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Detection Limits for In-Situ Identification of Damaged Blades
ALEXANDER BOSTROM

Department of Mechanics and Maritime Sciences

Chalmers University of Technology

Abstract

Over the past decade, axial turbomachinery has seen substantial technological ad-
vancements, particularly in improving efficiency and reducing operational costs in
aviation. This study investigates the in-situ automatic detection of damage and wear
of compressor blades, aiding the enhancement of operational efficiency, reliability,
and safety throughout the component lifecycle. The primary objective is to assess
the aerodynamic impact of leading-edge erosion on a compressor rotor blade and to
determine the detectability limits of such erosion using existing instrumentation in
a dedicated experimental test rig.

A series of tests with increasing erosion severity was numerical investigated un-
der both subsonic and transonic flow conditions. Reynolds-Averaged Navier—Stokes
(RANS) simulations were performed at multiple operating points at design speed for
an experimental rotor blisk , comprising 18 blades. Key flow parameters, including
static pressure coefficient, Mach number, and entropy contours, were analyzed to
qualitatively and quantitatively evaluate the flow physics.

All test cases exhibited a reduction in polytropic efficiency, with the most signif-
icant drop—2.17 percentage points—observed near stall under transonic conditions.
Flow field alterations due to erosion included increased profile losses, enhanced tip-
leakage effects, and changes in shock structures in transonic regimes. The current
sensor configuration in the experimental rig is expected to detect all investigated
erosion severities within £0.2 axial chord lengths around the rotor leading edge
under transonic conditions.

Keywords: Axial turbomachinery, Compressor blades, Leading-edge erosion, In-situ
damage detection, Aerodynamic performance, Sensor detectability limits.
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Below is the list of acronyms that have been used throughout this thesis:
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Nomenclature

Below is the nomenclature of parameters and subscripts that have been used through-
out this thesis.

Parameters
To Total temperature [K]
Do Total pressure [Pa]
p Density [kg/m?
a Speed of sound [m/s]
M Mach number
Cp Static pressure coefficient
5 Entropy
Mp Polytropic efficiency
m Mass flow rate [kg/s]
) Flow coefficient
(0 Stage loading coefficient
|78 Axial velocity component [m/s]
U Blade speed [m/s]
Vi Tangential component of absolute velocity [m/s]
Vv, V. Absolute and relative velocity vectors [m/s]
a Swirl angle [rad or deg]
o4 Relative swirl angle [rad or deg]
yt+ Dimensionless wall distance
AS Entropy rise

X1



Subscripts

1,2

xii

Inlet (1) and outlet (2) flow stations

Far-field reference condition
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1

Introduction

1.1 Background

Over the past decade, significant advancements have been made in axial turbo-
machinery technology, particularly in enhancing efficiency and reducing operational
costs in aviation applications [1]. These machines comprise of numerous critical com-
ponents that directly contribute to the overall performance and economic feasibility
of the machine, with the compressor system being one of the most vital modules.
Extensive research has been conducted to improve various aspects of compressor
systems, both in their development and operational lifespan.

This study will focus on the latter—specifically, the in-situ automatic detection of
damage and wear in compressor blades, with the potential to enhance operational
efficiency, reliability, and safety throughout their service life. Here, “in-situ” refers
to detecting damage directly within the compressor’s operational environment, with-
out requiring disassembly or interrupting its function. This capability could pave
the way for intelligent repair and maintenance strategies in the future.

The work presented in this thesis was conducted within the framework of the Dar-
ling NFFP project [16], a collaborative research initiative involving GKN Aerospace,
KTH — Energiteknik, and the University of Stuttgart’s Institut fiir Thermische Stro-
mungsmaschinen (ITSM). The thesis itself was carried out at GKN Aerospace.

1.2 Purpose and (Goals

The purpose of this thesis is to investigate the aerodynamic effects of leading-edge
erosion on a compressor rotor blade, operating under both subsonic and transonic
flow conditions. The study focuses on understanding how increasing erosion severity
alters both local flow phenomena—such as shock structures, separation bubbles, and
tip-leakage vortices—and global performance metrics, including efficiency and loss
generation.

A key objective is to determine the measurable limits of such erosion effects us-
ing the current instrumentation available at a specific experimental test rig. This
involves identifying the minimum severity of leading-edge damage that produces
a detectable change in the static pressure field and spectral content of the sensor
signals. The work includes a detailed numerical analysis of the flow field and its
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evolution with erosion, under multiple operating points.

The findings of this study aim to support future experimental efforts by:
e Guiding the selection of appropriate erosion geometries for manufacturing a
synthetically eroded rotor blisk.
o Informing the optimal placement and resolution requirements of pressure sen-
sors for erosion monitoring.
o Assessing whether the current sensor configuration at a specific experimental
rig is sufficient to detect early-stage erosion effects.

Overall, the thesis combines aerodynamic performance evaluation with measurement
feasibility analysis to establish a comprehensive framework for erosion detection and
instrumentation planning in axial compressors.



2

Theory

2.1 Axial compressor

An axial compressor is well suited for applications requiring a large pressure rise of
the working fluid while maintaining a high flow rate. A compressor typically consists
of multiple stages, each comprising a rotor followed by a stator. In jet engines, the
pressure increase is achieved through a multistage compressor, which is coupled via
a shaft to a turbine located further downstream. The turbine provides the necessary
power to rotate the compressor’s rotor blades.

The pressure rise in an axial compressor is achieved by allowing gas to enter at
a large radius and compressing it through the interaction between the rotors and
stators. As the gas becomes denser, the flow area is usually reduced from one stage
to the next in order to maintain a relatively constant axial velocity. If the flow is
drawn directly from the atmosphere, the first compressor stage is often preceded by
a set of inlet guide vanes, positioned upstream to enhance the operational range.

2.1.1 Velocity Triangle

Figure 2.1 illustrates the velocity triangles at the rotor inlet and outlet of an ax-
ial compressor stage. These triangles describe the vector relationship between the
absolute velocity V, the rotor blade speed U, and the relative velocity V,. Each
triangle also defines the key flow angles:

a = Angle between V and the axial direction (swirl angle)

f = Angle between V, and the axial direction (relative swirl angle)

Inlet Triangle: At the rotor inlet (station 1), the absolute velocity Vi can be
decomposed into an axial component V;; and a tangential component V,,;, assuming
that the radial velocity is zero:

V1 = Vf1 + le

The flow enters the rotor at an swirl angle ;. The rotor blade moves with tangential
speed U, so in the rotating frame, the fluid velocity relative to the blade is:

V,=V,-U
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Entry Velocity
Triangle

hos, Pot

Rotor Blades

Exit Velocity
Triangle

>< > hoz, Po

Figure 2.1: Velocity triangles at the rotor inlet (top) and outlet (bottom), showing
absolute, relative, and blade velocities. Image adapted from [20].

Outlet Triangle: At the rotor outlet (station 2), the same relations apply. The
absolute velocity V, has an associated swirl angle as, and the relative velocity
V.,s = V5 — U defines the relative swirl angle J5. The change in the absolute
tangential velocity across the rotor,

AVw = Vw2 - le

2.1.2 Work Done by the Rotor

Applying the velocity triangles at the rotor inlet and outlet, the specific work done
by the rotor on the fluid is governed by the change in the tangential component of
the absolute velocity. This is expressed by Euler’s turbomachinery equation:

w=hgy—hopy =U-V, - (tanay —tanay) = U - V. - (tan 5 — tan ;) (2.1)

For axial inflow conditions, the axial velocity V,, is typically equal to the inlet axial
component Vy; = Vjy. This relation links blade geometry (through « or ) to the
stage work input and forms the foundation for aerodynamic design and analysis in
axial compressors.

2.1.3 Total Pressure and Total Temperature

To accurately compute the total-to-total ratio across a rotor, it is essential to eval-
uate the total (stagnation) pressures or temperature at specific stations within the
compressor. The total pressure at a point in the flow is the pressure the fluid would

4
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attain if it were isentropically brought to rest.

Referring to Figure 2.1, the total pressure at station 1 is computed from the static
pressure and Mach number using the isentropic relation:

-1 —=x=

where:
e P is the total pressure at station 1,
e P is the static pressure,
e M; = ‘C/—ll is the Mach number,
o Vi and ¢, represent the absolute velocity and the speed of sound, respectively.
o 7 is the ratio of specific heats

The total temperature T, at the same station is calculated using:

—1
Ty =T <1 + 72M12) (2.3)
where T' is the static temperature.

Poy
PRy = — 2.4
tt P01 ( )

Too
TRy = — 2.5
. 2.

These ratios are key metrics for assessing the performance achieved by a stage in an
axial compressor.

2.1.4 Flow and Stage Loading Coefficient

Two important non-dimensional parameters in axial turbomachinery are the flow
coefficient and the stage loading coefficient. These coefficients characterize the aero-
dynamic behavior of the stage and are especially useful in design and performance
analysis.

Flow Coefficient (¢): The flow coefficient is defined as the ratio of the axial
velocity to the blade speed:

6= 2 (2.6)

where:
o V, is the axial component of the absolute velocity,
o U is the rotor blade speed.

Stage Loading Coefficient (1) : The stage loading coefficient reflects the aero-
dynamic loading of the stage and is defined by the inlet and outlet flow angles:

P =1—¢(tanay — tan o) (2.7)

5
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where:

e «q is the swirl angle at rotor inlet,

e [ is the relative swirl angle at rotor outlet.
Together, the flow coefficient ¢ and the stage loading coefficient 1) describe the
relationship between geometry, flow turning, and energy transfer within the stage.
They are also central in constructing compressor performance maps and comparing
different designs.

2.1.5 Pressure coefficient

Pressure variations over the rotor blade surface are analyzed using the static pressure
coefficient C), as defined in Equation (2.8), where Py, is the upstream far-field static
pressure, and when used in this report, stagnation pressure, P  re1 is the stagnation
pressure in the rotor’s rotating frame of reference.

P, — Py,

O — 5T
p
PO,oo,rel _Poo

(2.8)

2.1.6 Compressor Map Performance

When operating a compressor under conditions outside its design point, the com-
pressor can be susceptible to either stalling or choking. If the flow coefficient is larger
than its design value, the increase in flow rate causes a decrease in the blade load-
ing coefficient, which can lead to choking the flow. Similarly, if the flow coefficient
decreases, the blade loading increases, ultimately leading to stall, as demonstrated
in Figure 2.2.

1.0

Blade
stalling
v =~

\\Choking

Figure 2.2: Performance characteristics of a compressor stage.

Equations 2.6 and 2.7 provides the ideal compressor characteristics plotted in Figure
2.2, as well as some typical real compressor characteristics. Any deviations from the

6
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ideal line are caused by irreversibilities.

In order to characterize the performance of a compressor, the total pressure ratio is
plotted as a function of the flow rate, with efficiency curves superimposed on a set
of curves obtained for constant rotational speed, also known as speedlines. Here,
the flow rate are modified to a corrected mass flow rate, as illustrated in Figure 2.3.

2.6

100% rpm ___,\
25 2

Surge Line
24 -

2.3
2.2
21 87% rpm
2.0
1.9

1.8
71% rpm .

0.66

1.7

1.6

1.5

Pressure Ratio (total-total)

{068
h 0.68
14

13 50% rpm

1.2

Peak Eff. Line

1.1

1.0

0.04 0.06 0.08 0.10 0.12 0.14 0.16 0.18 0.20 0.22 0.24 0.26 0.28 0.30 0.32 0.34

Corrected Mass Flow, (kg/s)

Figure 2.3: Performance characteristics of a compressor. Figure from [21]

As seen in the figure, each speedline terminates at a boundary known as the surge
line. If the flow rate decreases beyond this line, the rotor blades in the compressor
will stall. A severe stall can lead to a condition known as surge, where the flow may
reverse direction, potentially causing severe damage to the engine.

On the other hand, at high flow rates follwing a constant speedline in the figure,
the flow in the blade passages will choke, which is indicated by the sharp drop of
the curvature of that line. Chocking occurs when the flow reaches sonic conditions
(Mach 1) in the blade passage, beyond which no further increase in mass flow rate
is possible without changing the flow conditions upstream.

2.1.7 Compressor Losses

Losses in the compressor arise from multiple sources of flow phenomena and can
be categorized into profile losses, secondary flow losses, and losses in the annulus
boundary layers. Profile losses originate from the growth of the boundary layers
along the blades. In literature, secondary flow and annulus boundary layer losses
are typically grouped together, as it is difficult to separate them from each other.
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The physical cause of secondary flow is the curvature along the flow path. An
example of secondary flow in a compressor occurs due to the interaction between

one or both endwall boundary layers and the blade. These endwall locations are
typically referred to as the hub or shroud, as illustrated in Figure 2.4.

1N
| Y 1
1 1
L 1
1 |
| .
-
—
w J
S —
- E Passage vorticity
II ::_‘
\| — by ™
\ 'l ‘2 Ly
L
it

Trailing filament vorticity

Figure 2.4: Endwall secondary flow in a compressor. Figure from [23]

Within the endwall boundary layer, viscous forces slow down the flow near the sur-

face. As a result, an unbalanced pressure force induces transverse flow along the
endwall boundaries, directed toward the suction side of the blade.

In the stator section of a compressor, this results in the formation of two counter-
rotating secondary vortices, originating from the boundary surfaces of both the hub

and shroud. These vortices have their rotational axes aligned with the main flow
direction, leading to induced secondary flow.

In contrast, for a rotor section, typically only one counter-rotating secondary vortex
forms at the endwall, the hub. Also, another significant source of secondary flow
arises from tip leakage, which occurs due to a clearance gap between the rotor blade

tip and the shroud. This gap allows high-pressure air to leak from the pressure side
to the suction side of the blade.

As this leakage flow traverses the passage, it rolls up into a vortex, forming the
tip leakage vortex. This vortex migrates across the passage, further interacting
with the secondary vortices generated at the endwall. The complex interaction be-
tween tip leakage flow and endwall secondary flow significantly influences the overall

aerodynamics of the compressor stage. A tip leakage vortex is illustrated in Figure
2.5.
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Figure 2.5: Tip leakage vortex in a compressor. Figure from [24]

2.1.8 Compressor Efficiency

When defining the efficiency of a compressor stage, the concept of polytropic effi-
ciency is often used [2]. The use of polytropic efficiency is based on the fact that the
increase in temperature due to irreversible friction in one stage results in additional
work being required in subsequent stages—this effect is known as the preheat effect.

Polytropic efficiency, also referred to as small-stage efficiency, is defined as the isen-
tropic efficiency of an infinitesimally small (differential) stage, such that it remains
constant throughout the entire compression or expansion process.

For analyzing the fluid dynamics of individual stages in either compressors or tur-
bines, polytropic efficiency provides a more accurate representation of real thermo-
dynamic processes than isentropic efficiency, as it accounts for small incremental
changes in pressure and temperature, leading to a more reasonable basis for com-
parison [3].The polytropic efficiency is defines as:

~y—1
Pos\ Tos
o ()Y e () 29
& g{Pm } “\T, 29
where:

o T3, Ty, are the stagnation temperatures in the absolute frame of reference at
the compressor exit and inlet, respectively.

o Py3, Py are the stagnation pressures in the absolute frame of reference at the
compressor exit and inlet, respectively.

2.2 Pressure transducer

A pressure transducer generates an electrical output proportional to the applied
pressure. When pressure is exerted, it introduces a force on a sensing element within
the sensor, causing mechanical deformation. This deformation alters the electrical
characteristics of the sensing element, resulting in a corresponding change in the
transducer’s output signal. Pressure transducers are available with four types of ref-
erence pressure configurations: (a) Absolute (psia), (b) Gauge, (c) Differential,

9
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and (d) Sealed Reference, as illustrated in Figure 2.6.

In high-fidelity aerodynamic or turbomachinery applications, transducers must ex-
hibit high linearity, fast frequency response, and thermal stability. The usable fre-
quency range is typically limited by the transducer’s natural resonance frequency. To
ensure accurate and undistorted measurements, the frequency content of the pres-
sure signal should remain below approximately one-fifth of this resonance frequency;,
where the transducer exhibits a flat frequency response [22].
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;N
4 .| K
S S A Y
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5 Pressure pressure o pressure

pressure EE
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Figure 2.6: Pressure transducer reference types. Figure from [22].

2.3 Fast Fourier Transform (FFT)

When analyzing a discrete signal, such as the static pressure from a sensor, it is often
useful to transform the signal from its original time domain to the frequency domain
to analyze its fluid dynamics and/or acoustic characteristics. This transformation
is done using the Discrete Fourier Transform (DFT) on a sequence of measurement
samples in time. The DFT of an N-point sequence x[n] is defined as:

X[k] = 2__% o[n)e 9 %n (2.10)

where X [k] represents the frequency spectrum of the signal, z[n] is the time-domain
signal, NV is the number of points in the sequence, and k is the frequency index.

The FFT algorithm significantly reduces the computational complexity of the DFT

from O(N?) to O(NlogN) by exploiting symmetries in the DFT matrix. This
efficiency makes FFT suitable for real-time signal processing and large datasets.
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Previous work

3.1 Mechanisms of Compressor Blade Degrada-
tion

Compressor blade performance degradation occurs through three primary mecha-
nisms: fouling, clearance increase, and operational wear [5].

o Fouling involves the accumulation of particles, such as industrial pollutants,
on the blade surfaces, leading to performance losses. In the aviation industry,
this type of degradation is typically managed through periodic engine washing
during maintenance intervals.

o Clearance increases are mainly caused by thermal transients leading to
casing ovalization, and changes in rotor bearing stiffness. Uneven thermal ex-
pansion between components can result in rubbing. If bearing adjustments are
insufficient, these effects can combine and cause significant clearance growth,
particularly in the mid and rear sections of the compressor.

e Operational wear results from prolonged exposure to airborne particles like
sand and water, encountered in operational environments of a aircraft engine,
and frequent online washing. This leads to an erosion process that gradually
alters the blade’s shape.

3.2 Erosion Morphology and Modeling Approaches

The process of erosion results from the frequent impact of particles in a flow over
a material. This impact leads to the abrasive removal of material from the surface
in contact. Hamed [6] experimentally showed that the highest erosion rate in a
turbomachine occurs in the first stage of the compressor, namely at the rotor blade
leading-edge. As particles collide with the rotor blade, they are centrifuged in the
radial direction, substantially accumulating the highest erosion rate at the tip of
the leading edge. Hamed concluded that, in compressors, first-stage rotor erosion
causes reduced chord length, leading-edge tip corner rounding, and thinning. Fur-
ther research [7] has shown that the formation of an eroded leading edge is typically
caused by particles with diameters of 20 pym or more. This erosion increases sur-
face roughness and alters the overall surface profile. Consequently, it modifies the
leading edge shape, affecting the incidence angle, changes the airfoil throat opening,
and increases both blade tip and seal clearance.

11
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Rotor blade leading-edges are typically designed with regular geometries, such as
circular or elliptical shapes, that can be mathematically defined. However, erosion
creates irregular morphologies that degrade performance through complex mecha-
nisms. Studying these erosion patterns is challenging due to the small size of the
leading-edge radius, which, despite the relatively large overall rotor blade size in
turbofan engines, is typically only a few millimeters. Despite these challenges, Ma
[8] successfully studied the progressive loss of original material from a blades surface
through erosion processes. The study divided the evolution of blade erosion into
distinct stages to characterize these morphological changes. Building on Ma’s work,
Shi [1] further defined these stages into four distinct topological phases: New Blade,
Cliff and Canyon, Flat Canyon, and Blunt with Fillet, as illustrated in Figure 3.1.

Erosion time

|

‘F o “ —

Leading edge

)

il 'l
m

MNew blade  Cliff & canyon Flat canyon Blunt with fillet

Figure 3.1: Topological phases of blade erosion as defined by Shi. Figure from [1]

Shi [1] also reviewed how erosion on the leading-edge is modeled in the literature
and concluded that, although the erosion process is complex, directly modeling the
erosion of the blade leading edge significantly simplifies the process and facilitates
the study of its influence on aerodynamic performance. This simplification is usually
achieved by directly cutting the leading edge of the blade to simulate the effects of
erosion, with the chord length decreasing linearly along the blade height until no
material is removed at the hub. Roberts et al. [9] extended the approach beyond
simply cutting the leading edge to create a blunt blade. They optimized the eroded
leading-edge shape by rounding it and introducing surface roughness and twisting,
making it more representative of the characteristics of a realistically eroded blade,
as illustrated in Figure 3.2.
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Figure 3.2: Erosion modeling approaches, including simplified cutting and opti-
mized shapes with roughness and twisting, as defined by Roberts et al. [9].

3.3 Effects of leading-edge erosion

Goodhand et al. [15] investigated the effects of leading-edge pressure spikes caused
by erosion on profile loss, using the stator of a single-stage low-speed compressor and
a range of leading-edge geometries. It was found that if the erosion exceeded a critical
height, the leading-edge boundary layer separation would occur closer to the leading
edge, causing a premature transition from laminar to turbulent flow and ultimately
increasing profile loss up to 30 % at positive incidence angles. Experimental and
simulated results from cascades of a one-stage compressor, before and after erosion,
as reported by [14], indicate that erosion generally causes a change in the pressure
distribution in the compressor stage across a range of increasing mass flows. This
reduction was found to be a function of compressor speed and the location of the
stage where the erosion occurs. The study also indicates that erosion on a compressor
stage causes a reduction in the mass flow rate. It was also found that this reduction
in mass flow was connected to an increase in rotational speed. [12] focused on a
transonic axial compressor whose blade was damaged due to operation in sandy
environments. CFD studies were conducted for a damaged first-stage rotor of the
GE T700-401C compressor. It was found that erosion at the leading edge caused
significant differences in the flow physics across all blade passages. Compared to
a undamaged blade, the study observed a more pronounced shock expansion field,
a shift in the bow shock, and a stronger near-normal shock at the suction-side in
passage. It was concluded that eroded blades generate significantly larger high-loss
regions adjacent to the blade surfaces in passages on either side of the damage. This
was attributed to reductions in stagnation pressure and temperature ratios, as well as
a decline in adiabatic efficiency. Experiments by [11], in which sand was injected into
the flow of an axial compressor, demonstrated a reduction in stage loading and rotor
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turning. Similarly, as observed in [12], erosion resulted in significant decreases in
stagnation pressure and temperature ratios, primarily due to increased losses at the
blade leading edge, especially in the tip region. These findings suggest that leading-
edge deterioration and airfoil shape changes were the main contributing factors. The
phenomenon of increased tip leakage was investigated by [10], revealing that the
interaction between tip leakage and passage flow in an eroded rotor cascade caused
vortex breakdown and near-endwall flow collapse. Where tip leakage flow exhibited
unsteady behavior, with fluctuations and instability. A non-linear relationship was
found between blade tip erosion and the stable operating range.
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Technical Approach

4.1 Experimental Setup

The compressor stage was evaluated in parallel with this study using the axial
experimental compressor facility at the University of Stuttgart. A CAD rendering
of the experimental setup is shown in Figure 4.1.

o«
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'.‘
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&

Figure 4.1: CAD rendering of the compressor facility at the University of Stuttgart.
Figure from [19].

The gas channel in the rig forms a closed circuit, enabling experiments with various
gases, not just air. This flexibility is advantageous for achieving engine-realistic
Mach numbers, by lowering the speed of sound in the gas channel. The compressor
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stage has been tested using air and is intended to operate with R134a as the working
fluid in future testing campaigns. Instrumentation is provided to measure flow
quantities relevant to assessing compressor performance. Rapid pressure sensors
(Kulites) are installed in the outer casing to detect high-frequency flow variations
in the static pressure field. Additionally, probes are installed to measure static and
total pressure averaging, while other sensors include total temperature probes and
a blade tip timing system. A complete description of the sensor arrangement at the
facility is shown in Figure 4.2.

total pressure total pressure
probe traverse + - probe traverse +
thermocouples blade tip timing thermocouples
El BTT1 BTT2 E3
Kl K2 K3 K4 == = KI11 K12 K13 K14
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= T ] — — = - z — . e A |
pressure | |
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NN T © Nezzzoz7

K = miniature fast-response pressure transducer and static pressure taps

Figure 4.2: Meridional cut of test section showing sensor positions from Ref. [19].

4.2 Geometry

The subject of this study is a transonic single-stage research compressor rotor assem-
bly. The rotor disk geometry JULIA was collaboratively designed for the Stuttgart
rig in the NFFP CoFAS project. CoFAS is an acronym for "Compressor and Fan
Aeroelasticity and Stability limits". The project was funded by the Swedish Aero-
nautical Research Program. The relevant performance data is listed in Table 4.1.
In this study, a simplified geometry was investigated, featuring only the rotor blisk.
Figure 4.5 presents several views of a single passage of the first-stage rotor blisk
geometry. The study was conducted with a tip clearance of 0.2 [mm] between the
blade tip and the shroud casing. To evaluate the impact of changes in rotor perfor-
mance, measurements were taken from stations located upstream and downstream,
close to the rotor’s leading and trailing edges, as illustrated in Figure 4.6.
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Table 1  Design data for JULIA

Diameter 240 mm
Design mass flow 3.68 kg/s
Design pressure ratio 1.64
Design shaft speed (100%) 17,105 rpm
No. of rotor blades 18
Rotor aspect ratio 2.18

Table 4.1: Design data for JULIA.

A -

Figure 4.3: Isometric view of the ro- Figure 4.4: Top view of the rotor
tor blade geometry. blade geometry.

Figure 4.5: Various views of the first-stage rotor blade geometry.

Station: 1 Rotor 2

Figure 4.6: Simplified blade passage with radial measurement stations.
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4.3 Numerical Settings

The CFD calculations in this investigation were performed at steady state, using
the Reynolds-Averaged Navier-Stokes (RANS) equations. Menter’s Shear Stress
Transport (SST) model was applied as the turbulence model. For calculations using
R134a as the working fluid, the reattachment modification was enabled. Boundary
layer transition was not modeled, and the flow was considered fully turbulent at the
inlet boundary. All cases were run using the ANSYS High Resolution scheme [17]
with double precision. The blade and endwall surfaces were defined as adiabatic,
non-slip, and rotating walls. The blade and hub geometry were set to rotate, while
the shroud was set to counter-rotate. Rotationally periodic boundaries were applied
to the sides. Depending on the working gas that was used in the investigation,
the inlet boundary conditions were set to either constant or a profile value of total
pressure, total temperature and flow direction (Axial, Radial and Theta component).
While the outlet boundary condition was set to a constant of average static pressure.
The specific boundary conditions are presented in the subsequent method section of
chapter 5 (Air) or chapter 6 (R134a).

4.4 Computational Domain and Mesh

A computational domain was established using a single rotating frame approach.
Turbogrid was utilized to create a resolved boundary layer mesh, achieving an area
average y+ of less than 1. The mesh employed an OH-grid structured configuration
with a leading edge mesh refinement. To evaluate the dependence of mesh resolution
on performance parameters, both global performance metrics and local differences
at the shroud were investigated. For the global performance metrics, mesh studies
were conducted for all operational points of analysis, using a nominal blade geometry.

In terms of measurable limits, grid independence in local areas along the shroud
is of particular interest in this study. Selecting an adequate grid size is essential
to capture small variations in flow quantities at shroud locations, especially when
introducing small increments in rotor leading edge erosion. To confirm this, the
local difference at the shroud in static pressure around the circumferential at an
axial point near the leading edge was examined between increasing mesh sizes for
an eroded geometry.

Tip clearance is a critical factor in this study. It is essential to ensure that the
mesh resolution is fine enough to accurately capture the flow characteristics in the
tip clearance region. This includes the ability to resolve the boundary layer and
any potential flow separation or recirculation that may occur. The tip clearance
was carefully modeled to reflect realistic operational conditions, and the mesh was
specifically refined in this area with increasing mesh size to ensure sufficient fidelity
in the simulation results.

The mesh sizes for a single-blade passage is presented in Table 4.2. The same
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grid is used for both air and R134a gas cases, as well as for nominal and eroded

geometries. Views of a fine mesh are shown in Figures 4.7 and 4.8.
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Figure 4.8: Local mesh refinement at the blade leading-edge at 90 % span for a
fine mesh.

To capture the static pressure distribution along the shroud, pressure probes were
placed at multiple axial locations within the computational domain, replicating the
sensor positions used at the Stuttgart University experimental rig. An overview of
the probe locations in the computational setup is provided in Figure 4.9.

INLET SP4 SP5 SP6 SP7-14 SP15 SP16 SP17 OUTLET

Figure 4.9: Computational domain with sensor positions.
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4.5 Erosion Methodology

Several cases of erosion severity were simulated during this study using a consistent
erosion methodology, in conjunction with the investigation carried out by Ma et al.
[8]. In this study, erosion is considered a geometrical deviation from the nominal
blade geometry, characterized by changes in the leading-edge radius resulting in a
more blunt profile compared to the nominal elliptical shape, and a decrease in blade
chord length. The change in chord length reduction was modeled to increased lin-
early from the hub to the blade tip, with the maximum leading edge radius and
chord reduction at occurring at the tip.

Figures 4.10 show airfoil sections of the compressor rotor blade with the nominal

geometry compared to a representative eroded blade, featuring a blunt leading edge
shape and a linear reduction in chord length from 10 % to 90 % span.

Airfoil in Cylindrical Frame at 10, 50, 90 % Span

Span [%]
—— Nominal 10.0
-- Eroded 10.0
—— Nominal 50.0
-- Eroded 50.0
—— Nominal 90.0
-- Eroded 90.0
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0.020 4

rtheta [m]
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0.014
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Figure 4.10: Comparison of nominal and eroded blades at 10, 50, 90 % span.

4.6 Target Operational Conditions
In this study, two different operational points were investigated. One is referred to

as the reference point, or REFP in the text. This point was intended to be close to
what would be considered a design point for the rotor blade. The other point was
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intended to represent an operational point close to where the flow would start to
separate from the blade surfaces, causing compressor stall. In the text, this point is
called near-stall, or NSP.

In order to determine the average static outlet pressure condition for the two opera-
tional points of interest, a speedline was simulated for each test case (air and R134a)
at a constant rotational speed of 17,000 and 17,105 RPM respectively, where the
average pressure at the outlet was increased until the rotor approached the surge
line.

4.7 Verification and Validation

The full rotor setup was tested with air as the working fluid in the experimental
compressor rig. At the time of this investigation, R134a had not yet been tested.
The case-specific operating conditions applicable to this study are compared in the
subsequent results chapter for validation purposes.
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Subsonic Flow (Air)

This chapter investigates the aerodynamic impact of leading-edge erosion under sub-
sonic flow conditions, serving as a baseline to isolate erosion effect from compressibility-
dominated phenomena (e.g., shocks). Additionally, the investigation setup will only
consider the rotor effects on the flow field. Any other geometrical effects, such as inlet
guide vanes or downstream stators, are excluded from this part, which is consistent
with the scope of previous investigations conducted in the experimental rig. The
nominal blisk is compared to increasing erosion severity, investigating fundamental
degradation mechanism such as boundary layer growth, separation and operational
point shifts - that underpin potential performance losses. These insights contributes
to the context of analysis in Chapter 5, where compressibility effects is added to the
context of leading edge erosion.

5.1 Method

This section outlines the methodology used to evaluate the aerodynamic impact
of erosion on a subsonic compressor rotor. The approach includes a systematic
variation of erosion severity, standardized inlet and outlet boundary conditions,
and mesh sensitivity analysis to ensure numerical accuracy. The methodology aims
to replicate realistic test conditions and provide a robust foundation for analyzing
erosion-induced performance changes.

5.1.1 Erosion

A test series of increasing erosion severity will be investigated in this chapter, with
increasing chord reduction from 0.2 to 1.5% at the tip of the rotor. The test cases
are divided into four geometrical deviations, with a doubling of severity for each
subsequent case. The overall geometrical deviations for each test case at different
spans are shown in Figure 5.1.
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Airfoil in Cylindrical Frame
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Figure 5.1: Comparison of nominal and eroded blades at different spans (%).

5.1.2 Inlet conditions

In this chapter, the International Standard Atmosphere (ISA) sea-level values for
constant total pressure and total temperature was used as inlet boundary conditions.
Additionally, the flow is assumed to be fully turbulent throughout the computational
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domain. The ISA values for sea-level conditions, as outlined in [18], are summarized

in Table 5.1.
Table 5.1: ISA Standard Values at Sea Level

Value

Parameter Symbol
Total Temperature Tj

Total Pressure Do

Air Density p

Speed of Sound a

288.15 K
101325 Pa
1.225 kg/m?
340.29 m/s

5.1.3 Operational Points and Outlet condition

The compressor performance were evaluated through the total and static pressure
rise at constant rotational speed to define the outlet boundary condition of constant
average static pressure, and to compare the calculated result to experimental data.

Speedline of Nominal Julia blisk
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Figure 5.2: Selected operational points (REFP and NSP) and experimental com-

parison.

From the total pressure curve (Total-to-Total), in Figure 5.2, two operationally
points were selected for detailed analysis: Reference point (REFP) and near-stall
point (NSP), the values of mass flow and outlet static pressure for these points is

found in Table 5.2.
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Table 5.2: Mass flow and average static back pressure at selected operational points

Operational Point Mass Flow (kg/s) Static Outlet Pressure (kPa)
Reference Point (REFP) 2.75 101
Near-Stall Point (NSP) 2.33 106

These outlet pressure values were maintained constant across all test cases, i.e nom-
inal and eroded to ensure consistent comparison.

Additionally, in Figure 5.2, the static pressure curve (Static-to-Static) show good
agreement with obtained experimental data (triangle markers) from the rig at Stuttgart
University, particularly in the region where to two operational points were selected.
This experimental correlation confirms that the selected operational points provide
physically representative conditions for investigating erosion effects.

5.1.4 Mesh Study

The performance parameters for increasing mesh sizes for the reference point (REFP)
and near-stall point (NSP) are shown in Table 5.3 and in Table 5.4 respectively, and
Figure 5.3 show the convergence of these parameters, normalized with the results
for the finest mesh.

Table 5.3: Mesh Study Results REFP.

Mesh Size T.wic Ratio Py Ratio Mp m

Very Coarse 1.036926 1.1103 0.911866  2.7289
Coarse 1.036806 1.11034  0.913005 2.73038
Medium 1.036755 1.11047  0.913644 2.72952
Fine 1.036685 1.11059  0.914851 2.73044
Very Fine 1.036592 1.11065  0.915746 2.73116

Extremely Fine 1.036505 1.11061  0.916128 2.73152

26



5. Subsonic Flow (Air)

Table 5.4: Mesh Study Results NSP.

Mesh Size T.wic Ratio Py Ratio Mp m

Very Coarse 1.06077 1.15363  0.909045 2.34467
Coarse 1.059609 1.1538  0.909324 2.34358
Medium 1.059126 1.15409  0.909233 2.34011
Fine 1.058764 1.15433  0.909992 2.33998
Very Fine 1.058591 1.1544  0.910179 2.34039
Extremely Fine 1.058507 1.15447  0.91043 2.34035

Global parameters
(Reference point — solid line, near stall point — dashed line)
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Figure 5.3: Convergence result of mesh study in subsonic flow.

With the sensors set up to mimic the Stuttgrad rig shown in Figure 4.2, the sensor
closest to the leading-edge, SP7, was chosen as the target of this mesh study. The
sensor location is shown in Figure 4.9, with a eroded geometry exhibiting a chord
reduction of 1.5% from the test series shown in Figure 5.1. The static pressure,
normalized with the results for the finest mesh, is shown in Figure 5.4.

It was decided that the fine mesh is sufficient for use in all subsequent investi-
gations in this chapter, as it is considered to produce converged results for both
global and local requirements.

27



5. Subsonic Flow (Air)

Static pressure at SP7
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Figure 5.4: Static pressure A at SP7 for a worst-case erosion.

5.2 Result

This section presents the aerodynamic impact of a increasing erosion severity on
the rotor blade under subsonic flow conditions. Key indicators such as polytropic
efficiency, total pressure and total temperature ratio are analyzed to quantify the
performance impact of erosion. The shift in operating points due to geometric
degradation is examined, followed by a detailed investigation of loss mechanisms
using spanwise entropy rise. Flow field characteristics are visualized through Mach
number contours at 90% span, and pressure loading effects are assessed via spanwise
pressure coefficient (C,) distribution.

5.2.1 Aerodynamic Performance in Subsonic flow

Figure 5.5, Figure 5.6, and Figure 5.7 summarizes the aerodynamic effects of pro-
gressive leading-edge erosion on compressor rotor performance at subsonic operating
conditions. Displayed are trends in polytropic efficiency (1,), total pressure rise,
and total temperature rise for both the reference point (REFP) and near-stall point
(NSP), these values are shown relative to the nominal case. Observations reveal a
reduction in efficiency with increasing erosion severity, highlighting how additional
shaft work is predominantly converted into losses rather than useful pressure rise.

Erosion leads to a decrease in polytropic efficiency at both operating points, with a
total reduction of 1.06 percentage points at REFP and 2.16 percentage points at NSP
in the most severe case (1.5% chord reduction at the rotor tip). This drop is primarily
attributed to changes in the total pressure and temperature ratios: for the reference
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Figure 5.5:

Figure 5.6:
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Figure 5.7: Relative change (%) in total temperature ratio for REFP and NSP.

29



5. Subsonic Flow (Air)

point (REFP), the total pressure ratio decreases while the total temperature ratio
increases. For NSP, the total pressure ratio increases, but not to the same extent as
the temperature ratio. Both operating points indicate that additional work is being
done to the flow, but not effectively converted into total pressure rise. Instead, the
extra work manifests as increased irreversible losses, likely associated with enhanced
dissipation mechanisms such as boundary layer separation and secondary flows. A
summary of the polytropic efficiency degradation is presented in Table 5.5.

Table 5.5: Polytropic efficiency decrease for REFP and NSP at different levels of
erosion.

Erosion level REFP (%) NSP (%)

1 -0.30 -0.77
2 -0.54 -1.22
3 -0.79 -1.74
4 -1.06 -2.16

5.2.2 Operating Point Shift

At constant rotational speed and average back pressure, the compressor rotor’s
operating point shifts leftward from its nominal position when leading-edge erosion
is introduced.
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Figure 5.8: Operating points of eroded cases compared to the nominal speedline.

A reduction in mass flow can be observed in the figure above, with changes in total
pressure present in the same figure and more visible in Figure 5.6. In Figure 5.6, the
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pressure ratio decreases for REFP, while it increases for NSP relative to the nominal
blade. These trends, i.e., changes in mass flow and total pressure rise, indicate that
erosion not only affects local aerodynamic performance but also alters the global
operating characteristics of the compressor.

5.2.3 Spanwise Entropy Rise as an Indicator of Loss Distri-
bution

To illustrate the spatial distribution of aerodynamic losses, the spanwise variation
of entropy rise across the rotor blade at the reference point (REFP) and near-stall
point (NSP) is shown in Figures 5.9 and 5.10, respectively.

Spanwise Entropy Rise - REFP

LOF —s— Nominal |
— FErosion 1
08tk —— FErosion 2|
i —— Erosion 3
; —— Krosion 4
2 06 1
204}
02t
0.0F | ‘ ‘ . . . |
0 5 10 15 20 25 30
As [1/kgK]

Figure 5.9: Spanwise entropy rise over the rotor blisk at REFP.
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Figure 5.10: Spanwise entropy rise over the rotor blisk at NSP.

To localize the regions where losses occur, spanwise profiles of entropy rise are ex-
amined. For the reference point (REFP), entropy differences between the nominal

31



5. Subsonic Flow (Air)

blade and the eroded ones remain relatively constant up to approximately 90% span,
beyond which deviations begin to appear as erosion severity increases. At the near
stall point (NSP), significant differences in entropy rise are observed between 20%
and 50% span for erosion levels 3 and 4, along with consistent deviations above 80%
span across all erosion cases. The entropy rise is particularly pronounced in the near-
tip region for both operating points, indicating that tip-region phenomena dominate
the loss mechanisms. These findings prompted a more detailed investigation of the
flow field in the upper span region of the rotor blade.

5.2.4 Mach Number Contours at 90% Span

In Figures 5.13 and 5.16, Mach number and axial velocity contours at 90% span are
presented for both the nominal blade geometry and the most severely eroded case
at the reference point (REFP).
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Figure 5.11: Nominal blade.
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Figure 5.12: Level 4 eroded blade.

Figure 5.13: Comparison of Mach number flow fields at 90% span at REFP be-
tween the nominal and eroded blade geometries.
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In Figure 5.14, a small separation bubble is visible just downstream of the leading
edge on the suction side of the nominal blade. As erosion increases, the leading edge
becomes more blunt, causing the flow to accelerate locally over the suction surface
to adapt to the altered geometry. This intensifies the adverse pressure gradient
near the leading edge, resulting in a larger separation bubble in the eroded case.
Additionally, early signs of separation begin to appear on the pressure side, where
a much smaller separation bubble—compared to the suction side—develops in the
eroded blade. This is due to local flow acceleration over the pressure surface as well,
as seen in the figure.

Figure 5.14: Nominal blade.

Figure 5.15: Level 4 eroded blade.

Figure 5.16: Axial velocity contours at 90% span at REFP for the nominal and
eroded blade geometries.

As a consequence of the larger separation bubble in the eroded case, the reattach-
ment point shifts further downstream, and the boundary layer becomes thicker after
reattachment, as observed in Figure 5.13.

Furthermore, the stagnation region at the leading edge expands slightly in the eroded
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case. These changes illustrate how leading-edge erosion alters the local flow behav-
ior, ultimately contributing to the degradation of aerodynamic performance.

In Figures 5.19 and 5.22, Mach number and axial velocity contours at 90% span
are presented for both the nominal blade geometry and the most severely eroded
case at the near-stall point (NSP).
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Figure 5.17: Nominal blade.
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Figure 5.18: Level 4 eroded blade.

Figure 5.19: Comparison of Mach number flow fields at 90% span at NSP between
the nominal and eroded blade geometries.

At the near-stall point (NSP), the rotor operates under higher incidence angles,
which promote a larger separation region on the suction side compared to the ref-
erence point (REFP). Combined with the increased leading-edge bluntness due to
erosion, this significantly amplifies the separation bubbles already observed at REFP.
In the eroded case, the separation bubble on the suction surface is notably larger,
and the boundary layer after reattachment appears thicker as well.

However, no signs of separation are observed on the pressure side at NSP, in con-
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trast to REFP. This suggests that under near-stall conditions, at higher incidence
angle, the flow behavior due to erosion becomes increasingly dominated by suction-
side phenomena, with loss-driving mechanisms shifting further toward the suction
surface of the blade.

Figure 5.20: Nominal blade.

Figure 5.21: Level 4 eroded blade.

Figure 5.22: Axial velocity contours at 90% span at NSP for the nominal and
eroded blade geometries.

5.2.5 Spanwise Pressure Coefficient (C,) Distribution

Figures 5.23 illustrate the static pressure coefficent distribution at the 90% span
location for both the reference point (REFP) and near-stall point (NSP). The left
column focuses on the leading edge region (0-25% normalized chord), while the right
column shows the distribution over the entire suction and pressure sides.

At higher spans, i.e at 90% span—the suction side is affected at both operating
points. Increasing erosion severity leads to a reduced ability of the flow to recover
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after the suction peak just downstream of the leading-edge. This behavior is at-
tributed to the growth of the separation bubble seen in the Figures 5.16 and 5.22,
which becomes more pronounced with increasing leading-edge erosion.

At the reference point (REFP), a similar behavior can be observed on the pres-
sure side, as shown in Figure 5.23. The differences seen just downstream of the
leading edge between the cases are attributed to a growing separation bubble, as
illustrated in Figure 5.16.
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Figure 5.23: Static pressure coefficient distribution at 90% span for nominal and
eroded blades at REFP and NSP.
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Transonic Flow (R134a)

Building on the subsonic erosion flow phenomena identified in Chapter 5, this chap-
ter investigates the effects of leading-edge erosion under transonic flow conditions.
The transonic operating regime introduces distinct flow characteristics compared
to subsonic conditions. As flow velocities approach Mach 1, supersonic regions be-
gin to form, terminating in shock waves. These shocks introduce additional loss
mechanisms that intensify as the severity of leading-edge erosion increases.

6.1 Method

This section outlines the methodology used to investigate rotor performance under
transonic flow conditions using R134a as the working fluid. The transition from stan-
dard atmospheric air to R134a is representative for the experimental setup planned
for future test campaigns at the University of Stuttgart rig, and enables the rotor
to operate closer to its intended design conditions. The approach includes inlet
boundary profiles derived from full-domain CFD studies, the selection of operating
points based on speedline analysis, and a detailed mesh sensitivity study to ensure
numerical accuracy. Additionally, the range of erosion severity is extended beyond
that considered in the subsonic cases.

6.1.1 R134a (Heavy gas)

In this chapter, idealized R134a (1,1,1,2-Tetrafluoroethane) was used as the work-
ing fluid for all calculations. This marks a shift from Chapter 4, where standard
atmospheric air based on ISA sea-level conditions was used. The transition to R134a
enables a more representative analysis of the intended application environment. No-
tably, the Julia Blisk [4.1] is designed for transonic flow conditions, and the use of
R134a supports achieving the design tip Mach number at a lower tip velocity com-
pared to air.

This, in turn, allows for lower rotational speeds, which reduces mechanical stresses
on components in a real test rig. Consequently, R134a was selected to better match
the operating conditions of the forthcoming rig test campaign at the University of
Stuttgart. A comparison of key fluid properties is presented in Table 6.1.
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Table 6.1: Comparison of thermophysical properties between R134a and ISA air
at 300 K.

Property R134a @ 300 K, 50 kPa ISA Air @ Sea Level Units
C, 0.860 1.005 kJ/kg-K
~ 1.112 1.40 -
Density (p) 1.93 1.225 kg/m3
Speed of Sound (a) 163 340 m/s
Gas Constant (R) 81.5 287.1 J/kg-K

6.1.2 Inlet Conditions

The inlet boundary conditions were modified to match the actual full setup in the
compressor rig at the University of Stuttgart. Without adding upstream inlet guide
vanes into the domain, which would affect the incoming flow field to the rotor
blade, inlet profiles of total pressure in the stationary frame and velocity components
(Axial, Radial, and Tangential) were given from previous conducted CFD studies
with the full geometry of the test domain. Since the endwalls are horizontal at the
inlet, the radial component was set to zero. The values of the velocity components
(Axial and Tangential) have been normalized with the absolute velocity, and all
the inlet profiles used are presented in Figure 6.1. The inlet total temperature was
adjusted to a constant total temperature of 300 k and the rotational speed to 17,105
RPM to match the intended conditions at the rig.

Inlet Flow Profiles Across Radius
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Figure 6.1: Inlet flow profiles across the radius.
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6.1.3 Operational Points

Figure 6.2 shows a speedline using R134a as the working fluid. Compared to the
subsonic speedline presented in Figure 5.2, both the total pressure rise and the mass
flow rate at a constant speed of 17,105 RPM have increased, as an effect of changing
the working fluid properties.

Speedline of Nominal Julia blisk
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Figure 6.2: Speedline using R134a at 17,105 RPM.

The total-to-total pressure speedline from the rotor-only domain used in this study
is compared to the speedline obtained from a previous investigation of the full CFD
setup with R143a in the CoFAS project. The agreement between the two confirms
that the inlet profiles are working as intended, as the rotor-only speedline lies close to
the full geometry speedline. The two operational points of interest, reference point
(REFP) and near-stall point (NSP), are marked in the figure. The corresponding
values of mass flow and static outlet pressure for these points are listed in Table 6.2.

Table 6.2: Mass flow and static outlet pressure at operational points

Operational Point Mass Flow (kg/s) Static Outlet Pressure (kPa)
Reference point (REFP) 3.68 57
Near-stall point (NSP) 3.46 60
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6.1.4 Mesh study

In this mesh study, the very coarse mesh was excluded due to its faliure to converge
under transonic flow conditions. The global performance paramters for the reference
point (REFP) and near stall point (NSP) are presented in Table 6.3 and Table 6.4,
respectively. Figure 6.3 illustrates the convergence of these parameters, nomalized
with respect to the results obtained using the finest mesh.

Table 6.3: Mesh Study Results REFP

Mesh Size Py Ratio T, Ratio Npoly m

Coarse 1.64353 1.05381  0.954703 3.67622
Medium 1.64478 1.05387  0.955283 3.68022
Fine 1.64568 1.0539  0.955704 3.68208
Very Fine 1.64607 1.05392  0.955894 3.68295

Extremely Fine  1.64627 1.05392  0.956067 3.68306

Table 6.4: Mesh Study Results NSP

Mesh Size Py Ratio T, Ratio Npoly m
Coarse 1.76952 1.06294  0.941691 3.40975
Medium 1.76937 1.06265  0.945759  3.445
Fine 1.76964 1.06251  0.948089 3.45982
Very Fine 1.77005 1.06245  0.949323 3.46648

Extremely Fine  1.77043 1.06245  0.949757  3.4685

Global parameters
(Reference point — solid line, near stall point — dashed line)
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Figure 6.3: Convergence of global parameters in the mesh study under transonic
flow conditions.
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A mesh study was also conducted for an eroded geometry, using erosion level 6, which
corresponds to a chord reduction of 6.4% at the blade tip, as shown in Figure 6.5.
The static pressure at the shroud casing over the rotor is shown at sensor location
SP7 (see Figure 4.2), normalized with respect to the finest mesh, is presented in
Figure 6.4.
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Figure 6.4: Static pressure difference at SP7 for the worst-case erosion scenario

Based on the results, the fine mesh was deemed sufficient for all subsequent inves-
tigations in this chapter, as it provides converged results for both global and local
flow characteristics.

6.1.5 Erosion

The erosion levels that is being investigated have in this chapter been extended with
two new cases, doubling the erosion severity two times more. The maximum chord
reduction at the blade tip are now 6.4%, compared to 1.5% from the subsonic test
cases. The overall geometrical deviations for each test case at 10%, 30%, 50% and
90% spans are shown in Figure 6.5.
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Figure 6.5: Increasing erosion severity on the leading-edge for the rotor blade.

6.2 Results

The transonic analysis is conducted in a similar manner to the subsonic investi-
gation, enabling a direct comparison between the nominal and eroded cases. In
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this chapter, the presence of shock waves introduces additional complexity, which
is examined through Mach number contour plots and spanwise distributions of the
static pressure coefficient (C},). Furthermore, the entropy-based loss analysis is ex-
tended by including the entropy difference between eroded and nominal blades at a
spanwise location downstream of the rotor leading-edge. This addition enhances the
understanding of localized loss generation and its correlation with erosion severity.

6.2.1 Aerodynamic Performance in Transonic flow

Figure 6.6, Figure 6.7, and Figure 6.8 present changes in polytropic efficiency, total
pressure ratio, and total temperature ratio, respectively, for the reference point
(REFP) and near-stall point (NSP). These values are shown relative to the nominal
case across increasing erosion severity levels.
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Figure 6.8: Relative change (%) in total temperature ratio for REFP and NSP.

For both the reference point (REFP) and near-stall point (NSP), the degradation
in polytropic efficiency exhibits an approximately linear trend with erosion severity
ranging from level 3 to level 6. The maximum reductions were observed as a de-
crease of 1.08% percentage points for REFP and 2.17% for NSP. Similarly, the total
pressure and total temperature ratios increase approximately linearly from erosion
level 3 to 6, following a comparable trend. These changes reflect the growing aerody-
namic loading and flow distortion associated with leading-edge erosion. A detailed
summary of the efficiency degradation trends is provided in Table 6.5

Table 6.5: Polytropic efficiency decrease for REFP and NSP at different levels of
erosion.

Erosion level REFP (%) NSP (%)

1 -0.08 -0.19
2 -0.17 -0.35
3 -0.28 -0.55
4 -0.41 -0.83
3 -0.61 -1.27
6 -1.08 -2.17

Going futher in the investigation, erosion levels 4-6 were selected for detailed anal-
ysis, as they exhibit the most significant impact on aerodynamic performance, as
shown in Table 6.5.

6.2.2 Operation Point Shift

Figure 6.9 presents the nominal speedline at the design speed of 17,105, rpm and
illustrates how blade erosion shifts the operating points—REFP and NSP—relative
to the nominal blade.
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Speedline of Nominal Julia blisk vs Erosion
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Figure 6.9: Operational point shift at design speed for REFP and NSP.

Keeping back-pressure fixed at REFP and NSP and maintaining the same shaft
speed, increasing erosion severity drives the operating points leftward (lower mass-
flow rate) and slightly upward (higher total-pressure rise) relative to the nominal
operating point. This shift moves the compressor closer to stall and consequently
reduces the available surge margin.

6.2.3 Mach Number Contours at 90% Span — Shock Struc-
ture

To investigate the effect of leading-edge erosion on shock structures and associated
loss mechanisms, Figure 6.10 and 6.11 presents a comparison of Mach number con-

tours at 90% span for the nominal and eroded blade geometries at the reference
point (REFP) and near-stall point (NSP).

Mach-number contours show that, in the eroded case for both REFP and NSP,
the bow shock (Point A) becomes more normal relative to the incoming flow, creat-
ing a larger subsonic region ahead of the leading-edge. At Point B for both REFP
and NSP—where the bow shock meets the suction-side shock to form a lambda-
shock structure—the shock curvature straightens slightly, aligning a greater portion
of the incoming flow perpendicular to the shock. As a result, the normal velocity
component, and thus the influence of the shocks increases, indicating that the over-
all shock system has both intensified and migrated slightly upstream.

At point C, for REFP, a shock is observed downstream of the leading-edge on the
pressure side of the blade, as local velocities increases when the flow curve around

45



6. Transonic Flow (R134a)

the more blunt profile for the eroded case, the shock occur close to the leading-edge,
and subsequently the extend of the local high velocity region decrease on the pres-
sure side.

Flow separation occurs downstream of the lambda foot at the reference point (REFP),
at point B. At this location, the separation point shifts upstream, and the overall
separated region is slightly reduced for the eroded blade. The subsequent boundary
layer after the separation on the suction side does not thicken for the eroded case;
instead, it slightly decreases, as can be observed in figure 6.12

Nominal — REFP

e

Eroded — REFP

[

Figure 6.10: Comparison of Mach number flow fields at 90% span for the nominal
and eroded blades at reference point (REFP) and near-stall point (NSP).
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Figure 6.11: Comparison of Mach number flow fields at 90% span for the nominal
and eroded blades at REFP and NSP.
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Figure 6.12: Comparison of axial velocity field at 90% span for the nominal and
eroded blades at REFP.

6.2.4 Spanwise Pressure Coefficient (C,) Distribution

To assess the impact of leading-edge erosion on the pressure loading over the blade
surface, Figure 6.13 and 6.14 presents the static pressure coefficient distribution at
90% span for both the reference point (REFP) and near-stall point (NSP). The
left column focuses on the leading-edge region (0-25% normalized chord), while the
right column shows the distribution over the entire suction and pressure side.
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Figure 6.13: Static pressure coefficient distribution at 90% span for nominal and
eroded blades at REFP and NSP.
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Static Pressure Coefficient Distribution at 90% Span — NSP
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Figure 6.14: Static pressure coefficient distribution at 90% span for nominal and
eroded blades at REFP and NSP.

From the figures, at point A, it can be observed that as the flow turns toward
the pressure side, the increased velocity over the leading-edge—due to its curva-
ture—creates a negative pressure dip that becomes more pronounced with erosion.
At the reference point (REFP), at point B, this local increase in velocity subse-
quently forms a shock, which shifts upstream on the pressure side for the eroded
cases.

On the suction side, erosion leads to an increase in the suction peak at point C,
and the resulting adverse pressure gradient becomes steeper. Also a slightly lower
static pressure can be observed along the suction surface downstream of the peak
in the eroded cases. Around 65% and 50% chord for REFP and NSP respectively,
at point D, the suction-side shock is observed. With increasing erosion, the shock
location shifts upstream along the blade surface, as indicated by the leftward move-
ment of the sharp rise in static pressure along the suction side.

These trends highlight the sensitivity of the local pressure distribution to leading-
edge erosion, especially at flow features such as the suction peaks and shock system.

6.2.5 Spanwise Entropy Rise as an Indicator of Loss Distri-
bution

To illustrate the radial distribution of aerodynamic losses, the spanwise variation of

entropy rise across the rotor blade is presented in Figures 6.15 and 6.16. As observed

in the figures, the tip region remains the dominant contributor to entropy generation
for both REFP and NSP, consistent with the findings discussed in Chapter 4.
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Spanwise Entropy Rise — REFP
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Figure 6.15: Spanwise entropy rise over the rotor blisk for REFP in transonic flow.
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Figure 6.16: Spanwise entropy rise over the rotor blisk for NSP in transonic flow.

At REFP, the most pronounced changes in entropy rise due to increasing erosion
severity occur between 70% and 90% span. In contrast, the NSP case shows a
broader sensitivity, with increased entropy generation evident from approximately
20% span extending toward the tip. These trends highlight a shift in the loss dis-
tribution with erosion severity compared to subsonic conditions, particularly under
the REFP operating condition.
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Figures 6.17 and 6.18 show the entropy difference between the level 6 eroded and
nominal geometries at a spanwise location just downstream of the rotor leading-edge.

Entropy difference — REFP

Static Entropy. Difference
25

[J kg*-1 K1)

Hub

Figure 6.17: Entropy difference (eroded — nominal) at a spanwise location down-
stream of the rotor leading-edge for REFP.
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Figure 6.18: Entropy difference (eroded — nominal) at a spanwise location down-
stream of the rotor leading-edge for NSP.

It can be observed that at point A, for both operatin points a entropy difference
region is generated at the pressure side at low to mid spans. This entropy rise is
due to a developed seperation region at theses spans, as shown in figure 6.21 and
6.24. Increased local velocity around the leading-edge curvature and the subsequent
pressure rise causes increased separation at lower — mid spans on the pressure side
for the eroded case, this effect is more pronounced at the reference point. As the
flow reattach, a thicker boundary-layer was observed compared to the nominal case.
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At point B, entropy increases near the tip region on the suction side, close to the
leading-edge, for both operating points. This is likely due to stronger tip-gap ef-
fects and the associated losses from increased tip leakage flow and the formation of
tip leakage vortices in the eroded case. These effects are driven by higher pressure
differences near the tip and are more pronounced at the near stall point.

Figure 6.19: Nominal leading-edge.

Figure 6.20: Eroded leading-edge.

Figure 6.21: Axial velocity contours at 15% span at REFP for the nominal and
eroded blade geometries.
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6. Transonic Flow (R134a)

Figure 6.22: Nominal leading-edge.

Figure 6.23: Eroded leading-edge.

Figure 6.24: Axial velocity contours at 15% span at NSP for the nominal and
eroded blade geometries.
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Measurable limits (R134a)

This chapter assesses the detectability of erosion effects using synthetic pressure sig-
nals under transonic conditions. Static pressure data from steady-state CFD is post-
processed to replicate high-frequency sensor outputs. A frequency-domain analysis
is conducted to quantify measurable changes across different sensor locations and
erosion levels. Measurement limit investigations were conducted exclusively using
heavy gas (R134a) under transonic conditions, aligning with the operating condi-
tions of the upcoming rig test campaign. This focused approach ensured consistency
with the expected test environment of the Darling NFFP project [16]. Therefore,
investigations at subsonic conditions were excluded from this part of the study.

7.1 Method

7.1.1 Pressure Transducer Signal Replication

To replicate the behavior of pressure transducers similar to the Kulite sensors used
in the Stuttgart rig, synthetic sensor data was extracted from steady-state CFD
simulations. Since time-resolved simulations were not conducted in this study, the
static pressure field signals was exported along a circumferential line at a fixed axial
position within the theta sector at the shroud casing of the domain.

A virtual sampling frequency of 200,000 Hz was applied to the extracted circum-
ferential data to replicate the temporal resolution of the high-frequency transducer.
The data along the circumferential line over one rotating revolution was then post-
processed to simulate a time-resolved signal as the rotor blades passed by the sensor
probe.

It is important to note that this approach does not account for certain real-world
effects such as measurement noise, sensor dynamics, or flow unsteadiness not cap-
tured in steady-state solutions. Despite these limitations, the method provides a
useful first-order approximation of the spectral content that would be captured by
actual Kulite transducers in a experimental setting.
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7. Measurable limits (R134a)

7.2 Steady Effects and Sensor data

7.2.1 Shroud Pressure Field

Figure 7.1 and 7.2 shows a comparison of the static pressure field at the shroud casing
trough out the computational domain for both operating points. In the contour plot,
grey lines indicate three sensor positions: upstream (SP5), just downstream of the
leading edge (SP7), and downstream (SP16).

Nominal — REFP

Eroded — REFP

~

Figure 7.1: Static pressure field at the shroud casing at REFP.

For both the reference point (REFP) and the near-stall point (NSP), the sensors
located upstream (SP5) and downstream (SP16) lie in regions where only minor
differences in the static pressure field are observed. However, due to the presence
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7. Measurable limits (R134a)

of a stronger and slightly shifted bow shock at both operating points, the upstream
sensor (SP5) appears to cross a in a slightly larger high-pressure zone caused by
shock-induced compression.

The sensor positioned just downstream of the leading edge (SP7) lies in a region
where the pressure field exhibits more pronounced differences between the nominal
and eroded case. Following the grey line at SP7 from top to bottom in the figure,
the sensor is situated in a region of lower static pressure, which is attributed to the
trace of the tip-leakage vortex traversing the blade passage and the low-pressure
zone over the rotor tip gap. Additionally, the sensor also passes through a region of
increased static pressure, associated with a stronger and slightly shifted bow shock
forming in front of the blade.

Nominal — NSP

Ny

y SP16

Eroded — NSP

i

i
/

Figure 7.2: Static pressure field at the shroud casing at NSP.
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7.2.2 Frequency-Domain Analysis (FFT)

To analyze the differences and changes in characteristics of the static pressure signal
between the nominal and eroded cases, the time-domain signal is converted to the
frequency domain using a Fast Fourier Transform (FFT). This is shown in Figures 7.3
and 7.4, where the first five blade passing frequencies (BPFs) are compared by
evaluating the absolute difference in amplitude between each eroded case and the
nominal signal, based on the highlighted sensor positions in Figures 7.1 and 7.2.

REFP SP5 REFP SP7 REFP SP16
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Figure 7.3: Absolute amplitude differences at the first five blade passing frequen-
cies (BPFs) between the nominal and eroded cases at SP5, SP7, and SP16 for REFP.
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Figure 7.4: Absolute amplitude differences at the first five blade passing frequen-
cies (BPFs) between the nominal and eroded cases at SP5, SP7, and SP16 for NSP.

The figure shows that, at the first BPF, the amplitude—corresponding to one blade
passing the sensor—has changed for all erosion cases at all sensor positions(SP5, SP7
and SP16) and for both operating points. This indicates that erosion affects the fun-
damental pressure signal at all three locations. The smallest change in amplitude at
the first BPF is observed at the downstream sensor (SP16) for both operating points.

Focusing on the sensor positioned just downstream of the leading edge (SP7), the
largest absolute difference in amplitude is observed at frequencies above the first
BPF when compared to the upstream (SP5) and downstream (SP16) sensors. This
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is likely due to SP7 being located in a region of the flow field that experiences
stronger shock dynamics and more pronounced tip-gap interactions. These effects
are consistent with the pressure field observations shown in Figures 7.1 and 7.2,
where the tip-leakage and subsequent tip-leakage vortex, and shifting shock struc-
ture are more dominant in this region.

7.2.3 Measurable Limits

Figure 7.5 illustrates the axial distribution of all sensors along the shroud casing,
indicated by the plot markers.

To investigate the measurable limits of the static pressure field along the shroud
casing, additional sensors have been added beyond those shown in Figure 4.9. The
x-axis in Figure 7.5 represents the chord-normalized axial coordinate at various blade
passing frequencies (BPFs). Key axial positions are marked with dashed lines, in-
cluding the trailing edge of the inlet guide vane (IGV), the rotor leading and trailing
edges (LE and TE), and the stator leading edge.

An estimated minimum required amplitude difference for detection, set at 20 Pa,
is indicated by a green horizontal dashed line. It can be observed that, in terms
of detectability, the region just upstream of, at, and just downstream of the rotor
leading edge captures the strongest erosion signature at lower frequencies (BPF 1-3)
for both operating points. At these frequencies, the results appear predictable: as
erosion severity increases, the amplitude difference also increases at most sensor po-
sitions. Most sensors in this region are able to detect an absolute difference well
above the minimum threshold across all erosion cases.

Detectability decreases significantly beyond approximately 70% of the axial chord
length, where most sensor positions fall below the detection threshold for all erosion
levels.

At higher frequencies (BPF 15 and BPF 20), detectability declines rapidly outside
the region above the rotor. Additionally, the relationship between erosion sever-
ity and amplitude difference becomes less consistent compared to lower frequencies,
making it more difficult to predict how increasing erosion affects the pressure signal
amplitude.
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Figure 7.5: Axial distribution of the absolute pressure amplitude difference be-
tween nominal and eroded cases.
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Comparative Analysis and
Conclusions

8.1 Aerodynamic Impact: Subsonic vs. Transonic
Erosion

This study investigated the aerodynamic impact of leading-edge erosion under both
subsonic and transonic flow conditions. The results from both cases suggest that
increased erosion severity negatively affects multiple aspects of rotor performance.
While both flow regimes showed a comparable reduction in polytropic efficiency, it
is important to note that this outcome was only achieved in the transonic case by
increasing the erosion severity by a factor of four. This implies that transonic rotors
may be inherently less sensitive to moderate erosion—requiring more severe damage
before a comparable performance drop in polytropic efficiency is observed compared
to subsonic conditions.

A detailed loss analysis reveals that the erosion-induced loss mechanism differs be-
tween the two flow regimes. In the subsonic case, erosion primarily increased entropy
generation near the blade tip. This was attributed to a combination of an enlarged
separation bubble on the suction side at this region, and a increased tip-gap leakage.
In contrast, for the transonic case, an additional contribution to performance loss
stemmed from a shifting structure of the shock system. The erosion-induced blunt-
ing and reduced chord at the leading edge appears to straighten and shift the shock
structure, degrading aerodynamic performance and increasing entropy production.

8.2 Erosion Monitoring Recommendations

All analyses and recommendations presented in this section are based on simula-
tions conducted using heavy gas (R134a) under transonic conditions. Consequently,
investigations under subsonic conditions were not included.

8.2.1 Spatial and Spectral Sensitivity

In terms of spatial sensitivity, the leading-edge region—extending roughly half an
axial chord upstream and downstream—captures the strongest erosion signatures.
A sensor located at or just downstream of the rotor leading edge consistently records
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the largest pressure deficit, making it the most informative position.

Beyond approximately 70% of the axial chord, signal strength decays rapidly and
only weak trends with erosion severity are preserved. Consequently, sensors placed
downstream of the rotor trailing edge contribute little value, as amplitude differ-
ences rarely exceed the 20 Pa detection threshold.

Spectrally, the low harmonics (BPF 1-3) within the same axial window—spanning
half a chord length upstream and downstream, from the rotor leading-edge—correlate
with erosion severity, showing a clear, monotonic increase in amplitude difference.
These low harmonics (BPF 1-3), suggest to be the most reliable indicators of leading-
edge erosion under steady-state conditions.

At higher harmonics (> BPF 10), signal variation becomes irregular and sensitive
to sensor placement, with detectability generally falling below the threshold. As a
result, these frequencies are not recommended for primary erosion monitoring.

The spectral trends hold across both operating points—reference (REFP) and near-
stall (NSP)—with NSP showing a slightly narrower region of detectability down-
stream of the leading edge at BPF 1 and 3. This confirms that the proposed moni-
toring strategy remains robust even under moderate off-design conditions.

8.2.2 Recommended Erosion Levels for Experimental Vali-
dation

All erosion severities examined in this study are theoretically detectable within a
narrow window of approximately £0.2 axial chord around the rotor leading edge,
based on BPF 1-3 under the delta measurement threshold (20 Pa). To account for
uncertainty in sensor placement and the true measurement threshold, the thresh-
old envelope is suggested by the author to be extended to span one axial chord
upstream and one-half chord downstream with respect to the suggest delta mea-
surement threshold (20 Pa).

Based on this analysis, the following two erosion severities are recommended for
experimental validation:

« Erosion Level 3 (= 1% chord reduction at the tip): This case lies just
above the 20 Pa detection threshold at one axial chord upstream and one-half
chord downstream. It serves as a stringent test case for sensor capability at
the lower detectability limit.

« Erosion Level 5 (=~ 3% chord reduction at the tip): This level is comfort-
ably above the threshold across the entire threshold envelope and is expected
to produce clear, repeatable pressure signals—ideal for validating trend ro-
bustness.

Together, these cases provide a balanced test scenario: one probing the edge of
sensor sensitivity and the other offering a high-confidence reference based on the
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results of this study.

Recommended Blade Arrangement for the 18-Blade Rotor

Given the rotor’s 18-blade configuration, an efficient way to test erosion levels on a
single blisk is to divide the rotor into two alternating group types, as illustrated in
Figure 8.1.

18-Blade Rotor Configuration

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18
Blade Number

Figure 8.1: Suggested alternating 18-blade configuration for erosion testing.

Blade Group Definitions:
« Eroded Blade Group: Contains 3 blades with the same erosion level (either
L3 or L5).
« Nominal Blade Group: Contains 2 blades with no erosion (Nominal).

Testing Benefit:
o This configuration enables testing of eroded blades both in adjacent positions
and separated by nominal blades, providing insight into interaction effects and
spatial sensitivity.

8.3 Limitations and Future Work

While the study offers robust findings under steady-state assumptions, several lim-
itations should be addressed in future work:

o Blade configuration validation: Investigate the effects of the proposed
18-blade configuration. A full 360° simulation prior to the “go-ahead” of man-
ufacturing could potentially provide additional insight into the aerodynamic
implications and measurable information.

e Boundary-layer transition modeling: Include laminar-to-turbulent boundary-
layer transition effects in future investigations, as these transition effects have
been observed to influence the flow field behavior due to erosion in previously
conducted studies.

o Unsteady effects: All results are derived from steady-state simulations.
Transient simulations are necessary to capture real-time dynamics such as vor-
tex shedding, shock oscillation, and tip-leakage fluctuations, which potentially
could provide additional information.
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8. Comparative Analysis and Conclusions

e Erosion morphology: This investigation considered only leading-edge blunt-
ing and chord reduction. Future work should explore alternative damage
modes (e.g., delta twist, increased tip-gap clearance, or surface roughness)
to assess the generalizability of rotor blade damage effects.

o Manufacturing and rig integration: Practical aspects of implementing
synthetic erosion, such as tolerance control, balancing, and repeatability, must
be evaluated before finalizing an experimental campaign.
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