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When a turboshaft engine operates in a sand-laden environment, it is prone to erosive wear, which
leads to the continuous evolution of surface roughness on compressor blades and consequently alters particle
impact behaviour. However, existing studies have mainly focused on the erosion process of smooth surfaces,
and there is still a lack of in-depth understanding of the influence of surface roughness on the erosive wear of
multi-stage compressor blades. To address these issues, this paper theoretically derives the intrinsic relationship
between blade surface roughness and wear rate. An erosion experimental setup for titanium alloy with adjustable
impact angles is established to accurately characterize key parameters of the erosive wear model for titanium
alloys with different surface roughness values. A dynamic model of blade erosive wear based on gas—solid
two-phase flow is constructed, and computational fluid dynamics is employed to analyse the effects of sand
particles on the distribution characteristics of erosive wear on compressor blades with varying surface roughness.
The research reveals that in the erosion wear experiments conducted at impact angles ranging from 0 to 90°,
titanium alloys with different surface roughness exhibited the highest wear rate at an impact angle of 30°. At
this specific impact angle, the maximum erosion wear depth of the titanium alloy with Ra = 6 um increased
by 88.9 % and 183.3 % compared to those with Ra = 3 and Ra = 0.1 ym, respectively. Roughness has the most
significant impact on erosive wear of rotor blades, followed by stator blades, and the least on guide blades. As
roughness increases, the maximum wear rate concentration on the blades rises, while the location of the erosion-
concentrated area does not significantly shift with changes in roughness. The results can provide a basis for the
erosion wear assessment of compressor blades at different service stages.

As the primary power unit for helicopters, turboshaft engines
have been widely used (Hao et al., 2023; He et al., 2019). As
the core component of a turboshaft engine, responsible for
energy conversion, the compressor’s performance is directly
related to the operational efficiency of the entire engine. Tita-
nium alloys are widely used in compressor blades due to their
low density and high specific strength (Wang et al., 2026).
During helicopter operations in sandy environments such
as deserts or sandy plateaus, external sand particles are in-
evitably ingested into the engine and collide with compressor

blades, causing erosion wear (Kwon et al., 2021; Shi et al.,
2023). With extended service duration, the surface roughness
of the blade differs from its pre-service condition (Suzuki and
Yamamoto, 2011). Surface roughness is a critical factor in-
fluencing wear (Joaquin et al., 2024; Persson, 2023), and its
variation will alter the contact and impact behaviour between
sand particles and the blades, resulting in notable differences
in erosion wear characteristics. Therefore, investigating the
influence of surface roughness on blade erosion wear char-
acteristics holds significant engineering value for enhancing
the operational safety of aero engines.



The erosion wear inflicted by solid particles on a target
material is governed by multiple factors, such as particle ve-
locity, impact angle, shape, density, and hardness (Hu et al.,
2024; Zhang et al., 2023; Azakli and Gumruk, 2021; Yan
et al.,, 2020; Shinde and Upadhyay, 2025). Azimian et al.
(2015) found that the erosion depth and pile-up height in-
crease linearly with rising impact velocity. However, the rate
of increase in penetration depth progressively declines as
the number of non-overlapping particle impacts grows. Li
et al. (2021) and Ji et al. (2018) found that the damage in-
flicted by particles on Ti-6Al-4V alloy plates is dominated
by micro-cutting at low impact angles and by extrusion de-
formation at high impact angles. Takaffoli and Papini (2012)
found that the particle impact angle and initial motion state
affect the material erosion pattern. Naveed et al. (2017) com-
pared the effects of angular and spherical particles on the ero-
sion wear of ductile and brittle materials. The results demon-
strated an inverse trend in the erosion behaviour of these
materials with changing particle shape. Specifically, spher-
ical particles produced a lower material removal rate on duc-
tile materials, while angular particles resulted in a lower re-
moval rate on brittle materials. Wang and Nguyen (2021)
found that both particle fraction and particle size have a sig-
nificant influence on the material removal. Di et al. (2019)
found that flake particles have a greater influence on ero-
sion through micro-cutting than through extrusion, whereas
spherical particles influence erosion more via extrusion than
micro-cutting. They further found that higher particle round-
ness leads to a lower wear rate. Yang et al. (2023a) inves-
tigated the effect of particles with different hardness levels
on the erosion wear of titanium alloy samples. They found
that particles with higher hardness cause more severe erosion
wear to the plates than those with lower hardness. Mean-
while, the extent of material erosion wear is also closely
related to the material itself (Wang et al., 2019; Cai et al.,
2021a; Shinde et al., 2025). Finnie et al. (1992) and Tilly
(1973) found that for brittle materials, the wear rate increases
with the impact angle, while for ductile materials, it first in-
creases and then decreases. Islam et al. (2015) investigated
the effect of microstructure on the erosion of pearlitic fer-
rite and pearlite. They found an inverse relationship between
the hardness of the various microstructures and the wear rate.
Coto et al. (2021) investigated the erosion behaviour of par-
ticles on coatings with different thicknesses and found that
increasing the coating thickness can enhance erosion resis-
tance. Ma et al. (2021) investigated the damage behaviour of
TiZrN coatings under low-angle (30°) and high-angle (90°)
impacts. They found that the coating improved the erosion
resistance of the titanium alloy under low-angle impact. Un-
der high-angle impact, the multi-layer coating exhibited the
best erosion resistance. Owing to the complex structure of
compressor blades and the irreversible damage caused by
erosion tests on engines, conducting such tests on real engine
blades is subject to significant limitations. Consequently, nu-
merical simulation remains the primary method for investi-

gating compressor blade erosion wear. In recent years, com-
putational fluid dynamics (CFD) has been widely applied to
this problem, enabling more detailed analysis of the erosion
process (Wang et al., 2023; Shi et al., 2023). Tarodiya et
al. (2022) investigated the erosion performance of a hydro-
turbine injector using CFD simulations. They found an asym-
metric distribution of erosion wear on the nozzle and nee-
dle valve surfaces. Increasing the design angle was shown to
aggravate erosion at the nozzle, while reducing the erosion
degree on the needle valve. Zhan et al. (2025) conducted a
numerical simulation of gas—solid two-phase flow in a multi-
stage axial compressor using CFD. They observed that ero-
sion primarily occurs at the blade tip, leading edge, and trail-
ing edge regions. Li et al. (2023) investigated the effect of
sand particles on compressor blade erosion at four different
rotational speeds. The results indicated that the erosion wear
on the rotor blades at the design speed was significantly more
severe than at other speeds. Poursaeidi et al. (2017) stud-
ied the erosion characteristics of solid particles on the first-
stage compressor blades. Their findings revealed that in the
erosion patterns observed on the guide blades, rotor blades,
and stator blades, the highest wear rate occurred at the ro-
tor blade tips and the leading edge of the stator hub. Cai et
al. (2021b) employed methods such as separately tracking
the incident and rebound information to study the rebound
characteristics of flake and angular particles impacting stain-
less steel at high temperatures. Their work revealed the in-
fluence of incident parameters and particle size on particle
rebound behaviour. Li et al. (2022) investigated three typical
intake distortion angles (30, 90, and 120°), finding signifi-
cant differences in erosion characteristics across the affected
blade regions. Compared to blades without distortion, those
subjected to distorted inflow exhibited substantially aggra-
vated erosion wear. Yang et al. (2023b) investigated the in-
fluence of deformation degree on compressor blade erosion
wear. The results showed that the surface wear rate of the
blades increases with the degree of distortion. They further
compared the effects of tip distortion, hub distortion, and no
distortion on compressor erosion wear, finding that tip distor-
tion has the greatest impact on compressor erosion, followed
by no distortion, with hub distortion having the smallest ef-
fect (Yang et al., 2024).

The above literature review indicates that considerable
progress has been made in the study of erosion wear, both
domestically and internationally. However, with the exten-
sion of engine service time, the variation in blade surface
roughness has emerged as a non-negligible issue. Liu et al.
(2023) used the Finnie wear model to study the effect of
surface roughness on the erosion wear of turbocharger alu-
minium alloy blades. The study found that as roughness in-
creased, the erosion wear distribution on the pressure sur-
face of the main blades spread from the blade tip towards
the blade root. Taherkhani et al. (2025) conducted a numer-
ical study and comparison of erosion wear on smooth and
rough surfaces. They found that after single-particle low-



velocity impact, the damage on the smooth surface was sym-
metric, while the damage on the rough surface was asym-
metric. Liu et al. (2020) employed a hybrid approach com-
bining CFD and the boundary element method (BEM) to in-
vestigate the effects of different surface roughness on com-
pressor performance and noise. The study demonstrated that
with increasing roughness, the total pressure ratio and isen-
tropic efficiency of the compressor decrease, while the sound
pressure level increases. Malhotra et al. (2022) investigated
the effect of non-uniform roughness distribution on com-
pressor performance and found that roughness at the blade
leading edge has a more pronounced impact on performance
than roughness at the trailing edge. Ma et al. (2025) stud-
ied the influence of surface roughness on compressor per-
formance under different altitude conditions. The results in-
dicated that surface roughness significantly affects both the
aerodynamic performance and flow stability of the compres-
sor. Biazar and Afzalian (2025) investigated the influence
of blade surface roughness on turbine performance and ef-
ficiency. Their study demonstrated that increased roughness
leads to reductions in the power coefficient, generator speed,
and rotor torque, ultimately decreasing power output. Alt-
meppen et al. (2022) conducted experimental and numerical
analyses focusing on the effect of surface roughness on parti-
cle rebound and its statistical distribution. Their research re-
vealed that surface roughness significantly affects individual
particle rebound. Chen et al. (2022) investigated the influ-
ence of surface roughness on the performance of a five-stage
axial compressor. They found that changes in roughness have
a greater impact on the performance of rear stages compared
to front stages, with the performance degradation in the fifth
stage having the most significant effect on the overall com-
pressor performance. Yazik et al. (2024) employed a one-
way 3D fluid-structure interaction method to simulate tur-
bine performance under different surface roughness condi-
tions. Their results showed that as roughness increases, the
pressure difference across the blades decreases, thereby re-
ducing the overall turbine performance.

From the above analysis, it can be seen that current re-
search at home and abroad mainly focuses on the impacts
of surface roughness on the noise and aerodynamic perfor-
mance of compressor blades, and is limited to studies on the
characteristics of erosion wear caused by single particles on
rough surfaces. However, studies on the influence of surface
roughness on the distribution and severity of erosion wear to
multi-stage axial-flow compressor blades have not been re-
ported. Therefore, this study takes the 1.5-stage compressor
model of a turboshaft engine as the research object. Experi-
mental setups for particle velocity measurement and titanium
alloy erosion wear testing were designed and constructed. By
conducting erosion wear experiments on the titanium alloy
sample with different surface roughness, key parameters for
the Tabakoff erosion wear model expression were obtained.
The gas—solid two-phase flow method was employed to in-
vestigate the effect of surface roughness on compressor blade

erosion wear. The study reveals the distribution of erosion
wear and wear rate concentration on blades with different
surface roughness, providing valuable references for erosion-
resistant design and protection of turboshaft engine compres-
sor blades.

This section establishes the theoretical model for erosion
wear, revealing the correlation between surface roughness
and erosion wear through parameters such as wear rate and
surface friction coefficient. It specifies the parametric exper-
iments involved in the erosion wear theoretical model, in-
cluding particle velocity measurement experiments and tita-
nium alloy erosion wear experiments, with the experimen-
tal flowchart shown in Fig. 1. The particle velocity measure-
ment experiments primarily consist of selecting the sand par-
ticle size, designing and constructing the experimental ap-
paratus, and acquiring the sand particle trajectory data, ul-
timately enabling the determination of sand particle impact
velocity under different air pressure conditions. The titanium
alloy erosion wear experiment involves preparing test sam-
ples, designing and constructing the experimental appara-
tus, conducting erosion wear experiments, and calculating
wear rates, with subsequent fitting of the experimental data to
achieve the parameterization of the erosion wear theoretical
model.

Erosion wear caused by solid particles to engine blades has
consistently been a serious problem in the field of turbine
engines. Researchers worldwide have proposed numerous
erosion models, including the Tabakoff erosion wear model
(Grant and Tabakoff, 1973), the Finnie erosion wear model
(Finnie, 1960), and the Oka erosion wear model (Oka et
al., 2005). The Tabakoff model integrates particle dynam-
ics, rebound characteristics, and material removal mecha-
nisms, forming an empirical and semi-empirical model es-
tablished through erosion tests on titanium alloy, stainless
steel, and aluminium alloys. This model comprehensively
accounts for interactions at different impact angles, leading
to its widespread application. The present study adopts the
Tabakoff erosion wear model, whose wear rate (E) is ex-
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pressed as follows (Tabakoff et al., 1979):

E=k1F(9)Vp2c0s02[1 —R%]+F(VPN) 1)
o w/2\T?
F(©0)=|1+kokissin 99— 2)
0
Rr=1—k4Vpsind 3)
F (Vpx) = k3(Vpsin®)* )
[ 1.0 ifo <26
e { 0.0 iff > 26y " )

where E is the dimensionless mass (eroded mass divided by
sand particle mass); Vp is the particle velocity; 6 is the ero-
sion angle; 6y is the maximum erosion angle; R is the tan-
gential velocity recovery coefficient of particles; and k1, k2,
k3, k4 and k1, are material constants. Through extensive ex-
perimentation, Tabakoff determined that for titanium alloy
material, the value of k4 is 0.0016 (Tabakoff et al., 1974).
Substituting Egs. (2)—(5) into Eq. (1) yields

2
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Since the tangential velocity recovery coefficient of parti-
cles after impacting the titanium alloy is related to the surface
friction coefficient of the material, the expression for the tan-
gential velocity recovery coefficient is given by (Wedel et al.,
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Combining Egs. (8) and (9) yields
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Combining Eqs. (7) and (10) yields
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where v, is the tangential velocity of the particle before im-
pact, v’ is the tangential velocity of the particle after impact,
vy is the normal velocity of the particle before impact, J; is



the tangential impulse of the particle, J; is the normal im-
pulse of the particle, e is the normal restitution coefficient of
the particle, and u is the surface friction coefficient of the
material.

From Egs. (1) and (11), it can be seen that the erosion rate
E is correlated with the surface friction coefficient w, and
the surface friction coefficient is closely related to the surface
roughness (Jiang et al., 2008). Therefore, it can be inferred
that there is a relationship between surface roughness and the
erosion rate.

Based on existing research, this paper selects SiO» particles
with a mean particle size of 177 pm and a purity of > 99.5 %.
The particle size measurement method adopts the standard
sieve analysis method in compliance with GB/T 6003.1-
2012. To obtain the impact velocity of sand particles strik-
ing the titanium alloy sample, a particle velocity measure-
ment (PIV) experimental setup was constructed, as illustrated
in Fig. 3. The PIV experimental setup comprises a charge-
coupled device (CCD) camera, laser, laser system, data ac-
quisition and analysis system, three-dimensional coordinate
frame, and nozzle. As a non-contact fluid dynamic velocity
measurement technique, PIV can instantaneously measure
both average and instantaneous particle velocities. With ad-
vantages including high accuracy, it has been widely applied
in particle velocity measurement experiments (Cai et al.,
2021b). The experimental procedure was conducted as fol-
lows: with air pressure set at 0.5 MPa, the three-dimensional
coordinate frame was adjusted to ensure proper laser illu-
mination of the sand particle flow region. The CCD cam-
era subsequently captured continuous images of sand parti-
cles from the nozzle exit to a position 30 mm downstream.
Using specialized processing software and cross-correlation
algorithms, the sand particle trajectories were synthesized to
generate the velocity vector field. Through three repeated test
trials, the average impact velocity of sand particles at 30 mm
from the nozzle was determined to be 74.71 ms™!.

An erosion wear experiment bench, as shown in Fig. 4a, was
constructed to obtain the erosion wear of titanium alloy sam-
ples caused by SiO; particles at different impact angles. The
test bench consists of an air compressor, oil-water separator,
precision digital pressure regulating valve, spray gun, and
fixture. Air is pressurized by the compressor to form high-
pressure gas, which then passes through the oil-water separa-
tor to remove moisture. The gas flow rate is controlled by the
precision digital pressure regulating valve, and the gas enters
the spray gun, carrying sand particles that are ejected from

3D laser
guiding arm

Particle
feeding hopper

CCD camera Laser system

Data acquisition 4 o
and analysis system

Experimental process for particle velocity measurement.

the nozzle to erode the titanium alloy sample. To achieve tita-
nium alloy samples with different surface roughness, surface
treatment was performed. First, the titanium alloy plate was
polished using 600-grit and 2000-grit sandpapers to remove
the surface oxide layer. The surface roughness of the polished
specimen was then measured using a TR210 surface rough-
ness tester, yielding an R, value of 0.1 um. Considering the
high hardness of the material, sandblasting was applied to
the titanium alloy samples to obtain different surface rough-
ness. It should be noted that, due to the uncontrollable nature
of the sandblasting equipment, the surface roughness R, of
the treated plates is not absolutely uniform. To reduce mea-
surement error, three measurement points were randomly se-
lected in the eroded region of each titanium alloy specimen,
and their average value was taken as the surface roughness of
the sample.

This study selected surface roughness Ra of 0.1, 3, and
6 um for experimentation. Prior to the experiment, the tita-
nium alloy samples underwent ultrasonic cleaning, drying,
and initial weighing on an analytical balance with 0.1 mg pre-
cision, recorded as M;. After the erosion test, the titanium
alloy samples were again subjected to ultrasonic cleaning,
drying, and a second weighing, recorded as M. The wear
rate was calculated as E = (M — M3)/ My, where M, is the
mass of sand particles. By adjusting the fixture angle and re-
peating the above experimental procedure, erosion wear re-
sults under different impact angles were obtained, as shown
in Fig. 5a. The results demonstrate that the wear rate initially
increases and then decreases with increasing impact angle,
reaching its maximum at 30°. Figure 5b presents the surface
profiles of the titanium alloy with three different roughnesses
after erosion testing at a 30° impact angle. As observed, the
titanium alloy with Ra = 6 um exhibits relatively deep sur-
face pits with significant profile fluctuations, reaching a max-
imum pit depth of 34 um. In comparison, the Ra = 3 ym tita-
nium alloy demonstrates shallower pits with reduced profile
fluctuations and a maximum depth of approximately 18 pm,
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Figure 4. (a) Experimental setup of Ti-6Al-4V alloy erosion wear, (b) erosion of the sample, (¢) ultrasonic cleaning of the sample, (d)
weighing the sample.
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experimental results of erosion wear on titanium alloy samples with Ra = 0.1 ym at different impact angles, (d) experimental results of
erosion wear on titanium alloy samples with Ra = 3 pm at different impact angles.

while the Ra = (.1 um titanium alloy shows even shallower This analysis reveals a correlation between surface roughness
pits with relatively smooth profile variations and a maximum and the depth of erosion-induced pits. Higher surface rough-

depth of about 12 um. The maximum pit depth of the Ra ness indicates a greater distribution of surface asperities and
= 6 um titanium alloy was 88.9 % and 183.3 % greater than valleys. During sand particle impact, the sand particles are
that of the Ra =3 and Ra = 0.1 um samples, respectively. more likely to interact with these irregular structures, result-
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Key parameters of the Tabakoff erosion wear model for
different surface roughness conditions.

K K3 K12 6o

Ra=0.1um 6.132¢-7 6.262e-12 0.04823 30

Ra=3pum 6.732e-7  7.602e-12  0.05384 30

Ra=6um 7.397e-7  9.495e-12  0.06743 30
Air outlet Hub

Interfaces

Stator blades

Rotor blades

Guide blades /

Shroud

The first 1.5-stage compressor model of a certain type of
turboshaft engine.

ing in greater impact forces on localized areas. This leads to
increased material loss and, consequently, deeper pit forma-
tion. Observation results for Ra = 0.1 and Ra = 3 um tita-
nium alloy samples after erosion testing at impact angles of
20, 45, and 90° are presented in Fig. 5c and d, respectively.
Through the fitting of experimental data, key parameters of
the Tabakoff erosion wear model for the three roughnesses
were obtained, as summarized in Table 1.

This section begins by delineating the constituent elements
of the research subject and establishes a three-dimensional
compressor model, as illustrated in Fig. 6. To conduct the
numerical simulation study, the model was discretized using
three distinct types of grids. Experimentally determined pa-
rameters obtained from Sect. 2.2 were incorporated as input
conditions to define the boundary conditions. Finally, to val-
idate the reliability of the adopted numerical approach, the
simulation results were compared with publicly available ex-
perimental data, confirming the effectiveness of the simula-
tion methodology.

This study investigates the first 1.5-stage compressor model
of a turboshaft engine, whose structural composition is

The grid model of a turboshaft engine.

shown in Fig. 6. It mainly includes 18 guide vanes, 16 rotor
blades, 18 stator blades, a casing, and a hub. The guide vanes
function to smoothly direct airflow into the rotor blade re-
gion while minimizing flow losses. The rotor blades transfer
mechanical energy to the airflow through rotation, convert-
ing part of this energy into a pressure increase. The stator
blades further convert the remaining energy from the rotor
blades into additional pressure rise and guide the airflow to
the required inlet direction for the next rotor stage. The cas-
ing serves to protect the internal structure of the compressor
and enhance air compression efficiency, while the hub sup-
ports the rotation of the rotor blades.

Mesh quality is crucial for numerical simulation results. This
study employs O-grid, H-grid, and butterfly grid for dis-
cretizing the compressor model. Specifically, O-grids are ap-
plied around the guide blades, rotor blades, and stator blades
with local refinement to accurately capture sand particle ero-
sion behaviour on blade surfaces. Considering the effects of
tip leakage flow, butterfly grids are utilized in the tip clear-
ance region, while H-grids are adopted for the remaining ar-
eas of the model. The turboshaft engine mesh model is pre-
sented in Fig. 7. To reduce the influence of mesh density on
the simulation results, a grid independence study was con-
ducted prior to the numerical simulations. Under the same
erosion wear model and for the same research object as those
used in this study, it was reported that when the total number
of compressor mesh elements reaches 2.74 million (Yang et
al., 2023a), the average blade erosion wear rate becomes es-
sentially stable. Therefore, this study employs a model con-
taining 2.74 million grids.

The mesh model was imported into the CFD computa-
tional platform, and a gas—solid two-phase flow model of the
compressor was established. Since the internal flow process
of the compressor is highly complex, the following assump-
tions are made to ensure the feasibility and reasonableness
of the simulation: the inlet total pressure was set to the atmo-
spheric pressure of 101 325 Pa, with a total temperature of
288.15 K. The outlet static pressure was determined by solv-



ing the radial equilibrium equation. The compressor blade
surfaces, hub, and casing were configured as adiabatic no-
slip walls. Data transfer between the guide blades and rotor
blades, as well as between the rotor blades and stator blades,
was achieved using the frozen rotor method. The SiO; parti-
cles are treated as an adiabatic discrete phase, and their mo-
tion velocity is governed by the airflow. The particles enter
the compressor randomly from the inlet with the flow, and
their particle size is consistent with that used in the erosion
wear experiments. The k — ¢ turbulence model is employed
for numerical solution. The Tabakoff erosion model was em-
ployed in the analysis software, and the key parameters ob-
tained from the parametric experiments in Sect. 2.2 were in-
put to analyse the interaction between sand particles and the
blades. At the same time, the surface roughness Ra needs
to be converted into the equivalent sand-grain roughness Ks
and incorporated into the wall function in CFX. The rela-
tionship between the surface roughness Ra and the equiva-
lent sand-grain roughness Ks is given as follows (Koch and
Smith, 1976):

Ks = 6.2Ra. (12)

In CFX, the erosion rate E refers to the local erosion rate
on the blade surface, defined as the material removal per unit
area per unit of time, with units of kgm~2s~! (Shah and
Jain, 2007):

p =y U e C ) 1 ©) e
Z=1 S

13)

where mp represents the mass flow rate of particles, C(Rp)
is a function of particle size, f(0) is a function of the impact
angle, A is the velocity exponent, and S denotes the surface
area.

The working medium in the compressor is continuously
flowing high-speed compressible air, and the internal flow
field is a typical locally transonic turbulent flow. The charac-
teristics of the flow field are usually described using numer-
ical discretization methods to solve the continuity equation
and the Reynolds-averaged Navier—Stokes (RANS) equa-
tions. The governing equations are as follows.
Continuity equation:

apU;
e (14)
3Xj

Momentum equations:

dpU;U; ) 9
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where p is the density, U; and U; are the velocity compo-
nents, x; and x; are the spatial coordinates in tensor form,

p is the pressure, T represents the viscous shear stress, R
denotes the Reynolds stress term, and Sy is the generalized
source term in the momentum equations.

The solution of the above momentum equations requires a
turbulence model to close the system of equations. The stan-
dard k — ¢ turbulence model is adopted, and its governing
equations are as follows:

apkU; 9 C.pk?\ oU;
P T e+ 2 ) 2 G — e (16)
0X; 0x; goy, 9x;

dpeUi 9 +Cu,ok2 aU;
ax; 0x; H &0y ax;

Cie€ g2
% Gr — Caep—, (17)
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where k is the turbulent kinetic energy, i is the dynamic vis-
cosity, ¢ is the turbulent dissipation rate, G is the production
term of turbulent kinetic energy, oy is the turbulent Prandtl
number, and Ci¢, Ca¢, Cy, and o, are empirical constants,
which are taken as 1.44, 1.92, 0.09, and 1.3, respectively
(Kamble et al., 2020).

The solid particles in the gas—solid two-phase flow of the
compressor are dilute-phase particles, which can be simu-
lated using a one-way coupled discrete particle model. The
governing equations for particle motion can be expressed as
follows:

dUp 18u CpRe

g(pp—p)
— = U—-Up)+ >+
dt ~ ppd2 24 ( P) op

Fg, (18)

where Up, pp, and dp are the particle velocity, density, and
diameter, respectively; U and p are the gas velocity and den-
sity, respectively; g is the gravitational acceleration; Cp is
the dimensionless drag coefficient; Fp is the sum of external
forces acting on the particle; and Re is the particle relative
Reynolds number.

Through fitting analysis of experimental data, the key param-
eters in the Tabakoff erosion wear theoretical model were
obtained. This method enables quantitative characterization
of particle-wall interaction mechanisms by accurately simu-
lating erosion wear behaviour under actual compressor op-
erating conditions. To validate the model’s reliability, the
Tabakoff research team first optimized the model parameters
by fitting experimental data under specific velocity condi-
tions, then predicted wear rates under different velocity con-
ditions. Comparative results demonstrated strong agreement
between the model predictions and the measured data, fully
verifying the model’s accuracy and applicability in engineer-
ing practice. Furthermore, the numerical simulation results of
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this study were compared with the compressor blade erosion
wear patterns observed by Polish researchers. Under actual
operating conditions, minor discrepancies in erosion wear
distribution exist between the simulated and observed results
due to factors such as non-uniform sand particle sizes and
intake distortion. However, both approaches consistently in-
dicate a higher wear rate characteristic at the leading edge of
the rotor blades. Based on the comprehensive analysis above,
it can be confirmed that the numerical calculation method
employed in this study possesses high accuracy and effec-
tively meets the requirements for analysing gas—solid two-
phase flow phenomena and their fundamental mechanisms.

When the engine operates under different sand particle con-
centration conditions and varying service durations, the im-
pact of sand particles ingested into the engine on the blades
leads to significant variations in local wear, consequently
causing spatial distribution changes in the blade surface
roughness. This paper presents the erosion wear distribution
patterns of the guide blades, rotor blades, and stator blades
under three surface roughness conditions. By examining the
sand particle average volume fraction in the blade flow field,
the underlying causes for the different erosion wear distri-
butions are investigated. The erosion wear extent at typi-
cal blade span positions under different surface roughness is
quantified.

After sand particles enter the compressor, they collide with
the leading edge, pressure surface, and suction surface of
the guide vanes. The erosion wear distribution patterns of
the guide vanes under different surface roughness conditions
are presented in Figs. 9 and 10. Analysis reveals that the
erosion wear exhibits relatively scattered distribution char-

acteristics, with the primary erosion wear area concentrated
near the trailing edge of both the pressure and suction sur-
faces. Furthermore, while the location of the main erosion
wear area does not shift significantly with changes in sur-
face roughness, the area of the erosion wear region shows
a gradual expansion as roughness increases. The underlying
mechanism for these observations can be attributed to three
main factors. First, due to the installation angle of the guide
blades, when particles enter the guide blade passage, a por-
tion of them have an impact on the trailing edge of the blades
and then rebound, subsequently striking the trailing edge re-
gion of adjacent blades. As a result, erosion wear is mainly
concentrated near the trailing edge of the guide blades. Sec-
ond, increased surface roughness enhances the height of sur-
face micro-asperities, promoting more frequent cutting in-
teractions between sand particles and surface peaks, thereby
enlarging the erosion wear area. Finally, the relatively regu-
lar geometric profile of the guide vanes, combined with the
small airflow attack angle at the leading edge region, reduces
the probability of sand particle impact on the leading edge,
resulting in comparatively lower wear rates in this area.

The wear rate concentration values at typical blade span
positions on the pressure surface of the guide blade with dif-
ferent roughness are shown in Fig. 11a—c. The results indi-
cate that when the blade span exceeds 72 %, the wear rate
concentration value in the trailing edge region increases sig-
nificantly. Under different roughness conditions, the distri-
bution curves of wear rate at the typical blade span on the
pressure surface of the guide blades exhibit noticeable fluc-
tuations. This phenomenon stems from the randomness of
sand particle trajectories and spatial distribution. The irregu-
lar motion of sand particles in the flow field leads to non-
uniform impact on the blade surface, consequently result-
ing in the absence of a strict linear proportional relation-
ship between wear rate and surface roughness. The distri-
bution characteristics of the maximum wear rate concentra-
tion values at typical blade span positions on the pressure
surface of the guide blade are presented in Fig. 11d. The fig-
ure shows that the maximum wear rate concentration value
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Figure 9. Erosion wear distribution on the pressure surface of the guide blade for (a) Ra = 0.1 pm, (b) Ra = 3 um, and (¢) Ra = 6 uym.
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Figure 10. Erosion wear distribution on the suction surface of the guide blade for (a) Ra = 0.1 pm, (b) Ra = 3 ym, and (¢) Ra = 6 ym.

increases synchronously with both rising surface roughness
and increasing blade span. This trend aligns well with the
overall wear rate pattern observed in Fig. 9, further validat-
ing the influence of surface roughness on blade wear severity.
Specifically, at 83 % blade span, the maximum wear rate con-
centration value shows a marked increase compared to that
at 72 % blade span, with a 45.2 % increase observed at Ra
= 6 um. Further examination of the maximum wear rate con-
centration values at the 91.5 % blade span position reveals
clear gradient variations across different roughness condi-
tions: at Ra = 0.1 um, the maximum wear rate concentration
valueis 1.81x 107 kg m2s l;atRa=3 um, it increases to
2.16 x 107 %kgm=2 s~ !, representing a 19.3 % increase rel-
ative to Ra = 0.1 um; while at Ra = 6 um, it further rises to
2.77 x 10"®kgm~2s~!, corresponding to a 53.0 % increase
compared to Ra = 0.1 um.

The wear rate concentration values at typical blade span
positions on the suction surface of the guide blade with dif-

Mech. Sci., 17, 593-613, 2026

ferent roughness are shown in Fig. 12a—c. It can be observed
from the figures that when the blade span exceeds 72 %,
the wear rate concentration value in the trailing edge region
shows a significant increasing trend, which is consistent with
the erosion wear characteristics observed in the trailing edge
region of the pressure surface of the guide blade. Further
observation of the wear rate concentration value curves at
the typical blade span reveals a distinct fluctuating distribu-
tion pattern, indicating non-uniform erosion wear distribu-
tion at the same blade span position across different rough-
ness. This phenomenon similarly originates from the ran-
domness of sand particle trajectories and spatial distribution.
The irregular motion of sand particles in the flow field leads
to intermittent and locally concentrated impacts on the suc-
tion surface, resulting in the absence of a strict linear propor-
tional relationship between wear rate and surface roughness.
Specifically, the random distribution of sand particle impacts
creates alternating zones of high and low wear on the suc-

https://doi.org/10.5194/ms-17-593-2026
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tion surface, ultimately manifesting as fluctuating wear rate
characteristics. The distribution characteristics of the maxi-
mum wear rate concentration values at typical blade span po-
sitions on the suction surface of the guide blade are presented
in Fig. 12d. The results demonstrate that the maximum wear
rate concentration value increases synchronously with both
increasing surface roughness and blade span, showing con-
sistency with the overall wear rate trend observed in Fig. 10.
Specifically, at the 91.5 % blade span position on the suction
surface, the maximum wear rate concentration values for Ra
=0.1,Ra=3,and Ra=6umare 2.10 x 107%,2.31 x 1079,
and 2.98 x 107 kgm~2 s~ !, respectively. Compared to Ra =
0.1 um, the maximum wear rate concentration values for Ra
=3 and Ra = 6 um increase by 10.0 % and 41.9 %, respec-
tively. Notably, when Ra = 6 um, the maximum wear rate
concentration value on the suction surface is 7.6 % higher
than that on the pressure surface, suggesting that the suction
surface trailing edge region may become a more critical wear
area under high roughness conditions.

The primary function of the rotor blades is to transfer energy
to the airflow through mechanical work, thereby increasing
both the kinetic energy and pressure of the airflow. After
passing through the guide blade passage, sand particles en-
ter the rotor blade region. Influenced by both the outlet flow
direction from the guide blades and the rotation of the ro-
tor blades, their trajectories deflect, initially impacting the
pressure surface of the rotor blades. The erosion wear distri-
bution on the pressure surface of the rotor blade is shown in
Fig. 13, with concentrations primarily observed at the lead-
ing edge, blade tip, and pressure surface. Specifically, the ro-
tating flow generated by the high-speed rotation of the ro-
tor blades causes particles to migrate towards the blade tip,
while their velocity is further increased. As a result, the ero-
sion wear on the leading edge and pressure surface shows
an increasing trend from the blade root to the blade tip. The
concentrated erosion wear areas are mainly distributed at the
leading edge and mid-chord of the 81 % blade span, and at
the mid-chord of the 75 % blade span. Notably, the locations
of these concentrated erosion wear areas do not shift sig-

nificantly with changes in surface roughness; however, the
erosion wear area expands outward as roughness increases.
At the 96 % blade span position on the pressure surface of
the rotor blade, erosion wear is relatively concentrated at the
leading and trailing edges, while being more dispersed in
the mid-chord region. This phenomenon is closely related to
sand particles carried by the tip leakage flow passing through
the rotor blades. Additionally, influenced by the shielding ef-
fect of the guide blade trailing edge, a banded region with
low erosion wear forms on the pressure surface of the rotor
blade.

An in-depth investigation of sand particle distribution
characteristics in the blade flow field contributes to a more
precise revelation of the formation mechanisms of blade ero-
sion wear. The sand particle average volume fraction refers
to the ratio of the particle volume to the total volume in a
given spatial region. The sand particle average volume frac-
tions in the flow field at 81 % and 88 % blade span were
extracted, with their distribution characteristics shown in
Figs. 14 and 15, respectively. Figure 14 demonstrates that the
sand particle average volume fraction in the 81 % blade span
flow field increases significantly with rising surface rough-
ness. The enhanced sand particle accumulation near the blade
wall intensifies local impact frequency, consequently elevat-
ing the degree of blade erosion wear. Figure 15 reveals that
the sand particle average volume fractions at 88 % blade span
show an increasing trend with roughness, while the contact
length between sand particles and blade wall extends, lead-
ing to a gradual expansion of the erosion wear area. Further-
more, after impacting the pressure surface, most sand parti-
cles follow the airflow into the stator blade domain, with only
a small fraction rebounding to strike the suction surface. Due
to the relatively minimal erosion wear on the suction surface,
this study does not provide a detailed analysis of the suction
surface of the rotor blade erosion wear.

The wear rate concentration values at typical blade span
positions on the pressure surface of the rotor blade with dif-
ferent roughness are shown in Fig. 16a—c. The results in-
dicate that for all three roughness conditions, the wear rate
primarily concentrates at the leading edge and mid-chord of
the 81 % blade span, and at the mid-chord of the 75 % blade
span. In contrast, the wear rate concentration values in the
mid-chord region of the 96 % blade span remain relatively
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Figure 14. The sand particle average volume fraction at 81 % span of the rotor blades for (a) Ra = 0.1 um, (b) Ra = 3 ym, and (¢) Ra = 6 um.
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Figure 15. The sand particle average volume fraction at 88 % span of the rotor blades for (a) Ra = 0.1 pm, (b) Ra = 3 um, and (¢) Ra = 6 um.

low. This phenomenon occurs because while the centrifugal
force generated by high-speed rotation drives sand particles
towards the blade tip region, the clearance between the blade
tip and casing allows some sand particles to pass through
without directly affecting the blade surface, thereby reducing
both the sand particle impact probability and wear severity
in the mid-chord tip region. Although the overall wear rate is
low, a few nodes at the leading and trailing edges of the 96 %
blade span show relatively high wear rate concentration val-
ues, which are closely related to the local high-velocity par-
ticle flow formed by sand particles carried by the tip leakage
flow. Notably, the primary erosion wear areas on the pres-
sure surface of the rotor blade do not shift significantly with
changes in surface roughness, and the distribution character-
istics of the low-wear region near the mid-chord of the 96 %
blade span remain consistently stable. These observations
align with the distribution pattern observed in Fig. 13, where
wear concentrates at the leading edge and mid-chord of the
81 % blade span and the mid-chord of the 75 % blade span.
The distribution characteristics of the maximum wear rate
concentration values at typical blade span positions on the
pressure surface of the rotor blade are presented in Fig. 16d.
The results demonstrate that under all three roughness con-
ditions, the maximum wear rate concentration values on the

https://doi.org/10.5194/ms-17-593-2026

pressure surface of the rotor blade increase with rising blade
span, and at the same blade span position, the values ele-
vate with increasing surface roughness. Specifically, when
the blade span increases from 63.5 % to 75 %, the maximum
wear rate concentration value under Ra = 6 um conditions
shows a significant jump, increasing by 80.2 % compared to
the value at the 63.5 % blade span position. At the 81 % blade
span position, the maximum wear rate concentration value
forRa= 0.1 umis 5.30x 1077 kgm~2 s~ !. When the rough-
ness increases to 3 and 6 um, the maximum wear rate concen-
tration values on the pressure surface of the rotor blade be-
come 6.82 x 10~7 and 1.31 x 107© kgm~2s~!, respectively.
Compared to Ra = 0.1 pm, the maximum wear rate concen-
tration values for Ra = 3 and Ra = 6 pm increase by 28.7 %
and 147.2 %, respectively. These data quantitatively reveal
a non-linear positive correlation between surface roughness
and wear rate. The increase in roughness not only enhances
the contact probability between sand particles and the blade
surface, intensifying friction and tangential interactions, but
may also enhance the impact kinetic energy of sand particles
by altering the local flow field structure, thereby aggravating
erosion wear.

Mech. Sci., 17, 593-613, 2026
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4.3 Influence of surface roughness on the stator blade

erosion wear

The primary function of the stator blades is to guide the
flow direction of the gas compressed by the rotor blades,
and structural alterations can directly affect compressor ef-

Mech. Sci., 17, 593-613, 2026

ficiency. After impacting the pressure surface of the rotor
blades, the particles rebound and are carried by the high-
speed airflow into the stator passages. Most particles are
driven by the flow field to migrate towards the upper part of
the blade passage, and subsequently impact the suction sur-
face and leading edge region of the stator blades at relatively

https://doi.org/10.5194/ms-17-593-2026
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high velocities. As a result, the erosion wear distribution of
the stator blades exhibits variations along the blade span. The
erosion wear distribution on the suction surface of the sta-
tor blade is shown in Fig. 17. The erosion wear is primarily
concentrated near the leading edge above 60 % blade span,
while the wear severity in the trailing edge region remains
relatively low. This phenomenon is closely related to the sig-
nificant curvature of the stator blade structure. The curved
structure causes abrupt changes in airflow direction at the
trailing edge region, reducing the probability of sand parti-
cle impact in this area. Specifically, after rebounding from
the concentrated erosion wear areas on the pressure surface
of the rotor blade, sand particles continue their motion in the
stator blade passage and impact the region near the leading
edge of the suction surface, resulting in a relatively concen-
trated erosion wear area around the leading edge at 72.5 %
blade span. Notably, as surface roughness increases, the con-
centrated erosion wear area location on the suction surface
of the stator blade remains unchanged. However, the erosion
wear area expands outward due to the enlarged interaction
range between sand particles and the blade wall. Further-
more, some sand particles undergo secondary rebound after
impacting the suction surface of the stator blade and sub-
sequently strike the pressure surface of the adjacent stator
blades. The erosion wear distribution on the pressure sur-
face of the stator blade is shown in Fig. 18. The erosion wear
mainly occurs in regions above 77 % blade span, with a dis-
tinct concentrated erosion wear area forming at 87 % blade
span. Similar to the suction surface, the concentrated erosion
wear area location on the pressure surface does not shift with
roughness variations, but the erosion wear area gradually ex-
pands as roughness increases.

The sand particle average volume fractions in the flow
field at 72.5% and 77 % blade span were extracted, with
their distribution characteristics shown in Figs. 19 and 20,
respectively. Figure 19 indicates that sand particles in the
72.5 % blade span region directly impact the suction sur-
face of the stator blade, causing significant erosion wear.

As surface roughness increases, the contact length between
sand particles and the blade wall extends significantly, lead-
ing to a gradual expansion of the erosion wear area. This
phenomenon is closely related to the curved structure of the
stator blade. The curved structure causes sand particles to
rebound after impacting the suction surface, while minimal
sand particle accumulation occurs on the pressure surface
side due to airflow direction adjustment, resulting in a rela-
tively low sand particle average volume fraction on the pres-
sure surface. Figure 20 shows a distribution of the sand par-
ticle average volume fraction on the pressure surface of the
stator blade at 77 % blade span. This is attributed to the sec-
ondary rebound of some sand particles after impacting the
suction surface, causing them to re-enter the flow passage on
the pressure surface side. The trajectories of sand particles
rebounding from the suction surface exhibit significant ra-
dial deflection characteristics, determined collectively by the
sand particle impact angle and the stator blade structure. Fur-
ther observation reveals that when the surface roughness Ra
increases from 0.1 to 6 ym, the contact length between sand
particles and the pressure surface wall increases, directly re-
sulting in an expansion of the erosion wear area.

The wear rate concentration values at typical blade span
positions on the suction surface of the stator blade with dif-
ferent roughness are shown in Figs. 21a-22c. It can be ob-
served that the erosion wear is mainly concentrated in the
region near the leading edge at 72.5 % blade span. This dis-
tribution pattern aligns with the observation in Fig. 17, which
indicates erosion wear near the leading edge above 60 %
blade span on the suction surface of the stator blade. Fur-
ther examination of the wear rate variation trends at different
blade span positions reveals that at 72.5 %, 77 %, 82 %, and
92 % blade span locations, the wear rate distribution from
leading edge to trailing edge initially increases and then de-
creases, with nearly zero wear rate concentration values in
the trailing edge region. This demonstrates that the curved
structure causes abrupt changes in airflow direction at the
trailing edge area, altering sand particle trajectories and ef-
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Figure 19. The sand particle average volume fraction at 72.5 % span of the stator blades for (a) Ra = 0.1 um, (b) Ra = 3 um, and (c) Ra

= 6um.
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Figure 20. The sand particle average volume fraction at 77 % span of the stator blades for (a) Ra = 0.1 um, (b) Ra =3 um, and (c) Ra

=6um.

fectively reducing the impact probability between sand par-
ticles and the blade surface. Notably, the concentrated ero-
sion wear areas positioned on the suction surface of the sta-
tor blade do not shift significantly with changes in surface
roughness, indicating that sand particle trajectories and im-
pact angles on the suction surface are primarily determined
by the flow field structure rather than surface roughness. The
distribution characteristics of the maximum wear rate con-
centration values at typical blade span positions on the suc-
tion surface of the stator blade are presented in Fig. 21d.
The results show that under all three roughness conditions,
the maximum wear rate concentration value peaks at the
72.5 % blade span position. This phenomenon is closely re-
lated to sand particle trajectories between the rotor and sta-
tor blades: after rebounding from concentrated impact ar-
eas on the pressure surface of the rotor blade, sand parti-
cles follow the main flow into the stator blade passage and
undergo secondary impact near the leading edge at 72.5 %
blade span on the suction surface of the stator blade, mak-
ing this region the concentrated erosion wear area. Fur-
ther analysis at the 77 % blade span position shows that
when Ra = 0.1 um, the maximum wear rate concentration
value is 5.27 x 10~ kgm~2 s~!. When Ra increases to 3 and
6 um, the maximum wear rate concentration values become
7.48 x 1077 and 9.57 x 10~" kgm~—2 s~ !, respectively. Com-
pared to Ra = (0.1 um, the maximum wear rate concentration
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values for Ra =3 and Ra = 6 um increase by 41.9 % and
81.6 %, respectively. It is noteworthy that at Ra = 6 um, the
maximum wear rate concentration values on the suction sur-
face of the stator blade are 39.8 % lower than those on the
pressure surface of the rotor blade, indicating significantly
more severe erosion wear on the pressure surface of the ro-
tor blade under high roughness conditions. This difference
primarily stems from the centrifugal effect generated by the
rotor blade rotation and the influence of tip leakage flow on
sand particle trajectories, while the relatively stable airflow
in the stator blade passage results in relatively lower sand
particle impact energy (Yang et al., 2023a; Li et al., 2021).
The wear rate concentration values at typical blade span
positions on the pressure surface of the stator blade with dif-
ferent roughness are shown in Fig. 22a—c. The results indi-
cate that the erosion wear regions are primarily distributed
above 77 % blade span, with significant erosion wear ob-
served from the leading edge to the trailing edge. This distri-
bution pattern aligns with the observation in Fig. 18, which
shows continuous erosion wear from the leading edge to the
trailing edge above 77 % blade span on the pressure surface
of the stator blade. Specifically, the wear rate variation trends
differ across blade span positions. At the 82 % blade span lo-
cation, the wear rate gradually decreases from the leading
edge towards the trailing edge. In contrast, at the 87 % and
92 % blade span positions, the wear rate initially increases
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and then decreases along the same direction. The distribu-
tion characteristics of the maximum wear rate concentration
values at typical blade span positions on the pressure sur-
face of the stator blade are presented in Fig. 22d. The analy-
sis reveals two key distribution features: first, relatively high
wear rate concentration values are observed at the 77 % blade
span position, which is closely related to sand particle re-
bound trajectories in the stator passage. The sand particles
impacting the 72.5 % blade span region of the suction surface
of the stator blade rebound and subsequently strike near the
77 % blade span of the pressure surface on the adjacent blade,
making this area a concentrated erosion wear area. Second,
the wear rate concentration values increase significantly at
the 92 % blade span position, primarily due to sand parti-
cle accumulation towards the blade tip region under centrifu-
gal force effects, resulting in substantially elevated wear rate
concentration values. Regarding specific data, at the 77 %
blade span position, the maximum wear rate concentration
values under the three roughness conditions show significant
gradients. When Ra = 0.1 ym, the maximum wear rate con-
centration value is 3.07 x 107 kg m2s ! atRa=3 um, it
increases to 4.32 x 1077 kg m~2s~!, representing a 40.7 %
increase compared to Ra = 0.1 um; while at Ra = 6 um, it
further rises to 5.86 x 107" kgm~2s~!, corresponding to a
90.9 % increase relative to Ra = 0.1 um. Additionally, at Ra
= 6 um, the maximum wear rate concentration values on the

suction surface of the stator blade are 14.9 % higher than
those on the pressure surface.

1. In the erosion wear experiments conducted at impact
angles ranging from O to 90°, the impact angle that re-
sulted in the highest wear rate for titanium alloy with
different surface roughness was found to be 30°. At this
impact angle, the maximum erosion depth of the tita-
nium alloy with Ra = 6 um increased by 88.9 % and
183.3 % compared to those with Ra = 0.1 um and Ra
= 3 um, respectively. Meanwhile, the numerically simu-
lated distribution of blade erosive wear is in good agree-
ment with the experimentally observed results, which
verifies that the Tabakoff model and the established nu-
merical method are applicable to investigating the ef-
fects of surface roughness on the erosive wear charac-
teristics of compressor blades.

2. The erosion rate of blades with a surface roughness
of 6 um is significantly higher than that of blades with
a roughness of 0.1 um. When the roughness increases
from 0.1 to 6 um, the wear rate concentration value at
91.5 % blade span of the guide blade rises by 53.0 %,
the value at 81 % blade span of the rotor blade increases
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by 147.2 %, and the value at 77 % blade span of the sta-
tor blade goes up by 90.9 %. Surface roughness has the
greatest impact on the erosion wear of the rotor blade,
followed by the stator blade, and the least on the guide
blade. The location of the concentrated erosion wear
area does not shift significantly with changes in rough-
ness.

3. The findings obtained in this study can provide a basis
for the erosion wear assessment of compressor blades
at different service stages. This paper mainly focuses
on the influence of a single sand particle size and shape
on blades with different roughness. In future research,
the combined effects of particle size, particle morphol-
ogy, particle concentration, and other factors on the ero-
sive wear characteristics of blades with various surface
roughness can be investigated.
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