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ABSTRACT
Gas turbine engine performance is severely degraded by solid particle (mineral dust, volcanic ash) ingestion. Current assessments of compressor performance degradation due
specifically to erosion are heavily focused on the effects of quartz and volcanic glass ingestion but the components of mineral dusts have a much wider range of properties than
are encompassed by these two materials. As a first step in developing a model of erosion
that can be applied to more materials and to conditions outside those which have been
experimentally investigated, we have incorporated a description of particle-blade interactions that is formulated in terms of relatively well-characterized material properties,
into a Computational Fluid Dynamic (CFD) solver model of erosion of the blades in the
NASA 37 rotor. Empirical erosion equations are also used to convert from particle impact to compressor rotor blade erosion rate. Running the model to simulate the erosive
effect of the impact of 20-50 µm sized particles of corundum, quartz and silica glass for
which experimental data exist, shows that it produces sensible values of erosion damage
and sensible trends of erosion damage with changing particle size, density and hardness.
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NOMENCLATURE
c= chord [m]
cs = speed of sound [m/s]
E= erosion rate [mg/g]
Ek = kinetic energy (J)
e= particle CoR
H= hardness [Pa]
K= empirical constant
ṁ= air mass flow rate [kg/s]
P = pressure [Pa]
Re= Reynolds number
R= blade span [m]
T r= temperature ratio
u= velocity [m/s]
Y = Yield strength [Pa]
Greek symbols
α= empirical constant
=
˙ strain rate [1/s]
η= flaw density [m−2 ]
µ= dynamic viscosity [Pa.s]
ρ= density [kg/m3 ]
Ω= blade speed [rpm]

subscripts
C= wall cutting
i= impact
p= particle
t= tangential
y= plastic deformation region
τ = friction

CD = drag coefficient
d= diameter [m]
Eef f = effective Young’s modulus [Pa]
Ep = particle Young’s modulus [Pa]
F = force [N]
g= acceleration due to gravity [m/s2 ]
KIC = fracture toughness [MPa.m0.5 ]
N = indentation hardness ratio
P r= pressure ratio
s= flaw size [m]
r= spanwise distance from blade hub (m)
T = temperature [K]
x= distance from blade leading edge [m]

β1 = impact angle [deg]
τ + = particle relaxation time
ηc,ef f = blade capture efficiency
µr = impulse ratio
σf = brittle compressive strength [Pa]
ν= Poisson’s ratio

D= wall deformation
n= normal component
R= rebound
w= wall
0= characteristic

INTRODUCTION
Dust ingestion into aeroengines is a significant concern for commercial and military aircraft
operations over arid regions such as the Middle East and Africa. Large quantities of solid airborne particulates of varying size, mass concentration, and mineral and chemical composition
are ingested by air-breathing engines causing degradation in gas turbine engine performance.
The main degradation mechanisms are erosion of fan and compressor blades, deposition of particles on hot section components, corrosion, and blockage of cooling passages (e.g., Ghenaiet,
2016; Bons et al., 2017).
In the compressor, erosion is a particular concern because it causes changes to the blade
shape, and increases surface roughness and tip clearance (Richardson et al, 1979). The extent
and distribution of erosion is influenced by many parameters including the gas path, the engine
operating conditions, the blade geometry, and factors affecting the nature of the blade-particle
interaction, e.g., impact velocity, impact angle, particle size, particle shape, flow dynamic vis2

cosity, and the material properties of both blade and particles.
Several experimental studies have attempted to quantify the effect of factors that influence
the blade-particle interaction on erosion of the engine substrate. Some have investigated the
effect of particle size and impact velocity (e.g., Goodwin et al., 1969; Tabakoff et al., 1974),
while others have shown that particle properties such as hardness (effectively, particle strength)
and density have a strong influence on erosion (e.g., Tabakoff et al., 1979; Kotwal and Tabakoff,
1981). However, the range of materials investigated is very restricted in comparison with the
range of naturally occurring dusts that may be ingested by engines (most data comes from
quartz and fly ash particles), and given the complexity of the phenomena under investigation,
the descriptions used to describe the experimental data tend to be primarily empirical rather
than being physically-based. These matters are significant because they compromise the ability
to apply the results to materials and engine conditions outside those directly examined in the
experiments.
Examining erosion in a particular engine model is a two-step process. Firstly, the nature
of the particle-blade interaction needs to be described, and secondly that interaction needs to
be converted into an erosion-rate. Recent numerical studies using CFD tools to model particle motion through the turbomachinery blade passages and assess blade erosion (Ghenaiet,
2014; Ghenaiet, 2016) have used empirical correlations obtained from quartz and fly ash experimental data (Grant and Tabakoff, 1975; Tabakoff, 1989) for both of these steps. However,
recently developed models by Uzi and Levy (2018; 2021) provide the opportunity to incorporate a more physically-based description for the particle-blade interaction part of the modelling.
Their models explicitly include the material properties of particle and substrate (Young’s modulus, Poisson’s ratio, density, indentation hardness, yield strength) and hence, in principle, allow
particle-blade interactions to be predicted for materials where these have not been obtained
through direct experimentation.
In this paper we develop a CFD model for an axial-flow compressor rotor, the NASA Rotor
37, which incorporates Uzi and Levy’s (2018) description of particle-blade interactions, with
a modification to include the dependence of particle strength on impact velocity. The present
model still requires the empirical equations developed by Grant and Tabakoff (1975) to convert
from particle-blade interaction to erosion rate. With this in mind, we have applied the model to
evaluate erosion caused by the impact of 20-50 µm sized particles of quartz (crystalline SiO2 ),
corundum (crystalline Al2 O3 ) and silica glass (amorphous SiO2 ) on annealed 2024 aluminium
alloy, materials for which experimental erosion-rate data exists (Grant and Tabakoff, 1975;
Tabakoff et al., 1979).
BACKGROUND THEORY
This section outlines the key elements of the Uzi and Levy model (2018) relevant for this
study as well as our modifications to their model. Their original model is based on a numerical
study developed by other researchers (Wu et al., 2003) and it distinguishes three energy dissipation mechanisms: wall cutting EC (at low impact angles), wall deformation EwD (higher
impact angles) and particle deformation EpD . These three dissipation mechanisms are due to
plastic deformation of both wall and particle. The normal component of the particle impact
velocity vni is used to calculate EwD and EpD , whereas the tangential component vti is used for
the computation of EC . The indentation hardness ratio N (wall hardness to particle hardness)
was considered as a criterion to quantify which mechanism (energy absorption by the wall or
particle) is more dominant. The energy losses EwD and EpD are calculated from Eq. (1) and (2)
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respectively
EwD = N (1 − e2n,w )Ek,ni

(1)

EpD = (1 − N )(1 − e2n,p )Ek,ni

(2)

where Ek,ni is the normal component of particle impact kinetic energy and en,w and en,p are
the normal coefficients of restitution (CoRs) due to the deformation of the wall and particle
respectively, and are given by:
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In Eq. (3) Yw is the wall yield strength and Eef f is the effective Young’s modulus (Uzi and
Levy, 2018, their Eq. 18) of wall and particle. The variables vy,w and vi,w are the threshold
impact velocities at which deformation of the wall begins that is characterized by microplastic (small deformations with limited plasticity) and finite plastic (deformation with significant
plasticity) responses respectively (Uzi and Levy, 2018), and ρw is the wall material density.
In Eq. (4) vy,p and vi,p are the threshold impact velocities at which microplastic and finite
plastic deformation of the particle begins and are calculated from Eq. (5) and (6)
0.5
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(5)
(6)

where ρp is particle density.
We apply two modifications to the Uzi and Levy model. First, the strength of the particles at
the impact velocities of interest is very sensitive to how fast they are deformed (e.g., Whitaker
and Bons, 2018). To accommodate this we have replaced σf in Eq. (4) with an expression that
accommodates the strain-rate dependence of σf . In the absence of well-constrained descriptions
of the yield strength at the strain-rates of interest for the materials we are using, we use an
expression for the strain-rate dependence of brittle compressive strength which has been shown
to be applicable for a large number of materials (Kimberley et al., 2013),
σf
=1+
σ0
4

 2/3
˙
˙0

(7)

where strain rate depends on particle impact velocity and is given from Roisman and Tropea
(2015)
2vi2 ρp0.5
˙ =
dp σ00.5

(8)

The variables σ0 and ˙0 are the characteristic stress and characteristic strain rate respectively, as
calculated from
αKIC
sη 1/4

(9)

2σ03 cs
2
KIC
Eef f

(10)

σ0 =
˙0 =

where α=10 is an empirical constant, s is the flaw size (here assumed equal to the particle size),
η is the flaw density (number of flaws per particle area, here assumed as one flaw per particle)
and cs is the speed of sound,
s  

Ep
1 − νp
cs =
(11)
ρp
(1 − 2νp )(1 + νp )
where Ep is the particle Young’s modulus and νp is particle Poisson’s ratio (Kimberley et al.,
2013; Hogan et al., 2016). At the strain rates of interest we are not expecting the difference
between the brittle compressive strength and the plastic yield strength to be greater than current
uncertainties on what the values of these properties are for our materials at high strain rates.
The original model of Uzi and Levy calculates the variable en,p by considering a constant
particle yield strength at each particle impact instead of using the σf . The increase of σf with ˙
results in an increase of particle yield velocity, vy,p which means smaller particle deformation.
The sensitivity of vy,p on σf is different for each particle, because vy,p also depends on effective
Young’s modulus and particle density, but we found that the Uzi and Levy model (2018) overestimated the plastic deformation of quartz particles by 58% at impact velocities higher than
333 m/s.
The total normal CoR en,total due to normal deformation of wall and particle is calculated
as in the Uzi and Levy (2018) model as
s
EwD + EpD
(12)
en,total = 1 −
Ek,ni
The second modification we have applied to the Uzi and Levy model refers to the calculation
of the tangential energy loss EC . The equation used by Uzi and Levy to estimate wall tangential
CoR et contains several empirical constants and so to avoid these a simpler relation proposed
by Bons et al. (2017) is used instead. We ignore the tendency for adhesion of the particle to the
surface because Bons et al. (2017) consider it is only important for particle sizes smaller than
10 µm. Therefore, the tangential rebound velocity vt,R and et are calculated as
vt,R = vt,i − µr vn,i (1 + en,total ) cos2 (β1 )
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(13)

s
et =

Ek,tR
Ek,ti

(14)

where µr is the impulse ratio, assumed here to be constant (µr =0.3).
METHODOLOGY
A single blade passage of the NASA Rotor 37 is used as case geometry to simulate particle
trajectories for the present work. The rotor geometry was taken from the study of Reid and
Moore (1978). Experimental data for the rotor aerodynamic performance are also provided in
their report. The design characteristics and its design operating conditions are summarized in
Table 1.
Table 1: Design configurations and operating conditions
Geometry
NASA Rotor 37
Number of blades
36
Blade span (R)
79.11 mm
Chord length at the tip (c)
56 mm
Aspect ratio
1.19
Solidity
1.3
Tip clearance
0.356 mm
Rotating speed (Ω)
17188 rpm
Pressure ratio (P r)
2.056
Mass flow rate (ṁ)
20.2 kg/s
Temperature ratio (T r)
1.27

Numerical grid
A hexahedral grid with a total number of 1,074,064 cells was generated to carry out the CFD
simulations. The mesh was refined near the leading and trailing edges of the blade, near the hub
and shroud, and in tip clearance. The values of y + are within 5-70 near the walls. Particles are
injected from the inlet surface, which consists of 2193 elements. The size of the elements is the
same to ensure a uniform particle injection.
Three-dimensional gas phase flow and turbulence modelling
The numerical simulations were performed in a steady frame motion by using the commercial CFD solver ANSYS FLUENT 19.2 (ANSYS FLUENT, 2019). The 3D Reynolds-averaged
Navier Stokes (RANS) equations were solved using a finite volume method. The density-based
solver with an implicit Roe-Flux-difference splitting (FDS) linearization of the governing equations was adopted. A Green-Gauss node based spatial discretization and a second order Upwind
scheme for the flow were chosen.
The realizable k- turbulence model with a Standard Wall Function (STW) was applied. A
first order Upwind scheme was selected to solve the turbulence terms. With the use of k- STW
model, there is an isotropic treatment of the turbulence near the wall. This means that when
the value of y + becomes less than 5, turbulence kinetic energy will be overestimated (Tian and
Ahmadi, 2006). In this work, values of y + are always higher than 5, as mentioned above.
6

In their study, Tian and Ahmadi also evaluated the relationship between the turbulence models and non-dimensional particle relaxation time τ + , which is defined as
ρp d2p u2τ
τ =
(15)
18ρν
where ρp is particle density, dp is particle diameter, uτ is the flow shear velocity, ρ is air density
and ν is air kinematic viscosity. Tian and Ahmadi (2006) found that the k- STW turbulence
model overpredicts particle impact velocity in a Brownian (0 < τ + < 10−2 ) and transition
(10−2 < τ + < 10) region. For the inertial (τ + > 10) region, the k- STW turbulence model
overpredicts particle impact velocity in a minor way compared with the other regions. In this
study, τ + is in the range of 14.5-163, hence the k- STW turbulence model was considered
reliable to investigate near-wall particle behaviour.
+

Boundary conditions
The total pressure and total temperature were imposed at the inlet boundary with respective
values P1,t =101.325 kPa and T1,t =288.15 K. Turbulent intensity of 5% and viscosity ratio of
10 were imposed as turbulent boundary conditions at the inlet. The average static pressure was
imposed at the outflow boundary. The value of the average static pressure ranged from 108 kPa
to 120 kPa in order to estimate the rotor pressure ratio at various air mass flow rates. Rotational
periodic boundary conditions were applied to the lateral surfaces of the computational domain.
All the simulations were carried out at the design rotational speed 17188 rpm.
Validation for the airflow
The simulated air flow of the present study is compared with the experimental data of Reid
and Moore (1978) and the numerical results of Suman et al. (2014) in Fig. 1. Two grids (with
570316 and 1074064 cells) were used to prove the mesh independence of the results. Although
the present numerical model underestimates the blade performance slightly, the shape of the
rotor performance map was correctly reproduced by both grids. The grid with 1074064 cells
was chosen for the next simulations because it gives good results at reasonable computational
cost and consists of a larger number of particles at the inlet surface.
Balance of forces on particles
The Eulerian-Lagrangian approach was implemented to model the kinematic behaviour of
the ingested particles. The gas phase is treated as a continuum and it is solved first, while the
dispersed phase is computed by tracking a sufficient number of particles through the converged
air flow field. This approach is more economical than the Eulerian-Eulerian and provides very
accurate results (Ghenaiet, 2014).
Particle motion is determined by integrating a force balance equation on the particle, which
is given by Eq. (16):
g (ρp − ρ)
dup
= FD +
+ F + FS + FB
dt
ρp

(16)

where up is the particle velocity, FD is the drag force per unit particle mass, g is the acceleration
due to gravity and F represents the contribution of additional forces (e.g, forces which act on
particles due to blade rotation). The gravity term was not taken into account in the present study.
Saffman’s lift Fs and Brownian FB forces were not considered as well, because their effects are
7

2.2

Reid and Moore (1978)
Suman et al (2014)
1074064 cells
570316 cells

2.15
2.1
2.05
2
1.95
1.9
1.85
1.8
1.75
19.5

20

20.5

21

Figure 1: Comparison of the pressure ratio (P r) obtained at different air mass flow rates
(ṁ) from the CFD modelling with experimental and numerical data in the literature (Reid
and Moore, 1978; Suman et al., 2014)
significant for sub-micron particles only. The term F incorporates forces which act on particles
due to blade rotation.
In this work, particles are assumed to be spherical. Thus, the drag force per unit particle
mass is obtained from Eq. (17)
FD =

18µ CD Rep
(u − up )
ρp d2p 24

(17)

where u is the air velocity, the drag coefficient CD is calculated by the equation of Morsi and
Alexander (1972) and µ is the fluid dynamic viscosity. Re p is the particle Reynolds number
given from Eq. (18)
Re p =

ρdp |up − u|
µ

(18)

Tracking method and particle injection
In this numerical study, the stochastic Discrete Random Walk (DRW) model was used to
model particle dispersion in the fluid phase. With this approach, the mean fluid phase velocity
is used to determine the mean path of the particles, while the fluctuating gas velocity is applied
to determine the turbulent dispersion of each particle from the mean trajectory.
All the particles were injected from the inlet surface with the same velocity as the air flow
(170 m/s). The sensitivity of the results to the number of injected particles was investigated by
re-running the model for 25000, 50000, and 150000 injected particles (all 20 µm in diameter
in this sensitivity analysis), for each material (quartz, corundum and silica glass). The blade
capture efficiency ηc,ef f (ratio of particles that hit the blade to the injected particles) was calculated. The results along with the particle material properties are shown in Table 2 (Hp is
particle hardness and KIC is particle fracture toughness). The difference in blade capture efficiency between 25000 and 50000 particles was only 0.1% (= 6170 particles). This difference
8

is not sufficiently significant to warrant the additional computational cost of simulating more
particle trajectories. Therefore, we chose to use 25000 particles. One-way coupling (fluid phase
is not affected by the dispersed particles) was implemented since the particle volume fraction
was very low (10%). All particles were dispersed in a converged air flow field at the best
efficiency point of the compressor.
Table 2: Injection independence study and particle properties
ηc,ef f
ηc,ef f
ηc,ef f
ρp
Hp
Ep
25000 particles 50000 particles 150000 particles (kg/m3 ) (GPa) (GPa)
quartz
0.2436
0.2452
0.2442
2650
11
96.47
corundum
0.3112
0.3121
0.3118
3950
20
360
glass
0.221
0.2219
0.2215
2210
6.276 72.52

dp
KIC
√
(µm) (MPa m)
0.076
20
0.715
0.22
20
2.774
0.1731
20
0.521
νp

Particle-walls impact behaviour
Different Discrete Phase Modelling (DPM) conditions were implemented for the three wall
boundaries (blade, hub and shroud) of the domain. A specific function was created to capture
the particle impact angle, positions and velocities on the blade surface. The blade surface was
also divided into 6 strips (13%, 27%, 42%, 58%, 76%, 94% of the span) so that particle impacts
could be also analyzed in the spanwise direction of the blade. The definition of the distance between impacting particle and blade leading edge (LE) along the chord, and three representative
blade strips are illustrated in Fig. 2. The trajectory of each particle was terminated when it hit
the blade, thus only their first impact was considered to calculate the erosion.

Figure 2: (a) Distance of impacting particle from airfoil leading edge along the chord, (b)
Spanwise division of the blade
Reflect (particle bouncing) DPM conditions were imposed to predict the particle rebound
behaviour from the rotor hub and shroud. Eq. (12) and (14) were applied to determine particle
CoRs after their impact on blade, hub and shroud.
Model for erosion estimation
The empirical model developed by Grant and Tabakoff (1975) was used to predict blade
erosion E, which is expressed as the amount of material removed (mg) per unit mass (g) of
impacting particles.
E = K1 f (β1 )vi2 cos2 β1 (1 − e2t ) + K3 (vi sin β1 )4
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(19)

f (β1 ) = 1 + CK(K2 sin

CK =

90
β1 )
β0

1 β1 ≤ βo
0 β1 > βo

(20)
(21)

This erosion model was derived from the impact of solid particles on an 2024 aluminum alloy
blade. It is probably also applicable to other metal blades (titanium, inconel, stainless steel),
but with different values for the constants K1 , K2 and K3 .
For quartz the values K1 =3.67x10−6 , K2 =0.585 and K3 =6x10−12 were obtained from the
study of Grant and Tabakoff (1975), whereas K1 =1.56988x10−6 , K2 =0.3193 and K3 =2x10−12
were found from the experiments of Tabakoff et al. (1979) for silica glass. The empirical
constants for corundum were calculated as K1 =2.657x10−5 , K2 =0.3502 and K3 =1.35x10−11
after applying curve fitting on the experimental results of Tabakoff et al. (1979). In Eq. (20)
and (21) β0 =20◦ is the impact angle for maximum erosion (Grant and Tabakoff, 1975).
RESULTS AND DISCUSSION
Erosion patterns, as predicted from the impingement of the different particles with sizes 2050 µm along the chord and span of the blade, are illustrated in Fig. 3-5. Each dot on the graph
represents an impacting particle on the blade. Different erosion rates are found at the same
impact position (mainly at x/c<50%) for a given particle type because some of the particles hit
these blade positions directly at high velocity (up to 350 m/s), while others hit them at lower
velocity (down to 50 m/s) because they hit them after rebound from the shroud (on the suction
side) or from the hub (on the pressure side). Near the hub, particle impact velocity is in the
range 295-320 m/s.

Figure 3: Erosion rate caused by different particles with various sizes along the chord on
the suction and pressure side of the blade tip (94% of blade span)
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Figure 4: Erosion rate caused by different particles with various sizes along the chord on
the suction side of the blade midspan (58% of blade span)

Figure 5: Erosion rate caused by quartz and glass particles with 20 µm along the chord on
the suction (left graph) and pressure (right graph) side of the blade strip near the hub
As can be seen by comparing Figs 3, 4 and 5, the number of particle impacts is much
greater towards the blade tip (Fig. 3). This is due to the centrifugal force. The centrifugal force
increases significantly with increasing particle size and density, so that on the blade strip near
the hub (Fig. 5) only the smallest particles (20 µm) in the lowest density materials (quartz and
silica glass) impacted the blade. Corundum caused significantly higher erosion damage than
that of quartz and glass, due to its extremely high hardness and higher density. The blade LE is
severely eroded for all impacts.
Particle impact velocity and hence erosion rate are affected by fluid flow phenomena. Erosion rate on the suction side of the midspan (Fig. 4) and near the hub (Fig. 5) drops immediately
after the blade LE due to airflow separation, which results in smaller particle impact velocities.
Airflow separation also decreases the erosion on the suction side of the blade tip at the rear
part of the chord (x/c>60%). However, it is also noticed that despite the flow separation, few
particles cause high amount of erosion near the trailing edge (TE) of the blade tip suction side.
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These particles are dragged from the pressure side through the tip leakage vortex, due to the
blade tip gap.
CONCLUSIONS
We have developed a CFD model to assess the erosion rate of blades within an axial-flow
compressor rotor (NASA rotor 37) that is caused by ingested dust particles. We have incorporated a description of particle-blade interactions which describes the energy dissipation arising
from these interactions in terms of well characterized material properties (Uzi and Levy, 2018)
but have retained existing empirical descriptions (Grant and Tabakoff, 1975) to convert this
energy dissipation into erosion rate.
For corundum, quartz and silica glass particles we are able to reproduce the key findings
obtained from previous modelling work that used experimental data to describe particle-blade
interactions for these particles, namely that blade erosion damage increases with particle size,
and that it shows a similar sensitivity to particle density and hardness as that observed in the experiments on these materials. For the blades in the NASA rotor 37, erosion damage is predicted
to be much greater on the leading edge of the blades than on the trailing edge.
The use of Uzi and Levy’s description of particle-blade interactions enhances the potential
of the model to be applied outside the conditions under which these interactions have been
experimentally investigated, and also allows the model to be applied to a much wider range of
dust materials than have been so far examined experimentally. In future simulations, we will
seek to use the description of particle-blade interactions to extend particle tracking beyond first
impact. However, the reliance upon experimental data to convert impact energy dissipation into
erosion rates highlights the need for a more general model that is able to accommodate the wide
range of minerals that have been identified in aircraft gas turbine engines.
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