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Kniouesvie crosa:

ra3, TH/ApaTHbIE HOJIOCTH,
THAPaTo0Opa3oBaHue,
THIPATOOOpasyIolas CUCTeMa,
TUIPATHI, KPUCTAITMIECKIE
CTPYKTYPBI, JIbAONOO0HbIE
acCOLMaThl, MHOTOKOMIIOHEHTHBIE
rasbl, OJHOKOMIIOHCHTHBIE T'a3bl,
TOTTIONICHHE MOJIEKYIT,
TepMOGapHYECKHE YCIOBHS,
TEXHOTECHHBIE TUIPATHI,
(hopMUPOBaHKE THIPATHBIX
HosocTel, HopMUpOBaHHe
KPHCTAIUTMYECKUX CTPYKTYD,
(hopMHpPOBaHHUE JIBIONOAOOHBIX
ACCOIIMATOB.

Natural hydrates are a form of the gas existence in depths and a promising source of hydrocarbon gas. Manmade
hydrates in bottom-hole zones and wellbores complicate hydrocarbon production, reducing production rates. In oil and
gas collection systems hydrates are deposited under certain conditions of temperature and pressure on the walls of the
pipes and increase its hydraulic resistance, thereby increasing energy consumption. The presence of hydrates in streams
of producing fluid increases the wear of prefabricated collectors, reducing their life. In hydrocarbon field preparation’s
systems (heat exchange equipment, separators, throttle devices, ejectors) hydrate deposition degrades technological
processes. Hydrate formation in machinery and equipment (compressor, expander) collection and treatment systems
lead to accidents. In gas pipeline transport the hydrate deposition reduces its effectiveness. To solve problems
associated with technogenic hydrates and gas production from natural hydrates, it is necessary to know the basic
features of their formation.

The article contains modern concepts of single- and multi-component gashydrates formation (natural and oil), which
occur in natural and technical systems. Authors hope that the paper will be useful to a wide range of readers, especially
students and staff of higher education institutions of oil and gas profile, as well as professionals, industrial activity of
whom is connected with production, collection, preparation and transportation of natural and oil gases.

Based on the systematization and analysis of more than a thousand experimental research and practical applications in
this area over the period since 1780 to the present time, the authors have identified some features of the hydrate
formation from single or multi-component gases.

IIpupo/aHble TUAPATHL SBISIOTCS OAHON U3 GOPM CyIIECTBOBAHHS ra3a B HeApax 3eMJIH U MEePCICKTHBHBIM HCTOYHUKOM
YIIIEBOAOPOJHOrO rasa. OIEHKa TEXHOTGHHBIX T'MAPATOB B HE(PTSHONW M ra30BOM MPOMBIIUICHHOCTH B OCHOBHOM
HeraTHBHA. VX OT/IOXeHHe B IPH3a00MHBIX 30HAX U CTBOJIAX CKBAXKHH OCIOXHSIET ZOOBITY YIIIEBOJOPOJOB, YMEHbIIAL
ux 1e6uThl. B cucremax c6opa HedTH M ra3a TUAPATHI IPH ONPEACICHHBIX TEPMOOAPHYECKHUX YCIOBHAX OTIAraloTcs Ha
CTEHKaX TPyOOIPOBOLOB H MOBBIIAIOT HX THAPABIHICCKOE CONPOTUBICHHE, TEM CAMBIM YBEIMYHBAsI YHEPIETHICCKHE
3atparthl. IIpHCcyTCTBHE THAPATOB B HOTOKAX M3BJIEKAEMOT0 M3 HeAp (uIlonja MOBBINIACT U3HOC COOPHBIX KOJIEKTOPOB,
yMEHbIIasi UX pecypc. B ycTaHOBKax MPOMBICIOBON MOATOTOBKM YIIEBOLOPOIOB (HAIpHUMEP B TEILIOOOMEHHOM
000pyZOBaHUH, CemapaTopax, OPOCCETUPYIONMX  YCTPOHCTBAX, 9KEKTOpaX) TIHIPATOOTIOKEHHE YyXy[AUIaeT
TEXHOJIOTHYeCKHe Tnpouecchl. OOpa3oBaHHE THIPATOB B MAallMHAX M arperartax (HAaOpUMep KOMIIPECCOPHBIX,
JIeTaHZePHBIX) CHCTeM cOopa U MOATOTOBKM IPHUBOAMT K aBapHsM. B TpyGompoBomax, TpaHCIOPTHPYIOIIMX
YIIEBOJOPOIHbIC Ia3bl, OTIOKCHUE THAPATOB YMEHBIIACT 2 (HEKTUBHOCTS paboThL. JlIs peleHus npobieM, CBsI3aHHBIX
TEXHOTCHHBIMU THAPATAMH, a TaKxkKe I pa3pabOTKU TEXHOJOIMH M TEXHHKH JOOBIYM ra3a U3 NPUPOJHBIX T'HIPATOB
HE06XOJUMO 3HATh OCHOBHBIC OCOOCHHOCTH HX 00pa30BaHMSL.

CTaThsi CONEPIKUT COBPEMEHHbBIC NPEACTABICHUS O THAPATOOOPa30BaHMH ONHO- M MHOIOKOMIIOHEGHTHBIX Ta30B
(IpUpPOMHBIX M HE(TAHBIX), KOTOPbIC BCTPEUYAIOTCS B MPHUPOAHBIX M TEXHHYECKMX cucTeMax. Ha ocHoBaHHM
CHCTEMATH3allU{ H aHaIM3a 6oJiee THICSYM IKCIEPUMEHTATbHBIX HCCICIOBAHHI M MPAKTHICCKUX MPHIOKCHUH B TOM
obmacti 3a mepuox ¢ 1780 r. m mo HacTosmee BpPeMs aBTOPHI BBIIBHIM HEKOTOPhIE OCOOCHHOCTH O0Opa3oBaHUS
TUPATOB U3 OJXHO- H MHOTOKOMIIOHEHTHBIX I'a30B.
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Introduction

Gas hydrates (hereinafter hydrates) are solid
crystalline compounds that form in certain
thermobaric conditions from gases and water
(vaporous, liquid and solid). Hydrates relate
to a class of substances which are not
chemical compounds. Hydrates can be natural or
manmade. Natural hydrates are one of the forms in
which gas occurs in the interior of the
earth. Estimated natural gas reserves in hydrated
state approximate 2-10' m’. Russia accounts for
10'“-10" m’. Hydrates are a promising source
of hydrocarbon gas.

The role of manmade hydrates in oil and gas
industry is mainly negative. Hydrate generation in
bottom-hole zones and wellbores complicates
hydrocarbon production. In oil and gas collection
systems under certain conditions of temperature
and pressure hydrates deposit on the walls of the
pipes and increase their hydraulic resistance,
thereby increasing energy consumption. Presence
of hydrates in streams of produced fluid extracted
from the interior of the earth increases the wear of
production headers, reducing their useful life. In
hydrocarbon field preparation systems (heat
exchanging equipment, separators, pressure
reducing valve flow parts, throttle devices,
ejectors) hydrate deposition degrades technological
processes. Hydrate formation in machinery or
collection and treatment systems leads to
accidents. Hydrates deposition in pipeline transport
reduces its effectiveness. Deposits result in
increase of local hydraulic resistance and increase
of energy costs required for pumping of the
transported medium.

To eliminate manmade hydrates and produce
gas from natural hydrates, it is necessary to know
the basics of their formation.

The history of hydrate formation study
accounts for over 235 years. The authors have
analyzed the experimental research and practical
applications in the area for the period from 1780 to
date and described their findings in [1], based on
1150 literary  references. Hydrate formation
research is tightly connected to the exploration of
natural hydrates reserves, prevention and
liquidation of manmade hydrates, targeting of
natural hydrates accumulation areas in the course
of exploration of new fields and identification of

hydrate-hazardous areas in the process of
production, collection, preparation and pipeline
transportation of hydrocarbons.

In order to solve these tasks, it is necessary to
study hydrate formation in natural and technical
systems. Based on systematization and analysis of
scientific data, the authors have identified a
number of regularities of hydrate formation from
single-and multicomponent gases as described
below.

Hydrate formation
from single-component gases

Hydrate formation depends on the nature of
gas, as well as temperature and pressure in the
“gas-water” system. Figure 1 presents diagrams
of phase states of the system containing some of
the individual gases and water (distilled).
Hydrate formation is influenced by presence of
admixtures in the water. Salts and alcohols
normally reduce hydrate formation temperature;

type of surfactant determines temperature
decrease or increase.
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Figure 1. Phase state diagrams of water and hydrates—
components of natural and oil gases

Hydrate forming system can assume following
states: gas — fluid water (at 7> 273.15 K), gas—ice
(at 7 < 273.15 K) and crystalline — hydrate.
Crystalline hydrate contains water and gas, their
quantity depending on the molecular weight of the
latter. For instance, 1 m’ of methane hydrate
(CH46H,0) contains approximately 0.8 m® water
and 160 nm’ gas phase [2].

Hydrates of individual gases can form various
crystal lattices: cubic (CS), hexagonal (HS),
tetragonal (TS) etc. [2]. Components of natural and
oil gases (methane, ethane, propane, isobutane,
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nitrogen, hydrogen sulfide, carbon dioxide,
oxygen, argon, xenon) form two structures of
crystal lattices — CS-I and CS-II (Figure 2).

1

ay

a 2 b
Figure 2. Unit cells structures of hydrate crystal
lattices: a — CS-I; b — CS-II; I — crystal lattice cell;
2 — hydrate cavity; a;, ay — geometrical parameter
of CS-I and CS-II structures crystal lattice cells. Gray
areas are cavities which are occupied by a molecule
of water each. Blank cavities contain a molecule of gas

Hydrate formation proceeds as follows. At
certain  thermobaric conditions of hydrate
formation in “gas — fluid water” system, hydrate
cavities consisting of ice-like associates of water
molecules initially form around individual
molecules of gas and water vapors at steady state
with its fluid phase. As an example, Figure 3
shows processes of formation of such cavities
around a molecule of methane (a, b) and ethane (c,
d). Each cavity contains only one molecule of gas.
Cavities with a molecule of water vapor may form.
The molecule confined inside the cavity cannot
spontaneously leave it. This molecule association
is a strong structure.

Depending on the size of gas molecules,
cavities of two types (small and large) form
(Figure 4), which later become a part of crystalline
structures (CS-I and CS-II).

Dodecahedral cavities D and D' are normally
referred to as small, while the rest of them (7, T,
P, H, E) — as large.

CH,4, Ar, H,S molecules with relatively small
typical size are trapped by all types of cavities
starting from D and D'; C,Hg, CO, molecules —
by T-cavities, larger CsHgs, i-C4H;o, n-CsHo
molecules — by H-cavities. Very large molecules
are only trapped by E-cavities. Sizes of gas hydrate
forming molecules, types of cavities and crystal
lattices are shown as a diagram in Figure 5 [3].

In the course of formation of each of the
hydrate cavities, heat energy is produced in the

amount that is a total of energy of water fluid
phase transition to ice-like associates and heat
from gas and water vapor trapping.

e

Figure 3. Processes of hydrate cavities formation from
methane molecules (a, b) and ethane molecules (¢, d);
e — formed hydrate ethane cavity: / — methane
molecule; 2 — water molecule; 3 — ethane molecule;
4 — water molecules ice-like associates; 5 — “window”;
d — typical molecule size; ® — typical “window” size
(d > w); P, T — pressure and temperature of gas-water
system; rg — energy produced in the process of gas

trapping by a singular cavity

OO

D456 D[57]  T[5%67  T[4561]

p[5 |z64] H[5 1263]

E[5 1163]

Figure 4. Hydrate cavity varieties based
on X-ray structure analysis data
(m]", where m; — number of edges; y; — number

of facets, e.g. for b-cavity m =5, y = 12)

Transition heat energy is equal to ice
generation heat that is directly proportional to the
number of water molecules per one molecule of
gas (or water vapor).

Heat energy of molecule trapping is equal to
their adsorption energy [4].
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In “gas-ice” system, hydrate cavity forms
simultaneously with gas molecule trapping, while
the initial solid phase of water (ice) transforms into
its ice-like associate. Depending on the nature of
gas (molecular weight), the transformation process
can be exothermic or endothermic [5]. Trapping of
molecules is an exothermic process; heat energy
produced in its course is equal in value to the
adsorption heat.

Hydrates are absent
F Ar
4A + Kr Type II — large and
F N, small cavities
-0,
- CH,
- Xe, H,S
Type I — large and
small cavities
5A +
- CO,
- C.H, Type I - only large
cavities
F c-C;H,
6A T
B (CH2)30
- C.H, Type II — only large
’ cavities
I iso-C,H,,
7A 1
rn-CH,,
Type I u Type II hydrates are absent

Figure 5. Hydrate forming gases
molecule size diagram

Since the quantity of heat energy produced in
the process of gas molecules or water vapor
trapping is equal to their adsorption energy, the
authors assume [6] that this process can be
compared to adsorption process. Therefore in the
course of hydrate formation process study it is
permissible to wuse the key provisions of
Langmuir’s adsorption model.

In the process of forming of various structure
types from crystal lattice hydrate cavities (see, e.g.
Figure) crystallization energy is produced.

The described hydrate formation process is
schematically presented in Figure 6.

Hydrate growth rate depends on the intensity of
heat discharge as it is produced in the course of

ice-like associates forming, as well as molecules
trapping in hydrate cavities and crystalline
structures forming (see Figure 6). Depending on
the rate of heat removal from the hydrate forming
system, hydrate forming time increases or reduces.
Heat removal normally occurs: through the wall, in
case of isenthalpic expansion (Joule-Thompson
effect) of gas containing water in vaporous or
dispersed state, e.g. in orifices or union; at
isentropic (adiabatic) expansion of gas containing
water in vaporous or dispersed states, e.g. in
nozzles and expansion valves.

Crystallization

Transition
energy

energy

Trapping
energy

f A
. Ice-like associates
Water (liquid phase) forming from water |
- Molecule trapping process Crystalline
with hydrate cavities forming structures
) forming

Ice-like associates
forming from ice

Water o .
(solid phase —ice) Transformation energy

Figure 6. Chart of hydrate formation
from single-component gas

The intensity of heat removal directly depends
on the area of interphase contact between gas and
water or ice (Figure 7), temperature gradient
between the forming hydrate and heat absorbing
system, as well as on the pressure. In practical
terms, the increase of interphase contact area is
achieved via agitation of interfacing phases, their
blending, dispersing, exposure to vibration etc. [7].
In these circumstances, heat transfer factor
increases (Figure 8).

BN B N 1 oo

- AH, -= A,

Figure 7. Dependence between relative methane
hydrate growth rate on variation of relative contact
area at supercooling degree AT=T,,— T,.,;, =3 K
in steady-state conditions: W — hydrate relative
growth rate, ¥ = W./W, (W, =0.0005 mole/s);

f — relative contact area, f =f1f (fo=1m);

AH, — heat of hydrate forming from water;
AH, — heat of hydrate forming from ice
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Figure 8. Dependence of methane hydrate relative
growth rate on the relative value of heat transfer
factor in the event of immediate contact in “gas-

water” system: W — methane hydrate relative
growth rate, W= W.IW, (W, =10.00015 mole/s);

K - relative heat transfer factor value, K = K, /K,

(Ko =1 W/(m®-deg); AH; — heat of hydrate forming
from water

Minimal heat transfer factors are observed at
steady-state conditions when hydrate forming
system is motionless. Therefore in steady-state
conditions low hydrate forming rates have
been measured, e.g. at 5.0 MPa pressure
and 7 °C temperature, 100 ml gas turn into
hydrate in 2.6 h; at the same temperature and
7.0 MPa pressure —in 1 h; at -2 °C and 7.0 MPa —
in 0.5h[8,9].

Heat transfer factor value can be correlated to
the number of rotations of reactor mixer used for
research of hydrate forming and growth.
Dependence between relative heat transfer factor
K and number of rotations of the mixer is shown
in Figure 9 [5].

25 /’
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0
0 100 200 300 400 500 600 700 800
v

Figure 9. Dependence between relative heat
transfer factor and number of rotations of the

reactor mixer: K — relative heat transfer factor;
v — number of mixer rotations

Evidence exists that it is possible to
accelerate hydrate growth by applying physical
force (acoustic, electromagnetic, photon, high

frequency). However, any of such forces
cause energy inflow to hydrate which, on the
contrary, is supposed to result in deceleration
of growth.

The paradoxical phenomenon of hydrate
forming and growth is observed upon treatment
with some of the anti-hydrate reactants. In the
presence of minor amounts (0.5-3 mole %) of
alcohols (lower aliphatic alcohols from methanol
to propanol, glycols), hydrate formation speeds up
[2, 10-13]. The phenomenon is explained by the
authors [10] by increasing reciprocal solubility of
hydrate-forming components. Others assume [11]
that alcohol molecules become embedded in the
solution and serve as “germs” for clathrate hydrate-
type structure. Study of water-methanol solutions
structure by means of neutron diffractometry
methods [14] has determined the existence
of a membrane composed of water molecules
around the methyl group of methanol molecule
at a distance of approximately 0.37 nm from carbon
atom. Methanol concentration increase in the
solution leads to redistribution (increase)
of hydrogen connections between the molecules
of water and alcohol in the solution. Methanol
forms own supramolecular structures with water
and becomes a competitor for gas in terms
of hydrate forming. As a consequence, methanol
concentration increase decelerates hydrate forming
process.

Adding of 0.05-1.00 g/l surfactants in water
solutions produces an effect of step-like increase in
the hydrate forming process (for some gases by a
factor of ten and more) [15, 16]. The explanation
for this effect is that the presence of surfactants
causes formation of porous hydrates, in which
capillary forces cause influx of fluid to the hydrate
formation interface, facilitating continuous
renovation of “fluid-gas” interphase surface and
hydrates intensive growth. Hydrates forming and
growth rate increase in surfactant solution is also
explained [17, 18] by micelles formation, in which
colloidal dissolution (solubilization) of gas occurs.
In this case hydrate forming occurs not only on the
“fluid-gas” interface but also in bulk of micellar
solution, resulting in increased rate of hydrate
forming. However it has to be mentioned that, just
like in case of alcohol solutions, certain water-
soluble surfactants can decelerate hydrate
formation [2].
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Hydrate formation from
multicomponent gas

Natural and oil (associated) gases extracted
from wells are multicomponent blends.
Multicomponent composition causes certain
peculiarities in hydrate forming from such gases.
The key difference is that not each component of
the mix is able to participate in hydrate formation.

According to the Gibbs phase rule, CS-I and
CS-II structures can exist both separately (CS-I or
CS-II), and in combination (CS-I and CS-II) [2].
Based on this phenomenon, hydrate bulk may consist
of uniform structures or their blend (Figure 10).

Figure 10. Multicomponent gas hydrate consisting of CS-I
and CS-II structures (cavity occupation is not shown)

Conditions of mixed hydrates formation are
largely influenced by concentration of individual
components. For instance, thermobaric conditions
of hydrate formation for binary methane-ethane
and methane-propane mixtures available from
experiment are shown in Figure 11, a, b.
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Figure 11. Hydrate formation conditions
in “methane-ethane-water” system (a) and
“methane-propane-water” system (b) based
on data from [19]. Figures next to curves
are molar content of methane in gas mixture, %

Phase equilibrium curves for CH4 and C,Hg or
CH,4 and C;Hg mixtures show that hydrates form at
lower pressure and higher temperature when
ethane and propane are added.

In order to determine the equilibrium
conditions for natural and oil gas hydrates
formation, it is common to use a nomogram
depicted in Figure 12 [20]. Knowing gas density
(relative to air) and pressure, it helps to
determine the threshold temperature for hydrate
formation.
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Figure 12. Hydrate forming conditions for
multicomponent gases of varying densities [18].
Figures stand for gas density relative to air

Normally hydrate formation temperature
directly correlates with gas density; however, it is
important to know that there are exceptions.
Natural gas with low density can form hydrates at
higher temperatures than natural gas with higher
density. If natural gas density is influenced by
components that cannot form hydrates, than its
hydrate forming temperature is lower.

Summary

To conclude, this paper discusses hydrate
formation process from single- and
multicomponent natural and oil gases occurring in
natural and manmade systems.
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