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This study addresses the critical issue of erosion in slag discharge pipelines caused by uneven particle
distribution due to particle deposition. To address this issue, a novel 3D twisted swirl plate (PRSS) was
designed based on the principle of adjusting particle positions within a swirling flow field to achieve
a uniform distribution. Comparative analysis showed that the new 3D twisted swirl plate outperformed
similar designs, significantly reducing erosion caused by non-uniformly distributed small particles.
Furthermore, response surface analysis combined with genetic algorithms enabled the dual-objective
optimization of the swirl plate structure. The optimization yielded two optimal designs: the first achieved
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Accepted 25th May 2025 a 45% reduction in the maximum erosion rate (MER) and a 1043 Pa increase in the pressure drop (DP) for
50 pum particles, while the second optimal design reduced MER by 36% and increased DP by 659 Pa.

DOI 10.1039/d5ra00012b These findings highlight the enhanced performance of the proposed design over conventional elbow
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1. Introduction

Coal continues to serve as the dominant energy source in China,
playing a central role in China's energy development strategy for
a considerable period." Coal gasification technology plays
a crucial role in promoting the green transformation and effi-
cient utilization of coal resources. Approximately 6% of China's
annual coal consumption is allocated to coal gasification
processes,* resulting in over 33 million tons of coal gasification
slag annually.® The slag discharge system is a vital component
of coal gasification systems because the high wear potential of
slag particles, which are primarily composed of Al,0;, SiO,,
CaO, and Fe,0;, poses significant challenges to pipeline dura-
bility.* Notably, particle-impact-induced failures account for
over 40% of pipeline breakdowns, with the elbow sections of
pipelines being particularly susceptible to erosion and leakage.®

To mitigate erosion in pipeline elbows, researchers have
explored strategies such as increasing the elbow’s radius of
curvature to reduce peak erosion rates,”” employing vortex
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pipes, demonstrating its potential for mitigating erosion in high-solid-content flow systems.

chambers to shield walls from direct impacts, and incorpo-
rating biomimetic or structurally modified surfaces like hemi-
spherical protrusions, transverse grooves,*® and ribbed designs.
Innovations such as knot-like inner wall structures® and
ASDEIPS" guide plates have also demonstrated effectiveness by
disrupting vortex formation and optimizing the internal flow
field.

Nonuniform particle distribution within pipeline elbows is
a critical phenomenon in industrial applications, particularly
due to particle settling behavior. This phenomenon becomes
more significant at low flow velocities and with larger parti-
cles.” In horizontal pipelines, material loss caused by settling
particles at the bottom of the pipe has been reported to be
significantly higher, up to 8.6 times greater than the material
loss at the top.”® Gas-solid two-phase flow studies have shown
that certain particles released from the lower part of the inlet
surface do not contribute to erosion.” Additionally, the
centrifugal force acting on the particles increases with the fluid
velocity, intensifying erosion effects.” Uneven particle distri-
bution and particle flux have been identified as key contributors
to localized erosion and punctures, with the bending direction
of the elbow being a significant influencing factor.’® Further-
more, previous studies on soot particles from aircraft combus-
tors highlight how particle morphology and nanostructure,
such as shape, coating, and graphitization, substantially influ-
ence their behavior and interaction with surfaces, underscoring
the need to consider particle properties in erosion prediction
and mitigation strategies.'”” Recent advancements in Raman
spectral analysis of combustion-derived soot particles using

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Particle distribution when the twist angle of PRSS is 90°: (a) overall particle distribution across the entire elbow, (b) schematic showing
particle distribution at the inlet, PRSS, and exit sections. L-point (left point), M-point (middle point), R-point (right point), 15D (i.e., a point located
upstream from the elbow center at a distance equal to 15 times the pipe diameter) and 0D (a position located at the elbow center).

optimized fitting models and machine learning—highlight the
significance of accurate microstructural characterization in
understanding particle behavior, which can offer valuable
insights for improving pipeline durability and environmental
monitoring."®

The non-uniform distribution of particles is a critical deter-
minant of pipeline erosion. For smaller particles, impacts near
the L/M points of the elbows can mitigate erosion, whereas for
larger particles, achieving a more uniform particle distribution
is essential for minimizing erosion.' To address severe erosion
challenges, particularly in horizontal pipeline configurations,
a particle redistribution swirl structure (PRSS) was developed.
To the best of our knowledge, the Plate-Reinforced Spiral
Structure (PRSS) proposed in this study is a novel configuration,
introduced here for the first time to mitigate erosion in high-
solid-content flow pipelines. The PRSS begins at a twisting
angle, initiating a 90° twist from a cross-shaped configuration
(Fig. 1(a)). This structure divides the flow and particles into four
sections, introducing rotational stirring to achieve uniform
particle distribution. During this process, particles are either
carried toward the L point by the swirl plate or settle toward
the M point due to gravity (Fig. 1(b)).

In contrast to conventional elbows, where particles are
concentrated near the R point, PRSS promotes migration
toward the L/M points. The swirling effect enhances particle
dispersion, uniformity, and migration, thereby significantly
reducing erosion.

This study builds on the PRSS concept by investigating its
performance against similar structures to identify its advan-
tages. Computational fluid dynamics (CFD) simulations were
conducted to develop regression models that correlate the
maximum erosion rate (MER) and total pressure drop (DP) with
PRSS structural parameters. The NSGA-II algorithm was used to

© 2025 The Author(s). Published by the Royal Society of Chemistry

obtain the Pareto front, and a probabilistic optimization
method was applied to identify the optimal design. These
findings offer valuable insights into the optimization of swirl
plate structures and their application in industrial pipelines.

2. Experimental

2.1. Design of a 3D twisted swirl plate

In this study, the pipeline model comprised four sections: an
inlet section (5000 mm), a swirl section, a 90° elbow section,
and an outlet section (3000 mm), with a uniform pipeline
diameter of 100 mm. The 3D twisted swirl plate (PRSS) is
arranged within the swirl section and consists of four 4 mm-
thick swirl plates welded to the inner wall of the pipeline.
These plates were configured in a cross-shaped configuration,
starting from the inlet section, to induce a swirling flow.

The structural parameters of the swirl plates were charac-
terized by the twisting angle (angle), blade height (%), and swirl
plate length (). The twisting angle is the rotation degree of the
swirl plates around the pipeline axis. The blade height (%) was
set to match the radius of the pipeline, ensuring interconnec-
tion among the swirl plates.

The structural optimization focuses on three key ratios: the
swirl plate length-to-diameter ratio (A — L/D), the blade height-
to-radius ratio (B — h/R), and the twisting angle of the swirl
plates (C-angle). The optimization was guided by two objectives:
minimizing the maximum erosion rate (MER) and controlling
the pressure drop (DP) across the pipeline. The proposed design
aims to balance erosion resistance and hydraulic performance.
A schematic of the 3D-twisted swirl plate structure is presented
in Fig. 2, which illustrates the configuration and geometrical
parameters that govern its performance.

RSC Adv, 2025, 15, 21934-21946 | 21935
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Fig. 2 Schematic of the three-dimensional twisted swirl vane structure.

2.2. Numerical simulation of elbow erosion

The standard k-¢ turbulence model, which is known for its high
accuracy and broad applicability, was used to resolve the flow
field.”*** A particle volume fraction of 1.27% was used in the
simulation, with the Discrete Particle Model (DPM) applied to
track particle trajectories.?” Previous studies have indicated that
under varying particle sizes and concentrations, the coupling
between fluid and particles has minimal influence on curvature-
induced erosion. A recent study by Ghosh and Goswami (2022)
investigated the dynamics of particle-laden turbulent Couette
flow and found that two-way coupling effects become significant
at particle volume fractions as low as approximately 0.08%.
Their direct numerical simulations revealed a discontinuous
decrease in turbulence intensity beyond a critical volume frac-
tion of around 0.08%, indicating the onset of two-way coupling
effects. This suggests that even at relatively low particle
concentrations, the feedback from the particles to the fluid flow
can no longer be neglected.*

In contrast, Elghannay and Tafti (2018) proposed a more
conservative threshold, suggesting that one-way coupling is
valid for particle volume fractions below 0.0001% (1 x 10~°),
with two-way coupling becoming necessary for volume fractions
above 0.1% (1 x 107%). They emphasized that at higher
concentrations, particle-particle interactions and the influence
of particles on the fluid flow become significant, necessitating
more complex coupling models.** Previous studies have indi-
cated that under varying particle sizes and concentrations, the

21936 | RSC Adv, 2025, 15, 21934-21946

coupling between the fluid and particles has a minimal influ-
ence on curvature-induced erosion. To enhance computational
efficiency, the simulation begins by solving the continuous
phase until convergence is achieved.”® Subsequently, a distinct
phase is introduced to track the particle trajectories and predict
the erosion patterns. The erosion prediction used the E/CRC
model for X65 carbon steel, which was derived from the re-
ported experimental data.>®

ER = C(BH) ** Fsu,"f(er) (1)

(2)

where ER represents the mass loss of the pipeline material (kg
kg ") due to the impact of 1 kg of particles. For the X65 pipeline
steel, C is 2.17 x 10 7, with a Brinell hardness (BH) was 183.5.
Spherical particles with a shape factor (FS) of 0.2 were used. The
particle collision angle («) is expressed in radians. The cali-
bration coefficient (R;) of the erosion rate is given in Table 1.
The flowing medium in the elbow consists of water and coal
slag. The boundary conditions include a velocity inlet and
a free-flow outlet. The density and viscosity of water were set to
988 kg m~? and 0.001 kg m~"' s, respectively. The particle
density was 2500 kg m >, and particles entered the domain at
the same velocity as water. Spherical particles with a diameter of
50 um were considered with a flow velocity of 2 m s~ and a flow

rate of 0.5 kg s~ .

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Calibration coefficient (R;) values

Ry R, R; Ry Rs

5.3938 —10.1068 10.9327 —6.3283 1.4234

The wall boundary was set to a reflective condition to
account for particle-wall interactions. The SIMPLE algorithm
was used to solve the pressure and velocity fields. The pressure
term was discretized using the standard scheme, whereas the
convection term was discretized using a second-order upwind
scheme to ensure solution accuracy. The convergence criterion
was established such that the residual of the governing equa-
tions was less than 10~ within a maximum of 3000 iterations.
Once the flow field converged, sufficient particles were intro-
duced to accurately compute the pipe wall erosion. This setup
effectively captured the interaction between flow dynamics and
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particle-induced erosion, ensuring reliable predictions for the
90° elbow under study.

2.3. Mesh independence and erosion model validation

The pipeline geometry was discretized using a tetrahedral mesh
with a five-layer boundary layer mesh to enhance near-wall
resolution.

Tetrahedral meshes are fast to generate, adaptable to
complex geometries, and highly automated; thus, they can
effectively fill the space when dealing with complex geometry
problems, making the model closer to the actual situation.
Therefore, the model employs a tetrahedral meshing method.
Taking an incident particle diameter of 0.1 mm and an incident
velocity of 2 m s™' as examples, the same meshing method was
used for the other schemes. In order to ensure the correctness of
the calculation, we also encrypt the mesh to various degrees, as
shown in Fig. 3(a). After the calculation is completed, the
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(a) Schematic of pipeline and component mesh division. (b) Verification results for grid independence.
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evaluation indicators for different mesh numbers are shown in
Fig. 3(b). As the number of meshes increased, the maximum
erosion rate gradually tended to be stable. In particular, when
the number of grid nodes increased to 1.04 million, the change
in evaluation indicators was negligible, and the number of grids
continued to lead to an increase in computing resources.
Therefore, a grid with a quantity of 1.04 million was used for the
calculations in this study.

The thickness of the near-wall mesh was optimized to ensure
that the dimensionless wall distance (y+) ranged from 30 to 120,
which was suitable for turbulence modeling. To balance
computational efficiency with accuracy, a grid independence
analysis was conducted by evaluating the stability of the
Maximum Erosion Rate (MER) and maximum shear stress. As
shown in Table 2, mesh refinement beyond 1.5 million cells
yielded negligible variation in the results, indicating grid
independence.

The reliability of the numerical model was validated against
experimental data previously reported* on the liquid-solid
erosion of 316L stainless steel. The experimental configuration
featured an elbow with a diameter of 40 mm and a curvature
ratio of 1.5, arranged in a horizontal-horizontal configuration.

The liquid-solid flow velocity was 4.09 m s~ ', and the particle

Table 2 Grid independence verification
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characteristics included a diameter of 300 pm, density of
2650 kg m >, and mass flow rate of 0.1027 kg s~ .

The experimental data indicate that the maximum erosion
occurred at points 61, 56, and 76 on the outlet sidewall, forming
a triangular region (Fig. 4(a)). The numerical simulation also
predicted a triangular erosion pattern at the same location, with
an MER of 1.62 x 10 ® kg m 2 s~ ' (Fig. 4(b)). Compared with
the experimentally measured MER of 1.75 x 10 ® kg m > s},
the simulation error was 7.3%. Fig. 4(c) provides a quantitative
comparison of erosion values across various test points,
showing an average error of 7.7% within an 85% confidence
interval. These results validate the accuracy and reliability of the
numerical methods used in this study.

2.4. Probabilistic optimization for multi-objective
optimization

The optimization process is illustrated in Fig. 5. Initially,
univariate analysis is performed to determine the levels of
critical factors, followed by the implementation of Box-
Behnken Design (BBD) experiments across a predefined range.
Analysis of variance (ANOVA) is then performed to validate the
adequacy and reliability of the regression models while deter-
mining the significance of individual terms within the

Number of grids (in ten thousand) 28 70 100 150 200 300
MER/10 ®*kgm s " 6.82 3.76 2.84 2.93 2.78 2.82
Maximum shear stress/Pa 53.3 56.3 34.5 38.8 38.7 38.8
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Fig. 4 Erosion model validation: (a) measured locations and values of severe erosion,? in units of 1077 kg m~2 s, (b) Simulated locations and
values of severe erosion. (c) Quantitative comparison of the numerical and experimental results at selected elbow locations.
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quadratic models. Subsequently, a response surface analysis
was performed to elucidate the interaction effects between the
pairs of design parameters.

The Non-dominated Sorting Genetic Algorithm II (NSGA-II)
is executed to obtain the Pareto front and identify the optimal
design parameters that satisfy the imposed constraints. NSGA-II
is widely recognized for its ability to efficiently achieve a wall-
distributed Pareto-optimal front when applied to response
surface method (RSM) fitting functions.”®*®

Through genetic operators such as crossover and mutation,
a new population is generated in each cycle, while the elitism
strategy is implemented to ensure the preservation of superior
individuals.

The proposed algorithm employs two key functions:

(1) Non-dominated sorting function: this function ranks the
population and selects the most optimal individuals for
subsequent iterations.

(2) Crowding distance function: this function maintains
diversity within a population by preventing the clustering of
nearby individuals.

The traditional ideal point method, which is additive, has
significant drawbacks in terms of selecting the optimal solu-
tion from the Pareto front. Specifically, the use of weighted

l
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I Numerical simulation for BD experiment I
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Fig. 5 Schematic of the multi-objective optimization process.
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sums and normalization methods often introduces vari-
ability, and the reliance on union set theory conflicts with the
concept of “simultaneous multi-objective optimization”. To
address these limitations, this study employs a probabilistic
optimization multi-objective method, which interprets
“simultaneous multi-objective optimization” as the joint
probability of multiple objectives treated as independent
events.*®

The primary goal of optimization in this study is to minimize
both the Maximum Erosion Rate (MER) and the Pressure Drop
(DP). Following the principles derived from probability theory,
normalization ensures that the partial optimization probability
(Py) of a specific undesirable performance indicator for the i-th
candidate structure is linearly and negatively correlated with its
utility value. The partial optimization probability P; for the j-th
objective is expressed as follows:

(Ui + U,

‘max ‘min

n(U- +U. ~T,

- Uy)
(3)
)

Py =

Jmax ‘min

where U; and U; represent the maximum and minimum
values, respectively, of the j-th objective across candidate
structures, and Uy is the value of the j-th objective for the i-th
candidate structure.

The total optimization probability (P,) for the i-th candidate
structure is calculated as the product of all its partial optimi-
zation probabilities (P;) as follows:

P=]]P; (4)

J=1

The optimal solution corresponds to the candidate structure
with the highest total optimization probability (P;). The struc-
ture identified using this probabilistic approach was subse-
quently compared with an elbow pipe configuration without
swirl plates to confirm its superior performance.

3. Results and discussion

3.1. Comparison of PRSS and three-blade swirl plate

Zhao et al. previously designed a swirl structure with a three-
blade swirl plate and conducted experimental validation.*
The primary difference between their three-blade swirl plate
design and the PRSS (Particle Redistribution Swirl Structure)
presented in this study lies in its positioning and design. Zhao's
swirl plate was installed 15D upstream of the elbow, whereas
the PRSS in this study was placed directly at the elbow (0D). This
placement optimizes the performance by addressing erosion at
the most critical location. This strategic positioning allows the
PRSS to act precisely where particle redistribution and erosion
mitigation are needed the most, enhancing its efficacy.

Zhao's study demonstrated that their three-blade swirl plate
did not effectively reduce the MER for coal dust particles
smaller than 2 mm in diameter (density 1460 kg m™3). For
example, 0.5 mm particles experienced erosion rates five times
higher than those of a standard elbow pipe.

RSC Adv, 2025, 15, 21934-21946 | 21939
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In contrast, for larger coal dust particles, the three-blade
swirl plate effectively reduced the erosion.

A numerical comparison between the three-blade swirl plate
(installed at both elbow 0D and 15D) and the PRSS under the
conditions of a coal gasification slag discharge pipeline is
depicted in Fig. 6.

The results indicate that:

(1) 50 um particles: the three-blade swirl plate installed 15D
from the elbow failed to reduce MER due to insufficient miti-
gation of the nonuniform distribution of smaller particles. On
the other hand, the PRSS at 0D effectively reduced MER by
altering the particle distribution. The twisting angle of the PRSS
shifts the particle concentration from near the R-point to the M/
L-point, resulting in reduced erosion.

(2) 100 pm particles: the three-blade swirl plate installed at
15 D achieved some erosion reduction, but it was less effective
than the PRSS at 0D.

(3) 200 pm particles: for larger particles, both the three-blade
swirl plate (at 15D) and the PRSS significantly reduced erosion.
The three-blade swirl plate achieved slightly better results due
to its upstream positioning, which prevented the turbulence
energy from dissipating before the particles entered the elbow.

The inability of the three-blade swirl plate at 0D to reduce
erosion can be attributed to the enhanced turbulence generated
by its placement. This turbulence intensifies the particle impact
on the pipe wall, sharply increasing the MER. Conversely, at 0D,
the PRSS redistributes the particles more uniformly and alters
their trajectories, effectively minimizing erosion.

For the three-blade swirl plate at 15 D, its inability to reduce
MER 50 pm particles stems from insufficient particle distribu-
tion to counteract turbulence effects. In contrast, the PRSS

View Article Online
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achieves this by designing a precise twisting angle. For larger
particles (20 pm), the three-blade swirl plate at 15D performs
effectively by ensuring uniform particle distribution while
allowing turbulence to dissipate upstream of the elbow.

To validate the erosion model, experimental data were ob-
tained from the literature using 316L stainless steel specimens.
The validation used 316L stainless steel, which has higher
erosion resistance than X65 carbon steel. Thus, absolute
erosion rates for X65 may have been underestimated in the
validation case; however, the relative trends remained consis-
tent. The simulation results showed good agreement with the
experimental trends, confirming the model's capability to
capture erosion behavior.

The PRSS demonstrates significant advantages over the
three-blade swirl plate, particularly for nonuniformly distrib-
uted coal slag particles and smaller particle sizes (50 um).
This is due to its ability to precisely redistribute particles and
effectively reduce erosion at the elbow. The next phase of this
study will focus on optimizing the PRSS structure based on
erosion conditions for 50 pm particles at a flow velocity of
2 m s~ '. The aim is to refine the design to achieve quick
and efficient mitigation of particle-induced erosion. While
spherical particles simplify the simulation, non-spherical
(irregular) particles typically produce higher localized erosion
because of their sharp edges and varied impact dynamics.
Incorporating shape factors can improve model realism in
future studies.

3.2. Box-Behnken experimental design

The Box-Behnken Design (BBD) is commonly used in experi-
ments to investigate the non-linear effects of factors and their
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Fig. 6 MER of ordinary bend, PRSS bend, and three-vane swirl structures installed at 15D and 0D: (a) 50 um; (b) 100 um; and (c) 200 pm.
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interactions. It is particularly advantageous for its predictive
accuracy, reliability, and efficiency in exploring experimental
factors. In this study, the BBD method was employed using a 3-
factor, 3-level experimental design, where the experimental
points were chosen at the midpoints of the edges of a cube, as
shown in Fig. 7.

Numerical simulations were performed for the Maximum
Erosion Rate (MER) and the inlet and the Pressure Drop (DP) at
the inlet and outlet. The results are summarized in Table 3,
which provides insight into the effects of the design parameters
on the optimization targets.

Response surface analysis facilitates the exploration and
optimization of response objectives through a limited number
of experimental points within a specified design space.**** The
second-order polynomial model commonly used in such anal-
ysis is expressed as follows:

k
S vXiXi+e  (5)

k=1
1 j=itl

k k
Y= 70‘5‘2%‘/\/'""27:7)(1'2"‘
] =1 i-
where Y represents the predicted response (MER and DP), Xi
represents the unencoded or encoded variables; vy, is
a constant; v; v; and vy; are the coefficients for the linear,
quadratic, and interaction terms, respectively, and ¢ is the error
term.
The fitted model for MER and DP is as follows:

MER = —8.845 — 0.0831254 + 30.65B + 0.024292C
+0.21254B — 0.007792A4C 0.005BC
+0.0390624° — 20.53125B> + 0.000118C>  (6)

DP = 4769.000 + 55.43754 — 4825B — 12.22917C
+94.3754B — 0.7333334C + 10.875BC
— 2.81254% + 2987.5B* + 0.0436111C> 7)

These regression models describe the dependence of MER
and DP on the design parameters (L/D, h/R, and angle). The
results form the basis for optimization and provide a clear
understanding of the effects of structural modifications on
erosion rates and pressure drop.

In this study, equal weighting was applied to MER and DP.
However, future optimization models could incorporate
weighted multi-objective functions where MER may be priori-
tized using methods such as AHP or entropy weight methods.

13
=
5 > 4
2
le ®
10 Ve 3 ,/"/1‘ v 15 )
/ 11 [ 7
14 ‘
)

Fig. 7 BBD experimental design.
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Table 3 Numerical simulation results for BBD experimental design

Design parameters Optimization targets

MER/10™®

Sequence L/D h/R Angle/° kgm s DP/Pa
1 3(-1)  06(-1)  75(0) 3.25 2884
2 7 (1) 0.8 (0) 45(-1)  3.77 3282
3 5 (0) 0.8 (0) 75 (0) 3.21 3111
4 5 (0) 1(1) 45(-1)  2.34 3460
5 5 (0) 0.6 (—1) 105 (1) 2.71 2949
6 3(-1)  1(1) 75 (0) 2.37 3367
7 7(1) 1(1) 75 (0) 2.01 3630
8 5 (0) 1(1) 105 (1) 2.15 3515
9 7 (1) 0.8 (0) 105 (1) 2.85 3191
10 7 (1) 0.6 (1)  75(0) 2.55 2996
11 3(-1)  0.8(0) 45 (-1)  3.16 2999
12 5 (0) 0.8 (0) 75 (0) 3.21 3111
13 3(-1)  0.8(0) 105 (1) 411 3084
14 5 (0) 0.6(—1) 45(—-1) 2.78 3155
15 5 (0) 0.8 (0) 75 (0) 3.21 3111
3.3. Significance testing and variance analysis

Analysis of Variance (ANOVA) was used to assess the fit and
significance of the regression models for the Maximum Erosion
Rate (MER) and pressure Drop (DP). The results summarized in
Tables 4 and 5 indicate that the fitting functions for both MER
and DP are statistically significant, with p-values less than 0.05.
Statistically significant terms in the model (p-values < 0.05) were
retained, while non-significant terms were considered for
removal to refine the model.

For MER, the significant terms are A(L/D), B(h/R), AC, A>, and
B?, highlighting the complexity of the relationship between
MER and structural parameters. Similarly, for DP, the signifi-
cant terms are A, B, BC, and B>, indicating non-linear interac-
tions among the parameters.

The variance analysis results presented in Table 6 demon-
strate a high goodness-of-fit, with adjusted R” values of 96.89%
for MER and 95.72% for DP. This implies that only 3.11% and
4.28%, respectively, of the variations in the data are not
explained by the quadratic regression models.

Large F-values of 49.45 (MER) and 35.80 (DP) indicate the
high significance of these models. The coefficients of variation
(CV), at 3.55% for MER and 1.52% for DP, confirm the reliability
and accuracy of the simulations. Precision values of 23.80
(MER) and 18.64 (DP) exceed the benchmark value of 4, indi-
cating that the models are suitable for predicting and analyzing
responses.

These results confirm the robustness of the models and their
applicability to optimizing design parameters.

3.4. Regression model analysis

The regression models were evaluated for accuracy and reli-
ability using residual plots and predicted versus simulated
comparisons. The normal probability plot of residuals for MER
and DP, as shown in Fig. 8, indicates that the residuals align
along a straight line. This alighment confirms that the errors

RSC Adv, 2025, 15, 21934-21946 | 21941
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Table 4 ANOVA results for the MER regression model®

Project Seq. SS Degrees of freedom Mean square F-value P-value
Model 4.77 9 0.5298 49.45 0.0002
A—L/ID 0.3655 1 0.3655 34.11 0.0021
B — h/R 0.7321 1 0.7321 68.32 0.0004
C-angle 0.0066 1 0.0066 0.6171 0.4677
AB 0.0289 1 0.0289 2.70 0.1615
AC 0.8742 1 0.8742 81.59 0.0003
BC 0.0036 1 0.0036 0.3360 0.5873
A? 0.0901 1 0.0901 8.41 0.0338
B> 2.49 1 2.49 232.41 <0.0001
c? 0.0417 1 0.0417 3.89 0.1056
Residuals 0.0536 5 0.0107 — —

“ A, B, and C represent the regression coefficients determined from the response surface fitting.

Table 5 ANOVA results for the DP regression model

Project Seq. SS Degrees of freedom Mean square F-value P-value
Model 6.58 x 10° 9 73190.51 35.80 0.0005
A —L/ID 73153.12 1 73153 35.79 0.0019
B — h/R 4.94 x 10° 1 4.94 x 10° 241.67 <0.0001
C-angle 3081.13 1 3081.13 1.51 0.2742
AB 5700.25 1 5700.25 2.79 0.1558
AC 7744.00 1 7744.00 3.79 0.1092
BC 17 030.25 1 17 030.25 8.33 0.0343
A? 467.31 1 467.31 0.2286 0.6527
B 52727.08 1 52727.08 25.79 0.0038
c? 5688.23 1 5688.23 2.78 0.1562
Residuals 10220.75 5 2044.15 — —

follow a normal distribution, which supports the stability and
suitability of the models.

Fig. 9 illustrates the predicted and simulated values of MER
and DP. The close alignment between these values suggests that
the regression models accurately capture the underlying rela-
tionships between the design variables and the responses. The
strong agreement highlights the efficacy of the developed
regression equations in predicting system behavior with high
precision. The swirl section induces secondary flows and
enhances the turbulence intensity, particularly near the wall,
leading to more frequent wall impacts. This localized increase
in the near-wall velocity gradient causes a marginal rise in
erosion compared to the straight pipe.

3.5. Response surface analysis

To analyze the interaction effects between the design variables
on the responses, two-dimensional response surface contour
plots were generated (Fig. 10).

Table 6 Error analysis of regression equation

Statistical item MER/10 ®*kgm 2 s~ " DP/Pa
Calibration coefficient 0.9689 0.9572
Coefficient of variation (%) 3.55 1.42
Precision 23.80 18.64

21942 | RSC Adv, 2025, 15, 21934-21946

3.5.1. MER analysis. Fig. 10(a)-(c) display the response
surfaces of MER along the %/R direction. The response surface
exhibits a saddle shape, demonstrating that both smaller (2/R =
0.6) and larger (2/R = 0.8) values of /R effectively reduce
erosion, while #/R = 0.8 shows a less effective result. The region
near h/R = 1, indicated in blue, represents the optimal condi-
tion, where fully closed cross-shaped swirl vanes deliver the best
anti-erosion performance.

In Fig. 10(a), the red zone indicates that the combination of
a small L/D ratio and a sufficiently large twist angle (angle) leads
to severe erosion. Such configurations generate a highly twisted
flow field that intensifies the turbulence and promotes wall
erosion. Similarly, Fig. 10(c) shows that a high L/D value of 7
coupled with a small twist angle causes poor dispersion, leading
to particle accumulation and erosion worsening.

To minimize MER, a balance must be struck by employing
moderate twisting angles and increasing #/R.

3.5.2. DP analysis. Fig. 10(d)-(f) show that DP increases with
increasing L/D and h/R. Shorter swirl-vane lengths and reduced
vane heights are beneficial for reducing pressure drops and
operational costs. Prolonged swirlvane lengths increase the
turbulence within the pipeline, while longer-vane heights signif-
icantly disrupt the original flow field, further elevating the DP.

A comparison of the gradients of response surfaces for /R
and Angle shows that #/R plays a more dominant role in
affecting DP, as the gradient in this direction is significantly

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 Normal probability distribution of residuals for MER (left) and DP (right).
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Fig. 9 Actual vs. predicted values of MER (left) and DP (right).

steeper. Therefore, the height of the swirl vanes is a critical
factor that influences the DP to be much larger. This indicates
that the swirl vane height is the primary factor affecting the
pressure drop (DP).

3.6. Acquisition of Pareto front and probabilistic multi-
objective optimization

The primary objective of the optimization process was to iden-
tify the optimal design parameters that minimized both MER
and DP. The response surface analysis confirmed the conflict-
ing nature of these optimization goals because reducing the
MER typically increases the DP. To address this challenge,
NSGA-II was applied to generate the Pareto front.

3.6.1. Probabilistic optimization. A probabilistic optimiza-
tion approach was applied to the Pareto front to identify the
most promising designs. Two configurations emerged with

© 2025 The Author(s). Published by the Royal Society of Chemistry
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significantly higher probabilities (P;) of achieving optimal
performance. These configurations are detailed in Table 7.

The resulting Pareto front (Fig. 11) reflects the conflict
between MER and DP, indicating that reducing MER will
increase DP. The Pareto front exhibits three distinct segments:

e High DP and low MER: DP = 3502-3641 Pa, MER = 1.70 x
107%-2.07 x 10 kg m > s~

e Medium DP and medium MER: DP = 3263-3287 Pa,
MER = 2.07 x 10 5-2.20 x 10 8 kg m 2 s~ .

e Low DP and high MER: DP = 2905-2940 Pa, MER = 2.56 x
107%-3.51 x 10 ¥ kg m > s~ .

Probability optimization was applied to the Pareto front, and
two structural designs were found to have significantly higher
optimal selection probabilities (P;) than the others. The struc-
tural parameters of these two designs are summarized in
Table 7.
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Fig. 10 Response surface plots showing the effects of bivariate interactions on MER and DP. (a)—(c) response surfaces for MER along the h/R

direction; (d)—(f) increase in DP with rising L/D and h/R.

3.6.2. CFD validation. Computational Fluid Dynamics
(CFD) simulations were conducted for two optimal
configurations:

e Group 1 (optimal set 1): MER = 1.91 x 10" *kg m~>s™", DP
= 3641 Pa, with relative errors of 6.1% (MER) and 0.7% (DP)
compared to NSGA-II results.

e Group 2 (optimal set 2): MER = 2.22 x 10 *kg m>s™", DP
= 3284 Pa, with relative errors of 3.7% (MER) and 0.3% (DP).

These results confirm the accuracy and reliability of the
regression models and NSGA-II optimization.

3.6.3. Erosion visualization. Fig. 12 shows a bottom-view
contour plot of the maximum erosion rate for pipes without
swirl vanes and those with optimized swirl designs. In the non-
swirl pipe, particles tended to accumulate at the bottom due to
the horizontal elbow configuration, concentrating erosion on
the lower sidewall of the exit section. After adding the swirl

Table 7 Pareto front optimal probability results

MER/10°
Sequence LID h/R Angle/> kgm?>s' DP/Pa P;
No vortex vanes — - — 3.47 2589 —
Optimal set 1 6.73 1 101.8 1.80 3614 0.02237
Optimal set 2 3.01 1 46.0 2.14 3273 0.02230

21944 | RSC Adv, 2025, 15, 21934-21946

vanes, the particles were dispersed in the swirl section, signifi-
cantly reducing the maximum erosion rate.

However, the swirl section induces secondary flows and
enhanced turbulence intensity, particularly near the wall,
leading to more frequent wall impacts. This localized increase
in the near-wall velocity gradient causes a marginal rise in
erosion compared to the straight pipe immediately after the
swirl section. Nevertheless, this increase was spatially limited
and did not affect the exit section, where critical erosion
damage usually occurs. Thus, the overall erosion mitigation
achieved by the optimized design, especially at high-risk elbow
zones, outweighs this localized trade-off, resulting in
a substantial net benefit for pipeline durability.

3700
. © Pareto optimal solution
OW.“M\ e Experimental points
3500 s« M . Pareto front curve
High pressure reduction
. erosion zone .
& 3300} Opimatsars — K
g Madium pressure reduction -
3100} .
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Fig. 11 Pareto front and distribution of experimental points.
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(optimal set 1), (c) is Group 2 (optimal set 2).

4. Conclusion

This study presents the design and optimization of a three-
dimensional twisted swirl-vane erosion-resistant structure
(PRSS) to reduce erosion in slag-water elbow pipelines. Through
a combination of numerical simulations, response surface
methodology, and multi-objective optimization, this study
demonstrated that the PRSS can significantly reduce erosion
rates while maintaining acceptable pressure drops.

Key findings include the identification of optimal structural
parameters, specifically, twist angles and a vane height-to-
radius ratio (#/R) of 1, which effectively reduced the maximum
erosion rate (MER) by up to 45%. However, these structure
modifications introduced a trade-off in the form of increased
pressure drop, which was rigorously evaluated using the NSGA-
II algorithm and probabilistic selection methods. The analysis
revealed two Pareto-optimal configurations, balancing erosion
reduction and energy efficiency.

The CFD validation results confirmed the reliability of the
regression models and the optimization strategy, with errors in
the MER and DP predictions maintained below 7%. The visu-
alization analysis further showed that although the swirl section
slightly increased the erosion due to localized turbulence, it
significantly reduced the overall erosion at the elbow exit, where
damage was most critical. This suggests that PRSS design
redistributes particle impacts away from vulnerable regions,
thereby extending the pipeline lifespan.

From an industrial perspective, the PRSS structure provides
practical and scalable solutions. The modest increase in the
pressure drop is acceptable considering the substantial reduc-
tion in the maintenance frequency and material degradation.
Its application is especially promising in coal gasification and
slurry transport pipelines, where erosion control is essential for
operational stability and cost-effectiveness.

Future work should consider real-time monitoring of erosion
under variable operating conditions, experimental validation
under multiphase flow regimes, and the inclusion of non-
spherical particle effects to further enhance prediction accu-
racy. Additionally, the integration of this design with smart

© 2025 The Author(s). Published by the Royal Society of Chemistry

monitoring technologies may pave the way for adaptive pipeline
systems capable of real-time erosion mitigation.
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All the data supporting the findings of this study entitled
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