,T)
4= A, S0
where @iy = Apia/l; Apio — thermal conductivity of the liquid.
Suppose the distribution of temperature in the layer of water occurs according with the
law of distribution for hollow cylinder in the steady state [8]
)YInr+T, , InR

11’1 R init
R fin

The solution (8) satisfies boundary conditions and the differential equation (7).
Substituting (8) into (7), we obtain

dR,,
_api() (Tmelt - Tsurf) = an7 ’ (7)

on — 1 INR

surf

T . —-T .
T(r, T) —_ ( surf melt init ) (8)

T Surj - T me dR in
/7’ pi 0 2 R < = p I L : (9)
In init drt
fin R
fin

Equations (9) also is differentiated obtain the formula for the description of dependency
of layer thickness / of water on the time 7.
2
B gy R L 2o R, = Ao Lot ~Ta) - (10)
2 R, 4 ' pL
For approximate calculate the time of melting of ice crust we assume the temperature of
hydrate blocks at each point equal to the temperature of melting of ice Ty,r= 273.15 K. And
the temperature on the side surface immediately increases to temperature T = 275.3 K and
is supported throughout the process. When the thickness of ice crust 3 mm. time of its melting
according to (10) was 1020 s and approximately corresponds to the experimental data. For the
description of the process of dissociation of gas hydrates, we used the equation in which the
driving force of the process is expressed through the difference of fugacity of gas for three-
phase equilibrium and of the free gas [9]

d
B kAL, - 1), (11)
ar

where ny — number of moles of gas hydrates, mol; 7— time, s; k — coefficient; 4 — the
surface area of gas hydrates which dissociates (melts) m?; feq and f — fugacity of gas for three-
phase equilibrium and of the free gas, respectively, Pa.
This dependence is used for processing of experimental results:
-kt if, - )7 (12)
dr “
where «, - empirical coefficients.

Equation (12) logarithm problem, enter the a replacement Y=InvY, a,=InkK,

X =InA, X , =In(f,, — f), proceed to the linear equation. The calculation is performed by

least squares. The next equity received:
Y =1.43X,-1.75X,-1.82 . (13)
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The empirical coefficients are determined and adequacy of mathematical model to
experimental data is checked.

Thus, the equation that describes the connection between the surface area of hydrate
block and difference of fugacity of gas in three-phase equilibrium and the free gas is as
follows:

—;l—" = 01622 - A¥* . (f, —f )T (14)
T

Graph of dependence of rate of dissociation of hydrate block from the time is shown in
Fig. 5.

Mass fraction of gas residue in the samples in the process of dissociation with the time
is determined according to the formula

where Vi, — volume of gas as contained in sample at present, m3; Vinit — initial gas
content in the sample, m’.

Dependence of the mass fraction of gas remaining in the sample from time to time
(Fig. 6), 1s established and empirical coefficients are determined

1= Viin ! Vinit, (15)
y =1.056 exp( —0.597 ). (16)
\ » -
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Figure 5 — The dependence of dissociation rate
of the sample of gas hydrates on the time
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Figure 6 — The dependence of the mass fraction of gas remaining
in the sample, with initial it of dissociation
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Thus, the heating of surface of hydrate block with an internal source of energy
preservation with ice crust to the melting point of ice is not accompanied by the active
dissociation of gas hydrates and is controlled by heat balance of the crust.

Conclusions. During research of kinetics of dissociation of samples of gas hydrate
with the internal source of energy preservation with ice crust established that most of blocks
to the moment of full dissociation long time was in the nonequilibrium conditions. In the
process of dissociation of the samples was fixed effect self-preservation, melting of the
surface of ice crust and freezing its basics (as a result of crystallization of supercooled water
formed after of dissociation of the surface of layer of hydrates). The dependence that
describes the correlation-regressive relation between a surface area of hydrate block and the
difference between fugacity of gas in the three-phase equilibrium and free gas was installed.
Dissociation of the samples of gas hydrate produced according to the proposed technology,
occured not damaging them integrity at the heating for a long time. Thermobaric the
equilibrium conditions were established for a given hydrate at the heating of preservation
with the ice crust of the sample of gas hydrates in its pores.
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