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ABSTRACT

To elucidate the relationship between pipeline erosion and wear during slurry transportation, this study considers
three key influencing parameters, namely, the ratio of inlet to outlet pipe diameter, the length of the variable dia-
meter section, and the roughness of the pipe wall. The impact of these factors on pipeline erosion and wear is
analyzed using a single-factor analysis approach. In particular, the Fluent software is employed to conduct the
required numerical simulations for variable diameter elbows of varying morphologies. The results indicate that
as the inlet to outlet diameter ratio increases, the wear on the pipe inlet and the outer wall of the elbow becomes
increasingly pronounced. Notably, when the diameter ratio exceeds 0.8, there is a significant escalation in wear on
both the inner and outer elbow walls. Initially, the maximum erosion rate decreases sharply with increasing dia-
meter ratio before a stable condition is attained. Erosion wear in the variable diameter section exhibits a distinct
layered distribution pattern. In this region, the wear range for a 40 mm length of the pipe body is relatively small;
however, once this length exceeds 40 mm, the wear range expands, ultimately covering the entire pipe section. The
length of the variable diameter section significantly influences the maximum erosion rate of the pipeline, with
sections shorter than 80 mm experiencing the most severe effects, and showing an exponential decline in erosion
rate. As the wall roughness gradually increases, the wear area on both cheeks of the bend section rapidly expands
and tends to deepen further. When the roughness reaches 4 mm, the pipeline wear experiences a dramatic shift,
resulting in extensive “spot-like” wear patterns emerging at the bottom and sides of the horizontal flow section,
which previously exhibited no wear.
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1 Introduction

Erosion and wear are typical failure modes of filling slurry transportation pipelines, and the wear can
cause a sharp decrease in the strength and stiffness of pipelines [1—4]. The study of the areas and degrees
of pipeline wear is crucial for ensuring pipeline transportation efficiency and safety. The variable-diameter
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pipes are often used in slurry transportation to control slurry flow and protect transportation pipelines [5—9].
The existence of variable-diameter pipes can cause instantaneous changes in the slurry transportation state,
increase the degree of wear on the pipe wall, and increase the probability of failure. Accurately predicting the
wear area and wear degree of pipelines based on the specifications, slurry characteristics, and filling
techniques are therefore a key issue in pipeline transportation. Scholars used indoor experiments and
numerical simulation methods to study the erosion wear mechanism and wear law of pipelines. Makwana
et al. [10] studied the effects of impact angle and particle impact velocity on the wear rate of nickel-based
hard materials at 20% mortar concentration by using a slurry tank tester. Abdelrhman et al. [11] obtained
the erosion properties and associated mechanisms at different erosion angles by slurry rotating erosion
test-bed. Liu [12] quantitatively measured the wear effect of four kinds of filling slurry on pipe walls by
designing a roller wear experimental device and obtained the rule of particle size change with time and
wear law. Xie [13] obtained the relationship between the internal protrusions and the wear rate under the
condition of solid-liquid two-phase flow by building a test platform. Fu et al. [14] studied the erosion of
the elbow under different pipe diameters and bend diameter ratios by Fluent software and got the
relationship between wear rate and pipe diameter and bend diameter ratio. Xu et al. [15] used the Discrete
Phase Model (DPM) model to simulate the erosion of liquid-solid two-phase flow in a three-way pipe and
obtained the distribution law of wear at branches. Liu et al. [16] analyzed the dense discrete phase model
and found that pipeline wear was not only related to particle impact velocity but also to the mass
fraction of particles in the transportation of high-concentration slurry. Zhang et al. [17] established a
variable-diameter curved pipe consisting of a curved pipe and an oblique vertebral pipe, the anti-
wear property of the kind of elbow was verified by fluent flow field simulation. Guo et al. [18] studied
the impact of particle size, shape, slurry viscosity, flow rate, and other factors on pipeline wear based on
the actual filling pipeline in a certain mine. Wang et al. [19] used a numerical simulation method to
construct an erosion model and found that local erosion rate was closely related to particle size. Mao
et al. [20] simulated the flow of high-concentration packing slurry in pipes, the influence of slurry
density, pipe diameter, filling doubling line, vertical pipe height and particle size on pipe wear was
quantitatively analyzed.

Many scholars have studied the erosion wear mechanism and wear law of pipelines by means of
laboratory tests and numerical simulation, and have obtained a series of valuable research results.
However, in the process of research, most of the research pipes are straight pipes and elbow pipes, and
there is less research on the transport wear of irregular pipes such as high-density slurry reducers. For
variable diameter bend pipes, inlet and outlet pipe diameter ratio, variable diameter length and pipe wall
roughness are three important factors affecting the erosion wear of pipe. Therefore, this paper adopts
multi-dimensional factor comprehensive consideration, and the study is not limited to the influence of a
single factor on erosion wear of slurry conveying pipe but innovatively selects three key factors: inlet and
outlet pipe diameter ratio, variable diameter length and pipe wall roughness, and systematically discusses
their complex interaction against erosion wear through single factor analysis method, providing a more
comprehensive theoretical basis for pipeline design. The theoretical model of erosion wear of filling
slurry in variable-diameter bend pipe was established by using Fluent software, and the dynamic transport
characteristics of slurry in the pipe were simulated by numerical simulation method, which provided an
efficient and accurate tool for predicting pipe wear.

2 Theoretical Model and Governing Equation of Erosion Wear

Using euler-lagrange model, the fluid flow in each phase must obey the conservation laws of mass and
momentum. The transport of the continuous phase and the motion of the discrete phase take into account two
coupling terms [21].
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2.1 Basic Governing Equations
The continuity equation is
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where u,, u,, u. is velocity components in different directions.

The conservation equation of momentum was
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where u is the fluid velocity, P is static pressure, T,;. is the viscous stress tensor depending on the fluid
viscosity u:
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Tre 18 the Reynolds stress tensor accounting for the extra stress produced by turbulence (depending on
the turbulent viscosity ur and the force F accounts for the back influence of the dispersed phase on the fluid).
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The standard turbulence model adopted by the two equations was [22]
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where p, u, t is the density, dynamic viscosity and thermodynamic temperature of the fluid. Gy is the
responsible for the generation of turbulent kinetic energy k at average speed. oy, g, is the turbulent
kinetic energy and the dissipation rate corresponding to Ludwig Prandtl number. C;,, C;.,, C, is
respectively the empirical constant.

The energy conservation equation describes the energy change of a fluid in space and time. The equation
shows that in unit time and unit volume, the energy change rate of the fluid is equal to the sum of energy input
minus energy output and energy production and consumption, and the energy conservation equation is
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where E is the total energy held by the fluid, J/kg; % is the work done by the internal energy of the fluid and
the external pressure, J/kg; 4; is enthalpy of component j, J/kg; k.4is effective conductivity, depending on the
characteristics of the system and problem under study, W/m'K; J; is the amount of diffusion of component j
through unit area in unit time, kg's ''m 2; S, is volumetric heat source term described in the energy
conservation equation, J.
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2.2 Discrete Phase Control Model

The discrete phase occupied a very small concentration in the slurry, and the interaction between the two
phases and the effect of the interaction on the two-phase motion were considered, the forces acting on solid
particles under the conditions could be expressed in cartesian coordinate system [23].

dup _ Fp (Z _Ep) + (M) (8)

Py

where u, Ep are the velocity of continuous phase and particle phase, m/s. p is the slurry density of continuous
phase, kg/m”>. p, 1s the particle density, kg/m®. Fpy is a drag coefficient the unit mass drag force of particles.

2.3 Erosion Corrosion Model

The influencing factors of pipeline erosion wear mainly include material property, particle property,
impact velocity, impact angle, geometry shape and so on. The paper selected the erosion wear model
defined in FLUENT. Erosion corrosion model has also achieved good prediction effect in pipe erosion, so
this model is selected for simulation [24].
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where R, ion 18 €rosion wear rate (kg/(mz.s)). m,, is mass flow rate of particles (kg/s). f(0) is impact angle
function. C (d,,) is diameter function. v is impact velocity (m/s). b(v) is exponential function of velocity. Ayyce
is the unit surface area of the particle impact surface.

2.4 Wall Collision Recovery Equation

The rebound velocity of particles was not constant after they entered the pipe and collide with the pipe.
Because of the energy transfer and loss after colliding, the rebound velocity of particles was always lower
than the incident velocity. The wall collision recovery function was usually used to express the
characteristic. In the paper, the recovery coefficient equation of Forder was adopted. The empirical
formula was [25]

ey = 0.988 — 0.78x + 0.194% — 0.240° + 0.270* (10)
er =1—0.78x + 0.840% — 0.210% + 0.0280* — 0.0220° (11)

where ey represents the normal recovery coefficient equation, ey represents the tangential recovery equation
and 0 is the impact angle of particles.

3 Pipeline Modeling and Grid Generation

3.1 Geometric Models and Their Meshes

The pressure-velocity coupled equations are based on SIMPLE algorithm, the standard of residual
convergence is set to 10>, and the Discrete Phase Model (DPM) model is used for coarse particle phase.
Select Velocity-inlet and pressure-outlet, and set the turbulence parameter to turbulence intensity and
hydraulic diameter, the former is set to 5%, the latter is set according to the parameters of the inlet and
outlet pipe, and the contact condition of gangue particles is escape. The inner wall of the pipeline is a
uniform sand granular surface, and the boundary condition type of the wall is reflect.
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GM (Geometric Model) was used to set up variable diameter bend pipes in Ansys program. The
orthographic drawings and grid division of the variable diameter elbow was shown in Fig. 1. The
variable diameter bend pipes were composed of inlet G1, elbow G2, advection G3, variable diameter
G4 and outlet G5. Ry represented inlet diameter and R, represented outlet diameter. The initial inlet pipe
diameter R; = 200 mm. The outlet pipe diameter R, was 150 mm. The diameter-changing section length
was 100 mm. The orthographic drawings and grid division of the variable diameter elbow. Grid
independence of pressure drop at inlet-outlet and maximum erosion rate was shown in Fig. 2. It was
shown that when the number of grids increased to 800,000, the changes of the maximum erosion rate and
fluid pressure drop tended to be stable, the simulation results had high accuracy.

Figure 1: The orthographic drawings and grid division of the variable diameter elbow
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Figure 2: Grid independence of pressure drop at inlet-outlet and maximum erosion rate
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3.2 Two-Phase Model Setup

The slurry density of fly ash, water and fine gangue particles was set at 1900 kg/m’. The rheological
parameters tg was 81.7 pa. 1 was 2.88 pass. The density of coarse gangue was set at 2300 kg/m>. The
particle size was R-P distribution.

3.3 Boundary Condition Setting

The velocity-inlet and pressure-outlet were selected. The contact condition of gangue particles was
escape. The wall of pipeline was set as non-slip interface. The relative roughness was 0.5. The boundary
condition of wall was reflected. The initial velocities of discrete and continuous phases were all set at
1.44 m/s. In this paper, gangue particles of existing slurry are measured to determine their particle size.
The measured minimum particle size is 0.0001 m, the maximum particle size is 0.001 m, and the average
particle size is 0.005 mm. The particle parameters are shown in Table 1.

Table 1: Particle parameters

Minimum  Maximum  Average Mass flow Distribution  Particle size type Size distribution
particle size particle size particle size index
0.000l m  0.001 m 0.0005m 2 kg/s 3.5 10 R-P

3.4 Validation of the Model

To verify the validity of the erosion wear model, the simulation results were compared with the data
obtained from Bourgoyne test [26]. In the test, the fluid phase was mud. The plastic viscosity was
0.006 pa-s. And the particle was a semicircular sand particle with a diameter of 350 pm. The comparison
of numerical simulation and test data of erosion-wear was shown respectively in Table 2. It was shown
that the maximum wear rate obtained from numerical simulation and experiments was relatively close to
each other. And the maximum error was less than 15%. Therefore, the model could be used to simulate
the erosion wear of slurry on pipeline.

Table 2: Comparison of numerical simulations with test data

Ratios of bending radius The velocity of Test maximum Numerical simulation Relative error
to diameter (R/d) flow (m/s) wear rate (kg/m%/s) of maximum wear
rate (kg/m?/s)
1.5 9.45 3.42E-9 3.60E—9 5.26%
3.0 11.49 4.39E-9 4.84E-9 10.25%
3.25 14.63 2.41E-8 2.52E-9 4.56%

To study the influence of each factor on the erosion wear of filled pipe, the relationship between the
single factor variable and the erosion wear was studied in the paper. The initial level of variables is set as
follows. The inlet/outlet diameter ratio was 0.8. The length of the variable diameter section was 100 mm.
The bend angle of the elbow was 90°. The roughness of the elbow was 0.0003. The mass concentration
of slurry mixture was 78%. The inlet flow rate was 1.44 m/s. The average particle size was 0.5 mm. The
mass flow rate was 2 kg/s.

4 Analysis of Calculation Results

4.1 The Effect of Inlet/Outlet Pipe Diameter Ratio on Erosion Wear
In a piping system, when fluid flows from a large-caliber pipe into a small-caliber pipe, the flow velocity
of the fluid increases significantly. The increase of flow rate will directly cause the solid particles in the fluid
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to strengthen the impact force and erosion effect on the inner wall of the pipeline, thus aggravating the
erosion wear. In a variable diameter pipeline, the trajectory of solid particles will be affected by the
change of pipe diameter, resulting in the change of the collision frequency and Angle between
the particles and the inner wall of the pipeline, which will directly affect the degree and position of
erosion wear. In some cases, the variable diameter pipe may also lead to the deposition of particles in
local areas, and these deposited particles may form an abrasive layer under subsequent fluid erosion,
further increasing the erosion wear on the inner wall of the pipe. Therefore, it is of great significance to
analyze the influence of inlet and outlet pipe diameter ratio on erosion wear.

According to GB 50215-2015 (Code for design of coal mines) [27], the diameter of cemented filling
pipeline was 5 times larger than the maximum particle size of conveying material. The diameter of slurry
filling pipeline was mostly selected in the range of 120~200 mm. S was defined as the ratio of inlet and
outlet pipe diameter (R2/R1). And eight different pipe diameter ratios (0.6, 0.65, 0.7, 0.75, 0.8, 0.85, 0.9,
0.95) were set for the study. Schematic diagram of erosion wear at different inle-outlet pipe diameter
ratios was shown in Fig. 3. It was shown that:

(1) The locations of the significant erosion and wear of pipelines were mainly at the inlet, the inner wall
of the elbow, the rear of the outer wall, the diameter changing section and the outlet advection section.

(2) The wear at the inlet and the outer wall of the elbow became more obvious with the increase of the
ratio of inlet to outlet and the wear at the inlet was distributed along the pipe wall in a circular pattern. The
wear on the outer wall of the elbow was concentrated in a certain area and diffused from the center to
the outside. The erosion area of the variable diameter section was layered along the flow direction, and
the wear degree was the most serious at the end.

(3) When the ratio of pipe diameter exceeded 0.8, the wear of inner and outer wall of elbow increased
obviously. When the pipe diameter ratio was 0.85, the wear was the most serious and the wear area was the
largest. When the pipe diameter ratio was more than 0.85. The erosion area decreased sharply, and the
maximum wear position shifted from the diameter-changing section to the entrance.

(4) In the eight working conditions, only sporadic and speckled wear areas appeared in the advection
section. In the outlet section, when the pipe diameter ratio was below 0.9, the wear area was almost all
over the whole section and the damage degree gradually increased.

Maximum erosion rate curve at different inlet and outlet pipe diameter ratios was shown in Fig. 4. It was
shown that the maximum erosion rate showed a rapid decrease at first and then kept a stable trend with the
increase of the inlet and outlet pipe diameter ratio. When the pipe diameter ratio was 0.85, the erosion rate
reached its lowest point, and the erosion rate value was 1.49 x 10~/ kg/m?/s.

The pressure distribution and velocity change with a pipe diameter ratio 0.8 was shown in Fig. 5. The
velocity cloud diagram of partial section with a pipe diameter ratio of 0.8 was shown in Fig. 6. It was shown
that the changes of flow field at the outer wall of the bent pipe and the variable diameter section were the most
complex. The severe wear at the inner and outer walls of the bend was due to the influence of centrifugal
force and continuous phase viscosity. After the slurry entered the bend, the flow core shifted inward at
15° of the bend inlet. And when it was about to flow out of the bend section. The flow core shifted
outward. The flow velocity at the inner wall of the bend and the bottom of the exit section of the bend
increased, and the probability of collision between gangue particles and the pipeline increased, resulting
in higher wear than other bend areas.

The wear of the variable diameter section was due to the sudden decrease in pipe diameter, and the
particles continued to flow under the carrying effect of the fluid. The presence of inertia caused severe
collisions between the particles and the pipe wall. At the same time, the density of gangue particles
increased sharply, and the contact between particles and the pipe wall was frequent, resulting in the most
severe wear in the area.



996 FDMP, 2025, vol.21, no.4

N

DPM Emsm (Generic) DPM Erwm (Generic)
0.00e+00 2.72e-06 5.45e-06 6.81e-06 291e-07 5.82e-07 8.72e-07 1.16e-06
[kgm2] _ | [kgm2] __r

(a) S=0.6 (b) S=0.7

v - V
DFM Etos»on (Generic) DPM Erosion (Generic)

0.00e+00 6.40e-08 1.28e-07 1.92e-07 2.56e-07 3.20e-07 0.00e+00 5.97e-08 1.19e-07 1.49e-07

(g2 ) T — (kg2 ] _;f_
(c) S=0.8 (d) S=0.85

g J s mmv

OPM Erosion (Generk)
0006400 331608 661008 - 329-07 aaSor 0.006+00 3.036-08 6.056-08 9.086-08 121607 151607

o ——— gz
(e) S=0.9 (f) $=0.95

Figure 3: Schematic diagram of erosion wear at different inle-outlet pipe diameter ratios (S was defined as
the ratio of inlet and outlet pipe diameter)

The overall particle concentration distribution with a pipe diameter ratio 0.8 was shown in Fig. 7. The
particle concentration distribution map of the section with a pipe diameter ratio of 0.8 was shown in Fig. 8. It
was shown that the slurry exhibited a relatively regular plunger flow in the vertical section. And the particles
in the bent section exhibited a turbulent flow phenomenon. In the horizontal flow section, the particles were
affected by gravity and flow velocity, and accumulated at the bottom of the pipeline for translational motion.
After entering the variable diameter section, the flow rate fluctuated greatly, and the particles were uniformly
suspended and distributed in the fluid slurry. Moreover, due to the reduction in pipe diameter, the probability
of particle contact with the pipeline wall increased, resulting in an increase in the number of impacts on the
pipeline. Therefore, wear in this section also became severe. When flowing through the outlet section, the
particle distribution became more uniform, coupled with the combined effect of pipe diameter limitation
and high flow velocity, resulting in frequent friction and collision between particles and pipes, resulting in
a consistently high wear rate. This further explained the serious damage to the variable diameter and
outlet sections.
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Figure 8: The particle concentration distribution of section with a pipe diameter ratio 0.8 (Sections (a) ~
Sections (h) correspond to the pipe sections in Fig. 7)

From the perspective of speed variation, the reasons for the above pattern were considered. The cross-
sectional velocity at different entrance and exit pipe diameter ratios was shown in Fig. 9. It was shown that
the flow velocity in the outlet section was always higher than that in the advection section, but as the inlet and
outlet pipe diameter ratio increased, the speed difference between the two continuously decreased, thus
confirming that the wear condition of the pipe diameter ratio before and after 0.9 was inconsistent. From
the trend of velocity variation in section C, it could be concluded that when the pipe diameter ratio
exceeded 0.8, there was a slight fluctuation in the flow velocity at the bottom of the bent pipe compared
to before, resulting in an increase in the degree of damage at that location.

4.2 The Influence of Variable Diameter Length on Erosion Wear
In the variable diameter section, due to the change of pipe diameter, the flow rate of the fluid will change
significantly. Variable pipe may also cause the fluid flow direction to change. The variable diameter length
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will affect the impact angle of solid particles or droplets in the fluid on the inner wall of the pipe. The variable
diameter length also affects the distribution of the wear zone on the inner wall of the pipeline. The variable
diameter length directly affects the flow state and energy loss of the fluid in the pipeline, and then determines
the rate of erosion wear. The variable diameter length is chosen as one of the factors to study the effect of
corrosion resistance on pipeline characteristics because of the special role of variable diameter length in
pipeline system and its significant influence on fluid flow state and erosion wear rate. The relationship
between variable diameter length and erosion wear can provide important basis for optimal design and
maintenance of pipeline system.

—=— Section a
—e— Section ¢
—A— Section e
—v¥— Section g
- Section i

Velocity (m/s)

L L L
0.6 065 0.7 075 0.8 0.85 09 0095
Pipe diameter ratios of inlet and outlet

Figure 9: The cross-sectional velocity at different entrance and exit pipe diameter ratios

The five working conditions for the length of the variable diameter section (40, 80, 120, 160, 200 mm,
respectively) was set. The diagram of erosion wear with different diameter section lengths was shown in
Table 3 when the pipe diameter ratio was 0.7.

Table 3: The diagram of erosion wear with different diameter section lengths

Length

Three views 40 mm 120 mm 160 mm 200 mm

Main view

Vertical view

Top view

The erosion wear of the variable diameter section presents a regular layered distribution, and the degree
of erosion wear gradually strengthened along the downstream direction. The most severe wear occurred at the
junction of the variable diameter section and the outlet section. The pipe with a length of 40 mm in
the variable diameter section had a relatively small wear range on the pipe body. After exceeding 40 mm,
the wear range expanded and gradually covered the entire pipe section. The reason for this pattern was
that when the slurry flowed through the variable diameter section, the pipe diameter suddenly shrank, and
the fluid state could not be changed in time, forming temporary blockage. Under the push of pressure, the
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slurry continued to flow along the contracted pipeline, and the slurry around the reduced diameter section
was almost in a stagnant state, so it would not cause severe wear on the pipe wall. When the length of
the reduced diameter pipe section increased, the slurry on the periphery of the reduced diameter pipe
section flowed back and the flow rate changed higher than the center position, causing wear to occur
throughout the entire pipe section.

The variation curve of maximum erosion rate with different lengths of variable diameter sections was
shown in Fig. 10 when the pipe diameter ratios were 0.65, 0.7, and 0.75. It was shown that:

(1) The length of the variable diameter section had a significant impact on the maximum erosion rate of
the pipeline, with pipelines below 80 mm being the most severely affected. The erosion rate showed an
exponential downward trend. Firstly, after the slurry entered the variable diameter section from the
advection section, the pressure rapidly decreased along the pipeline direction, causing a rapid change in
the slurry’s movement state. Secondly, the shorter the length of the variable diameter section was, the
smaller the cross-sectional area of the pipeline was, and the higher the concentration of gangue particles
in this area was. The angle and frequency of contact with the pipeline were relatively larger, thus
enhancing the cutting effect on the pipeline.

(2) When the length of the variable diameter section was between 80—160 mm, the maximum erosion
rate steadily decreased with the increase of the variable diameter section length; when the length of the
variable diameter section exceeded 160 mm, the erosion rate was basically not affected by the change in
length of the variable diameter section. The main reason was that as the length of the variable diameter
section increased, the particles were less constrained by the pipeline structure when moving in the
watershed, which could provide a longer buffer and make the flow of the slurry in this section smoother,
thereby slowing down the erosion and wear of the pipeline.
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;D 72 F —e— pipe diameter ratios of inlet and outlet=0.70
S —A— pipe diameter ratios of inlet and outlet=0.75
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= 54T
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Lengths of variable diameter sections (mm)
Figure 10: The variation curve of maximum erosion rate with different lengths of variable diameter sections

4.3 The Influence of Wall Roughness on Erosion Wear

The increase of pipe wall roughness will increase the friction resistance of fluid in the pipe. This
increased resistance not only affects the flow speed of the fluid, but also may lead to increased pressure
loss in the pipeline. The larger roughness makes it easier for the particles in the fluid to collide with the
pipe wall during the flow process, and the increase of the collision frequency will aggravate the erosion
wear. The increase of roughness will also change the impact angle of fluid particles on the pipe wall,
resulting in increased erosion wear. Pipe wall roughness is chosen as an important factor in the study of
the effect of corrosion wear on pipe characteristics, because it is directly related to the flow state, friction
resistance, pressure drop, erosion wear and other aspects. Through in-depth study of the mechanism of
pipe wall roughness against erosion and wear, it can provide powerful theoretical support and technical
guidance for the design, construction and maintenance of pipeline engineering.
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Roughness (Kc) was one of the important parameters of materials. The surface roughness not only
affected the wear mechanism of materials, but also caused changes in the fluid flow state in pipeline
systems [28—30]. Keeping other conditions constant, the pipelines with different operating times and
corrosion conditions corresponding to different wall roughness conditions was studied.

The schematic diagram of erosion wear at different roughness was shown in Fig. 11. It was shown that
when the roughness gradually increased, the wear condition of the pipeline underwent significant changes.
The wear area on both cheeks of the bent pipe section rapidly expanded and showed a trend of further
deepening. When the roughness increased to 4 mm, the degree of pipeline wear underwent a leapfrog
change. Large areas of “spot like” wear appeared at the bottom and both sides of the horizontal flow
section, which originally did not produce wear. The wear area of the outlet section covered the entire
section, and the local erosion rate exceeded 3.0 x 10”7 kg/m?/s.
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Figure 11: The schematic diagram of erosion wear at different roughness
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The schematic diagram of erosion wear at different time steps when the roughness is 4 mm is shown in
Fig. 12. As can be seen from the figure, with the gradual advancement of the calculation time step, the wear
condition of the pipeline system has undergone a dynamic process from slight accumulation to significant
change. At first, in the early stages of the simulation, the wear on the inner wall of the pipe was almost
imperceptible, showing only a slight increase in surface roughness and very subtle material loss.
However, as the calculated time step increases, the continuous flow of fluid in the pipe begins to show its
corrosive effect on the pipe material. As time goes on, the wear process gradually accelerates, the wear
area expands from a local area to a wider area, and the wear depth also increases significantly. At the
later stage of the simulation, the wear conditions of the pipeline have changed significantly, not only the
wear depth has increased significantly, but also the wear patterns have become complex and diverse. This
not only affects the service life of the pipeline, but also may lead to a series of safety problems.
Therefore, in the design and maintenance process of the pipeline system, the impact of time factors on
pipeline wear must be fully considered, and effective measures must be taken to slow down the wear
process to ensure the safe and stable operation of the pipeline system.
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Figure 12: The schematic diagram of erosion wear at different time steps (K. = 4 mm)

The fluid was subjected to strong interference in pipelines with high roughness, and the frictional
resistance when particles came into contact with the wall increases. From the change in pressure drop, it
could be seen that the potential energy loss of the fluid during movement in the pipeline was severe,
which leaded to differences in the fluid flow state in pipelines with different roughness, causing changes
in the wear condition of the pipeline. On the other hand, pipelines with higher roughness had a more
uneven wall surface and higher protrusion height, which increased the probability of particles coming
into contact with the pipeline. Therefore, there were wear areas in the horizontal flow section, while
pipelines with smooth walls would not experience this situation. Frequent collisions between particles
and pipelines with high roughness could lead to the detachment of protruding parts on the surface of the
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pipeline, expanding the contact area between subsequent particles and the wall, and accelerating the loss rate
of the pipeline.

5 Conclusion

(1) The wear at the inlet and the outer wall of the elbow became more obvious with the increase of the
ratio of inlet to outlet and the wear at the inlet was distributed along the pipe wall in a circular pattern. The
wear on the outer wall of the elbow was concentrated in a certain area and diffused from the center to the
outside. The erosion area of the variable diameter section was layered along the flow direction, and the
wear degree was the most serious at the end. When the ratio of pipe diameter exceeded 0.8, the wear of
inner and outer wall of elbow increased obviously.

(2) When the diameter ratio of the inlet and outlet pipes increased from 0.6 to 0.85, the erosion range
continued to expand. When the diameter ratio exceeded 0.85, the erosion area decreased sharply. The
pipeline with a length of 40 mm in the variable diameter section showed little wear on the pipe body.
After exceeding 40 mm, wear began to occur and the wear range gradually covered the entire pipeline
section.

(3) The length of the variable diameter section had a significant impact on the maximum erosion rate of
the pipeline, with pipelines below 80 mm being the most severely affected. At this time, the erosion rate
showed an exponential downward trend. When the length of the variable diameter section was between
80-160 mm, the maximum erosion rate steadily decreased with the increase of the variable diameter
section length; when the length of the variable diameter section exceeded 160 mm, the erosion rate was
basically not affected by the change in length of the variable diameter section.

(4) Frequent collisions between particles and pipelines with high roughness could lead to the detachment
of protruding parts on the surface of the pipeline, expanding the contact area between subsequent particles
and the wall, and accelerating the loss rate of the pipeline. After the roughness of the pipe wall increased from
0.01 to 4 mm, the maximum erosion rate continued to increase and the increase was more than 1.7 times. The
higher the likelihood of pipeline damage with higher roughness, therefore pipelines that have been in
operation for more than a certain period of time should be updated and replaced in a timely manner.

(5) The current research is mainly based on the single factor analysis method, and the future research can
further explore the coupling effect between multiple factors to understand the mechanism of pipeline erosion
wear more comprehensively, and provide more accurate prediction models and optimization strategies for
engineering practice.
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