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ABSTRACT
Within this paper an experimental and numerical investigation about the effect of leading
edge erosion at transonic blades was performed. The measurements were carried out on a
linear blade cascade in the Transonic Cascade Wind Tunnel of DLR in Cologne at two op-
erating points with an inflow Mach number of 1.05 and 1.12. The numerical simulations
were performed by ANSYS Germany. The type and specifications of the erosion for the
study were derived from real engine blades and applied to the leading edges of the exper-
imental cascade blades using a waterjet process as well as detailed modelled and meshed
within the numerical setup. Numerical simulations and extensive wake measurements
were carried out on the cascades to evaluate aerodynamic performance. The increase in
losses was quantified to be 4 percent as well as a reduction of deflection and pressure rise
was detected at both operating points.
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NOMENCLATURE

β flow angle with respect to cascade front p pressure
c profile chord length Re Reynolds number based on c
ϵ cascade deflection angle = β1-β2 t pitch
h blade span u,v,w velocity components
i incidence angle = β1 − β1,Design x,y,z cartesian coordinates
M Mach number ω total pressure loss coefficient = pt,1−pt,2

pt,1−p1

Subscripts
0 reference state is isentropic
1 inlet plane t total, stagnation value
2 exit plane

Abbreviations
ADP aerodynamic design point MP2 measurement plane 2 (exit)
AVDR axial velocity density ratio = ρ2·v2sinβ2

ρ1·v1sinβ1
PIV particle image velocimetry

MP 1 measurement plane 1 (inlet) ROI region of interest
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INTRODUCTION
Since two decades, fan and compressor blades design for aircraft engines is based on the us-

age of modern optimization procedures and CFD methods as already shown by Benini (2004)
and Voss et al. (2006). At the Beginning, the development led to the use of multi-objective opti-
mizations with the application of Kriging and bayesian trained Neural Network based metamod-
els as still used for simple aerodynamic profile design as shown by Munoz Lopez et al. (2022).
Later on, the importance of including different disciplines was more clearly recognized. This
has resulted in the fact, that in today’s design processes multiobjective-multidisciplinary opti-
mization procedures.
The resulting highly efficient designed blades are subject to various types of wear and damage
as soon as they are in service. And this affects directly the efficiency as well as the fuel con-
sumption of an engine as described in the report of Sallee et al. (1975). They investigated the
Pratt & Whitney JT8D engine and could show that 60 to 70 percent of increase in fuel con-
sumption results from a deterioration of the fan and compressor system. In this context, the
authors were also faced with the question of how to deal with this knowledge in terms of engine
maintenance. Essentially, this means balancing the cost of replacing or repairing fan and com-
pressor blading against increasing fuel consumption and the associated increase in operating
costs. However, in order to make a clear statement or decision about what repair efforts are
necessary and economic, the mechanisms that are causing deterioration must be identified and
their effect must be understood in detail.
In 1995 a first advise concerning the blade refurbishing technique was given by Roberts (1995).
Continuing this, Lufthansa Technik AG (LHT), one of the world’s largest aircraft engine main-
tenance companies, started more than ten years ago a long term study to address the questions
which are the significant effects, how the deterioration mechanisms are working and what main-
tenance effort would be economically to achieve efficiency improvement. In the first step, the
main damage types were extracted on the basis of engine data from maintenance at LHT as
described by Giebmanns et al. (2012). Thereby, the erosion of the leading edge of transonic
blading has been shown to be a dominant damage type. This is confirmed by a number of
studies during the last decades. Reid and Urasek (1973) showed a significant reduction of ef-
ficiency in a single stage compressor caused by an increase of leading edge thickness. Within
a further study, Balan and Tabakoff (1984) investigated a low speed compressor cascade and
a single stage rig and found a reduction in efficiency which was also based on the changes in
leading edge shape. Beside all the investigations on leading edge erosion effects by Roberts et
al. (2002), Hamed et al. (2006), Ghenaiet (2012) and Gunn et al. (2022) also the numerical
simulation and prediction of this effect becomes important as shown in the study of Tabakoff et
al. (1990).
However, within the study of DLR and LHT (Giebmanns et al., 2012) it was apparent that de-
tailed measurements of the effects of leading edge erosion on transonic fans and compressor
blades were not available, although they are needed for the description and understanding of the
loss mechanisms and for the development of an accurate numerical prediction. Hence, within a
detailed pre-study of the influence of a blunt leading edge was investigated by Hergt and Klinner
et al. (2014, 2015). Based on this, the current paper deals with the experimental and numerical
investigation of a transonic compressor cascade with eroded leading edge, whereby this erosion
is derived from real engine blades. The aim of the study is to precisely describe the influence
of leading edge erosion on the performance of the cascade in terms of total pressure loss and
deflection, and then to identify the mechanisms which are causing it. Thereby and through the
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simultaneous validation of the numerical simulations, the basis for the future development of a
prediction model and process will be provided.

CASCADE CONFIGURATION
For the study a transonic cascade was used. The blade geometry and cascade parameters

are based on a blade section close to 2/3 of blade span (0 means hub and 1 means casing
position) of the first high pressure compressor (HPC) rotor of an operating engine. For the
experiments the cascade consists of 6 blades with 70 mm chord length and 168 mm blade
span was used. Within the numerical simulations only narrow region of 4.5 mm in spanwise
direction was meshed as a Q3D setup since the experimental investigations were carried out
at blade midspan. The general design parameters of the cascade and the test conditions are
shown in Table 1. The measurements and simulations reported are carried out at an inflow
Mach number of 1.12 which represents the aerodynamic design point (ADP) and is denotes as
OP1 in the paper. In addition, an second operating point OP2 was studied which represents
an off-design point of the cascade at inflow Mach number of 1.05. In order to consider the
effect of flow contraction within the experimental cascade and make the results comparable
with the numerical simulations the axial velocity density ratio (AVDR) was determined. The
resulting slightly variation of the AVDR at the different operating points was applied in each
case by accordingly deforming the mesh before the simulation. Two different cascade types at
both operating points were investigated during the present study. The type A is the reference
cascade without any erosion which represents the cascade with new blades. The type B is the

Table 1: CASCADE DESIGN PARAMETERS AND TEST CONDITIONS

Inlet Mach number M1 = 1.12 (OP1) and 1.05 (OP2)

Inlet flow angle β1 = 150.6 deg Reynolds number Re ≈ 1.4×106

Stagger angle βst = 139.9 deg Flow turning at ADP ∆β = 9.9 deg
Blade chord length c = 70.0 mm Blade span h = 168 mm
Pitch t = 49.5 mm Pitch to chord ratio t/c = 0.71

Figure 1: Comparison of eroded leading edges
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cascade with an eroded leading edge. To enable the most accurate numerical modeling of the
experiments, the shape at midspan of the midsection blade was measured of both cascade types.
Thereafter, these geometries were used to preparing the CFD setup.

Eroded leading Edge Design
In order to achieve the aim of the study, it is necessary to map the aerodynamic effects

resulting from erosion as accurately as possible. Therefore, a laser scan of an eroded leading
edge (shown in Fig.1, second from left) of an in-service representative engine blade (shown in
Fig.1, left) was performed. Based on the laser scan with four different angles the resulting four
SLT data files were combined to the CFD leading edge setup as depicted in Fig.1 (second from
right). In order to prepare the experimental setup the characteristics of the eroded leading edge
in terms of shape and roughness were also derived from the laser scan. This data were subse-
quently used to create a comparable leading edge on the blades of the experimental cascade by
means of a water jet process which is shown in Fig.1 (right). The blade treatment was carried
out by the Frauenhofer Institute of Production Technology.

EXPERIMENTAL SETUP
The experiments were performed in the Transonic Cascade Wind Tunnel (Hergt et al., 2022)

at DLR in Cologne. This tunnel is a closed loop, continuously running facility with a variable
nozzle, an upper transonic wall in order to reduce shock reflection, and a variable test section
height. The air supply system enables an inlet Mach number up to 1.4 and a Mach number
independent variation of the Reynolds number from 1x105 to 3x106.

Measurement Technique
Figure 2 shows the cross section of the Transonic Cascade Wind Tunnel test section. Within

this figure the position of the inlet measurement plane (MP 1) where the inlet static pressure was
measured and the exit measurement plane (MP 2) where the wake measurement with a 3-hole
probe was performed are depicted. All results from pressure measurements presented in this
study are not time-resolved. Figure 2 also shows the orientation of the PIV light-sheets and the
regions of interest (ROI) wich are located at suction and pressure side at the leading edge. A
more detailed definition of the measurement planes and cascade parameters is given in Fig. 3.

Figure 2: Figure and cross section of the test section of the DLR Transonic Cascade Wind
Tunnel
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