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Particle dynamics

a b s t r a c t

Wear of the internal lining in the non-metallic flexible pipes (NMFPs) is a critical issue in long-distance 
hydraulic lifting for deep-sea mining, as it can lead to structural failure and reduced service life. The 
non-homogeneous, discontinuous flow of unevenly sized mineral particles, especially in the curved 
sections of the pipe, complicates the analysis of particle motion and wear characteristics. This research 
presents a numerical simulation model of particle dynamics in the internal layers of curved NMFPs, 
developed using the CFD-DEM coupling method, based on Hertz-Mindlin contact theory and the 
Archard wear model. The model captures the particle-particle and particle-wall collision behaviors, 
alongside energy dissipation patterns. A parametric analysis of the wear process was conducted to 
evaluate the service life of the bent NMFP. Results indicate that particle collision frequency and energy 
dissipation correlate with increased wear, while higher conveying speeds and larger particle diameters 
intensify wear. Under specified conditions of 6 m/s conveying speed and a maximum particle con-
centration of 0.15, an NMFP with a 10 mm internal layer thickness is estimated to last 3.65 years. These 
findings provide a technical reference for optimizing conveying parameters and minimizing internal 
wear in deep-sea hydraulic lifting systems at depths of 6000 m.
© 2025 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This 
is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-

nd/4.0/).

Nomenclature

v Fluid velocity, m/s (Eq. (1)) 
t Time, s
ρ f Fluid density, s
p Pressure, Pa
η Fluid kinematic viscosity, kg/m 3

f g Fluid gravity, N 
Q The volume of liner material removed, m 3 (Eq. (3))

P c Contact surface normal pressure, N
L c Distance of tangential relative sliding of mineral 

particles along the wall, m
H Softest surface Brinell hardness of the material being 

worn, Pa
K An empirical constant characterizing the 

relationship between the wear volume and all 
influencing factors except contact line normal stress, 
relative sliding speed, and material hardness
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1. Introduction

Due to challenges like poor system stability, low mining effi-
ciency, and significant seabed environmental impact, traditional 
methods such as the submarine drag bucket, continuous line 
bucket, and shuttle vessel have been phased out in favor of deep-
sea polymetallic mining systems (Glasby et al., 2015; Hannington 
et al., 2017). The hydraulic lifting mining system (HLMS) has 
become widely adopted, successfully validated in sea trials by or-
ganizations such as OMA, OMI, GSR, and CRIMM. Compared to 
traditional rigid pipes, the non-metallic flexible pipe (NMFP) offers 
advantages like lighter weight, improved wear resistance, and 
easier retrieval, making it better suited for transporting mineral 
particles in a 6000-meter ultra-deep-sea manganese nodule HLMS 
(Leng et al., 2021) (Fig. 1).

The NMFP must endure external forces, such as waves and 
currents, as well as internal pressure from mineral-laden seawater.

Its dynamic response to internal and external flows increases the 
complexity of the solid-liquid two-phase flow during the hydraulic 
lifting process. Mineral particles within the pipe are constantly 
influenced by drag force, pressure gradient force, and lift force. 
Continuous collisions between particles and with the inner wall of 
the NMFP can disturb the flow. Especially, with the increase of the 
particle size and quantity, it will lead to the formation of aggre-
gates. These collisions also cause wear, particularly in curved 
sections, reducing the wall thickness of the pipe. A detailed anal-
ysis of the solid-liquid flow mechanism, particle velocity, and wear 
distribution is critical to minimizing blockage and internal wear, 
providing guidance for NMFP design and operational parameters. 

Recent studies have extensively examined particle motion in 
gas-solid and solid-liquid mixtures in pipelines. Ran (Ran et al., 
2006) developed a 3D model for gas-solid rotary flow using the 
Lagrangian method, while Chen (Chen et al., 2006) explored 
erosion in tees and elbows during gas-solid two-phase flow, vali-
dating results through experiments. Lu (Lu et al., 2009) extended 
Laser Doppler Anemometry to measure particle velocity in dilute 
pneumatic systems, and Yan (Yan et al., 2021) analyzed particle 
motion in bends with varying curvatures. Chen (Chen et al., 2010) 
studied slip flow in coal-water slurries in pipes of different di-
ameters, while Choi (Choi et al., 2010, 2013) and Yang (Yang et al., 
2015) investigated flow and drag behavior around free-falling 
particles. Van Wijk (Van Wijk et al., 2016) described transport 
processes using fluidization theory, and Chen (Chen et al., 2017) 
simulated Brownian motion of particles using the lattice Boltz-
mann model. Further, Liu (Liu et al., 2018) examined particle mo-
tion in impinging stream reactors, and Zhao (Zhao et al., 2020) 
studied erosion behavior in 304 stainless steel via liquid-solid two-
phase jets.

In terms of wear models, Blanchard (Blanchard et al., 1984) 
tracked particle trajectories in erosion wear within a 90 ◦ bend, 
while Bellman (Bellman et al., 1981) identified debris formation 
from surface layers as a key factor in wear. Frawley (Frawley et al., 
2009) introduced an erosion prediction model to reduce de-
viations in friction drag loss, with Wu (Wu et al., 2012) improving 
prediction accuracy through machine learning. Van Wijk (Van 
Wijk et al., 2014) and Zhang (Zhang et al., 2015) developed 
models accounting for particle size and sand dispersion, respec-
tively. Shen (Shen et al., 2016) and Araoye (Araoye et al., 2017)Fig. 1. The NMFP deep-sea HLMS.

H p The wear depth of each cell, m (Eq. (4))
a The contact area between the particles and the wall 

of the internal layer interior, m 2

u The instantaneous velocity of the fluid, m/s (Eq. (5)) 
τ Stress tensor, kg/m⋅s 2

f m Momentum exchange loss between the solid and 
liquid phases, (kg⋅m)/s

m i Mass of particle i, kg (Eq. (7))
v i The velocity of particle i, m/s
g Gravitational acceleration, 9.8 m/s 2

F ci Contact force on particle i by all particles in contact, 
N

I i Particle rotation inertia, kg⋅m 2

ω i The angular velocity of particle i, rad/s
M ci Contact torque, N⋅m
M fi Fluid-induced torque, N⋅m
F t Tangential force, N
F n Normal force, N
F ci The vector sum of the normal and tangential contact 

forces, N
θ Normal overlap, m

A i Particle radius, m
r i Position vectors of the spherical center of spherical 

particles i (Eq. (10))
R eq Equivalent radius of particles, m
r c Contact radius, m
E eq Equivalent elastic modulus (Eq. (12))
υ i Poisson ratios of particles
E i Elastic modulus of particles
F nd Normal damping force, N⋅m, (Eq. (14))
m eq Equivalent mass, kg
v ia Velocity before particle i collision, m/s
v nr Normal component value of the relative velocity, m/s 
S n Normal stiffness
S t Tangential stiffness (Eq. (19))
ζ Tangential overlap, m
F st Particle surface tension, N
G eq Equivalent shear modulus
F td Tangential damping force, N (Eq. (23))
v tr Value of the tangential component of the relative 

velocity, m/s

Y.-Y. Wang, Y.-D. Liu, Z.-Q. Lin et al. Petroleum Science 23 (2026) 447–463

448



analyzed erosion in different particle and flow conditions, while 
Singh and Li (Singh et al., 2019; Li et al., 2021) studied erosion wear 
in slurry pipelines and bent pipes. Darihaki (Darihaki et al., 2021) 
and Takano (Takano et al., 2022) proposed and validated wear 
models for particle impacts. Liu, Yao and Wang (Liu et al., 2022; 
Yao et al., 2023; Wang et al., 2024) focused on wear due to parti-
cle shape, curvature, and two-phase flow dynamics.

Despite extensive research on particle parameters in pipeline 
transportation, studies on the mixed transport of large particles 
during solid-liquid two-phase flow in NMFPs are limited. Tradi-
tional erosion wear models struggle with large particle abrasion, 
especially in deep-sea HLMSs. Additionally, single-phase fluid-
solid coupling models often overlook particle perturbation effects, 
leading to inaccurate simulations due to collisions and energy 
losses. Key factors such as NMFP size, mobility, and particle 
gradation must be considered when determining particle scale in 
deep-sea mining. Further investigation is needed into how particle 
gradation, two-phase concentration, and fluid velocity affect par-
ticle movement.

This paper uses the CFD-DEM coupling method to model par-
ticle movement and wall wear in the internal layer of a bent NMFP 
during deep-sea mining. The model evaluates particle collisions 
and energy changes to assess the service life of the NMFP. Results 
provide insights into mineral particle behavior under different 
transport conditions, informing NMFP structural design.

2. Modeling methods

Numerical simulation requires fundamental fluid mechanics 
and particle collision theories, including governing equations for 
discrete and continuous phases, and analysis of forces acting on 
particles in the flow field.

2.1. Governing equations

In deep-sea mining, the solid-liquid two-phase flow treats 
seawater as the continuous phase and mineral particles as the 
discrete phase. The fluid motion in the continuous phase is 
described by the Navier-Stokes (N-S) equations (Badur et al., 2011), 
which model momentum conservation in viscous incompressible 
fluids and include mass, momentum, and energy conservation 
laws. For seawater, the conservation of mass and momentum form 

a closed set of equations. The mass conservation equation (Eq. (1)) 
represents the continuity equation, dealing with mass inflow, 
outflow, and changes in density over time within a closed system. 
The momentum conservation equation (Eq. (2)) follows Newton's

second law, where the change in fluid momentum equals the sum 

of external forces:

∇ ⋅ v = 0 (1)

∂v 

∂t 
+ v⋅∇v = −

1
ρ f 
∇p + η⋅∇ 2 v + f g (2)

The Archard model, which is widely applied in the field of wear 
research, indicates that the amount of wear loss from the inner 
surface of a material is proportional to the corresponding frictional 
wear caused by the movement of particles, as presented in Eq. (3):

Q = K 
P c L c 
H

(3)

where Q is the volume of liner material removed, P c is the contact 
surface normal pressure, L c is the distance of tangential relative 
sliding of mineral particles along the wall, H is the softest surface 
Brinell hardness of the material being worn, K is the empirical 
constant characterizing the relationship between the wear volume 
and all influencing factors except contact line normal stress.

The Brinell hardness of the material surface, the tangential 
relative slip distance, and the normal pressure on the contact 
surface represent the main parameters influencing the degree of 
wear in the Archard model. Other factors influencing the amount 
of wear are considered in K, which must be measured via tests and 
vary according to different contact environment. The equation for 
the wear depth of each cell in the discrete phase within the EDEM 

is expressed in Eq. (4):

H p = 
Q 
a

(4)

where H p is the wear depth of each cell, a is the contact area be-
tween the particles and the wall of the internal layer interior. 

The Euler-Lagrange method considers the volume fraction of 
mineral particles. It is used to establish the continuous-phase and 
discrete-phase control equations by taking into account the two-
way coupling of particle-particle and particle-wall interactions.

2.2. Continuous-phase control equations

This study uses the RNG k-ε turbulence model in the Eulerian 
coordinate system to solve and analyze the flow field in the NMFP. 
All continuous phases are numerically calculated in absolute co-
ordinates, as shown in Eq. (5) (Lin et al., 2024):

Fig. 2. Particle collision model (Wang et al., 2024).
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∂ρ f
∂t

+ ∇ 
( 

ρ f u 
) 
= 0 (5)

where u is the instantaneous velocity of the fluid. 
Eq. (6) expresses momentum conservation:

∂ 
∂t

( 
ρ f u 

) 
+ ∇ 

( 
ρ f u 

) 
= − ∇p + ∇(τ) + ρ f g + f m (6) 

where τ is the stress tensor, f m is the momentum exchange loss 
between the solid and liquid phases.

In deep-sea mining, the mineral particles that are transported 
during NMFP hydraulic lifting are treated as discrete phases. 
Discrete phase particle control is solved using Newton's second 
law to calculate the interaction between the fluid. The particles 
and the flow field are solved using the N-S equation, as expressed 
in Eqs. (7) and (8):

m i
dv i
dt

= m i g + F mi + F ci (7)

I i
dω i
dt

= M ci + M fi (8)

where m i is mass of particle i, v i is the velocity of particle i, g is the 
acceleration of gravity, F ci is the contact force on particle i by all

particles in contact, I i is the particle rotation inertia, ω i is the 
angular velocity of particle i, M ci is the contact torque, M fi is the 
fluid-induced torque.

2.3. The Hertz-Mindlin no-sliding contact model

Fluid drag force, fluid lift force, pressure gradient force, and 
added mass force are considered in this paper. As shown in Fig. 2, 
based on the Hertz-Mindlin contact theory model without sliding, 
the normal contact force and tangential contact force generated 
during the particle collision process are described.

The contact force generated by the collision of particles in 
contact includes the normal force F n and tangential force F t . The 
resultant force F ci is the vector sum of two normal contact forces 
and tangential contact forces. The calculation of the normal force 
in the Hertz-Mindlin model is grounded in the Hertz contact 
model. It is necessary to assume that the contact surface between 
particles is smooth, the area of the contact surface is much smaller 
than the surface area of the particles, and that only elastic defor-
mation occurs during particle contact.

2.3.1. Normal force in particle collision
The normal force was calculated based on the Mindlin model, 

Hertz-Mindlin is shown in Eq. (9):

Fig. 3. Transport characteristics of heterogeneous particles (Wang et al., 2024).

Fig. 4. The calculation domain model of a bent NMFP.
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F ci = F n + F t (9)

The normal overlap θ of elastic contact between two spherical 
particles with radius A i and A j is shown in Eq. (10), the contact 
surface of particles i and j is circular, and the contact radius r c is 
shown in Eq. (11):

θ = A i + A j − 
⃒
⃒ r i − r j

⃒
⃒ (10)

r c =
̅̅̅̅̅̅̅̅̅̅ 
θR eq

√ 
(11)

where r i and r j are the position vectors of the spherical center of 
spherical particles i and j; R eq is the equivalent radius of particles, 
m.

The normal force F n of the particle is shown in Eq. (12) (Yin 
et al., 2025):

F n =
4
3 
E eq 

( 
R eq 

)1 
2 θ

3
2 (12)

E eq= 
1 − υ i
E i

+ 
1 − υ j 
E j

(13) 

where E eq is the equivalent elastic modulus; υ i and υ j are the 
poisson ratios of particles i and j; and E i and E j are the elastic 
modulus of particles i and j. The normal damping force F nd is 
shown in Eq. (14):

F nd = − 2

̅̅̅̅ 
5
6

√ 
ln e

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅  

ln 2 e + π 2
√ 

̅̅̅̅̅̅̅̅̅̅̅̅̅̅

S n m eq

√ 
v nr (14)

m eq= 
m i m j
m i + mj 

(15) 

n = 
r i − r j⃒
⃒ r i − r j

⃒
⃒

(16)

v nr = 
( 

v ia − v j a 

) 
n (17)

S n = 2E eq
̅̅̅̅̅̅̅̅̅̅ 
R eq θ

√ 
(18)

where m eq is the equivalent mass, kg; v ia is the velocity before 
particle i collision, m/s; v ja is the velocity before particle j collision, 
m/s; n is the normal unit vector during the collision; v nr is the 
normal component value of the relative velocity; S n is the normal 
stiffness, and e is the recovery coefficient.

2.3.2. Tangential force in particle collision
The tangential force F t of the particle is shown in Eq. (19):

F t = − S t ζ (19)

S t = 8G eq
̅̅̅̅̅̅̅̅̅̅ 
R eq ζ

√ 
(20)

ζ =
θ 2

R eq
− 

̅̅̅̅̅̅̅̅̅̅̅̅̅̅ 
4πθF st
E eq

√

(21)

Fig. 6. Result comparisons between numerical simulation and experimental (Yang
et al., 2011).

Table 1
Model parameters.

Parameter names Value Parameter names Value

Outlet pressure 0 MPa Pipe diameter 200 mm 

Normal wall velocity 0 m/s Particle diameter 20 mm
Tangential wall velocity 0 m/s Bending radius 4 m
Particle concentration 2000 kg/m 3 Gravity acceleration 9.81 m/s 2

Transfer rate 3 m/s

Fig. 5. Analysis of inlet pipeline length.
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Fig. 7. The time history of the particle velocity at different conveying speeds.
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G eq= 
2(2 − υ i )(1 + υ i )

E i
− 
2 
( 
2 − υ j 

)( 
1 + υ j 

)

E j
(22) 

where S t is the tangential stiffness; ζ is the tangential overlap, m; 
F st is the particle surface tension, N; G eq is the equivalent shear 
modulus. The tangential damping force F td is shown in Eq. (23):

F td = − 2

̅̅̅̅ 
5
6

√ 
ln e

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅  

ln 2 e + π 2
√ 

̅̅̅̅̅̅̅̅̅̅̅̅̅

S t m eq

√ 
v tr (23)

v tr = 
( 

v i − v j 

) 
t (24)

where v tr is the value of the tangential component of the relative 
velocity; t is the unit vector of the tangents at the time of the 
collision.

2.4. Deep sea mining hydraulic lift modeling

Ores exhibit diverse morphologies. Nevertheless, during the 
long-distance hydraulic transportation of ores, the shear force

induced by collisions among particles and other factors will
further facilitate the spheroidization of particles. The spheroidized 
particle model is more in line with the actual engineering situa-
tion. Meanwhile, in existing research, for particles with irregular
shapes, the quasi-spherical simulation method is mainly 
employed to enhance the computational efficiency. This study 
adopted a spherical assumption based on the fact that after 
crushing and grinding, 85% of the particles in seabed ores have an 
aspect ratio <1.5 (as cited in “Guidelines for Deep Sea Mineral 
Processing Technology”), and shear forces during hydraulic 
conveying further promote sphericity (electron microscope ob-
servations show a sphericity >0.7). It can be seen that the 
assumption in this paper that the particles are quasi-spherical is 
highly consistent with the engineering reality. In fact, additional 
studies on the impact of anisotropic particles on hydraulic 
conveying have been thoroughly considered in published articles 
(Wang et al., 2024), as shown in Fig. 3. Spherical particles ensure 
stable and efficient transport with minimal loss and blockage, 
whereas mixed gradations with special-shaped particles exhibit 
significant fluctuations and reduced transport efficiency. Thus, 
spherical particles have advantages in improving conveying effi-
ciency and avoiding pipe blockages. In fact, in the deep-sea mining

Fig. 8. The particle displacement-velocity scatter plot.
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process, the ore particles collected on the seabed are crushed to a 
spherical shape before being transported through pipes. Therefore, 
only the shapes of anisotropic particles are assumed in this paper. 

Fig. 4 shows the bent NMFP calculation domain model, while 
Table 1 presents the model parameters. The skeleton layer de-
termines the ultimate bending radius of the flexible pipe. During 
deep-sea mining operations at depths of 6000 m, the top end of

the flexible pipe is subjected to significant axial tension. The 
skeleton layer must resist the internal compressive force gener-
ated by the tensile reinforcement layer. Therefore, while ensuring 
the skeleton layer can withstand the internal compressive force, it 
is designed in accordance with actual engineering parameters. 
Additionally, considering the installation and storage radius of the 
subsequent flexible pipe and the actual conditions of the reel, the

Fig. 9. Particle collision analysis at different conveying speeds.
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ultimate bending radius of the flexible pipe is set at 4 m (Sun et al., 
2024, 2026).

The number of points in the flow field determined the accuracy 
of the average value. To increase the local velocity accuracy of the 
flow field in the monitoring zone, the number of flow field 
monitoring points had to be maximized. The subsequent moni-
toring zone was divided as shown in Fig. 4. In terms of spatial
distribution, six monitoring zones were established at 0 ◦ –15 ◦ ,
15 ◦ –30 ◦ , 30 ◦ –45 ◦ , 45 ◦ –60 ◦ , 60 ◦ –75 ◦ , and 75 ◦ –90 ◦ of the bent NMFP. 

In order to fully develop the turbulence flow into the vertical 
pipe to form a stable flow, as well as to eliminate the influence of 
the outlet reflux on the fluid in the pipe, a certain section of the 
inlet pipe needs to be added at the front end of the flexible pipe. In 
the process of CFD-DEM coupling, the computational workload is 
substantial, and the calculation time will increase significantly. As 
shown in Fig. 5, when the inlet length is 1 m, the local concen-
tration of the particles C pl is stable at about 0.15, with a small 
variation. Therefore, it can be considered that when the calculated 
domain length is 1 m, the solid-liquid two-phase flow in the 
pipeline reaches a stable state.

The accuracy of the numerical simulation of solid-liquid two-
phase flow within a vertical pipe has been validated by comparing 
it with existing experimental data. The experimental images are 
from references (Yang et al., 2011), as shown in Fig. 6. The particle 
diameter is 45–50 mm, the average wet density is 2000 kg/m 3 , and 
the inner diameter of the pipe is 200 mm. In the numerical 
simulation, the diameter of the selected particles is 50 mm, the 
average wet density is 2000 kg/m 3 , and the inner diameter of the 
pipe is 200 mm. From the results of experiments and numerical 
simulations, it can be seen that when large-size uniform particles 
are hydraulically transported in the straight pipe section, due to 
the collision and extrusion between particles, they tend to gather 
together and form stratification. Numerical simulations accurately 
represent the aggregation of particles to form particle clusters.

3. Results and discusstion

3.1. Particle velocity

Generally, the minimum hydraulic conveying speed of a pipe 
should be 3 to 5 times the particle settling velocity, with a mini-
mum speed of 3.6 m/s. This paper focuses on the engineering

mining requirements where the pulp concentration is 15% and the 
flow rate exceeds 400 m 3 /h. To meet future commercial mining 
needs, pipes with diameters over 200 mm are required. Therefore, 
in this paper, five conveying speeds of 2, 3, 4, 5 and 6 m/s are 
considered. Ten particles were randomly selected at the particle 
drop inlet and tracked as soon as they entered the flow field. Fig. 7 
illustrates particle velocity in the flow field over time at different 
conveying speeds. Upon entering the flow field, particle velocity 
rose sharply due to the motion of the conveying fluid. As transport 
progressed, particle velocity fluctuated around an average value, 
with some particles exiting the calculation domain prematurely 
due to high speed, causing an incomplete velocity curve. At a 
conveying velocity of 2 m/s, particle velocity initially spiked before 
declining. Velocity fluctuations occurred across all conveying 
speeds, and low speeds led to increased local particle concentra-
tion, causing limited accumulation. The average particle velocity at
2 m/s was 0.575 m/s, significantly lower than the conveying speed. 
After stabilization, the average velocities were 2.77, 3.37, 4.07, and 
4.96 m/s at conveying speeds of 3, 4, 5, and 6 m/s, respectively. As 
shown in Fig. 7(f), higher conveying speeds led to greater average 
particle velocities upon stabilization. Additionally, the time 
required for the Y-direction velocity to stabilize decreased with 
increased conveying velocity, while the X-direction velocity 
initially surged as particles entered the flow field, before gradually 
stabilizing.

Fig. 8 presents a scatter diagram of particle displacement-
velocity distribution at conveying speeds ranging from 2 m/s to
6 m/s, with each dot representing a particle. At all speeds, particle 
velocity increased sharply as the flow field stabilized. Over time, as 
more particles entered the flow field, their velocities decreased, 
leading to a more uniform velocity distribution. As conveying 
speed increased, noticeable particle aggregation occurred. At 2 m/ 
s, the highest number of particles was observed in the flow field 
due to poor particle flow.

3.2. Particle collision

Mineral particles with diameters of 20 mm were employed for 
collision analysis. The feed concentration was standardized at 10 
kg/s, while the conveying speed was varied. The tests included 
both particle-particle and particle-wall collisions. The total num-
ber of collisions exhibited a dependence on the conveying speed,

Fig. 10. Particle count-number of collisions curve.
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as illustrated in Fig. 9(a)–(e). Although the initial particle quantity 
was low, the number of collisions increased significantly as more 
particles entered the flow field. After a certain period, the fluid 
dynamics within the flow field and the total number of particle 
collisions reached a state of stabilization. This total number of 
collisions was associated with energy loss, demonstrating a

consistent overall pattern and reflecting the stability of the flow 

field throughout the flexural pipe.
As the conveying speed increased, the time required for the 

computational domain to achieve stability decreased. The stable 
times recorded were 3.6, 1.8, 1.5, 1.3, and 1 s at conveying speeds of 
2, 3, 4, 5, and 6 m/s, respectively. Notably, at conveying speeds

Fig. 11. The collision analysis of particles with different diameters.
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exceeding 3 m/s, a positive correlation emerged between the 
number of collisions and the number of particles, indicating an 
increasing ratio between these two variables as particle quantity 
rose (Fig. 9(f)). Furthermore, the conveying velocity significantly 
influenced the proportion of particle-wall collisions relative to the 
total number of collisions, reaching 50% at a conveying speed of 6 
m/s.

It can be seen from Fig. 10 that the number of particle-wall 
collisions and the total number of particle collisions are posi-
tively correlated with the increase in the number of particles. 

When the particle diameters were varied while the conveying 
speed was kept at a constant value of 3 m/s and the feed con-
centration was maintained at 10 kg/s, the total number of colli-
sions fluctuated within a period of 6 s (Fig. 11(a)–(e)). During this 
process, the time required for all collisions to stabilize was 
approximately 1.8 s. Energy loss was found to correlate with both 
particle diameters and the number of collisions. At a constant feed 
concentration, the number of particles in the flow field decreased 
as their diameters increased (Fig. 11(f)). When the flow reached 
stability, the number of particles corresponding to diameters of 10, 
15, 20, 25, and 30 mm were 5,952, 3,289, 2,116, 1,067, and 638, 
respectively.

Fig. 12. The wear cloud of the NMFP interior at five transport speeds.

Fig. 13. The maximum wear of the NMFP interior at different conveying speeds.

Fig. 14. The particle volume fraction distribution in the flow field at different 
conveying speeds.
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Fig. 15. The particle volume fraction in seven sections at different conveying speeds.

Fig. 16. Particle model under different particle sizes.
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Moreover, the ratio of the number of particles to the total 
number of collisions increased with larger particle diameters, 
significantly influencing the proportion of particle-wall collisions 
relative to the total collisions, which reached 45% at a particle size 
of 30 mm. Therefore, minimizing particle size is essential to reduce 
energy loss during the conveying process.

3.3. Conveying speed

During deep-sea mining NMFP hydraulic lifting, the diameters of 
the mineral particles are determined after fragmentation by the ore 
collection vehicle. The conveying speed is crucial for designing the 
lifting system. To mitigate hydraulic lifting challenges caused by low 

conveying velocity and avoid serious pipeline blockages, the 
conveying speed was adjusted to 2, 3, 4, 5, and 6 m/s at a particle 
diameter of 20 mm, while the feed concentration was set to 0.15. Fig.12 
shows the 1 s wear nephogram at different transmission speeds.

To establish the correlation between the maximum wear rate 
and the conveying speed, while minimizing the influence of par-
ticle diameter and feed concentration on the maximum wear 
value, the maximum wear variation of the bent NMFP was 
examined at five conveying speeds. The study considered particle

Fig. 17. The wear cloud of the NMFP interior at five transport particle diameters.

Fig. 18. The maximum wear of the NMFP interior at different particle diameters.

Fig. 19. The particle volume fraction in the flow field in different particle diameter 
conveying conditions.
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diameters of 20 and 30 mm, as well as feed concentrations of 0.05, 
0.075, 0.1, 0.125 and 0.15 (Fig. 13).

At a maximum conveying speed of 6 m/s, a feed concentration of 
0.15, and a particle diameter of 20 mm, the maximum annual wear 
of the corresponding NMFP liner was measured at 2.4219 mm/year. 
Consequently, an NMFP with an internal layer thickness of 10 mm 

has an operational lifespan of approximately 4.13 years. In contrast, 
at a particle diameter of 30 mm, the maximum annual wear of the 
NMFP interior was 2.7373 mm/year, resulting in a lifespan of about 
3.65 years for an NMFP with the same internal thickness.

The study also analyzed the particle volume fraction distribu-
tion, pressure, and velocity within the flow field at five different 
conveying speeds. Additionally, the local concentration, local 
particle velocity, and slip velocity of the particles were investi-
gated. Fig. 14 illustrates the particle volume fraction distribution 
across the five conveying speeds.

The particle volume fractions exhibited significant variations 
at different conveying speeds. Uniform particle transportation

was observed along the outer wall of the flow field at conveying 
speeds of 2 and 3 m/s; however, uneven distribution occurred 
after the 30 ◦ section of the pipeline. As the particles were 
transported near the outer wall of the NMFP, the flow channel 
was obstructed by the transported particle flow. This obstruction 
led to an increase in fluid velocity in the interior, causing the 
particles in front to move rapidly upward and form clusters. A 
higher local concentration within the pipeline consequently 
elevated the risk of blockage.

Fig. 15 presents the particle volume fraction cloud diagram of 
the flow field across seven angled sections for each working con-
dition. Particle transportation remained close to the outer wall of 
the NMFP at all conveying speeds. At lower feed concentrations, 
the particle volume concentration in the 45 ◦ section increased 
significantly. In some sections, particularly at higher conveying 
speeds, no particle volume fractions were detected. Conversely, 
the particles tended to distribute more evenly within the pipe 
upon exiting the curved sections.

Fig. 20. The particle volume fraction in seven sections at different particle diameters.
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3.4. Particle diameter

The particle diameter is a critical parameter in the hydrody-
namic lifting process of mineral particles, as particles of varying 
sizes exhibit distinctly different fluid dynamics within the flow 

field. To maintain consistency in transport conditions, the di-
ameters of the transported particles were systematically adjusted. 
The selected particle diameters were 10, 15, 20, 25, and 30 (Fig. 16), 
as smaller-diameter mineral particles have a minimal impact on 
the overall flow field.

Fig. 17 presents the wear nephogram at different particle di-
ameters, with a conveying speed of 3 m/s and a feeding concen-
tration of 0.15. The degree of wear in the NMFP was found to be 
proportional to the particle diameter, with larger particles 
inducing greater wear. The maximum wear rates of the NMFP 
interior for particle sizes of 10, 15, 20, 25, and 30 mm were 
measured at 2.26 × 10 − 8 , 2.53 × 10 − 8 , 2.70 × 10 − 8 , 2.80 × 10 − 8 , and 
2.93 × 10 − 8 mm/s, respectively (see Fig. 17).

As shown in Fig. 18, to determine the correlation between the 
maximum wear rate and particle diameter, while minimizing the 
influence of conveying speed and feed concentration on maximum 

wear, the variation in maximum wear within the internal layer of 
the NMFP was investigated at conveying speeds of 3 and 5 m/s. The 
study employed feed concentrations of 0.05, 0.075, 0.1, 0.125, and 
0.15, along with five different particle sizes.

At a maximum particle diameter, feed concentration, and a 
conveying speed of 3 m/s, the highest annual wear on the interior 
of the NMFP is 0.631 mm/year. Consequently, an NMFP with an 
internal thickness of 10 mm would have a service life of approxi-
mately 15.85 years. At a conveying speed of 5 m/s, the maximum 

annual wear increased to 1.955 mm/year, reducing the service life 
of the NMFP to about 5.12 years.

Fig. 19 illustrates the volume fraction distribution of particles 
with five different diameters within the NMFP, revealing signifi-
cant variations. Particles with a 10 mm diameter were concen-
trated near the outer wall. As particle diameter increased, their

Fig. 21. Flow field velocity of 7 sections under different particle diameters.
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distribution became more uniform across the radial direction. 
However, due to the influence of centrifugal force, the highest 
volume fraction remained near the outer wall.

Fig. 20 shows the particle volume fraction cloud diagram in 
seven angular sections of the flow field under varying particle 
diameters. Prior to the 45 ◦ section, particle transport occurred 
predominantly near the outer wall of the NMFP. For particle di-
ameters of 10 mm and 15 mm, the particle volume fractions in the 
radial position increased progressively before reaching the 45 ◦ 

section. After the 45 ◦ section, certain pipe segments exhibited 
areas with no particle volume fraction, indicating the formation of 
particle clusters. For larger diameters (20, 25, and 30 mm), the 
particles were more evenly distributed, with the highest particle 
volume fraction concentrated along the outer wall.

The velocity contour maps of the flow field at the cross-sections 
of seven angles during the conveying process with different par-
ticle diameters are obtained and presented in Fig. 21. As can be 
observed from the figure, when the particle diameters are d p = 10, 
15, and 20 mm, the velocity distribution of the flow field during 
particle conveying shows a stratified phenomenon. The regions 
with relatively higher velocities are located at the inner wall sur-
face of the flexible pipe. Due to the presence of particles, a “low-
velocity zone” is formed at the outer wall surface. When the par-
ticle diameters increase to 25 mm and 30 mm, the velocity regions 
of the flow field tend to be stable at the positions of the seven 
cross-sections, and the maximum velocity value appears at the
cross-section of 90 ◦ .

4. Conclusion

In this paper, the wear characteristics in the NMFP interior 
during hydraulic lifting are analyzed using the CFD-DEM approach, 
incorporating principles of fluid mechanics, particle collision 
models, and the Archard wear model. The results show that par-
ticle velocities increase sharply upon entering the flow field due to 
the influence of the conveying fluid, followed by fluctuations 
around the average velocity during transport. Lower conveying 
speeds lead to localized particle concentration and aggregation, 
which stabilize over time, with higher speeds accelerating this 
stabilization. The maximum wear rate of the NMFP increases with 
conveying speed, particle diameter, and feed concentration. Spe-
cifically, when the conveying speed is 6 m/s, the feed concentra-
tion is 0.15, and the particle diameter is 30 mm, the maximum 

annual wear rate reaches 2.7373 mm. This indicates that an NMFP 
with an internal thickness of 10 mm can be utilized for 3.65 years. 
Furthermore, particle collisions are correlated with energy loss. 
The ratio of particle-wall collisions to the total number of colli-
sions, together with the proportion of kinetic energy, increases 
with the conveying speed and particle size. But this article pri-
marily explores the patterns of pipe wear and optimal conveying 
conditions under specific particle diameters and conveying 
speeds. In the future, the influence of multi-factor coupling effect 
on flexible pipe wear should be further considered to find out the 
possible maximum influencing factors.
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