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The study presents a comprehensive analysis of the existing physical and mathematical
models describing the formation, growth, and dissociation of clathrate hydrates—complex
condensed systems exhibiting hierarchical phase transitions across multiple spatial and
temporal scales. The review systematizes thermodynamic, kinetic, molecular-dynamic,
and hybrid approaches, emphasizing their theoretical foundations, applicability, and lim-
itations. It is shown that despite decades of progress, existing models remain fragmented
across scales and mechanisms. The absence of a unified description capable of linking
molecular parameters, interparticle potentials, and macroscopic kinetic and thermobaric
properties limits the predictability of hydrate behavior under both natural and technolog-
ical conditions. The analysis is based on the comparative assessment of governing equa-
tions, physical assumptions, and scalability criteria of different model classes. The work
substantiates the necessity of developing an integrative physical-mathematical framework
combining equilibrium thermodynamics, transport phenomena, and non-equilibrium ki-

netics to adequately describe hydrate systems across formation and dissociation cycles.
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1. INTRODUCTION

Clathrate hydrates are crystalline inclusion compounds in
which gas molecules are trapped within hydrogen-bonded
cages of water molecules [1-3]. Beyond applications in
gas transport and storage, they have become an important
object of condensed matter physics, owing to the interplay
between molecular interactions, structural ordering, and
metastable behavior [4,5].

Hydrate systems exhibit hierarchical organization:
processes occur across scales from picometers and femto-
seconds (atomic vibrations, proton transfer) to millimeters
and hours (macroscopic hydrate plug formation in pipe-
lines); see Fig. 1. Thermodynamics determines the direc-
tion and feasibility of transformations, while kinetics and
microstructure define actual pathways and rates [3,6].

However, existing theoretical approaches tend to ad-
dress these levels separately, hindering a unified under-
standing of hydrate phase behavior under variable ther-

mobaric conditions [7,8]. Despite extensive experimental
and modeling efforts, current frameworks still inadequate-
ly connect molecular-level phenomena with macroscopic
kinetic observables [9-11].

This review provides a systematic analysis of classi-
cal and modern models of hydrate formation, growth, and
dissociation, emphasizing their physical foundations, as-
sumptions, and intrinsic limitations [12—14].

2. MODELS OF HYDRATE FORMATION
2.1. Historical and conceptual development

A chronological analysis shows a stepwise evolution of
the understanding of hydrate formation processes (Fig. 2):

1) Empirical-thermodynamic stage (up to the 1950s):
by the accumulation of equilibrium data and phenomeno-
logical treatment within classical thermodynamics. Early
models (e.g., Roozeboom-type diagrams) delineated hy-
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Fig. 1. Hierarchical structure and processes in clathrate hydrate systems.
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Fig. 2. Chronological evolution of theoretical and computational models of hydrate formation and dissociation.

drate stability boundaries without clarifying formation
mechanisms [12].

2) Phenomenological stage (1950s—1990s): by the ad-
vent of statistical-thermodynamic models, most notably
the van der Waals-Platteeuw theory [1] and its modifica-
tions by Parrish and Prausnitz [2], Sloan [3], and others.
These models, based on probabilistic cage occupancy, en-
abled quantitative equilibrium predictions but ignored ki-
netics and nucleation. Key refinements included empirical
Langmuir-constant correlations [2], improved expressions
for the chemical potential of water in asymmetric mix-
tures [13], and accounting for guest non-sphericity and
multi-shell interactions [14]. Chen and Guo [6] extended
the model to systems with inhibitors such as methanol,
while Du and Guo [15] critically revised the Langmuir
analogy. Kvamme and Tanaka [16] expanded the theory to
other guest molecules (C,H,, C,H,, CO,).

3) Molecular-dynamics stage (from the 1990s to the
present): associated with advances in computational phys-
ics and the realization that hydrate formation is a complex
non-equilibrium self-organization process. The advent of
powerful computational methods (molecular dynamics,
Monte Carlo) made it possible to move from describing

states to simulating the dynamics of the process at the mo-
lecular [10,11,17-19].

Parallel kinetic models (Englezos-Bishnoi [4], Kash-
chiev [20]) described macroscopic growth rates via
mass-transfer equations.

Since the first statistical-thermodynamic phase-equi-
librium model of hydrates [1], more accurate predictive
models have been proposed. Parrish and Prausnitz [2]
used an empirical correlation to compute the Langmuir
constant, which greatly simplified the application of the
van der Waals-Platteeuw framework. A key drawback of
the van der Waals-Platteeuw model is its weak ability to
predict hydrate formation at extreme (high and low) pres-
sures and temperatures [3]. To overcome the inadequacy
of the Parrish-Prausnitz approach for asymmetric mix-
tures, Ng and Robinson [13] modified the chemical po-
tential of water in the hydrate phase, improving predictive
performance. John et al. [14] noted the effect of non-spher-
ical and external water molecules in guest species on the
overall cavity potential energy. They used a three-layer
spherical model to describe interactions between guest
molecules in a hydrate cavity and the surrounding water
molecules and introduced a correction factor to account
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for non-sphericity. Chen and Guo [6] refined the model of
John et al. and predicted hydrate formation conditions in a
system containing methanol. Du and Guo [15] argued that
the analogy between the encapsulation of gas molecules
by water and Langmuir isothermal adsorption is not as
close as van der Waals and Platteeuw assumed and there-
fore proposed a new model. Kvamme and Tanaka [16]
extended the van der Waals-Platteeuw theory to study the
thermodynamic stability of C,H,, C,H,, CO,.

Methods for predicting hydrate phase equilibria main-
ly include the enthalpy-entropy diagram method, thermo-
dynamic modeling, and neural-network algorithms. The
enthalpy-entropy diagram method [9] is the earliest of
these but lacks structural insight into hydrates, leading to
significant errors. Neural-network approaches employing
multilayer perceptrons and radial basis functions have be-
come increasingly popular in recent years, yet they remain
applicable only to specific hydrate formers [17].

Each stage broadened the interpretive base; never-
theless, none has produced a reproducible, scalable de-
scription of the full “formation-growth-dissociation” cy-
cle over wide thermobaric ranges and multicomponent
mixtures [18]. This is due to fragmented treatment of
non-equilibrium kinetics and heat/mass-transfer condi-
tions, strong dependence on empirical coefficients and
calibration, and persistent scaling problems [21].

Consequently, there is a need for a systemic, integra-
tive (hybrid) physical-mathematical apparatus that links
molecular parameters and intermolecular potentials with
macroscopic thermobaric and kinetic characteristics of
hydrate processes [22].

Thus, the evolution of hydrate modeling reflects the
broader transition in condensed matter physics-from
equilibrium-based description toward multiscale and
non-equilibrium frameworks.

2.2. Classification of existing models
According to the generalized analysis, models of hy-

drate formation processes can be conditionally divided

Table 1. Classification of existing hydrate-formation models.

into four main classes (Table 1). The approaches to de-
scribing hydrate formation and growth can be grouped
as follows:

— thermodynamic models based on equations of state
and phase-equilibrium descriptions;

— kinetic models that simulate nucleation and crystal
growth rates based on energetic barriers;

— molecular-dynamic models relying on direct simula-
tion of intermolecular interactions and structure formation;

— hybrid models combining macroscopic and micro-
scopic descriptions.

While such classification delineates the methodologi-
cal diversity, it also exposes the fundamental fragmenta-
tion of hydrate theory: no existing framework consistently
bridges microscopic interactions with macroscopic ther-
modynamic observables.

Thermodynamic models correctly describe equilibri-
um but ignore nucleation; kinetic models require empir-
ical coefficients and are sensitive to experimental con-
ditions; molecular-dynamic models are limited by small
scales and high computational cost; hybrid models have
yet to achieve universal predictive capability. These lim-
itations arise because each model addresses only a single
hierarchical level-molecular, mesoscopic, or macroscop-
ic. A correct description of the entire hydrate-formation
cycle requires unifying these levels within a single phys-
ical-mathematical framework, which is the aim of the
present work.

2.3. van der Waals-Platteeuw model

The van der Waals-Platteeuw model [1] introduced a con-
sistent statistical-mechanical description of hydrates as
solid solutions of inclusion, forming the foundation of
modern hydrate thermodynamics.

It assumes that:

— the hydrate lattice is a crystalline water framework
with two sublattices (small and large cages);

— each cavity hosts at most one guest molecule;

— guest-guest interactions are negligible.

Model type Principle and key representatives Advantages Limitations and drawbacks

Thermodynamic van der Waals-Platteeuw [1], Accurate equilibrium Ignores kinetics and metastability
Parrish & Prausnitz [2], Sloan [3] prediction

Kinetic Englezos & Bishnoi [4], Describes growth rates Empirical coefficients, system-specific

Kashchiev [20], Byk [23]

Molecular dynamic Alavi & Ripmeester [11],

Walsh et al. [10]

Kvamme [8], Sloan-Koh [3],
Uchida et al. [24]

Hybrid / multiscale

Atomistic mechanism Limited by scale and computation

Accounts for mass/heat  Requires parameter fitting; lacks
transport and morphology universality
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The model is based on calculating the chemical poten-
tial of water ,, in the hydrate phase relative to its chemical
potential p, in an empty (hypothetically stable) lattice:

uH(T,P):uB(T,P)JrR-TZvi-ln(l—zeij). (1)

Here v, is the number of cavities of type i (small, large) per
water molecule in the lattice; R is the universal gas con-
stant; 7'is temperature; and 0, is the occupancy of a cavity
of type i by a guest of type J:

G, (1) f,

where [ is the fugacity of component j in the gas
phase (computed from an equation of state), and C(7)
is the Langmuir constant characterizing the strength of
guest-cavity interactions as a function of temperature, de-
termined from the guest-cavity potential , ,(r) as

4 ¢ 2 o,,(r)
Tjr exp{— T }dr, 3)

BT 0 B

C,(T)=

Equilibrium between the hydrate (/) and aqueous (L)
phases is described by the iteratively solved equality of
the chemical potentials of water:

MH(T,P,G”)ZML(T,P). (4)

The inputs are thermobaric conditions, gas composition,
salinity, potentials, and the equation of state.

Among the limitations are the neglect of kinetics and
metastability and sensitivity to the choice of the guest—
cavity potential and the equation of state.

2.4. Kinetic models of hydrate formation

Based on Fick's law and the assumption of dominant
mass-transfer effects driven by the difference in fugacity
between the hydrate-forming system and equilibrium con-
ditions, the hydrate growth rate (per particle, in terms of
overall driving force) is given by [4]:

dn
&El-Kan—nx )
r(t)zz(%l o(r,0)dr =4nK u,(f - f,), (©)
W, = Irztp(r,t) dr, ™
I’zB(C—CS), ®)

y

where n is the moles of gas incorporated into hydrate
over time #; A is the surface area (m’) of a nucleation
core; K is a parameter (mol/(m’-MPa-s)) characterizing

interfacial mass transfer at the core surface; f and f; are
the gas fugacities (MPa) in the hydrate-forming system
and at equilibrium, respectively; 7 is a characteristic core
size (m); o(r,?) is the size distribution function (m*); , is
the distribution of nucleation-core sizes (m’/m’); D is the
diffusion coefficient of gas in water; y is the thickness of
the diffusion boundary layer at the core surface; C is the
concentration of guest molecules in the bulk water; and
C. is the gas concentration in the immediate vicinity of the
nucleation core.

Byk et al. [23] proposed a relation for the time Tt re-
quired for complete conversion of the gas in a bubble into
hydrate:

6AHPd

- ©)
TK(T,-T,)R

where AH is the heat (J/mol) of hydrate formation; P is the
equilibrium hydrate-formation pressure (Pa); R is the uni-
versal gas constant (J/(mol-K)); z is the gas compressibili-
ty factor; d is the bubble diameter (m); K is the heat-trans-
fer coefficient (J/(m*s'K)); T, is the hydrate-formation
temperature (K); and 7, is the equilibrium temperature (K)
of the water surrounding the bubble.

According to Eq. (9), t is directly proportional to bub-
ble diameter. However, this contradicts gas mass transfer
into a liquid across a spherical interface, which depends
quadratically on diameter. The contradiction stems from
an incorrect identification of the rate-limiting step.

The effect of thermal conductivity is accounted for by
the relation [23]:

_ _PrAH (13_2_j

T, = 10
" 6kAtzRT (10)

K 02 7’03
where AH is the heat of hydrate formation; & is the thermal
conductivity of hydrate (for methane hydrate ~ 0.2 J/(m's-K));
and At is the mean temperature difference (K).

The relative roles of diffusion and thermal conductivi-
ty in hydrate-formation time are evaluated by:

T nkAt

T DAAH

(11)
It is noted that diffusion plays the determining role in hy-
drate formation.

Hydrate-film growth M,, (kg/s) at a water surface is
determined by [23]:

M, =n-h-p-v -J-1, (12)
AT -b

v =a-exp| —— |, 13

; p( 0P ) (13)

J=c~exp(—2A0T\/%]ﬁ, (14)

where 4 is the thickness (mm) of the forming hydrate film;
p is hydrate density; v, is the radial growth rate (mm/s)
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of the hydrate film at the gas-water interface; J is the nu-
cleation rate of methane hydrate [1/(cm’-min)] at the free
gas-water interface as a function of pressure P (MPa) and
undercooling AT; a, b, ¢, u are empirical coefficients de-
pending on system pressure; and T is the contact time (s).

The rate of hydrate accumulation during volumetric
formation at a hydrate surface can be written as the mass
flux of water M through a planar hydrate film of thick-
ness / and area F'

FA
M. =D, P,

(15)

Here D, is the diffusion coefficient of water through the
hydrate film (for methane hydrate D, ~ 5%10°~10"* cm?/s;
for natural gas with relative density of 0.6 D, = 10° cm’/s);
Afis the difference in water-vapor fugacity over liquid wa-
ter and over hydrate; p, is the density of water in the hy-
drate state (0.792—0.757); and 4 is the hydrate-film thick-
ness after time t:

h= /%, (16)
n

where 7 is the hydrate number.

Such inconsistencies highlight the need for more rig-
orous multiscale coupling between diffusion, heat transfer,
and interfacial kinetics.

2.5. Mesoscopic diffusion-based models

Mesoscopic diffusion-based models provide a bridge
between statistical-thermodynamic descriptions and
macroscopic kinetic formulations, explicitly resolving
diffusion-controlled transformation of ice or water into
hydrate. Assuming that diffusion drives the transformation
of ice into hydrate, Groysman derived [25]:

2

X,
P T (17)
6D 1-x,
M
x, =x(E, 1) = ——r, (18)
Mg +nM,,

where 7 is the time (s) to transform an ice sphere of ra-
dius 7, (m) into hydrate; D is the diffusion coefficient of
gas in hydrate (10" m?¥s); x, is the gas concentration in
the sphere (fraction); & is the thickness of the ice layer
converted to hydrate at the sphere surface; M, and M, are
the molar masses of gas and water; and » is the current
hydrate number.

In Ref. [26] it is assumed that during hydrate forma-
tion the outer surface grows by adsorbing gas molecules.
The mass Am, of gas incorporated into hydrate during
time At is given by:

A
Am, = —DTPSA‘C, (19)

AH m)\. V
D=\o=2ace . —, 20
a XP[ RT jB, S (20)
A = 2aexp— = 2qexp 2HM Q1)
24T ZRTy

where S is the area (m’) of the adsorption layer; Ap is the
difference between the gas density above and within the
adsorption layer; A is the molecular diffusion path (m); o is
a characteristic diffusion velocity (m/s); a is the hydrate
lattice parameter (m); AH, is the specific heat of gas subli-
mation (J/kg; for propane and butane, 426.5 and 386 kl/kg,
respectively); AH is the heat of hydrate formation (J/kg);
m is molar mass (kg/mol); z is the gas compressibility fac-
tor; R = 8.31441 J/(mol-K) is the universal gas constant;
T is temperature (K); €, is the adsorption energy (approxi-
mated by the experimentally determined sublimation heat
per particle, accounting for the number of bonds); & is the
Boltzmann constant; B, is a crystallographic kinetic coef-
ficient; ¥ is gas volume in the reactor (m’); and v is the
number of hydrate faces.

These findings established the concept of a two-step
nucleation mechanism—amorphous clustering followed
by structural ordering—now widely accepted in hydrate
nucleation theory.

2.6. Molecular dynamic models

Molecular dynamic (MD) simulations provide a direct,
atomistic-level description of hydrate nucleation and ear-
ly-stage growth, complementing thermodynamic and con-
tinuum kinetic models. In contrast to phenomenological
approaches, MD resolves the trajectories of individual wa-
ter and guest molecules under a prescribed intermolecular
potential and thus can explicitly capture local structuring,
cage formation, and transient defects.

Early MD studies focused on the spontaneous nucle-
ation of methane hydrates from supersaturated aqueous
solutions or water—gas interfaces. Walsh et al. [10] per-
formed microsecond-scale simulations that revealed a two-
step nucleation mechanism: (i) formation of dense amor-
phous, hydrate-like clusters enriched in guest molecules,
followed by (ii) gradual structural ordering into crystalline
clathrate cages. This picture differs markedly from classi-
cal nucleation theory, which assumes the direct appearance
of a crystalline nucleus with bulk-like symmetry.

Subsequent work has examined guest migration, cage-
to-cage hopping, and local rearrangements in pre-formed
hydrate frameworks. Alavi and Ripmeester [11], using at-
omistic simulations of hydrogen migration through clathrate
cages, demonstrated the importance of transient cage distor-
tions and local hydrogen-bond rearrangements for transport
in the solid phase. Although that study was not exclusively
devoted to hydrate nucleation, it is representative of a broad-
er class of MD investigations that probe local dynamics
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within the hydrate lattice, including diffusion of guest mole-
cules, defect formation, and mechanical response.

From the modeling standpoint, MD studies have es-
tablished several key features now widely accepted in hy-
drate nucleation theory [10,11,26]:

— hydrate nucleation is non-classical and proceeds via
disordered, amorphous precursors rather than direct for-
mation of an ideal crystalline nucleus;

— water molecules in the pre-nucleation clusters exhib-
it partial hydrate-like ordering of hydrogen bonds, while
the network remains dynamically fluctuating;

— guest molecules play a dual role, both stabilizing
emerging cages via dispersion interactions and enhancing
local density fluctuations;

— the effective nucleation barrier is sensitive to super-
saturation, cooling rate, system size, and the presence of
interfaces or impurities.

Despite these advances, MD simulations remain limit-
ed by accessible time and length scales. Even with special-
ized algorithms and enhanced-sampling techniques, sim-
ulations are typically restricted to nanometer—micrometer
and nanosecond—microsecond regimes, which is several
orders of magnitude shorter than macroscopic hydrate
formation in pipelines and porous media. Therefore, MD
results are mostly used to:

— validate and refine coarse-grained kinetic mod-
els (e.g., the two-step nucleation concept introduced into
continuum descriptions);

— parameterize phenomenological rate expressions
(e.g., activation energies and pre-exponential factors in
hybrid models [8,27]);

— provide microscopic justification for assumptions
about local structure, cage occupancy, and defect-medi-
ated mechanisms.

2.7. Hybrid and multiscale models

Inthe hybrid model [8,27], the classical van der Waals-Plat-
teeuw thermodynamic model is used to calculate the driv-
ing force Ay, while surface kinetics are introduced via an
activation barrier (Arrhenius-type):

EA "

%=k0 .Aexp(— I‘ETHJ[IAQI;J , (22)
where £, is the pre-exponential (Arrhenius) factor (m/(s-Pa));
E_ is the activation energy (J/mol) of the elementary for-
mation act; and m is an empirical exponent (1-2). The ac-
tivation energy is parameterized using molecular dynam-
ics data. The model is semi-empirical, and the accessible
time scale is limited to minutes.

In the Sloan-Koh framework [3], thermodynamic cal-
culations using the van der Waals-Platteecuw model to de-
termine equilibrium temperature are combined with the
Englezos-Bishnoi kinetic equation for growth rate [4]:

dn E, __r !
E—ko.Aexp[—RTj{l NR) (TJ , (23)

eq

Multilevel phase-field models [16,24] describe the
propagation of the hydrate front via an order parameter ¢
coupled to heat and mass transport equations:

A _ _y a—F, (24)
dt op
F=| [f(@)—Amp%chF}dv, (25)

where M is the phase mobility related to kinetics (m*/(J-s));
Kk is the interfacial-energy coefficient (J/mol); and /() is a
potential defining the stable states.

In recent years, hybrid models have been further ex-
tended using computational fluid dynamics and reactive
transport modeling, enabling the simulation of hydrate
processes in porous and geological media.

2.8. Key physical problems identified from model
analysis

1. Nucleation mechanism. Existing kinetic models
postulate “nucleation cores” with a prescribed size dis-
tribution but do not describe their molecular origin. MD
studies [10,11,26] show a local-ordering two-step mecha-
nism: dense amorphous clusters form first and then crys-
tallize-absent in classical models.

2. Rate-limiting step ambiguity. Models of growth
from a gas bubble and on a solid surface rely on differ-
ent assumptions (diffusion, heat transfer, surface kinetics),
leading to divergent predictions [4,22,23].

3. Metastability and self-organization. None of the
considered models adequately reproduces experimentally
observed metastable states and self-preservation effects
due to the neglect of nonlinear system dynamics and the
evolution of an order parameter quantifying hydrate-phase
ordering [5,7,28]. From the standpoint of condensed mat-
ter physics, such metastable ordering may be interpreted
as a non-equilibrium steady state stabilized by the forma-
tion of low-diffusivity boundary phases.

Prospects: the need for a systemic-integrative ap-
proach. The analysis demonstrates that each model class
treats only one hierarchical level-molecular, mesoscopic,
or macroscopic. A correct description of the entire hy-
drate-formation cycle requires unifying these levels with-
in a single physical-mathematical apparatus.

3. MODELS OF HYDRATE DISSOCIATION

Hydrate dissociation (decomposition) is not a simple reverse
phase transition but a complex multistage process proceed-
ing under strongly non-equilibrium conditions. Its adequate
mathematical description is critical for applied problems such
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as gas field development and transportation, water desalina-
tion, and gas-mixture separation [19,26,28]. However, cur-
rent models largely focus on equilibrium boundaries, while
the physical aspects of kinetics and, especially, metastable
hydrate states remain insufficiently studied and formalized.

3.1. Physical nature and staging of dissociation

Unlike equilibrium formation, dissociation is initiated
by removing the system from equilibrium and proceeds
through the following stages:

1) Heat input and/or pressure reduction-driving force de-
termining the thermodynamic potential of decomposition;

2) Destabilization of the crystal lattice-at the molecu-
lar level, breaking of van der Waals interactions holding
guest molecules in cages and reorganization of hydrogen
bonds in the water framework;

3) Growth of the dissociation front-starts at the crystal
surface or defects and propagates inward as a moving “hy-
drate-product” interface;

4) Diffusion of released gas through the layer of de-
composition products (water, ice, or a new hydrate film)
into the free volume;

5) Removal of decomposition products-at the macro-
scopic level, this sets the overall rate, which may be lim-
ited by intrinsic decomposition kinetics (stages 2—3) or by
heat and mass transfer (stages 1,4-5).

Depending on dominant resistance, dissociation may
be controlled by intrinsic kinetics or heat/mass trans-
fer [23,29-31].

Existing models are generally phenomenological, ex-
pressing the dissociation rate as a function of pressure or tem-
perature difference, without exposing the molecular or meso-
scopic mechanisms. Despite their diversity, most dissociation
models remain phenomenological and system-specific, high-
lighting the need for a generalized non-equilibrium theory.

3.2. Self-preservation and metastable states

A key manifestation of the complex nature of dissociation
is the self-preservation effect, first described in detail by
Davidson et al. [32] and Yakushev and Istomin [19]. The
phenomenon consists in an anomalously low dissociation
rate within a temperature region where, according to equi-
librium thermodynamics, hydrate should be unstable.

The mechanism is attributed to the formation of a dense,
low-permeability barrier film on the dissociating hydrate
surface. Depending on conditions, this film may be:

1) an ice layer formed by freezing of released water;

2) a dense hydrate film with altered properties;

3) a hybrid of hydrate and ice phases.

This film kinetically “locks” the bulk hydrate, creat-
ing a significant barrier to gas diffusion and/or heat flow,
thereby stabilizing a metastable hydrate state over long

periods. This effect explains natural relict hydrates outside
classical stability zones. From the standpoint of condensed
matter physics, self-preservation exemplifies a metastable
phase stabilized by kinetic constraints, where relaxation
to the global free-energy minimum (gas + ice) is greatly
slowed by an intermediate barrier structure.

3.3. Analysis of existing dissociation models
3.3.1. Surface-kinetic model

The Englezos—Bishnoi [4] model assumes that dissocia-
tion is limited by the elementary lattice-breakdown step at
the phase boundary. For methane hydrate, the rate equa-
tion is:

d "
jz:k-A(Peq—P) : (26)

where 7 is the moles of released gas; k is the kinetic con-
stant (m/(s-Pa)); 4 is the active surface area (m?); P, is
the equilibrium pressure at the given temperature; P is the
current gas pressure; and m is an empirical exponent (typ-
ically 1-2).

Temperature dependence follows Arrhenius:

k=k, exp[— IfaTj’ 27)

where E_ =~ 30-50 kJ/mol; R is the gas constant; 7"is tem-
perature (K).

The model applies to thin samples with good heat
exchange and no barrier layer (e.g., rapid depressuriza-
tion). It neglects coupled heat/mass transfer and is valid
mainly at early dissociation. Phenomenological parame-
ters (effective thermal conductivity, diffusion coefficient,
kinetic constant) are condition-dependent and require ex-
periment-specific calibration; the model cannot a priori
predict self-preservation onset or duration.

3.3.2. Heat-limited (Stefan-type) models

This class includes the one-phase Stefan model [3,23],
a two-phase variant accounting for heat transfer through
water [29], dissociation under isobaric conditions with
internal heating [24], and models including water phase
transitions [30], as well as numerical/generalized Ste-
fan-type models [8,31].

At low temperatures and for large hydrate volumes,
the principal limitation is removal of the phase-transition
heat. The moving-boundary problem reads:

dx oT
p L= (28)
dt Ox |,y ()
oT o'T
_— a—’ 29
Oox ox? (29)
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0<x<X(), (30)
T0,6)=T,, (31)
T{X(t),T}=T,, (32)

where X(¢) is the front position (m) at time ¢; p, is hy-
drate density (kg/m’); L is the specific heat of dissocia-
tion (~ 5.0x10° J/kg); A is the effective thermal conductiv-
ity (W/(m-K)) of the product layer (water/ice); 7, is the
boundary temperature (K); 7, is the interface tempera-
ture (K). The solution yields X (¢) ~ Jt , consistent with
steady heating.

With an ice crust, additional thermal resistance is
introduced:

0, o
R=—ke yw 33
A’ice }\’w ( )
X T -T
@ _L-T (34)
dad p,-L-R

where 9, and 6, are the layer thicknesses (ice and water),
and 7, is the temperature (K) at the inner boundary of the
ice layer if a distinct ice phase exists between hydrate and
water. These models apply to macroscopic samples, low
temperatures, and weak gas diffusion; they do not describe
mass transfer or structural evolution of the product layer.

3.3.3. Diffusion-limited models

When hydrate particles dissociate in media with poor heat
transfer (water, gas), the rate is controlled by gas diffusion
through the product layer. This class covers single-film
diffusion through ice [19,28], spherical “shrinking core”
models [22,29], and ice-permeation models [7,33].

Using the shrinking-core approximation:

dR D
de p, R
where R is the current hydrate-core radius (m); D is the
effective diffusion coefficient (m?*/s); and C, C, are gas
concentrations at the surface and in the bulk. Integration
gives (1-(R/R,)’) oc t.

These models describe regimes where transport
through ice/water/porous media sets the rate. They are ap-
plicable to granular hydrates, porous matrices, and mod-
erate pressures; however, achieving universality requires
phase-field or multilevel formulations combining diffu-
sion, heat transfer, and microstructural dynamics.

(C,-C,), (35)

3.3.4. Barrier-layer model

Representative models include [7,26,32,34]. At T<273 K
and limited heating, an ice or dense hydrate film forms
on the surface, impeding diffusion and heat removal. The
dissociation rate is then:

D,

m=— A(C,-C,), (36)
dx T -T

L= =D T 37

Pl R (37

t

where D, is the effective gas diffusivity in the film (2-3 or-
ders lower than in water); § is film thickness (10°~10* m);
R, is the thermal resistance of the film; and 7, T, are the
surface and ambient temperatures (K).

Film thickness evolves as:

ds T
Z_Kf[l—T—J—Km(T—Tm), (38)

m

where K, and K, are formation and melting constants;
T, is the melting temperature (K).

These models apply to low-temperature dissociation
with extended stability plateaus.

3.3.5. Front-propagation (phase-field) models
A phase-field approach captures the moving “hydrate—

product” boundary and non-equilibrium morphology. In-
troducing the order parameter @(7,):

Mo (39)
dt oo
F :IBW‘PF +f(<P;T,P,Au)}dV, (40)

where M is mobility linked to decomposition kinetics; k is
interfacial energy; f (o) sets stable states (hydrate vs prod-
ucts); Ap is a chemical-potential difference.

Coupled heat and mass transport:

e, L _p %
per— V(AVT) & (41)
%:v(p((p)w). (42)

These models capture morphology, front dynamics, and tran-
sitions between equilibrium behavior and self-preservation.

3.3.6. Molecular dynamics simulations

Molecular dynamics simulations of hydrate dissociation
focus primarily on the microscopic evolution of the hy-
drate—water—ice interface and the behavior of guest mol-
ecules during decomposition. Although such simulations
are constrained by time and length scales, they provide
unique information on mechanisms that cannot be ac-
cessed directly in experiments.

Atomistic studies show that, upon heating or depres-
surization, dissociation begins with local destabilization
of cages at the surface, followed by cooperative break-
ing of hydrogen bonds and escape of guest molecules into
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Table 2. Comparison of applicability and limiting factors.

Model type Limiting factor Scale Typical T range
Surface-kinetic Lattice breakdown Micro-meso 270-285 K
Heat-limited (Stefan) Heat supply Meso 250273 K
Diffusion-limited Gas transport Meso 260-280 K
With barrier film (self-preservation) Diffusion & heat through barrier Macro 240273 K
Phase-field Front dynamics, morphology Meso-macro 250-290 K

surrounding water or gas. In agreement with experimental
observations of self-preservation [7,28,34,35], MD indi-
cates that released water can rapidly reorganize into an
ice-like shell with reduced permeability, partly blocking
further gas diffusion and heat transfer.

Simulations of guest migration in intact hydrates [11]
also help to interpret the early stages of dissociation:
local cage distortions, defect formation, and transient
channels for molecular transport become increasingly
frequent as the system is driven away from equilibrium.
These microscopic events underpin the effective param-
eters used in continuum models (diffusion coefficients
in ice and hydrate, interfacial kinetic constants, etc.),
but are not explicitly resolved in Stefan-type or diffu-
sion-limited descriptions.

Due to computational cost, MD cannot yet reproduce
the full evolution of a macroscopic sample over exper-
imental time scales. Its role in dissociation modeling is
therefore supporting and interpretative: MD provides:

— microscopic mechanisms for surface cage break-
down and guest release;

— qualitative and semi-quantitative estimates of local
transport coefficients;

— insight into how structural heterogeneities and de-
fects contribute to metastability and self-preservation un-
der sub-equilibrium conditions.

These results justify the use of effective barrier layers,
reduced diffusivities, and history-dependent kinetic coef-
ficients in macroscopic dissociation models considered in
Sections 3.3.2-3.3.5.

3.4. Comparison of applicability and limiting factors

Existing dissociation models span molecular to macroscop-
ic scales and differ by rate-limiting mechanisms (Table 2).

4. CONCLUSION

The evolution of hydrate modeling — from empirical
correlations to hybrid multiscale frameworks — illus-
trates the ongoing convergence of thermodynamics, ki-
netics, and condensed matter physics. However, current
approaches fail to describe the entire life cycle of hydrate
systems, especially in metastable regimes. Bridging mo-
lecular-scale processes with macroscopic observables

through physically consistent mathematical formulations
remains the core challenge and research frontier.
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Kputnyeckuii anajau3 mojaesieid 00pa3oBaHus, poCcTa v JUCCOMUAAIMH
KJIATPATHbIX F'HAPATOB

H.A. IllocTax

DI'BOY BO «KybaHckuii rocyaapcTBEHHBIN YHUBepcHTET», CTaBpomnoibekas yii., 149, Kpacuonap, 350040, Poccust

AHHOTaIII(Iﬂ. B pa60Te NpeaACTaBJICH KOMIUICKCHBIN aHaJIn3 CyHICCTBYOIINX (bHSI/IKO-MaTeMaTI/ILIeCKI/IX Moz[enef/'[, OITMCBIBAKOIIIHUX
O6pa30BaHI/Ie, pPoCT M JUcCCOLMAalMIO KJIATPaTHbIX TUAPATOB - CJIIOKHBIX KOHACHCUPOBAHHBIX CHUCTEM, JAEMOHCTPUPYIOLIUX
UCPAPXUICCKUEC (ba30131>1e NEPEXoAbl B PA3JIMYHBIX MPOCTPAHCTBECHHBIX U BPEMCHHBIX maciirabax. B 063ope CUCTEMATU3HUPOBAHbIL
TEPMOANMHAMUYCCKUEC, KUHETUYCCKUEC, MOJICKYISIPHO-AUHAMHUYCCKHUE U FI/I6pI/I}1HLIe noaxobl, ¢ AaKHEHTOM Ha HUX TCOPETHYCCKUX
OCHOBaX, NPUMEHUMOCTHU U OT'PAHUYCHUSX. HOKaBaHO, 4YTO, HECMOTPA Ha ACCATUIIETUSA ITPOTrpeCCa, CYIICCTBYOINE MOACIIN OCTAOTCA
Q)paFMeHTI/IpOBaHHLIMI/I 0 MacirabaM U MEXaHH3MaM. OTCyTCTBI/Ie C€AWHOI'0 OIMCAaHNs, CBA3BIBAIOLICTO MOJICKYJIAPHBIC ITapaMETPhI,
MEXKYACTUYHBIC NMOTCHIHAJIbI, MAKPOCKONMNYCCKUE KUHETUYCCKUE U TepM06apI/I‘~IeCKI/Ie CBOﬁCTBa, OrpaHU4YUBaACT IPEACKa3yCMOCTh
NOBEACHUA TI'UApaTOB KaK B IMNPUPOAHBIX, TaK W B TEXHOJOIMYCCKUX YCJIOBUAX. B pa60Te 000CHOBBIBAETCS HeO6XO}Z[I/IMOCTI)
pa3pa60TKH I/IHTel'“paTI/IBHOf/‘I (1)I/I3I/IKO-MaTeMaTPI‘{eCKOﬁ MOJICJIH, 06LGI[HHHIOH_[eﬁ PaBHOBECHYIO TCPMOANHAMUKY, ABJICHUA IIEPECHOCA U
HECPABHOBCCHYIO KMHETUKY JId aICKBATHOI'O OIMMCAHUA IT'MJIPATHBIX CUCTEM B LIUKJIaX o6pa3013aH1/m H aucconuanuu.

Krouesvie cnosa: KJIaTpaTHbIC TUAPATHI; TEPMOAMHAMHUYCCKOEC MOACIUPOBAHUE, KHMHETHYECKOE MOACIMPOBAHUE; MOJICKYJIApHas
JAVHaAMUKa; CAMOKOHCEpBaLUs
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