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Abstract
As terrestrial mineral resources continue to diminish, the global focus has significantly shifted toward deep-sea mining, driven by the escalating 
demand for critical minerals such as lithium, nickel, and cobalt. Among various extraction methods, the pipe lifting technique has gained 
prominence owing to its substantial commercial viability. Nevertheless, this method faces significant operational challenges, including intricate 
flow dynamics, pipe wall erosions, and blockages caused by the continuous transport of particulate matter. This study investigates the influence 
of mineral particle size, the slurry velocity, volume fraction, and shear modulus on pipeline erosion. To enhance the precision of erosion prediction, a 
solid-liquid coupling optimization model was developed utilizing the Gaussian volume distribution method. Orthogonal experiments and single-
factor analyses revealed that the slurry velocity and mineral particle size predominantly influence the erosion rate. The findings of this study 
elucidate the underlying mechanisms of pipeline erosion in deep-sea mining operations and offer crucial data for the advancement and design of 
deep-sea transportation systems.
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1  Introduction

The escalating depletion of terrestrial mineral resources 
has propelled deep-sea mineral resource development tech‐
nologies to the forefront of global attention, driven by the 
surging demand for critical minerals such as lithium, nickel, 

and cobalt. Among the various extraction methods, the 
pipe lifting technique has emerged as the most commer‐
cially viable approach for deep-sea mining. However, 
deep-sea mining pipelines, a critical component of the 
transportation system, face significant operational chal‐
lenges. These include complex internal flow dynamics 
(Liu et al., 2023), the inhospitable seabed environment, 
and the continuous transport of mineral particles, all of 
which contribute to pipe wall erosion and flow path 
blockages. Deep-sea mining technology has advanced 
significantly in recent years. Cai et al. (2020) developed a 
bionic grouser structure based on bionics principles, which 
significantly improved the walking stability and collection 
efficiency of mining vehicles by optimizing geometric 
parameters. Liu et al. (2020) innovatively proposed a pipe‐
line-walking mining robot that uses drive components to 
control the walking mechanism of lifting piles and has 
demonstrated excellent operational stability on manganese 
nodule geological layers. However, these innovative tech‐
nologies targeting mining vehicles have not yet effectively 
addressed the complex erosion problems faced by deep-sea 
mining pipelines. To overcome these challenges, the erosion 
mechanisms of two-phase flow within pipelines must be 
comprehensively investigated (Kleis and Kulu 2007). Ana‐
lyzing parameter variations under diverse conditions is 
essential for understanding failure modes. Furthermore, 
studying the erosion behavior of coarse mineral particles 
during deep-sea mining provides valuable insights that are 
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instrumental in developing and designing efficient deep-
sea mining transportation systems.

Erosion issues in deep-sea mining pipelines, particularly 
conveyance hoses, have been extensively studied using 
full-size or scaled physical models. Helgaker et al. (2017) 
conducted sand erosion experiments on a 9.75 inch diame‐
ter flexible pipeline with a 2.5 m bend radius to investigate 
the erosion effects of sand and proppant particles at veloci‐
ties ranging from 30 to 47 m/s. Similarly, Parenteau (2012) 
introduced an innovative approach to mitigate particle ero‐
sion in pumps during recirculation. Using a large-scale 
experimental platform, they tested pressure losses and ero‐
sion rates under conditions involving particle concentrations 
of 10%–45%, flow rates of 2.5–5.5 m/s, an 8 inch flexible 
pipe, and equivalent rock particles, relevant to deep-water 
mining projects. Rongau and Viale (2017) developed a 
flexible riser for deep-sea mining featuring an abrasion-
resistant inner layer to withstand slurry wear and an outer 
layer to bear mechanical loads. They conducted large-scale 
tests to compare the wear properties of rubber, polyethyl‐
ene, and stainless steel, aiming to select the most effective 
abrasion-resistant material. Takano et al. (2022) evaluated 
pipe wear caused by slurry flow through full-scale experi‐
ments, concluding that SUS304 stainless steel demon‐
strated superior wear resistance compared with ultra-high 
molecular weight polyethylene. Their findings indicated 
that vertical pipes experienced uniform wall thickness 
reduction, whereas horizontal and inclined pipes exhibited 
erosion primarily concentrated along the bottom inner wall 
of the pipe.

The Euler–Lagrange coupled model has become the pre‐
dominant method for particle tracking and erosion analy‐
sis. Yu et al. (2022) employed computational fluid dynam‐
ics (CFD) simulations to investigate erosion in unbonded 
flexible pipelines (UFPs) and introduced a simplified 
assessment methodology. Using three distinct erosion mod‐
els to predict damage, they proposed improvements to geo‐
metric factors to enhance the accuracy of UFP carcass ero‐
sion predictions. Similarly, Zhang et al. (2019) developed 
a simplified model for predicting solid particle erosion in 
pipe bends by calculating particle trajectories based on 
momentum conservation and fluid drag mechanisms. Their 
findings were experimentally validated, providing insights 
into the model’s applicability. Kannojiya et al. (2018) uti‐
lized numerical simulation to examine particle-induced 
erosion in pipe bends, incorporating solid – liquid, solid –
solid, and solid–wall interactions to assess erosion rates 
under varying particle sizes, concentrations, and slurry 
velocities. Lain and Sommerfeld (2019) adopted the Euler–
Lagrange approach, integrating turbulence models and 
two-way coupling to estimate particle erosion in pipe 
bends. Their analysis highlighted the influence of various 
transport phenomena on pipeline erosion, revealing that 
particle–particle collisions significantly reduced erosion 

depth. Agrawal et al. (2019) advanced this research by 
incorporating dynamically changing pipe geometry into 
CFD models through dynamic deformation meshes, 
enabling real-time adjustments to pipe walls and thereby 
improving erosion prediction accuracy. Kannojiya et al. 
(2016) explored erosion in slurry pipelines using the Euler–
Lagrange method to simulate multiphase flows. They 
applied the stochastic model proposed by Sommerfeld 
(2003) to account for pipe wall roughness and examined 
the effects of fluid velocity, particle size, and concentra‐
tion on erosion behavior. Peng and Gao (2016) addressed 
gas–solid flow challenges using a two-way coupled 
Euler–Lagrange approach, integrating the Det Norske 
Veritas erosion model with the Forder particle rebound 
model. Their study analyzed erosion distribution and parti‐
cle trajectories under various conditions, identifying two 
types of erosion marks and three collision patterns. They 
also proposed an equation to predict the locations of maxi‐
mum erosion. Wang et al. (2017) investigated the effects 
of elbow orientation and particle characteristics on erosion, 
as well as the relationship between secondary flow and parti‐
cle trajectories. Their results showed that erosion predomi‐
nantly occurred near the elbow outlet, whereas sidewalls 
remained unaffected when the secondary flow was weak.

The primary solid– liquid two-phase flow models used 
in numerical calculations include the discrete phase model 
(DPM), discrete element method (DEM), and coupled 
DPM–DEM models (Chen et al., 2022). The DPM is typi‐
cally applied to scenarios with particle volume fractions 
below 10%, as it does not account for interparticle interac‐
tions (Zahari et al., 2018). Conversely, the DEM primarily 
focuses on simulating particle interactions but neglects 
solid–liquid interactions. The DPM model mainly focuses 
on the interaction between particles and fluid, ignoring the 
interaction between particles. Although the CFD–DEM 
model is more comprehensive than the individual DPM 
and DEM models, it requires fluid meshes at least three 
times the particle size, limiting its practicality (Sande and 
Ray, 2014). These traditional models are inadequate for 
studying erosion in deep-sea mining pipelines owing to 
their inherent limitations.

In deep-sea mining, particle diameters typically range 
from 5 to 30 mm, and the mineral volume fraction can 
reach up to 30%. During mineral transport, the interactions 
among mineral particles and between particles and fluids 
are significant and cannot be overlooked. This complexity 
makes it difficult for existing research tools to accurately 
capture the erosion characteristics of pipelines under deep-
sea mining conditions, particularly when dealing with large 
mineral particles. Consequently, several critical issues remain 
unresolved, including the need for more robust models that 
can effectively simulate the intricate dynamics of solid–liq‐
uid interactions and erosion mechanisms in such environ‐
ments. Addressing these challenges is essential for advanc‐
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ing the design and optimization of deep-sea mining trans‐
portation systems.
• Existing solid–liquid coupling models (e.g., DPM and 

DEM) are primarily designed for small particles (<10 mm) 
and fail to accurately capture the motion, collisions, and 
erosion behavior of large mineral particles in deep-sea 
mining pipelines. Considering the high volume fraction 
(up to 30%) and complex interactions between particles 
and fluid in deep-sea mining, current models remain inade‐
quate for predicting erosion locations, depths, and rates. 
Therefore, a solid– liquid coupling model specifically tai‐
lored for large mineral particles must be developed to bet‐
ter simulate erosion mechanisms in deep-sea mining envi‐
ronments.
• Recent research has predominantly focused on the 

mechanical properties, spatial characteristics, and vibra‐
tions of pipelines, with limited attention given to erosion 
characteristics. Although some studies have investigated 
erosion and pressure drop in deep-sea mining pipelines 
through physical experiments, the inherent limitations of 
these experiments restrict their ability to comprehensively 
analyze the influence of factors such as pipeline curvature, 
mineral particle size, and mineral concentration on erosion. 
Therefore, a systematic investigation combining numerical 
simulations and experimental approaches is essential to 
understand the effects of these factors on pipeline erosion 
and to provide theoretical support for the design and opti‐
mization of deep-sea mining transportation systems.

The aim of this study is to investigate the erosion behav‐
ior of mineral particles with diameters ranging from 5 to 
30 mm. A numerical model of an arched pipeline, along 
with an erosion model, was developed based on the actual 
spatial configuration and operational conditions of deep-
sea mining pipelines. A coupled computational approach 
(CFD–DEM) is employed to solve the continuous and dis‐
crete phases within the Euler–Lagrange framework, enabling 
a comprehensive analysis of system dynamics. Further‐
more, orthogonal experimental design and single-factor 
influence analysis are conducted to evaluate the effects of 
key parameters, including slurry flow rate, mineral particle 
size, and volume fraction, on pipeline erosion.

The rest of the paper is structured as follows: Section 2 
introduces the mathematical model of deep-sea mining 
pipelines, including fluid control equations, particle con‐
trol equations, and the erosion model. Section 3 presents 
the parameters of deep-sea mining pipes, such as material 
and geometric dimensions, as well as mesh division meth‐
ods and boundary condition settings. Sections 4 and 5 pres‐
ent the orthogonal experimental analysis and single-factor 
influence analysis of the results, respectively, to explore 
the importance and sensitivity of various influencing fac‐
tors and analyze the erosion characteristics of deep-sea 
mining transport pipes under different conditions. Finally, 
Section 6 concludes the paper.

2  Mathematical model

2.1  Fluid control equations

The fluid is treated as a continuous phase, with its 
behavior governed by equations derived from Navier–
Stokes (N–S) equations. The key assumption of this model 
is the fluid continuity assumption, which neglects the 
microscopic gaps between fluid molecules and treats the 
fluid as a continuum. This assumption enables us to effec‐
tively describe the macroscopic characteristics of solid–liq‐
uid two-phase flow in deep-sea mining pipelines, ensuring 
that the simulation results accurately reflect flow behavior 
in actual engineering. A fluid disturbance term is introduced 
into the momentum equation to represent the influence of 
particles on fluid motion during flow. The governing equa‐
tion for fluid motion within the pipeline is as follows:
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where ρ f represents the fluid density; uf is the fluid veloc‐
ity; pf is the fluid pressure; g is the gravitational accelera‐
tion; fsf is the volumetric force exerted by particles on the 
fluid; Rf is the stress tensor, which includes both viscous 
and Reynolds stresses; εf is the fluid volume fraction, 
which can be calculated from the particle volume fraction.

For mineral particles, Gaussian weighting can be intro‐
duced to assign weights to each grid cell occupied by the 
minerals. The weight is determined by the distance 
between the grid center and the particle center, allowing 
for a better calculation of the volume occupied by the par‐
ticles. The fluid volume fraction and Gaussian weighting 
are calculated as follows:
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where Vparticle is the volume of the particle; Vparticle-VolumeWeight 
is the weight based on the distance between the particle 
and the current grid center, calculated using a Gaussian 
weighting function that decays with distance, giving closer 
particles a greater influence on the grid. Vtotal-cellWeight is the 
total weight calculated for all relevant grid cells, used for 
normalization to ensure that the volume fraction calcula‐
tion accounts for the influence of particles on multiple 
cells. Vcell is the volume of the current grid cell. G is the 
Gaussian volume weight, representing the weighting fac‐
tor of a particle on the grid cell it influences.
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2.2  Particle control equations

In the particle control equations, an approach different 
from the traditional DPM is adopted. The traditional 
model usually assumes particles to be volume-less and 
shapeless mass points and neglects factors such as rota‐
tion. However, for large mineral particles in deep-sea min‐
ing, the rotational motion of particles must be considered. 
By establishing separate translational and rotational motion 
equations, the particle’s dynamic behavior can be described 
more accurately, thereby improving the accuracy of simu‐
lation results.
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(3)

where mp is the mass of the particle; up is the particle 
velocity; ffs is the force exerted by the fluid on the particle; 
fc represents the contact force between particles, modeled 
using the Hertz–Mindlin no-slip contact theory; Ip is the 
moment of inertia of the particle; and ωp is the angular 
velocity of the particle. Mct is the contact torque between 
the particle and all other particles. Mfs is the torque exerted 
by the fluid on the particle. The force exerted by the fluid 
on the particle is expressed by the following equation 
(Loth and Dorgan, 2009):

ffs = fd + fl + fp + fam (4)

where fd is the drag force, using the Schiller–Naumann 
drag model modified by Di Felice, which accurately char‐
acterizes the fluid resistance properties under high particle 
concentration conditions by introducing the void fraction 
function χ; fl is the lift force, based on Saffman’s lift the‐
ory, which quantifies the lateral lift effect on particles in a 
shear flow field; fp is the pressure gradient force, reflecting 
the effect of the fluid pressure field on particles, with its 
magnitude proportional to the particle volume and local 
pressure gradient; fam is the added mass force, accounting 
for the equivalent inertial force generated by the surround‐
ing fluid driven by the accelerating motion of the particle.

2.3  Erosion model

The wear caused by erosion in pipelines is defined as 
the material loss from the pipe wall due to repeated colli‐
sions between discrete particles and the inner wall of the 
pipeline (Sommerfeld, 2003). When mineral particles flow 
along the inner surface of the pipeline, abrasive wear 
occurs. For this type of wear, the Oka erosion model (Oka 
et al., 2005) is used to calculate and analyze pipeline per‐
formance. This model considers the effects of particle size, 
velocity, and target material hardness on the erosion rate in 

the erosion prediction model. Wang et al. (2022) demon‐
strated that the Oka model is applicable to erosion simula‐
tions of deep-sea mining pipelines by comparing experimen‐
tal data with simulation results. The formula is as follows:

ER = 1.0 × 10−9 ρwkF (θ ) (Hν) k1( Vp

V ′ ) k2( d
d ′ ) k3

(5)

F (θ ) = (sinθ ) n1[1 + Hv (1 − sinθ ) ] n2 (6)

n = s ⋅ Hvq (7)

where, ER is the erosion rate; ρw is the density of the target 
material (kg/m³); Hv is the Vickers hardness of the target 
material (GPa); Vp and V′ are the particle and reference 
velocities, respectively, (m/s); d and d′ are the particle and 
reference diameters, respectively (μm); θ is the impact angle 
of the particle on the wall (rad); k, k1, k2, n2, and n2 are 
empirical parameters that depend on the material properties.

3  Computational model and parameters

3.1  Pipeline geometry model and mesh generation

The pipe material is an unbonded flexible hose (Rongau 
and Viale, 2017), which is customized by multi-layer metal 
and polymer materials for deep-sea mining, and its lining 
material is nylon 12.The pipe diameter (D) is 200 mm, the 
length of the vertical pipe section (L) is 2 m, and the bend 
radius (R) varies in the range of 1–3 m. The upper bend sec‐
tion of the experimental setup is selected as the research 
subject, as shown in Figure 1.

The slurry in the pipeline is treated as a continuous 
medium, with a flow velocity (V) of 2.5–4.5 m/s. The fluid 
enters from the left side and exits from the right side, and 

Figure 1　Experimental setup
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the pipeline geometry (taking R = 1 m as an example) is 
shown in Figure 2. During the deep-sea mining process, it 
is not feasible for mechanical equipment to crush the col‐
lected ore to a uniform particle size; therefore, the average 
particle size is used as representation. The particle size dis‐
tribution follows a normal distribution function. The parti‐
cle size of polymetallic nodules (d) ranges from 5 to 30 mm 
(Parenteau et al., 2012). A normal distribution is used as 
the particle size distribution function, with average particle 
sizes of 8, 14, 20, and 26 mm selected. The mineral vol‐
ume fraction (v) ranges from 5% to 20%.

Mesh generation is crucial, as poor mesh quality can 
lead to grid distortion and computational interruptions. 
ICEM is used to mesh the pipeline and divide it into hexa‐
hedral elements. ICEM is a tool for meshing with the 
model in ANSYS software. To ensure that material proper‐
ties and fluid flow are effectively transferred during model 
calculation, common mesh nodes must be maintained. A 
boundary layer was added near the pipeline wall to refine 
the mesh and improve slurry flow prediction. The grid 
structure is shown in Figure 3.

3.2  Boundary conditions and time step

The speed inlet is set at one end of the pipeline, and a 
free outlet exists at the other end. The Hertz–Mindlin no-
slip contact model is used for interparticle interactions, 
whereas the Hertz–Mindlin integrated with the Oka wear 
model is used for interactions between particles and the 
wall. The Euler–Lagrange two-way coupling method is 
employed to separately track the motion of the continuous 
and discrete phases. A particle generator with a diameter 
equal to that of the pipeline is established (Levy and Chik, 
1983), and particle generation positions are randomly dis‐
tributed. During calculations, the interaction between parti‐
cles and the fluid, as well as the particle volume fraction, 
must be considered. The Di Felice drag model is used to 
calculate the drag force between particles and the fluid, 
while the Saffman lift, Magnus, and fluid-induced torque 
are used as lift models in the simulation. According to the 
relevant data of deep-sea mining transport pipelines, the 
parameters for pipeline materials and particle materials are 
shown in Table 1, and the interaction coefficients between 
particles and between particles and pipeline are shown in 
Table 2.

Pipeline walls are treated as no-slip walls, and the Real‐
izable k−ε turbulence model is used under transient condi‐
tions with a turbulence intensity of 5%. The couple solver 
is employed for pressure–velocity coupling calculations to 
improve computational speed and avoid singularities in 
the pressure and velocity fields, ensuring that the results 

Figure 2　U-shaped pipeline configuration

Figure 3　U-shaped pipeline grid model

Table 1　Basic material parameters

Parameter

Pipe diameter (mm)

Pipe material

Pipe density (kg/m3)

Pipe shear modulus (GPa)

Pipe poisson’s ratio

Continuous phase fluid

Fluid density (kg/m3)

Fluid viscosity (Pa⋅s)

Discrete phase particle

Particle density (kg/m3)

Particle Poisson’s ratio

Gravitational acceleration (m/s2)

Value

200

Nylon

1020

1.77

0.393

Seawater

1 123

0.000 5

Nodules

3 650

0.25

−9.81

Table 2　Contact parameters for materials

Interaction

Particle–particle

Particle–pipeline

Restitution 
coefficient

0.6

0.7

Static friction 
coefficient

0.308

0.500

Rolling friction 
coefficient

0.30

0.01
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quickly converge and stabilize.
In the coupling process, the time step of the particle 

phase is limited by the Rayleigh time step ∆tp, which is cal‐
culated using the following formula:

∆tp =
πDp

0.163 1μp + 0.876 6

2ρp( )1 + μp

Ep

(8)

The Poisson’s ratio and Young’s modulus of the parti‐
cles are denoted by μp and Ep, respectively. Variations in 
particle parameters under different operating conditions 
can lead to changes in the Rayleigh time step. According 
to the simulation validation results of Tsuji et al. (1993), 
the fluid time step can be 10–100 times larger than the solid 
particle time step.

4  Orthogonal experimental analysis of 
multiple influencing factors

The orthogonal experimental method is an efficient and 
scientific approach for experimental design and analysis, 
which can systematically explore the effects of various fac‐
tors on experimental outcomes. Deep-sea mining pipelines 
operate in a complex and multi-factor erosive environ‐
ment. Through orthogonal experimental analyses, the sen‐
sitivity of different influencing factors to the maximum 
erosion rate can be determined, along with the optimal oper‐
ating conditions for deep-sea mining pipelines.

4.1  Orthogonal experiment factors and design

Parameters such as the bend radius, slurry velocity, min‐
eral particle size, volume fraction, and shear modulus are 
considered as factors, each factor set at four levels, as pre‐
sented in Table 3.

Based on the number of parameters and levels in the fac‐
tor-level table, an L16 (4

5) orthogonal experimental design 
was developed. By varying the factor levels of different 
parameters, the variation pattern of the maximum erosion 

rate in deep-sea mining was investigated, as shown in 
Table 4.

4.2  Results analysis

Numerical simulations were conducted according to the 
orthogonal experimental design, and the statistical results 
were obtained using the maximum erosion rate as the 
experimental indicator, as shown in Table 5. Analysis of 
these results determines the influence of different parameter 
levels on the erosion of deep-sea mining pipelines, enabling 
the identification of decisive parameters and the optimal 
combination of parameter levels to minimize erosion.

Here, ki represents the arithmetic mean of the maximum 
erosion rates corresponding to level i (i = 1, 2, 3, and 4) 
for any given column. The difference between the maxi‐
mum value (kmax) and the minimum value (kmin) for the 
same parameter is defined as the range (Yang et al., 2022). 
A larger range indicates a greater influence of the parame‐
ter’s variation within the experimental range on the maxi‐
mum erosion rate. Without considering interactions 
between parameters, the range values in Table 5 indicate 
the order of influence of the five factors on the erosion rate 
of deep-sea mining pipelines as follows: B (slurry velocity) > 
C (mineral particle size) > D (volume fraction) > E (shear 
modulus) > A (bend radius).

To intuitively reflect the influence patterns and trends of 
different factors on pipeline erosion, a trend chart of factor 
indices was plotted. The horizontal axis represents the four 
levels of each factor, whereas the vertical axis represents 

Table 3　Orthogonal experimental factors and levels for the deep-
sea mining pipeline

Level

1

2

3

4

A
(Bend 
radius)

(m)

1

2

2.5

3

B
(Slurry 
velocity)

(m/s)

2.5

3

3.5

4.5

C
(Mineral 

particle size)
(mm)

8

14

20

26

D
(Volume 
fraction)

(%)

5

10

15

20

E
(Shear 

modulus)
(GPa)

30

50

70

80

Table 4　Orthogonal experimental design for the deep-sea mining 
pipeline

Experiment No.

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

Level

A

1

1

1

1

2

2

2

2

3

3

3

3

4

4

4

4

B

1

2

3

4

1

2

3

4

1

2

3

4

1

2

3

4

C

1

2

3

4

2

1

4

3

3

4

1

2

4

3

2

1

D

1

2

3

4

3

4

1

2

4

3

2

1

2

1

4

3

E

1

2

3

4

2

3

4

1

2

1

4

3

3

4

1

2

1323



Journal of Marine Science and Application 

the corresponding ki (i = 1, 2, 3, and 4) values of the exper‐
imental indicators. This trend chart visually illustrates how 
the experimental indicators vary with different parameter 
levels and their interactions with other parameters.

Figure 4 shows that when Factor A (Bend Radius) 
increases, the erosion rate of the deep-sea mining pipeline 
first decreases and then increases. When the bend radius is 
small, the fluid is easily obstructed, forming turbulence 
that results in a high erosion rate. As the bend radius 
increases, the slurry flows more smoothly, reducing the 
erosion rate. However, with a significant increase in the 
bend radius, minerals tend to remain longer at the bend, 
causing the erosion rate to rise. Figure 5 shows that as the 
slurry velocity increases, the erosion rate increases mono‐
tonically. At low velocities, the kinetic energy of the min‐
erals is low, resulting in a lower erosion rate. As the veloc‐
ity increases, the kinetic energy of the minerals also 
increases, causing a significant rise in erosion. Figure 6 
indicates that as the mineral particle size increases, the ero‐
sion rate decreases. When the particle size is small, the 
kinetic energy is high; as the particle size increases, the 
gravitational influence on the mineral particles reduces 
their kinetic energy. Figure 7 shows that as the volume 
fraction increases, the erosion rate first rises gradually and 

then decreases sharply. With increasing volume fraction, 
the number of particles per unit volume increases signifi‐
cantly, leading to more frequent collisions between parti‐
cles and the pipe wall, which aggravates erosion. However, 
when the particle volume fraction becomes too high, parti‐
cles are more likely to collide with each other and cause 
blockages, resulting in a reduced erosion rate. Figure 8 
shows that the shear modulus is positively correlated with 
the pipeline erosion rate. As particle hardness increases, 
the erosion amount also increases. However, when the 
shear modulus reaches 80 GPa, the erosion rate decreases, 
as this trend is also influenced by other parameters.

4.3  Optimization scheme

For deep-sea mining pipelines, minimizing the maxi‐
mum erosion rate is the primary objective. Based on the 
range analysis in Table 5 and the trend charts in Figures 4‒
8, it can be concluded that the optimal conditions occur 
when the bend radius is 1 m, the slurry velocity is 2.5 m/s, 
the mineral particle size is 26 mm, the volume fraction is 
20%, and the shear modulus is 30 GPa. Under these condi‐
tions, the maximum erosion rate is minimized, correspond‐
ing to the optimal parameter combination A2B1C4D4E1. To 

Table 5　Numerical simulation results of orthogonal experiments

Experiment design

A1B1C1D1E1

A1B2C2D2E2

A1B3C3D3E3

A1B4C4D4E4

A2B1C2D3E2

A2B2C1D4E3

A2B3C4D1E4

A2B4C3D2E1

A3B1C3D4E2

A3B2C4D3E1

A3B3C1D2E4

A3B4C2D1E3

A4B1C4D2E3

A4B2C3D1E4

A4B3C2D4E1

A4B4C1D3E2

k1

k2

k3

k4

R

Level

Bend radius 
(m)

1

1

1

1

2

2

2

2

2.5

2.5

2.5

2.5

3

3

3

3

117.328 2

73.484 7

100.174 5

120.049 5

46.564 8

Slurry velocity 
(m/s)

2.5

3

3.5

4.5

2.5

3

3.5

4.5

2.5

3

3.5

4.5

2.5

3

3.5

4.5

95.323 5

150.700 2

367.558 1

625.437 7

530.114 2

mineral particle size 
(mm)

8

14

20

26

14

8

26

20

20

26

8

14

26

20

14

8

578.091 7

398.723 3

167.220 0

94.984 5

483.107 2

Volume fraction 
(%)

5

10

15

20

15

20

5

10

20

15

10

5

10

5

20

15

402.696 0

405.407 7

265.590 7

165.325 1

240.082 6

Shear modulus 
(GPa)

30

50

70

80

50

70

80

30

50

30

80

70

70

80

30

50

255.874 1

275.380 9

376.822 5

330.942 0

120.948 4

Maximum erosion 
rate (μm/h)

210.294

133.541

55.500

69.978

34.920

240.300

135.000

423.300

125.190

164.070

1 053.900

1 200.600

10.890

64.890

225.833

807.873

‒

‒

‒

‒

‒
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demonstrate that the optimal conditions significantly reduce 
the erosion rate of the deep-sea mining pipeline, a compar‐
ison of the cloud diagram between the optimal conditions 
and Experiment No. 12 (A3B4C2D1E3), which has the highest 
values in the experiment, is shown in Figure 9.

Figure 9 shows that the maximum erosion rate under the 
optimal condition experiment is significantly reduced, 
compared to Experiment No. 12, decreasing by approxi‐
mately two orders of magnitude. Additionally, the erosion 
range is notably smaller. These results demonstrate that the 
optimal condition can play a crucial role in enhancing the 
efficiency and sustainability of deep-sea mining operations.

5  Single-factor influence experiment analysis

Compared with orthogonal experimental analysis, sin‐
gle-factor experimental analysis can more clearly deter‐

Figure 4　Influence of different bend radii on k Figure 8　Influence of different shear moduli on k

Figure 6　Influence of different mineral particle sizes on k

Figure 7　Influence of different volume fractions on k

Figure 9　Erosion rate distribution

Figure 5　Influence of different slurry velocities on k
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mine the causal relationship between a specific factor and 
the observed result, which is helpful for gaining a deeper 
understanding of the intrinsic laws of the phenomenon. A 
U-shaped pipe with a bend radius of 2 m was selected to 
design a single-factor influence experiment, where the effects 
of different slurry velocities, mineral particle sizes, volume 
fractions, and shear modulus values on the solid–liquid two-
phase flow in the U-shaped pipe were investigated.

5.1  Single-factor experiment design

By setting four levels for each influencing factor, 16 sin‐
gle-factor experimental schemes were designed, as shown 
in Table 6.

5.2  Influence of the slurry velocity

At a mineral particle size of 14 mm, a volume fraction 
of 10%, and a shear modulus of 30 GPa, the effects of 
slurry velocities of 2.5, 3, 3.5, and 4.5 m/s on the erosion 
wear regions and the maximum erosion rate of the U-shaped 
pipeline were analyzed.

Figure 10 shows that erosion wear in the U-shaped pipe 
mainly occurs in two regions: the outer surfaces of the left 
and right bend segments. This is because, after the fluid-
carrying particles exit the first bend segment, they are sub‐

jected to the combined effects of gravity, centrifugal force, 
and secondary flow, causing significant collisions with the 
outer convex side wall. Consequently, pronounced erosion 
marks form on the outer region of the second bend seg‐
ment. Figure 11 shows that the maximum erosion rate of 
the U-shaped pipe is directly proportional to the slurry 
velocity. At increased flow velocities, the kinetic energy of 
the particles increases significantly, leading to increased 
collision energy and accelerated shedding of pipe wall mate‐
rials. At a slurry velocity of 4.5 m/s, the maximum erosion 
rate reaches 487.69 μm/h, which is 350.8 μm/h higher than 
that at 2.5 m/s.

Figure 10　Erosion regions of the U-shaped pipe at different slurry 
velocities

Table 6　Single-factor experimental parameters

Experiment
group

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

Slurry 
velocity 

(m/s)

2.5

3

3.5

4.5

3

3

3

3

3

3

3

3

3

3

3

3

Mineral 
particle size 

(mm)

14

14

14

14

8

14

20

26

14

14

14

14

14

14

14

14

Volume 
fraction

(%)

10

10

10

10

10

10

10

10

5

10

15

20

10

10

10

10

Shear 
modulus 

(GPa)

30

30

30

30

30

30

30

30

30

30

30

30

30

50

70

80
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5.3  Influence of mineral particle size

At a slurry velocity of 3 m/s, volume fraction of 10%, 
and shear modulus of 30 GPa, the effects of mineral particle 
sizes of 8, 14, 20, and 26 mm on the erosion wear regions 
and the maximum erosion rate of the U-shaped pipeline 
were analyzed.

The erosion of the pipeline is shown in Figure 12. For 
different mineral particle sizes, erosion wear on the U-
shaped pipe mainly occurs in two areas: the outer surfaces 
of the left and right bend segments. As the particle size 
increases, the erosion wear region on the outer surface of 
the bend gradually enlarges, from being concentrated 
along a single line to eventually covering the entire outer 
wall surface. From Figure 13 shows that as the mineral 
particle size increases, the maximum erosion rate of the 
deep-sea mining pipeline shows a decreasing trend. This is 
mainly because, as the particle mass increases, the inertia 
of particles increases, and the particles are less likely to 
follow the fluid flow, which in turn reduces the kinetic 
energy of the particles, resulting in a weakened erosion 
effect on the wall of deep-sea pipelines. Additionally, larger 
particles have greater contact areas with the pipe wall, 
resulting in a lower impact force per unit area. Further‐
more, as particle size increases, the number of particles 
within the pipe decreases, leading to fewer collisions, ulti‐
mately reducing the maximum erosion rate of the pipeline.

5.4  Influence of volume fraction

At a slurry velocity of 3 m/s, mineral particle size of 14 mm, 
and shear modulus of 30 GPa, the effects of volume frac‐
tions of 5%, 10%, 15%, and 20% on the erosion wear 
regions and the maximum erosion rate of the U-shaped 
pipeline were analyzed.

The erosion of the pipeline is shown in Figure 14. At 
different volume fractions, erosion wear on the U-shaped 
pipe remains primarily concentrated on the outer sides of 
the right and left bend segments. As the volume fraction 
increases, noticeable changes occur in the erosion regions 
and the most severely eroded areas of the U-shaped pipe, 

Figure 11　Maximum erosion rate of the U-shaped pipe at different 
slurry velocities

Figure 12　Erosion regions of the U-shaped pipe at different mineral 
particle sizes

Figure 13　Maximum erosion rate of the U-shaped pipe at different 
mineral particle sizes
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with the maximum erosion rate appearing on the outer side 
of the right bend segment. Figure 15 shows that the ero‐
sion rate is positively correlated with the volume fraction. 
As the volume fraction increases, the number of particles 
in the pipeline increases, enhancing the collision frequency 
between particles and the pipe wall. This rise in particle 
concentration intensifies collisions with the pipe wall, 
aggravating erosion on the outer side of the right bend seg‐
ment. However, after reaching a certain value, collisions 
between particles can reduce the kinetic energy of individ‐
ual particles to some extent, which explains why the rate 
of erosion increase slows as the volume fraction rises. For 

example, as the volume fraction increases from 5% to 
10%, the erosion rate increases by 57 μm/h, whereas from 
10% to 20%, the average increase is only 9.9 μm/h.

5.5  Influence of the shear modulus

At a slurry velocity of 3 m/s, mineral particle size of 
14 mm, and a volume fraction of 10%, the effects of shear 
moduli of 30, 50, 70, and 80 GPa on the erosion wear 
regions and the maximum erosion rate of the U-shaped 
pipeline were analyzed.

The erosion patterns of the pipeline are illustrated in 
Figure 16. Across different shear modulus values, erosion 
remains predominantly concentrated on the outer sides of 
the right and left bend segments. As the shear modulus 
increases, the overall erosion region and the area experi‐
encing the most severe erosion undergo significant changes. 
Figure 17 shows that the maximum erosion rate of the 
U-shaped pipe initially decreases, then increases, and finally 
decreases again as the shear modulus rises. At 30 GPa, par‐
ticle–pipe interactions are relatively weak, resulting in 
low erodibility. At 50 GPa, most collisions are elastic. At 
70 GPa, the particle edges are more likely to cut into the 
pipe material, increasing the erosion rate. Further increases 
in the shear modulus result in increased hardness and brit‐
tleness of the particles, causing them to fracture more eas‐
ily upon impact, thereby reducing the erosion rate.

5.6  Experimental comparative analysis

As shown in Table 7, differences between the maximum 
and minimum erosion rates across experimental groups 
were compared. This helps determine the factor variation 
that most significantly affects erosion in deep-sea mining 
pipelines.

Table 7 presents the influence of variations in different 
factors on the erosion of deep-sea mining pipelines in 
descending order as follows: mud flow velocity > mineral 
particle size > volume fraction > shear modulus. This result 
is consistent with that of the orthogonal experiment, sug‐
gesting that mud flow velocity is a critical variable affect‐
ing the erosion of deep-sea mining pipelines.

Figure 14　 Erosion regions of the U-shaped pipe at different 
volume fractions

Figure 15　Maximum erosion rate of the U-shaped pipe at different 
volume fractions

1328



H. Zhang et al.: CFD–DEM Simulation of Erosion Degradation Mechanisms in Deep-Sea Mining Pipelines

6  Conclusions

This study comprehensively investigated the erosion 
mechanisms of deep-sea mining pipelines. The key find‐
ings of this study are summarized as follows:

1) For mineral particles with diameters in the range of 
5–30 mm, the “Gaussian Volume Distribution Method” 
was employed to replace the “Sampling Point Method”, 
thereby refining the volume fraction algorithm for min‐
eral particles. This improved algorithm enables the cor‐
rection of particle volume fraction, enhancing the accu‐
racy of calculations for volume fraction, flow field, and 
drag force.

2) Orthogonal experimental analysis revealed the rela‐
tive influence of five factors on the erosion rate of deep-
sea mining pipelines, ranked as follows: B (Slurry Veloc‐
ity) > C (Mineral Particle Size) > D (Volume Fraction) > E 
(Shear Modulus) > A (Bend Radius), based on the range R 
values.

3) The trend chart of indices indicates that the threshold 
maximum erosion rate is achieved under the following 
optimal parameter combination: A2B1C4D4E1, correspond‐
ing to a bend radius of 1 m, slurry velocity of 2.5 m/s, min‐
eral particle size of 26 mm, volume fraction of 20%, and 
shear modulus of 30 GPa. A comparison between the optimal 
condition experiment and Experiment No. 12 (A3B4C2D1E3) 
showed a significant difference of 1 151.46 μm/h in erosion 
rates. These findings can be applied to significantly reduce 
the erosion risk of deep-sea mining pipelines and are of 
great significance for ensuring the long-term stable opera‐
tion of the pipelines.

4) Single-factor experimental analysis identified the pri‐
mary erosion wear locations and their severity on the U-
shaped pipe, ordered as follows: the outer side of the out‐
let bend, the outer side of the inlet bend, and the inner side 
of the semicircular bend. Results revealed that the inlet 
velocity and volume fraction were directly proportional to 
the maximum erosion rate of the U-shaped pipe, whereas 
mineral particle size exhibited an inverse relationship. The 
shear modulus demonstrated a trend of initial decrease, fol‐
lowed by an increase, and then another decrease. These 
findings clarify the erosion characteristics of deep-sea min‐
ing pipelines, provide a scientific basis for the optimized 

Figure 16　Erosion regions of the U-shaped pipe at different shear 
moduli

Figure 17　Maximum erosion rate of the U-shaped pipe at different 
shear moduli

Table 7　 Comparison of erosion rate differences under different 
influencing factors of pipelines

Factors

Erosion 
rate 

(μm/h)

Difference
(μm/h)

Mud flow 
velocity

Min

136.88

350.8

Max

487.68

Mineral 
particle size

Min

66.78

325.62

Max

392.4

Volume 
fraction

Min

160.29

76.8

Max

237.09

Shear 
modulus

Min

204.67

64.43

Max

269.1
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design of pipeline structures and the selection of key pro‐
tection areas, and are of great significance for extending 
the service life of the pipelines.

5) In the single-factor experimental analysis, at a veloc‐
ity of 4.5 m/s, the maximum erosion rate of the pipeline 
reached 487.69 μm/h, representing an increase of 350.8 μm/h, 
compared to the rate at 2.5 m/s. When the particle size was 
8 mm, the maximum erosion rate was 392.4 μm/h, which 
was 325.62 μm/h higher than that observed for a particle 
size of 26 mm. When the volume fraction exceeded 10%, 
the rate of increase in the maximum erosion rate dimin‐
ished, with the average increase in the maximum erosion 
rate between 10% and 20% volume fraction being 9.9 μm/h. 
At a shear modulus of 70 GPa, the maximum erosion rate 
of the pipeline was 269.1 μm/h, which was 64.43 μm/h 
higher than that at a shear modulus of 50 GPa.
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