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Abstract. The marine area is the main direction of the development of oil and gas resources in the world. The
pipeline transportation technology of natural gas hydrate slurry plays an important role in the exploitation of
marine oil and gas and the exploitation of marine gas hydrate resources. In order to study the influence of pipe
inclination on pipeline transportation, population balance model based on hydrate particle aggregation dynam-
ics was coupled with the Eulerian—Eulerian two-fluid multiphase flow model to simulate the flow behaviors of
hydrate slurry flow in pipes with different inclination angles. In the study, three variables of inclination, flow
rate and initial particle size were considered. The results show that tilted pipes are beneficial to hydrate slurry
transport rather than harmful. Meanwhile, higher flow rates and lower initial particle sizes are beneficial for
promoting the flow safety of hydrate slurry transport. However, the flow pressure drop of the hydrate slurry
increases with the increase of the flow rate and the decrease of the initial particle size, which is not conducive
to the economics of mining. The research results in this paper can provide reference for the research of hydrate

slurry flow safety and parameter guidance for hydrate solid fluidized mining.

1 Introduction

Natural Gas Hydrates (NGH), also known as “combustible
ice”, are clathrate inclusion compounds. They are snowy
solid formed by some components in natural gas and water
under high pressure and low temperature conditions [1-3].
In the study of hydrate slurry flow, scholars tend to study
the traditional thermodynamic methods to change the
hydrate formation conditions (such as changing the hydrate
formation temperature, pressure, etc.) in the early days.
Preventing the formation of hydrates in oil and gas pipeline
transportation by this method, and increasing the safety,
economy and reliability of natural gas pipeline transporta-
tion [4-6]. In the 1980s, Vysniauskas and Bishnoi began
to research on hydrate kinetics, which opened a new chap-
ter in the safety of hydrate flow from “preventing” to “con-
trolling” [7]. Nowadays, hydrate slurry flow research has a
rich content, and many scholars from various countries
have carried out many loop experiments and numerical sim-
ulation studies [8-10].

Marine oil and gas resources are the main replacement
for the world’s oil and gas resources. Marine areas, espe-
cially deep-sea areas, are rich in oil and gas resources, and
attract the attention of researchers and institutions around
the world. In recent years, the exploration and development
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of deep-sea natural gas hydrate resources have been highly
concerned by more and more countries [11-13]. It is
estimated that the reserves of natural gas hydrates in the
world are twice that of the known carbon-containing
compounds, and about 95% of them are found in the
deep-sea area [l4]. Therefore, the successful mining of
hydrates in the deep sea can effectively alleviate the world’s
energy problems. Meanwhile, the study of the flow behav-
iors of natural gas hydrate slurry is of great significance
for the development of deep-sea oil and gas and the
exploitation of natural gas hydrate.

Among the hydrate resources in the deep sea, most of
the hydrates are stored in the superficial layer of the seabed,
with a shallow depth, no dense cover, weak joints, fragile
and non-diagenetic properties, known as non-diagenetic
hydrates [15]. Due to these properties of non-diagenetic
hydrates, the mining risk is high and it is difficult to mine
through traditional mining methods. To exploit non-
diagenetic hydrates effectively, Zhou et al. proposed the
solid fluidized mining method for the first time. Solid flu-
idized mining utilizes the stability of hydrates on the seabed
to break up hydrates into particles. Then, after mixing and
fluidizing with seawater, NGH becomes a controllable oil
and gas resource through the gas-liquid-solid multiphase
lifting system. This hydrate mining method can effectively
avoid geological disasters and greenhouse effects that
caused by massive decomposition of hydrates [15, 16].
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Hydrate slurry pipeline transportation is the core of
solid fluidized mining, and it is also the core link of “cold
flow” transportation in oil and gas pipeline transportation.
However, experiments for hydrate slurry flow often require
a large cost, so it is difficult to generalize. In recent years,
with the development of Computational Fluid Dynamics
(CFD), numerical simulation has become an effective way
to conduct hydrate slurry flow research. Balakin et al.
studied the flow deposition of R11 hydrate in turbulent flow
system by CFD simulation [17, 18]. Fatnes simulated the
hydrate flow behaviors in horizontal tubes by ANSYS
CFX [19]. Song et al. simulated the agglomeration, break-
age and deposition of CClsF (R11) hydrate and applied
the population balance model in his study [20-23].
However, the current simulations of hydrate slurry by
CFD are mainly concentrated in horizontal pipes, and
there is less simulation in vertical pipes related to hydrate
mining. Zhou et al. studied the hydrate decomposition
critical point, liquid holdup and solid phase content in
vertical wellbore by finite difference iterative numerical
simulation method [16]. Liu et al. studied the behaviors of
solid-liquid two-phase flow and gas-liquid-solid three-phase
flow in vertical pipe transportation of natural gas hydrate
slurry using the Euler multiphase flow model and Finite-
Rate/Eddy-Dissipation model in the CFD models [24].
However, in the above studies, the influence of the inclina-
tion of the hydrate pipe was not considered. During the
hydrate slurry transport in the deep-sea, the inclination of
the pipeline due to the influence of the seabed undulation
and the pipe lifting also has a great influence on the flow
behaviors of the hydrate slurry. Therefore, the influence
of pipe inclination on the flow behaviors of hydrate slurry
is worthy of further study.

In this paper, based on the traditional Eulerian—Eule-
rian two-fluid model, the population balance model based
on hydrate particle aggregation dynamics was added to
simulate the flow in hydrate slurry. Therefore, the calcula-
tion of the agglomeration and breakage of natural gas
hydrate particles is more accurate, which means a more
accurate reflection of the flow of hydrates in the pipeline.
Moreover, it is considered that the hydrate is under stable
conditions in the simulations, that is, hydrate formation
and decomposition do not occur in the simulation. The flow
behaviors of hydrate slurry in different inclination pipes in
hydrate slurry transportation have been mainly studied.
Besides, the effect of the initial particle size and flow rate
is mainly considered. The research results in this study
can provide theoretical support for the study of flow behav-
iors of non-diagenetic hydrate mining and hydrate slurry
technology.

2 Numerical models
2.1 Geometric model

The geometric model of this simulation work is based on the
loop established by Balakin et al. in the experimental study
of the flow behaviors of R11 hydrate slurry in the loop [25].
This is because the data of the loop experiment is relatively
complete, which is convenient for further verification of the

accuracy of the model. The geometric model is a three-
dimensional pipeline model with a length of 2.0 m and a
diameter of 4.52 cm. The model is shown in Figure 1, and
Z is the vertical direction.

When building the mesh of the model, consider the
effect of boundary layer, six layers of mesh are settled in
the near wall area. For other meshes, hexahedrons and a
step length of 1 mm are used. This geometric model consists
of 170 180 hexahedral meshes with a mesh quality of 0.917.
And the mesh dependency of the geometric model is good
for numerical simulation.

2.2 Basic assumptions

There are four basic assumptions in this paper: 1) The
hydrate slurry is isothermal in the process of flowing.
2) Interface mass transfer is not considered, that is, neglect-
ing the formation and dissociation of the hydrate. 3) The
hydrate slurry used in the simulation only consists of water
phase and hydrate phase and cannot be compressed. 4) The
process of hydrate-wall adhesion is neglected.

2.3 Multiphase model and viscous model

In this paper, multiphase model select Eulerian—Eulerian
two-fluid model, which consists of continuity equations
(Eq. (1)), momentum equations (Eq. (2)) and several con-
stitutive equations used for the closure of the equation set:
W) 4 v (poru) =0, )

ot
O(pyoti )

o + V- (puuww) = —oVp+oupg+ V-1 + M,

(2)

where, i represents for water phase or hydrate phase, p is
density, o is volume fraction, V is gradient operator,
u is velocity vector, p is pressure, T is stress tensor and
M is the interphase momentum exchange.

In this study, mainly considering solid-liquid two-phase
coupling when establishing the multiphase model. During
the FLUENT simulation, liquid-solid coupling is achieved
by the interphase momentum exchange. What’s more,
when calculating the interphase momentum exchange M,
the main consideration is interphase drag force, which is
mainly composed of shape resistance and frictional resis-
tance. The interphase force model can be calculated using
the Gidaspow model [26]. As follows:

In this paper, when oy < 20%, the equation of
Wen-Yu (Eq. (3)) is selected to calculate 3, which can be
written as:

(1 - as)aspl‘a - ;::

p=>0, (1-2)2% (3

1 d,

When oy > 20%, the equation of Ergun (Eq. (4)) is
selected to calculate f, which can be written as:

aful Z“spl|;1_775|

=150
ﬁ (1 - as)df) 4 dll

(4)
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Fig. 1. Mesh of the geometric model.

Then, an interphase force model (Eq. (5)) is established,
as can be seen below:

Fo=§-7, (5)

where, ff is the momentum transfer coefficient, 1 and s rep-
resent for water and hydrate, Cp is the drag coefficient,

Fp is interphase drag force. v, is interphase relative
velocity.

In this paper, it is also necessary to calculate the viscos-
ity of the hydrate phase, which can be calculated by the
following equation (Eq. (6)):

My — o4

W= (6)

where, the surface viscosities p,, of R11 hydrate slurry and

natural gas hydrate slurry are calculated from Roscoe-
Brinkman equation [27] (Eq. (7)) and Thomas equation

[28] (Eq. (8)):
fo = (1 = 05) ™7, (7)

. (1 + 2.50, + 10.0502 4 0.00273¢16:6%) — 1o ®

s

In this paper, standard k-& model is selected for the
viscous model. More detailed information of this part can
be found elsewhere [17] and no repetition will be listed here.

2.4 Population Balance Model (PBM)

In this paper, PBM can be expressed as follows [29]
(Ea. (9)):

L 1 [F
wzi/ aﬁ([,_ LI,L/)H(L— L/,t)’ﬂ(Ll,t)dL,
0

—n(L,t) /Oc aB(L, L')n(L', t)dl

0
+/ b(LLYS(L)n(L, t)dL/
L
- S(L)R(La t)v (9)
where, n(L, t) is the quantity density of the discrete,

P(L-L', I') is the collision frequency, a is the agglomera-
tion efficiency after collision, and aff(L-L', L') is the

agglomeration kernel of the collision. S(L') is the breakage
frequency, b(L|L') is the size distribution of the discrete
phase resulting from breakage, and b(L|L') S(L') is the
breakage kernel of the discrete phase. Based on hydrate
particle aggregation dynamics, the calculating methods
of the parts in equation (9) are given below.

In terms of collision frequency, the collision caused by
differential settlement and flow shear is mainly considered,
and the sum the two parts is taken as the actual collision
frequency of the hydrate particles. Differential sedimenta-
tion fipg is calculated by the formula (Eq. (10)) proposed
by Camp [30]:

T

pos =3 (Li+ LY Vi - Vi, (10)

where, the settling velocity V can be obtained by
equation (11):

V = 347.5602L" . (11)

When hydrate particles are larger than the Kolmogorov
scale, flow shear figt is calculated by the formula (Eq. (12))
established by Abrahamson [31], as shown below:

po=22vE B e )

When hydrate particles are smaller than the
Kolmogorov scale, the formula (Eq. (13)) established by
Saffman and Turner [32] is selected, as shown below:

o = Rt ) (13)

where, G is a local parameter referred to as the absolute
velocity gradient, and it is defined as follows (Eq. (14)):

In this paper, curvilinear model proposed by Van de
Ven and Mason (Eq. (15)) is selected, which is shown as

below [33]:
0.18
o= o) (15)
367, GR

where, k is a parameter related to fluid properties, H is the
Hamaker constant, R is the harmonic radius of the tow
colliding particles.

In terms of breakage kernel, Lehr model is selected.
It contains breakage frequency and size distribution of the
discrete phase. More detailed information of this part can
be found elsewhere [34] and no repetition will be listed here.

2.5 Model solution

In this paper, the CFD software FLUENT 15.0 is used to
solve the models. For boundary conditions, the inlet is set
as velocity inlet and the outlet is set as pressure outlet.
What’s more, second order upwind difference scheme is
selected in momentum equation discretization and
phase coupled SIMPLE scheme is used in pressure-velocity
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coupling. Besides, PBM is solved by the discrete method in
this paper. When the maximum residual value is no more
than 107°, the model solution process ends. The key
parameters involved in the solution process (concentration,
density, etc.) and their corresponding values are listed in
Table 1, and the simulation conditions are listed in Table 2
[35, 36].

2.6 Model validation

The model was validated using experimental data from
Balakin et al. [17, 18] to ensure the accuracy of the model.
And the experimental data of pressure drop are selected to
verify the simulation results. Table 3 is the simulation
conditions of model verification, and Table 4 is the compar-
ison of pressure drop between experimental results and
simulation results. It can be seen from the verification
results that the flow model in this paper can accurately
simulate the hydrate flow behaviors.

3 Numerical simulation

In this paper, it is considered that the hydrate slurry is
stably present in two phases of hydrate particles and water,
and there is no formation or dissociation of hydrate.
Therefore, the hydrate particles mainly have two behaviors
of agglomeration and breakage. According to the behaviors
of hydrates, the population balance model based on aggre-
gation dynamics of hydrate particle is added. When the
hydrate slurry is transported in the marine area, the
existence of undulations in the seabed and the rise of the
pipeline from the seabed to the sea surface have a great
influence on the flow behaviors of the hydrate slurry,
making the hydrate multiphase flow more complicated.
The flow behaviors of the hydrate slurry in each inclination
pipe are studied below, and the influence of the inclination
on the flow behaviors of the particle size distribution,
concentration distribution and pressure drop of the hydrate
slurry are analyzed.

3.1 Effect of inclination on particle size distribution
of hydrate slurry

The distribution of the hydrate particle size in the pipe is an
important part of the study of the behaviors of the hydrate
slurry, which has an important influence on the properties
of the viscosity of the hydrate slurry. In this paper, we
study the flow behaviors of hydrate slurry without reaching
decomposition conditions. Although the formation and
dissociation of hydrates are not considered, the hydrate
particles will aggregate and break in the pipe, which leads
to a change in the particle size during the flow. The particle
size distribution of the hydrate slurry will be analyzed based
on the results of the simulation.

It can be seen from Figures 2-5 that under the
simulated conditions, when the hydrate slurry flows in the
pipe, the particle size distribution of the hydrate under
different inclination angles is relatively homogeneous and
symmetrical. Moreover, the particle size in the middle

Table 1. Parameters and their values used in model.

Parameters Values
Water phase density 1000 kg/m*
R11 hydrate density 1138 kg/m*
Gas hydrate density 956.1 kg/m-s
Continuous phase viscosity 1.79 cP
Maximum packing fraction 0.55
Restitution coefficient 0.9

H 4x107%J
m 1.90

E 800 "% /m
Volume fraction 30%
Surface tension 0.07

k 0.87
Continuous phase viscosity 1.79 cP

region is lower and more uniform, and the particle size
and particle size variation gradient in the near wall region
are larger. This can be explained by the aggregation kinetics
of hydrate particles in the pipeline. In the simulated condi-
tions, the flow rate of the hydrate slurry is relatively high,
so the hydrate particles are relatively less affected by grav-
ity, and the collision aggregation is mainly affected by the
flow shear. In the near wall region, the hydrate slurry has
the strongest flow shearing. Therefore, the probability that
the hydrate particles collide and aggregate to form large
particle size hydrate particles is also the largest, and the
hydrate particle size increases as well. On the contrary, in
the middle region of the pipe, the flow shearing effect of
the hydrate slurry is relatively weak, the probability of
collision and aggregation of the hydrate particles is small,
and the particle size of the hydrate is also small.

Analysis of Figures 24 separately. It can be found that
under the simulated conditions, when the initial particle
size and flow rate of the hydrate particles are constant,
the particle size distribution of the hydrate slurry is more
homogeneous and symmetrical with the increase of the
inclination of the pipe, but the change is small, and the
particle size does not change significantly. This indicates
that when the flow rate is large, the hydrate slurry flows
more stably in the pipe and is less affected by gravity.
Comparing Figures 2-4, we can see that when the inclina-
tion of the hydrate slurry pipe and the initial particle size
of the hydrate particles are constant, the particle size distri-
bution of the hydrate slurry is more homogeneous and
symmetrical as the flow rate increases. But the maximum
value of the hydrate particle size decreases as the flow rate
increases. This is because the larger the flow rate, the stron-
ger the flow shearing of the hydrate slurry, and the smaller
the influence by gravity, so the particle size distribution is
more symmetrical and homogeneous. However, the stronger
the flow shear of the hydrate slurry, the smaller the
maximum particle size that can be maintained when the
hydrate remains in balance between agglomeration and
breakage.
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Table 2. Simulation condition list.

Cases Inclination/°® Initial Flow Cases Inclination/® Initial Flow Cases Inclination/° Initial Flow
particle rate/ particle rate/ particle rate/
size/pm m-s ' size /um m-s ' size /um m-s '

1 0 10 0.5 16 ) 100 0.5 31 60 50 0.5

2 0 10 1 17 5 100 1 32 60 50 1

3 0 10 1.5 18 ) 100 1.5 33 60 50 1.5

4 0 50 0.5 19 30 10 0.5 34 60 100 0.5

5 0 50 1 20 30 10 1 35 60 100 1

6 0 50 1.5 21 30 10 1.5 36 60 100 1.5

7 0 100 0.5 22 30 50 0.5 37 90 10 0.5

8 0 100 1 23 30 50 1 38 90 10 1

9 0 100 1.5 24 30 50 1.5 39 90 10 1.5

10 5 10 0.5 25 30 100 0.5 40 90 50 0.5

11 5 10 1 26 30 100 1 41 90 50 1

12 5 10 1.5 27 30 100 1.5 42 90 50 1.5

13 5 50 0.5 28 60 10 0.5 43 90 100 0.5

14 5 50 1 29 60 10 1 44 90 100 1

15 5 50 1.5 30 60 10 1.5 45 90 100 1.5

Table 3. Simulation condition list for model verification.

Flow Volume Continuous Initial
rate/ fraction/ phase particle
(m/s) % viscosity/cP size/pm
1.5 14.1 1.79 100
1.5 22.5 1.79 100
1.5 30.4 1.79 100

Figure 5 is a graph showing the particle size distribution
of hydrate particles in the outlet under various conditions.
Comparing the figures (a), (d), (g) (Figs. (b), (e), (h) or
(c), (f), (1)), it can be found that when the inclination
and flow rate are constant, as the particle size increases,
the maximum particle size of the hydrate particles in the
pipe also increases. This is because the aggregation and
breakage of the hydrate particles are based on the initial
particle diameter, so that when the initial particle diameter
is large, there is a greater probability of forming particles
having a larger particle diameter. In addition, it can be
found that as the initial particle size increases, the coinci-
dence degree of the hydrate particle size distribution under
each inclination condition becomes worse and worse. This
indicates that as the hydrate particle size increases, the
mass of the hydrate particles also increases, and the
influence from gravity also increases. What’s more, this
phenomenon becomes more and more obvious as the flow
rate decreases. Meanwhile, it can be found that the particle
size is slightly higher in the lower part of the pipe than
in the upper part of the pipe when the flow rate is lower.

Table 4. Comparison of experimental results and simu-
lation results.

Simulation Experimental Relative
results/ results/ error /%
Pa-m™* Pa-m !

553 624.5 12.9
629 664.3 5.6
669 723.3 8.1

This is because, although the total flow rate of the hydrate
slurry is evenly distributed across the pipe section, as shown
in Figure 6, the flow rate of the pipe in the Zaxis direction
will appear higher at the bottom, which leads to an increase
in the flow shear of the hydrate slurry at the bottom of the
pipe.

From the above analysis, in the hydrate slurry trans-
portation, the higher flow rate and lower initial particle size
are favorable for the homogeneous distribution of the parti-
cle size of the hydrate slurry, and it is not easy to aggregate
to form larger particles.

3.2 Effect of inclination on concentration
distribution of hydrate slurry

The concentration distribution of the hydrate slurry in the
pipe is also one of the important flow behaviors. It has
important significance for the study of hydrate aggregation,
sedimentation and other behaviors. Based on the simula-
tion results, the concentration distribution of hydrate slurry
under different inclination angles will be analyzed.
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Fig. 2. When the initial particle size of hydrate is 50 wm and the average flow velocity is 0.5 m/s, the particle size distribution in the
outlet section of different inclination angles (inclination angle increases in turn).

7.00e-04 7.00e-04 7.02e-04

6.68e-04 6.686-04 6.696-04

6.350-04 6.35e-04 6.370-04

6.03e-04 /’ 6.03e-04 6.040-04

5.70e-04 5.70e-04 572604

5.38e-04 5.386-04 5.390-04

5.05e.04 5.05e-04 5.066-04

4.73e-04 4.73e-04 4.74e-04

440004 4.40e-04 441604

4.08e-04 I 4.08e-04 4.09e-04

3.75e-04 / 3.75e-04 3.760-04 !

343e-04 \ y 3.43e-04 3.43e-04 |

3.40.04 /' 3.106-04 311604 /

2.78e-04 - 2.78e-04 2.78e-04

245004 245004 | 246004

243e.04 2.136-04 2.136-04

1.800.04 1.806-04 1.800-04

1.48e-04 1.48e-04 1.480-04

1.15e-04 1.15e-04 1.15e-04

8.25¢:05 8.25¢-05 8.266-05

5.00e-05 5.00e-05 5.00e-05
case5 " case23

7.07.04 7.14e-04

6.74e:04 68104

641004 6.476-04

6.09e-04 6.14e-04

5.76e-04 5.81e-04

543e.04 5.480-04

5.10e-04 5.15e-04

477004 482604

4.440-04 | 4.480-04

4.11e-04 | 4.150-04

3.79¢:04 | ) 3.82¢-04

346e-04 | | 3.49e-04

34304 \ / | 3.166-04

2.80e-04 /‘ 2.82e-04

2476.04 4 249e-04

2.14e-04 2.16e-04

1810:04 1.83e-04

1.49e-04 1.50e-04

1.16e-04 1.16e-04

8.29e-05 8.32e-05

500005 case32 5.000-05 case4l

Fig. 3. When the initial particle size of hydrate is 50 wm and the average flow velocity is 1.0 m/s, the particle size distribution in the
outlet section of different inclination angles (inclination angle increases in turn)

It can be seen from Figures 7-10 that, similar to the  concentration distribution under the different inclination
particle size distribution, under the simulated conditions, angles is relatively homogeneous and symmetrical. It is also
when the hydrate slurry flows in the pipe, the hydrate = shown that the middle region has a lower concentration and
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Fig. 4. When the initial particle size of hydrate is 50 pm and the average flow velocity is 1.5 m/s, the particle size distribution in the
outlet section of different inclination angles (inclination angle increases in turn).
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Fig. 5. XY plot of particle size distribution in the outlet radial cross section (cases 1-45).

is more homogeneous, while the near wall region has a lar-  large, and the liquid carrying effect is strong, so that
ger concentration. This is because in this simulation condi-  the hydrate does not settle down deposition, and the con-
tion, the flow rate of the simulated conditions is relatively ~ centration is uniformly distributed over the entire section.
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Fig. 6. When inclination is 0°, the initial particle size of hydrate
is 100 pm and the average flow velocity is 1.5 m/s, the Z-axis
flow rate distribution in the outlet section of different inclination
angles.

Moreover, since the flow rate is high in the middle region of
the pipe and is low in near the wall region, the concentra-
tion is low in the middle region and is high in the near wall
region. Higher flow rate increases the dispersion coefficient
of the hydrate particles, resulting in a lower concentration
and a more homogeneous distribution, while the surround-
ing area is unevenly distributed due to a decrease in flow
rate, and hydrate particles are accumulated.

As shown in the analysis of Figures 7-9, when the initial
particle size and flow rate of the hydrate particles are
constant, the concentration distribution of the hydrate is
more homogeneous in the outlet cross section as the inclina-
tion of the pipe increases, and this phenomenon becomes
more prominent as the flow rate of the hydrate slurry
decreases. This is because when the pipe inclination is small,
the flow direction of the hydrate slurry is perpendicular to
the direction of gravity, and the hydrate is moved to the
upper part of the pipe by buoyancy due to the small den-
sity, so that the upper part of the hydrate concentration
is higher than the lower part. What’s more, as the inclina-
tion of the pipe increases, the flow direction of the hydrate
slurry will gradually coincide with the direction of gravity,
and the influence of gravity will gradually decrease. How-
ever, when the flow rate is large, the hydrate particles are
much more affected by the flow shear than the gravity, so
that the concentration of the hydrate slurry can be uni-
formly and symmetrically distributed in the horizontal pipe.

According to Figure 10, comparing (a), (d), (g) [(b), (e),
(h) or (c), (f), ()], it can be seen that as the initial parti-
cle size of the hydrate increases, the hydrate particles
are more affected by gravity, and the tendency of the
hydrate to move to the upper part of the pipe increases,
and the heterogeneous distribution of the hydrate slurry
concentration in the pipe section is enhanced. Therefore,
the distribution of the hydrate slurry concentration on
the cross section of the pipe is more heterogeneous.
Meanwhile, the highest concentration of hydrate at the near

wall region is also greater, and the highest concentration
region gradually moves toward the center of the pipe. This
can be explained by the preferential concentration of
hydrate particles. When the hydrate particles are small,
the particles follow the water movement and diffusion,
tending to gather in the high vortex region. The large
particles have a larger inertia, which are less affected by
the vortex, and are gradually thrown out as the particle size
increases [37].

As mentioned above, a larger flow rate enables the
hydrate slurry concentration to be more homogeneous in
the pipe. Besides, the high concentration zone is closer to
the central region of the pipe, and it is not prone to the
accumulation of hydrates due to gravity. This reduces the
risk of shrinking the cross-sectional area of the pipe and
even blocking the pipe. As the particle size increases, the
heterogeneous distribution of hydrate slurry concentration
increases. Although the high concentration zone of the
hydrate slurry will move closer to the center of the pipe,
the maximum concentration will increase, increasing the
risk of blocking. Therefore, from the aspect of concentra-
tion, large flow rate and small initial particle size are favor-
able for the safe transportation of the hydrate slurry.

3.3 Effect of inclination on flow pressure
drop of hydrate slurry

The flow pressure drop of hydrate slurry is the main factor
determining the production power demand. Therefore, the
study of the flow pressure drop behaviors of hydrate slurry
in different inclination angles pipes is of great significance to
engineering production. Based on the results of this simula-
tion, the law of the pressure drop behaviors of hydrate
slurry flow under different working conditions will be
analyzed.

According to Figure 11, when the initial particle size
and flow rate of the hydrate slurry are constant, the pres-
sure gradient of the hydrate slurry gradually decreases as
the inclination of the pipe increases, and the decreasing ten-
dency gradually decreases. This is because the flow pressure
drop is caused by the collision of the particles with the wall.
Under the influence of gravity, the smaller the angle of incli-
nation, the stronger the collision between hydrate particles
and the wall. Comparing the curves of cases 1-3 (cases 46
or cases 7-9), it can be seen that as the flow rate of the
hydrate slurry increases, the pressure gradient of the
hydrate slurry in the pipe increases greatly, and the increas-
ing tendency gradually increases. This is because the flow
pressure drop of the hydrate slurry is mainly caused by
the frictional resistance. Specifically, it can be analyzed by
the Darcy—Weisbach equation that the flow pressure drop
along the pipe is proportional to the square of the flow
velocity, so the increase of the flow rate has a great influ-
ence on the flow pressure drop of the hydrate slurry in
the pipe. Comparing the curves of cases 1, 4, 7 (cases 2,
5, 8 or cases 3, 6, 9), as the initial particle size of the hydrate
particles increases, the unit flow pressure drop of the
hydrate slurry gradually decreases, and the larger the flow
rate, the more obvious the phenomenon. This is because
when the concentration is the same, the particle size
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Fig. 7. When the initial particle size of hydrate is 100 pm and the average flow velocity is 0.5 m/s, the concentration distribution in
the outlet section of different inclination angles (inclination angle increases in turn).
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Fig. 8. When the initial particle size of hydrate is 100 pm and the average flow velocity is 1.0 m/s, the concentration distribution in
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Fig. 9. When the initial particle size of hydrate is 100 pm and the average flow velocity is 1.5 m/s, the concentration distribution in
the outlet section of different inclination angles (inclination angle increases in turn).
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Fig. 10. XY plot of concentration distribution in the outlet radial cross section (cases 1-45).

becomes larger, the number of particles becomes less, and  becomes less. Therefore, the flow pressure drop of the
the collision friction between the particles and the particles,  hydrate slurry decreases as the particle size of the hydrate
the particles and the fluid or the particles and the wall  particles increases.
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As mentioned above, when only the flow pressure drop
is considered, the larger the inclination of the pipe, the
smaller the flow pressure drop. Therefore, transporting
the hydrate slurry with a large angle of inclination pipe is
beneficial to reduce the flow pressure drop. At the same
time, the lower flow rate and larger initial particle size are
beneficial to the reduction of the flow pressure drop of the
hydrate slurry. Therefore, controlling the flow rate and
the initial particle size of the hydrate is an effective measure
to reduce the flow pressure drop in production.

4 Conclusion

The transport of hydrate slurry in pipes with different incli-
nation on the seabed is an important part of hydrate solid
fluidized mining. In this paper, the FLUENT software is
used to simulate the flow state of different inclination angles
hydrate slurry pipes under different working conditions,
which provides parameter guidance for hydrate slurry
transport and solid fluidized mining. After analyzing the
simulation results, the main conclusions are as follows:

1. In terms of particle size distribution. In the transport
of hydrate slurry, the larger the inclination of the pipe,
the more homogeneous the particle size distribution of
the hydrate, and the less likely it is to aggregate to
form large hydrate particles. Moreover, the higher
flow rate and lower initial particle size are favorable
for the homogeneous distribution of the particle size
of the hydrate slurry as well. This is beneficial to the
safety of hydrate slurry transport.

2. In terms of concentration distribution. Similar to the
particle size distribution, the larger pipe inclination
is favorable for the homogeneous distribution of
hydrate concentration, which is beneficial for the safe
transportation of hydrate. What’s more, larger flow
rates make the hydrate slurry concentration to be
more homogeneous across the pipe section. Therefore,

the probability of agglomerated implantation of
hydrates due to gravity is reduced, and the risk of
shrinking the cross-sectional area of the pipe and even
blocking the pipe is reduced. As the particle size
increases, the hydrate slurry concentration distribu-
tion will be more heterogeneous. And although the
high concentration zone of the hydrate slurry will
move closer to the center of the pipe, the maximum
concentration will increase, which is increasing the
risk of blocking. Therefore, from the aspect of concen-
tration, large pipe inclination, large flow rate and
small initial particle size are favorable for the safe
transportation of the hydrate slurry.

3. In terms of flow pressure drop, the larger the inclina-
tion of the pipe, the smaller the pressure gradient.
Therefore, the inclination of the pipe will not
adversely affect the flow friction of the hydrate trans-
port, but will reduce the flow pressure drop. Apart
from this, the lower flow rate and larger initial particle
size are beneficial to the reduction of the flow pressure
drop of the hydrate slurry.
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