
Erosion wear at the bend of pipe during tailings slurry transportation: Numerical
study considering inlet velocity, particle size and bend angle
Qiusong Chen, Hailong Zhou, Yunmin Wang, Daolin Wang, Qinli Zhang, and Yikai Liu

Cite this article as:

Qiusong Chen, Hailong Zhou, Yunmin Wang, Daolin Wang, Qinli Zhang, and Yikai Liu, Erosion wear at the bend of pipe during

tailings slurry transportation: Numerical study considering inlet velocity, particle size and bend angle, Int. J. Miner. Metall.
Mater., 30(2023), No. 8, pp. 1608-1620. https://doi.org/10.1007/s12613-023-2672-z

View the article online at SpringerLink or IJMMM Webpage.

Articles you may be interested in

Chellaganesh Duraipandi, Adam Khan M, Winowlin Jappes J. T., Nouby M. Ghazaly, and Peter Madindwa Mashinini, Solid

particle erosion studies of thermally deposited alumina–titania coatings on an aluminum alloy, Int. J. Miner. Metall. Mater.,
28(2021), No. 7, pp. 1186-1193. https://doi.org/10.1007/s12613-020-2099-8

Mehmet Akif Erden and Fatih Aydın, Wear and mechanical properties of carburized AISI 8620 steel produced by powder

metallurgy, Int. J. Miner. Metall. Mater., 28(2021), No. 3, pp. 430-439. https://doi.org/10.1007/s12613-020-2046-8

Alexander M. Klyushnikov, Rosa I. Gulyaeva, Evgeniy N. Selivanov, and Sergey M. Pikalov, Kinetics and mechanism of

oxidation  for  nickel-containing  pyrrhotite  tailings,  Int.  J.  Miner.  Metall.  Mater.,  28(2021),  No.  9,  pp.  1469-1477.

https://doi.org/10.1007/s12613-020-2109-x

Navid Mehdipour, Milad Rezaei, and Zeynab Mahidashti, Influence of glycine additive on corrosion and wear performance of

electroplated  trivalent  chromium  coating,  Int.  J .  Miner.  Metall .  Mater. ,  27(2020),  No.  4,  pp.  544-554.

https://doi.org/10.1007/s12613-020-1975-6

Dao-ying Chen, Ying Liu, Ren-quan Wang, and Jin-wen Ye, Sliding wear behaviour of Fe/316L/430–Ti(C,N) composites

prepared via spark plasma sintering and subsequent heat treatment, Int. J. Miner. Metall. Mater., 28(2021), No. 7, pp. 1215-1223.

https://doi.org/10.1007/s12613-020-2108-y

Hong-mei Zhang, Yan Li, Ling Yan, Fang-fang Ai, Yang-yang Zhu, and Zheng-yi Jiang, Effect of large load on the wear and

corrosion behavior of high-strength EH47 hull steel in 3.5wt% NaCl solution with sand, Int. J. Miner. Metall. Mater., 27(2020),

No. 11, pp. 1525-1535. https://doi.org/10.1007/s12613-020-1978-3

 IJMMM WeChat QQ author group

http://ijmmm.ustb.edu.cn/
http://ijmmm.ustb.edu.cn/
https://doi.org/10.1007/s12613-023-2672-z
http://ijmmm.ustb.edu.cn/en/article/doi/10.1007/s12613-023-2672-z
http://ijmmm.ustb.edu.cn/en/article/doi/10.1007/s12613-020-2099-8
http://ijmmm.ustb.edu.cn/en/article/doi/10.1007/s12613-020-2099-8
http://ijmmm.ustb.edu.cn/en/article/doi/10.1007/s12613-020-2046-8
http://ijmmm.ustb.edu.cn/en/article/doi/10.1007/s12613-020-2046-8
http://ijmmm.ustb.edu.cn/en/article/doi/10.1007/s12613-020-2109-x
http://ijmmm.ustb.edu.cn/en/article/doi/10.1007/s12613-020-2109-x
http://ijmmm.ustb.edu.cn/en/article/doi/10.1007/s12613-020-1975-6
http://ijmmm.ustb.edu.cn/en/article/doi/10.1007/s12613-020-1975-6
http://ijmmm.ustb.edu.cn/en/article/doi/10.1007/s12613-020-2108-y
http://ijmmm.ustb.edu.cn/en/article/doi/10.1007/s12613-020-2108-y
http://ijmmm.ustb.edu.cn/en/article/doi/10.1007/s12613-020-1978-3
http://ijmmm.ustb.edu.cn/en/article/doi/10.1007/s12613-020-1978-3


 
Erosion wear at the bend of pipe during tailings slurry transportation: Numer-
ical study considering inlet velocity, particle size and bend angle

Qiusong Chen1,2), Hailong Zhou1), Yunmin Wang1,2), Daolin Wang1),  ✉, Qinli Zhang1), and Yikai Liu3)

1) School of Resources and Safety Engineering, Central South University, Changsha 410083, China
2) Sinosteel Maanshan General Institute of Mining Research Co., Ltd., Maanshan 243000, China
3) Department of Geosciences, University of Padova, 35131 Padova, Italy
(Received: 29 November 2022; revised: 9 May 2023; accepted: 11 May 2023)

Abstract: Pipeline hydraulic transport is a highly efficient and low energy-consumption method for transporting solids and is commonly used
for tailing slurry transport in the mining industry. Erosion wear (EW) remains the main cause of failure in tailings slurry pipeline systems, par-
ticularly at bends. EW is a complex phenomenon influenced by numerous factors, but research in this area has been limited. This study per-
forms numerical simulations of slurry transport at the bend by combining computational fluid dynamics and fluid particle tracking using a wear
model. Based on the validation of the feasibility of the model, this work focuses on the effects of coupled inlet velocity (IV) ranging from 1.5 to
3.0 m·s−1, particle size (PS) ranging from 50 to 650 µm, and bend angle (BA) ranging from 45° to 90° on EW at the bend in terms of particle
kinetic energy and incidence angle. The results show that the maximum EW rate of the slurry at the bend increases exponentially with IV and
PS and first increases and then decreases with the increase in BA with the inflection point at 60° within these parameter ranges. Further com-
prehensive analysis reveals that the sensitivity level of the three factors to the maximum EW rate is PS > IV > BA, and when IV is 3.0 m/s, PS
is 650 µm, and BA is 60°, the bend EW is the most severe, and the maximum EW rate is 5.68 × 10−6 kg·m−2·s−1. In addition, When PS is below
or equal to 450 µm, the maximum EW position is mainly at the outlet of the bend. When PS is greater than 450 µm, the maximum EW posi-
tion shifts toward the center of the bend with the increase in BA. Therefore, EW at the bend can be reduced in practice by reducing IV as much
as possible and using small particles.

Keywords: tailings transportation; erosion wear; pipe wear; CFD; numerical simulation.

 

 1. Introduction

From circulatory and respiratory systems to chemical and
plumbing networks, a good understanding of hydraulic flows
is essential in many natural settings and engineering applica-
tions [1–3]. Even modest variations in hydraulic flow proper-
ties could bring significant economic and environmental be-
nefits to real field trials, for example, improving the quality
of  overall  pipeline  systems  [2],  mitigating  the  gradual  de-
gradation of  constructions [4],  and minimizing the required
power capacity of turbines [5]. Especially in the modern min-
ing industry, the overall efficiency and reliability are modu-
lated for a reliable and advanced hydraulic pumping system
design [2,6]. From the transport and storage of the excavated
ore  resources  to  the  concentration  and  pumping  of  backfill
materials for goaf management, a large suite of equipment is
exposed to hydraulic flows, including pipelines, pumps, and
valves,  and  will  be  damaged  or  even  ruptured  by  erosion
wear  (EW)  in  varying  degrees,  representing  a  grand  chal-
lenge in the sustainability and profitability of the mining in-
dustry [7–11].

The factors affecting pipeline damage are mainly derived

from the origins of pipeline design, such as geometry para-
meters (pipe diameter and wall thickness), construction ma-
terials [1,12], and the nature of the pumped paste, including
the  physical  properties  of  the  solid  particles,  viscosity  and
components of the slurry, and unsteady or pulsatile flow con-
ditions  [13–15].  Among  all  the  attributed  components  of  a
conveying system, bends (elbows and sweeps) are the most
potentially  problematic  and  severely  affected  by  EW  [16].
The most straightforward solution for minimizing the EW of
vessels and pipes network is through relatively unsophistic-
ated geometry map design; however, due to the inherent lim-
itations  (for  instance,  the  spatial  and  space  restrictions)  in
field trials, bend sections are inevitably and extensively used
[5]. Therefore, broad concerns are beginning to uncover the
influence of relevant factors on the damage of bends to en-
sure the safe, efficient, and stable operation of the entire con-
veying system.

Many longstanding scientific and engineering difficulties
remain  in  revealing  this  multifactor  controlled  dynamic
erosion–corrosion behavior under critical transportation con-
ditions. Only a few experiments have been performed prob-
ing the properties of the slurry impact directly responsible for 
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EW  failure  [17–19].  With  the  rapid  development  of  com-
puter  science  and  modern  numerical  techniques,  numerical
simulations for low cost and controllability can extend deep
insights  into  pipeline  wear  studies  [20].  Tan et  al. [21–22]
combined computational fluid dynamics (CFD) and discrete
element method (DEM) to study the solid–fluid multiphase
flow problem during concrete pumping and proposed a new
time-averaged  impact  force-based  collision  strength  model.
The effects of slurry velocity, bending direction, and elbow
angle on bend wear were also investigated, but bend erosion
was  only  characterized  through  particle  wall  interaction
forces rather than a wear model. Wu et al. [23] investigated
the effect of high viscosity coal gangue slurry on pipe wear
by  combining  the  finite  element  method  (FEM)  and  con-
cluded  that  the  erosion  of  the  pipe  wall  by  15–30  mm
particles  is  mainly  caused  by  flow  impact  and  tangential
forces; however, the influencing factors on wear were not ex-
plored  in  depth.  Kannojiya et  al. [24]  used  ANSYS  CFX
software to investigate the erosion rate of particles at differ-
ent  slurry  velocities  and  concentrations.  Wang et  al. [25]
used CFD techniques to model  and analyze the slurry flow
and  wall  impact  information  to  investigate  the  effects  of
particle  concentration,  length  of  straight  pipe  upstream
between  elbows,  and  inlet  conditions  on  erosion  behavior.
Zhou et al. [26] used a CFD–DEM model to investigate the
effect of coarse-grained slurry of 3.5 mm on pipe damage at
different velocities and flow regimes. Although some of the
factors influencing pipeline wear have been widely studied,
most  researchers  have  focused  on  the  oil  and  gas  industry
[27–33].  Our  understanding  of  EW  in  slurry  pipes  is  still
rudimentary  and  insufficient.  Although  recent  progress  al-
lows  us  to  understand  the  potential  mechanism,  current
works primarily consider the effects in view of single factor
models,  which  cannot  go  beyond  and  comprehensively  re-
veal multiple interactions.

This  work  combines  CFD,  fluid  particle  tracking  (FPT),
and wear models to investigate the effects of three factors, in-
let velocity (IV), particle size (PS), and bend angle (BA), on
the  maximum  EW  rate  and  location  at  the  bend  in  slurry
transportation. The contribution of this study lies in the com-
prehensive analysis  of  the individual  effects  of  IV,  PS,  and
BA on the EW rate and location at the bend and in the ex-
ploration of their combined effects and the development of an
EW rate calculation model. The results provide an important
basis  for  the  design  of  the  pipeline  transportation  system,
which  is  of  great  significance  for  optimizing  the  perform-
ance  of  the  pipeline  by  determining  reasonable  parameters
that can help reduce the EW of the pipeline and ensure its sta-
bility and safety.

 2. Model description

Considering that tailings slurry is a two-phase mixture of
solid  and  liquid,  this  study  uses  a  turbulence  model  to  de-
scribe the flow behavior of the liquid phase, an FPT model to
describe  the  slip  behavior  of  solid  particles,  and  an

erosion–corrosion research center  (E/CRC) model  to  calcu-
late the EW of the bend pipe wall. The specific models and
equations are described as follows:

 2.1. Turbulence model

The k–ε turbulence model is widely used in industrial ap-
plications  and  has  been  extensively  employed  in  previous
studies  to  describe  the  flow  behavior  of  tailings  slurry  in
pipeline transportation, where the slurry is considered an in-
compressible fluid [34–35]. In the current work, the k–ε tur-
bulence  model  includes  a  continuity  equation  representing
mass conservation and a momentum conservation equation.
In  addition,  the  model  introduces  two  additional  transport
equations and two dependent variables: turbulent kinetic en-
ergy, k, and turbulent dissipation rate, ε.

The continuity equation for this model can be written as
∂ρ

∂t
+∇ · (ρu) = 0 (1)

The model momentum equation can be written as

ρ
∂u
∂t
+ρ (u · ∇)u = ∇ · (−pI+K)+F+ (ρ−ρref) g (2)

where K is

K = (µ+µT)
(
∇u+ (∇u)T

)
(3)

The transport equation for k is

ρ
∂k
∂t
+ρu · ∇k = ∇ ·

[(
µ+
µT
σk

)
∇k

]
+Pk −ρε (4)

Pkwhere the production term  is

Pk = µT

[
∇u :

(
∇u+ (∇u)T

)
− 2

3
(∇ ·u)2

]
− 2

3
ρk∇ ·u (5)

The transport equation for ε is

ρ
∂ε

∂t
+ρu · ∇ε = ∇ ·

[(
µ+
µT
σε

)
∇ε

]
+Cε1

ε

k
Pk −Cε2ρ

ε2

k
(6)

ρ

ρref

µ µT

where  is  the  density  (kg⋅m−3), u is  the  velocity  vector
(kg⋅m−3), I is the identity matrix (unitless), K is the viscous
stress tensor (Pa), F is the volume force vector (N⋅m−3),  is
the reference density (kg⋅m−3), g is the acceleration of gravity
(m⋅s−2),  is the dynamic viscosity (Pa·s), and  is the turbu-
lent  viscosity  (Pa·s).  Bold  fonts  in  the  equations  represent
vectors.  The  closure  factors  used  in  Eqs.  (4)  and  (6)  are
shown in Table 1.
 

Table 1.    Closure factors

σk σε Cε1 Cε2

1.0 1.3 1.92 1.44
 

 2.2. FPT model

The FPT model is designed to describe the dynamic beha-
vior of microscopic and macroscopic particles in fluids based
on  Newton’s  second  law  in  COMSOL  Multiphysics  soft-
ware [36–37]. The particle equations of motion can be writ-
ten as
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d
dt

(
mpv

)
= FD+Fg+Fext (7)

vwhere  and FD are as follows:

v =
dq
dt

(8)

FD =

(
1
τp

)
mp (u− v) (9)

τpwhere  is

τp =
ρpd2

p

18µ
(10)

mp v

τp

u
ρp dp

where  is the particle mass (kg),  is the particle velocity
(m⋅s−1), and FD, Fg, and Fext are the drag, gravity, and other
forces,  respectively  (N).  is  the  particle  velocity  response
time  (s),  is  the  fluid  velocity  at  the  particle’s  position
(m⋅s−1),  is  the  particle  density  (kg⋅m−3),  and  is  the
particle diameter (m).

 2.3. Wear model

On the basis of the above k–ε turbulence and FPT models
derived from each CFD cell recording the collision informa-
tion of the impacting particles close to the pipe wall, an ac-
curate E/CRC pipe wear model case is introduced to predict
the EW of the pipe wall by the slurry [38]. The E/CRC mod-
el defines the erosion rate in terms of the ratio of mass lost by
the surface to the mass of incident particles:
ER =CFs(BH)−0.59(v)nF (α) (11)
where  ER  is  the  erosion  rate  (kg⋅m−2·s−1), C is  an  erosion

v

F (α)

model coefficient, Fs is the particle shape coefficient, BH is
the Brinell hardness of the wall material (dimensionless),  is
particle  velocity (dimensionless), n is  an empirical  constant
equal to 2.41, and  is the impact angle function defined
as follows:
F (α) = 5.40α−10.11α2+10.93α3−6.33α4+1.42α5 (12)

where α is the angle of particle incidence.

 2.4. Simulation scenario and boundary conditions

For  improved  computational  efficiency,  an  L-shaped
pipeline is  constructed with  geometric  parameters  based on
actual mining conditions. Fig. 1 shows the simulated geomet-
ric model of a 0.12 m diameter (D) pipe, which consists of a
vertical pipe (15D in length) and a bend (0.38 m inner radius
of the bend) connected to a horizontal pipe (30D in length).
The effect of PS, IV, and BA on the EW of the bend is con-
sidered in this work, with four levels of each factor selected
to combine with each other to form 64 simulation scenarios.
The PSs are set to 50, 250, 450, and 650 µm, the IVs are set
to 1.5, 2.0, 2.5, and 3.0 m⋅s−1, and the BAs are set to 45°, 60°,
75°, and 90°. Water is chosen as the particle carrier, and the
iron pipe material is selected with a particle count of 6 × 104

per  release.  The  relevant  parameters  for  the  simulation  are
shown in Table 2. In addition, the geometry is meshed as a
structured network. Although different BAs lead to different
numbers  of  meshes,  the  structure  of  the  meshing shows no
difference and consists of prisms and tetrahedra. The average
unit mass of the mesh is 0.73, indicating good division.

 
 

15D

Inlet

50 μm 1.5 m/s 2.0 m/s 2.5 m/s
3.0 m/s

250 μm 450 μm

Particle size Inlet velocity

Influence factors

Bend angle

0.38 m

D = 0.12 m Outlet

30D

x

45°

60°

75°

90°

y

z

650 μm

Fig. 1.    Modeling set-up and definition of variables.
 

The boundary conditions for the turbulent k–ε model are
set to the velocity inlet, pressure outlet (with a value of 0 rel-
ative to the inlet), no slip on the walls. And the fluid is con-
sidered  incompressible.  The  FPT  model  is  set  to  the  inlet
(based on turbulence model velocity inlet), pipe wall (adhe-
sion), and outlet wall (disappearance) conditions. The whole
model is subjected to gravity in the negative direction of the

z-axis  (g =  9.8  m⋅s−2),  and  the  effect  of  temperature  is  not
considered.

 3. Results and discussion

 3.1. Model validation

To  probe  the  granular  dynamics  associated  with  near-
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threshold  mixture  transport  in  real  annular  tube  trials,  we
used a published dataset [39] to validate the proposed model.
The EW tests  in Zeng et  al.’s  work were conducted with a

temperature of 60°C and a flow rate of 4 m⋅s−1 in 50 mm X65
carbon steel (Table S1). The particles were sand with a dens-
ity of 2650 kg⋅m−3, a mass flow rate of 235 g⋅s−1, and PS in
the range of 400–500 µm, which was taken as the average PS
of 450 µm in the current work. Fig. 2 shows the results of the
simulation data  compared with  the  experimental  data.  Both
EW rates increase gradually from the inlet to the outlet of the
bend. Compared with the simulation data, the experimentally
measured  EW  rate  is  significantly  higher  at  the  bend  inlet
probably because some particles with a PS greater than 450
µm are less affected by fluid traction in the actual transport
system and can maintain their original direction of flow, res-
ulting in great EW by collision with the area around the bend
inlet. The simulation and experimental data are generally in
excellent  agreement,  indicating  that  the  numerical  model  is
suitable for bend EW studies.
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Fig. 2.    Comparison of simulation results with the experimental dataset proposed by Zeng et al. [39].
 

 3.2. Effect of inlet velocity on erosion wear

Fig. 3 shows the EW curves of the simulated scenarios for
IV ranging from 1.5 to 3 m/s, with BA and PS equivalent to
90°  and  450 µm,  respectively.  The  proposed  bend  is  inter-
cepted along with a 0.25 m section of the horizontal pipe, in
consideration  that  the  horizontal  pipeline  section  connected
to  the  outlet  of  the  bend  might  also  be  subjected  to  EW
(Fig. 3(a)). Simulation results showed that the maximum EW
rate  increases  exponentially  at  the  bend with  the  increasing
IV.  For  example,  the  maximum  EW  rate  of  the  slurry  in-
creases from 4.13 × 10−8 to 2.09 × 10−6 kg⋅m−2·s−1 at the bend
as the IV increases from 1.5 to 3.0 m⋅s−1, a difference of two
orders of magnitude (Fig. 3(b)). Moreover, the angular posi-
tion of the maximum EW ranges from 84° to 90° at different
IVs, indicating that the area of maximum EW concentration
is mainly at the bend outlet. The specific EW distribution is
shown in Fig. 3(c).

As the significant drivers point to the EW rate kinetic en-
ergy  and  incidence  angle  manipulation  will  simultaneously
alter the pipeline status [40]. The EW degree of rigid materi-

als (e.g., iron and steel) in the small angles increases with in-
creasing  slurry  incidence  angle  (the  angle  between  the  tan-
gential direction of the pipe surface and the incidence traject-
ory)  and  particle  kinetic  energy  [41].  Owing  to  different
definitions, the incidence angle is the angle between the dir-
ection normal to the surface of the pipe and the incidence tra-
jectory  in  this  work,  and  both  are  complementary  to  each
other. Therefore, the smaller the incidence angle, the higher
the degree of EW in the range of 0°–60°.

In the individual investigation of these variables, the colli-
sion of particles onto the pipe surface moves toward the hori-
zontal sections due to the increased IV values, with the max-
imum kinetic  energy increasing from 1.18 × 10−7 to  6.08 ×
10−7 J  (Fig.  4(a)).  This  collision shift  could be partially  ex-
plained  by  the  combined  effects  of  fluid  drag,  gravity,  and
centrifugal force at the bend; the increase in IV leads to the
great  initial  kinetic  energy  of  the  particles  and  the  relative
weakening  of  the  fluid  layer’s  ability  to  bind  the  particles,
which increases the particles’ capability of maintaining their
original direction of motion and the chance of colliding with

Table 2.    Simulation parameters

Parameter Value
Density of the liquid / (kg·m‒3) 1000
Liquid viscosity / (Pa·s) 0.001
Temperature / K 293.15
Reference pressure level / Pa 101325
Particle density / (kg·m‒3) 2665
Density of the pipe material iron / (kg·m‒3) 7860
Erosion model coefficient 2.17 × 10‒7

Particle shape coefficient 0.2
Brinell hardness of the wall 200
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the outer pipe wall. In addition, the high kinetic energy val-
ues induce a small incidence angle and a strong shearing and
collision  effect  on  the  pipe  wall  (Fig.  4(b)),  resulting  in
severe EW.

For the angular position of the maximum EW, the angle of
incidence at the bend outlet for different IVs is small, and the
kinetic energy of the particles is high, so the maximum EW is
mainly concentrated at the bend outlet. In addition, the colli-
sion of particles with the outer of the pipe is observed at the
horizontal  pipe,  which  is  different  from  the  V-shaped  EW
that  occurs  only  at  the  bend  of  the  pneumatic  conveying
particles [42–43]. The trailing force of the fluid is more re-
strictive to the particles than to gas, which changes the direc-
tion of particle movement to a certain extent.

 3.3. Effect of particle size on erosion wear

A model was constructed using four different insert flows
with the mean PS values ranging from 50 to 650 µm to re-
veal  the  role  of  PS in  pipeline erosion. Fig.  5(a)  shows the
graphical structure of the bend simulation, which consists of
an intercepted bend along with a 0.25 m horizontal pipe sec-
tion. Fig. 5(b) displays the maximum EW rate and the corres-
ponding angular position for different PS values at the bend
(BA = 60°, IV = 1.5 m/s). The results suggested that the max-
imum EW rate at the bend increases exponentially with the
increase  in  PS,  with  the  maximum  EW  rate  (2.28  ×  10−7

kg·m−2·s−1) found at PS of 650 µm and the lowest EW rate
(8.25 × 10−11 kg·m−2·s−1)  at  PS of  50 µm (Fig.  5(b)).  Espe-
cially at the horizontal section, the stream with a PS value of
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50 µm has  relatively  less  severe  EW on the  pipe  wall,  and
only slight wear occurs at the outlet of the bend (Fig. 5(c)).
The corresponding erosion angles  are  approximately  at  89°
(Fig. 5(b) and (c)), which is consistent with the findings in the
experimental  work  of Blanchard et  al. [44].  The  erosion
angles presented in the elbow are almost identical for differ-
ent PS values applied in the loop systems, further indicating
the reliability of the numerical model.

By contrast, the incident angle of the particles at the bend
becomes smaller with the increase in PS values, with most of
the erosion of the particles transferred from parallel friction

to  angled  shearing  (Fig.  6).  Such  modification  of  particle
movement  accelerates  the  particle  wall  collision  frequency
and  thereby  remarkably  increases  the  erosion  to  the  bend
wall. The estimated kinetic energy and incidence angle val-
ues  are  given in Fig.  6(a)  and (b).  The number  of  particles
colliding with the pipe wall increases with the increase in the
PS value. and gradually moves toward the outer side of the
pipe,  possibly  due  to  the  low  kinetic  energy  values  of  the
small-sized particles that hit the pipe wall at a low frequency.
In addition, the fluid with large particles shows a high kinetic
energy value (Fig. 6(a)), with the simulated kinetic energy in-
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creasing from 1.10 × 10−10 J at PS of 50 µm to 4.21 × 10−7 J at
PS of 650 µm. The particle flow characteristics at the bend
area  are  mainly  influenced  by  aerodynamic  and  centrifugal
forces, suggesting that the stream with small particles tends
to demonstrate small forces and lower the kinetic energy val-
ues and frequency of collision. With the increase in PS, the
particles may interfere with the relatively constant fluid lay-
ers,  resulting  in  a  collision  concentration  close  to  the  bend
outlet area (Fig. 6(b)).

 3.4. Effect of bend angles on erosion wear

As shown in Fig. 7(a), bends with angles of 45°, 60°, 75°,
and 90° were applied to investigate the effect of EW on the
surface of the pipe. Fig. 7(b) shows the maximum EW rate
and  the  corresponding  erosion  position  at  the  bend  (with  a

constant PS value of 650 µm and IV of 2.5 m·s−1)  with re-
spect to different BA values. The position of maximum EW
is initially raised at the bend outlet and then gradually shifts
toward the center. This position shift is highly pronounced at
high  BA values.  As  the  BA increases  from 45°  to  60°,  the
EW angles are illustrated approximately at the same position
(89° and 90°, respectively). When the BAs are 75° and 90°,
the EW angles move to 77° and 62°, respectively (Fig. 7(b)).
In  addition,  the  estimated  maximum  EW  rates  slightly  in-
crease (from 2.23 × 10−6 to 2.55 × 10−6 kg·m−2·s−1) with the
BA  increasing  from  45°  to  60°.  The  EW  rate  decreases  to
2.41 ×10−6 kg·m−2·s−1 as the BA increases to 90°. The overall
EW rate difference is only 0.32 × 10−6 kg·m−2·s−1, which in-
dicates the slightly weaker effect of the BA gradient change
on the maximum EW rate at the bend compared with the IV
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and PS factors.
Fig. 8(a) and (b) shows the kinetic energy and incidence

angle of the particles upon collision with the pipe wall in Fig.
7(c).  Regarding  the  EW  positions,  the  direction  of  the
particles at  the bend inlet  gradually becomes parallel  to the
gravity  direction  with  the  increase  in  BA  and  bend  length.
Accordingly, the particle collision occurs toward the middle
of  the  elbow. Fig.  8(b)  reveals  that  the  particles  are  highly
concentrated at the bend outlet at a BA of 45°. When the BA
increases to 90°, the collision occurs in the bend section in-
stead of  the horizontal  pipe.  The maximum EW position is
also subject to the combined effect of IV and PS.

For the maximum EW rates, at similar locations of max-
imum EW rate where the bend is connected to the outlet pipe,
the maximum kinetic energy increases from 1.22 × 10−6 J for
a BA of 45° to 1.27 × 10−6 J for a BA of 60°. Moreover, the
minimum  incidence  angle  decreases  from  77.9°  to  76.8°,
which means that the maximum EW rate is greater for a BA
of 60°. As the maximum EW shifts toward the center of the
bend  with  the  BA  increasing  from  60°  to  90°,  the  vertical
height of the pipe inlet from the position of maximum kinetic
energy and the kinetic energy of the particles under gravity
decrease, which is evident from the corresponding kinetic en-
ergy  in Fig.  8(a).  The  incidence  angle  remains  almost  un-
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changed, so the maximum EW rate decreases gradually from
60° to 90° BA.

 4. Multiple  factor  coupling  impact  and  sensit-
ivity analysis

Considering the limitations of analyzing the effects of in-
dividual factors only, this work further discussed the differ-
ences caused by EW of bends under the combined effect of
multiple factors. Fig. 9 shows the maximum EW rate of the
bend for the combination of IV, PS, and BA. The maximum
EW rate increases exponentially with IV and PS but not sig-
nificantly with the increasing BA. This indicates that IV and
PS have a synergistic effect on the EW of bends, and an in-

crease  in  both  parameters  exacerbates  the  damage.  At  high
IVs,  large  particles  in  the  slurry  can maintain  their  original
motion state, resulting in great particle kinetic energy and in-
cidence angles and, consequently, severe EW at the bend loc-
ation.  In  particular,  the  maximum  EW  rate  is  5.68  ×  10−6

kg·m−2·s−1 for IV of 3.0 m·s−1, PS of 650 µm, and BA of 60°.
Fig. 10 shows the location of the maximum EW rate of the
bend for the combination of the three factors. The maximum
EW location is mainly at the outlet of the bend (close to 90°)
as  the  BA  increases  for  PS  below  or  equal  to  450 µm.
However, the maximum EW location is closer to the center
of the bend as the BA increases for PS above 450 µm. Given
that  the  inertia  force  is  low  at  low  IV  and  small  PS,  the
particles are less able to break through the fluid confinement,
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which  is  displaced  farther  by  the  fluid  traction.  Owing  to
centrifugal  force,  the  particles  collide  frequently  near  the
bend  outlet  at  different  BAs.  By  contrast,  the  particles  are
able  to  maintain  inertial  motion  at  high  IVs  and  large  PSs.
With  the  increase  in  the  BA,  the  particles  collide  near  the
bend center, which shifts toward the inlet, causing the posi-
tion of maximum EW to move toward the inlet.

Sensitivity analysis of the influencing factors can provide
an accurate understanding of the bend EW. Sixteen samples
were selected for orthogonal analysis from the 64 sets of sim-

ulation results in Fig. 9 (see Supplementary Table S2 for de-
tails),  and  the  importance  of  IV,  PS,  and  BA  was  briefly
compared by calculating the range [45–46]. Fig. 11(a) shows
the range values of 1.77 × 10−6, 2.14 × 10−6, and 1.15 × 10−6

for IV, PS, and BA at the maximum EW rate, respectively.
The order is PS > IV > BA because the higher the range, the
greater the sensitivity. In addition, a relationship between the
maximum EW rate and the three variables (IV, PS, and BA)
was fitted to the data in Fig. 9, as shown in Eq. (13). A fitted
correlation coefficient of 0.97 is obtained, indicating a good

 

BA = 45° BA = 45°

BA = 60° BA = 60°

BA = 75°

BA = 90° BA = 90°

BA = 75°

xy

z

xy

z

xy

z

xy

z

xy

z

xy

z

xy

z

xy

z

1.22 × 10−6

3.77 × 10−7

3.81 × 10−7

3.64 × 10−7

3.39 × 10−7

J

1.27 × 10−6
J

1.49 × 10−6
J

1.3 × 10−6
J

Kinetic energy 90

77.9

88

86

84

82

80

78

88

86

84

82

80

78

88

86

84

82

80

78

88

86

84

82

80

78

76.8

76.7

76.6

(°)

90

(°)

90

(°)

90

(°)

Incidence angle
1.2 × 10−6

1.1 × 10−6

1.0 × 10−6

9.0 × 10−7

8.0 × 10−7

7.0 × 10−7

6.0 × 10−7

5.0 × 10−7

4.0 × 10−7

1.2 × 10−6

1.1 × 10−6

1.0 × 10−6

9.0 × 10−7

8.0 × 10−7

7.0 × 10−7

6.0 × 10−7

5.0 × 10−7

4.0 × 10−7

1.2 × 10−6

1.3 × 10−6

1.1 × 10−6

1.0 × 10−6

9.0 × 10−7

8.0 × 10−7

7.0 × 10−7

6.0 × 10−7

5.0 × 10−7

4.0 × 10−7

1.4 × 10−6

1.2 × 10−6

1.0 × 10−6

8.0 × 10−7

6.0 × 10−7

4.0 × 10−7

(a) (b)

Fig. 8.    Slurry transport at the bend with different bend angles (particle size of 650 µm and inlet velocity of 2.5 m/s): (a) particle kin-
etic energy and (b) particle incidence angle.

Q.S. Chen et al., Erosion wear at the bend of pipe during tailings slurry transportation: Numerical study ... 1617



 

1.5 m/s, 45°
1.5 m/s, 75°

1.5 m/s, 60°
1.5 m/s, 90°

2.0 m/s, 45°
2.0 m/s, 75°

2.0 m/s, 60°
2.0 m/s, 90°

2.5 m/s, 45°
2.5 m/s, 75°

2.5 m/s, 60°
2.5 m/s, 90°

3.0 m/s, 45°
3.0 m/s, 75°

3.0 m/s, 60°
3.0 m/s, 90°

0

20

40

60

80

100

0

20

40

60

80

100

50 250 450 650 50

Particle size / μm
250 450 650

E
ro

si
o
n
 w

ea
r 

an
g
le

 /
 (

°)

Fig. 10.    Location of maximum erosion wear at the bend for different factors.
 

2.5 × 10−6

Eq: EW = 8.26 × 10−17 × [IV2 × (1 + IV) × (PS3 + BA2)]

2.0 × 10−6

1.5 × 10−6

1.0 × 10−6

5.0 × 10−7

0
IV PS BA

Influencing factors

Sencitivity level: PS>IV>BA

(a) (b)

R
an

g
e

kg/(m2·s)

5.54 × 10−6

5 × 10−6
90

R = 0.97
650

450

PS / μm
250

50

75

60B
A

 /
 (

°)

45

1.5

2.0

2.5

3.0

IV / (
m·s

−1 )

4 × 10−6

3 × 10−6

2 × 10−6

1 × 10−6

1.36 × 10−10

xy
z

Fig. 11.    (a) Sensitivity level and (b) fitted function image.

 

6.0 × 10−6 45°, 1.5 m/s
45°, 2.0 m/s
45°, 2.5 m/s
45°, 3.0 m/s

60°, 1.5 m/s
60°, 2.0 m/s
60°, 2.5 m/s
60°, 3.0 m/s

75°, 1.5 m/s
75°, 2.0 m/s
75°, 2.5 m/s
75°, 3.0 m/s

90°, 1.5 m/s
90°, 2.0 m/s
90°, 2.5 m/s
90°, 3.0 m/s

2.0 × 10−9

2.0 × 10−9

4.0 × 10−9

2.0 × 10−9

0

4.0 × 10−9

2.0 × 10−9

0

5.0 × 10−9

0

5.0 × 10−6

4.0 × 10−6

3.0 × 10−6

2.0 × 10−6

1.0 × 10−6

0

6.0 × 10−6

5.0 × 10−6

4.0 × 10−6

3.0 × 10−6

2.0 × 10−6

1.0 × 10−6

0

50 250 450 650 50
Particle size / μm

250 450 650

M
ax

im
u
m

 e
ro

si
o
n
 w

ea
r 

ra
te

 /
 (

k
g
·m

−2
·s

−1
)

Fig. 9.    Maximum erosion wear rate at the bend for different factors.

1618 Int. J. Miner. Metall. Mater. , Vol. 30 , No. 8 , Aug. 2023



fit. The function image is shown in Fig. 11(b).
EW = 8.26×10−17× [IV2×(1+ IV)× (PS3+BA2)] (13)

On the basis  of the above analysis,  the outer wall  of  the
bend should be thicker than the inner wall in the design of the
pipeline,  especially  the  outlet  connection  part  of  the  bend
should be reinforced to ensure the safety and stability of the
pipeline  transport  system.  Instead  of  IV  and  BA,  using  a
small PS is highly effective in reducing the bend EW during
actual slurry transport.

 5. Conclusions

In  this  work,  the  numerical  model  is  used  to  simulate
slurry transportation in the pipe, focusing on the effects of the
coupling of three factors, IV, PS, and BA, on the EW at the
bend and analyzing them in detail in terms of particle kinetic
energy and incidence angle. The major findings of this study
are summarized as follows.

(1)  Within  the  set  parameter  ranges,  the  EW rate  of  the
slurry at the bend increases exponentially with IV and PS and
first  increases  and  then  decreases  with  the  increase  in  BA
with the inflection point at 60°. At IV of 3.0 m·s−1, PS of 650
µm, and BA of 60°, the bend EW was the most severe, and
the maximum EW rate was 5.68 × 10−6 kg·m−2·s−1.

(2) Comprehensive analysis of the interaction among the
three factors shows that an increase in IV and PS aggravates
EW at the bend. The sensitivity levels of the three factors to
the maximum EW rate are in the order PS > IV > BA. When
PS is below or equal to 450 µm, the maximum EW position
is mainly at the outlet of the bend. When PS is greater than
450 µm, the maximum EW position shifts toward the center
of the bend with the increase in BA.

(3) A relationship between the maximum EW rate and the
three variables is established with a correlation coefficient of
0.97. In practice, EW can be reduced by lowering the IV as
much  as  possible,  using  small  particles,  and  protecting  the
area around the bend outlet.

In this work, the effect of chemical corrosion on pipe wear
was not considered. In some highly acidic slurries, chemical
corrosion and EW can exhibit a degree of synergistic effect.
In addition, bent pipes are susceptible to stress corrosion un-
der high pressure conditions. The pipe diameter, pipe materi-
al,  and the shape of  the particles  can also influence the de-
gree  of  pipe  wear.  Further  research  on  these  phenomena  is
necessary.
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