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ARTICLE INFO ABSTRACT

Keywords: The operation of aircraft engines in particle laden environments causes deterioration of the engine components.
CFD A significant source of reduced component efficiency and increased engine fuel consumption is solid particle
Numerical erosion simulation erosion of the compressor. It alters the shape of the compressor blades and influences their aerodynamic
Non-lil?ear erosion simulation with mesh performance. The erosion process is a time-dependent and non-linear process that is driven by the interaction
E:E}:Ilﬂ)gmhmg between the fluid flow, the particle trajectories, and the resulting impacts on the compressor blades and
Compressor erosion simulation vanes. In current simulations the erosion damage is accumulated linearly, and erosion patterns are analyzed.
The interaction between flow field and geometry deterioration are investigated on generic the specimen with
simplified geometries. The time dependent blade shape change and the corresponding flow field adjustment
have not been considered simultaneously in compressor blade simulations. Multiphase simulations of solid
particle erosion with mesh morphing provide an insight into the non-linear and time-dependent compressor
blade erosion process. In this work, a numerical method to couple the erosion simulation with mesh morphing
is presented. This coupling is achieved by a transformation of the material loss of the particle simulation
into a displacement field for each node of the computational mesh. The morphing process potentially causes
grid crossovers and negative cell volumes during particular time steps at particular regions. In such cases, the
mesh quality is repaired in regions with a reduced quality through a local node adjustment. This is referred
to as a novel smoothing approach. This effectively prevents grid crossovers and achieves numerical stability.
The numerically determined shape change of two-dimensional NASA Rotor 37 compressor blades is validated
against measured data from an erosion experiment in a linear compressor cascade. This demonstrates the
capability of the new method to perform precise numerical simulations of compressor solid particle erosion.

1. Introduction restored and the operational lifetime of the component can be extended

during timely maintenance [5].

Solid particles ingested into aircraft engines during their operation
are a significant source of compressor performance deterioration [1].
These particles cause surface material removal, called solid particle
erosion, or adhere onto the surfaces, called fouling. In aero engines,
a significant source of reduced component efficiency and increased
fuel consumption is erosion deterioration of the compressor [2,3]. The
shape of the compressor airfoils is altered due to surface material
removal, which negatively influences their aerodynamic performance.
This leads to a loss of efficiency and reduced surge margin [1]. It is
essential to understand the parameters that influence erosion deterio-
ration in order to enhance the lifespan and aerodynamic performance
of the compressor and the entire aero engine [4]. Improved insights
into the physical mechanism of particle erosion allow numerical pre-
dictions component deterioration, which enables the efficient planning
of maintenance scope and intervals. The compressor efficiency can be
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Solid particle impacts are the cause for the erosion process. The
particle trajectories are determined by the interaction between the
particles and the fluid flow. Additionally, also particle rebounds from
the component surfaces affect the individual trajectories. This causes
challenges in the prediction of particle impacts on the compressor
blades and vanes [6]. Moreover, the resulting material removal and
shape change are non-linear and time-dependent. The eroded blade
shape depends on the initial blade shape and the individual sequence
of particle impacts. This causes challenging and expensive erosion
experiments, since the time degradation needs to be monitored. Erosion
experiments are performed to determine the material removal due
to solid particle impacts and to analyze the influencing parameters.
They are often designed as a fluid-particle-jet that hits a flat plate test
specimen under varying impact angles [7-13]. The ingested particle
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mass and the weight of the test specimen are measured before and
after the experiment. Then the erosion rate ¢ is determined as the ratio
between the removed surface material 4m in g relative to the ingested
particle mass mp in kg. The experimental results are only valid for
the individual materials and kinematic conditions that are used in the
experiment.

Numerical simulations enable erosion research for individual con-
ditions with lower consumption of time and resources. This allows
to cover a wide range of boundary conditions. These simulations are
done as multiphase simulations, with a particulate phase that moves
in a fluid phase. The particle trajectories are determined with an
Euler-Lagrange simulation. The continuous phase is simulated with
the Eulerian approach, while the dispersed phase uses the Lagrangian
approach [14]. The fluid phase is modeled in a fixed frame of refer-
ence and the unsteady Navier-Stokes equations are solved [15]. The
discretization of the governing equations is often done with the finite
volume method [16]. After the solution of the fluid phase the particle
trajectories are computed in a moving frame of reference throughout
the domain. The equation of motion for the particles is expressed by
Newton’s second law based on the forces that act on the particle [17].
The coupling between the phases is chosen based on the volume
fraction of the particulate phase and turbomachinery flows often allow
one-way coupling [18].

The erosion prediction is based on the individual particle impact
locations caused by the individual particle trajectories. Together with
the erosion model the material removal of the individual component
is computed. The basic assumption of the predictions is a linear ac-
cumulation of the material removal [2,19-21]. Normally, the meshes
are steady, and the instantaneous shape alteration of the blades is not
implemented in the simulation. In these types of simulations only the
final erosion patterns are evaluated. This approach neglects the time
dependent change of the flow field and hence the associated change
of the particle trajectories. On the other hand, numerical simulations
with mesh morphing enable the time-dependent simulation of the
shape change based on the material removal simulation [22]. However,
grid crossovers and negative cell volumes that can arise during the
simulation cause the simulation to crash [23]. Smoothing schemes
are proposed to improve the stability of the mesh morphing simula-
tions [2,22-24]. However, these approaches require a proper choice of
a smoothing parameter in order to obtain a numerical solution [25].

This paper derives a method to transform the material removal from
a particle simulation of a compressor blade into a displacement field
for the mesh morphing simulation. The mesh morphing is performed
based on the node displacement field. However, due to the non-smooth
displacement field grid crossovers and negative cell volumes can occur
during particular time steps in particular regions. In order to prevent
this, the mesh quality is checked before the morphing is performed.
This involves a local node adjustment in regions in which the cell
quality is reduced during a morphing time step. The proposed local
node adjustment is referred here as a novel smoothing approach. This
surface smoothing is presented in Section 3. The accuracy of the
method is validated against erosion experiments in a linear compressor
cascade in Section 4. Alongside, the time-dependent shape change of
the compressor blade and performance degradation are computed in
the mesh morphing simulation presented in Section 5.

2. Numerical framework

The Euler-Lagrange Method is used to perform numerical simula-
tions of solid particle erosion. In these types of simulations a discrete
particle phase moves within a continuous fluid phase. The continuous
phase is modeled with an Eulerian approach, while the particle phase
is modeled with a Lagrangian approach [14]. The coupling between
the two phases is chosen based on the relative volume concentration
of the particle phase. The material removal of the compressor surfaces
is calculated based on an empirical erosion model. The open-source
software OpenFOAM is used for the numerical simulations. In the
following, the flow field, the particle simulation, the phase coupling,
and the erosion modeling are briefly explained.
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2.1. Flow field simulation

The simulation of the flow field forms the basis for simulation of
the particle transport. The particle trajectories directly depend on the
local fluid flow. The finite volume method is used to discretize the
Reynolds-averaged Navier-Stokes equations (RANS). For the simulation
with dynamic meshes, the mesh velocity is incorporated within the
governing equations whose detailed formulation is given in [26]. The
Reynolds stress tensor is modeled with the eddy viscosity assumption
for which the k — w — SST turbulence model is used [27]. The simu-
lations are done with a dynamic mesh to feature the shape change of
the compressor blade. On the boundaries of the simulation domain a
displacement vector for each node needs to be specified. With these
boundary conditions the individual displacement of all nodes of the
mesh is computed. The node displacement of all vertices of the mesh is
then determined through the solution of a Laplacian equation with the
specified boundary conditions given as

V- (yVd,) =0. €8]

Here y denotes the mesh diffusivity and d, denotes the node displace-
ment [28,29].

2.2. Particle simulation

The particle trajectories are computed based on all relevant forces,
which act on an irregularly shaped particle given as

duvp
mPT:ZE:FD+FL+FB+FAM+FPG. (2)

The particle forces are the drag force Fj, the lift force F;, the body
forces including gravity Fp, the added mass force F,,,, and the pressure
gradient force Fp; [30,31]. The drag force is the dominant force and
is given for a particle as

Fp= éndipFCD(vp—vF)lvp—vFl. 3)
The force is specified with the equivalent particle diameter dp, the
fluid density pf, the relative velocity between particle vp and fluid vy
and the drag coefficient C,. The drag coefficient is an empirical factor
and depends on the Reynolds number Rep. It is derived using the drag
model of Haider and Levenspiel for irregularly shaped particles [32].
The drag coefficient is a function of the particle Reynolds number Rep
and the sphericity @, computed as

A = exp(2.3288 — 6.45810, + 2.44860%), @)

B =0.0964 + 0.5565® p, (5)

C = exp(4.905 — 13.89440  + 18.42220% — 10.259903), (6)

D = exp(1.4681 + 12.2584®, — 20.73220% + 15.885503,), @)

CD=R2—e4P~(1+A-ReI§)+ CL ®
Rep

The airfoil surface forms the boundary of the simulation domain.
The particle trajectories at these boundaries are determined with a
particle rebound model. The velocities of impacting and rebounding
particles are divided into components normal and tangential to the
airfoil surface. Coefficients of Restitution are used to account for the
loss of kinetic energy during the collision defined as

v
CoRn = Lz, 9
|Un,l |
U2
CoRt = —=. (10)

U1

These coefficients are functions of the particle impact velocity vp
and the particle impact angle «; and are dependent on the material
properties of the particle as well as the surface material. Rebound
models are derived from experiments and are only valid for the specific
combination of material, velocity and geometries used in the particular
experiment. Current particle rebound models can be found in [33-39].
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2.3. Phase coupling

The volume fraction of the particulate phase is characteristic for the
required degree of coupling between the continuous and the discrete
phase [40]. The particle volume fraction is given as

Vp
Yp= 72
At low particle volume concentrations the particles have no influence
on the fluid field and therefore only forces from the fluid onto the
particles are considered. This allows the usage of one-way coupling.
This case is given for small particle volume fractions of yp < 1 - 107°.
Any number of particles resulting in a volume fraction below this
threshold value can be chosen arbitrarily in these types of simulations.
One-way coupling reduces the simulation time. For increased particle
concentrations, the effect of the particles on the flow field cannot be
neglected. In the range 1-107% < wp < 1-1073 two-way coupling
needs to be applied. Here, the particles influence the flow field such
as the production and dissipation of turbulence. Therefore, the number
of particles cannot be chosen arbitrary. In the regime yp > 1- 1073,
the increased particle concentration necessitates the use of four-way
coupling. Such flows are referred as dense flows [40]. In these types of
flows particle-particle collisions need also to be modeled.

The particle concentrations in turbomachinery flow and in the
linear compressor cascade experiment are small enough to apply only
one-way coupling in this research.

1D

2.4. Erosion modeling

Compressor Erosion caused by solid particle impacts is a crucial
deterioration phenomenon in aircraft engines [41]. In the past decades
several experimental studies have been performed to analyze the pa-
rameters that influence the erosion process [7-9,42]. The erosion pro-
cess is divided into ductile wear and deformation wear, both occur
simultaneous. Solid particle erosion of ductile materials is affected
by the particle impact conditions, the particle properties, and the
mechanical properties of the surface [43]. Erosion experiments are
often performed as a fluid-particle-jet that hits a flat plate test specimen
under varying impact angles [7-13]. The ingested particle mass Mp
as well as the weight of the plate before and after the experiment are
measured. The erosion rate as the ratio of removed surface material 4m
(in gram) relative to Mp is determined as
_ Am

E = —
er
Mp

(12)

Empirical erosion models are derived from such experiments, which
determine the erosion rate ¢,. as a function of the average particle
impact velocity vp and the average particle impact angle «;. All erosion
models contain empirical calibration factors, which are determined by
experiments. Erosion models for conditions in high-pressure compres-
sors are reported in [10-13,44-47]. The derived empirical correlations
are in general only applicable to cases that are similar to the associated
experiments. A first approach to generalize the empirical correlations
and make them applicable to a wider range of cases is presented
in [11]. Hence, this correlation forms the basis for the current numeri-
cal insights. In the numerical simulations the particle impact quantities
are mass averaged to determine the averaged impact quantities that are
required for the erosion model.

3. Dynamic erosion simulation method

In general, the dynamic numerical simulation of the non-linear and
time-dependent erosion process can be achieved with the use of mesh
morphing [11,24,48]. The simulation starts with the computation of
particle trajectories through the affected parts. The resulting particle
impact locations on the airfoil surface as well as the local impact
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mp  Particle mass

dp dp Particle diameter

vp Particle velocity
mp .
dimp  Impact diameter

Fig. 1. Visualization of plastic particle impact onto a surface element.
Source: Figure adopted from the author’s PhD thesis [26].

velocity vectors allow the application of a suitable erosion model as
part of the dynamic erosion simulation.

Within the simulation, different time scales are decoupled. The
fluid and particle simulation are performed at the simulation time
step, while the erosion mechanism takes place at time steps that are
several orders of magnitude larger [24]. This makes the numerical
simulation a multiscale and multi-physics problem [49]. The time scales
are decoupled to reduce the computational effort [48]. This section
presents a novel method that enables compressor erosion simulations
with mesh morphing. The materials used in this section originate from
the author’s PhD thesis [26].

3.1. Particle-surface interaction

In the multiphase simulation, the particles move through the com-
putational domain and collide with the surfaces of the compressor
blades and vanes. As indicated in Fig. 1, the particle impact causes
plastic deformation to the impacted surfaces and removes material.
The region of plastic deformation has a specific diameter, which can
be determined with the theory of an impact of an elastic sphere on
a plastic—elastic flat surface derived by [50] based on the theory
presented in [7,8] as

1/4
dimp = dp <§”—”(|v,,| -ud)Z) . a3)

3o,

The impact diameter depends on the particle diameter dp, the par-
ticle density pp, the particle impact velocity vp, the yield strength o,
and the velocity of purely elastic impact v,,. Here, v,, is characterized
by the Young modulus E and the Poisson ratio v of the particle and
surface material and is derived by [7,8] as

2 s 1 1= 120277
= ——o02 2[—P+ S] ) (14)

Ep Eg

The yield strength of the material is specified as 2.656 N/mm? [50].
The particle and surface properties are chosen from particle rebound
experiment of quartz particles that impact a titanium blade from [51].
The young modulus of the particle is Ep = 76.5 GPa and the surface
young modulus is Eg = 125 GPa. The Poisson ratios are given as
vp =0.17 and vg = 0.34.
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Case 1: dimp < e

Case 2: dipmp > ¢

Fig. 2. General impact situation for different impact diameters relative to the
mesh size.
Source: Figure adopted from the author’s PhD thesis [26].

3.2. Material loss determination

The removal of surface material is caused by the repeated impacts
of solid particles. The multi impact erosion model presented in [11]
is used to determine the material loss of each cell of the surface mesh
based on the statistics of several particle impacts. In the simulation, the
particle impact is divided into two general cases, which are shown in
Fig. 2. For the impact of a small particle, the impact diameter d,,,, is
smaller than the length /. of cell j on the airfoil surface. Hence, only this
specific cell is affected by the impact. The sum values of all particles i
impacting on this cell j are assigned to the cell in this case. The particle
mass, kinetic energy and mass-weighted impact angle are computed in
this cell as

Mp; = Z Mmp;, (15)
i
1
Eyinj = X, 5mpi U (16)
1
Apj= Z ay; - Mp;. a7)
i

The impact diameter of larger particles exceeds the cell length /..
Several cells are damaged in this case. The impact parameters are
distributed between the neighboring cells to account for this effect. The
distribution between the cells is done assuming a normal distribution,
with a standard deviation of one sixth of the impact area d,,,. The
Gaussian distribution is chosen since it provides a physically plausible
representation of the localized material removal around the impact
location. Also, this approach is readily scalable to different particle
sizes, as the width of the distribution is chosen in accordance with
the particle impact diameter. The individual weight of each cell w; is
determined by the integration of the Gaussian distribution within the
cell. The integration is done with Simpson’s rule. The integration points
are derived from the distance of the edge center and the face center
to the impact position. Finally, the weights are scaled to unity. The
particle mass, kinetic energy, and mass-weighted impact angle are then
saved as weighted face values for each face as

Mp; = ZmP,i wj, (18)
1
1
Eypj = Z 3 mp; v%,’[. wj, 19
1
Apy= Y ay, mp; w. (20)
i

The impact kinematics are then used to calculate the average particle
velocity vp ; for each cell j with
Ekin,j

Tp; = 21
UP’j j‘vaj7 ( )
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— Original cell boundary
—— Morphed cell boundary
Internal cell boundary

Amj,1

Am;

Fig. 3. Calculation method for the surface node displacement field based on
the erosion material loss.
Source: Figure adopted from the author’s PhD thesis [26].

as well as the average impact angle a, ; of cell j as

Ap

—. (22)
Mp,

=

Finally, the erosion rate ¢,, ; for each individual cell is calculated based
on the average impact velocity and angle using the experimentally
derived erosion model [10,11]. The material loss Am; of each cell j
is derived using the total mass Mp; of the particles that impact a

particular cell as

4m Mp (23)

j = Eerj t VP

3.3. Calculation of the surface node displacement field

The procedure to transfer the material loss 4m; of each cell j into
a displacement vector for each node no; on the airfoil surface is shown
in Fig. 3. The displacement vectors of all nodes constitute the node
displacement field which is required for the mesh morphing simulation.
The surface normal vector 7; is used to transfer the material loss 4m;
into a displacement vector fj The surface vector is identical to the
surface vector that is used for the flux calculation within the finite
volume method. It is specified by the material loss 4m;, the material
density pg, the face area 4;, and the face normal vector ;.
o Am i 1
L= o T @9
The node displacement d: is interpolated between the displacement
vectors fj and f;rl of adjacent cells j and j + 1. For the interpolation,
the inverse distance D;,; between the cell face center and the node

in,j
position is calculated as

D, =—. (25)

The interpolation is done with the inverse distance method. The node
displacement vector is derived as a linear combination of individual
weights A; multiplied with each face displacement vector f; as

Dinj
A= —t (26)
/ Zj Din,j
di=A; - fi+ Ay fiy 27

The node displacement field is used as the boundary condition for
the blade deformation whenever the simulation time step triggers the
mesh morphing utility. The deformation of the entire mesh is then
determined by the solution of Eq. (1). After the morphing the kinematic
impact fields are reset.
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Morphing Smoothing
Virtual Emorphing E::;l dsarily?othed

"
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LY

o NO; /1
noj_y 9 Moy,

Fig. 4. Mesh morphing steps within the dynamic mesh simulation.
Source: Figure adopted from the author’s PhD thesis [26].

3.4. Smoothing of the airfoil surface mesh

The deformation of the mesh caused by the airfoil surface degra-
dation has the risk of a reduction of cell quality and possible negative
cell volumes due to grid crossovers in regions of high curvature [25].
These grid crossovers happen when mesh lines converge due to concave
surfaces [52]. Mesh smoothing improves the mesh quality and prevents
grid crossovers during the simulation [25]. Moreover, a small ratio
between cell height and width prevents grid crossovers [52]. The
smoothing approach which is introduced to mitigate these issues is visu-
alized in Fig. 4. It differentiates from published smoothing approaches
since no smoothing parameter is required. Also, the smoothing is not
constantly performed during the morphing simulation. It is only applied
to regions in which the cell quality is reduced. The smoothing is
designed to maintain the small height to width ratio of the initial mesh,
which prevents the grid crossovers. The length ratio between adjacent
cells, defined in Eq. (28), is a key parameter to maintain the quality of
the morphing mesh.

le,j—l

I}

Lr= (28)
c,j

It needs to be kept constant to maintain the initial small height to width
ratio of the cells The smoothing procedure consists of two steps. In
the non-eroded state, the cells have the lengths /. ; and /. ;_; with the
corresponding length ratio Lr. The cell length to I/ y and !/ o with a
modified length ratio L/’ is computed based on the node displacement
in a first step. The smoothing procedure is triggered in a second step if
the length ratio L’ indicates the risk of grid crossovers. This procedure
ensures that the final cell lengths 7/, and /;/; have an equivalent length
ratio as the initial mesh with Lr" = Lr. The smoothing is only applied
to cells for which the length ratio of adjacent cells is changed by
more than 0.5% and starts with the most severe cell. The chosen value
represents a deliberate trade-off between computational efficiency and
mesh quality, based on experience gained during the development
process. The morphing is done with the smoothed geometry.

As shown in Fig. 5, two adjacent cells with three mesh nodes are
considered in the smoothing step. The location of the middle node
is adjusted in order to maintain the initial length ratio. A quadratic
polynomial is chosen to compute the middle node position on the
smoothed contour. The Cartesian coordinate space is not suited for
this step as the quadratic polynomial is not necessarily mathematically
unambiguous. Therefore, Lagrange shape functions are employed to
map the physical coordinates of the nodes into logical coordinates, as
it is indicated in Fig. 5. The mapping is written in matrix form as

Xji—1 Vi1

[x© y©O]=[S.i©® S;© S| x; yi | (29)
Xjit1 Vil

The mapping is done with the second order Lagrange shape functions

S, which are derived as

£-
5@ = ==, 30)

S =1-¢&, G1
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Y Physical element (x,y)

N0j+1
Reference element (&)
Lia Lin
using Lagrange ¢
shape functions 5”31111 6’ 105 0 10j11
noj_1
X

Fig. 5. Smoothing procedure that follows the mesh morphing.
Source: Figure adopted from the author’s PhD thesis [26].

2
+

Sj@ == 32)

In the logical coordinate space the node positions are only a function

of the variable ¢ and the nodes are initially located at §;_; = -1, §; =0,

and ¢;,; = 1. The middle node is used to compute two Euclidean norms.
The Euclidean norm L j—1 is computed between the nodes no; and no;_,
with

Xji—1  Yj-1

7 £-¢ , g+e] |l !

La=|[&E-1 -2 25 s (33)
[ Xj+1 Vj+1]

Accordingly, the norm between nodes no; and no;,, is computed with

Xji—1 V-1

i 2-¢ 2 2 ! !

Lo=|[& 1-2 2]y G4
| Xj+1 Vi1

These two norms are used to derive a residual equation. The residual
is the distance between the current length ratio and the initial length
ratio of those cells.

72 272
RO =12, - LRL? (35)
This equation is rewritten with Egs. (33) and (34) into the form
R(¢) = a4.§4 + a3§3 + azfz +aé+a. (36)

The coefficients a, — a, are determined analytically. They are docu-
mented in the appendix. A Newton Solver is used to solve this residual
equation for a new value of ¢ and the solution gives the smoothed
position of the center node with the initial length ratio Lr. The Newton
solver requires the derivation of Eq. (35), which is given as

% = 38 + by + by € + by, 37)
The coefficients b, — b; are also derived analytically as documented
in the appendix. The solution of Eq. (35) determines the new value
¢ of node no;. Afterwards, the non-dimensional node positions are
mapped into the physical coordinate space and the mesh morphing is

performed.
4. Numerical setup and fluid flow validation

The method to compute solid particle erosion with mesh morphing
is implemented into the open-source simulation software OpenFOAM-
v2206 and applied to an example airfoil geometry. This is derived
from the midspan of NASA Rotor 37 [53,54]. The boundary conditions
are derived for the relative frame of reference at 60% design speed.
The results presented in this section originate from the author’s PhD
thesis [26].

4.1. Simulation domain and setup
The simulation domain for a linear two-dimensional compressor

blade is shown in Fig. 6. The relevant geometric parameters are docu-
mented in Table 1. The inlet “1” is placed one chord (c¢) in front the
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. . Outlet
— Simulation boundary
— Cyclic boundary

Mesh block

P2

Inlet
(%1
T

Fig. 6. Simulation domain of the cascade geometry with a detail view of the
mesh around the leading edge of the blade.
Source: Figure adopted from the author’s PhD thesis [26].

Table 1

Geometric parameters of the midspan of NASA Rotor 37 [53].
Geometric Parameter Symbol Value
Chord length c 0.0557 m
Cascade pitch s 0.0377 m
Stagger angle 7 51.2°
Zero incidence inflow angle a 56.7°

blade. The outlet of the domain “2” is positioned 1.5¢ behind the blade.
The velocity vector v, and the static temperature T are specified at
the inlet. The static pressure p, is given at the outlet of the simulation
domain. Cyclic boundary conditions are used at the upper and lower
boundary to simulate an infinite cascade. These boundaries have an
arbitrary shape to improve the mesh orthogonality. The meshing is
done with a fully structured grid, as also indicated in Fig. 6. Three
blocks at the inlet and outlet are connected with and O-block around
the blade. The detail around the leading edge represents the high
quality of the structured mesh in such critical regions. The mesh is
generated with the meshing software GridPro-v9.1.

4.2. Validation of the fluid flow calculations and mesh independence

The validation of the linear cascade simulation is done against the
results of a large eddy simulation, considering the same geometry and
the corresponding boundary conditions [55]. The large eddy simulation
itself is validated against measured data [54]. A compressible, subsonic
flow having velocity v, = 256.4 m/s, Mach number Ma = 0.76, static
temperature 7) = 283 K and a flow angle of g, = 64.5° is considered.
This yields an incidence of i = 7.8° and flow Reynolds number Re ~
972 550. The static pressure of p, = 113339 Pa is assumed at the outlet.
Three meshes with a refinement order of two have been simulated. The
coarse mesh has 14 300 cells, the medium mesh has 26 600 cells, and the
fine one has 50 400 cells. Towards the inlet and outlet of the fine mesh,
the cell sizes are increased to improve the convergence. The simulation
is performed with the steady-state compressible solver rhoSimpleFoam.
First-order discretization schemes are used in space. The turbulence is
modeled with the k — w — S ST model and wall-resolved treatment of
the blade [27].

Fig. 7 illustrates the Mach number distribution and streamlines of
the flow around the compressor for the fine mesh. The fluid enters
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Fig. 7. Mach number distribution and streamlines for the fine mesh at
incidence i = 7.8°.
Source: Figure reproduced from the author’s PhD thesis [26].

the domain at an incidence of i = 7.8° and is deflected by 13.7°,
as indicated by the streamline curvature. When the fluid encounters
the rotor, it is accelerated around the leading edge, resulting in the
formation of a transonic region. After the initial separation of the flow
at the suction side of the leading edge, the flow reattaches to the
suction side. Additionally, the detail of the flow at the trailing edge
reveals a second flow separation, which is accompanied by a secondary
separation bubble. The averages of the mean overall performance pa-
rameters are determined 0.5¢,, upstream and one axial chord length ¢,
downstream of the blade. The results for the performance parameters,
determined with the three meshes, are compared with the validation
results in Table 2.

The results for all three meshes demonstrate a high level of consis-
tency with the reference simulation in terms of stage performance. The
total temperature ratio is fully independent of the meshes and exactly
matches the LES value. The refinement of the mesh improves the accu-
racy in the static temperature ratio, which achieves the exact LES value
for the fine mesh. The static pressure ratio and total pressure ratio are
found to be accurate within 0.1%. Different flow separation locations
near the leading edge at the suction side corresponding to different
meshes cause a mismatch in the deflection angle §,,. The separation
point moves towards the leading edge for finer meshes, which causes
an increased separation bubble and the reduction in flow turning. This
discrepancy is not problematic, as the suction side is only subject to
minor erosion and thus the influence on erosion predictions is low.
Moreover, the discrepancy in stagnation loss coefficient {p is less than
10%. This error is deemed acceptable, since RANS simulations have
known shortcomings in the prediction of loss mechanisms compared
to large eddy simulations [56].

The mesh independence is evaluated based on the GCI with a
mesh order of two [57]. The GCI is calculated downstream of the
blade for pressure, temperature, and velocity. For the pressure and the
temperature values, the computed result is 0.999. This demonstrates
that mesh independence is ensured.

The pressure distribution results are analyzed with the local pres-
sure coefficient on the blade surface calculated as

_ P—D ] (38)
P — P

The results of the three meshes are compared with the large eddy

simulation in Fig. 8. The distribution of the three different meshes have

CpJac
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Table 2
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Mean overall performance parameters in the relative frame of reference of the large eddy simulation and the

three different meshes.

Parameter Reference [55] Coarse mesh Medium mesh Fine mesh
Total temperature ratio T,,/T,, 0.999 0.999 0.999 0.999
Total pressure ratio p,,/p,, 0.968 0.968 0.967 0.967
Static temperature ratio 7, /T, 1.074 1.076 1.075 1.074
Static pressure ratio p,/p, 1.248 1.257 1.252 1.247
Incidence i 7.81° 7.80° 7.79° 7.78°
Flow deflection angle 6, 11.12° 14.75° 14.07° 13.71°
Stagnation loss coefficient ¢, 0.096 0.102 0.102 0.105

Pressure coefficient Cjjoc |-

-0.51 & = Suction side == Pressure side
I‘ ® (Coarse mesh
-1 ()—5:. o Medium mesh
i | —=-=- Fine mesh
s .-+ Large eddy simulation [55]
0.0 0.2 0.4 0.6 0.8 1.0

Axial chord position X/cqy |-

Fig. 8. Distribution of mean static pressure rise coefficient C,;, for three
meshes compared to the large eddy simulation of [55].
Source: Figure reproduced from the author’s PhD thesis [26].

a high similarity on the pressure and suction side along the whole
chord length. In contrast to the large eddy simulation, the value of
the pressure rise coefficient at the trailing edge is higher in the RANS
simulation. This shift of 0.19 in C,,,. causes higher values for the RANS
simulation alogn the whole chord. Nevertheless, the overall work is
accurate within 2.3%. The difference at the beginning of the suction
side curve is due to the earlier separation point predicted by the RANS
simulation. Overall, the RANS simulation is capable to predict the
relevant flow characteristics.

As the analysis reveals a high consistency with the LES results the
simulation setup is accurate for this case. Consequently, the simulation
settings and the medium mesh will be used for the following studies.
The medium mesh offers the best compromise between resolution and
computational effort.

5. Mesh morphing simulations

The decoupling of the erosion timescale from the timescale of
the fluid and particle flow is realized as part of the mesh morphing
procedure. The fluid flow and the particle trajectories are simulated
with the time step suitable for the fluid flow. Mesh morphing becomes
necessary due to the changes of the airfoil geometry caused by solid
particle erosion. Generally, the morphing time steps are performed as
infrequently as possible. The frequency of mesh morphing is chosen to
give an optimum of computational effort and accuracy. The fluid field
is frozen for the time steps of unchanged geometry. This reduces the
computational efforts associated with the simulations of the particle
impacts. However, this is not appropriate if the geometry is changed
within the simulation [22]. The fluid flow is accordingly re-solved after
the mesh has undergone a deformation. The results presented in this
section originate from the author’s PhD thesis [26].

5.1. Influence of time ratio on erosion predictions

The characteristic of a linear cascade domain are assumed for the
numerical simulation. The boundary conditions of the simulation are
derived from measured data of [50]. The fluid enters the domain with
a velocity of v; =306 m/s and a total temperature of 7, = 450 K under
the incidence of i = 10.3°. The static pressure at the outlet is set to p, =
97 170 Pa. At the start of the simulation, the blade geometry is identical
to the initial geometry of the compressor blades, which are eroded in
a linear cascade [50]. This becomes necessary, since the leading and
trailing edge of the tested blades deviate from the one of the NASA
Rotor 37. They feature an increased thickness due to manufacturing
tolerances. These manufacturing tolerances are also present in modern
compressor blades and vanes. They negatively affect the aerodynamic
performance of the components [58]. This tested geometry is meshed
with a structured mesh having 26 600 cells.

The reference experiment utilized a mass flow rate of mp = 0.0315
kg/(m?s) of the solid particles. This corresponds to a particle volume
fraction of ¥p ~ 1-1077. Consequently, one-way coupling has been
assumed between the fluid and the particles [40,50]. The erosion
experiment has been carried out using Arizona Road Dust A3. Its known
particle volume distribution [59] has been used for the numerical
simulation, disregarding all particles with dp < 5.5 pm. As it is
shown in [26] these small particles have low impact efficiencies and
low kinetic energy. The kinetic energy is an important parameter for
compressor erosion. Consequently, neglecting these particles in the
numerical simulation is a valid assumption. Additionally, the small
particles cause the majority of the numerical effort, and this assumption
results in a numerical speed-up factor of around 50. Particles are
ingested into the simulation domain in parcels which are randomly
distributed across the inlet. Each parcel contains 2 000 particles of
equivalent size with a density of pp = 2650 kg/m3. In the simulation
1 - 10~ particles per second are ingested, which results in a numerical
particle flow rate of 3.52 kg/s. The parcels are ingested with the fluid
velocity. The particle vector is randomized in space by 5% of the
velocity magnitude to feature turbulent fluctuations. The non-sphere
drag model with a shape factor of 0.7 is used. Turbulent dispersion
is modeled by the stochasticDispersionRAS model [32,60]. The particles
are removed from the simulation once they have collided with the
compressor airfoil.

The mesh morphing simulation starts with a steady-state solution,
which is computed with first-order discretization. Initially, the fluid
field is frozen, and the particle trajectories are determined at each
fluid time step. The fluid time step is 1 - 1077 s to ensure the Courant
number Co < 1. Based on the particle impacts on the compressor
airfoil, the dynamic erosion method is used to determine the mesh
deformation. When the specified morphing time step is reached, the
mesh undergoes the deformation. This requires the re-computation of
the fluid flow. Consequently, the fluid solution is calculated with a
transient simulation that employs first-order discretization in space
and time. Once the change in the fluid flow due to the deformation
is calculated, the fluid solution is frozen again and only the particle
trajectories are simulated. This procedure is repeated as soon as the
next morphing time step is reached.
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Fig. 9. Mach number distribution and particle flow field at incidence i = 10.3°.
Source: Figure reproduced from the author’s PhD thesis [26].

Five different time ratios TR between the fluid time step 7/,
and the morphing time step ?,,,,.,s;,, are simulated in order to find an
optimum value. The time ratios TR vary in the range 1 — 10 000 with
a factor of 10 between the ratios as

! morphing

TR = (39)

Ifluid

The number of fluid flow iterations after each mesh deformation is
chosen to be 20% of the TR, which ensures that a fluid particle passes
at least three times through the domain in each simulation.

The numerical results of the Mach number distribution Ma and the
particle flow solution around the compressor blade are shown in Fig. 9.
For each particle diameter a uniform number of particles is shown for
improved visibility. The inflow is specified at an incidence of i = 10.3°
and is turned by the blade by §,, = 12.65°. A transonic region at the
front suction side of the blade is present. At this location the flow
immediately separates due to the blunt leading edge and the high flow
incidence. The flow stays detached for the whole chord length. The
particles are ingested with the flow angle. Large particles with dp > 50
pm collide with the pressure side of the blade, as the passage pressure
gradient is unable to redirect such particles. Consequently, only a few
particles with large diameters are seen after the compressor blade. The
smaller particles with dp < 50 pm are deflected by the passage pressure
gradient towards the suction side of the adjacent blade. Therefore,
a significant number of small particles are present after the stage.
These two effects create a shaded region wherein the presence of large
particles is effectively negated, with only small particles remaining.
The shaded region is defined by the inflow angle. It extends to the
trailing edge of the adjacent blade. Large particles are present at the
outer boundaries of the shaded region due to the turbulent ingestion
at the inlet. The shaded region also reveals that initial particle impacts
on the suction side of the blade do not occur. These impact patterns
and the shaded region correspond to particle impacts that are observed
on the first stages of modern compressors in an erosion experiment
reported in [61]. In the first stages of the measured compressor particle
impacts on the pressure side are reported, while the suction side does
not experience initial particle impacts. Particle impacts on the suction
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Fig. 10. Results for the time ratio study with mesh morphing for different
ingested particle masses in gram (g) along the compressor blade.
Source: Figure reproduced from the author’s PhD thesis [26].

side of the blades are only observed for later stage of a multi-stage
compressor.

Fig. 10 shows the geometry of the eroded compressor blade at the
leading edge, the pressure side, and the trailing edge. The solutions
correspond to the specified time ratios ranging from TR = 1 to
TR = 10 000 for two different ingested particle masses. For all time
ratios and both masses of ingested particles the leading edge contour is
predicted within a confined margin. The discrepancies are up to 40 pm,
which stays within the maximum point spacing of optical measurement
devices [62]. Particle erosion results in a backward displacement of
the leading edge, accompanied by a continuous reduction in leading
edge thickness. The transition region between the leading edge and the
suction side is indicated by the dashed box. Here, the angle between
the inflow vector and the cells is altered due to mesh morphing.
Consequently, cells that are initially located in the shaded region
undergo a morphing process that alters them into the particle flow.
These cells are then subjected to erosion. Without the morphing step,
the cells would remain in the shaded region, and erosion in the early
suction side region would not be present. This effect is less observed
for the case of TR = 10 000, while the other cases remain within close
borders. This shows that large time ratios do not accurately predict the
gradual change of the compressor blade, which reduces the predictive
capabilities. The geometry variations for the pressure side are minimal
and vary within 10 pm across all time ratios. This is a consequence
of the pressure side cells, which have a similar shape and normal
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vector, as the curvature on the pressure side is nearly constant [63].
Therefore, the morphing predictions are highly accurate and stable in
this region, and grid crossovers do not occur. The erosion deterioration
at the trailing edge is less pronounced than at the other regions of
the blade. This phenomenon is attributed to two primary factors. First,
the trailing edge is located at the outer zone of the shaded region,
which causes less particle impacts. Second, the particles are subjected
to a longer exposure to the pressure gradient of the passage, which
redirects them. Consequently, the displacement is reduced, and the
predictions through different simulations are in good agreement, with
discrepancies of up to 10 pm. For all time ratios, erosion deterioration
on the suction side does not occur. This proves that no initial particle
impacts occur on the suction side, as it is also reported for the first
stages of multi-stages compressor in [61]. The analysis of different time
ratios reveals that a good agreement is observed for all time ratios T R.
However, the highest time ratio is unable to predict the gradual change
at the beginning of the suction side. The analysis demonstrates that
mesh morphing is necessary to correctly predict the deterioration in
this critical region. Given that the case of TR = 1 000 represents an
optimal balance between simulation time and prediction accuracy, this
ratio is employed for the subsequent study.

5.2. Validation of the morphing procedure

The contour resulting from the numerical simulation is validated
against the contour of the central blade at 75% blade height of the
experimented linear cascade. The flow field for this blade is periodic.
In the experiment the contour is measured after 4 kg of ingested
particle mass. The local particle concentration of the flow impacting at
this blade section is derived from erosion experiments with flat plates
as reference objects [50]. The equivalent particle mass Mp for the
two-dimensional cascade is computed due to Eq. (40) by using the
experimental mass flow rate rip, the projected area A,,,; = 14.7 mm?
for a slice of 1 mm thickness, the experimental time 7,,, = 36 000 s, and
the mass scaling factor for the locally increased particle concentration
of 2.38 as

Mp = titp Ay ey - 238 = 39.68 . (40)

The comparison of the numerically predicted geometry in blue after
39.68 g of ingested particle mass with the experimental measurement at
different regions of the airfoil is done in Fig. 11. The dashed-black line
represents the experimental mean, while the experimental uncertainty
is demonstrated by the gray region. The numerical simulation predicts
a leading edge erosion of 0.65 mm, which is in good agreement
with the measurements. This corresponds to a reduction in chord
length by 1.2%, which represents an operational life of 3 000 to 3 300
flights [64]. The maximum acceptable stall chord limit for civil engines
is 4-6% [65]. Additionally, the leading edge has an increased roughness
and several irregular craters. These craters have been captured due to
the time dependency of the morphing simulation and are caused by
local impact concentrations. In the region between the leading edge
and the suction side, the cells are morphed into the flow field, and
their surface direction is altered. At the front pressure side, the surface
displacement is at the outer region of the uncertainty band, with locally
increased surface displacement of up to 70 pym. The simulation of large
deformations of 0.7 mm at the leading edge is only achievable because
of the smoothing step, otherwise grid crossovers would have caused the
solution to diverge.

The largest part of the pressure surface is displaced by 0.3 mm,
which is within the measurement uncertainty. The morphing process is
highly stable in this region of small curvature changes. The predictions
at the trailing edge are in close alignment with the measured mean. The
surface displacement at the trailing edge is smaller than at the leading
edge, which is caused by the reduced particle impact mass. The pres-
sure side surface is continuously cut back, which reduces the trailing
edge thickness and sharpens the trailing edge. Overall, the material loss
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Fig. 11. Results for the validation study with mesh morphing after 39.7 g of
ingested particle mass in gram (g).
Source: Figure reproduced from the author’s PhD thesis [26].

predictions are in excellent agreement with the measurements, and the
dynamic erosion simulation method is capable of precisely predicting
the erosion induced shape change.

Fig. 12 shows the morphing process of the mesh for varying ingested
particle masses at both the leading edge and the trailing edge. In the
original shape the leading edge is blunt, and the mesh is refined at the
leading edge and the trailing edge. Solid particle erosion causes defor-
mation of the geometry, which intensifies with increasing particle mass.
Notably, the leading edge exhibits a greater degree of deformation
compared to the trailing edge across all stages of deterioration. At the
leading edge, both the suction side and the pressure side are affected
by the deterioration, and the formation of craters is observed in the
subsequent erosion stages. Deformations of up to 0.7 mm are achieved
at the leading edge within the simulation. In contrast, the trailing edge
deformation is limited to the pressure side and the suction side nodes
remain largely unaffected. The continuous step back of the pressure
surface results in a sharpening of the trailing edge and a reduction in
trailing edge radius.

Table 3 presents the results of a passage performance study of the
manufactured compressor blade with increased thickness and a blunt
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Fig. 13. Mach number distribution at the leading edge for the original and
eroded geometry for incidence i = 10.3°.
Source: Figure reproduced from the author’s PhD thesis [26].
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Table 3
Comparison of the performance degradation of the compressor stage within
the mesh morphing simulation.

Fig. 12. Time series of the mesh around the compressor blade at different
erosion stages at the leading edge and the trailing edge.
Source: Figure reproduced from the author’s PhD thesis [26].

leading edge. A fluid simulation for different ingested particle masses
is used to evaluate the aerodynamic performance of the blade. The total
temperature ratio and the static temperature ratio is not influenced
by the blade shape change. The impact of erosion on the passage
performance can be divided into two distinct phases. Initially, the
leading edge is thinned and transforms from a blunt to a rounded shape.
The rounded leading edge has a reduced adverse pressure gradient,
which is accompanied by a delayed flow separation and a smaller
separation bubble. Consequently, the total pressure ratio and static
pressure ratio are increased, along with an increased deflection angle
and a reduced stagnation loss coefficient {p. Therefore, the early ero-
sion stages enhance the passage performance of the compressor blade,
which counteracts the initial performance penalty due to the increased
thickness and the blunt leading edge of the manufactured blade. This
phenomenon is particularly pronounced in the case of an ingested
particle mass of 27 g, which exhibits a notable overall improvement in
performance parameters. At this stage, the trailing edge is sharpened,
resulting in a higher deflection angle. Subsequently, further deteriora-
tion leads to significant geometrical changes. The rough leading edge
increases the separation bubble and the total pressure ratio as well as
the static pressure ratio drop significantly. This is accompanied by an
increase in deflection and a substantial increase in stagnation loss. The
erosion deterioration becomes severe almost immediately.

The change in the flow around the leading edge is shown in Fig.
13 by comparing the Mach distribution for the original geometry and
the eroded geometry. The blunt leading edge of the start geometry

10

Ingested Particle Mass 0g 135¢g 27 g 40 g
Total temperature ratio 7, /T, 0.998 0.999 0.997 0.998
Total pressure ratio p, /p,, 0.939 0.944 0.945 0.924
Static temperature ratio T, /T, 1.072 1.072 1.072 1.074
Static pressure ratio p,/p, 1.204 1.211 1.218 1.192
Flow deflection angle &, 12.64 12.67 13.05 13.89
Stagnation loss coefficient ¢, 0.192 0.176 0.174 0.239

causes an early suction side separation. The eroded leading edge has
a sharp transition from the leading edge to the suction side, which
causes flow separation. Due to the sharp profile, the separation on
the eroded geometry has an increased separation angle and a larger
separation bubble. In the craters of the eroded geometry small flow
separations are observed. The area of the passage increases for the
eroded geometry due to the thinning of the blade. Therefore, a slight
region of increased velocity at the pressure side, which is present for
the original geometry, vanishes for the eroded geometry. The geometric
variations of the leading edge play a dominant role in altering the
efficiency of the blades and their prediction can help to improve the
design process and the in-service efficiency [58].

6. Conclusion

The impact of solid particles on aircraft engines components causes
substantial erosion deterioration. This process is non-linear and time-
dependent. Accurate prediction of this process is essential to determine
which parameters influence it and to understand the individual effects
of each parameter on the overall erosion deterioration. We have shown
an improved numerical simulation of erosion deterioration by develop-
ment of a novel method that couples the erosion simulation with mesh
morphing. The simulation incorporates a novel smoothing approach
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prior to the mesh morphing, which achieves numerical stability by
avoiding grid crossovers and negative cell volumes. The smoothing is
based on the concept to retain the initial aspect ratio of adjacent cells.
The smoothing step itself is done in the logical coordinate space in
order to enable universal applicability. This enables the time-dependent
and non-linear simulation of erosion deterioration of compressor blades
and the simulation of the gradual change in aerodynamic performance.
Grid crossovers and negative cell volumes were successfully avoided for
deformation of up to 1.2% of chord length reduction. At more extreme
erosion conditions the requirement for a re-meshing of the domain is
observed. The morphing is not required for each fluid time step, and
an optimal frequency for mesh morphing has been demonstrated. This
reduces the computational effort without compromising the accuracy
of the results.

The numerical method is validated against measured data of a
linear compressor cascade. The accuracy of the numerical predictions
is demonstrated by the comparison of the numerical airfoil shape
change with the experimentally observed on. This allows to accurately
investigate the non-linear and time-dependent effect of solid particle
erosion on the aerodynamic performance of the compressor blade.

During the initial erosion stages, the efficiency of the blades is en-
hanced. This phenomenon is attributed to discrepancies between the in-
tended blade design and the manufactured blade geometry used in the
experiments. After this initial increase in performance, a pronounced
decline in efficiency is observed once a certain level of material removal
is reached. This is related to the erosion phenomenon and its impact on
compressor efficiency.

Additionally, we analyzed the time dependent alteration of the flow
field for the compressor airfoil. The initial blunt leading edge causes an
early suction side flow separation. The eroded compressor blade has a
sharp leading edge, which causes an increased flow separation and a
reduced blade performance.

CRediT authorship contribution statement

Jan Hartmann: Writing — original draft, Visualization, Validation,
Methodology, Investigation, Formal analysis, Data curation, Conceptu-
alization. Stephan Staudacher: Writing — review & editing, Supervi-
sion, Resources, Funding acquisition, Conceptualization.

Declaration of competing interest

The authors declare that they have no known competing finan-
cial interests or personal relationships that could have appeared to
influence the work reported in this paper.

Acknowledgment

Parts of this work originate from research presented as part of the
author’s doctoral dissertation [26].

Appendix A. Coefficients for the residual equation

The coefficients q - a, are listed below.

ag = 0oy =X, + g =y = LA ((x; = x50 + (3 = v
ap =20x;1/2 = x4 /D% = %)) + 20050 /2 = ¥ /D@ — ¥))
+ Lr2(2(xj_1/2 =X /D0 = x50 + 200,21 /2 = Y /D) = Y1)
ay=(x;,/2- xj+1/2)2 - L’Z((X,’—l/2 - xj+l/2)2 + (/2= Yj+1/2)2
+20x; = xj )11 /2 = x5+ X500 /2 + 200 = ¥ D21 /2= ¥+ Y /2)
F o1 /2=y /2 =20, — X)) /2= x5 + X4, /2)
=202 =YD /2= ¥+ ¥ /D)
ay = LrP(2(x;_ /2 = x4, /2% /2 = X; + %, /2)
+200,1/2= Y1 /DG /2= + Vi /)
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=201 /2 = x50 /2D /2 = X5+ x4 /2)
= 20021 /2= Yt /DG /2= Y + Vi1 /D)

ay =06 1 /2= X+ X4 /27 = LG /2 = X, + X4, /2

FO /2=y Y DD+ G /2=y 4y /2P

Appendix B. Coefficients for the derivative equation

The coefficients b - b; are listed below.

by = z(x/'—l/z - xj+]/2)(xj—l -x;)+ 2()’,-_1/2 - J’/+|/2)(Yj_1 -y

+ L2201 /2 = %41 /205 = X;50) + 200,01 /2 = V41 /20 = Y1)

by =20x,_1/2 = X141 /2 =201 — ¥ — 29 + Vi)

=20,y = X001y = 2%+ Xj40) + 200,21 /2 = V101 /2
= LrAQx; = x4 )Xy = 25 + %) + 200 = ¥ Doy = 295 + Vj41)
200, /2= X4 /D7 + 200,11 /2 = Y0 /2D

by = LrrQ2(x;_, /2= X1 /DX, 1 /2= x; + x;,,/2)

+200,01/2 = Y /DG 2= Y + ¥ /D)
+ 2(xj_1/2 - xj+1/2)(xj_1 = 2x; + X))
+20,1/2 = Y /DB = 295+ Yi)
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