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� A three-dimensional transient Eulerian model was developed to describe the gas–liquid–solid flow with GH dissociation.
� The convective heat transfer was coupled with GH dissociation.
� The transition of the flow pattern occurred, leading to the bed expansion.
� The effect of GH saturation on the multiphase flow was predicted and discussed.
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The pipe transportation of gas hydrate-bearing sediments (GHBS)1 is one of the key problems in mechan-
ical–thermal exploitation of gas hydrate (GH)2 in marine stratum. It is a gas–liquid–solid (methane gas–sea-
water–GHBS particles) three-phase flow, accompanied by GH dissociation. In this study, a three-
dimensional Eulerian model combined with the kinetic theory of granular flow (KTGF) was adopted to sim-
ulate the gas–liquid–solid flow with GH dissociation. The commercial CFD software FLUENT 16.2 was
employed, considering the hydrodynamics, heat and mass transfer, and GH dissociation simultaneously.
A kinetic model for GH dissociation in the GHBS particles is presented, considering the influence of multi-
phase flow on dissociation rate. The model can capture the transition from the initial liquid–solid two-phase
flow to gas–liquid–solid three-phase flow, describing the distribution of the phase volume fraction, velocity,
temperature, and dissociation rate. The interaction between GH dissociation and multiphase flow is dis-
cussed. The simulation results indicate that the continuous production of gas bubbles by GH dissociation
leads to more violent fluctuations in the pressure gradient and a more marked elevation of the solid parti-
cles compared with the liquid–solid two-phase flow without GH dissociation. In addition, the effect of GH
dissociation on the multiphase flow under different hydrate saturations was analyzed.

� 2018 Elsevier Ltd. All rights reserved.
1. Introduction

Gas hydrate (GH) is a kind of solid cage-type compound com-
posed of hydrocarbon gases such as methane and water molecules.
Gas hydrate-bearing sediments (GHBS) are widely distributed in
the sea, permafrost, and deep lakes (Kvenvolden and Lorenson,
2001). In recent decades, GH has attracted extensive attention for
its huge reserve of resources and small pollution compared to fossil
fuels. Current methods for GH exploitation include the thermal
injection method, depressurization method, carbon dioxide dis-
placement, and inhibitor injection method (Zhang and Lu, 2016).
The trial exploitations of GH have been carried out in the per-
mafrost and marine strata. The Messoyakha gas field is the first
mineral deposit of GH that has been exploited commercially in
the world, but the focus is on the oil and gas reservoirs at the bot-
tom (Makogon et al., 2005). In the Mallik permafrost region of
Canada, pilot production was carried out in 2002 and 2007 by com-
bining the thermal injection method with depressurization
method (Moridis et al., 2004). In the Alaska permafrost region of
the United States, the trial production was carried out in 2012 by
the combination of the thermal injection and depressurization
methods. In 2013 and 2017, Japan conducted two trial productions
of submarine gas hydrates (Zhang et al., 2017). These practices
show that these methods can dissociate GH through the
al pipe.
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Nomenclature

A pre-exponential factor
B0 Bond number
c specific heat (J kg�1 K�1)
C concentration (kmol m�3)
CD drag coefficient
d diameter (mm)
Dij strain tensor for solid phase (s�1)
DH hydraulic diameter (m)
e coefficient of restitution
Ea activation energy (J mol�1)
Fr Froude number
g gravitational acceleration (m s�2)
g0 radial distribution coefficient
Gk generation of turbulent kinetic energy (kg m�1 s�3)
h interphase heat - transfer coefficient (J kg�1 K�1 m�2)
H specific enthalpy (J)
I turbulence intensity
k rate constant
kHs diffusion coefficient for granular energy (kg m�1 s�1)
K interphase exchange coefficient (kg m�3 s�1)
l turbulence scale (m)
L characteristic size (m)
M interphase momentum exchange (kg m�2 s�2)
Nu Nusselt number
P pressure (Pa)
Pr Prandtl number
Q interphase heat exchange (J)
r reaction rate of hydrate dissociation (kmol m�3 s�1)
R universal gas constant (J mol�1 K�1)
Re Reynolds number
ReDH turbulence Reynolds number
S interphase mass source term
Sij strain tensor
t time (s)
T temperature (K)
V volume (m3)
v velocity (m s�1)

Greek letters
a volume fraction
b temperature exponent
c collisional dissipation of energy (kg m�1 s�3)
d specularity coefficient
e dissipation rate of turbulent kinetic energy (m2 s�3)
g rate exponent
H granular temperature (m2 s�2)
I stress tensor
I2D second invariant of the deviatoric stress tensor
j turbulence kinetic energy (m2 s�2)
k thermal conductivity (Wm�1 K�1)
l shear viscosity (Pa s)
n bulk viscosity (Pa s)
q density (kg m�3)
r surface tension coefficient (N m�1)
s stress tensor (Pa)
u angle of internal friction (rad)
U transferrate of kinetic energy (kg m�1 s�3)

Subscripts
col collision
drag drag force
e equilibrium
fr friction
g gas phase
i, j species/component
kin kinetic
l liquid phase
lift lift force
lam laminar flow
max maximum value
s solid phase
Tur turbulent flow
Vm added mass force
W wall
x; y; z axis
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disturbance of temperature and pressure, but it is difficult to meet
the demand for the heat transfer and exploitation efficiency in
commercial exploitation.

An effective method for increasing the efficiency of GH exploita-
tion is to utilize convective heat transfer instead of heat conduc-
tion. A method called mechanical–thermal exploitation was
proposed by Zhang et al. (2014). The details of the method can
be found in the literature. One of the key procedures in the
mechanical–thermal exploitation is the multiphase flow transport
containing GH dissociation in a vertical pipe. In this procedure,
warm seawater is injected into the pipe to transport and heat the
GHBS particles, which dissociate rapidly in the flowing warm
water, releasing a large amount of methane gas. As a result, the ini-
tial solid–liquid two-phase flow transforms into gas–liquid–solid
three-phase flow. Few experimental data are reported because of
the complexity of the newly presented problem. Theoretical mod-
eling and numerical simulation are required to understand the
main characteristics and controlling parameters for the optimiza-
tion in engineering design.

Because of the multiphase flow transport with GH dissociation
is a newly presented problem in the area of exploitation of GH in
the marine stratum, to the best of our knowledge, only a few stud-
ies on the numerical simulation for the pipe transportation of
GHBS particles have been reported in the open literature. Wang
and Sun (2009) and Wei et al. (2016) presented a multiphase flow
Please cite this article in press as: Li, P., et al. Three-dimensional Eulerian model
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model to simulate the GH formation and dissociation in the annu-
lar pipe, considering GH dissociation in the mass and momentum
conservation equations and the dissociation enthalpy in the energy
conservation equation. However, the interphase momentum and
heat exchange were not considered in the model, and pure GH par-
ticles were regarded as the solid phase.

The pipe transportation of GHBS particles is a typical dense par-
ticle reaction system in which the heat and mass transfer is closely
accompanied by the process of multiphase flow. The key issue of
computational fluid dynamics (CFD) simulation for the particle
reaction system is the coupling of heat and mass transfer with
the multiphase flow. A multitude of studies has been conducted
on this topic. A list of papers on the CFD study of the reaction sys-
tems are tabulated in Table 1. It can be seen that most CFD studies
are based on the gas–solid or liquid–solid two-phase flow coupling
with the heat and mass transfer. Numerous studies have applied
the CFD approach to simulate the hydrodynamics of gas–liquid–
solid flow. For instance, Panneerselvam et al. (2009) developed a
three-dimensional model to simulate the local hydrodynamics of
a gas–liquid–solid three-phase fluidized bed reactor, and the
results showed good agreement the experimental data for the
three-phase hydrodynamics. Baltussen et al. (2017) studied the
effective drag acting on particles and bubbles using direct numer-
ical simulations in dense gas–liquid–solid three-phase flows. Qin
and Suckale (2017) developed a numerical model to investigate
ing of gas–liquid–solid flow with gas hydrate dissociation in a vertical pipe.
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Table 1
Literature survey on CFD studies of the coupling of heat and mass transfer with multiphase flow.

Authors Multiphase flow system Simulation approach Heat and mass transfer

Gerber et al. (2010) Gas–solid two-phase flow 2-D, Eulerian–Eulerian model Wood pyrolysis and char gasification in a
bubbling fluidized bed reactor

Snider and Banerjee (2010) Gas–solid two-phase flow, solid particles as
catalyst

3-D, Eulerian–Lagrangian
model

Ozone decomposition

Armstrong et al. (2011) Gas–solid two-phase flow 2-D, Eulerian–Eulerian model Coal gasification and influence of limestone
calcination

Behjat et al. (2011) Gas–solid two-phase flow, solid particles as
catalyst

3-D, Eulerian–Lagrangian
model

Catalytic cracking reaction and vaporization of
gas oil droplets

Adamczyk et al. (2014) Gas–solid two-phase flow 3-D, Eulerian–Lagrangian
model

Coal oxy-fuel combustion process in an
experimental circulating fluidized bed

Loha et al. (2014) Gas–solid two-phase flow 3-D, Eulerian–Lagrangian
model

Biomass gasification in a bubbling fluidized
bed

Klimanek et al. (2015) Gas–solid two-phase flow 3-D, Eulerian–Lagrangian
model

Coal gasification in circulating fluidized bed

Askaripour and Dehkordi
(2016)

Gas–solid two-phase flow 2-D, Eulerian–Eulerian model Methane combustion in the tapered-in and
tapered-out fluidized bed reactors

Baniasadi et al. (2018) Liquid–solid two-phase flow 3-D, Eulerian–Lagrangian
model

Melting process of a packed bed of particles

Wu et al. (2018) Gas–solid two-phase flow 3-D, Eulerian-Eulerian model Oxy-fuel combustion in a circulating fluidized
bed with warm flue gas recycling
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Fig. 1. (a) Schematic diagram of multiphase flow transport system containing GH dissociation in a vertical pipe. (b) The physical model for numerical simulation.
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Table 2
A summary of the governing equations and constitutive equations.

A. Conservation equations

(1) Mass conservation equations
(a) Gas phase
@
@t agqg

� �
þr � agqgvg

� �
¼ Ssg (5)

(b) Liquid phase
@
@t alqlð Þ þ r � alqlv lð Þ ¼ Ssl (6)
(c) Solid phase
@
@t asqsð Þ þ r � asqsvsð Þ ¼ �Ssg � Ssl (7)

(2) Momentum conservation equations
(a) Gas phase
@
@t agqgvg

� �
þr � agqgvgvg

� �
¼ �agrP þr � sg þ agqgg þMsg þMlg þ Ssgvs

(8)
(b) Liquid phase
@
@t alqlv lð Þ þr � alqlv lv lð Þ ¼ �alrP þr � sl þ alqlg þMgl þMsl þ Sslvs (9)
(c) Solid phase
@
@t asqsvsð Þ þ r � asqsvsvsð Þ ¼ �asrP �rPs þr � ss þ asqsg þMgsþ

Mls � Ssgvs � Sslvs (10)
(d) Gas phase stress

sg ¼ aglg rvg þ rvg
� �T� �

(11)

(e) Liquid phase stress

sl ¼ alll rv l þ rv lð ÞT
� �

(12)

(f) Solid phase stress

ss ¼ asls rvs þ rvsð ÞT
� �

þ as ns � 2
3ls

� �r � vsI (13)

(g) Liquid shear viscosity
ll ¼ llam;l þ ltur;l (14)
(h) Liquid turbulent viscosity
ltur;l ¼ qlClj2

l =el (15)
(i) Turbulent kinetic energy equation
@
@t alqljð Þ þ r � alqlv ljð Þ ¼ r � al

ltur;l
rj rj

� �
þ alGj � alqle (16)

(j) Dissipation rate equation
@
@t alqleð Þ þ r � alqlv leð Þ ¼ r � al

ltur;l
re re

� �
þ al

e
j C1eGj � C2eqleð Þ (17)

(k) Generation of turbulent kinetic energy due to the average velocity
gradient

Gj ¼ ltur;lrv l � rv l þ rv lð ÞT
� �h i

� 2
3rv l ltur;lrv l þ qlj

� �
(18)

(3) Energy conservation equations
(a) Gas phase
@
@t agqgHg

� �
þr � agqgvgHg

� �
¼ �ag

@P
@t þ sg : rvg þr kgrTg

� �þ SsgHsg (19)

(b) Liquid phase
@
@t alqlHlð Þ þ r � alqlv lHlð Þ ¼ �al

@P
@t þ sl : rv l þr klrTlð Þ þ Qls þ SslHsl (20)

(c) Solid phase
@
@t asqsHsð Þ þ r � asqsvsHsð Þ ¼ �as

@Ps
@t þ ss : rvs þr ksrTsð Þþ

Qsl � SsgHsg � SslHsl (21)
(d) Specific enthalpy of the gas and liquid phases
Hq ¼ R

cp;qdTq (22)
(e) Specific enthalpy of the solid phase

Hs ¼
P3

i¼1YiHi (23)
(f) Thermal conductivity of liquid phase
kl ¼ klam;l þ ktur;l (24)
(g) Turbulent thermal conductivity of liquid phase

ktur;l ¼ cp;lltur;l
Prtur;l

(25)

(h) Heat exchange between the liquid and solid phases
Qsl ¼ �Qls ¼ hsl Ts � Tlð Þ (26)
(i) Heat-transfer coefficient between the fluid phase and the solid phase

hsl ¼ 6klasalNus

d2s
(27)

(j) Nusselt number
Nus ¼ 7� 10al þ 5a2

l

� �
1þ 0:7Re0:2s Pr1=3
� �þ 1:33� 2:4alþð

1:2a2
l ÞRe0:7s Pr1=3 (28)

(k) Prandtl number
Pr ¼ cp;lll

kl
(29)

B. Kinetic theory of granular flow
(a) Conservation of solid phase fluctuating energy
3
2

@
@t ðqsasHsÞ þr � ðqsasvsHsÞ
� � ¼ �PsIþ ssð Þ : rvs þr � ðkHsrHsÞ�
cHs þUls (30)

(b) Collisional dissipation of solid phase fluctuating energy

Table 2 (continued)

A. Conservation equations

cHs ¼
12 1 - e2ssð Þg0;ss

ds
ffiffiffi
p

p qsa2
sH

3
2
s (31)

(c) Radial distribution function

g0 asð Þ ¼ 1� as
as;max

� �1
3

	 
�1

(32)

(d) Energy exchange between solid and the other two phases
Uls ¼ �3ðKls þ KgsÞHs (33)
(e) Diffusion coefficient

kHs ¼ 25qsds
ffiffiffiffiffiffiffi
Hsp

p
64 1þessð Þg0;ss 1þ 6

5asg0;ss 1þ essð Þ� �2 þ 2qsa2
s ds 1þ essð Þg0;ss

ffiffiffiffiffi
Hs
p

q
(34)

(f) Solid phase shear viscosity
ls ¼ ls;col þ ls;kin þ ls;fr (35)
(g) Solid collision viscosity

ls;col ¼ 4
5a

2
s qsdsg0;ssð1þ essÞ Hs

p
� �1

2 (36)
(h) Solid kinetic viscosity

ls;kin ¼ asqsds
ffiffiffiffiffiffiffi
Hsp

p
6ð3�essÞ 1þ 2

5 ð1þ essÞð3ess - 1Þasg0;ss
� �

(37)

(i) Solid friction viscosity

ls;fr ¼ Pssinu
2

ffiffiffiffiffi
I2D

p (38)

(j) Partial stress tensor constant

I2D ¼ 1
6 Dxx � Dyy

� �2 þ Dyy � Dzz
� �2 þ Dzz � Dxxð Þ2

h i
þ D2

xy þ D2
yz þ D2

zx (39)

(k) Strain tensor for solid phase
Dij ¼ 1

2 rvs þrvT
s

� �
(40)

(l) Solid phase bulk viscosity

ns ¼ 4
3a

2
s qsdsg0;ssð1þ essÞðHs

p Þ
1
2 (41)

(m) Solid phase pressure
Ps ¼ asqsHs þ 2qsð1þ essÞasg0;ssHs (42)

C. Interphase momentum exchange
(1) Liquid–solid interphase momentum exchange
(a) Liquid–solid interphase momentum exchange terms
Mls ¼ Kls v l � vsð Þ (43)
Msl ¼ Ksl vs � v lð Þ (44)
(b) Interphase momentum exchange coefficient

Kls ¼
al P 0:8; 3

4CD;ls
asalql vs�v l jj

ds
a�2:65
l

al < 0:8; 150 as 1�alð Þll

al d
2
s

þ 1:75 qlas vs�v l jj
ds

8<
: (45)

CD;ls ¼
0:44; Res > 1000

24
alRes

1þ 0:15 alResð Þ0:687
h i

;Res 6 1000

(
(46)

Res ¼ qlds vs�v l jj
ll

(47)

(2) Gas–liquid interphase momentum exchange
(a) Gas–liquid interphase momentum exchange terms
Mgl ¼ Kgl vg � v l

� �
(48)

Mlg ¼ Klg v l � vg
� �

(49)
(b) Interphase momentum exchange coefficient

Kgl ¼ 3
4 CD;glql

vg�v l jj
dg

(50)

CD;gl ¼ max min 24
Reg

1þ 0:15Re0:687g

� �
; 72
Reg

� �
; 83

Bo
Boþ4

� �
(51)

(c) Bubble Reynolds number and Bond number

Reg ¼ ql vg�v l jdgj
ll

(52)

Bo ¼ g ql�qgð Þd2g
r (53)

(3) Gas–solid interphase momentum exchange
(a) Gas–solid interphase momentum exchange terms
Mgs ¼ Kgs vg � vs

� �
(54)

Msg ¼ Ksg vs � vg
� �

(55)
(b) Interphase momentum exchange coefficient

Kgs ¼
ag P 0:8; 3

4 CD;gs
asagqg vs�vgjj

ds
a�2:65
g

ag < 0:8; 150
as 1�agð Þlg

agd
2
s

þ 1:75
qgas vs�vg jj

ds

8<
: (56)

CD;gs ¼
0:44; Re0s > 1000

24
agRes

1þ 0:15 agRes
� �0:687h i

; Re0s 6 1000

(
(57)

Re0s ¼
qg ds vs�vg jj

lg
(58)
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the three-phase interactions between gases, rigid bodies, and liq-
uids in a dilute viscous fluid at variable temperature. Ma et al.
(2018) developed an improved meso-scale flow model based on
the energy minimummulti-scale (EMMS) theory to predict the glo-
bal flow parameters of the gas–liquid–solid fluidized bed. How-
ever, most of the CFD simulations for the gas–liquid–solid flow is
ing of gas–liquid–solid flow with gas hydrate dissociation in a vertical pipe.
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Table 3
Kinetic parameters of GH dissociation.

g A kmol1�g � s�1
� �

b EaðJ=molÞ R J=mol � Kð Þ DHdis kJ=molð Þ

0.6 3.89 � 1012 2 9.83 � 104 8.314 54.5
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based on cold flow without taking heat and mass transfer into
account (Pan et al., 2016). During the transportation of GHBS par-
ticles in the pipe, the initial solid–liquid two-phase flow gradually
changes to the gas–liquid–solid three-phase flow due to GH disso-
ciation. The gas phase comes from the solid particles, this transfor-
mation process is not involved in previous studies. Therefore, in
the present study, the previous coupling method of two-phase flow
with chemical reactions is extended to the gas–liquid–solid three-
phase flow system in order to investigate the transportation of
GHBS particles. The momentum exchanges between the three
phases after the gas is generated from the particles and the heat
exchange between the liquid/gas and solid phases are considered.
The Eulerian three-fluid model is adopted in this paper, as it is
highly computationally efficient and can determine the main fea-
tures of the pipe transportation of GHBS particles.

Many studies on GH dissociation have been carried out. In gen-
eral, the dissociation rate includes the intrinsic dissociation rate,
heat transfer rate, and mass transfer rate (Sean et al., 2007). Yin
et al. (2016) provided a comprehensive review of the hydrate dis-
sociation kinetic models, summarizing the formulation, assump-
tions, solution, and limitations of the kinetic models. The Kim–
Bishnoi dissociation model is regarded as the most classical and
commonly used model to describe the GH dissociation process,
in which the dissociation rate is dependent on temperature, pres-
sure, and particle surface area. However, the Kim–Bishnoi model
is constructed based on the mechanism of pure GH dissociation.
It is not suitable for describing the GH dissociation in porous media
(sediments) because it neglects the mass transfer rate. Since then,
several theoretical models of GH dissociation have been developed
within porous media under thermal injection and depressurization
methods, containing heat and mass transfer rates. Selim and Sloan
(1989) presented a physical model to describe hydrate dissociation
under thermal stimulation in porous media. This model viewed the
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dissociation as a process whereby gas and water were produced at
a moving boundary. Makogon (1997) considered that the hydrate
dissociation in porous media occurred in a certain narrow area that
was regarded as a surface and believed that the rate of hydrate dis-
sociation was determined by the movement of the dissociation
front. Hong et al. (2003) proposed a simple theoretical model to
analyze hydrate dissociation in porous media. The dissociation rate
was controlled by heat transfer, intrinsic kinetics, and gas–water
two-phase flow. Oyama et al. (2009) presented a hydrate dissocia-
tion model in sediments that considered the heat transfer and
deviation from phase equilibrium. However, none of the existing
models on GH dissociation have considered the influences of con-
tinuously changing concentration, velocity, and temperature of the
particles on the dissociation rate in the multiphase flow condition.
Hence, in this paper, a GH dissociation rate model in Arrhenius
form is presented, considering the influence of the particle concen-
tration, the hydrate saturation, and the hydrate temperature on
dissociation rate in multiphase flow. By coupling the dissociation
model with the multiphase flow, the effect of the relative velocity
between the water and particles on the dissociation rate is also
considered.

The objective of this paper is to develop an efficient modeling
methodology based on the Eulerian three-fluid model within the
framework of the commercial CFD software FLUENT 16.2 to
describe the gas–liquid–solid flow with the GHBS particle dissoci-
ation in a vertical pipe in the laboratory scale. In Section 2, the
mathematical formulation of the gas–liquid–solid flow, heat and
mass transfer, and GH dissociation are presented, including the
continuity, momentum and energy conservation equations, kinetic
model of granular flow, interphase momentum exchange, kinetic
model of the GH dissociation, species transport equations, and ini-
tial and boundary conditions. In Section 3, the numerical modeling
of the multiphase flow in the pipe is conducted. The simulated
results are compared with the experimental data of Limtrakul
et al. (2005). The distribution of the phase volume fraction, flow
velocity, temperature, and pressure in the pipe are analyzed. The
focus is on the interaction of GH dissociation and gas–liquid–solid
flow. Meanwhile, the effects of GH saturation on the multiphase
flow is discussed as well.
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 saturation
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Fig. 4. Structured mesh of the numerical model.
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2. Methodology

2.1. Assumptions of the problem

A schematic diagram of the problem is shown in Fig. 1a. The
processes can be expressed as follows. First, particles are trans-
ferred from the mining zone into the pipe; second, warm seawater
is continuously injected into the pipe from the bottom to lift and
heat the GHBS particles; third, GH in the particles dissociates due
to the heating of the seawater. During hydraulic lifting, the convec-
tive heat transfer between the GHBS particles and water leads to
GH dissociation and the release of gas from GHBS particles. Hence,
the liquid–solid two-phase flow transforms into gas–liquid–solid
three-phase flow. With the increase in gas volume fraction, the
pressure along the pipe redistributes; fourth, a multiphase separa-
tion system is set where GH decomposes completely. The soil par-
ticles are separated from the three-phase flow and transferred to
backfill. The gas flows upwards to the gathering installation. It
should be noted that the mining of the GHBS stratum, soil separa-
tion, and upward flow of gas are out of scope of this paper and will
not be discussed here.

In the numerical simulation, a cylindrical pipe with a diameter
of 140 mm and height of 1500 mm is considered. Initially, GHBS
particles accumulate at a certain height at the bottom of the pipe
with a volume fraction of as0. The water with the same tempera-
ture as that of GHBS occupies the whole pipe at the beginning.
Then, warmer water enters the pipe from the bottomwith a certain
velocity and drags the particles upward. A constant-pressure con-
dition is set at the outlet (Fig. 1b).

To simplify the numerical model and ensure acceptable compu-
tation time and errors, the following assumptions are proposed:
Gas–liquid–solid three-phase 
flow model

Solid–liquid two-phase 
flow

Coupled by source terms 
of mass, momentum, 
energy, and species 
transport equation

Gas phase

Coupled by interphase momentum exchanges

GH dissociation 
model

s eT T≥

Liquid 
phase

Solid phase
(Based on KTGF)

Dissociation rate expression

GHr kCη= −

Heat 
transfer

Heat 
transfer

Considering the influence of 
gas–liquid–solid flow on 

dissociation rate

GH dissociation,
gas generation

Fig. 3. The numerical simulation process of the multiphase flow transport containing GH dissociation in vertical pipe.
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(i) GHBS particles are assumed to be ideally spherical, and will
not collapse during GH dissociation.

(ii) GHBS particles consist of three components, i.e., GH, water,
and sand. The thermal conductivity and density of the parti-
cles are defined as

Rs ¼ 1P3
i¼1

Yi
Ri

; ð1Þ

where Y is the mass fraction and R represents the thermal conduc-
tivity or density. The subscript i (=1, 2, 3) indicates GH, water, and
sand, respectively.
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The specific heat of particles is defined as

cs ¼ aici; ð2Þ
where a is the volume fraction and c represents the specific heat,
J=kg � K.

(iii) The thermal properties of water, sand, GH, and gas are
assumed to be constant because the effects of temperature
variation are slight. The gas bubbles keep a uniform and
constant diameter because the pressure variation is negligi-
ble relative to the water pressure at the outlet. The dissolu-
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e pipe with time for different mesh resolutions.
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tion, coalescence, and breakup of the bubbles during the
flow process are ignored for simplification.

(iv) The walls are assumed to be insulated. The gas phase comes
from GH dissociation, and the heat transfer between the gas
and solid phases is ignored.

2.2. Equations of gas–liquid–solid flow

In order to describe the transient characteristics of the gas–liq-
uid–solid flow in the vertical pipe, a transient Eulerian three-fluid
model within the framework of FLUENT 16.2 is adopted. All three
phases are treated as interpenetrating continua. The kinetic theory
of granular flow (KTGF) is introduced to simulate the effects of col-
lision and friction among particles. The GH dissociation is regarded
as source terms in the mass, momentum, and energy conservation
equations (Liu et al., 2013). The pressure field of each phase is pro-
portional to the phase volume fraction (Panneerselvam et al.,
2009).

Here, the gas, liquid, and solid phases represent methane gas,
water, and GHBS particles, respectively. The volume fraction is
introduced to describe the multiphase flow as interpenetrating
continua based on the Eulerian approach.

The volume fraction of the three phases satisfies

ag þ al þ as ¼ 1: ð3Þ
The volume Vq of each phase is defined by (Cornejo and Farías,

2011)

Vq ¼
Z
V
aqdV ; ð4Þ

where q represents gas g, liquid l, or solid s, respectively.
Table 4
Parameters of the numerical model.

Parameter Units Value

Pipeline diameter D mm 140
Pipeline height H mm 1500
Initial height of particles h0 mm 450
Initial solid volume fraction as0 dimensionless 0.562
Inlet liquid velocity v l0 m/s 0.07
Inlet liquid temperature Tl0 K 295.15
Initial solid temperature Ts0 K 280.15
Hydrate phase equilibrium temperature Te K 285.15
Initial gas temperature Tg0 K 285.15
Inlet granular temperature Hs0 m2/s2 10�5

Initial mass fraction of hydrate and water Yi dimensionless 0.07, 0.12
Particle-wall restitution coefficient ews dimensionless 0.9
Particle-particle restitution coefficient ess dimensionless 0.9
Specularity coefficient d dimensionless 0.01
Maximum packing limit as;max dimensionless 0.6
Angle of internal friction u rad p=6
Outlet pressure Pout MPa 10

Table 5
Properties of gas, liquid, and solid phases.

Phase Density (kg/m3) Diameter (mm) Viscosity (Pa�s) M

Solid Sanda 2720 3 – 6
Hydrateb 920 – 1
Waterc 1003.3 0.001 1

Liquid Waterc 1003.3 – 0.001 1
Gas Methaned 79.68 0.3 1.4e�05 1

a Values are quoted from Bai et al., 2007.
b Values are quoted from Sean et al., 2007.
c Values are quoted from Wagner and Pruss, 2002.
d Values are quoted from Friend et al., 1989.
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A summary of the governing equations and constitutive equa-
tions is listed in Table 2. Modeling of the multiphase turbulent flow
is complex and computationally expensive considering the effects
of the secondary phases on the turbulence of the primary phase
(Murthy et al., 2007). Hence, the turbulence in the multiphase flow
is restricted to the primary phase (Wang et al., 2009). The standard
j� e dispersed turbulence model is adopted to describe the turbu-
lent motion of the liquid phase.

The interaction forces between different phases include drag
force, added mass force, Basset force, and lift forces, includingMag-
nus force and Saffman force. In general, the drag force is always
predominant and other forces are much smaller than the drag force
(Pan et al., 2016). The added mass force can be present only when
high-frequency fluctuations of the slip velocity occur (Rafique
et al., 2004). Basset force is important only in the initial period of
acceleration and Saffman force is only significant in areas with
large velocity gradients, such as near the wall (Liu, 1993). Magnus
force can be omitted unless the rotation of the particles is strong
(Liu, 1993; Sokolichin et al., 2004). Hence, in this paper, only the
drag force is considered for the interphase momentum exchange
in the simulation.

2.3. GH dissociation model

During the process of hydraulic lifting in the pipe, as the tem-
perature increases and the pressure drops, the GH in particles dis-
sociates. Accordingly, a large number of bubbles are released into
water, and the remaining soil particles continue to move with
gas and water flow. In addition, the continuously changing concen-
tration and velocity of the particles in multiphase flow have signif-
icant effects on the dissociation rate. The chemical reaction
equation of GH dissociation can be expressed as

CH4 � 5:75H2O sð Þ!r CH4 gð Þ þ 5:75H2O lð Þ; ð59Þ
where the heat of dissociation per mole hydrate DHdis is given by
Rueff et al. (1988), DHdis ¼ 54:5kJ=mol.

To describe the GHBS particle dissociation under multiphase
flow, the GH dissociation rate is assumed to be proportional to
the residual hydrate concentration, and the GH dissociation rate
expression is described as (Li et al., 2018)

r ¼ dCGH

dt
¼ �kCg

GH; ð60Þ

where r is the reaction rate of GH dissociation, kmol=m3 � s. CGH is
the volumetric molar concentration of non-dissociated GH,
kmol=m3. g is the rate exponent, dimensionless. CGH is expressed as

CGH ¼ qGH/SHas

MGH
; ð61Þ

qGH is the density of GH. / is the porosity of the particles. SH is the
hydrate saturation in particles. MGH represents the molar mass of
olar mass (kg/kmol) Specific heat (J/kg�K) Thermal conductivity (W/m�K)
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GH, kg=kmol.k is the rate constant, and an Arrhenius-type equation
is presented:

k ¼ A

pd3
s =6

� �1�g
Ts

Te

� �b

exp � Ea

RTs

� �
; ð62Þ

where A is the pre-exponential factor, kmol1�g � s�1. b is the temper-
ature exponent, dimensionless. Ea is the activation energy, J=mol. R
is the universal gas constant, J=mol � K. Te is the GH phase equilib-
rium temperature, K. Te is obtained by the phase equilibrium condi-
tion of methane hydrate, proposed by Dickens and Quinby (1994):

1
Te

¼ 3:79� 10�3 � 2:83� 10�4logPe; ð63Þ

where Pe is the equilibrium pressure, MPa.
The kinetic parameters of GH dissociation used in this study are

listed in Table 3. The pre-exponential factor and the activation

energy are set as 3:89� 1012 kmol1�g � s�1 and 9:83� 104 J=mol,
respectively (Sean et al., 2007). Sean et al. (2007) conducted disso-
ciation experiments of pure methane hydrate balls under water
flow conditions and measured the dissociation rate. Consequently,
the kinetic data are not suitable for the GHBS particles used in this
study, and hence it is necessary to use g and b to adjust the reac-
tion rates. It is noted that the values of the rate exponent and tem-
perature exponent are set as 0.6 and 2, respectively, to describe the
effects of concentration and ambient temperature on the reaction
rates.

Few experimental data of the GHBS particles dissociation in the
pipe flow are presented in the literature. Li et al. (2016) conducted
several trial observational tests to obtain information on the disso-
ciation process of GHBS particles under water-heating condition.
Detailed descriptions of the experiments can be found in the liter-
ature. Fig. 2 shows the comparison between the dissociation com-
pletion time estimated by the GH dissociation model and the
experimental data by Li et al. (2016) at various hydrate saturations.
-0.04

-0.02

0

0.02

0.04

0.06

0.08

0 0.2 0.4

A
xi

al
 V

el
oc

ity
 (m

/s
)

Experimental data (Limtrakul et al.

Numerical simulation

Fig. 7. Simulated and measured axial velocity profiles of par

Please cite this article in press as: Li, P., et al. Three-dimensional Eulerian model
Chem. Eng. Sci. (2018), https://doi.org/10.1016/j.ces.2018.10.053
The experimental conditions were chosen as: environmental pres-
sure P ¼ 0:1MPa, average diameter of particles ds ¼ 2 cm, water
temperature Tl ¼ 303:15K, porosity of the particle / ¼ 0:4. The
particle volume fraction as may be different under different satura-
tion conditions in the experiment, so the predicted completion
durations by the dissociation model were calculated at different
volume fractions. It can be seen that the dissociation completion
duration estimated by the dissociation model has the same order
of magnitude as that by the experiments. The results are in good
agreement with the experimental results for SH ¼ 2% and 18%
when as ¼ 0:2 with an error less than 11%, and for SH ¼ 11% when
0.6 0.8 1
x/R

 2005)

z/h=0.26

ticles versus the radial distance in the solid–liquid flow.
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as ¼ 0:6 with an error 5.3%. The dissociation model can describe
the main dissociation characteristics of the small GHBS particles
under water-heating condition. Considering the complexity of
small GHBS particle dissociation under multiphase flow, more in-
depth theoretical and experimental research is required to under-
stand the dissociation rate. In addition, if the more precise kinetic
parameters for the GH dissociation under multiphase flow are
available in the future, they will certainly be used to improve the
accuracy of the dissociation model.
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2.4. Species transport equations

In the Eulerian multiphase flow model, source terms of GH dis-
sociation are introduced in the conservation equations of gas, liq-
uid and solid phases, describing the conservative exchange of
mass, momentum, and energy between the phases. Moreover,
the change in particle mass would effect the variation in local mass
fraction, which is described by particle species conservation equa-
tions. The coupling of GHBS particle dissociation and gas–liquid–
50 100 150 200 250
Time (s)

Gas phase
Solid phase

as and solid phase with time in the pipe.

)b(

2 s 30 s 50 s 100 s 200 s

fraction for gas–liquid–solid three-phase flow with GH dissociation.
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solid multiphase flow is dependent on these source terms (Zhong
et al., 2016). Fig. 3 shows the method of coupling of gas–liquid–
solid multiphase flow with GH dissociation.

The solid particle is a mixture of GH, water, and sand. Here, the
change in the properties of GHBS particles is caused by GH disso-
ciation. The species conservation equations for each species can
be written as (ANSYS Inc., 2015,)

@

@t
asqsYi;s
� �þr � asqsv sYi;s

� � ¼ Si;s; ð64Þ

where Yi is the local mass fraction of each species. Si is the mass
source term due to hydrate dissociation.

The mass source term of GH is defined by

SGH ¼ �MGHkC
g
GH: ð65Þ

The mass source terms of Eqs. (5)–(7) are defined by

Sgs ¼ MCH4kC
g
GH; ð66Þ

Sls ¼ 5:75MH2OkC
g
GH; ð67Þ

where MCH4 and MH2O are the molar mass of gas and water,
respectively.
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2.5. Initial and boundary conditions

Initially, GHBS particles with a certain height were statically
located at the bottom of the pipe. At the inlet, a constant liquid
velocity was given, and the granular temperature was taken as a
small value 10�5 m2=s2 for the convergence of the granular temper-
ature equation. The standard j� e model was adopted to describe
the inlet turbulence. The following empirical formula was used to
calculate the turbulence intensity and scale:

I ¼ 0:16 ReDH

� ��1
8; ð68Þ

l ¼ 0:07L; ð69Þ
where ReDH ¼ qlv l0DH=ll is the turbulence Reynolds number,
dimensionless.v l0 is the injection velocity of the liquid phase. DH

and L are the hydraulic diameter and characteristic size, respec-
tively, taken as the diameter of the pipe. At the wall, there is no slip
for the gas and liquid phase and no normal velocity for the solid
phase. The Johnson and Jackson (1987) boundary condition was
used for the solid-phase tangential velocity and granular
temperature.
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v st;w ¼ � 6lsas;max

pdqsasg0;ss

ffiffiffiffiffiffiffiffiffi
3Hs

p @v st;w

@n
; ð70Þ
Hw ¼ � kHsHs

ews

@Hw

@n
þ

ffiffiffi
3

p
qsasv sg0:ssH

3=2
s

6as;maxews
; ð71Þ

where d is the specularity coefficient between the particle and the
wall, dimensionless. ews is the particle–wall restitution coefficient,
dimensionless.

The pressure was assumed to be 10 MPa at the outlet (assuming
seawater with 1000 m depth pressed the outlet). The numerical
simulation in the present work is based on experimental scale;
the height of the pipe is 1.5 m, so the pressure difference between
the inlet and the outlet is about 0.01 MPa. According to Eq. (63),
the amplitude of variation of the equilibrium temperature DTe is
0.01 K. The inlet liquid temperatureTl0 is taken as 295.15 K, then
DTe=Tl0 ¼ 3:4� 10�5 � 1. Therefore, the influence of the pressure
s05=t)a(
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change along the vertical pipe on the GH dissociation rate is not
considered in this study. The equilibrium temperature is taken as
the temperature corresponding to the outlet pressure (10 MPa),
Te ¼ 285:15 K.
2.6. Numerical method

The finite-volume method was used to solve the presented
mathematical models. The phase-coupled SIMPLE method was
used for pressure–velocity coupling. The gradient was discretized
with the Green–Gauss cell-basedmethod. A first-order upwind dis-
cretization was used to solve the equation of volume fraction, and a
second-order upwind discretization was used to solve the equa-
tions of mass, momentum, thermal energy, turbulence, species
conservation, and granular temperature. The time step was set as
0.001 s, and the maximum number of iterations per time step
was set as 50.
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The numerical mesh is shown in Fig. 4. An O-type structured
hexahedral grid was adopted to guarantee the computation accu-
racy and convergence. The standard wall function proposed by
Lanuder and Spalding (1974) was used, and the near-wall cells
refinements were adopted to fulfill the requirement of the y+ value
(taken as 30). Three groups of grid numbers, 89,880, 105,000, and
126,000 (indicating coarse, medium, and fine grids, respectively),
were adopted to check the mesh sensitivity. As illustrated in
Fig. 5, there is no significant difference in the gas volume fraction
with time for the last two grids, whereas they are deviated obvi-
ously with that of the coarse grid. The volume fraction of the solid
phase with time for different grid resolutions is shown in Fig. 6.
The difference from the predicted volume fraction is insignificant
for the coarse, medium, and fine grids. Hence, the grid number of
105,000 was selected in the following simulation considering the
influences of computation time and accuracy.
3. Results and discussion

First, the numerical model is verified by the experimental data
of Limtrakul et al. (2005). Second, the main characteristics of the
multiphase flow is simulated by using the initial and boundary
conditions shown in Table 4 and the properties of the three phases
(shown in Table 5). Third, the effects of the dissociation of GHBS
particles with various hydrate saturations on pressure gradient,
bed expansion, and gas production in the pipe are investigated.
(m/s)

(a) (b) 

xy

z

Fig. 13. Instantaneous snapshots of solid velocity vectors for (a) the gas–liquid–
solid three-phase flow with dissociation and (b) the solid–liquid two-phase flow
without dissociation at the moment of 30 s.
3.1. Model verification

Due to the lack of experimental data on the gas–liquid–solid
flow containing GH dissociation in the vertical pipe, the numerical
model is verified by comparing the experimental data (Limtrakul
et al., 2005) and numerical data of solid–liquid two-phase flow.
Other numerical models (Jain et al., 2017; Panneerselvam et al.,
2007) also used the same experimental data for verification.
Limtrakul et al. (2005) measured the distribution of concentration
and velocity in a liquid–solid fluidized bed using gamma-ray-based
computer tomography (CT) and computer-aided radioactive parti-
cle tracking (CARPT). The parameters and the fluidized bed dimen-
sions used for the simulation are considered the same as those of
the experiments (shown in Table 4). The liquid phase is tap water.
The solid phase is glass beads with a diameter of 3 mm and density
of 2500 kg/m3. When the overall average solid concentration
remains constant, it is deemed that the steady state of the solid–
liquid fluidized bed is reached. Then, a further 100 s is simulated
to obtain the time-averaged quantities.

The computed and experimental values of the averaged solid
concentration are 0.44 and 0.43, respectively, with an error less
than 3%. Fig. 7 shows the simulated and measured axial velocity
profiles of particles in radial direction 390 mm above the bottom.
The simulation captures the main feature of the flow that particles
move upwards at the core region and downwards at the wall
region; the two results have an error of less than 30% except for
x=R ¼ 0:6 and x=R ¼ 0:7. Due to the change in the velocity direction
at the transition area, the error between the simulated and mea-
sured values reaches 80% at x=R ¼ 0:6 and 67% at x=R ¼ 0:7. How-
ever, the transition point of zero time-averaged axial velocity
predicted by the simulation and measured by the experiments
occurs between x=R ¼ 0:6 and 0.7, and the coefficient of determi-
nation between the simulated and measured data is 0.98. Fig. 8
shows the simulated and measured time-averaged solid concentra-
tion along the radius 390 mm above the bottom. The solid concen-
tration increases from the center to the wall but changes little in
magnitude. The simulated values are slightly higher at the core
region and lower at the wall region than the measured values, with
Please cite this article in press as: Li, P., et al. Three-dimensional Eulerian model
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a maximum deviation of less than 4%. The deviation between the
simulated and measured results may be caused by the simplifica-
tion in the system geometry and the choice of the empirical closed
equations for the solid phase. The numerical simulation model
used in this study is considered to be within the allowable errors.

The movement of the gas bubbles after GH dissociation in the
solid–liquid flow is qualitatively similar to the gas-phase flow pat-
tern in a gas–liquid–solid three-phase fluidized bed. The Eulerian
three-fluid model has been used to study the gas–liquid–solid flow
phenomena (Hamidipour et al., 2012; Murthy et al., 2007;
ing of gas–liquid–solid flow with gas hydrate dissociation in a vertical pipe.
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Panneerselvam et al., 2009), and the accuracy of the model is ver-
ified by the experimental data. Hence, the Eulerian model is
applied to describe the gas–liquid–solid three-phase flow with
GH dissociation.
3.2. Simulation of gas–liquid–solid flow with GH dissociation in a
vertical pipe

3.2.1. Flow characteristics
Initially, the liquid–solid two-phase flow is in a stable state.

Owing to the convective heat transfer between the water and the
particles in the bottom of the pipe, GHBS dissociates to produce
gas bubbles when the solid temperature reaches the phase equilib-
rium temperature of GH. It is assumed that the initial temperature
of methane bubbles released from particles is equivalent to the
equilibrium temperature of GH. Fig. 9 shows the changes in the
gas and solid volume fraction with time. The dissociation reaction
takes place at t ¼ 2 s. The initial liquid–solid two-phase flow trans-
forms into gas–liquid–solid three-phase flow. The gas volume frac-
tion increases gradually while the solid volume fraction decreases
gradually. The particles are dragged upwards by the flow of gas
bubbles and water, increasing the voidage of the fluidized bed.
Fig. 10 shows the instantaneous distribution of the solid and the
gas volume fraction during the multiphase flow with GH dissocia-
tion. The continuous production of gas bubbles leads to the redis-
tribution of the phase volume fractions, accompanied by the rising
of solid particles. Subsequently, the distribution height of the solid
phase slowly increases along the pipe. The expansion of the solid
reaches the maximum at about 50 s, and then slowly declines with
mass gas bubbles rising to the top of the pipe. Fig. 11 shows the
radial volume fraction of the gas and solid phase at different bed
heights z=h for t ¼ 50 s and t ¼ 100 s, respectively. In these figures,
the dimensionless lateral position x=R is used, where R is the pipe
radius. Both the gas and solid phases present a typical core-annular
flow along the pipe during GH dissociation at the bottom region:
the dilute suspension at the center region and the dense suspen-
sion at the wall region. The gas bubbles migrate towards the center
at the top region and the distribution of gas volume fraction tends
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to be uniform in the radial direction. With gas bubbles moving up
to the top region, the remaining particles settle down to the bot-
tom of the pipe due to gravity. It is noted that the volume fraction
of gas phase is higher at a lower height (z=h ¼ 0:25) and lower at a
higher height (z=h ¼ 0:75). This may be because the gas comes
from the particles accumulated at the bottom of the pipe and then
moves upward. During the upward migration, the gas is continu-
ously generated at the bottom. Hence, the volume fraction of the
gas phase is higher at a lower height.

The radial non-uniform distribution of the solid and gas volume
fraction is caused by the non-uniform axial velocity, flowing
upwards in the core and downward near the wall at the initial
stage of dissociation (Fig. 12a). The velocities of the three phases
are close to zero near the wall region due to the constraint of a
no-slip boundary and reach the peak value in the core region.
The velocity of the liquid is the highest at the bottom region, and
the velocity of the solid is the lowest due to the hysteresis effect.
It can be also observed that the initial velocity of the gas releasing
from the particles has the same distribution trend as the velocity of
the solid. Then, the velocity of the gas increases during flow and
becomes greater than those of the solid and water at the top
region, indicating that the upward flow of the liquid and solid is
accelerated by the drag force of the gas. It is assumed that gas bub-
bles flow upwards with the stream swirl (Wang et al., 2009), lead-
ing to more back-mixing and internal circulation behavior (Fig. 13).
With the mass production of gas, the peak velocity shifts to the left
and right of center due to the influence of the vortex flow. The
cross-sectional velocity becomes more homogeneous (Fig. 12b).

Fig. 14 shows that the mass fraction of water and sand increases
gradually while the GH mass fraction decreases during GH dissoci-
ation. The mass fraction of GH is zero at approximately t ¼ 90 s,
indicating that the GH dissociation completes. The model can cap-
ture the phenomenon of GHBS particles dissociation well.
3.2.2. Hydrate dissociation rate
According to Eqs. (60)–(62), the GH dissociation rate mainly

depends on the molar concentration of non-dissociated GH and
the GH temperature. The higher slip velocity between the solid
50 60 70 80 90 100
me (s)

Hydrate
Sand
Water

water, and sand with time in the particles.
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and liquid phases leads to higher convective heat transfer effi-
ciency but lower solid concentration, which in turn affects the
GH dissociation rate. Fig. 15 shows the simulated axial (y = 0) dis-
tribution contours of the GH dissociation rate, solid axial velocity,
molar concentration of GH, and solid temperature at 5 s. Higher
slip velocity between the solid and liquid phases at the core region
leads to the core-annular structure of the concentration and tem-
perature of the solid, smaller in the center region and larger in the
near-wall region. GH dissociation mainly occurs in the region with
higher GH molar concentration and temperature. It is demon-
strated that the hydrodynamic behaviors affect the GH dissocia-
tion process significantly. The axial distribution of the GH
dissociation rate, solid volume fraction, and temperature of the
gas and solid particles at x=R ¼ 0 for t = 5 s is shown in Fig. 16.
The distribution of the dissociation rate and the solid volume frac-
tion follows the same trend along the bed height. It is noted that
the dissociation rate increases with the volume fraction of the
solid at about 410 mm above the entrance (Fig. 16a and b). In
addition, because GH dissociation is an endothermic reaction,
the progressive dissociation leads to a decrease in the temperature
of the gas and solid particles (Fig. 16c and d). Due to the continu-
ous supply of water providing sufficient heat, the temperature of
the gas and solid increases dramatically to the water temperature
level in the pipe.
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3.2.3. Pressure gradient and bed expansion
To understand the effects of GH dissociation on pressure gradi-

ent in the pipe and bed expansion, solid–liquid two-phase flow
without hydrate dissociation was simulated first. After the stable
state was reached, GH dissociation was introduced. Fig. 17 shows
the variation of the pressure gradient in the entire pipe with time.
The pressure gradient along pipe is the sum of frictional and static
pressure gradients. The frictional pressure gradient is the energy
loss caused by the interaction between three phases, whereas the
static pressure gradient is caused by the changes in the static head
of the gas phase. It can be observed that the pressure gradient is
generally stable at a constant value for the solid–liquid two-
phase flow during t1 ¼ 0 s to t2 ¼ 15 s. When GH dissociation starts
at 15 s, the pressure gradient begins to fluctuate violently as the
gas volume continues to grow. The minimum peak value is much
smaller than the pressure gradient of the solid–liquid two-phase
flow for most of the time. In other words, a smaller inlet water
velocity is sufficient to lift the same solid particles for the gas–liq-
uid–solid flowwith GH dissociation as that of the solid–liquid flow.
The GH dissociation phenomenon is beneficial to hydraulic trans-
port, elevation of water and particles, and reducing the power of
the transportation system. With the decrease in GH saturation,
the degree of pressure gradient fluctuation decreases gradually
until it disappears at the moment of 72 s. At approximately
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103 s, the GH has dissociated completely and the gas bubbles flow
out of the pipe gradually. The pressure gradient in the pipe begins
to exceed the pressure gradient of the solid–liquid flow and
increases to a steady value. The difference of the pressure gradient
between the solid–liquid flow and the gas–liquid–solid flow is
caused by the increase in solid density after the GH dissociation.
Fig. 18 shows the change in the solid density with time. The den-
sity of solid particles continues to increase during GH dissociation.
Fig. 19 shows the variation of the expansion height of particles
with time. The computed bed expansion ratio with the hydrate dis-
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sociation exhibits two stages divided by t ¼ 62 s. Before this, the
bed expansion height increases with time. It decreases gradually
to a stable state once the time exceeds 62 s.

The gas released by GH dissociation in GHBS particles leads to
the fluctuation of the pressure gradient in the pipe, which helps lift
the particles. However, the increase in the particle density caused
by hydrate dissociation reduces the bed height. Hence, the particle
expansion depends on the gas content and solid density. From 15 s
to 62 s, the lift effect of particle is greater than the sedimentation
effect of particles due to the high gas content. After dissociation
150 200 250
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ation completion

articles’ density with time.
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completion, the particle sedimentation effect dominates the bed
behavior, which leads to the bed expansion height decreases with
time. When the gas volume fraction is zero, the bed expansion
height is stable (Fig. 19).

The current three-phase flow model coupled with the GH disso-
ciation can describe the changes in the multiphase flow behaviors
in the pipe, such as the pressure gradient and the elevation of the
particles. Considering that the hydrate dissociation kinetic model
plays a decisive role in the formation of multiphase flow, in order
to find more accurate multiphase flow behaviors, more experimen-
tal data are required to calibrate the kinetic parameters of the GH
dissociation model used in this study.

3.3. Effects of hydrate saturation on multiphase flow

The simulations with various GH saturations are carried out to
explore the effects of GH dissociation on the gas–liquid–solid flow.
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Table 6
Relationship between GH saturation and GH mass fraction.

Case # Porosity Hydrate saturation

Base case 40% 40%
1 40% 20%
2 40% 80%
3 40% 100%
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The GH saturation is the ratio of the volume of hydrate to the total
pore volume. In the following simulations, the porosity of GHBS
particles is assumed to be 0.4. The GH saturations are set as 20%,
40%, 80%, and 100%. The relationship between GH saturation and
GH mass fraction is shown in Table 6. Other settings are the same
as in Table 4.

Fig. 20 shows the variation of pressure gradient along pipe at
different GH saturation. The comparison with the pressure gradi-
ent of solid–liquid flow is also conducted. The pressure gradient
fluctuation wave during GH dissociation varies with the GH satura-
tion. The amplitude of such a wave increases with the increase in
the GH saturation. The change in the pressure gradient corre-
sponds to the bed expansion height. Fig. 21 shows the effect of dif-
ferent GH saturations on the bed expansion height. Compared with
the solid–liquid flow, the expansion heights of the gas–liquid–solid
flow with different hydrate saturations have experienced a process
of rising and then decreasing. The final stable heights are lower
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than the stable height of solid–liquid flow due to the increase in
solid density. Moreover, the expansion rate of the gas–liquid–solid
flow with GH dissociation is no faster than that of the solid–liquid
flow in the initial stage of dissociation. This may be caused by the
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gas production, which reduces the velocity of the water surround-
ing the particles. It is noted that the bed expansion becomes unsta-
ble when the GH saturation is 80% and 100%, as shown in Fig. 22. It
can be inferred that when the GH saturation is high or the amount
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of gas dissociated per unit time is large, the flow pattern in the pipe
will change, even the gas channeling occurs, which greatly affects
the safety of pipe transportation.

The variation of gas production with time at different GH satu-
rations is studied, as shown in Fig. 23. It can be clearly observed
that the dissociation rate increases with the increase in GH satura-
tion. The durations for the GH saturation from 20% to 100% are 72 s,
103 s, 127 s, and 143 s, respectively, and the cumulative gas vol-
umes for different GH saturations are 484 mL, 933 mL, 1937 mL,
and 2420 mL, respectively.

4. Conclusion

Many studies have been conducted on gas/liquid–solid two-
phase flow coupling with heat and mass transfer, but little atten-
tion has been paid to the behavior of gas–liquid–solid three-
phase flow in the presence of heat and mass transfer. Hence, in
the present study, a three-dimensional numerical model is adopted
within the framework of the CFD software FLUENT 16.2 to describe
the gas–liquid–solid three-phase flow coupled with GH dissocia-
tion in GHBS particles in a vertical pipe. Based on the Eulerian
three-fluid model, all three phases are treated as interpenetrating
continua. The liquid phase flow is described in the standard j� e
turbulence model. The particle phase flow is described by the
kinetic theory of granular flow (KTGF). A GH dissociation rate
model in Arrhenius form is presented, considering the influence
of the gas–liquid–solid three-phase flow on the dissociation rate.
The hydrodynamics, heat and mass transfer, and GH dissociation
are simultaneously considered.

Some salient conclusions can be drawn by the present simula-
tion results:

(a) The model can effectively capture the phenomenon of GHBS
particle dissociation and the transition from solid–liquid
two-phase flow to gas–liquid–solid flow in the pipe. The
changes in the flow characteristics in the vertical pipe, such
as the distribution of the volume fraction, velocity, tempera-
ture, and the components of the solid phase, are also obtained.

(b) The pressure gradient along the pipe fluctuates violently and
the expansion height of particles increases as the gas volume
Please cite this article in press as: Li, P., et al. Three-dimensional Eulerian model
Chem. Eng. Sci. (2018), https://doi.org/10.1016/j.ces.2018.10.053
continues to grow compared with the liquid–solid two-
phase flow without GH dissociation.

(c) Higher slip velocity between the solid and the liquid phase
leads to higher convective heat transfer efficiency but lower
solid concentration, which then affects the GH dissociation
rate. The dissociation rate is higher in the near-wall region
and lower in the center region.

(d) The higher the GH saturation, the more intense the pressure
gradient fluctuations, leading to greater bed expansion
height and gas production. However, the flow instability
caused by higher GH saturation may affect the safety of pipe
transportation.

It is worth further studying the accurate GH dissociation pro-
cess in GHBS particles under convective heat transfer conditions,
and the optimization of continuous multiphase transportation.
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