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ABSTRACT 

Particles in Marine diesel exhaust can cause the 
impeller blades to wear, thus reducing its efficiency 
and service life. In order to elucidate this wear 
mechanism, a prediction model applicable to the wear 
behavior of the impeller blades is developed based on 
the Euler-Lagrange method and the Finnie wear model. 
On this basis, the effects of parameters such as opening, 
particle size, and surface roughness on blade wear 
behavior and flow field after wear are analyzed. The 
results show that the small and large particles mainly 
flow through from the side of pressure surface and the 
tip clearance, respectively. The wear area of the 
impeller blade is mainly distributed in the trailing-side 
and rim-side of the pressure surface. The more serious 
the wear behavior, the greater the surface roughness, 
the greater the thickness of the boundary layer, and the 
lower the operating efficiency of the turbine. This work 
provides a guidance for the further design of marine 
diesel engines and has significant engineering 
implications. 

INTRODUCTION 
Green, environmental protection, and low carbon 

have become mainstream in global social development 
and economic growth nowadays, imposing higher 
requirements on emissions.  
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The turbocharger is an important component of a 
marine diesel engine, which can raise the average 
intake pressure into the engine and increase the intake 
volume, thereby improving the efficiency of ships' 
diesel engines, so turbocharging technology is widely 
employed (Huang et al., 2020; Feneley et al., 2016; 
Gao et al., 2022). The turbocharger is a crucial 
component of a marine diesel engine. It increases the 
intake pressure and volume, improving the efficiency 
and reducing fuel consumption. However, fixed-
section turbochargers have a slow response. Variable 
mixed-flow turbochargers are being researched as a 
solution to this problem and are gaining popularity in 
the power field (Wang et al., 2021). 

Many disassembly and diagnostic tests have 
shown that the impeller blade surface will experience 
wear phenomenon due to the impact of solid particles 
in the exhaust gas, resulting in an increase in blade 
surface roughness and a decrease in operating 
efficiency. Marine transportation accounts for more 
than 90% of the global trade transportation and high oil 
consumption (Ahad et al., 2021), so ensuring the 
operational efficiency of marine diesel engines has a 
significant engineering and economic value.  

Some important literature on structural wear 
behavior due to the impact of particles is listed below. 
Shanov and Tabakoff (1996)  studied the corrosion 
behavior of particles on coated metals and to analyze 
the effects of particle impact angle, particle mass, and 
particle velocity on the wear rate. Hamed et al. (2005)  
showed that both the erosion rate and surface 
roughness improved with the increase in particle 
impact angle and particle size. Evstifeev et al. (2018) 
considered the effect of different flow rates and particle 
sizes on particle erosion, evaluated the erosion 
resistance of blade materials, and fitted the relationship 
between critical particle velocity and particle size. 
Panakarajupally et al. (2021) showed that the erosion 
rate rises with the increase in particle velocity, particle 
size, and temperature. Cai et al. (2015) found that 
boride coatings should be used as wear-resistant 
coatings for solid particle corrosion problems on 
turbine blades. Lin et al. (2018) found that the effect of 
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particle shape on the erosion rate was greater than that 
of particle size. Azimian and Bart (2016) studied 
particle wear from turbine combustion and analyzed 
the effects of rotor speed, input mass flow rate, and 
particle size.Xiao et al. (2017) studied the erosion of 
thermal barrier coatings by solid particles in a gas 
turbine through numerical simulations and found that 
turbine outlet pressure, coating thickness, and rotor 
speed were the key parameters affecting the reliability 
of the coating. Gao et al. (2022) used a CFD-DPM 
computational model to consider the effects of fluid-
particle interactions and turbulence on particle 
trajectories, and also investigated the maximum 
erosion location and erosion rate of the turbine blades 
for different particle sizes, particle concentrations, and 
particle shape factors. Biglarian et al. (2019) 
numerically analyzed the wear location of the impeller 
at high temperature and pressure based on the Finnie 
model and found that the wear rate at the root of the 
impeller was high and in good agreement with the 
experiment, while showing that the Finnie model has 
good agreement in predicting the wear region of 
compressors with similar operating conditions. Finnie 
(1960) experimentally investigated the wear 
mechanism of rigid particles impacting on plastics and 
gave mathematical expressions for the wear rate versus 
particle impact velocity and angle. Wang et al., (2023) 
revealed the correlation between particle volume 
concentration, leakage vortex at the impeller top 
clearance and surface wear patterns of over-flow 
components in a semi-open impeller centrifugal pump 
under solid-liquid two-phase flow conditions based on 
the Eulerian-Lagrangian method and the Finnie wear 
model. 

Through the review of the above literature, it can 
be found that (i) few scholars have studied the impact 
wear behavior of marine exhaust particles on impeller 
blades in turbines, which restricts the further 
optimization design of marine diesel engines; (ii) there 
is not yet a reasonable prediction model applicable to 
the characterization of the wear behavior of impeller 
blades impacted by marine exhaust particles. Therefore, 
this work intends to take the impeller blades in the 
variable mixed-flow turbocharger as the research 
object and develop a reasonable prediction model to 
study the wear behavior of the blades after being 
impacted by the exhaust particles, so as to provide 
design guidance for the further optimization of marine 
diesel engines. 

The organization of this work is listed below. In 
Section 2, an erosive wear model for exhaust particles 
is developed. In Section 3, geometric and finite 
element models of variable mixed-flow turbine are 
built, and some corresponding boundary conditions are 
given. In Section 4, the effects of opening and surface 
roughness on the wear behavior and related flow field 
performance of impeller blades are discussed. Finally, 
some key conclusions are given in Section 5. 

Development of erosive wear model for 
exhaust particles 

Basic assumptions for particles 
The particle size of marine diesel engine 

emissions ranges from several nanometers to several 
micrometers, the particle size distribution is 
approximately log-normal, and the particle modes 
include nucleation, accumulation, and coarse grains  
(Zhang et al., 2021; Feneley et al., 2016; Gao et al., 
2022). In the first two modes, the particle size is 
generally less than 1 μm, so the particles in this work 
are mainly coarse particles (1-10 μm), which are 
composed of carbonaceous particles and mineral ash 
(Moldanoy et al., 2009; Ushakov et al., 2013; 
Francesco and Claudia, 2015; Zhou, 2019). 

The exhaust gas produced during the operation of 
marine diesel engines contains fewer particles and the 
volume fraction of particles is much lower than 10%, 
which is a dilute phase flow. in this paper, the Euler-
Lagrange method is proposed to simulate the particle 
operation (Sulaiman et al., 2019; Liu 2020).  this 
basis, the following assumptions are introduced 
(Kasbaoui et al.,2019., Li et al., 2023):  

(i) Due to the low content of solid particles, the 
effect of particles on the flow field can be neglected, 
and the single-phase coupling method is used. 

(ii) Ignoring the rotation, agglomeration, breakup 
and collision between the particles. 

(iii) The particles are treated as spherical particles, 
and the geometry change of the wall surface due to 
particle impact is not considered, i.e., the working 
condition is set as a steady-state simulation. 

Motion equation and wear model for particles 
(i) Motion equation 
The motion equation for the particle can be 

expressed as (Hamed et al., 2005): 
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where, pv  and fv  are the velocities of particle and gas 

respectively; pρ and fρ are the density of particle and 
gas, respectively; g is the acceleration of gravity. The 
first term of the right equation in Eq. (1) is the drag 
force per unit mass of particle; the second term in Eq. 
(1) is the difference between gravity and buoyancy 
force per unit mass of the particle; xF  is the sum of 
other forces on the particle, including Saffman lift, 
Brownian force, and other additional forces. 

(ii) Wear model 
The erosion mechanism of solid particles on the 

wall is very complex, which is mainly reflected in two 
aspects: (1) erosion rate is related to the impact velocity, 
angle and physical properties of particles; (2) The 
erosion rate is related to the stiffness, ductility and 
roughness of the wall material. 

In this work, the Finnie model (Finnie, 1960) is 
chosen to study the erosive wear behavior of particles 
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on the blade, which reflects the relationship between 
the impact velocity and angle of the particles and the 
erosion rate of the blade surface with the following 
expressions: 

      ( )2
pE kv f γ=               (2) 

Where E is the dimensionless mass; k is a constant; pv  
is the particle impact velocity; γ  is the impact angle 
and ( )f γ  is a dimensionless function of the impact 
angle, which can be expressed as: 
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Then, the wear amount can be calculated as: 
e p pm EN m=                 (4) 

where pm  is the particle mass flow rate; pN  is the 
number of particles that hit the wall surface. 

Surface roughness model 
Surface roughness refers to surface unevenness 

due to machining or other factors. In this paper, for the 
treatment of surface roughness of nozzle ring and 
impeller blade, CFX software, wall function method, 
and equivalent sand roughness model are proposed to 
be used. 

The logarithmic relationship for the near wall 
velocity is as follows： 

𝑢𝑢+ = 𝑈𝑈𝑡𝑡
𝑢𝑢𝜏𝜏

= 1
𝜅𝜅
𝑙𝑙𝑙𝑙(𝑦𝑦+) + 𝐶𝐶               (5) 

where 
yu

y τρ
µ

+ ∆
=                 (6) 

𝑢𝑢𝜏𝜏 = �
𝜏𝜏𝑤𝑤
𝜌𝜌

                 (7) 

where +u  is the near-wall velocity; 
τu  is the friction 

velocity;𝑈𝑈𝜏𝜏 is the known tangential velocity at the 
distance y∆  from the wall; y+  is the dimensionless 
distance from the wall; 𝜏𝜏𝑤𝑤is the wall shear stress; 𝜅𝜅is 
the Von Karman constant; C is the logarithmic layer 
constant, depending on the wall roughness; ρ is the 
density. 

The roughness of the wall surface can 
significantly increase the degree of near-wall 
turbulence and can in turn cause an increase in the heat 
transfer coefficient and shear stress at the wall surface. 
Therefore, in order to make the effect of surface 
roughness coincide better with the experimental results, 
the effect of roughness is considered in CFX software 
using the following relation: 

( )t 1 ln
U

u y B B
uτ κ

+ += = + − ∆         (8) 

where B = 5.2 and the offset B∆  can be expressed as: 
𝛥𝛥𝛥𝛥 = 1

𝜅𝜅
𝑙𝑙𝑙𝑙�1 + 0.3𝑘𝑘�𝑠𝑠�           (9) 

Where the relationship between the equivalent 
sand grain roughness sk  and the modified sand grain 
roughness 𝑘𝑘�𝑠𝑠 can be written as: 

𝑘𝑘�𝑠𝑠 = 𝑘𝑘𝑠𝑠𝑢𝑢�𝜏𝜏
𝜈𝜈

                  (10) 
whereν  is the fluid kinematic viscosity. 

In addition, the relationship between the 
equivalent sand roughness sk and the geometric mean 
roughness aR can be expressed as (Mirko et al., 2011; 
Koch and Smith, 1976): 

𝑘𝑘𝑠𝑠 = 6.2𝑅𝑅𝑎𝑎                (11) 

NUMERICAL SIMULATION 
SETTINGS 

Geometric and finite element models of variable 
mixed-flow turbine 

In this work, the turbine end of variable mixed-
flow turbocharger (see Figure 1(a)) is numerically 
analyzed. The geometric model is shown in Figure 1(b), 
including the inlet tract, volute, impeller, and blades of 
nozzle ring (named b1 to b24 according to the 
clockwise direction), and its main geometric 
parameters are listed in Table 1. The variable turbine 
opening range is 0%, 25%, 50%, 75%, and 100%, 
where 0% opening represents the case of the smallest 
nozzle ring throat area, i.e. the shortest distance 
between the throats, and 100% opening represents the 
case when the nozzle ring is at the maximum throat 
area. Opening increases with the diesel engine 
operating load, matching the engine under different 
operating conditions. 

For the inlet tract and volute of the turbine, it is 
proposed to use a tetrahedral mesh to mesh them, due 
to their irregular structure and large curvature variation 
along the circumference; for the nozzle ring and 
impeller, a professional turbine blade channel meshing 
software Turbogrid is used to mesh them hexahedrally 
and encrypt the blade surface and the tip clearance, as 
shown in Figure 1 (c) and (d). 

Generally, the more the number of meshes, the 
more accurate the calculation results of the model are, 
but the correspondingly more computational resources 
are required. In order to ensure the accuracy of the 
calculation results while avoiding the need for 
excessive computational resources, the meshes are 
verified to be irrelevant. Taking the turbine at 25% 
opening and 30000 r/min speed as an example, the 
single-channel model is simulated when the grid 
numbers are 1.46 million, 1.94 million, 2.4 million, and 
3.05 million, respectively. The calculation results are 
shown in Table 2. Obviously, after the grid number 
reaches to 2.4 million, the calculation result of each 
parameter basically tends to be stable. Therefore, 
considering the calculation accuracy and calculation 
volume, the grid number of about 2.4 million for 
calculation is intended to choose in this work. 
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Fig. 1. (a) Schematic of variable mixed-flow turbocharger, (b) geometric model of turbine, (c) mesh model of nozzle ring, 
and (d) mesh model of impeller. 

Table 1. Main geometrical parameters of turbine 

Parameters Value 
Number of blades of nozzle ring 24 

Number of impeller blades 12 
Radius of air inlet (mm) 64.0 

Radius of air outlet (mm) 91.0 
Inlet radius of nozzle ring (mm) 132.0 

Outlet radius of nozzle ring (mm) 106.0 
Leaf top clearance of impeller (mm) 1.0 

Table 2. Grid-independence verification 

No. of grids Efficiency Outlet flow (kg/s) 
1460000 76.58% 0.9745 
1940000 75.83% 0.9669 
2400000 75.62% 0.9627 
3050000 75.65% 0.9631 

Boundary condition settings 
The working medium of the turbine is continuous 

high-speed compressible air, which contains exhaust 
gases and particulate matter from fuel combustion, and 
the flow field inside it is typical of turbulent flow. 
Therefore, in this work, the Reynolds-averaged 
Navier-Stokes equations and the SST turbulence 
model are used, where the turbulent shear stress is 
considered by the SST model, which is suitable for 
flow simulations containing inverse pressure 
gradients(Smirnov and Menter, 2005). 

On the basis of the above model, the following 

boundary conditions are set according to the actual 
working conditions of the turbocharger: 

(i) Continuous phase: turbine inlet is set to total 
temperature and pressure, outlet is set to atmospheric 
pressure, airflow inlet direction is vertical turbine inlet 
interface, turbulence intensity is defined as the ratio of 
turbulent pulsation velocity to mean velocity. All solid 
wall surfaces are smooth and adiabatic, with no-slip 
velocity boundary. At the intersection of the stationary 
and rotating regions inside the turbine, the frozen rotor 
boundary condition is used, and the mixed intersection 
is used for the other intersections. 

(ii) Particle phase: At the turbine inlet, the slip 
velocity of the particles is zero, i.e. the incident 
velocity of the particles is the same as the inlet velocity 
of the airflow, and the particles enter perpendicular to 
the turbine inlet with random position. The particles 
are soot particles produced by the combustion of 
marine diesel engines; therefore, the density is set to 
2000 kg/m3, the diameter distribution range is set to 
1~10 μm, the inlet mass flow rate is set to 1×10-3 g/kg, 
and the number is set to 5000. It should be noted that 
5000 is not the actual number of particles, but only the 
degree of refinement of their spatial distribution. 

Surface roughness settings 
During actual operation, the percentage of turbine 

running time under different openings within a certain 
phase is not fixed, but varies with the actual situation. 
Referring to the weighting coefficients used for the test 
cycle of the constant-speed marine main engine in the 
specification "Guidelines for Testing and Investigating 
the Emission of Nitrogen Oxides from Marine Diesel 
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Engines (2011 Edition)", the percentage of turbine at 
different openings is set as shown in Table 3. 

In order to analyze and compare the effect of 
different surface roughness on the turbine operation 
under different openings, the turbine operation time is 
set as 1000h, 2000h, 3000h, 4000h and 5000h, and the 
surface roughness under different operation time is 
calculated by the wear rate of nozzle ring and impeller 
blade obtained from the numerical simulation of 
ANSYS, and the surface roughness is calculated 
differently due to the wear of each nozzle ring and each 
impeller blade, so the average is taken to set the 
geometrically averaged roughness Ra, as shown in 
Table 4. 

Table 3. Running time distribution of different turbine 
openings 

Opening 100% 75% 50% 25% 0% 

Weighting 
factor 0.2 0.3 0.3 0.1 0.1 

Table 4. Surface roughness at different running times 

Running 
time (h) 1000 2000 3000 4000 5000 

Ra (μm) 51 103 154 205 257 

RESULTS AND DISCUSSIONS 

Verification of the prediction model 
Based on the particle erosion wear test on 90° 

bends in the literature (Chen 2004), the same 
geometrical model of the bends is established, and the 
numerical simulation of particle erosion wear is 
carried out using the Finnie wear model, and the 
simulation results are compared and analyzed with the 
experimental data in the literature. 

The test setup consists of a compressor, a flow 
meter, a test part and a pipe, simplified as shown in 
Fig.2(a). The test part, shown in Fig.2(b), is a 90° bend 
with a diameter of the bend D = 25.4 mm and a radius 
of the bent section r = 38.1 mm. The measurement 
position of wear is shown in the bent pipe section 
marked by the circle in Fig.2(c), α is the angle of the 
bend (0~90°), and 7 measurement points are selected 
at 10° intervals in the measurement position of wear. 

In the experiment, a profilometer is used to 
measure the surface profile before and after the erosion 
test at the same location to determine the local 
thickness loss, the experiment is carried out three times, 
and the experimental results are averaged, in order to 
ensure the stability of the flow field calculation in the 
process of numerical solution and to facilitate the 
convergence, respectively, the inlet and outlet sections 
of the bend are extended, and the extension length is 
L=76.2mm, and the geometrical model of the bend is 
shown in Fig.2(d). 

 

Fig.2. Experimental diagram of test and simulation：（a）Simplified diagram of experimental apparatus; (b) Test 
components ;(c) Measurement positions ; (d) Geometric model of elbow. 
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As can be seen in Fig.3, the overall agreement 
between the numerical simulation results and the 
experimental results is high, indicating the accuracy of 
the calculated results of the adopted wear model. 

 
Fig.3. Comparison of simulated and 

experimental normalized erosion. 

Effect of opening on the flow field of impeller blades 
Figure 4 shows the Mach number distribution and 

streamline diagram of impeller blades at 50% blade 
height under different openings. 

From Fig.4 (a1, b1, and c1), it can be seen that as 
the opening increases, the airflow undergoes 
expansion and acceleration in the impeller channel. 
When the air enters the impeller and is squeezed by its 
pressure surface, a vortex separation zone is formed at 
the suction front edge, and a low-speed zone is formed 
at the pressure front edge. With the increase of the 
opening, the low-speed zone decreases gradually and 
shifts to the leading-edge of the blade, and the vortex 
separation zone decreases gradually until it disappears. 
The reason is that, with the increase of the opening, the 
angle between the trailing-edge of the nozzle ring and 
the leading-edge of the blade gradually decreases, 
making the positive inlet air attack angle is reduced, 
the airflow distribution is more uniform, and the 
airflow streamline is closer to the blade surface. 

Fig.4. Mach number distribution and streamline diagram of impeller blades at 50% blade height under different openings.

It can be seen from Fig.4 (a2, b2, and c2) that 
when the opening is small, part of the airflow needs to 
bypass the leading-edge of the blade to reach the side 

of suction surface. With the increase of the opening, 
this phenomenon is relieved. In fact, this is also the 
reason why the airflow forms a vortex separation zone 
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at the edge of the suction surface. The presence of low-
speed zone and vortex separation zone at the leading-
edge of the blade increases the flow loss, and the 
separation and deceleration of the airflow can also be 
observed at the trailing-edge of the blade, which is 
more obvious with the increase of opening. 

In addition, the existence of the tip clearance 
between the impeller and the turbine cover makes 
some of the airflow flow from the pressure surface side 
to the leaf tip and mix with the airflow on the suction 

surface side, thus resulting in increased flow loss. 
However, as the opening increases, the airflow in the 
impeller is more uniformly distributed, and the airflow 
through the gap at the top of the blades is reduced, and 
the airflow increases steeply in speed when passing 
through because the gap space is small. Besides, the 
airflow from the tip clearance carries some particles, 
which can cause wear on the rim side of the impeller 
blade. 

Fig.5. Comparison of inlet relative airflow angle distribution of impeller blades along the blade height under 
different openings: (a) naming schematic of impeller blades, (b) 0% opening, (c) 25% opening, (d) 50% opening, 

(e) 75% opening, and (f) 100% opening. 
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Effect of opening on the inlet relative airflow angle 
of impeller blades 

The circumferential asymmetry of the inlet volute 
structure of the turbine causes the distribution of the 
flow field inside the turbine to vary along the 
circumference, leading to variations in the particle 
motion within each blade impeller, and consequently 
in the wear of the impeller blades at different positions. 
As shown in Figure 5(a), the impeller blades are named 
as r1 ~ r12 in clockwise order, and considering the 
large number of impeller blades, only four impeller 
blades (r1, r4, r7, and r10) are selected as 
representatives for analysis in this paper. The four 
selected impeller blades divide the turbine along the 
inlet direction of the airflow, representing the overall 
pattern. 

Comparing Figure 5(b)~(f), it can be seen that 
under different openings, the distribution of the inlet 
relative airflow angle of the impeller blade at different 
positions along the blade height varies, and the 
difference of the airflow angle in the upper part of the 
blade height is greater than that in the lower part, 
especially in the area where the relative blade height is 
0.6 ~ 0.8. This phenomenon suggests varying airflow 
movement within different locations of the impeller 
blades, correspondingly causing a difference in the 
movement of the particles, and thus leading to the wear 
area and wear amount of each impeller blade is also 

different. 

Effect of opening on the erosive wear behavior of 
impeller blades 

Figure 6 and Figure 7 show the wear rate 
distributions of the pressure and suction surfaces of the 
impeller blades under different openings, respectively. 
Among them, the blades are sorted in the way shown 
in Figure 6(a), and the marked 'max' and 'min' indicate 
the impeller blades with the largest and smallest 
average wear rates, respectively. 

From Fig.6, it can be seen that, on the whole, the 
wear area and wear amount of the pressure surface of 
the impeller blade are increasing with the increase of 
opening. Under different openings, the wear situation 
of each blade at the same position of each pressure 
surface is similar, i.e., the wear rate and wear area do 
not have significant differences, which indicates that 
the motion trajectory of the particles in the flow 
channel on the pressure surface side of each blade 
under different openings is similar. Specifically, the 
wear area of the blade pressure surface occurs mainly 
in the rear half of the blade and on the rim-side, with 
more severe wear near the rim-side. However, almost 
no wear occurs on the leading-edge side of the blade, 
and only at 100% opening, a weak degree of wear can 
be observed on the leading-edge side of some blades. 

Fig.6. Distribution clouds of the wear rate on pressure surface of impeller blade under different openings: (a) 0% 

opening, (b) 25% opening, (c) 50% opening, (d) 75% opening, and (e) 100% opening. 

It can be found from Fig.7 that the blade suction 
surface is little affected by the erosive wear of the 
particles, only at 0% and 25%  the opening, some of 
the blades are subjected to the erosive wear by the 
particles, and the wear behavior only occurs in a small 

part of the area at the leading-edge of the suction 
surface. When the opening is above 50%, almost no 
wear occurs on the suction surface, indicating that the 
particles have stopped hitting the suction surface at 
these situations. Compared with the pressure surface of 
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the blade, the wear amount and wear area of the suction 
surface are significantly smaller than the pressure 
surface, indicating that the airflow is biased towards 

the pressure surface of the blade, thereby causing the 
particles mainly to hit the pressure surface (Huang et 
al., 2019). 

Fig.7. Distribution clouds of the wear rate on suction surface of impeller blade under different openings: (a) 0% 

opening, (b) 25% opening, (c) 50% opening, (d) 75% opening, and (e) 100% opening 

Figure 8(a) shows the comparison of the average 
wear rate of each impeller blade under different 
openings. When the opening is 0%, 25%, and 50%, the 
wear amount of the same blade has little difference, all 
in the range of (3.9~52.3)×10-9 kg/(m2×s), and the wear 
amount between different blades is also similar. When 
the opening reaches 75%, the wear amount of the blade 
increases significantly, and the gap in wear amount 
between different blades also increases. Lastly, when 
the opening reaches 100%, the wear amount increases 
sharply, and the value range can reach (98.6~864)×10-

9 kg/(m2×s), which is much higher than the values the 
other openings, and for the average wear rate of the 
impeller blade, the value under the maximum opening 
is as much as 33 times of the minimum opening, 
indicating that the influence of the opening on the wear 
amount of the impeller blade is very significant. 

Figure 8(b) shows the photograph of the actual 
wear of impeller blade, it can be seen that the wear 
degree of the pressure surface is obviously suction 
surface, which verifies the reasonableness of the above 
simulation to a certain extent. 

 
Fig.8. (a) The average wear rate of each impeller blade under different openings, (b) wear morphology of actual impeller 

blades.
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Effect of opening and size on the particle trajectory 
Figure 9 illustrates the particle trajectories with 

the sizes of 1 μm, 5 μm, and 10 μm in the impeller 
under 0%, 50%, and 100% opening. Note that the 
blades shown in Fig.9 are the ones with the highest 
average wear rate. As can be seen in Fig.9, the particle 
trajectories can be divided into two types: (1) particles 
flowing through the impeller blade runners; (2) 
particles flowing through the tip clearance (about 1 
mm). 

For the particles with 1 μm, their own inertia is 

small, coupled with the large influence of the airflow, 
leading them to basically flow with the airflow on the 
side near the pressure surface of the blade under all 
openings, and their trajectory is more uniformly 
distributed along the circumferential direction. 
However, for particles with 5 μm and 10 μm, their 
relatively large mass leads to a higher centrifugal force 
during impeller rotation, which in turn makes them 
mostly pass through the tip clearance, and the 
distribution of particles along the circumference 
becomes non-uniform as the opening increases. 

Fig.9. Trajectory of particles with different sizes in the impeller under different openings 
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Specifically, when the opening is small, the 
trajectory of the particles with 5 μm is relatively 
uniformly distributed along the circumferential 
direction, but when the opening is above 50%, the 
distribution of the particle trajectory along the 
circumferential direction begins to deviate, and the 
deviation increases as the opening increases, especially 
in the vicinity of the blade with the largest average 

wear rate, where the particle trajectories are very dense. 
For particles with 10 μm, the distribution of particle 
trajectories along the circumference is already not 
uniform even at 0% opening, but the difference is not 
significant. When the opening is increased to 50%, 
more particles can be found clustered near the blades 
with the largest average wear rate. This phenomenon is 
more pronounced when the opening reaches to 100%.

In summary, it can be seen that the large particles 
are mainly flowing from the tip clearance, resulting in 
the wear area of the impeller blade mainly occurs in the 
pressure surface of the blade on the rim-side. In 
addition, by the influence of the flow field distribution, 
the circumferential distribution of the particle 
trajectory is not uniform, which in turn causes the wear 
amount and wear area of the blade at different positions 
also exist differences. 

Effect of surface roughness on the airflow velocity 
of impeller blade 

Figure 10 shows the velocity distribution of 
impeller blade r5 (the most worn impeller blade) at 50% 
blade height under 0% and 100% opening when the 
roughness is 0 μm (smooth), 103 μm, and 251 μm.  

Obviously, as the surface roughness of the 
impeller blade increases, the thickness of the flow 
boundary layer on both sides of its suction surface and 
pressure surface increases, and the thickness of the 
boundary layer on the suction surface is greater than 

that on the pressure surface. The reason for this 
phenomenon is that the greater the roughness is, the 
greater the obstruction of airflow on the blade surface 
is, resulting in a thicker boundary layer. Moreover, the 
airflow on the suction surface side of the blade has a 
stretching effect, while the airflow on the pressure 
surface side has a squeezing effect, resulting in the 
boundary layer thickness on the suction surface being 
greater than that on the pressure surface. 

When the opening is relatively small, the airflow 
under the action of inertia by the blade pressure surface 
extrusion, in the leading-edge of the suction surface 
formed a vortex separation zone, which decreases with 
the increase of surface roughness; in the leading-edge 
of the pressure surface exists a low-speed zone, which 
also decreases with the increase of surface roughness. 
In addition, the phenomenon of deceleration and slight 
separation of the airflow is observed at the trailing-
edge of the blade, which becomes more obvious with 
the increase of surface roughness. 

Fig.10. Effect of roughness on the velocity distribution of impeller blade r5 at 50% blade height under different 
openings 

Effect of surface roughness on the friction 
coefficient of impeller blade 

Figure 11 shows the distribution of surface 
friction coefficient of impeller blade r5 at 50% blade 
height for different roughness under 0%, 50%, and 100% 

opening, respectively. It can be found that the surface 
friction coefficient increases with the increase of 
roughness, which leads to the increase of the thickness 
of the flow boundary layer, and consequently makes 
the increase of the flow loss. 
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(a)  (b)  

(c)  

Fig.11. Effect of roughness on surface friction coefficient of impeller blade r5 at 50% blade height under different openings: 
(a) 0% opening, (b) 50% opening, and (c) 100% opening 

 
(a)  (b)  

(c)  

Fig.12. Effect of surface roughness on static pressure distribution of impeller blade r5 at 50% blade height under different 
openings: (a) 0% opening, (b) 50% opening, and (c) 100% opening 
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For the pressure surface, the surface friction 
coefficient increases gradually along the airflow 
direction, reaching a peak at about 0.95 in the airflow 
direction, and then decreases sharply. For the suction 
surface, there is a vortex separation zone at its leading-
edge, resulting in an extreme value of the friction 
coefficient there, and with the increase of the opening, 
the vortex separation zone gradually decreases, the 
friction coefficient at this place also decreases, and the 
extreme value also shifts to the trailing-edge of the 
blade. 

In addition, with the increase of the opening, the 
overall surface friction coefficient of the impeller blade 
decreases, which is mainly due to the more uniform 
airflow distribution at the impeller inlet after the 
increase of the opening, making the effect of roughness 
on airflow reduced. 

Effect of surface roughness on the static pressure of 
impeller blade 

Figure 12 shows the static pressure distribution of 
impeller blade r5 at 50% blade height with different 
roughness under 0%, 50%, and 100% opening. It can 
be found that under the same opening, the static 
pressure of the suction surface and pressure surface of 
the blade are increased with the increase of roughness, 
and the change of the static pressure of the suction 
surface is larger than that of the pressure surface, while 
the static pressure gap between these two surfaces is 
reduced with the increase of roughness, reducing the 
aerodynamic performance of the impeller blade, and 
thereby leading to the decrease of turbine efficiency 
(Base et al., 2022). 

In addition, comparing the static pressure 
distribution of the blade under different openings, it 
can be found that, with the opening increases, the 
difference of static pressure on both sides of the blade 
under different roughness becomes smaller, the reason 
is that the opening increases, the airflow increases, and 
the flow rate decreases, resulting in the effect of 
roughness on static pressure decreases. 

CONCLUSIONS 

In this work, a prediction model is developed for 
the impeller blades subjected to erosive wear by marine 
exhaust particles. Subsequently, a finite element model 
of the flow field at the turbine end in a variable mixed-
flow turbocharger is established, and the boundary 
conditions for numerical simulation are given. On this 
basis, the effects of factors such as openness and 
surface roughness on the erosive wear behavior of 
impeller blades are investigated, and some conclusions 
with practical engineering significance are obtained, 
which are listed as follows: 

(i) The movement of particles varies along the 
circumference, due to the circumferential asymmetry 
of the turbine flow field distribution, which in turn 
leads to differences in the wear amount and wear area 

of the impeller blades at different locations. 
(ii) Impeller blade wear area is mainly distributed 

in the trailing-side and rim-side of the pressure surface, 
while very little wear occurs on the suction surface. 
With the increase of the opening, the wear amount, 
wear area, and wear difference between different 
blades are all increased. 

(iii) The small particles in the impeller blade 
mainly flow through from the side of pressure surface, 
while the large particles mainly flow through the tip 
clearance due to the centrifugal force, and the opening 
has little effect on the particle flow position. 

(iv) The thickness of flow boundary layer and the 
surface friction coefficient on both sides of the suction 
surface and pressure surface of impeller blade improve 
with an increase in surface roughness, leading to an 
increase in flow loss near the boundary layer, but its 
increase rate begins to decreases. 

(v) The static pressure on suction surface and 
pressure surface of impeller blade increases with an 
increase in surface roughness, but the static pressure 
difference between these two surfaces decreases with 
the increase of the surface roughness, thus reducing the 
aerodynamic performance of the blade. 

From the actual wear of the impeller blades and 
the simulation results, it can be seen that the 
distribution of the surface wear area leads to the 
distribution of the actual surface roughness is not 
uniform, so the surface of the blade can be 
subsequently divided into separate areas and set 
different surface roughness to study the changes in the 
turbine's internal flow field and aerodynamic 
performance. 
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