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a b s t r a c t

The gas hydrate formed in the wellbore or pipeline may pose severe challenges to pressure control and
flow assurance. One key issue to address the hydrate problem is the intercoupling of hydrate shell growth
characteristics and multiphase flow behaviors, which has not been studied thoroughly in the bubble flow
of a water-dominated system. In this study, we develop a fully coupled hydro-thermo-hydrate model
considering the interactions of hydrate intrinsic kinetics, mass and heat transfer, and hydrodynamics
mechanisms. In the model, the varying concentration of gas on the outside of a hydrate shell, is intro-
duced to describe the dynamic equilibrium between the gas outward diffusion within the hydrate shell,
hydrate formation kinetics at the hydrate/liquid interface, and gas dissolution into liquid. The simulation
results agree well with the experimental data. Using the proposed model, we study a special kick devel-
opment mechanism caused by the phase transition of gas traps during deepwater horizontal drilling. The
simulated results show that there exists a hydrate phase stability field in the wellbore during deepwater
drilling. As the migration of gas traps, the hydrate growth on the bubble surface, which is closely related
to the formation and decomposition of hydrate and the dissolution and desolvation of gas, may result in
an abrupt and rapid gas kick. The proposed model adds further insights into quantitatively characterizing
the hydrate growth and interphase mass transfer rules in the bubble flow of water-dominated systems.

� 2017 Elsevier Ltd. All rights reserved.

1. Introduction

Formed under low temperature and high pressure, the gas
hydrates are crystalline inclusion compounds, in which the gas
molecules are trapped in the hydrogen-bonded cages of water
molecules [1]. Hydrate utilization technology has been widely used
in the field of energy [2–4], such as the development of hydrate
resources, solute separation and energy storage. However, as oil
and gas exploration enters into the deepwater reservoirs, the ther-
modynamic and material conditions of hydrate formation are sat-
isfied perfectly in the wellbore and subsea pipelines [5–7]. The
formation of solid hydrate will alter the flow behaviors of gas
and liquid, which can lead to severe flow assurance problems
including the drilled gas kick [6], pipe blockage [7,8], etc. There-
fore, it is necessary to study the hydrate phase transition rules
on the gas bubbles of a water-dominated system.

The hydrate growth mechanisms are the key issues to address
the flow assurance challenge. A wide variety of evidence in the lit-

erature indicates that the hydrate formation phenomenon is lim-
ited by the mechanisms of intrinsic kinetics, and mass and heat
transfer [1,9]. At present, several hydrate kinetics models under
different experimental conditions have been developed [10–13],
which have been widely utilized to analyze the hydrate formation
rules in the water-dominated systems. Using the hydrate kinetics
models, Zheng et al. [14], Yapa et al. [5], and Li and Huang [15] sim-
ulated the hydrate formation characteristics for the gas bubbles
during free rising, and gas bubbles in an intense plume. The
hydrate shell growth was found to have an important effect on
the migration process and lifetime of a gas bubble. As for the mul-
tiphase flow scenarios, Wang et al. [6], Boxall et al. [7], and Wang
et al. [8] demonstrated the interactions of gas, liquid, and hydrate
phases in wellbore and pipeline considering the hydrate kinetic
limitation; moreover, the multiphase flow behaviors of kick migra-
tion during drilling, and the flow assurance during pipeline trans-
portation were analyzed. The gas hydrate was observed to occur
and cover the bubble surface rapidly in bubble flow (the gas void
fraction is less than 25% [16]) of a water-dominated system [17–
19]. The hydrate film will not prevent, but only retard, the trans-
ports of gas and liquid through it [3,17]. Therefore, the mass trans-
fer process becomes the control step and dominating factor for the
hydrate shell thickening.
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Due to the mass transfer limitation, the vertical growth of a
hydrate shell is much slower than its lateral growth. The experi-
ments of the hydrate tensile strength and morphology indicate
that the hydrate shell can be a porous solid material [18]. Consid-
ering the gas diffusion within the hydrate, Holder and Warzinski
[20] built the steady-state equation of hydrate shell thickness,
and analyzed the rules of hydrate thickening on the bubble surface.
Regarding the air bubble in polar ice, Salamatin et al. [21] proposed
a coupled model to describe the hydrated bubble behaviors, in
which the mass transfer of different phases within the hydrate
shell is incorporated. Furthermore, Shi et al. [9], Gong et al. [22],
and Turner et al. [23] developed the hydrate inward growth model
of water drops in oil emulsions. Gas diffusion across the hydrate
shell is revealed as the major factor for hydrate shell growth. How-
ever, hydrate formation is a strongly system dependent process [9],

affected by the bubble hydrodynamics, gas-water distributions,
etc. Therefore, the hydrate shell growth characteristics of the
steady bubble or oil-dominated system, which are mainly studied
at present [24], can be significantly different with the scenario
here. This is because the gas dissolution of the moving hydrated
bubble and the dynamic variation of the dissolved gas distribution
can affect the driving forces for mass transfer and intrinsic kinetics.

The hydrate shell growth should be intercoupled with the mul-
tiphase flow behaviors of the system. The hydrate formation/
decomposition can lead to the heat release/absorption and mass
transport between different phases, and then influence the varia-
tions of volume fractions, pressure, and temperature in water-
dominated systems. Conversely, the multiphase flow behaviors
control the hydrate phase stability field and the hydrate forma-
tion/decomposition rate.

Nomenclature

a profile parameter for low gas fraction in liquid
A cross-sectional area of fluid flow, m2

Ap interfacial area of gas-liquid contact, m2

A0 heat transfer resistances between the annulus and sur-
roundings, (K m)/W

B0 heat transfer resistances between the inner pipe and
annulus, (K m)/W

c reservoir compressibility, 1/Pa
Cg gas concentration, mol/m3

Cs gas concentration on the inner surface of hydrate shell,
mol/m3

Cx gas concentration on the outer surface of hydrate shell,
mol/m3

Cw0 concentration of water, mol/m3

C1 gas concentration in the liquid bulk, mol/m3

C0 distribution coefficient
dc equivalent diameter, m
Dg gas diffusion coefficient in liquid, m2/s
Dh gas diffusion coefficient in hydrate shell, m2/s
ei internal energy of the ith phase, J/kg
f fugacity of dissolved gas, Pa
feq gas fugacity in three-phase equilibrium, Pa
g gravitational acceleration, m/s2

hi enthalpy of the ith phase, J/kg
hoi enthalpy of the ith phase under the influx or leak condi-

tion, J/kg
hc convective heat transfer coefficients of the fluid, W/(m2

K)
H Henry’s constant, Pa
DHsol gas dissolution heat, J/kg
DHhyd phase transition heat of hydrate, J/kg
Itsfer heat transfer rate of the flowing fluid with the sur-

roundings, J/(m s)
Jdiffusion gas diffusion rate in the hydrate shell, mol/s
Jreaction gas consumption or generation rate, mol/s
Jdissolve gas dissolution rate, mol/s
kg mass transfer coefficient of gas dissolution, m/s
ke thermal conductivity of the surroundings, W/(m K)
K reaction constant of hydrate formation or decomposi-

tion, mol/(m2 Pa s)
Ke reservoir permeability, m2

M molar mass, kg/mol
N number density of gas bubble, 1/m
Nu Nusselt number
p fluid pressure, Pa
pres reservoir pressure, Pa
Pr Prandtl number

q influx rate of fluid from the surrounding, kg/s
r radial distance, m
rti inner radius of the inner pipe, m
rto outer radius of the inner pipe, m
rci inner radius of the outer pipe, m
rco outer radius of the outer pipe, m
rw wellbore radius, m
R bubble radius
Re Reynolds number
s length, m
Ds length of space segment, m
S skin factor
t time, s
T fluid temperature in the annulus, K
Tt temperature in the inner pipe, K
Tei surrounding environment temperature, K
TD dimensionless temperature
U terminal velocity of gas bubble, m/s
Ut overall heat transfer coefficient in the inner pipe,

W/(m2 K)
Ua overall heat transfer coefficient in the annulus,

W/(m2 K)
v velocity, m/s
vd gas drift velocity, m/s
xsol fraction of dissolved gas in liquid, m3/m3

Greek letters
h angle between perpendicular and flow direction, rad
u reservoir porosity
rhl hydrate/liquid interfacial tension, N/m
c profile parameter reduction term
j Euler constant
d hydrate shell thickness, m
q density, kg/m3

qc average density of hydrated bubble, kg/m3

lf fluid viscosity at characteristic temperature, Pa s
lw fluid viscosities at surface temperature, Pa s
lg gas viscosity, Pa s
a volume fraction

Subscripts
g gas
h hydrate
l liquid
m mixture
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