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During service, civil turbofans experience environmentally induced deterioration.
Predicting this in a digital service twin model is computationally challenging due
to the need to model both deterioration mechanisms and environmental
conditions. For compressor erosion, a key challenge is to model particle
ingestion throughout a flight mission (FM). During ground operations, these
particles may be airborne or deposited on runways and taxiways. This work
assesses the impact of the latter on turbofan core compressor deterioration
during a mission. The airflow field in front of the engine intake is approximated
using potential flow theory. Comparisons with measurements show that the
predicted air velocity near the engine is underestimated since the inlet ground
vortices generated from viscous effects are neglected. The forces acting on the
particles are derived from the flow field. It turns out that most particles are lifted
from the ground during take-off (TO). Yet only smaller particles below ≈ 50 µm
are ingested into the engine intake. A deterioration model based on flat plate
erosion experiments is used to compute mission severity, assuming all particles
are similar to medium Arizona Road Dust. The results indicate that the engine’s
distance from the ground, power setting, and the number of particles on the
ground are key parameters influencing the impact of runway and taxiway
particles. Considering the underestimation of the airflow field and thus the
number of particles ingested, it is concluded that runway and taxiway particles
play a major role in turbofan compressor deterioration.
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1 Introduction

Engine maintenance constitutes a relevant part of the operating costs of airlines
(International Air Transport Association). The work scope, cost, and timing of the
engine maintenance actions depend, among others, on the type of engine, its distance
from the ground, the way it is operated, and the environment in which it is operated. All
these contribute to deterioration mechanisms such as erosion, fouling, corrosion, and
abrasion, simultaneously interacting in a complex way (Saravanamuttoo, 1994; Kurz and
Brun, 2000; Hamed et al., 2006). Together with a limited base of in-service data, this made
the derivation of cause–effect relationships difficult for a long time. Consequently, a model-
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based prediction of engine maintenance type and intervals is still a
challenge. Today, the increased amount of digitally available data,
such as Automatic Dependent Surveillance—Broadcast (ADS-B) or
Continuous Engine Operational Data (CEOD), provides additional
details of individual aircraft operations. This stipulates the
generation of so-called digital twins, which duplicate the real
existing engine throughout its service life by a digitally created
model representing its time-dependent characteristics (Klein et al.,
2022). In doing so, the digital twins combine suitable analytical,
numerical, and artificial intelligence models, providing useful
information about the system state that is not accessible through
data analysis. The requirement to predict the service life of whole
fleets of engines in acceptable computational times makes
computationally efficient modeling indispensable. The outcome
of the digital twin used is a comparison of flight missions (FMs)
in terms of their severity, i.e., the degree of hardware deterioration
experienced by the engines during these missions.

The impact of the engine installation on the experienced severity
is indicated in Richardson et al. (1979). In this study, it is reported
that the elevated center engine of McDonnell Douglas DC-10
aircraft experiences a reduced rate of deterioration compared to
the engines mounted under the wings. With the type of engine and
its installation being fixed for a particular aircraft type, the severity of
a flight mission will depend on its operational details and ambient
conditions. Hence, the fixed installation aspects and the varying
operational factors have to be discussed separately. This is
demonstrated using solid particle erosion as an example for the
deterioration mechanism, which has been widely investigated
experimentally and numerically. Flat plate experiments provide
an established source of empirical data for solid particle erosion.
Dimensional analysis (Lorenz et al., 2022) shows that applying the
erosion data derived from flat plate experiments to the computation
of the material loss during a mission for a given combination of solid
particles and engine part materials requires the following
components:

1. A statistically relevant number of impacts on a flat plate
surface element

2. A suitable relation of the surface setback to the particle size
3. A suitable relation of the surface elements to the particle size
4. A representative impact angle
5. A representative kinetic energy of the impacting particle.

The numerical investigation of the erosion severity requires
modeling three basic processes involved with solid particle
erosion of turbofan engines. The first process embraces all
aspects influencing the ingestion of particles by the engine. The
second process is the transport of the particles in the working fluid
within the engine. The third process is the impact of the particles on
the gas path surfaces, including its consequences for the surface and
the particles. The process of engine wear by solid particle erosion
thus begins with the transport of particles from their original
position in the engine’s environment into the engine’s inlet.
During airborne flight segments, only particles suspended in the
air can be ingested. However, during flight segments performed on
the ground, both particles dissolved in the air and particles lying on
airport pavements can be ingested by the engine. This leads to the
question about the importance of runway and taxiway particle

ingestion to aircraft engine compressor deterioration. Early
experimental investigations show that the engine height above
the ground, engine power setting, and atmospheric circulation
are key to the formation of vortices extending from the inlet to
the ground surface and that the surface structure plays a decisive role
in the lifting of objects from the surface (Rodert and Garrett, 1955).
The factors influencing the lifting force on an object lying on the
surface have been investigated in Glenny and Pyestock (1970) based
on the system shown in Figure 1A. Dimensional analysis of this
system resulted in the approximate nondimensional expression
shown in Equation 1.
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Hence, it is postulated in Glenny and Pyestock (1970) that high-
bypass ratio engines featuring large inlet diameters D1 with their
installation resulting in a lower ground clearance h will be prone to
lifting ground debris into the intake. The last nondimensional group
in Equation 1 is the inverse of the Rossby number describing the
ratio of inertial force to Coriolis force. For the engine operating
point, the intake throat velocity W1 represents a characteristic
velocity. The intake throat diameter D1 is the characteristic
length. The ratio of the crosswind gradient ΔW0 and the strength
of the crosswind W0 represents the Coriolis parameter. The
experimental results in Glenny and Pyestock (1970) show that
the smaller the Rossby number, the higher the risk of ingestion
of particles. The experimentally based publications of Rodert and
Garrett (1955); Glenny and Pyestock (1970) have been refined by
distinct numerical studies. Nakayama and Jones (1996) used a high-
order panel method to complement existing experimental data in
order to discuss the boundaries for inlet vortex formation. It turned
out that a simple correlation could be provided based on the first and
fifth nondimensional groups in Equation 1. The first
nondimensional group W0

W1
describes the level of acceleration of

the inlet mass flow caused at a given speed and power setting.
The fifth nondimensional group H

D1
describes the particular engine

installation. RANS equations employed in MacManus and Slaby
(2015) explore the parameter range associated with the
nondimensional expression in Equation 1. It is shown that a
particle lifted from the ground follows a ballistic trajectory, and if
it gets into the inlet stream tube, it may be ingested. For a very low
engine height h, objects of significant size, like a 10 kg aluminum
particle, could be ingested. However, the high computational
demands associated with any CFD study are not acceptable for
methods to be applied in a digital twin, as introduced above (Klein
et al., 2022). Hence, an effective way to replicate the complex fluid
dynamic phenomena involved with the ingestion of ground particles
by a taxiing engine has to be established.

2 Digital twin model

The applied fast computing engine digital twin model is
documented in Brandes et al. (2021a); Scarso et al. (2022). Its
general structure is shown in Figure 2. It is generated using state-
of-the-art performance synthesis and compressor mean line
methods. The performance synthesis model represents an engine
similar to a CFM56 engine (Brandes et al., 2021b). Performance
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synthesis is run à priori to give a table of engine non-dimensional
parameters. Similarly, the compressor mean line model is run à
priori to derive a set of compressor non-dimensional inter-blade row
data, including flow angles and velocities. For a given flight
condition and power setting, the engine model provides all gas
path parameters needed to compute the mission severity parameter
of the core flow compressors. The power setting is commanded by
an aircraft model at every point of the flight mission. The non-
dimensional low-pressure shaft speedNLo is used as a power setting
parameter. It is assumed that the aircraft carries out flight missions
that are part of the DASHlink NASA dataset containing regional
flight missions flown in the United States (NASA). Hence, flight
Mach number (Ma), the ambient static pressure (Ps,0), the ambient
static temperature (Ts,0), and the flight altitude (ALT) are taken
from the DASHlink NASA dataset. This results in consistent and
realistic dynamics of the flight missions with a decent representation
of flight missions typical to the CFM56 type of engines (Scarso et al.,
2022). Compressor leading-edge erosion is computed from erosion
rate correlations gained from the Arizona Road Dust impingement

test with flat plate specimens (Brandes et al., 2021b). This digital
twin model computes details of blade deterioration due to solid
particle erosion and provides a parameter called mission severity
ωFM,CFC. This parameter is obtained by dividing the mass of metal
eroded from the leading edge of the core flow compressor blades for
one flight mission ΔmM,LE,FM,CFC by the mass of the complete set of
new blades mM,B,CFC.

It is assumed that all solid particles ingested by the engine are
like Arizona Road Dust (φp,0) in terms of particle geometry,
chemistry, and size distribution. For a given volumetric airflow Q
entering the engine at a given point of the flight missions, the
concentration of airborne particles φp,0 defines the mass of airborne
particles ingested by the engine _mp,0. It is assumed that the
concentration of airborne particles decreases exponentially with
flight altitude (Hobbs, 1993). The particle concentration for take-
off (TO) and climb is scaled using the particle concentration PM10
at the departure airport. The particle concentration for the descent,
approach, and landing segments is scaled in an analog way using the
PM10 level of the arrival airport. The particle concentration in the

FIGURE 1
(A) Intake nomenclature. (B) Streamlines of the external intake flow (left) and generated by the multiple ring sink model (right).
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cruise is scaled using the average of the PM10 levels at the departure
and arrival airports. The PM10 levels are taken from the
United States Environmental Protection Agency (EPA). During
close-to-ground operations such as taxi, take-off, and touch-
down, the mass flow of airborne particles _mp,0 is superimposed
by particles ingested from the ground _mp,gr. The concentration of the
particles lying on the airport ground surfaces PM10gr is a key input
to compute the amount of ingested ground particles. The according
numerical model computes the ability of the intake volumetric flow
Q to pick up these particles and transport them into the engine. The
air velocity field around and in the engine intake defines this ability.

3 Air velocity field around and in the
engine intake

A typical streamline pattern of the external intake airflow is
shown in Figure 1B. This is the result of the intake geometry, the
position of the intake relative to the ground, the power setting of the
engine, and a potential cross-wind. The streamline pattern is not
symmetric because of the proximity to the ground and the intake/
nacelle shape. It has a stagnation point on the ground with the
corresponding stagnation streamline. The flow to the right-hand
direction of the stagnation streamline is flowing opposite to themain
intake flow direction and features high curvature at the intake
lip. The flow to the left of the stagnation streamline follows the
main intake flow direction and is characterized by a lower degree of
curvature. The numerical computation of this flow field with high
spatial resolution is not suitable in the context of digital twin
modeling. Modeling the intake velocity field around the engine
intake through a potential flow generated by n multiple ring sinks

offers low computational effort with an appropriate spatial
resolution (Hess and Smith, 1967; Hooi et al., 2015). The
streamline pattern generated by such a model is shown in
Figure 1B. Per definition, it is symmetric. The resulting flow
pattern is free of vorticity and neither reflects the streamline
curvature caused by the intake nor the backflow expected below
the engine nacelle. Yet it promises adequate modeling of the flow
patterns observed to the left of the stagnation streamline. As shown
in Figures 1B, 3A, n multiple ring sinks are positioned at station 1,
i.e., at the intake throat position. The outer radius equals the intake
throat radius R1. The multiple ring sinks have an equal radial
spacing Rk − Rk−1 � R1/n. The radius of each kth ring sink is
calculated using Equation 2. The ring indices k increase
radially inward.

Rk � R1 − k − 1( )R1

n
. (2)

It is assumed that air density and axial velocity are evenly distributed
at the intake throat. Hence, the volumetric air mass flow, Q, is
derived using Equation 3.

Q � πR2
1W1. (3)

The multiple ring sinks absorb airflow from all directions. To model
the flow through the intake contour, only the forward half of the
absorption by the multiple ring sinks is included. With these
assumptions, the volumetric mass flow satisfies Equation 4.

1
2
∑n
k�1

2πRksk � πR2
1W1 � Q. (4)

Since the inlet velocity W1 is considered evenly distributed at the
intake, the strength of the multiple ring sinks sk assumes the

FIGURE 2
Scheme for the calculation of the severity parameter ωFM,CFC.
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constant value shown in Equation 5 across the intake throat area.
This equation is derived from Equation 4.

sk � s1 � 2Q
πR1n + πR1

. (5)

According to Hess and Smith (1967), this results in the velocity
potentialΦk that is contributed by the kth ring sink at the positions x
and z in front of the intake throat plane. This allows computing the
axial velocity Wx,k and a vertical velocity Wz,k induced by the kth
ring sink as a function of the distances x and z between the point of
observation and the ring sink. The ground plane is modeled using
image multiple ring sinks to enforce no flow through the ground
plane (Hooi et al., 2015), as shown in Figure 3A. The multiple ring

sinks representative of the engine intake are centered at a height H
above the ground, while the image multiple ring sinks are centered at
a height −H. The velocities of the flow field are calculated using the
sum of each ring sink and its image sink contribution (Hooi et al.,
2015), as shown in Equation 6, where Wx,k′ and Wz,k′ are the analog
velocities induced from the image ring sink.

Wx x, z( ) � ∑n
k�1

Wx,k x, z,H, Rk( ) +∑n
k�1

Wx,k′ x, z,H, Rk( )

Wz x, z( ) � ∑n
k�1

Wz,k x, z,H, Rk( ) +∑n
k�1

Wz,k′ x, z,H, Rk( )
. (6)

The predicted andmeasured air velocities along the intake centerlineWi,c

is reported in Figure 4A. All velocity valuesWi,c are referred to as the air

FIGURE 3
(A) Multiple ring sink model. (B) Single-ring sink model (left) and point sink model (right).
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velocity at the intake throatW1. The velocity measurements reported by
Secareanu et al. (2005) for a pipe positioned at a nondimensional height
H/D1 � 1 above a ground plate are compared with three predictions.
One prediction results from the model comprising multiple ring sinks
centered at H and their image at −H (see Figure 3A). The second
prediction results from a model comprising a single ring sink centered at
H and its image at −H (see Figure 3B). The third prediction results from
a point sinkmodel comprising a point sink centered atH and its image at
−H, as shown in Figure 3B. It must be noted that the intake section is
positioned at the nondimensional distance x/D1 � 0, where D1 is the
intake diameter. By increasing x, the distance from the intake section
increases. Figure 4A shows that the velocity Wi,c calculated with the
multiple ring sink model demonstrates a good agreement with the
experimental results of Secareanu et al. (2005) along the intake
centerline. This could not be stated for the other two potential flow
models, which are not capable of representing the flow velocities near the
intake. A comparison of the ground velocities Wgr computed with the
three considered potential flow models and the measurements of

Colehour and Farquhar (1971) is shown in Figure 4B. This
comparison is done for an intake positioned at a nondimensional
height H/D1 � 1.25. The single-ring sink model compares well with
themeasurements of Colehour and Farquhar (1971) near the intake. At a
distance x/D1 � 3, there is a good match from all the models. The
observed model deviations close to the intake face are due to viscous
effects, which may generate a ground vortex with vertical velocities not
considered by a potential flow (Colehour and Farquhar, 1971), as shown
in Figure 1B. Potentially, this may lead to an underestimation of the
particle detachment. Among the three potential flow models presented,
the multiple ring sink model is selected due to its better alignment with
the measured velocities at the intake centerline. Indeed, the accuracy of
these velocities is fundamental for calculating the trajectory of the
ingested particles.

4 Particle detachment model

The particles lying on the ground are assumed to be Arizona
Road Dust A3 in order to connect seamlessly to experimentally
developed erosion models (Brandes et al., 2021b). The silica (SiO2)
particles are assumed to be spherical and feature a contact surface
a2 π with the ground surface (Figure 5). The aerodynamic forces on
an individual particle are induced by the intake flow field close to the
surface,wc,p. The particles detach from the smooth surface primarily
by rolling rather than lifting or sliding (Soltani and Ahmadi, 1994;
Das et al., 1995). Hence, particle detachment occurs when the
momentum around the point ‘O,’ generated by the lift force FL

and drag force FD acting on the particle, exceeds the momentum
generated by the adhesion force Fad and gravity force Fg. According
to El-Batsh (2001), this results in the particle detachment criterion
documented in Equation 7.

FDRP + FLa≥Fga + Fada. (7)

The gravity force is given by Equation 8, with ρp being the
particle density.

Fg � 4
3
πR3

pρpg. (8)

According to El-Batsh (2001), the drag force acting on a small
spherical particle is given in Equation 9. As shown in Figure 5, the

FIGURE 4
(A) Comparison of the air velocity along the intake center line
with the measurements by Secareanu et al. (2005). (B) Comparison of
the air velocity on the groundwith themeasurements of Colehour and
Farquhar (1971).

FIGURE 5
Forces acting on the particle when lying on the ground.
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flow velocity wc,p is deduced from the flow field at the distance Rp

from the ground surface.

FD � 3πfwμDp

Cu
wc,p. (9)

In Equation 9, μ represents the dynamic viscosity andDp represents
the diameter of the particles constituting the medium Arizona Road
Dust. According to Soltani and Ahmadi (1994), the correction factor
for the wall effect assumes a value of fw � 1.7009. The Cunningham
slip correction factor (CF) Cu reflects continuum effects at high
Knudsen numbers Kn (Equation 10)

Cu � 1 +Kn 1.2 + 0.41 exp
−0.88
Kn( )( ). (10)

The Knudsen number Kn and the free path length of the gas
molecules λ are calculated using Equation 11.

Kn � 2λ
Dp

λ � 2μ
ρ0

π

8R0T0
( )1/2

. (11)

The lifting force FL is calculated using Equation 12 derived by
Leighton and Acrivos (1985), assuming that the particle is immersed
in a simple shear flow.

FL � 0.576ρ0 _γ
2D4

p. (12)

Assuming a linear velocity profile, the velocity gradient _γ assumes a
value of _γ � Wc,p/Rp (Rivera et al., 2013). The adhesion force, which
represents the London van der Waals forces acting between the
particle and the ground, is calculated using Equation 13.

Fad � 3
4
πEaDp. (13)

The surface energy per unit area, Ea, can be calculated according to
Zoeteweij et al. (2009) using Equation 14.

Ea � A

12πz2sd
, (14)

where zsd is the separation distance and is assumed to be equal to
0.4 nm (Hinds and Zhu, 1998). The Hamaker constant A quantifies
the force between two particles exposed to London van der Waals
forces. Assuming an air Cushion (index ‘air’) forming between the
silica particles (index ‘si’) and the asphalt ground surface (index ‘as’),
the Hamaker constant A is calculated using Equation 15.

A � ���
Aas

√ − ���
Aair

√( ) ���
Asi

√ − ���
Aair

√( ). (15)

The considered values and references are reported in Table 1. The
radius a of the contact area (see Figure 5) could be calculated using
Equation 16 (Soltani and Ahmadi, 1994).

a � 3πEaD
2
p

2Kc
( )1/3

, (16)

where the composite Young’s modulus of the asphalt surface and the
silica particle is given by Equation 17

Kc � 4
3

1 − ]2as
Eas

+ 1 − ]2si
Esi

[ ]−1
. (17)

The Poisson’s ratio ] and the Young’s modulus E of each
component are reported in Table 1. For large particles, the
effects of the drag and adhesion forces are assumed to be
negligible (MacManus and Slaby, 2015). In this case, the
particle is considered detached from the ground when the
lifting force FL exceeds the gravity force Fg. The results of
the particle detachment model, which considers all forces and
moments, are compared to the results from the CFD study
(MacManus and Slaby, 2015), which considers only lift and drag
forces in Figure 6. The engine is assumed to be stationary with a
take-off thrust and a crosswind. For the comparison with
MacManus and Slaby (2015), different crosswind speed ratios
W1/W0 and nondimensional heights h/D1 are considered. The
material properties and Hamaker constants applied are
documented in Table 1. The good agreement shown in
Figure 6 justifies the application of the multiple ring sink
model in combination with the particle detachment model to
understand the maximum size of the particles picked up by the
intake flow from the ground surface.

TABLE 1 Material properties.

Material Hamaker const. A [ J] Poisson’s ratio ][−] Young’s modulus E [GPa] Density [kg/m3]

Asphalt 12.5 × 10−20 (Lyne et al., 2013) 0.325 (Xu) 2.7 (Xu) -

Silica (SiO2) 8.53 × 10−20 (Tsai et al., 1991) 0.17 (Li et al., 2006) 94 (Li et al., 2006) 2,650

Air 4.1 × 10−26 (Vincent, 1973) - - 1.225

Steel 8.0 × 10−20 (Zoeteweij et al., 2009) 0.3 (Zoeteweij et al., 2009) 200 (Zoeteweij et al., 2009) 8,000

FIGURE 6
Comparison of the particle detachment model with that of
MacManus and Slaby (2015).
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5 Particle trajectory

The trajectory of a particle picked up by the intake flow from the
ground is crucial for determining whether this particle is ingested
into the engine. It is assumed that the particle does not bounce after
being detached from the ground and that the lifting force is constant
and acting on the particle for a distance equal to its radius Rp

(MacManus and Slaby, 2015). The energy conservation is used to
determine the initial particle lifting velocity using Equation 18:

FLRp � Epot + Eki. (18)

From Equation 18, the amount of the initial lifting velocity
perpendicular to the ground surface Vini,p is determined using
Equation 19.

Vini,p �
������������������
2FLRp( ) − 2mpgRp( )

mp

√
. (19)

Once a particle is detached from the ground, its motion in a three-
dimensional flow field is represented using the
Boussinesq–Basset–Oseen equation. For particles of a density
three or more orders of magnitude greater than the fluid density,
the three-dimensional change in the velocity vector V is expressed
using Equation 20 (MacManus and Slaby, 2015).

d �V

dt
� 18μ
ρpD

2
p

�W − �V( ) + g (20)

The ingestion fraction (ζ ≤ 1, 0) is defined as the ratio of the number
of particles ingested by the turbofan to the total number of particles

FIGURE 7
(A) Ingested/non-ingested particle trajectories. (B) Upstream tube–ground interaction.

FIGURE 8
Surface on the ground fromwhere particles of a certain diameter
are ingested.
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lifted from the ground. Particles are considered ingested if their
trajectories lead to the turbofan intake, as shown in Figure 7A. In the
resolution of the trajectory equation, the selection of the time step
Δt � 0.001 seconds yielded stable results. The ingestion fraction
calculated with the multiple ring sink model is compared to the
results from the CFD study presented in MacManus and Slaby
(2015). An engine with a nondimensional height above the ground
of h/D1 = 0.25 and a velocity ratio W1/W0 � 34 is assumed. In the
CFD study by MacManus and Slaby (2015), the ingestion fraction of
sand particles of dimension Rp/R1 � 0.005 is equal to 0.087. The
ingestion fraction calculated with the multiple ring sink model and
the particle trajectory model shown above is 0.032. Hence, the
multiple ring sink model underestimates the particle ingestion
fraction. This underestimation is attributed to the difference in

the flow field between the multiple ring sink model and the CFD
computation. As a consequence, the combination of the multiple
ring sink model, particle detachment model, and particle trajectory
computation is deemed to result in an underestimation of the
number of particles ingested during engine ground operation.

6 Amount of the runway and taxiway
particles ingested

In static ground operation, the upstream stream tube of the
intake flow is intersected by the ground surface, as shown in
Figure 1B. With static ground operation marking the starting
point tini, runway and taxiway particles are ingested as long as

FIGURE 9
(Continued).
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the upstream stream tube of the intake flow intersects the ground.
The radius R0 far upstream of the intake throat is used as a criterion
to mark the end of the ingestion of runway and taxiway particles.

This radius decreases with increasing aircraft velocities, as shown in
Figure 7B. The ingestion of runway and taxiway particles stops at the
end tend when R0 becomes smaller than the height H of the engine

FIGURE 9
(Continued). (A)Maximum ingested particle diameter during take-off. (B)Maximum ingested particle diameter during taxi. (C) Ingestion fraction. (D)
Forces acting on a particle when on the ground.
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axis. For a given volumetric flow of the engine intake Q1 and an
aircraft speed of W0, the radius R0 is given by Equation 21.

R0 �
����
Q

πW0

√
. (21)

For each operating point, from the starting point tini to the end
tend of the ingestion of the runway and taxiway particles, a steady-
state engine performance model is run in combination with the
multiple ring sink model and the models for particle detachment
and their trajectories. At each point in time, this results in an area
S(Dp) of particle ingestion, which itself is a function of the particle
diameter Dp. Thus, the entire ground area affected by the engine
intake flow depends on the route of the aircraft on the ground, as
shown in Figure 8. Assuming a constant concentration C(DP) of
medium Arizona Road Dust particles with diameter Dp along the
entire route of the aircraft on the ground, time integration yields the
intake particle mass flow according to Equation 22.

_mp,gr Dp( ) � S Dp( ) × C Dp( )
tend − tini

. (22)

7 Impact of the engine power setting on
the maximum size of ingested particles

The maximum ingested particle size at take-off and idle power
settings is investigated for a non-moving aircraft. The engine volume
flow Q1 at the idle power setting is assumed to be 90 m3/s with a
respective value of 370 m3/s for the take-off power setting. The
nondimensional engine nacelle height h/D1 is set to 0.32. Two cases
are discussed. In the first case, the multiple ring sink model is
applied, as discussed above. In the second case, the full flow of the
multiple ring sink model is modified using a correction factor
CF � f(x/D1), which matches the multiple ring sink model to
the ground velocity measurements shown in Figure 4B. The results
with and without the correction factor are compared and shown in
Figure 9A for take-off and in Figure 9B for idle. At take-off, for both
cases, the particles of all diameters of the medium Arizona Road
Dust (1.5 µm≤Dp ≤ 118.5 µm) are detached from the ground.
However, without the application ofCF, only particles up to 43.5 µm
in diameter are ingested into the intake, corresponding to 87% of the
volume fraction of the medium Arizona Road Dust (see Figure 9A).

This is explained by the fact that larger particles have higher inertia,
which does not allow them to follow the airflow up to the engine
intake. With the application of CF, particles up to 46.5 µm in
diameter are ingested into the intake, corresponding to 89% of the
volume fraction of the medium Arizona Road Dust (see Figure 9A).
Hence, the ground velocity underestimation of the model has a small
effect on the maximum ingested particle size at take-off. In this
configuration, the ingestion fraction and the forces are evaluated and
shown in Figures 9C, D, respectively. As shown in Figure 9C, when
considering the CF, the ingestion fraction for very small particles
(Dp � 1.5 µm) is 0.45. This indicates that 45% of the lifted particles
of this size are ingested. For particles in the range 4.5 µm ≤Dp ≥
37.5 µm, the ingestion fraction stabilizes at approximately 0.4.
Beyond this range, the ingestion fraction decreases, reaching
0 for particles larger than 46.5 µm. Despite the lifting force
becoming dominant for particles larger than this size, as shown
in Figure 9D, and continuing to increase for larger particles,
resulting in higher initial ground velocities (see Equation 19), the
particles are not ingested due to their greater inertia. When the CF is
not considered, the ingestion fraction is lower. This is attributed to
the lower initial velocities, which prevent the particles from reaching
a sufficient height above the ground to be carried into the intake by
the airflow. For particles beyond the sizeDp � 43.5 µm, the ingestion

TABLE 2 Maximum ingested particle diameter for different aircraft and engine configurations.

Engine BPR _mSLS,TO A/C h/D1 Maximum lifted up Dp Maximum ingested Dp

F117-PW-100 5.8 607.8 kg/s C-17A 1.27 (inboard engine) All med. Ariz No particles

F117-PW-100 5.8 607.8 kg/s C-17A 1.09 (outboard engine) All med. Ariz No particles

CFM56-5A3 6 397.3 kg/s A320-212 0.33 All med. Ariz 37.5 µm

CFM56-7B26 5.1 355.2 kg/s B737-700 0.3 All med. Ariz 88.5 µm

Data source

Airbus (2024)

Boeing Commercial Airplanes; Roux (2007)

All med. Ariz means All medium Arizona road dust particle sizes.

FIGURE 10
Air ground velocities for different engines at different heights
above the ground.
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fraction drops to 0. At idle, only particles larger than 15 µm are
detached from the ground if no correction factor CF is applied. In
this case, the momentum generated from the drag and lifting forces
is not enough to detach the smaller particles from the ground. Yet all
particles of the medium Arizona Road Dust are detached from the
ground when the correction factor CF is applied. At idle, no runway
and taxiway particles are ingested both in the cases of with and
without the correction factor. This is due to the fact that the lifting
force acting on the particles is small and so are the initial velocities
(see Equation 19). Hence, the particles cannot reach a sufficient
height above the ground to be carried by the flow entering the intake.

8 Impact of engine position on the
maximum ingested particle diameter

The impact of engine position on the maximum ingested ground
particle size is investigated using three engines with varying heights
above the ground. The analysis assumes a maximum power setting at
sea level static (SLS) operation. Publicly available data for these engines
and their installations are provided in Table 2. Among the engines
considered, one is mounted on a high-wing aircraft configuration
(F117-PW-100 mounted on the C-17A). For this engine, both
inboard and outboard positions on the wing are examined.
Additionally, two other engines are considered, representing a low-
wing aircraft configuration: the CFM56-5A3mounted on the A320-212

and the CFM56-7B26 mounted on the B737-700. For the high-wing
aircraft engine positions, no runway and taxiway particles are ingested
even if all particle sizes of the medium Arizona Road Dust are lifted up
from the ground (see Table 2). This is due to the high nondimensional
engine height h/D1. For the low-wing aircraft engines, in the case of the
B737-700, the low engine non-dimensional height h/D1 leads particles
up to 88.5 µm to be ingested. Even in this case, all particle sizes of the
medium Arizona Road Dust are lifted up (see Table 2). For the A320-
212, due to the slightly higher h/D1, only particles up to 37.5 µm are
ingested. Hence, the maximum ingested particle diameter is strongly
dependent on the nondimensional engine height. As illustrated in
Figure 10, this phenomenon is attributed to the strength of the
ground velocity (Wgr). The higher the engine is positioned above
the ground, the weaker is the ground velocity. Consequently, particles,
even if lifted, are unable to attain a sufficient height above the ground to
be transported by the airflow into the intake.

9 Impact of ground particles on the
mission severity

The model described in Sections 3–5 is applied to a single flight
mission considering different levels of ground particle
concentrations C(DP) of Arizona Road Dust A3 at the
departure and arrival airport. The particles lying on the ground
are assumed to be evenly distributed. PM10 particle concentrations
representative of several streets of European cities reveal a range
from a minimum of 200 µg m−2 to a maximum of 471300 µg m−2

near a construction site (Amato et al., 2011). For example,
PM10 particle concentrations are 200 µg m−2 for new pavement,
800 µg m−2 for old asphalt, and 4100 µg m−2 for a roundabout in a
city with a traffic frequency of 2000 vehicles per day. These
examples illustrate the impact of the particle concentration
C(DP) on the overall flight mission severity ωFM,CFC. This is
shown in Table 3 for a nearly empty and highly loaded aircraft
resulting in the corresponding engine nondimensional heights
h/D1. The bigger the load of the aircraft, the lower the
nondimensional height h/D1 and the higher the impact on the
overall mission severity. This effect is exaggerated with increasing
particle load on the runways and taxiways. Moreover, it becomes
obvious that low particle concentrations on the ground only lead to
a very small impact on flight mission severity, while PM10 particle
concentrations of more than 800 µg m−2 significantly increase
flight mission severity. Hence, the impact of ground particle
concentration on the individual flight segments is investigated
for PM10 concentrations of 800 µg m−2 and 4100 µg m−2.

TABLE 3 Flight mission severity parameter calculated for one mission with different ground particle concentrations and two different h/D1 values.

PM10gr[μgm2] Source (Amato et al., 2011) ωFM,CFC [μgkg] ωFM,CFC [μgkg]
(h/D1 � 0.32) (h/D1 � 0.25)

0 No ground particles 12.49 12.49

200 New pavement (Zurich) 12.96 (+3.77%) 13.2 (+5.7%)

800 Old asphalt (Zurich) 14.4 (+15.3%) 15.34 (+22.8%)

4100 Roundabout (Barcelona) 22.28 (+78.4%) 27.08 (+116.8%)

FIGURE 11
Impact of the flight segment on the mission severity parameter.
The severity parameters calculated for the entire FM are shown on the
left side.
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10 Impact of ground particles on flight
segment severity

The severity of segments from a sample of 100 flight missions
from NASA’s DASHlink dataset has been investigated. These
missions, all operated by the same aircraft in 2002, occurred
between various airports across the United States. The distance
between departure and arrival airports is maintained at under
1,000 km (540 NM) to ensure that the severity experienced during
ground operations, where ingestion of taxiway and runway particles is
a concern, remains significant. Engine conditions are kept constant
across all missions to prevent erosion accumulation and chord length
reduction between flights. Suspended particle concentrations during
the missions are calculated using the exponential altitude dependency
as described in Hobbs (1993), scaled with daily PM10 levels at the
departure and arrival airports to provide a realistic variation of
suspended particle concentrations. Figure 11 shows the severity of
each flight segment for the 100 sampled missions. All the departure
and arrival airports of the selected missions are assumed to have
PM10 ground particle load of either 0 µg m−2, 800 μg m−2, or 4100 µg
m−2. Variations in segment severity among the missions can be
attributed to differences in the concentrations of suspended
particles encountered and the specific flight paths operated. As
shown in Figure 11, in the case of no particles on the ground, the
climb segment (CL) is dominant. This is consistent with the results
obtained by Scarso et al. (2022) for missions of less than 1,000 km
(540 NM). However, an increase in the PM10 ground particle
concentration leads to an increase in the impact of the TO and
taxi (TA) segment on the flight mission severity parameter ωFM,CFC.
This is due to the increased amount of particles ingested during these
phases. During most of the taxi time, no particles are ingested by the
engine due to the low thrust level. At the end of the TA segment, the
engine power setting is increased to take-off thrust level, which results
in the ingestion of ground particles that impact the compressor blades
and vanes with high kinetic energy. For the same reason, at very high
levels of ground particle concentrations, the influence of the take-off
segment on overall mission severity becomes significant.

11 Conclusion

It has been demonstrated that a simplified ingestionmodel of the
taxiway and runway particles is suitable for investigating flight
mission severity with regard to core flow compressor erosion. Its
computational efficiency allows for the investigation of numerous
missions in a short time, making it suitable for integration with a
digital twin model. However, the model may underestimate the
number of particles ingested due to its limited ability to reflect the
complex inlet flow features such as ground vortices generated from
viscous effects. The application of this model reveals that mission
severity with regard to core compressors is affected by the ingestion
of taxiway and runway particles. Key impacting factors include
ground particle concentrations, engine height above the ground, and
power settings. It is found that ground particles are ingested during
take-off acceleration only. For very high ground particle
concentrations, the influence of the take-off segment on overall
mission severity becomes significant for engines operating flights

traveling less than 1,000 km (540 NM). Thus, the ground particle
concentration is a crucial boundary condition for understanding
engine deterioration due to solid particle erosion.
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Nomenclature

Latin letters

a Radius of the contact area [m]

A Hamaker constant [J]

ADS-B Automatic dependent surveillance—broadcast

ALT Altitude [m]

AP Approach

BPR Bypass ratio [-]

CEOD Continuous engine operational data

CL Climb

CR Cruise

C Ground particle concentration of the medium Arizona Road Dust [µg/m2]

CF Correction factor [-]

Cu Cunningham correction factor [-]

D Diameter [m]

E Young’s modulus [Pa]

ECM Engine condition monitoring

F Force [N]

f Frequency or function [-]

g Gravity acceleration [m/s2]

H Intake center height from the ground [m]

h Nacelle height from the ground [m]

k kth ring sink

Ja Energy per unit area [J/m2]

J Energy [J]

m Mass [kg]

_m Mass flow [kg/s]

Ma Mach number [-]

N Shaft rotation speed [1/s]

n Number of ring sinks

O Point

P Pressure [Pa]

PRE Pre-flight

PM10 Airborne particulate matter concentration of particles with a diameter of
≤ 10 µm [µg/m3]

PM10gr Ground particulate matter concentration of particles with a diameter of
≤ 10 µm [µg/m2]

Q Intake air volumetric mass flow [m3/s]

R Radius [m]

RO Roll-out

s Strength of a ring sink [m2/s]

S Surface [m2]

SLS Sea level static

T Temperature [K]

TA Taxi (taxi-out + taxi-in)

TO Take-off

t Time [s]

V Particle velocity [m/s]

W Air velocity [m/s]

W′ Air velocity of an image ring sink [m/s]

x Axial direction [m]

y Lateral direction [m]

z Vertical direction [m]

Indices

()ad Adhesion

()air Air

()as Asphalt

()B Blades

()c Center

()co Composite

()CFC Core flow compressors

()D Drag

()FM Flight mission

()g Gravity

()gr Ground

()i Intake

()ini Initial

()k kth ring sink

()ki Kinetic

()L Lifting

()Lo Low-pressure shaft

()LE Leading edge

()M Metal

()p Particle

()pot Potential

()s Static

()sd Separation distance

()si Silica

()SLS Sea level standard

()x Axial direction

()z Vertical direction

()0 Ambient

()1 Engine intake front flange

()12 Fan tip front face
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() Average

()→ Vector

Greek letters

Δ Variation or gradient

ω Severity parameter [µg/kg]

φ Concentration [µg/m3]

Φ Velocity potential

ρ Density [kg/m3]

] Poisson’s ratio [-]

μ Dynamic viscosity [kg/ms]

_γ Velocity gradient [1/s]

π Pi
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