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Abstract: Mixture transport from a seabed mining vehicle to a buffer is a key procedure in deep-sea
mining. Dynamic performances of the particle–seawater mixture in a single-peak flexible riser were
numerically investigated using computational fluid dynamics and the discrete element method.
Both the time-averaged local characteristics and the instantaneous flow behaviors in the riser are
presented. The effects of key parameters, such as feeding concentration and mixture transport velocity,
were evaluated by a sensitivity analysis. Large local concentration accompanied by small particle
velocity occurs in the ascending sections and increases the risk of blockage. The particle–wall contact
reaches the maximum value at both the peak and trough of the single-peak riser. A small feeding
concentration would reduce both particle–wall contact, and hydraulic gradient, whereas a moderate
mixture transport velocity may be appropriate for the transport in terms of operation safety and
energy efficiency. In addition, the mixture transport in a double-peak riser was simulated to examine
which configuration is better for engineering applications. The lower maximum local concentration,
particle–wall contact and hydraulic gradient and the larger minimum particle velocity indicate that a
double-peak flexible riser may be more suitable for the mixture transport.

Keywords: deep-sea mining; mixture transport; flexible riser; numerical simulation

1. Introduction

The seabed deposits were first discovered in the 19th century by the H.M.S. Chal-
lenger [1]. According to the vast reservation and high grade, deep-sea mineral resources are
regarded as alternatives to terrestrial mining with the increasing consumption of natural
resources worldwide [2]. Three kinds of commercially valuable seabed mineral resources,
including massive sulfide deposits, cobalt-rich ferromanganese crusts, and manganese nod-
ules have been distinguished at depths up to several kilometers, and the distributions have
been summarized by Hannington et al. [3]. As an example, manganese nodules are dis-
tributed on the flat seafloor within the first 10 cm of the seabed sediments [4]. The abundant
manganese, nickel, and cobalt make the mineral resources have commercial potential for
industrial applications [5]. In the 1960s, the concept of deep-sea mining has been proposed
to meet the requirements of natural resources for industrial production [6]. Since then,
researchers and engineers have been focusing on the design and optimization of deep-sea
mining systems, and fruitful achievements have been made in the past decades [7–11].
As shown in Figure 1, a typical deep-sea mining system consists of a mining vehicle on the
seabed, a supporting vessel on the sea surface, and an ore transporting system composed
of a vertical rigid pipe, a pump, a buffer, and a flexible riser [4,12]. The seabed deposits are
collected and crushed by a mining vehicle, and then are transported to a freely hanging
buffer via the flexible riser. A several-kilometer vertical rigid pipe is used to connect the
buffer and the supporting vessel and to pump the particles to the sea surface. Among the
overall configuration, the flexible riser is an essential part to cater the seabed topography
and the movement of the mining vehicle. Owing to the large curvature at the peak and

J. Mar. Sci. Eng. 2022, 10, 1842. https://doi.org/10.3390/jmse10121842 https://www.mdpi.com/journal/jmse

https://doi.org/10.3390/jmse10121842
https://doi.org/10.3390/jmse10121842
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/jmse
https://www.mdpi.com
https://orcid.org/0000-0001-5418-1845
https://orcid.org/0000-0001-9746-2858
https://doi.org/10.3390/jmse10121842
https://www.mdpi.com/journal/jmse
https://www.mdpi.com/article/10.3390/jmse10121842?type=check_update&version=1


J. Mar. Sci. Eng. 2022, 10, 1842 2 of 20

trough of the flexible riser, the mixture transport should be emphatically considered to
avoid the blockage.

Supporting Vessel

Rigid pipe

Pump

Transporting system

Mining Vehicle

Buffer Flexible riser

Figure 1. Sketch of a typical deep-sea mining system.

Research on the mixture flow in a flexible riser based on the background of deep-sea
mining started in the late 20th century [13–21]. Abundant experimental facilities [13–15],
numerical methods [16,17], and empirical formulas [18,19] have been developed to calculate
pressure loss or hydraulic gradient during mixture transport and to examine the influences
of various factors. In general, the key factors can be divided into three series, including the
particle properties (e.g., particle diameter and density), the riser properties (e.g., spatial
configuration and inner diameter), and the transport parameters (e.g., feeding concentra-
tion and mixture transport velocity). Feeding concentration clearly defines the level of
pressure loss of deep-sea mining system [13]. The influence of the feeding concentration is
remarkably consistent across the published works from both experiments and numerical
simulations. A larger feeding concentration would result in a larger hydraulic gradient (or
pressure loss, head loss) [14–16] irrespective of the riser configuration. It was found that as
long as the feeding concentration is above 8%, the specific energy consumption is relatively
insensitive to the feeding concentration [17]. Considering specific risers, a range of 10∼25%
was suggested from the numerical simulations [16], whereas an optimal range of 10∼15%
was proposed via empirical formulas from the viewpoints of efficiency and safety of the
mixture transport [18]. According to numerical and experimental results, a suitable range of
Vm should be identified based on the specific flexible risers. A superficial velocity increases
the fluid–wall interaction, whereas a low transport velocity may cause the blockage in the
riser [14,19]. At a high flow rate, the particles move at the center of the riser, leading to
a hydraulic gradient close to that of water [19]. A mixture transport velocity of 5 times
the largest particle settling velocity is suggested from numerical simulations [17]. Based
on the specific risers, a range of 2.5∼4 m/s was proposed via numerical simulations [16],
and a close range of critical flow velocity of 2.8∼3.6 m/s was recommended from empirical
formulas [18].
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As for the influences of particle properties, a small particle diameter would reduce the
critical flow velocity and lower the pressure drop for the successful mixture transport [14,18].
However, in different configurations of the riser, different or even opposite conclusions
were drawn from the experimental results [15]. Additionally, the particle size distribution
and particle density would contribute to the pressure drop [13], and the system needs to be
designed and optimized by considering the maximum density of the mixture.

The spatial configuration adjusted by the distribution of buoyancy layout has signifi-
cant impacts on pressure loss [16]. As summarized from experimental results, the pressure
drop of the mixture would be 1.5∼1.8 times that of the clear water at typical bend angles
and bend radius [20]. In order to avoid blockage and reduce energy consumption, the criti-
cal flow velocity should be controlled according to the different relative distances between
the buffer and mining vehicle [18].

The early investigations on the hydraulic transport of coarse particles were mainly
conducted by experimental and theoretical methods. Due to the rapid development of
numerical methods and computing power, numerical simulations on solid–liquid two-
phase flow have been widely carried out with high credibility and accuracy. A review of
the methods for estimating the pressure drop and the solid–liquid two-phase flow regimes
in the flexible riser was performed by Parenteau [21]. The computational fluid dynamics
(CFD) method was then conducted to understand transient behavior and predict pressure
and power for the wave-shaped riser. Further, the coupling of CFD and discrete element
method (DEM) was proposed to improve the accuracy of numerical results. Based on
the background of deep-sea mining, CFD-DEM has been widely applied to simulate the
mixture transport, e.g., in the vertical and horizontal rigid pipes [22–25], the Y-shaped
elbow [26], and the pumps [27]. Similarly, pipeline transport of slurry shield under gravel
stratum was investigated in inclined pipes [28]. However, numerical simulations on the
mixture transport in flexible risers have not been well documented.

The previous studies mainly focused on the overall hydraulic gradient or pressure
loss during mixture transport. From the aspect of safety in offshore operations, the local
characteristics of the mixture are of great importance, because an excessive local concentra-
tion and a small particle velocity would result in the occasional blockage in the riser. This
will interrupt the only channel for mixture transport and bring the entire deep-sea mining
systems to a complete stop. However, to the best of our knowledge, the investigations
on the dynamics of mixture transport in a flexible riser are not fruitful in the previous
studies. Therefore, we conduct a comprehensive study on the local characteristics of the
mixture in a flexible riser from both time-averaged and instantaneous perspectives using
the CFD-DEM method. Overall descriptions of the particle velocity, local concentration,
particle–wall contact, and the waterhead along the longitudinal direction of the riser are
illustrated, followed by the instantaneous contours of particle and flow characteristics in
both cross and longitudinal sections at typical locations. Sensitivity analyses are carried
out for key parameters, such as mixture transport velocity and feeding concentration.
In addition, dynamics of mixture transport in the single-peak riser and the double-peak
riser are compared to provide references for the selection of riser configuration during
deep-sea mining in terms of the inner mixture flow.

The remainder of this paper is organized as follows. The mathematical formulas for
the numerical method are presented in Section 2. The overview of the numerical model
and a convergence study for the spatial and temporal resolutions are provided in Section 3.
The results and discussion are described in Section 4. Finally, the concluding remarks are
summarized in Section 5.
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2. Mathematical Formulas
2.1. Governing Equations

The incompressible fluid is governed by the Navier–Stokes (N-S) equations as follows.

∇ · u = 0 (1)
∂u
∂t

+ u · ∇u = − 1
ρ f
∇p + ν∇2u + g + fs f (2)

where u is the fluid velocity, p represents the pressure, ρ f labels the density of the fluid,
ν is the kinematic viscosity, t is the time and g denotes the gravitational acceleration. fs f
is particle-to-fluid force, which represents the momentum exchange between fluid and
particle. In the present study, the Reynolds number of the inner flow would be in an
approximate range of 5× 105∼1.2× 106, and fully-developed turbulence would occur in
the flexible riser.

A six-degree-of-freedom (6DOF) motion solver is adopted to calculate particle motion
in response to the fluid-to-particle forces, particle collisions, and gravity.

ms
dVs

dt
= msg + Ff s + Fct (3)

Is
dωs

dt
= Mct + M f s (4)

where ms represents the particle mass, Vs demotes the particle velocity, Is is the moment
of inertia of the particle, and ωs is the particle’s angular velocity. Ff s and M f s are the
fluid-to-particle force and moment, respectively. Fct and Mct are the contact force and
moment, respectively, caused by the particle–particle and particle–wall collisions.

2.2. Fluid-Particle Interaction

The fluid force Ff s exerted on the particle can be represented by Equation (5).

Ff s = Fd + Fl + Fp + Fam + FB (5)

where Fd is the drag force, Fl is the lift force, Fp is the pressure gradient force and Fam is
the added mass force. The time-dependent Basset force FB is not considered owing to its
marginal effect on the particles in the present study.

The drag force Fd can be calculated as follows [29].

Fd =
1
8

Cdρ f (u f − Vs)
2πd2 (6)

Cd =

(
0.63 +

4.80√
εiRep

)2

ε
2−ξ
i (7)

ξ = 3.7− 0.65exp

[
−
(1.5− log10(εiRep))2

2

]
(8)

where u f is the fluid velocity around the particle, d is the particle diameter, εi is the void
fraction around a particle, Cd is the drag coefficient, Rep is the particle Reynolds number.
ε
−ξ
i represents the effect of enhanced drag on a particle due to the presence of other particles

around it.
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The lift force Fl can be divided into the Magnus force FLM and the Saffman force
FLS [30]. The former is caused by the rotation of the particle, whereas the latter results from
the shear rate of the fluid.

FLM = CLM
ρ f π

8
d2|u f − Vs|

(ω f −ωs)× (u f − Vs)

|ω f −ωs|
(9)

CLM = 0.45 +
(

Rerot

Rep
− 0.45

)
e−0.5684Re0.4

rot Re0.3
p (10)

where CLM is the coefficient of Magnus lift force, (ω f −ωs) is the relative angular velocity
of the particle to the fluid, Rerot is the rotational Reynolds number.

FLS = CLS
ρ f π

8
d3(u f − Vs)× 2ω f (11)

CLS =
4.1126√

Res
Φ(Rep, Res) (12)

where CLS is the shear lift coefficient and Res is the shear Reynolds number. Φ(Rep, Res) is
the function about (Rep, Res) and can be calculated as follows.

Φ(Rep, Res) =


(1− 0.3314

√
Res

2Rep
)e−0.1Rep + 0.3314

√
Res

2Rep
(Rep 6 40)

0.0524
√

0.5Res (Rep > 40)

(13)

The pressure gradient force Fp can be represented by Equation (14).

Fp = −∀∇pstatic (14)

where ∀ is the particle volume and ∇pstatic is the static pressure gradient.
The added mass force Fam is calculated as follows [31].

Fam = Camρ f ∀
d
dt
(u f − Vs) (15)

where Cam = 0.5 is the coefficient of added mass for a spherical particle.

2.3. Contact Model for Particle–Particle and Particle–Wall Collisions

Fct and Mct are the sum of contact force and moment, respectively, caused by other
particles.

Fct = ∑ Fc (16)

Mct = ∑(rc × Fc + Mc) (17)

where Fc and Mc represent the contact force and moment, respectively, between two
individual particles, and rc is the vector from the particle center to the contact point.

In the present study, the Hertz–Mindlin no-slip contact model is adopted to simulate
particle contact. The forces at the contact point are calculated by the spring–dashpot
model in both normal and tangential directions (see Equation (18)). The spring provides
the stiffness and generates the repulsive force to push the contacting particles apart; the
dashpot provides viscous damping and allows imperfect elastic collisions. The spring
accounts for the elastic part of the response, whereas the dashpot accounts for the energy
dissipation during the collision.

Fc = Fn + Ft (18)

where Fn is the normal and Ft is the tangential force component.
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The normal force Fn is defined by the following:

Fn = −Kndn − Nnvn (19)

where dn is the overlap in the normal direction, vn is the normal velocity component of the
relative particle surface velocity at the contact point. Kn and Nn are the spring stiffness and
viscous damping, respectively, in the normal direction, and can be calculated as follows.

Kn =
4
3

Eeq

√
dnReq (20)

Nn =
√

5Kn MeqNn damp (21)

Nn damp =
−ln(Cn rest)√

π2 + ln(Cn rest)2
(22)

where Eeq, Req, and Meq are equivalent to Young’s Modulus, radius, and particle mass,
respectively; Nn damp is the normal damping coefficient and Cn rest is the normal coefficient
of restitution.

The tangential force Ft is defined by the following:

Ft =


−Ktdt − Ntvt |Ktdt| < |Kndn|C f s

|Kndn|C f sdt

|dt|
|Ktdt| > |Kndn|C f s

(23)

where C f s is the static friction coefficient, dt is the overlap in the tangential direction, vt
is the tangential velocity component of the relative particle surface velocity at the contact
point. Kt and Nt are the stiffness and damping, respectively, in the tangential direction.

Kt = 8Geq

√
dtReq (24)

Nt =
√

5Kt MeqNt damp (25)

Nt damp =
−ln(Ct rest)√

π2 + ln(Ct rest)2
(26)

where Geq is the equivalent shear modulus; Nt damp is the tangential damping coefficient
and Ct rest is the tangential coefficient of restitution.

More detailed descriptions of the Hertz–Mindlin contact model can be found in the
references [32–34].

3. Numerical Model
3.1. Overview of Numerical Model

Depending on the depth differences in the mining site, the configuration of the riser
would be affected. In order to make the numerical simulation more valuable and practi-
cal, we select a typical single-peak flexible riser designed for a field test at the depth of
approximately 1000 m. From the viewpoints of reducing both the axial tension in the riser
and the loads on the mining vehicle, the configuration is calculated and then optimized
with the parameters from the initial design of the deep-sea mining system, as shown in
Figure 2. A span of 125 m and a vertical height of 50 m from the seabed are adopted in
the numerical model. The total length of the riser is 220.24 m. According to the designed
production rate of approximately 1.5× 106 tons per year for the ores, the inner diameter of
the riser D = 0.2912 m is selected considering the mixture transport velocity of Vm0 ≈ 5 m/s
and the feeding concentration of Cv0 ≈ 9% in the stable operating conditions. Owing to
the small moving velocity and the limited migration of both the inlet (connected to the
mining vehicle) and the outlet (connected to the buffer) of the riser, the deformation of the
configuration is finite and has little effect on the inner mixture. Therefore, the deformation
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of the flexible riser is neglected in the present study. The numerical simulation is conducted
by the multiphysics CFD software Simcenter STAR-CCM+.
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Figure 2. Spatial configuration of a single-peak flexible riser.

During the mixture transport, a set of monitors are designed with the diameter of
D = 0.2912 m and the length of L = 1 m, as shown in Figure 3 and Table 1. Both the instan-
taneous and the time-averaged results of the local characteristics such as particle velocity
Vxl , particle volume concentration Cvl and particle–wall contact force Fc are captured.

Figure 3. Computational domain and boundary conditions.

Table 1. Positions and inclined angles of the monitors in the single-peak riser.

Monitor Position (x, y) (m) Inclined
Angle (◦) Monitor Position (x, y) (m) Inclined

Angle (◦)

P1 (2.39, 11.82) 75.48 P7 (71.99, 9.82) −40.56
P2 (8.97, 33.92) 67.29 P8 (86.01, 2.08) 0
P3 (17.40, 50.66) 47.15 P9 (106.08, 10.73) 50.39
P4 (32.02, 60.11) 0 P10 (115.52, 24.03) 65.28
P5 (47.98, 51.59) −56.67 P11 (122.05, 38.87) 69.94
P6 (58.40, 32.05) −64.74

Inclined angle: the angle between the flow direction in a monitor and the positive x–direction.

A velocity inlet boundary condition is adopted to model the fluid inlet at the start
point of the riser. The particle injector is placed apart from the fluid inlet at a distance of
2 m to “minish” the numerical errors resulting from the interaction of two different inlet
conditions on the same surface. The wall of the riser is set as a no-slip wall condition.
A pressure outlet boundary condition is applied to the outlet of the mixture.

Figure 4 shows the grid structures of the computational domain. The riser is divided
into approximately 2000 elements in the longitudinal direction; the boundary layer is
modeled by prism layer cells and the inner flow domain is simulated by polyhedral cells.
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(a) Cross section. (b) Longitudinal section.

Figure 4. Grid structures of the computational domain.

Without loss of generality, the ambient fluid in the riser is set as the seawater with the
density of ρ f = 1025 kg/m3 and the dynamic viscosity of µ f = 0.001599 Pa·s, which were
measured in a specific site from a field test. The fluid is calculated by Reynolds Averaged
Navier–Stokes (RANS) method with the turbulence modeled by the realizable k-ε model.
The second-order temporal and spatial discretizations are adopted. During the simulation,
the convective Courant number is no more than 0.5 in most discretized cells.

In the actual operation, the deposits on the seabed are first crushed to a smaller size
before being injected into the riser. In the present study, the ores are simplified as spherical
particles with a uniform diameter of d = 20 mm and a density of ρs = 2000 kg/m3. The
detailed parameters of the particle model are listed in Table 2, including particle properties,
fluid force model, and coefficients for DEM. Noting that the coefficients, e.g., Young’s
modulus and the static friction coefficient are not accurately consistent with the real parti-
cles. However, the physical laws summarized from the calculated results are unified and
sufficient for a rough estimation in the initial stage of engineering design.

Table 2. Particle property and parameters for the DEM model.

Particle Model Value

Particle property
Density 2000 kg/m3

Poisson’s ratio 0.33
Young’s modulus 2.4× 1010 Pa

Force model

Drag See Equation (8)
Shear lift See Equation (12)
Spin lift See Equation (10)
Added mass coefficient 0.5

DEM phase interaction

Contact model Hertz–Mindlin, see
Section 2.3

Static friction coefficient, C f s 0.3
Normal restitution coefficient, Cn rest 0.5
Tangential restitution coefficient, Ct rest 0.5

3.2. Convergence Study and Method Validation

In order to minimize the numerical errors caused by the grid structures and the time
steps, the convergence study on the spatial and temporal resolutions was first conducted.
The feeding concentration of Cv0 = 0.09 and the mixture transport velocity of Vm0 = 5 m/s
were selected. Six meshes and seven time-steps were utilized for the numerical models.
The most concerning characteristics, e.g., local concentration Cvl and particle velocity Vxl
at the peak (Monitor P4) and in the middle of the descending section (Monitor P6) of the
riser were selected for evaluation. As shown in Figure 5, with the increase of cell number
from 5× 105 to 2× 106, both Cvl and Vxl change slightly. Meanwhile, the smaller time-step
than 0.01s (1/t > 100 s−1) would have a negligible effect on the results. Considering both
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the accuracy and the computing resources, the grid structure with a total cell number of
approximate 500,000 and the time-step of 0.01 s are sufficient for the present simulations.

(a) Spatial resolution. (b) Temporal resolution.

Figure 5. Convergence study of spatial and temporal resolutions.

Method validation was performed subsequently. No perfectly matched experimen-
tal data for the mixture transport in the flexible riser with the same configuration were
found in the published works. Therefore, two simplified cases were simulated to validate
both particle–fluid interaction and particle contact: a vertical hydraulic transport case for
evaluating particle–fluid interaction and a horizontal particle-conveying case for assessing
particle–particle and particle–wall interactions. The results were then compared to the
experimental data from Xia et al. [11] and Ravelet et al. [25], respectively. Owing to the lack
of measured Cvl in the experiments, the overall hydraulic gradient I was utilized to assess
the accuracy of the numerical method.

In the horizontal pipe, the calculated hydraulic gradient agrees well with the experi-
mental data in a wide range of mixture transport velocity (2∼5 m/s), as shown in Figure 6a.
In the vertical case, the numerical results are slightly smaller than the experimental hy-
draulic gradient, which may result from the differences in the wall properties, e.g., the
roughness and Young’s modulus, between the simulations and the experiments. However,
the general trends are the same and deviations are acceptable. According to the vertical
and horizontal cases, it is drawn that both particle–fluid interaction and particle contact can
be feasibly modeled, indicating the effectiveness of the CFD-DEM method for estimating
the dynamics of the mixture in the riser.

0

0.1

0.2

0.3

1 2 3 4 5 6

I(
m
/m
)

Vm0 (m/s)

Exp
Num

(a) Horizontal hydraulic transport.

0
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0.2

0.3

0.4

1 2 3 4 5

I(
m
/m
)

Vm0 (m/s)

Exp_5% Num_5%
Exp_15% Num_15%

(b) Vertical hydraulic transport

Figure 6. Comparison between numerical results and published experimental data [11,25].

4. Results and Discussion

In this section, the characteristics of the mixture in the riser are discussed in terms of
statistical analysis and instantaneous flow regimes. The influences of transport parameters,
e.g., feeding concentration Cv0 and mixture transport velocity Vm0 are evaluated afterward.
Finally, comparisons are made to a double-peak flexible riser to provide a preliminary
reference to the selection of riser configuration in deep-sea mining.
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4.1. Overall Description of the Mixture Transport

First, an overall description of the mixture transport in the single-peak flexible riser
is analyzed with the input parameters of Cv0 = 0.09 and Vm0 = 5 m/s. For the sake of
simplicity, the single-peak riser is divided into three sections: the first ascending section
(0 < x < 32 m), the descending section (32 < x < 89 m) and the second ascending section
(32 < x < 125 m). Figure 7 shows the time-averaged local characteristics of the mixture
along the longitudinal direction of the riser in a stable transport state, including local
concentration Cvl , particle velocity Vxl , particle–wall contact Fc, and local waterhead H.
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0.09

0.12

0.15

0 25 50 75 100 125

C
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X (m)

(a) Local concentration, Cvl
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m
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(b) Particle velocity, Vxl
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(c) Particle–wall contact force, Fc
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(d) Waterhead, H

Figure 7. Time-averaged local characteristics of the mixture in the riser at Cv0 = 0.09, Vm0 = 5 m/s.
The vertical dashed lines represent the peak and trough of the riser.

In the ascending sections, the particles move upwards against gravity and particle–wall
contact under the action of fluid forces. Owing to the larger density of the particle than the
ambient fluid, a number of particles settle and accumulate on the lower side of the riser wall,
and then are transported as bed load. Therefore, the local concentration Cvl is always larger
than the feeding concentration Cv0 (Figure 7a), whereas the particle velocity Vxl is smaller
than the mixture transport velocity Vm0 (Figure 7b). The maximum Cvl = 0.12 (approximate
1.34 Cv0) accompanied by the minimum Vxl = 3.74 m/s (approximate 0.75 Vm0) occurs
just ahead of the peak. Meanwhile, an obvious reduction of waterhead H is observed in
Figure 7c owing to the energy consumption of the mixture to compensate for the mixture–
wall interaction and the gravitational potential energy of particles. At the peak of the
riser, one can find a slight reduction of Cvl and a tiny increase of Vxl resulting from the
rapid mitigation of particle accumulation in the coming descending section. However,
the particle–wall contact force Fc reaches the maximum value of 100.2 N (≈1.74 Fb, see
Figure 7d. Fb represents the reduced gravity of the transported particles in the monitors
and can be expressed by Fb = Cv0(ρs − ρ f )gπLD2/4), because most of the particles would
be hindered by the large curvature and travel as bed load on the riser wall.

In the descending section, gravity becomes the driving force on the mixture and the
particles are accelerated and dispersed rapidly. As shown in Figure 7, the particle velocity
Fc exceeds the mixture transport velocity Vm0, whereas the local concentration Cvl is lower
than the feeding concentration Cv0. Waterhead H changes slightly under the balance
between the energy consumption by mixture–wall interaction and the positive gravity
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work. With the decrease of the inclined angle and the increase of the curvature near the
end of the descending section, the particles are hindered again before going through the
trough of the riser, showing an increase of Cvl and a decrease of Vxl . A reduction of Fc can
be found in the first half of the descending section, where the particles have just passed the
peak position and become suspended on the upper side of the cross section. Subsequently,
a number of particles settle to the lower side of the wall due to gravity and are manifested
as bed load in the second half of the descending section, showing a larger Fc. A second
extreme Fc = 88.9 N (≈1.54Fb) occurs at the trough of the riser.

From the perspectives of engineering designs and applications, the overall hydraulic
gradient I is an important issue, which is the primary input parameter for the design
of a pump. In the present study, the hydraulic gradient of each section is calculated by
dividing the difference of the waterheads at both ends by the length of that section, and the
results are listed in Table 3. It is observed that the hydraulic gradients in the ascending
sections are more than five times those in the descending section, indicating that the energy
consumption mainly comes from the ascending section during the mixture transport.

Table 3. Hydraulic gradient during mixture transport.

Section I (m/m)

overall (P11–P1) 0.115
first ascending (P4–P1) 0.177

descending (P8–P4) 0.034
second ascending (P11–P8) 0.18

In order to capture the detailed dynamic performances of the mixture, the instanta-
neous flow and particle patterns in the longitudinal and cross sections of typical monitors
(P2, P4, P6, P8, P10) are shown in Figures 8–11.

(a) P2 (b) P4, peak (c) P6 (d) P8, trough (e) P10

Particle velocity 
(m/s)

Figure 8. Particle velocity and distribution in longitudinal and cross sections of typical monitors.

(a) P2 (b) P4, peak (c) P6 (d) P8, trough (e) P10

Particle concentration

Figure 9. Particle concentration in the cross sections of the typical monitors.
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Figure 10. Local concentration and particle velocity in cross sections of the typical monitors. Black
hollow square markers represent Cvl and red hollow triangle markers represent Vxl .
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Figure 11. Flow velocity in longitudinal and cross sections of typical monitors.

In ascending sections, particles appear throughout the cross section (Figure 8a,e).
However, the mixtures are significantly stratified and movable bed layers are formed [35].
Most of the particles accumulate on the lower side of the riser wall (Figure 9a,e), and are
transported as bed load that would experience substantial particle–wall and particle–
particle contact forces. This is consistent with the experimental results in the ascending
pipelines [10]. In addition, the fluid is significantly decelerated when flows through the
porous medium of bed load (Figure 11a,e). This may consequently decrease the fluid
resistance acting as the driving force on the particles in the ascending sections. Therefore,
the particle velocity of the bed load is small, and almost all the particles on the lower half
of the cross section travel at a speed lower than the mixture transport velocity of 5 m/s,
as shown by the red labels in Figure 10a,e. A few particles are suspended and transported
in the upper side of the cross section. Noting that the suspended particles would fall to the
upper layer of the bed load, whereas particles on the top of the bed load would jump up to
the turbulent dilute flow. Owing to the large fluid velocity and the finite particle collisions,
the suspended particles move faster than the mixture.

At the peak of the riser, the effect of particle settling is more obvious, which is re-
flected by the few particles observed in the upper side of the cross section, as shown in
Figures 8b and 10b. A larger volume fraction of the particles can be observed in the lower
side of the cross section when compared to that in the ascending section (Figures 9b and 10b).
Generally, the fluid velocity distribution here is similar to that in the ascending section,
as shown in Figure 11b. Owing to the large curvature at the peak, the fluid velocity on the
upper side is slightly reduced.

In the descending section, particles can be observed all over the cross section and
are transported at a fast speed (Figure 8c). The maximum particle velocity occurs in the
lower-middle part of the cross section, as indicated in Figures 8c and 10c. A considerable
number of particles jump to the upper dilute mixture due to the large particle velocity
near the top of the bed load and the violent fluid-particle interaction near the interface.



J. Mar. Sci. Eng. 2022, 10, 1842 13 of 20

As a result, the particle volume fraction in the lower part is much smaller than that in the
ascending section, as shown in Figures 9c and 10c. The comparisons of Cvl in the cross
section between the ascending and the descending sections agree well with the results in
the experiments [10]. Due to the mass conservation, the reduced particle volume fraction
(see Figure 7a) enlarges the area for the fluid to pass through in the cross section, leading
to a small average fluid velocity (Figure 11c). It is noticed that the particles in the lower-
middle part of the cross section are of close velocity to the fluid, which means that the fluid
drag force on the particles may be marginal as a driving force to the particle transport,
or even hinders the particles moving downward when the particles travel faster than the
surrounding fluid. On the other hand, particle collisions may promote particle transport
and enlarge particle velocity to a certain extent.

At the trough of the riser, the mixtures are hindered significantly owing to the large
curvature. The suspended particles settle to the top layer of the bed load mostly and
aggravate the accumulation in the lower half of the cross section (Figures 9d and 10d).
In consequence, the particle volume fraction increases and the particle velocity decreases.
However, after a long distance for acceleration in the descending section, the average
particle velocity is still larger than that in the ascending section or at the peak, and the
particle volume fraction is smaller (Figure 7a,b).

4.2. Effects of Feeding Concentration and Mixture Transport Velocity

The mixture transport velocity Vm0 and the feeding concentration Cv0 are significant
factors in the dynamics of the inner flow and the hydraulic gradient. In order to examine
the effects of these two factors, two series of numerical cases are carried out in the present
study. For convenience, local concentration Cvl , particle velocity Vxl , and particle–wall
contact force Fc are non-dimensionalized by Cv0, Vm0, and Fb, respectively.

Figure 12 shows the calculated results with different feeding concentrations Cv0.
The overall trends of Cvl/Cv0, Vxl/Vm0, and Fc/Fb keep unchanged when Cv0 is increased
from 3% to 12%. This indicates that the maximum local concentration and the minimum
particle velocity would always occur in the same positions, which should be considered
particularly in the design of the riser. Moreover, Cvl/Cv0 and Vxl/Vm0 would barely change
in the range of Cv0 ≥ 6%, illustrating a critical feeding concentration above which the
dynamic performances of the mixture may be insensitive to Cv0. As more particles are
injected into the riser at a larger Cv0, the accumulation in the ascending sections becomes
more severe and hence the layer of bed load is thicker [35]. This enlarges the probability
and frequency of particle–wall interaction. As a result, Fc/Fb is increased, especially near
the peak and trough (Figure 12c). On the contrary, more particles would jump up into the
dilute mixture from the bed load, and an obvious reduction of Fc/Fb can be observed in the
middle part of the descending section.

As shown in Figure 12d, a higher Cv0 would enlarge the overall hydraulic gradient
because of the more energy consumed to do work against gravity and contact during
mixture transport. This is consistent with the experimental conclusions for a sea test [36].
Additionally, the increased occupation of the particles would result in a narrow channel
for fluid to pass through. The fluid velocity is consequently increased followed by the
larger fluid–wall friction and pressure loss. The denser particle flow would result in a
larger hydraulic gradient in the ascending section and a smaller one in the descending
section. The difference comes from the different effect of gravity on the particles: it prevents
particles to move upward in the ascending section, however, becomes a driving force in the
descending section. The higher the concentration, the more energy is consumed to lift the
particles upward, and the more work the gravity does on the descending mixture.
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Figure 12. Effect of feeding concentration Cv0 (at Vm0 = 5 m/s).

Figure 13 presents the influence of mixture transport velocity Vm0 on the dynamic
performances of the inner flow. From the perspective of operation safety, a large Vm0 would
be beneficial to the mixture transport according to the small local concentration Cvl and
the large particle velocity Vxl in the ascending sections [37], as shown in Figure 13a,b.
On the contrary, the small Vm0 is quite dangerous and poses a great risk of blockage in
engineering applications. For example, at Vm0 = 3 m/s, Cvl is even more than 1.5 times
Cv0 in the ascending sections, and Vxl is as low as half of Vm0 ahead of the peak and in the
second ascending section. Additionally, a low Vm0 would aggravate the accumulation of
the particles and intensify the particle–wall interaction. Consequently, the particle–wall
contact force Fc/Fb would be severe especially at the peak and trough of the riser, as shown
in Figure 13c.

In terms of the production efficiency of the system, a high mixture transport velocity
is not always better. An excessive flow velocity leads to more pronounced fluid–wall
interactions and thus increases the overall hydraulic gradient during the mixture transport
(Figure 13d). This puts forward higher requirements on the energy consumption of the
system and the performance of transportation facilities such as the pump head. Therefore,
a moderate mixture transport velocity (e.g., 4∼5 m/s) in the flexible riser is suggested for
the commercial production of deep-sea mining.
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Figure 13. Effect of mixture transport velocity Vm0 (at Cv0 = 12%).

4.3. Influence of Riser Configuration

Based on the concerns of operation safety and energy efficiency in engineering ap-
plications, another feasible configuration of a flexible riser with two peaks (Figure 14),
namely the double-peak riser has been proposed owing to the lower axial tension in the
riser, the smaller loads and impacts on the mining vehicle and thus the wider operation
areas for the system. Therefore, the mixture in a double-peak riser has been simulated
to assess which configuration is more suitable for deep-sea mining from the viewpoint
of the inner flow. Except for the spatial configuration, the geometric parameters of the
double-peak riser such as the span, the endpoint position, the total length, and the diameter
are the same as those of the single-peak one. Both these two configurations depicted in
Figure 14a are calculated according to the parameters in an initial design for a deep-sea
mining system. In total, 17 monitors are set along the riser to capture the time traces
and instantaneous characteristics of the mixtures. The positions of the monitors are listed
in Table 4. Intuitively, the double-peak riser seems to be more complicated, because the
mixture would travel through two peaks and two troughs which may increase the risk of
blockage. However, the calculated results are different from the intuitive grasp.

Figure 15 shows the comparison between the time-averaged characteristics of the
mixture in single-peak and double-peak risers at Cv0 = 0.09 and Vm0 = 5 m/s. Generally,
the differences between the maximum and the minimum values of Cvl and Vxl are not
significant in both configurations, although the extreme values occur in different positions.
Large Cvl accompanied by small Vxl appears in the ascending sections, whereas the opposite
results take place in the descending sections.
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Figure 14. Spatial configuration and numerical model of the double-peak riser.

Table 4. Positions and inclined angles of the monitors in the double-peak riser.

Monitor Position (x, y) (m) Inclined
Angle (◦) Monitor Position (x, y) (m) Inclined

Angle (◦)

P1 (5.37, 13.14) 74.06 P10 (61.78, 42.30) 37.71
P2 (9.55, 27.77) 77.60 P11 (71.03, 49.46) 0.00
P3 (12.83, 42.71) 78.06 P12 (76.70, 42.57) −54.77
P4 (16.12, 58.24) 79.68 P13 (81.77, 35.39) −40.88
P5 (20.00, 70.19) 0.00 P14 (90.43, 27.90) −14.67
P6 (27.16, 58.24) −59.60 P15 (98.48, 25.79) 0.00
P7 (33.13, 48.05) −40.10 P16 (108.93, 29.35) 40.98
P8 (42.38, 40.25) −16.08 P17 (115.79, 35.31) 56.98
P9 (50.73, 37.85) 0.00

The first main difference of the mixture transport comes from the spatial shapes of
the first ascending sections. In the double-peak riser, the inclination angle of the first
section changes slightly, which indicates that this section is similar to a straight pipe with a
large inclination angle. The accumulation of particles on the riser wall is then significantly
reduced when compared to that in the single-peak riser, and this results in a much smaller
particle–wall contact force (Figure 15c). Thereby, the particles can be transported easier
by the ambient fluid in the riser, exhibiting the smaller Cvl/Cv0 and the larger Vxl/Vm0 in
most parts of this section (Figure 15a,c).

Secondly, the particle–wall contact forces Fc/Fb in different configurations are totally
different, or even opposite. In the single-peak riser, the maximum Fc/Fb appears at both
the peak and the trough of the riser. However, in the double-peak riser, the minimum Fc/Fb
occurs at the peaks, whereas the maximum Fc/Fb arises at the troughs. In the ascending
sections of a double-peak riser, the larger inclination angle and the nearly straight riser
would result in a significant reduction of particle accumulation on the wall, hence a smaller
particle–wall contact. When the particles pass through the peaks to the descending sections,
a number of particles would be hindered by the large curvature at the peak and then fall on
the wall of the descending section as bed load, resulting in an increase of the particle–wall
interaction. Subsequently, the particles in the bed load would be suspended again when
passing through the trough due to the obstruction caused by the large curvature. Therefore,
the particle–wall contact force is reduced again.

From the perspective of energy consumption, the hydraulic gradient I in the double-
peak riser is much smaller than that in the single-peak riser. As the same lifting height of the
mixture in both configurations, the hydraulic gradients resulting from the different densities
between particles and the fluid are close. The difference in the hydraulic gradient caused
by the fluid–wall friction is marginal can be inferred from the close local concentration
(based on the laws of mass conservation and the same transport parameters, e.g., Cv0 and
Vm0 in both configurations). Consequently, one may infer that the considerable reduction
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of the hydraulic gradient in the double-peak riser is determined by the mitigation of the
particle–wall contact.
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Figure 15. Comparison between the mixtures in single-peak and double-peak risers. In (a–c), the solid
markers represent the peak and the hollow markers label the trough.

In addition, a series of cases of the mixture transport in the single-peak and double-
peak risers are simulated at different Cv0 (3%, 6%, 9%, 12%) and Vm0 (3, 4, 5, 6 m/s). The
maximum local concentration Cvl,max/Cv0, the minimum particle velocity Vxl,min/Vm0,
the maximum particle–wall contact force Fc,max/Fb, and the overall hydraulic gradient I
in these two different configurations are compared in Figure 16. Compared to the results
in the single-peak riser, one can find the lower Cvl,max, the larger Vxl,min and the smaller
Fc,max in the double-peak riser in most cases. This indicates that there is less risk of particle
blockage and riser damage in the double-peak riser, which is more appropriate for the
mixture transport from the perspective of safety. On the other hand, the overall hydraulic
gradient in the double-peak riser is always lower than that in the single-peak riser in all the
cases, illustrating a lower energy consumption and a better performance of the double-peak
riser from the viewpoint of energy saving. To sum up, the double-peak riser may be more
suitable for the mixture transport in terms of the dynamics of the inner mixture.
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Figure 16. Comparison of maximum Cvl/Cv0, minimum Vxl/Vm0, maximum Fc/Fb and overall I,
single-peak versus double-peak risers.

5. Conclusions

Based on the background of deep-sea mining applications in engineering, a numerical
investigation of the dynamics of mixture transport in a flexible riser was conducted using
CFD-DEM. The time-averaged and instantaneous in situ characteristics, e.g., local concen-
tration, particle velocity, and particle–wall contact, have an in-depth “understanding” of the
inner mixture. Sensitivity analyses on the key parameters were performed to evaluate the
effects on the mixture transport. Finally, the mixtures in the single-peak and double-peak
risers were compared to find a better spatial configuration for deep-sea mining. The main
conclusions are summarized as follows.

(1) In a single-peak flexible riser, there is a greater risk of particle blockage in the
ascending sections, particularly ahead of the peak, according to the large local concentration
(≈1.34 Cv0) and the small particle velocity (≈0.75 Vm0) resulting from particle accumulation
on the riser wall.

(2) At the peak and the trough of the single-peak riser, the maximum particle–wall
contact forces (≈1.74 Fb and 1.54 Fb, respectively) are observed owing to the large curvature.
This should be “noticed” to avoid damage to the riser.

(3) The hydraulic gradient mainly comes from the ascending sections, where the
particle–wall contact is severe on the lower side and the fluid–wall interaction is intense on
the upper side of the riser.

(4) A small feeding concentration (e.g., Cv0 ≤ 6%) would reduce both particle–wall con-
tact and overall hydraulic gradient, whereas a moderate transport velocity (e.g., 4∼5 m/s)
is appropriate for the mixture transport by considering both operational safety and en-
ergy consumption.

(5) Compared to the single-peak riser, a double-peak configuration would be better
for deep-sea mining owing to the lower local concentration, the larger particle velocity, and
the smaller overall hydraulic gradient.
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