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a b s t r a c t

The multiphase flow characteristic is one of the most concerning problems during solid fluidization
exploitation of marine natural gas hydrate reservoirs. In this research, a new transient gaseliquidesolid
multiphase flow model with hydrate phase transition was developed. Meanwhile, this model considered
the coupling relationship among convective heat transfer, hydrate dynamic decomposition, and multi-
phase flow. The model can simulate the change of flow pattern from solid�liquid to gaseliquidesolid
flow, and describe the distribution character of volume fraction of phase, wellbore temperature and
pressure, and hydrate decomposition rate during transportation. The simulation results indicate that the
hydrate decomposition region in the wellbore gradually expands, but the hydrate decomposition rate
gradually decreases during the solid fluidization exploitation of hydrate. When mining time lasts for 4 h,
and the bottom hole pressure decreases by about 0.4 MPa. Increasing NaCl concentration in seawater
helps expand hydrate decomposition regions and improves the wellbore hydrate decomposition rate.
When the NaCl mass fraction in seawater reaches 15%, it will raise the hydrate decomposition regions to
the whole wellbore. In addition, the higher the wellhead backpressure, the lower the decomposition area
and decomposition rate of hydrate in the wellbore. When wellhead backpressure reaches 2 MPa, the
volume fraction of gas near the wellhead will reduce to about 12%. This work is expected to provide a
theoretical basis for the development of marine hydrate reservoirs.
© 2022 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This
is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/

4.0/).
1. Introduction

The natural gas hydrate (NGH) is commonly known as
“combustible ice,” a new clean and nonpolluting energy. It has the
particularity of wide distribution, high calorific value, high density,
and so on (Bai et al., 2009; Boswell and Collett, 2011; Zhao et al.,
2022). At present, the hydrate resources detected worldwide are
mainly stored in polar sandstones andmarine sandstones. This kind
of hydrate resource with good closure can be developed conven-
tionally. However, while mining, the metastable NGH stored within
a few hundred meters on the seabed needs to adopt a new
eum-Beijing, Beijing, 102249,
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exploitation method. This type of NGH has the particularities of
shallow burial depth, no tight cover, loose mineral deposits, low
cementation degree, and easy fragmentation. If the mining is car-
ried out conventionally, it will directly cause many decompositions,
gasification, and gas-free release of the weak cement hydrate,
which is a waste of resources and causes environmental pollution
and damage (Guo et al., 2016; Yang et al., 2019b; Sun et al., 2020).

For this challenging problem, Zhou et al. proposed a solid
fluidization method to exploit the NGH resources in the seabed's
external surface, as shown in Fig. 1 (Zhou et al., 2017; Zhao et al.,
2017). This method's basic idea is that the natural gas hydrate-
bearing sediments (NGHBS) are crushed into small particles and
disposed of by the fluidization process through mechanical mining
and secondary crushing. Then, the NGHBS aremixedwith seawater.
Finally, the NGHBS are transported to the offshore platform through
pipelines for later treatment.
mmunications Co. Ltd. This is an open access article under the CC BY-NC-ND license
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Nomenclature

a Constant of ReK equation of state
A Cross-sectional area of wellbore, m2

Ae Distribution coefficient under bubble flow and slug
flow

Ah Hydrate dissociation surface area, m2

b Constant of ReK equation of state
cg Gas distribution coefficient
cs Solid distribution coefficient
ds Hydrate particle diameter, m
DR Parameter of fractal model
DAB Diffusion coefficient, m2/s
Eact Activation energy, J/mol
f Fugacity of methane gas, Pa
fe Equilibrium fugacity of methane gas, Pa
Fw Coefficient of intermediate
g Acceleration of gravity, m/s2

G Free energy, J/mol
_Hm Enthalpy flux per unit volume, kg/(m$s3)
DHh Heat absorbed by hydrate decomposition, J/kg
kd Hydrate decomposition rate constant, mol/(Pa$m2$s)
kc Hydrate intrinsic decomposition rate constant, mol/

(Pa$m2$s)
kf Mass transfer rate constant, mol/(Pa$m2$s)
k0c Parameter of hydrate intrinsic decomposition rate,

mol/(Pa$m2$s)
K Critical Kutateladze number
m Parameter of fractal model
_mg Gas production rate due to hydrate decomposition in

wellbore, kg/(m2$s)
_ml Liquid production rate due to hydrate decomposition

in wellbore, kg/(m2$s)
_mh Hydrate decomposition rate in wellbore, kg/(m2$s)
Mh Molar mass of hydrate, kg/mol
n Parameter of fractal model
nh Concentration of hydrate, kg/m2

p Pressure, Pa
pf Along-range pressure consumption, Pa
peq Hydrate phase equilibrium pressure, Pa
pc Critical pressure, Pa
pr Relative pressure, Pa
pQ Standard pressure, Pa
ql Mass flow of liquid in wellbore, kg/s
qs Mass flow of solid in wellbore, kg/s
Q Source term
Qtotal Exchange of heat between fluid and environment,

kg$m/s3

R Gas constant
S Specific surface area of the unit volume porous

media, m2

Sh Effective specific surface area of hydrate particle, m2

t Time, s
Dt Time step, s
T Temperature, K
Teq Hydrate phase equilibrium temperature, K
Tc Critical temperature, K
Tr Relative temperature, K
u Internal energy, m2/s2

v Velocity, m/s
vc Gas characteristic velocity, m/s
vf Effective return velocity of solid, m/s
vm Mixing velocity of gaseliquidesolid, m/s
vgr Gas slip velocity, m/s
vsr Solid settling velocity, m/s
V Volume, m3

X Variable
Y Variable
z Axial distances, m
Dz Space step, m
Z Compressibility factor

Greek letters
a Volume fraction
g Adiabatic gas constant
Gh Hydrate abundance
q Well inclination angle, rad
m Viscosity, Pa$s
m0m Plastic viscosity of the gas�liquid mixed phase

around the particle, Pa$s
r Density, kg/cm3

r0m Density of the gas�liquid mixed phase around the
particle, kg/m3

4 Particle sphericity
f Porosity
u Salinity

Subscript
g Gas
l Liquid
s Solid
h Hydrate
m Gaseliquid-solid mixed fluid
j Space node
n Time node
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Meanwhile, the NGHBS particles will decompose during trans-
portation, which will cause the flow pattern in the wellbore to
change from solid�liquid flow to gaseliquidesolid multiphase
flow. However, as the technology is still in the initial stage, all as-
pects of the basic theory are not mature. There is a lack of research
on the NGH decomposition law and the multiphase flow rule in the
wellbore during the solid fluidization exploitation of NGH
reservoirs.

Through investigation, it is found that the existed research on
multiphase flow law of wellbore is mainly concentrated in the fields
of manage pressure drilling, underbalanced drilling, and well
control, etc., while few investigations on the multiphase flow rule
1677
of the wellbore during the solid fluidization mining of NGH
(Shishavan et al., 2015; Yang et al., 2019a; Ghobadpouri et al., 2017).

A few scholars have researched the multiphase flow law of the
wellbore with hydrate phase transition. Sun et al. (2011) developed
a seven-component multiphase flow model, considered the influ-
ence of deep-water environment and hydrate phase transition, and
simulated the deep-water well control process. It should be noted
that the model does not consider the relative slip between cuttings
and fluid. Wang and Sun (2009, 2016) studied hydrate decompo-
sition on multiphase flow law in the wellbore during drilling in
hydrate formation. Merey (2016) analyzed the hydrate decompo-
sition law and simulated kick in the hydrate formation drilling



Fig. 1. Mechanisms of multiphase flow coupling hydrate dynamic decomposition during solid fluidization exploitation.

G. Zhang, J. Li, G.-H. Liu et al. Petroleum Science 20 (2023) 1676e1689
process. Gao et al. (2017a, b) developed a multiphase flow model
coupled with temperature and pressure during hydrate formation
drilling with riser. Wei et al. (2016) considered the interaction of
stress, hydrate decomposition, and velocity in the drilling process
of the NGH reservoir. They studied the hydrate decomposition law
and multiphase flow rule under different operating parameters.
However, the heat and mass transfer between phases caused by
hydrate decomposition was not considered in the model, so the
accuracy of obtained phase volume fraction and temperature is
poor. Sun et al. (2018) analyzed the coupled hydrate phase transi-
tion and overflow process and developed a unified gas-liquid flow
mechanism model. Unfortunately, the coupled relationship be-
tween the hydrate dynamic decomposition and the wellbore heat
transfer was ignored. Liao et al. (2019) established a
gaseliquidesolid flow model to simulate the drilling process of
hydrate formation. However, the model assumed that hydrate start
to decomposition from the bottom of the well. Li et al. (2019)
established a gaseliquidesolid transient flow model, which
considered multiphase flow and hydrate decomposition. Based on
developed model, he used CFD software to simulate the multiphase
flow characteristics during mechanicalethermal exploitation of
NGH. However, the size of the established geometricmodel is small.
The simulated wellbore length is only 1.5 m, which cannot describe
the pressure changes along the wellbore in the actual hydrate
mining process.

It can be seen that the abovemultiphase flowmodel considering
hydrate phase transition mainly simulates the drilling process of
hydrate formation and the gas kick process of deepwater drilling,
but there are few multiphase flow models simulating the solid
fluidization exploitation of NGH reservoirs. In addition, the existing
models do not comprehensively consider the coupling relationship
among multiphase flow, convective heat transfer, and hydrate
decomposition. Therefore, it's necessary to research the hydrate
1678
decomposition law and the multiphase flow rule during solid
fluidization exploitation of NGH. This will provide some theoretical
reference for the safe and efficient exploitation of Marine shallow
gas hydrate.

2. Mathematical model

As shown in Fig. 2, there are multiple physical processes in the
wellbore during the solid fluidization exploitation of the NGH,
including multiphase flow, convective heat transfer between the
surrounding medium and the fluid, interphase heat and mass
transfer resulted from hydrate decomposition, and changes in the
fluid properties and wellbore pressure. The coupling relationship
between these physical processes can be summarized as follows:

(1) The convective heat transfer between the fluid and the sur-
roundingmedium affects the fluid temperature, and then the
hydrate decomposition rate, wellbore pressure, and multi-
phase flow characteristics.

(2) The interphase heat and mass transfer caused by hydrate
decomposition will affect the phase volume fraction and
wellbore temperature, and then the wellbore pressure,
convective heat transfer coefficient, and wellbore flow
characteristics.

(3) The multiphase flow of the decomposition gas, seawater, and
hydrate particles in wellbore affects mixture velocity and
wellbore pressure, and then hydrate decomposition rate.

Besides, the type of flow in the wellbore will change from solid-
liquid flow to gaseliquidesolid flow when hydrate particles reach
the critical depth of phase transient. To establish a gaseliquidesolid
flow mechanism model coupled hydrate dynamic decomposition,
wellbore temperature, and multiphase flow, the main assumptions



Fig. 2. The coupling relationship between hydrate decomposition, multiphase flow and heat transfer.
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are as follows (Yang et al., 2019a; Li et al., 2019; Liao et al., 2019):

(1) The flow in the wellbore is regarded as a one-dimensional
flow.

(2) Hydrate particles are regarded as spherical ideally, and will
not collapse during dissociation.

(3) Ignoring the effects of Joule-Thomson and adiabatic cooling
on wellbore temperature field.

(4) Assume that the thermal properties of seawater, casing, and
rock do not change.

(5) The hydrate particles are treated as a continuous phase.
2.1. Mass conservation equations

Considering the natural gas hydrate decomposition during solid
fluidization exploitation of marine gas hydrate reservoirs, the mass
conservation equations for decomposed gas, seawater and hydrate
particle are expressed as (Wei et al., 2019; Li et al., 2019; Liao et al.,
2019):

v
�
Argag

�
vt

þ v
�
Argagvg

�
vz

¼Aas _mg (1)

vðArlalÞ
vt

þ vðArlalvlÞ
vz

¼ ql þ Aas _ml (2)

vðArsasÞ
vt

þ vðArsasvsÞ
vz

¼ qs � Aas _mh (3)

To solve the complex multiphase flow problem, Zuber and
Findlay (1965) built the drift flow model considering the phase
slip effect. Compared with the homogeneous phase flowmodel and
the separated phase flow model, the drift flow model is more
consistent with the actual flow law and simpler to calculate. Based
the definition of drift flow, the actual velocity of the gas phase and
the solid phase is described as:

vg ¼ cgvm þ vgr (4)

vs ¼ csvf � vsr (5)

Then gas distribution coefficient cg and gas drift velocity vgr
have been widely researched in oil and natural gas fields. Shi et al.
(2005) obtained widely accepted empirical formulas of gas distri-
bution coefficient and gas drift velocity through a large number of
experiments. The cg and vgr are presented as follows
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cg ¼ Ae

1þ ðAe � 1Þg2 (6)

vgr ¼
cgvc

�
1� agcg

�
K
�
ag

�
1� agcg

h
1� �

rg
�
rl
�1=2 iðcosqÞ1=2ð1þ sinqÞ2 (7)

Considering the small amount of NGH decomposition in the
mining process, the wellbore flow pattern is mainly bubbly flow or
dispersed bubbly flow, and here approximately regard as vf ¼ vm.
According Iyoho's research, cs ¼ 1. He (2016) introduced the angle
correction factor and obtained the empirical settling velocity
model. The expression of settling velocity is:

vsr ¼ 0:223
e5:034m

0
m

r0
mds

sinq

2
4

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ 0:399g

�
rs � r0

m
�
r0
md3s

e5:034m02
m

vuut � 1

3
5
(8)
2.2. Momentum conservation equations

According to the momentum theorem, the mixed momentum
conservation equation of gaseliquidesolid is described as

v

vt

X
m¼g;l;s

ðrmamvmAÞ þ v

vz

X
m¼g;l;s

�
rmamv2mA

�

þ
X

m¼g;l;s

ðrmamÞAgsinqþ vðpAÞ
vz

þ
v
�
pfA

�
vz

þ ðqsvs þ qlvlÞ

þ �
_mgvg þ _mlvl � _mhvs

�
¼ 0 (9)
2.3. Energy conservation equations

In the process of hydrate particle transportation, the tempera-
ture of the mixture depends on the following processes: (1) Heat is
transferred along the axial direction with fluid motion; (2) Heat
convection between the fluid and the wall; (3) Heat absorbed by
the decomposition of hydrate. Therefore, the energy conservation
equation of the mixture can be expressed as:



v

vt

X
m¼g;l;s



rmam

�
um þ 1

2
v2m

	�
¼ v

vz

X
m¼g;l;s

�
rmamvm

�
um þ p

rm
þ 1
2
v2m

		
þ

X
m¼g;l;s

ðrmamvmgsinqÞ þ Qtotal
A

þ
X

m¼g;l;s

_Hm � asfGh
rh
Mh

DHh

(10)
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2.4. Hydrate decomposition model

In the hydrate particle transport process, the solideliquid two
phase composed of hydrate particle and seawater flows upward
along the wellbore. During upward flow, the hydrate will decom-
pose with the rise of temperature and the reduce of pressure in the
wellbore, and the complex gaseliquidesolid multiphase flow will
emerge in the wellbore. Furthermore, the velocity of the hydrate
particle in the wellbore have important effects in the decomposi-
tion rate. In order to calculate the hydrate dissociation rate in the
wellbore, a dynamic decomposition model of hydrate under
multiphase flow was established based on the Kim model (Kim
et al., 1987). The hydrate dissociation rate expression is described
as:

_mh¼
�
� dnh

dt

	
T;p

¼ kdAh

h
feq

�
T ; peq

�
� f ðT; pÞ

i
(11)

Since hydrate particle is a porous medium composed of hydrate
and rock, the decomposition surface area of hydrate is related to the
internal pore surface area of hydrate particle. Based on the fractal
model, the specific surface area of the unit volume porous media
can be expressed as (Zhou et al., 2018):

X
S¼ 6n

m6,



1þmDR�6 þ :::þ

�
mDR�6

�i�1
�

(12)
kd ¼
1

1
.
kc þ 1

.
kf

¼ 1

1
.
k0ceð�Eact=RTÞ þ 1

.
0:347ðdsvmrm=mmÞ0:62½mm=ðrmDABÞ�1=3DAB

.
ds

(19)
For Menger sponges, the model parameters are set as m ¼ 3,
n ¼ 7, DR ¼ 2:727. Here, the hydrate particles are regarded as
spherical, the effective dissociation area of hydrate particle is
expressed as follows:

Ah ¼ Sh
pd3s
6

,
X

S (13)

According to the definition of fugacity of pure matter, fugacity
can be expressed as (Chen and Guo, 1998)

8><
>:

dG ¼ RTdlnf

lim
p/0

f
p
¼ 1

(14)

In order to calculate the fugacity of gas, the fugacity coefficient is
introduced here, which can be understood as the correction coef-
ficient of pressure, and is expressed as follows:
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ln
�
f
p

	
¼ 1

RT

ðp
pQ

�
V � RT

p

	
dp (15)

Then, according to the Redlich-Kwong (ReK) equation of state of
the methane gas, the pressure can be written as

p¼ RT
V � b

� a
T0:5VðV þ bÞ (16)

The coefficients of ReK equation are as follows

8>>>><
>>>>:

a ¼ 0:72748,R2,T2:5c
pc

b ¼ 0:08664,R,Tc
pc

(17)

Then, the ReK equation is substituted into Eq. (15), the fugacity
coefficient is derived as

ln
�
f
p

	
¼ Z�1� ln

�
Z� pb

RT

	
� a
bRT1:5

ln
�
1þ b

V

	
(18)

According to Ryokichi and Ripmeester's research, the decom-
position rate constant of hydrate is expressed as (Wei et al., 2016)
2.5. Heat absorbed by hydrate decomposition

The heat absorbed by hydrate decomposition depends on the
enthalpy change caused by the decomposition of hydrate into gas
and liquid. The decomposition heat of hydrate can be obtained by
the Clausius-Clapeyron equation (Clarke and Bishnoi, 2001; Sun
et al., 2022):

dlnp
dð1=TÞ ¼ �DHh

ZR
(20)

Based on the comparative form of the Redlieh�Kwong equation,
the compression factor of methane gas is derived as

1

Z
�
1� 0:08664 pr

ZTr

�� 0:42747pr

Z2T2:47r

�
1þ 0:08664 pr

ZTr

�¼1 (21)

According to the NGH phase equilibrium experiment, Chuai
et al. (2019) obtained a lot of the NGH phase equilibrium data un-
der wide ranges of temperature, pressure and NaCl concentration,



Fig. 3. The relationship curve between logarithm of equilibrium pressure and recip-
rocal of equilibrium temperature.

Fig. 4. Schematic diagram of grid difference in four-point difference scheme.
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and obtained the NGH phase equilibrium equation with high ac-
curacy and simple expression, which can be expressed as follows:
Teqðu;pÞ ¼ 247:2680þ 3:7167 lnð26� uÞ þ 0:0793½lnð26� uÞ �3þ
lnp

n
9:5727� 0:5479 lnð26� uÞ þ 0:1049½lnð26� uÞ �3

o
þ

ðlnpÞ3
n
� 0:1189þ 0:0124 lnð26� uÞ � 0:0026½lnð26� uÞ �3

o
þ

ðlnpÞ5
n
0:0038� 0:8144� 10�4 lnð26� uÞ þ 0:3072� 10�4½lnð26� uÞ �3

o (22)
Fig. 3 shows the fitting linear relationship curve between loga-
rithm of equilibrium pressure and reciprocal of equilibrium tem-
perature under the condition of pure water. The relationship curve
shows a roughly consistent linear relationship under any phase
equilibrium condition. As can be seen from Fig. 3, the slope of the
curve is �7763.7.

The calculated results of the dissociation heat were compared
with those of Rueff et al. (1985), Huang et al. (2004) and Chen et al.
(2019), as shown in Table 1. We can find that the results are in good
follow the Rueff's experimental measure value with an error less
than 0.3%.
3. Numerical solutions

The gaseliquidesolid multiphase flow model built in this paper
is relatively complex, and the analytical solution of the model
cannot be obtained directly, so it needs to adopt numerical method.
Therefore, the four-point finite difference method is used to dis-
cretize the governing equation, and the iterative process is adopted
to solve the discrete equations.
Table 1
Comparisons of calculation results of dissociation heat at 285 K.

Method ReK equation Setzmann e

Dissociation heat, kJ/mol 54.350 54.265
References This paper Chen et al.
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3.1. Meshing

A fixed-step method is used to divide the grid in the space. The
length of the spatial grid section is as follows:

Dzj ¼ zj � zjþ1 ¼ Dz (23)
The time grid step is determined according to the mixing speed
of multiphase flow and the length of spatial grid, as shown below:

Dtn ¼ Dz
ðvmÞn

(24)
3.2. Governing equation discretization

When the difference equations are established, the integral
interpolation method is used to construct and the four-point dif-
ference scheme is selected. The specific form is described in Fig. 4.

The governing equations of model can be uniformly written into
the following conservation form:

vX
vt

þ vY
vz

¼ Q (25)

The integral form of Eq. (25) is as follows
quation Calorimetry PeR equation

54.480 54.670
(2019) Rueff et al. (1985) Huang et al. (2004)
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∬
p

�
vX
vt

þ vY
vz

	
dzdt ¼ 0 (26)

The Eq. (26) is transformed into a curvilinear integral along the
boundary of a region

∬
p

�
vX
vt

þ vY
vz

	
dzdt ¼

I
p

Xdz� Ydt

¼ �
ðtnþ1

tn

Y
�
t; zj

�
dt þ

ðzjþ1

zj

Xðtnþ1; zÞdz

þ
ðtnþ1

tn

Y
�
t; zjþ1

�
dt �

ðzjþ1

zj

Xðtn; zÞdz

¼ 0 (27)

When Dt and Dz is small enough, the following difference
format can be obtained:

ð1� FwÞ
�
Yn
jþ1 � Yn

j

�
þ Fw

�
Ynþ1
jþ1 � Ynþ1

j

�
¼ Dz

2Dt

�
Xn
j þ Xn

jþ1 � Xnþ1
j � Xnþ1

jþ1

�
(28)

According to the above derivation, the difference equations
corresponding to the governing equations of model can be obtained
as follows:

The difference scheme of mass conservation equation of the gas
phase:
ðApÞnþ1
jþ1 � ðApÞnþ1

j ¼ Dz
2Dt

8>>>>>>><
>>>>>>>:

2
4 X
m¼g;l;s

ðrmamvmAÞ
3
5n

j

þ
2
4 X
m¼g;l;s

ðrmam

�
2
4 X
m¼g;l;s

ðrmamvmAÞ
3
5nþ1

j

�
2
4 X
m¼g;l;s

ðrma

�
2
4 X
m¼g;l;s

�
rmamv2mA

�3
5nþ1

jþ1

9>=
>;� Dz

2

8><
>:
2
4 X
m¼g;l;s

ðr

� Dz
2

"�
A
dpf
dz

	nþ1

j
þ
�
A
dpf
dz

	nþ1

jþ1

#
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�
Argagvg

�nþ1
jþ1 � �

Argagvg
�nþ1
j

¼ Dz
2t

h�
Argag

�n
j
� �

Argag
�n
jþ1

� �
Argag
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Argag
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jþ1

i
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2

h�
Aas _mg

�nþ1
j

þ �
Aas _mg
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i
(29)

The difference scheme of mass conservation equation of the
liquid phase:

ðArlalvlÞnþ1
jþ1 � ðArlalvlÞnþ1

j ¼ Dz
2t

h
ðArlalÞnj � ðArlalÞnjþ1

� ðArlalÞnþ1
j � ðArlalÞnþ1

jþ1

i
þ Dz

2

h
ðql � Aas _mlÞnþ1

j

þ ðql � Aas _mlÞnþ1
jþ1

i
(30)

The difference scheme of mass conservation equation of the
solid phase:

ðArsasvsÞnþ1
jþ1 � ðArsasvsÞnþ1

j ¼ Dz
2t

h
ðArsasÞnj � ðArsasÞnjþ1

� ðArsasÞnþ1
j � ðArsasÞnþ1

jþ1

i
þ Dz

2

h
ðqs � Aas _mhÞnþ1

j

þ ðqs � Aas _mhÞnþ1
jþ1
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The difference scheme of mixed momentum conservation
equation:
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The difference scheme of energy conservation equation:
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3.3. Solution procedure

In this paper, a double-cycle iterative calculation method is
adopted, which first converges to pressure and then to tempera-
ture. The specific calculation steps are as follows Fig. 5.
Fig. 5. Schematic of so
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4. Model validation

Although Japan and China have carried out experiments on
decompression mining of hydrates in the ocean, the current
research on hydrate solids fluidized mining is still in its infancy. In
addition, the existing research on the multiphase flow law
considering the phase transition of hydrates mainly focuses on the
theoretical stage and lacks field test data. Therefore, it isn't easy to
lution procedure.



Fig. 6. Wellbore struc

Fig. 7. Verification of field measured data. (a) Variation of calculated and the measured te
measured temperature.

Table 2
Basic parameters of the case well.

Parameter Value

Depth of seawater, m 300
Depth of formation, m 4160
Pipeline outer diameter, m 0.152
Pipeline inner diameter, m 0.127
Injection rate, m3/s 0.024
Injection temperature, K 293.15
Porosity e

Hydrate saturation e

Water saturation e

Temperature of sea surface, K 288.15
Geothermal gradient, K/m 0.025
Rate of penetration, m/h 10
Particles diameter, m 0.003
Wellhead backpressure, MPa 0.5
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directly verify the accuracy of the model.
The model becomes a conventional wellbore multiphase flow

model when ignoring the heat and mass transfer behavior caused
by the hydrate phase change in the above model. At the same time,
the physical meaning of heat and mass transfer caused by hydrate
phase change in themodel is apparent. Therefore, it is reasonable to
use conventional measuredwellbore temperature data to indirectly
verify the above model because there is no field measured data.
This paper used the measurement data of the MWD tool of a high-
temperature and high-pressure well in the South China Sea for
verification. Table 2 and Fig. 6 respectively present the basic pa-
rameters of case well and structure of the well.

Fig. 7(a) shows the variation of the calculated temperature and
the measured temperature along the depth of the well during the
process of drilling the bit from 3400 to 4000 m. It's easy to find
from Fig. 7(a) that the calculated temperature and measured
ture of case well.

mperatures along well depth; (b) Error analysis of calculated temperature relative to



Fig. 8. Comparison of wellbore temperature distribution by adopting different models.

Table 3
Basic parameters of simulation well.

Parameter Value

Depth of seawater, m 1000
Depth of formation, m 1500
Pipeline outer diameter, m 0.508
Pipeline inner diameter, m 0.476
Injection rate, m3/s 0.030
Injection temperature, K 298.15
Porosity 0.45
Hydrate saturation 0.63
Water saturation 0.37
Temperature of sea surface, K 288.15
Geothermal gradient, K/m 0.024
Mining rate, kg/s 40
Particles diameter, m 0.003
Wellhead backpressure, MPa 0.5

Fig. 9. Temperature profile of wellbore at different circulation time, and equilibrium
temperature of hydrate.
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temperature of the model have the same increasing trend with the
depth of the well, and the agreement between the two is good.
Fig. 7(b) shows a simple error analysis of the calculated tempera-
ture relative to the measured temperature. It can be seen from
Fig. 7(b) that most of the errors in calculating the temperature do
not exceed 5%, and the average error is 2.2%.

Fig. 8 compares the wellbore temperature by respectively
adopted this paper model, the Gao model (Gao et al., 2017a, b), the
Liao model (Liao et al., 2019), and the model that ignored the hy-
drate decomposition. It's easy to find from the figure that the
variation trend of wellbore temperature calculated by eachmodel is
consistent, and the difference is basically within 5%. Besides,
compared to without hydrate decomposition, it is essential to note
that below affection change point, the wellbore temperature of
hydrate production is lower than that of conventional oil and gas
production. The main reason for the decrease of wellbore
Table 4
Thermodynamic parameters of medium.

Medium Density, kg/m3 Speci

Seawater 1025 3890
Hydrate 900 3100
Formation 2600 1200
String 7800 800
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temperature is the heat absorption caused by hydrate decomposi-
tion. However, above affection change point, the gas generated
fromhydrate decomposition reduce the thermal conductivity of the
mixture fluid, resulting in higher wellbore temperature. This
further proves the accuracy of the model.

5. Results and discussion

In order to study the influence of hydrate decomposition on
multiphase flow characteristics of the wellbore during solid fluid-
ized exploitation, a non-isothermal gaseliquidesolid transient flow
model was established in this paper to carry out relevant numerical
simulation research. Tables 3 and 4 show the relevant simulation
parameters. Table 2 shows the basic simulation parameters, and
Table 3 shows the thermodynamic parameters.

5.1. Results

The hydrate decomposition law and multiphase flow behavior
in the wellbore under different cycle mining times are studied
through the numerical simulation of the hydrate solid-state fluid-
ized mining process.

5.1.1. Hydrate decomposition rate and region
Fig. 9 describes the hydrate decomposition regions under

different circulation mining times. As shown from the figure, with
the increase of mining time, the critical decomposition point of
hydrate gradually moves down, and the decomposition region of
hydrate in the wellbore gradually expands. Fig. 10 shows that the
hydrate starts decomposition in around 500 m, and with the
wellbore depth gradually decreases, the temperature of the well-
bore increases and the pressure of the wellbore decreases, resulting
in a gradual rise in the rate of hydrate decomposition.
fic heat capacity, J/(kg$K) Heat conductivity, J/(s$m$K)

0.70
0.52
2.10
43.00



Fig. 10. Hydrate decomposition rate profile of wellbore at different circulation time.

Fig. 11. Hydrate phase equilibrium temperature at NaCl concentration of 0, 5%, 10%,
and 15%.

Fig. 12. Hydrate decomposition rate at NaCl concentration of 0, 5%, 10%, and 15%.

Fig. 13. Pressure distribution profile of wellbore at circulation time of 1, 2, 3, and 4 h.

Fig. 14. Temperature distribution profile of wellbore at circulation time of 1, 2, 3, and
4 h.
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Besides, in the near wellhead, the decomposition rate of hydrate
reduces with the increase of time. This is mainly because the hy-
drate decomposition is an endothermic reaction. With the rise of
time, the heat absorbed by the decomposition reaction increases
accordingly. Moreover, the wellbore heat cannot supplement
timely, resulting in decreased wellbore temperature and the hy-
drate decomposition rate.

Fig. 11 shows the hydrate decomposition regions under different
NaCl mass fractions. It can be found that with the rise of NaCl
concentration in seawater, the methane hydrate phase's equilib-
rium temperature decreases, leading to the gradual expansion of
hydrate decomposition areas in the wellbore. When the NaCl mass
fraction reaches 10%, the hydrate will start decomposition at the
bottom of the well. When the NaCl mass fraction reaches 15%, the
hydrate decomposition area will be expanded to the whole well-
bore. Fig.12 shows that near themudline, the decomposition rate of
hydrate is the lowest. Above the critical decomposition point, the
decomposition rate of hydrate rises with the reduce of well depth.
Besides, NaCl mass fraction growth will result in a significant in-
crease in the decomposition rate of hydrate. During the solid
fluidization mining of hydrate, appropriately increasing NaCl



Fig. 15. Gas volume fraction distribution profile at circulation time of 1, 2, 3, and 4 h.

Fig. 16. Solid volume fraction distribution profile at circulation time of 1, 2, 3, and 4 h.

Fig. 17. Liquid volume fraction distribution profile at circulation time of 1, 2, 3, and 4 h.
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concentration can expand the hydrate decomposition areas and
increase the hydrate decomposition rate to improve gas production
and reduce the difficulty of later treatment.
5.1.2. Pressure and temperature distribution profile
Figs. 13 and 14 respectively describe temperature and pressure

profiles of wellbore at different mining times. It can be found from
Fig. 13 that the pressure of the wellbore gradually decreases with
the rise of time. It notes that the bottom hole pressure decreases by
about 0.4 MPa when exploited for 4 h. The main reason for the
decrease in wellbore pressure is that the gas produced by the
decomposition of hydrate reduces the density of the mixed fluid
and the pressure drop of gravity.

As can be seen from Fig. 14, with well depth decreases, the
wellbore temperature firstly falls and then increases, and the
wellbore temperature in the near mudline reaches the lowest. In
addition, as time increases, in the lower wellbore section, heat
continuously flows from the formation to the bottom of the well,
and the temperature of the wellbore gradually increases. In the
upper wellbore section, Increased heat exchange betweenwellbore
fluid and surrounding media and the hydrate decomposes absorbs
heat, which ultimately leads to a decrease in the wellbore
temperature.
5.1.3. Gas-fluid-solid three-phase volume fraction distribution
profile

Figs. 15e17, respectively, show the gas-fluid-solid three-phase
volume fraction distribution profile at circulation time of 1, 2, 3, and
4 h. It can be found from Fig. 15 the hydrate began to decompose
around 500 m. With the increased time, the amount of hydrate
decomposition gradually increased, resulting in the gradual in-
crease in volume fraction of gas in the wellbore. Simultaneously, it
notes from Figs. 16 and 17 that the volume fraction of liquid and
solid in the wellbore gradually decrease with increased time.

Besides, with the wellbore's depth decreases, the volume frac-
tion of gas gradually increases. The main reason for the increase in
gas volume fraction is the increase of decomposition rate of hydrate
and the rise in gas expansion due to the decrease of wellbore
pressure.
Fig. 18. Gas volume fraction distribution profile of wellbore under different flow rates.



Fig. 19. Gas volume fraction distribution profile of wellbore under different wellhead
backpressures.

Fig. 20. Gas volume fraction distribution profile of wellbore under different mining
rates.

Fig. 21. Gas volume fraction distribution profile of wellbore under different NaCl
concentrations.
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5.2. Discussion

During the solid fluidization mining of hydrate, it's of great
significance to know the distribution law of gas-phase volume
fraction in wellbore under different mining parameters for safe and
efficient mining of hydrate. Therefore, this paper researched the
effect of critical parameters such as mining rate, flow rate, wellhead
backpressure, and salt concentration on gas-phase volume fraction
distribution in the wellbore.

Fig.18 describes the distribution profile of gas volume fraction in
the wellbore at different flow rates. It's easy to find that the volume
fraction of gas increases gradually with the increase of flow rate.
The increase in liquid flow rate will lead to the heat exchange be-
tween the hydrate particles and the surrounding fluid increases,
which increases the decomposition rate of the hydrate and ulti-
mately causes the volume fraction of the gas phase in the wellbore
to continue to rise.

Fig. 19 depicts the distribution characteristics of the volume
fraction of gas in the wellbore under different wellhead
1688
backpressures. When improving the wellhead backpressure, the
wellbore pressure profile will increase overall. The increase in
wellbore pressure will reduce the driving force and decomposition
rate of hydrate decomposition and ultimately lead to a decrease in
gas volume fraction. In addition, the increase in wellhead back-
pressure will cause the critical point of hydrate decomposition to
rise, which reduces the hydrate decomposition area in the well-
bore. Therefore, in the process of hydrate mining, the volume
fraction profile of each phase in the wellbore can be controlled by
adjusting the wellhead backpressure to ensure safe and efficient
transportation of hydrate.

Fig. 20 shows the distribution of gas volume fractions at
different hydrate mining rates. It can be seen from the figure that
with the increase in the hydrate mining rate, the hydrate content in
the wellbore increases, thus increasing the hydrate decomposition
rate in the wellbore, and ultimately leading to the increase in the
volume fraction of gas in the wellbore. In addition, it is easy to find
that the increase in gas phase volume fraction in the wellbore in-
creases gradually with the increase in mining rate. Therefore, we
should reasonably control the mining rate in the process of hydrate
solid-state fluidization mining to ensure wellbore safety.

Fig. 21 depicts the distribution of gas volume fraction in the
wellbore at different NaCl mass fractions. It is not difficult to find
that the increase in NaCl concentration in seawater will expand the
decomposition range of hydrate in the wellbore and increase the
decomposition rate of hydrate. Therefore, reasonable control of the
salt concentration of the injected seawater will help control the
decomposition area of the hydrate in the wellbore and ensure the
efficient transportation of hydrate particles.

6. Conclusions

Considered the coupling relationship between dynamic
decomposition of hydrate, multiphase flow, and system heat
transfer, this paper developed a non-isothermal transient multi-
phase flow mechanism model during the solid fluidization mining
of hydrate. The hydrate decomposition rate, hydrate decomposition
region, and multiphase flow law were studied through numerical
simulation. Meanwhile, the effect of keymining parameters such as
wellhead backpressure, liquid flow rate, mining rate, and salt
concentration are analyzed. The main conclusions of this research
are as follows:
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(1) During the solid fluidization exploitation of hydrate, with the
rise of time, the decomposition area of hydrate in the well-
bore gradually expands, and the hydrate decomposition rate
gradually decreases. Increasing NaCl concentration in
seawater helps widen hydrate decomposition area in the
wellbore and improves hydrate decomposition rate. When
the NaCl mass fraction in seawater reaches 15%, the hydrate
decomposition regions will expand to the whole wellbore.

(2) As the production time increases, the wellbore pressure
gradually decreases. When the mining time is 4 h, the bot-
tom hole pressure drops by about 0.4 MPa. At the same time,
during the mining process, the wellbore temperature at the
lower part of the well gradually rises. In contrast, the well-
bore temperature in the upper section of the well decreases
slowly, and thewellbore temperature near themudline is the
lowest.

(3) After the particles of hydrate arrive at the wellhead, the
volume fraction of each phase in the wellbore gradually
tends to be stable with the increase in mining time. After 4 h
of miming, the gas volume fraction can reach about 30%,
which will lead to lower wellbore carrying efficiency.

(4) Increasing fluid flow rate is beneficial to improve hydrate
decomposition rate. Increasing wellhead backpressure will
reduce the hydrate decomposition area. When wellhead
backpressure rises to 2 MPa, the wellbore volume fraction
will reduce to about 12%. The increase in mining rate will
lead to the volume fraction of gas in the wellbore.
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