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Abstract: In deep ocean transportation pipeline, the swirling internal flow has a significant impact
on the marine minerals transportation efficiency and safety. Therefore, the present work investigates
various swirl flow motions for the slurry transport characteristics of the multi-sized particulate flow
in a horizontal pipeline. Since the internal flow is a liquid-solid-solid mixture, a steady-state three-
dimensional Eulerian-Eulerian multiphase approach in conjunction with the k-w SST turbulence
model is implemented for numerical simulation in the commercial CFD software ANSYS FLUENT
17.0. Numerical predictions of the mixture solid concentration distributions are generally in good
conformance with experimental measurements. It is clearly revealed the transition of flow regime
from heterogeneous to pseudo-homogeneous with the increasing level of swirl intensity at inlet.
Compared to non-swirling flow, the swirling flow is of benefit to the multi-sized solid suspension
capacity and the transportation efficiency. Moreover, the intense swirling vortex results in a strong
influence on the characteristics of the lubrication layer formed by fine solid particles near the bottom
of the pipe. These results provide valuable insights regarding the influence of swirl flow on the
transport process for deep ocean mining.

Keywords: three-phase slurry flow; CFD; swirl flow; pipeline transport; multi-sized particles;
ocean mining

1. Introduction

The transportation of fine particles with liquid as a carrier in the form of slurry through
long pipeline has been widely utilized in various industrial applications, such as oil sands
industry, wastewater treatment, degrading processing and deep ocean mining owing
to its energy efficiency, environmental friendliness and easy implement and control [1].
In the specific case of applications in deep ocean mining processing, the under-water
transportation pipelines are considered as the most commercial and efficient system for
transporting multiphase mixtures containing valuable polymetallic nodules from seafloor
to sea surface. The enormous quantities of mineral particles on the seafloor have complex
components including manganese (28%), nickel (1.3%), cooper (1.1%), and cobalt (0.2%)
and various diameters from less than one to tens of centimetres [2]. In comparison with
the terrestrial mines, the deep ocean mine sites can provide more critical metals hosted
within polymetallic nodules in the same or less ore deposits. These abundant deep ocean
metals are secure and diverse sources for low-carbon applications, such as electric vehicle
batteries, computer chips, wind turbines, etc. [3]. Therefore, the collection and long-
distance transport of critical metal mineral resources has triggered interest in the deep
ocean mining industry over a long time period.

The deep ocean mining system consists four major components: the seabed mining
robot, the pipeline transportation system, the sea-surface mining vessel, and the bulk carrier
vessel [4]. Among them, the internal fluid flow transporting within the underwater pipeline
has become a popular research topic for the processing equipment [5]. It is significant for
deep ocean mining industry to realistically understand the fundamental characteristics
and further the complicated transport mechanisms of the multiphase slurry flow process.
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The slurry of polymetallic nodules in carrying fluid tends to form heterogeneous mixture,
with a significant amounts of solid particles setting to the bottom of the pipeline due to
their own weight (see Figure 1). The accumulation of solid particles at the bottom of the
pipeline affects the transportation performance of the mining pipeline and the collision and
friction between the multi-sized particles and the walls [6,7]. As a result, the transport of
polymetallic nodules as a slurry through pipelines is a challenging task and require further
improvements to overcome the low transportation capacity and high abrasive wear.
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Figure 1. Schematic diagram of the three-phase deep ocean transportation pipeline.

There has been a great deal of work aimed on the optimization of the transporta-
tion pipeline system to provide improved transportation efficiency and prevention of
slurry pipeline blockages and consequently enhancing the mining performance of deep
ocean critical metals, either by concentrating on the operating conditions (e.g., veloci-
ties, direction, wetness) [8-11] or by focusing on the slurry properties (e.g., size, shape,
concentration) [12-15]. Li et al. [16] numerically investigated the mechanism of resistance
reduction by adding finer particles on coarse-particle slurry in pipelines. The results illus-
trated that the fine particles act as “near-wall lubrication layer” along the bottom of the pipe,
and the pipeline resistance reduces by 20%. Dai et al. [17] experimental and numerically
studied the internal flow characteristics at different flow rates and solid concentrations
within a pipeline. The authors found that the large solid concentration leads to the clogging
phenomenon, while the high slurry flow rate promotes a smooth flow. Chen et al. [18]
numerically explored the effect of particle shape on the efficiency and flow characteristics
of slurry transport. They observed that the spherical and square platens particles exhibit
an almost linear solid concentration distribution, while the line-shaped particles are prone
to clogging at the inlet of the pipeline. Recent work by Shi et al. [19] focused on the level
of turbulence affected by fine particles under linear flow condition within a pipeline. The
results indicate that the higher solid concentration intensifies the turbulence intensity in
the lower-half section of the pipeline. In this article this line of research is continued, now
focusing on the underline physics of multi-sized particulate slurry flow characteristics
under different swirling flow conditions.

The Computational Fluid Dynamics (CFD) have great potential for application to
slurry flows in pipelines. The utilization of commerical CFD software (e.g., ANSYS FLU-
ENT) or open-source CFD software (e.g., OPEN Foam) to study the hydrodynamic be-
haviors of solid-liquid flows reduces the costs of experiments and allows a great control
over the physical aspects of the transporting process, especially for the application of
deep ocean pipeline system. Messa et al. [20] present a comprehensive description of the
modeling methods on the slurry pipe flow. Three main modeling approaches: Eulerian-
Lagrangian model, Eulerian-Eulerian model, and mixture model are discussed and the
Eulerian-Eulerian model is considered as the optimal choice to simulate slurries with
massive amounts of solids. Messa et al. [21] studied the turbulent slurry flow between
two horizontal plates using the B-o two-fluid model, and they found that the degree of
asymmetry of the axial velocity profiles is correlated with the crosswise gradients of volume
fractions and eddy viscosities. Messa et al. [22] further found that the ratio of pipe length
to diameter of 50 to 60 is suitable to attain reliable predictions of hydraulic gradient and
mean velocity profile. Schouten et al. [23] adopted Eulerian-Eulerian to investigate the
velocity, concentration and pressure gradient of sediment in a pipeline, and they found
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that the collisional force and averaged drag force are two dominant upward driving forces
that compensate gravitation in the bottom wall region.

Recently, the strong swirling flow imposed in the pipeline is considered to be most
efficient means of enhancing the mass and heat transfer as well as the liquid-carrying
capacity [24-26]. Wang et al. [27] studied how the gas-liquid two phase flow field was
affected by the turbulent swirling flow inside a horizontal pipeline. The experimental
results indicate that the flow patterns can be classified as the swirl linear flow, swirl
wave stratified flow, swirl axial flow and swirl dispersed flow with the increasing of swirl
intensity. Rayhan and Yanuar [28] compared the rheological behavior and drag reduction of
ice slurry flows in a spiral pipeline and circular pipeline. They found that the homogeneous
regime is formed in which more ice crystals are suspended in the carrier fluid without any
precipitation in the bottom of the pipeline under the effect of the swirling flow. Ariyaratne
and Jones [29] reported that the swirling flow is of benefit to coarse particle distribution
within a pipeline. Specifically, the lower flow velocity is required to keep particles in
suspension and the risk of pipeline blockage is minimized.

As our review of the literature shows, although a few scholars have focused on
the experimental and numerical investigations of particulate flows in horizontal pipes,
including the effect of operating conditions and the slurry properties on the transporting
performances, there are almost no studies carrying out a detailed CFD investigation of
multi-sized particulate slurry flow under various swirling flow conditions. Therefore, the
main aim of this work is to investigate the hydrodynamic characteristics of multiphase
slurry flow of multi-sized particulate slurry flow in a horizontal pipeline over a wide
range of swirling conditions. The knowledge of multi-sized solid concentration, velocity
distribution, turbulence viscosity ratio, and their variation in the pipe under different swirl
ratios is significant for understanding the mechanisms of pipeline transport and resistance
reduction for deep ocean mineral engineering purposes.

The outline of the paper is as follows. Section 2 gives a short description of the
numerical methodology. Section 3 outlines the validation of 3D CFD models through
experimental data. Section 4 presents and discusses simulation results of the flow patterns
and hydrodynamics of the multi-sized slurry flow. Section 5 concludes the paper.

2. Numerical Methodology
2.1. Problem Description

A three-dimensional (3D) horizontal pipeline, which is adapted from the experimental
study of Kaushal et al. [30], was established to investigate the multi-sized particulate slurry
flow with different swirling motions using CFD simulation. The length of the pipe L is
3300 mm and the internal diameter D is 54.9 mm (see Figure 2a). In the 3D multiphase
simulation, it is unrealistic to simulate the entire transportation pipeline for deep-sea
mining due to the long-distance pipeline (>1000 m). The computational cost of modeling
the 3D flow characteristics within the entire pipeline is extremely high. On the other hand,
the fluid enters the pipeline at a certain distance will reach a steady sate, and the multiphase
flow field will remain unchanged after entering the fully developed flow regime [31]. The
current computational domain (D/L = 60) has been proved capable for generating a fully
developed flow regime in many works [1,17,19]. This further confirms that the present
pipeline is capable to investigate the hydrodynamic characteristics of multiphase slurry
flow of multi-sized particulate slurry flow over a wide range of swirling conditions.

In the deep ocean surface, the mineral particles on the seafloor have a wide size range.
However, the large size particles (e.g., those of the order of mm or above) will inevitably
degrade into powdery particles during the deep ocean hydraulic transportation [32]. This
is mainly due to the impact fragmentation of the impellers of the multi-stage lifting motor
pumps and the interaction between particles [33]. Therefore, for modeling the swirling
flow with multi-sized particulate slurry, some typical experimental cases with a mixture
of two spherical solid particles with diameters d of 44 and 125 pm in equal mass fraction
(Kaushal et al. [30]) were simulated to ensure the transportation efficiency and avoid the
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significant pipeline blockage. The maximum packing limit & ;4 = 0.63 is taken for each
solid phase. Swirl ratio (SR = W /U), which represents the ratio of tangential velocity (W)
to axial velocity (U), indicates the swirl intensity in the flow. The swirl motion is generated
at the entrance of the pipe by imparting constant tangential velocity (W =0.2m/s, 0.5 m/s
and 1 m/s) and a constant axial velocity of U =2 m/s. According to the transportation
requirement of the deep ocean mining pipeline system, the production capacity of the dry
and wet polymetallic nodules is in the range between 30 and 43 ton/h [17]. Thus, three
groups of inlet velocity in both normal and tangential directions are specified to explore
the impact of swirl flow (SR = 0.1 — 0.5) on the slurry transporting process. In addition,
the solid volume concentration of Cs; = 0.2 to 0.5 is transported with carrying liquid by the
system. For the sake of simplicity, the liquid fluid phase is considered as incompressible
fluid and each solid phase has a uniform size (d = 44 or 125 pm).

l< >l
3300 mm

(b)

Figure 2. Geometry of the computational domain-(a) and the axial and cross-section view of compu-
tational Grid-2 (456,000 cells)-(b).

2.2. Numerical Details

The Eulerian-Eulerian multiphase approach in the commercial CFD software ANSYS
FLUENT 17.0 is applied to simulate the hydrodynamic characteristics of multi-sized slurry
flow in a 3D swirling horizontal pipeline. The water, fine sand and coarse sand phases
are treated separately as three interpenetrating continuum, by introducing the concept of
volume fraction. The volume fraction occupied by each phase are assumed to be continuous
functions of space and time and the sum of each volume fraction is to one. A set of Navier-
Stokes equations are solve for each phase, and the additional inter-phase momentum
transfer terms are added in the transport governing equations for modeling the mutual
interphase forces. Among them, water is set as the continuous primary phase, while fine
and coarse sands are considered as the dispersed secondary phases. The Kinetic Theory
of Granular Flow (KTGF) is used to formulate the hydrodynamic properties of the solid
phases, such as the solid pressure, solid viscosity, shearing stress and granular temperature
in the two-fluid model. The interfacial momentum transfer between phases of the three-
phase system is considered in this study. In particular, the Syamlal-O’brien drag model
is applied to describe liquid-solid interfaces, while the Syamlal-O’brien-symmetric drag
model is adapted to describe the solid-solid interfaces in the horizontal pipe. The theory
proposed by Simonin & Viollet [34] is performed to describe the turbulent dispersion force
between liquid-solid interfaces. In addition, the virtual mass force and lift force are not
included in the CFD simulations of the liquid-solid pipe flow because the predominant
forces are gravity and drag force [19,35]. For solid-solid momentum exchange coefficient
and solid-wall momentum exchange coefficient, the coefficient of restitution (ess) between
particle and particle is considered as 0.9, while the specularity coefficient (¢s,) with a
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value of 0.451 is adopted for the particle-wall collisions. From the previous work [19], the
particle-particle coefficient of restitution with value of 0.9 and the particle-wall specularity
coefficient of 0.451 are the optimal values in the modeling of multiphase slurry pipe flow.
Thus, the value of ess = 0.9 and @s;, = 0.451 are considered in the following studies. The
acceleration of gravity is set towards Y-axis direction with a value of —9.81 m/s?. The
physical properties of all the materials used in the present study are presented in Table 1.
The empirical erosion equations can be implemented into the CFD framwork to predict
the erosion characteristics (e.g., erosion rate). However, the computational cost of the 3D
three-phase simulations coupled with erosion model is significantly high. More studies
about internal erosion of the pipe can be found in works [36,37].

Table 1. Physical properties of water, fine particle and coarse particle.

. Density Viscosity Diameter
Material (kg/m®) (kg/m-s) (um)
Water 998.2 1.001 x 1073 —
Fine particle 2470 1.789 x 107> 44
Coarse particle 2470 1.825 x 1075 125

The turbulence generation mechanisms in liquid-solid-solid three-phase flows differ
significantly from those in pure water phase or liquid-solid two-phase flows, mainly due
to the constant interactions between multi-sized particles and turbulent eddies. In the
present study, the k-w Shear-Stress Transport (SST) mixture turbulence model, which is
a hybrid function of k-e model in the far-field region and k-w model in the near-wall
region, is adapted instead of a standard k-e or k-w model to better capture the turbulent
characteristics (turbulent kinetic energy, specific dissipation rate, and turbulent viscosity)
for each phase. The Simonin turbulent dispersion force model is chosen for modeling
multi-sized particles dispersed in the turbulently flowing streams.

The pipeline entrance is set as velocity inlet condition, while the pipeline exit is set as
the pressure outlet condition. The swirl is generated by imposing a tangential velocity and
a axial velocity at the inlet of the pipeline. The simulations are performed at different inlet
tangential velocities of W =0.2m/s (SR =0.1),0.5m/s (SR = 0.25) and 1 m/s (SR = 0.5)
and a constant axial velocity of U = 2 m/s. The volume fraction of each solid phase
(a5 = 0.2-0.4) is introduced at the inlet condition of the pipeline. The absolute pressure
of 101,325 Pa is given at the pipe outlet. The boundary condition for the liquid phase is
non-slip surface condition, while that to solid phase is predicted by Johnson and Jackson
model. The turbulence specification method of the inlet and outlet is set to intensity and
viscosity ratio. The turbulence intensity is set as 5% and the turbulent viscosity ratio is 10.
The detailed governing equations and model parameters are summarized in Tables 2 and 3.

The steady-state based numerical solver with the Phase Coupled SIMPLE algorithm
is employed to solve the incompressible liquid-solid-solid three-phase flow field. The
finite volume method is adopted to solve the governing equations. The second-order
upwind scheme is adopted to solve the governing equations of momentum, turbulent
kinetic energy and specific dissipation rate. The Quadratic Upwind Interpolation for
Convection Kinematics (QUICK) scheme is used for discretization of the volume fraction
equation. Here, five structured meshes with 237,500 (Grid-1), 456,000 (Grid-2), 863,500
(Grid-3), 1,484,000 (Grid-4) and 3,648,000 (Grid-5) cells are constructed for the 3D pipeline
geometry. The computational domain of Grid-2 is shown in Figure 2. All of the simulations
in this work are performed on Intel(R) Xeon(R) Gold 6238R CPU processor running at
2.20 GHz with 20 cores and 256 GB RAM memory. The computational time of the steady
state simulation is about one day.
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Table 2. Governing equations used in the simulations.

Continuity equation

Momentum balance

Stress tensor

Interphase force

Syamlal-O’Brien drag model
(for liquid-solid interactions)

Syamlal-O’Brien-symmetric drag model

(for solid-solid interactions)

Solid pressure

Radial distribution function

Collisional energy dissipation

Kinetic energy transfer
Solid shear viscosity

Collisional viscosity

a % (2g0q) + V- (2g047)
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. . . . sds0s/0s
Kinetic viscosity s kin = % 1+ %(1 + ess) (3655 —1)asgo,ss)
Frictional viscosity s, fr = gi;lln—q)

. 2D . 1/2
Bulk viscosity As =3 spsdsgo ss(1+ess) ( s )
Granular temperature 0, = 3(7,%)
a@( ) *(Pku) o (T k)+Gk—Yk+5k
k-w SST model a a’ a w
Table 3. List of numerical models and schemes.
Parameter/Variable/Name Model/SCHEME

Models

Multiphase model

Volume Fraction Parameters

Viscous model

Granular viscosity

Granular Bulk viscosity

Frictional Viscosity

Frictional pressure

Granular temperature

Solid pressure

Radial distribution

Solution

Pressure-velocity coupling

Spatial discretization-Gradient

Spatial discretization-Momentum

Spatial discretization-Volume Fraction

Spatial discretization-Turbulent Kinetic Energy
Spatial discretization-Specific Dissipation Rate

Eulerian-Eulerian
Implicit Scheme
k — w SST model
Syamlal-O’Brien
Lun etal.
Johnson et al.
Based-KTGF
Algebraic

Lun et al.
Syamlal-O’Brien

Phase Coupled SIMPLE Scheme
Least Squares Cell Based
Second Order Upwind

QUICK

Second Order Upwind

Second Order Upwind

3. Model Validation and Mesh Sensitivity Analysis

To ensure the good computational results at reasonable calculation cost, the sensitivity
of the numerical solutions to computational mesh is investigated in terms of the mixture
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solid concentration. Five meshing schemes with different cell numbers (237,500, 456,000,
863,500, 1,484,000 and 3,648,000 cells) are used for grid independence test. Figure 3a shows
the predicted mixture solid concentration along the dimensionless y-coordinate at z/D = 55
with U;, =2 m/s and ¢s = 0.2. As can be seen from the figure, higher mixture particle
volume concentration distributes close to the bottom of the pipeline owing to the gravity
effect. Comparison of the numerical results for the dimensionless solid concentration
profiles as predicted by Grid-1 to 5 with those measured experimentally reveals a good
agreement. The results obtained from Gird-2 underpredict the solid concentration near
the bottom wall, with an averaged deviation of 10.4%, while there is slight overprediction
of solid phase at the same region for Grid-3, 4 and 5, with averaged deviations of 10.8%,
13.1% and 13.6%, respectively. This is probably due to the validity of the drag force closure
relations utilized in Eulerian-Eulerian multiphase model [19,38]. The experimental data
agree well with the simulation results obtained from Grid-2, with an averaged deviation of
9.5%. In addition, the averaged value of the non-dimensional wall distance y* near the wall
is about one in the 3D RANS simulations. If the mesh is refined from 456,000 to 3,648,000
cells, the numerical deviate greatly from the experimental measurements near the bottom
wall region. Thus, Grid-2 produces a good agreement with experimentally measured
solid concentration profiles. Similar grid effect was observed in Eulerian-Eulerian based
modeling of solid-liquid flow in pipelines and solid-gas flows in fluidized beds referring
to 3D simulations ([19,39,40]). It should be noted that each cell size should exceed the
particle diameter in the Eulerian-Eulerain model due to the validity of the drag force closure
relations [38]. Therefore, the Grid-2 with 456,000 cells is used in numerical prediction for
turbulent swirling flow in the horizontal pipeline to guarantee a satisfactory degree of
computation accuracy.

The main purpose of the validation study is to ensure the global formulations mean-
ing a set of all input parameters in each submodel or closure is cable to predict the solid
concentration and hydraulic gradient under various flow conditions. Figure 3b exhibits
different trends of mixture solid volume concentration for four different cases. Gener-
ally, the solid concentration distribution determined through simulations shows good
agreement with those obtained from experiments covering inlet slurry velocity (2-5 m/s)
and mixture solid concentration (0.2-0.5), which proves the reliability and accuracy of
the current global computational model. From the profile, we can observe the transition
of the flow regime from the heterogeneous to pseudo-homogeneous distribution as the
flow velocity and solid concentration increases from U;;, = 2 to 4 m/s and ¢s = 0.2-0.5,
respectively. For the heterogeneous regime, the transported particles can be suspended by
the turbulent eddies or the particle-particle and particle-wall collisions above the detectable
sliding bed, while the large particles are settled down in the bottom at low velocity. For
the pseudo-homogeneous regime, the typical flows laden with increased solid content
flowing at high velocity. The relatively uniform distribution of suspended particles in the
pipe cross section [20]. For example, the solid concentration obtained from Case-4 in the
upper part of the pipeline is higher than that from Case-1. This indicates that the higher
slurry velocity and concentration can enhance the suspension of multi-sized particles
within the pipe due to the intense particle-particle and particle-wall collisions in the top
of the pipe. Additionally, we noted that the global CFD model is fully validated under
different operating conditions, and Case-1 (Uj, = 2, ¢s = 0.2) gives the best comparison
result. Therefore, all following simulations in the present study will be conducted at a
constant inlet axial velocity Uj, = 2 and mixture solid volume concentration ¢s = 0.2. The
trend of pressure drop for multi-sized slurry is present in Figure 3c. Clearly, the increase
trend of pressure drop can be observed as the flow velocity increases from 1 to 5 m/s. This
further confirms that the current global CFD model is reliable for predicting the multi-sized
slurry flow under different operating conditions.
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Figure 3. Validation: (a) Experimental and simulated solid concentration distribution in multi-sized
slurry at U, =2m/s, ¢s = 0.2. Grid-1: 237,500 cells; Grid-2: 456,000 cells; Grid-3: 863,500 cells, Grid-4:
1,484,000 cells; Grid-5: 3,648,000; (b) Experimental and simulated solid concentration distribution in
multi-sized slurry with Grid-2. Case-1: U;, =2 m/s, ¢s = 0.2; Case-2: U;, =3 m/s, ¢s = 0.3; Case-3:
Ui, =4 m/s, ¢s = 0.4; Case-4: Uj;, =5m/s, ¢s = 0.5; (c) Experimental and simulated pressure drop in
Pa/m for multi-sized slurry at ¢s = 0.2.

4. Results and Discussion

To intuitively compare the performance of vortex-based pipeline, Figure 4 depicts the
contour plots of mixture solid volume fraction over the center plane along the domain
under different swirl ratios from SR = 0 to 0.5. The red color represents the maximum
value of mixture solid phase, while the blue color depicts the water phase. As illustrated
in Figure 4, the magnitudes of the mixture solid volume fraction are comparable for all
cases. Due to the effect of gravity and centrifugal force, the separation of liquid and micron-
sized particle can be observed from the figure. In particular, a higher solid concentration
(¢ps = 0.32-0.43) is mainly distributed in the bottom of the pipeline, while a lower value
exists along the top wall. Similar separation phenomenon of liquid and solid particles
(Dsp = 24 um) can be observed in the work by Shi et al. [19] who study the solid-liquid-
gas-vapor four phases cavitating phenomenon in a Venturi tube. The liquid-solid-solid
three-phase flow is fully developed under different swirling flow conditions. However,
due to the presence of the centrifugal force in the swirling flow, the solid phase patterns
in the liquid-solid-solid three-phase swirling flow are different from those in the straight
flow (SR = 0). In particular, the onset of the fully developed flow is delayed from Z/D = 30
to 50 as the swirl ratio increases from SR = 0 to 0.5. This can be explained by the intense
centrifugal force induced by the swirling flow in the upstream of the pipeline, which
significantly affects the development of the turbulent pipe flow in the heterogeneous
flow regime.
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Figure 4. Contours of mixture solid volume fraction in the middle plane: (a) SR = 0; (b) SR =0.1;
(c) SR =0.25; (d) SR =0.5.

To characterize the transport characteristics predicted using the RANS approach,
Figure 5 shows predicted results gained by the 3D k-w SST turbulence model for four
different cases. The iso-surface contour plots of the volume fraction of solid mixture,
¢s = 0.35 (brown color) and ¢s = 0.2 (green color), are utilized to visualize the distribution
of the mixed slurry in the horizontal pipeline. It is observed that the mixture concentration
of ¢s = 0.2 transported from the inlet of the pipe travels a long distance along the central axis
of the pipeline in both linear flow and swirl flow conditions. In the linear flow condition,
the conical mixture structure appears at the beginning of the pipe and the axial flow is
formed at Z/D =20, as shown in Figure 5a. In comparison, increasing the swirl ratio from
SR =0 to 0.5 has powerful influence on the transportation characteristics of the mixture
slurry flow. Specifically, the twisted motion of the slurry flow is obviously observed in
the upstream of the pipe, and the vortex rope diameter increases rapidly during the rise
in the inlet swirl intensity. Besides, the swirling flow decays until it becomes an straight
flow in the downstream, but the onset position of such transition is delayed from Z/D = 30
to 50 as the swirl ratio increases from SR = 0.1 to 0.5. In this case, the length of settled
mixture solid concentration reduces from z/D = 50 to 30. We also noted that the volume of
mixture concentration of ¢s = 0.35 decreases gradually with increment in SR. This reveals
that the strong centrifugal force induced by the swirl flow carries more solids particle
away from the pipe bottom and thus a higher transport efficiency in the case with a higher
swirl intensity.
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Figure 5. Iso-surface contours of mixture solid volume fraction: (a) SR =0; (b) SR =0.1; (¢) SR = 0.25;
(d) SR =0.5. ¢s = 0.35 (brown color) and ¢s = 0.2 (green color).

Figure 6 presents the contour plots of the turbulent viscosity ratio (y1t/p,) in the
middle plane at four different swirl ratios (0, 0.1, 0.25, and 0.5). As can be seen from the
figure, the significant turbulent intensity mainly concentrates in the fully developed flow
regime, while a lower turbulence intensity presents in the upstream region. Compared
with the linear flow case, in the swirl flow cases, the length of the intense turbulence
viscosity greatly reduces (by up to 33%). A higher magnitude of turbulent viscosity ratio
(1t /o = 525-700) predicted from linear flow is present in the region between Z/D = 30
and Z/D = 60, while that for the highly swirling flow (SR = 0.5) is concentrated in the
region between Z/D = 40 and Z/D = 60. As the swirl ratio increases from 0 to 0.5, the
turbulent viscosity is more extensive in the upstream along the central axial and almost fills
the whole pipeline. This phenomenon is expected since the imposed swirl flow intensifies
the turbulence eddying motions and enhances the collision forces between each particles,
thereby promoting the rapid mixing and fully suspension of the solid particles.
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Figure 6. Contours of turbulent viscosity ratio (y/ ) in the middle plane: (a) SR = 0; (b) SR =0.1;
(c) SR =0.25; (d) SR =0.5.

Figure 7 depicts the streamlines of axial velocities across the horizontal pipeline under
different swirling conditions. It is obvious from the figure that the higher magnitude of
axial velocity mainly distributes in the centre core of the pipe, while the lower axial velocity
appears in the near wall regions. The maximum magnitude of the flow velocity increases
by 20% as the imposed swirl ratio rises from SR = 0 to SR = 0.5, indicating that the swirl
intensity significantly affects the velocity profiles within the pipeline; hence, the turbulence
viscosity ratio is varied intensively as well. The apparent radial expansion of the flow can
be observed when the greater swirl strength is introduced. This is owing to the additional
tangential velocity component imposed in the inlet of the pipeline, which enhancing the
intensive mixing of the fluid and the tangential kinetic energy exchange among multi-sized
particles. Far away from the inlet of the pipe, the swirling flow decays apparently along the
streamwise direction due to the weakened centrifugal force, finally reaching the straight
liquid-solid-solid three-phase flow. On the other hand, the swirling distance increases and
the decay rate decreases slightly with the increase of tangential velocity from 0.2 m/s to
1 m/s. Such decaying swirling flow is the results of viscous dissipation and tangential
momentum transfer from the central region toward the wall per particle-particle collision
and particle-wall collision.
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Figure 7. Axial velocity streamlines: (a) SR = 0; (b) SR =0.1; (c) SR = 0.25; (d) SR = 0.5.

To visualize the flow patterns in the cross-section of the pipeline, Figure 8 exhibits
different solid volume fraction, granular pressure and axial velocity magnitude on the
cross section of z/D = 35 under different swirling motions. As observed in Figure 8a—c, the
distributions of coarse particle phase, fine particle phase and mixture phase are distinct for
SR =0.1,0.25 and 0.5. In general, the higher coarse solid concentration is mainly distributed
in the lower-half section (y/D = 0 to 0.2), while the fine solid concentration remains in
a pseudo-homogeneous flow regime. Additionally, the fine particles form a near-wall
lubrication layer along the bottom wall, which can significantly reduce the collision and
friction between the coarse particles and the wall. Due to the complex swirl effect affecting
the local flow patterns, each solid volume fraction are asymmetric about the central vertical
line (x/D = 0.5). However, the mixture concentration is reduced near the bottom of the
pipe and the slurry flow is closing toward homogeneity with increasing swirl intensity
from SR = 0.1 to 0.5, implying that more particles remain suspended and thus the pipeline
transport efficiency of multi-sized particulate flow is improved significantly.

Figure 8d,e shows the simulation results obtained for the different trends of granular
pressure and axial velocity distribution. As shown, the maximum granular pressure, which
is located close to the central bottom wall, decreases from 34 to 28 (about 18%) as the
swirl ratio increases from SR = 0.1 to 0.5. In addition, the granular pressure distribution is
more asymmetric at higher swirling condition. This suggests that the granular pressure is
sensitive to the change in the swirl intensity. Higher swirl strength leads to lower collision
probability and intensity through the enhanced vortex motion, thereby minimizing the
pipeline wear. On the other hand, the effect of swirling motion on the axial velocity pattern
is evident, as shown in Figure 8e. It is noted that the maximum velocity (U, = 2.5 m/s)
is situated above the pipe center, and it moves upward slowly with the increase in swirl
intensity from SR = 0.1 to 0.5. The near-wall lubrication layer formed by the fine particles
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near the bottom wall reduces the carrier fluid viscosity, thereby enhancing the local velocity
slightly. However, the better particle suspension performance leads to the expansion of
mixture solid concentration toward center region; the intense swirling motion causes the
break down of lubrication layer. In this case, the velocity magnitude presenting in the near
bottom wall region decreases slightly as the swirl ratio increases from SR = 0.1 to 0.5.
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Figure 8. Contour plots for coarse particle volume fraction for SR = 0.1, 0.25 and 0.5 (al-a3), fine
particle volume fraction for SR = 0.1, 0.25 and 0.5 (b1-b3), mixture solid volume fraction for SR = 0.1,
0.25 and 0.5 (c1-¢3), granular pressure for SR = 0.1, 0.25 and 0.5 (d1-d3), and z-axial velocity for
SR =0.1,0.25 and 0.5 (e1-e3) in x-y plane at z/D = 35.
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Figure 9. Predicted CFD profiles along r/D for SR = 0-0.5: mixture solid volume fraction at
z/D =35 (al) and z/D = 55 (a2), turbulent viscosity ratio at z/D = 35 (b1) and z/D = 55 (b2) and
z-axial velocity magnitude at z/D = 35 (c1) and z/D = 55 (c2).

The qualitative difference between the predictions of the fluid characteristics under
various swirl ratios is shown in Figure 9. A cross section evolution of the significant
dimensionless parameters such as multi-sized solid volume fraction (¢1 5/ ¢s), turbulent
viscosity ratio (u:/,), and z-axial velocity (U,/U;,) as a function of y/D have been
collected along the central vertical line. Two different positions have been identified:
(1) swirling flow condition (z/D = 35) and (2) straight flow condition (z/D = 55). The
comparison of the results obtained from swirl flow and straight flow regimes can help
us understand the decaying swirling flow behaviors under different swirl intensities.
Generally, the higher the swirl intensity, the more of the multi-sized particles suspend in
the pipe. This trend become more evident at the highest swirl ratio SR = 0.5. However,
comparing Figure 9(al,2), the swirl effect becomes less dominant at z/D = 55 over z/D = 35
owing to the weak swirl effect of the fluid. On the other hand, the turbulent viscosity
ratio declines more pronouncedly by about 20% and 16% at position z/D = 35 and 55,
respectively, as illustrated in Figure 9(b1,2). This further confirms that the fully developed
turbulent flow is postponed by the extensive swirl intensity existing in the upstream region.
At the same cross-section positions, we found that the effect of swirl intensity on the flow
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velocity is relatively small. Conversely, the local velocity decreases obviously with the
increase of swirl ratio in the lower-half section of the pipeline at z/D = 35 (see Figure 9(c1)),
due to the results of break up of lubrication layer and the enhanced suspension behaviors.

5. Concluding Remarks

In this study, 3D simulations of the liquid-solid-solid three-phase flow in a horizontal
pipeline mimicking marine minerals transportation have been conducted using the com-
mercial CFD software ANSYS FLUENT 17.0. Two types of solid particles with different
diameter (44 and 125 pm) but with the same mass fraction have been added in the flow.
The Eulerian-Eulerian multiphase model in conjunction with the k — w SST scheme was
validated against the experimental data from the literature, with the deviation in mixture
concentration controlled within in 10%. From the perspective of internal multiphase flow
mechanics, an attempt is made for the first time to investigate the hydrodynamic behaviors
of multi-sized slurry flow such as concentration distribution, turbulent intensity, granu-
lar pressure, and velocity distribution in the horizontal pipeline under various swirling
motions (SR =0, 0.1, 0.25 and 0.5).

Analysis of the simulation results shows that the initial swirling motion has a strong
influence on the flow characteristics and particulate transportation. In particular, imposing
a sufficient swirling motion in a multi-sized particulate flow leads to the heterogeneous
to pseudo-homogeneous regime transition in the pipeline. The imposed swirl intensifies
the turbulence eddying motions and hence improving the suspension ability of the multi-
sized particles and minimizing the pipeline wear. In addition, the fine particles develop
a lubrication layer near the bottom wall of the pipe, which can significantly reduce the
intensity of collision between the coarse particles and the bottom wall. However, the
intense swirling vortex results in a significant disruption of the near-wall lubrication layer,
and hence the local turbulent viscosity ratio and velocity declines slightly. In this view, a
required pipeline transportation efficiency and resistance loss between multi-sized particles
and wall can be controlled by imposing a swirl motion, taking into account the effect of
the near-wall lubrication layer. On the whole, the research in this study explores a new
three-phase flow under swirl condition, which provides a general framework and reference
for the design and process optimization of the deep ocean mining pipeline transportation
system. The effect of scale up on the pipeline should be investigated further using 3D
CFD-based simulations.
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