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The multifactorial erosion was conducted in this paper to test the compressor impeller material FV520B using high-speed gas-solid
two phase flow erosion tester and surface morphology analysis method. Based on the particle motion and collision energy equation
as well as regression analysis of multi-factor orthogonal experiment, a phenomenological erosion depth model which captures the
effects of impact velocity, angle and particle size, has been developed. The model includes removal of material due to both deformation
damage and micro-cutting. Results show that the peak of experiment depth and the maximum calculated depth all appeared at near
45o, rather than near 24o where the maximum erosion rate appeared. Comparing the calculated values and the results of each single
factor experiment, the errors are within 15%. The predictions of the simplified version of the model were in good agreement with the
results of single factor experiments. Also, the reliability of the assessment formula was verified to assess the impeller erosion life,
which indicated that this calculation model could be used to estimate the erosion depth of compressor impeller material FV520B.
Manuscript received: April 15, 2015 / Revised: November 2, 2015 / Accepted: November 13, 2015
This paper was presented at ISGMA2015

1. Introduction
The air compressor is the core equipment of petrochemical
industry, and is commonly used in industrial area.1,2 Being the main
component of a compressor, the impeller’s rotation speed can reach
2000 r·min-1-100000 r·min-1. Due to the existence of solid particles
(industrial dust, coal powder, organic particles, and secondary
particles) in the transport medium, the impeller suffers solid particle
erosion seriously. Impacting particles can form foveolate furrows on
the blade surface, which would cause the blade fractured. The
mechanism of blade fracture is reported as follows: a defect forms
foveolate furrows (erosion pit) and a crack is initiated and
propagated from the defect under high cycle fatigue (HCF).3
Generally, when erosion depth reaches a certain value, the efficiency
of the leaf level will fall by more than 3%.4 In order to understand
the erosion process deeply, the erosion behaviors of metals, coatings
nonmetals (glass, etc.), and even polymer materials (rubber, etc.)
have been studied by many literatures.5-9 But erosion depth model is
also not established.
Extended life is one way of effective utilization of resources and
increasing resource productivity.10 To reduce the impeller erosion wear
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and predict its residual life for remanufacturing, based on BITTER’s
deformation and wear theory, a new erosion model-erosion depth
model for plastic metal is developed. By measuring the contour of the
erosion pit, erosion depth of impeller material FV520B is got
accurately. A series of erosion tests for FV520B has been conducted to
verify the erosion depth calculation model. At last, we evaluate a type
of impeller thinning life.

2. Mechanism Model for Erosion Depth
According to BITTER’s deformation and wear theory,11 the erosion
mechanism of plastic metals is the combination of micro-cutting and
deformation wear. The total loss consists of these two parts. It can be
expressed as:
We = Wd + Wc

(1)

Where We is the total loss; Wd, Wc are the losses by deformation
wear and cutting wear, respectively. There are many factors in a pure
erosion. The functional relationship can be expressed as:
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We = f (V, θ, dP, SP, ρP, HP, EP, HO, EO, σO, ... )

(2)

Where V, θ, dP, SP, ρp, HP and EP are particle’s impact velocity,
impact angle, size, shape, density, hardness and elasticity modulus,
respectively; HO EO and σO are the hardness, elasticity modulus and
flow stress of the target, and σO can be described by Johnson-cook
constitutive model.
When the particle impacts the target at a certain angle and speed, the
impact velocity can be decomposed into normal velocity and tangential
velocity. These two velocity components produce a normal and a
tangential force. These two forces play different roles in the erosion
process. Normal force impacts the target surface acting as a hammer, and
produces lots of tips and lips. With the continuous impact of normal
force, the lips fall off the surface like debris because of undergoing
severe plastic deformation, which is called deformation wear.
If the particle is sharp, the tangential force scratches across the
target surface acting as a tool and cuts down material as chips, which
is called micro-cutting. But if the particle is not sharp enough, the
tangential force scratches across the target surface like a plow, and
leaves furrow and hump, which is named plowing. The hump around
the furrow will be removed by subsequent particles. In this paper,
micro-cutting and plowing are collectively called as cutting wear.
Thus cutting wear can be regarded as a function of the tangential
velocity, while deformation wear can be regarded as a function of the
normal velocity, and the total erosion is the sum of them.
For simplicity, the following assumptions are made. Firstly, the
single particle’s shape is spherical. Secondly, the particle’s hardness is
larger than the target material's hardness, so that the deformation of the
particle during the impact process is negligible. Thirdly, the
indentation’s depth is smaller than the particle’s size. Finally, in fact,
because most particles are polygonal, the shape of the particles will be
taken into account in later analysis.

Fig. 1 Schematic diagram of normal impact
Where Vy is the component of particle’s impacting velocity in
normal direction; ρ p is the particle’s density. During the entire process
of impact, according to energy conservation, it can be expressed as:
y

E2 = ∫ 0max Fy dy

(7)

Where ymax is the maximum depth of the indentation. Assuming
that, all the kinetic energy of the particle is used to cause the target
plastic deformation, namely, E1 = E2. The maximum depth and width of
the indentation can be respectively expressed as:
1⁄2

dp ρp Vy0
ymax = --------------------1⁄2
( 6σn )
2 1⁄2

Dmax = 2 [dp y – y ]

(8)
1⁄4 1⁄2

2dp ρp Vy0
≈ -------------------------1⁄4
( 6σn )

In the area of the indentation, considering the effect of particles’
superimposition at the indentation center, the equivalent deformation
depth can be expressed as:
3

2.1 Removal of Material due to Plastic Deformation
Fig. 1 shows the schematic diagram of the normal impact.
According to the assumptions, the area of the indentation can be
expressed as:
Ay ≈ π ydP

(3)

Where y is the depth of the indentation; dp is the particle’s diameter.
For simplicity, the contact force formula given by Sheldon and Kanhere
is adopted:
2
1
Fy = --- πσn D
4

(4)

Where D is the width of the indentation on the target surface; σn is
the constant pressure of the target (for the Vickers Hardness, it can be
described as σn = HV/(0.102)). According to Fig. 1, D can be expressed as:
2 1⁄2

D = 2 [ dp y – y ]

2

πdp ρp Vy0
y
y
yd = ∫ 0 max Ay dy = ∫ 0 max πdp y dy = --------------------12σn

(10)

The deformation wear is an accumulation of plastic deformation of target
material around indentation caused by the particle’s vertical impact. The
material removal depends not only on the properties of target such as hardness
and work hardening, but also on the deformation volume which is related to
the indentation volume. With Hutchings’ method,12 the critical strain εc and
Coffin-Manson formula are used to calculate the deformation wear
b
approximately, namely, εc = 2 ∆εN (N is the impact numbers at which the
strain on the deformation area reaches εc leading to material removal from the
target; ∆ε is the average strain caused by each impact; b is a function of
material’s properties determined by experiments). Then the deformation depth
of each impact can be expressed by the following equation:
∆ε-⎞
yed = yd ⎛ 2-------⎝ εc ⎠

1⁄b

(11)

According to D. Tabor empirical equation, one has:
(5)

The particle’s initial kinetic energy E1 can be expressed as:
2
1- πρ d3 V2
E1 = 1--- mVy = ----2
12 p p y

(9)

(6)

1⁄4 1⁄2

0.4ρp Vy0
0.2D ------------------------∆ε ≈ -----------=
1⁄4
dp
( 6σ )

(12)

The critical strain εc can be deduced by material’s constitutive
equation and adiabatic shear instability conditions.
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In the area of the cutting mark, considering the effect of particles
superimposition on the center of the cutting mark, the equivalent
deformation depth can be expressed as:
Ly Dx dyx
y
= ymaxDmax L ⁄ 6
yec = ∫ 0 max ------------------2

(18)

In most cases, micro-cutting is caused by polygonal sharp particles.
Then the cross-sectional area of the cutting mark is A. In the cutting
process, tangential resistance of the particle can be expressed as:
Fx = c3 Aστ

Fig. 2 The ideal pattern of micro-cutting wear
nρt Ct⎞ n ⁄ (n + 1)
εc = ⎛ -----------⎝ 3KT ⎠

(13)

Where Ct is the specific heat capacity of target, K is the
strengthening coefficient, T is the temperature coefficient related to the
shear modulus, n is the hardening index. Substituting (10) and (12) into
(11), one has:
3 1 + 1 ⁄ 4b 2 + 1 ⁄ 2b

(19)

Where c3 is stress factor; στ is the particle material flow stress in the
process of cutting.
In Fig. 2, the ideal cross-sectional area of the cutting mark is ∆Ax.
The particle is subjected to cutting resistance from the material, which
is related to the properties of the material, the particle’s edge shape
and the rake angle in the micro-cutting process. Considering this, the
g
particle shape factor g is adopted, namely, A=∆ Ax . It is associated
with particle’s edge shape and the rake angle in the micro-cutting
process. It represents the degree of difficulty for one particle to cut
down a certain volume of material from the target, and the smaller the
value is, the easier the micro-cutting process is. Thus the microcutting resistance can be expressed by the following equation
approximately:
g

F x = c 3 ∆A x σ t

(20)

2 + 1 ⁄ 2b

dp ρ p
V
( sinα )
yed = c1 ------------------------------------------------------------------1 + 1 ⁄ 4b 1 ⁄ b
σn
εc

(14)

2.2 Removal of Material due to Cutting
Fig. 2 shows an ideal pattern. This process can be divided into two
stages. Stage I: The article impacts the target at a certain angle with
a certain speed. With the combination of normal and tangential
forces, the cutting depth of particle increases until ymax is reached.
Stage II: Under the effect of the resistance force from target, the
cutting depth decreases, and the particle leaves from the surface at a
certain angle with a certain speed after cutting down the other part of
the material.
For simplicity, the following assumptions are made. Firstly, the
shapes of two phases are equal. Secondly, the cutting trajectories of two
phases are approximately linear. Thirdly, the removed material can
approximate to a pyramid. In this figure, symbols yx and Dx are cutting
depth and width at x position; Ly is the length of the cutting crosssection at the cutting depth of yx; L, ymax and Dmax are the maximum
cutting length, depth and width, respectively. The area of the cutting
mark on the surface of the target can be calculated by following
equation approximately:
Ax ≈ LDmax

(15)

yx ≈ 2xymax ⁄ L x ∈ ( 0, L ⁄ 2 )

(16)

Dx ≈ 2xDmax ⁄ L x ∈ ( 0, L ⁄ 2 )

(17)

When the particles remove the material from the surface of the
target, energy consumption is equal to the decrease of particle’s kinetic
energy. The energy equation is:
2
2
1
2 ∫ L0 ⁄ 2 Fx dx = --- m ( Vx0 – Vxout)
2

(21)

Where Vxout is the tangential velocity when the particle leaves the
target surface. For simplicity, we assume that, Vxout = c4Vx0, where c4 is
a coefficient, and c4 ≤ 1. If the flow stress σt does not change and
particle is not broken while cutting, Substituting (19) and (20) into Eq.
(21) and integrating it, we have:
2

c5 mVx0
L = ------------------------g
g
ymax Dmax σt

(22)

Where c5 = (1c42)(2g + 1)/(2c3). Substituting (8), (9) and (22) into
(18), one has:
5 – 2g ( 7 – 3g ) ⁄ 4 2 + 3 ( 1 – g ) ⁄ 2

3(1 – g) ⁄ 2

2

c6 dp ρ p
V
( sinα )
( cosα )
yec = ---------------------------------------------------------------------------------------------------------------3 (1 – g ) ⁄ 4
σn
σt

(23)

2.3 Calculation Model of Erosion Depth
According to Fig. 3, in unit time and unit normal section area, when
particles impact target at a certain mass flow of Q, a certain mass
concentration of P (Q = Pv) and angle of α, the total numbers of
particles impacting the unit area of the target surface are N. It can get:
–3 –1
N = 6Qdp ρp sinα /π. In unit time, if the numbers of particles
impacting point of surface are n, namely, n = c7N, where c7 is the
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Table 1 Chemical components of FV520B
C
0.03
Mo
1.95

Chemical components and mass fractions / %
Mn
Si
Cr
0.41
0.30
14.51
Nb
Cu
S
0.65
1.54
≤0.025

Ni
5.24
P
≤0.03

Table 2 Heat treatment technology of FV520B
Solid solution Over aging
o
o
C×h
C×h

Fig. 3 Sketch of multiparticle impacting on the target

1050×1.5
number factor of the particle and a parameter related to particle’s size.
When erosion time is t, the erosion depth can be expressed as:
Yd = nt ( yed + yec ) =

1 ⁄ 4b 2 + 1 ⁄ 2b
3 + 1 ⁄ 2b
( sinα )
6c7 Qt ⎛ c2 ρp V
-------------- ⎜ -------------------------------------------------------------1 + 1 ⁄ 4b 1 ⁄ b
π ⎝
σn
εc

(24)

( 5 – 3g ) ⁄ 2
2
2 – 2g ( 3 – 3g) ⁄ 4 2 + 3 ( 1 – g ) ⁄ 2
V
( sinα )
( cosα ) ⎞
c6 dp ρp
+ ----------------------------------------------------------------------------------------------------------------⎟
3 ( 1 – g) ⁄ 4
⎠
σn
σt

For a specific material and in specific erosion condition, properties
of both target and particle are constant, and treated as coefficients.
Then we have:
1 ⁄ 4b 2 + 1 ⁄ 2b

Yd = Qt ( F1 ρp

V

(sinα )

3 + 1 ⁄ 2b

( 5 – 3g ) ⁄ 2
2
2 – 2g ( 3 – 3g) ⁄ 4 2 + 3 ( 1 – g ) ⁄ 2
ρp
V
( sinα )
( cosα ) )

+ F2 dp

(25)

This equation includes the effect of particle's shape, size, velocity,
time and impact angle of particle. All coefficients and exponents must
be determined from the experiments.

3. Experiment and Model Validation
3.1 Erosion Experiment Device
The erosion experiment was tested by the gas-solid two-phase flow
test machine at Xi’an Jiaotong University. The velocity, impact angle
and dosage of particle could be controlled.13
3.2 Experimental Material
FV520B is an ideal material to produce centrifugal compressor
impeller, with high corrosion resistance, strength and hardness.
Provided by Shenyang Blower Factory, chemical composition is shown
in Table 1; the heat treatment technology is shown in Table 2; the
mechanical properties are shown in Table 3.
3.3 The Characteristics of Erosion Particle Analysis
Impact particle: The work medium of centrifugal air compressor
was industrial atmosphere, so polygonal alumina particles with
diameters of 7 µm, 10 µm and 14 µm ≤ were chosen to be the
impact particles. Different particle sizes were obtained by flotation
method.
Particle concentration: using uniform flow to adding particles,
stability and continuity of feeding could be implemented.11 Using

630×4

Releasing
stress
o
C×h
640×5

Quenching
o
C×h

Tempering
o
C×h

850×3.5

470×5

Table 3 Physical and mechanical properties of FV520B
Yield
strength
MPa
1182

Tensile
strength
MPa
1229

Elongation
%
14.3

Reduction of
area
%
61.3

Surface
hardness
HV
300

indirect measurement, we got the feed concentration between 2.053.07 g/m3 at different impact speeds. Although particles’ interaction
would affect the results of erosion, according to the literature,14,15 when
the concentration of particles was not more than 100 g/m3, the
influence of particles’ interaction would be ignored, and could be
treated as the lean phase.
Particle velocity: The speed of particle could be measured by
Particle Image Velocimetry (PIV). Because the particle inertia was
large and flow boundary layer was very thin, the effect on the particle
motion was very small. The particle velocity which was measured
nearly 0.5 mm away from the wall could be approximated to the impact
velocity of the particle.
Impact angle of particle: Slip between the particles and airflow
formed the aerodynamic conditions of the erosion. Particle deviated
from the airflow direction. At the same time, particle impacted the
blade surface with larger speed. Generally the impact angle was
between 20o-40o.16 So the erosion angles were chosen with 12o, 18o,
24o, 30o, 36o, 45o, 60o, 75o and 90o.
Erosion test process: When tested, the specimen was mounted on
the sample-holding device with a certain angle to the central line of
nozzle. The high-speed air mixed with the impact particles was jetted
from the nozzle (the nozzle diameter was 10 mm), and impacted the
surface of the target to produce erosion wear. Feed rate was controlled
at 2.5 g/min. So the particle mass flow was 530.5 µg/s per square
millimeter. According to the former researches, when the particle mass
exceeded 80 g, the erosion stage came into stable period. The mass of
the target was measured before and after the test with an analytical
balance with accuracy of 0.1 mg to calculate erosion rate. The outline
of the erosion pit was measured by Veeco NT9300 white light
interferometer, and the depth of the erosion was expressed as the
maximum distance between the original surface and the erosion
surface.

3.4 Test Results and Analysis
The three-factor and three-level orthogonal experiment was
designed including impact velocity, impact angle and particle diameter,
when t = 40 min. The constant parameters (F1, F2, b, g) in the erosion
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Table 4 Design and results of orthogonal experiment
Test
No.
1
2
3
4
5
6
7
8
9

Impact
velocity
m·s-1
120
120
120
150
150
150
180
180
180

Impact
angle

Test
depth
µm
12.82
46.12
44.81
24.67
96.93
55.24
51.24
97.04
86.43

Particle
diameter
µm
7
10
14
10
14
7
14
7
10

o

12
36
60
12
36
60
12
36
60

Calculated
data
µm
13.32
43.43
38.85
25.84
83.16
53.04
45.24
96.80
90.64

Error
%
0.039
0.058
0.133
0.047
0.140
0.040
0.120
0.002
0.049
Fig. 5 Comparison of calculated erosion depth with experimental

Fig. 6 Effect of velocity on erosion depth

Fig. 4 SEM micrographs of the erosion surface
depth model were solved by use of the regression analysis method.
Orthogonal table design and test results are shown in Table 4.
According to results of orthogonal experiment, the constant
parameters were determined by nonlinear regression analysis based on
Origin Pro 9.1. The formula of erosion depth model can be expressed as:
0.2325 2.4650

Yd = 6.234E – 4 × Qtρp

V

( sinα )

3.4650

0.4140 0.1552 2.3105
1.3105
2
ρp
V
( sinα )
( sinα )

+ 4.855E – 4 × Qtdp

(26)

From the study, we find determination coefficients R2 is 0.979,
namely, correlation coefficient r = 0.9895. It is mean that there are high
coherence between the setting coefficient and erosion depth.
Comparing the calculated values and the results of orthogonal
experiment, the errors are within 10% except three errors within 15%.
The equation indicates that the exponent of impact velocity is 2.3105
at cutting erosion which is consistent with the exponent range of 2.22.4 at low angle.17,18 The exponent of impact velocity is 2.4650 at
deformation erosion which is less than the exponent of 2.55 at positive
impacting.19 The good agreement between the predictions and the
experiments shows that this simplified model is reasonable and useful.
We verified the depth model using single factor erosion experiment.
Fig. 4 shows the SEM micrographs of the erosion surface and Fig. 5
shows comparison between the experiment depths and the calculated

depths, when time is 40 min; particle size is 7 µm, impact velocity is
180 m/s and at different impact angles. Fig. 4 shows the obvious
differences at different impact angles: at attack angle of 12o, Fig. 4(a)
shows obvious morphology of cutting grooves and plough lips; at
attack angle of 24o, Fig. 4(b) shows that the cutting marks on the
surface become fewer and shorter, and plough marks become more and
darker with a few of pits and material lips; at attack angle of 60o, Fig.
4(c) shows that erosion main morphology is pits of lateral hammer and
material lips, besides a few of deeper revolution marks; at attack angle
90o, Fig. 4(d) shows that erosion morphologies are different depths of
hemp dot pits, material lips and flaking wear debris.20,21 Fig. 5 shows
that, both experiment depths and calculated depths have the same
changing trend with the impact angle. The peaks of experiment depth
and the maximum calculated depth all appear on near 45o, but the peak
of erosion rate appears on near 24o. At high angle the impact depth is
deeper, but at low angle the cutting line is longer; and at one certain
point the depth is formed by the action of the particles superimposition.
Fig. 6 shows the comparison between the experiment depth and the
calculated depth, when time is 4 min; particle size is 7 µm, impact
angle is 45o and at different impact velocity. Erosion depth has an
approximate exponential relationship with impact velocity. The errors
are within 10%.
Fig. 7 shows the comparison between experiment depths and
calculated depths, when time is 4 min; impact velocity is 180 m/s, impact
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Fig. 9 Erosion thinning in air separation compressor impeller

Fig. 7 Effect of particle size on erosion depth

Fig. 10 3D model of impeller and the flow channel

Fig. 8 Effect of velocity on erosion time
angle is 45o and at different particle size. The test results achieve high
conformity with the calculation model. The errors are within 10%.
Fig. 8 shows the comparison between the experiment depths and the
calculated depths, when particle size is 7 µm; impact velocity was
180 m/s, impact angle is 45o and at different erosion time. From 032min, errors are more than 15%, because this period is induction
period. After induction period, the test other errors are within 10%.

4. Blade Life Evaluation
In 2012, a type of air separation compressor impeller of Shenyang
Blower Group which run two years later, was overhauled. The area of
blade leading edge was not obviously thinning, but the area of large
blade pressure surface trailing edge was seriously erosion thinning, and
the maximum erosion depth was up to 7mm (the original thickness of
the blade was 8 mm). The erosion thinning impeller is shown in Fig.
9. The working condition of compressor is shown as:
Strainer element accuracy: 10 µm
Annual average PM10 concentrations: 168 µg/m3
Annual average PM2.5concentrations: 86 µg/m3
Outlet diameter: 918 mm
Revolving speed: 6180 r/min
Inlet pressure: 170 kPa
Quantity of flow: 26 kg/s

Fig. 11 Particle trajectories and relative velocity

According to the large and small impeller blade profile data,
impeller disc and impeller cover meridian plane provided by
Shenyang Blower Works, 3D models of impeller and flow
channel were founded by software of PRO/E which are shown as
Fig. 10.
The two sets of tests were designed with the particle diameters of
5 µm and 10 µm respectively, and particle concentration was set as
0.0002 kg/m3. Each group 5112 particles moving trajectories were
tracked and they were shown as Fig. 11.
Fig. 11 shows that vast majority of particles enriches at the
area of large blade pressure surface and outflows from the area of
large blade pressure surface trailing edge. It conforms to the
phenomenon of impeller erosion. The particles relative velocities
in the area of large blade pressure surface trailing edge are
between 150-180 m/s. The typical moving trajectory of particles
are extracted, and the impact angle at the pressure surface trailing
edge is about 25o.
Fig. 12 shows the concentration distribution of the large blade
pressure surface. We can find that average enrichment factor of particle
concentration is about 180 times.
When particles are smaller than 3 µm, particles easily scales and
deposits on blade pressure surface.22 So these particles erosion effect
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