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Summary

An experimental investigation has been carried out at an oscillating com-
pressor cascade at the chair for Aero Engines of the Technische Universität
Berlin in Germany. The investigation focuses on the effect of aerodynamic
mistuning on aeroelastic stability in a compressor cascade. Aerodynamic
mistuning can occur due to manufacturing errors, blade mounting or repair
and alters geometrical parameters of the flow passage. It influences the blade
surface pressure distribution and can degrade the aeroelastic response of the
system.

In order to investigate the flutter behavior in the case of aerodynamic mistun-
ing, the aerodynamic response of a mistuned oscillating compressor cascade
has been studied. In the measurement section of the test facility, the blades
are forced to oscillate sinusoidally in a pitching mode for a wide range of
interblade phase angles at different reduced frequencies. The aerodynamic
mistuning is introduced by a blade stagger-to-stagger angle variation. Four
different mistuning patterns are investigated: one-blade mis-staggering, alter-
nating mis-staggering, random mis-staggering and cases in which all blades
in the cascade feature a constant stagger angle alteration.

The test facility is equipped with steady and unsteady measurement de-
vices. Firstly, the base flow characteristic is presented for different Mach
and Reynolds numbers. The aerodynamic response is acquired by means of
unsteady blade surface pressure and strain gauge measurements. The results
suggest that aerodynamic mistuning stabilizes or destabilizes the system
depending on the nature of the mistuning pattern. For a positive change in
stagger angle for the one-blade and alternating pattern, the damping charac-
teristic is maintained for the system. That is, the same unstable interblade
phase angle remains unstable compared to the baseline case. For the negative
stagger angle variations, the aerodynamic damping turns negative for one
interblade phase angle, indicating instability compared to the baseline case.
For large negative stagger angle variations of all blades of the cascade, the
amplitude of the damping curve is especially affected and dictates the severity
of these stability regions.
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In the past, most of the mistuning research was dedicated to structural
blade-to-blade alteration e.g. changes in mass, stiffness and damping, influ-
encing the eigenfrequencies. Thus, the present work contributes to extent the
physical understanding of aerodynamic mistuning in a traveling wave test
setup and characterizes the underlying mechanisms.



Zusammenfassung

In der vorliegenden Arbeit wurde die Auswirkung von aerodynamischer Ver-
stimmung auf die aeroelastische Stabilität eines Verdichtergitters untersucht.
Die experimentellen Untersuchungen wurden an einem schwingenden Git-
ter am Fachgebiet Luftfahrtantriebe der Technischen Universität Berlin in
Deutschland durchgeführt.

Um die Veränderung der aeroelastischen Stabilität aufgrund der Verstim-
mung zu untersuchen, wurde die aerodynamische Antwort des schwingen-
den Gitters gemessen. Die Schaufeln können in der Messstrecke zwangsbe-
wegt werden, verschiedene Phasendifferenzwinkel und reduzierte Frequenzen
können untersucht werden. Die Verstimmung wurde mit einer Änderung des
Staffelungswinkels realisiert. Vier verschiedene Verstimmungsmuster wurden
untersucht, das erste ist eine Verstimmung der mittleren Schaufel der Kaskade,
das zweite ein alternierendes Muster, das dritte ein zufälliges und das letzte
Muster untersucht verschiedene Testfälle, in denen der Staffelungswinkel von
allen Schaufeln manipuliert wurde.

Zuerst wurde die Basisströmung für verschiedene Mach- und Reynoldszahlen
untersucht. Die aerodynamische Antwort des schwingenden Gitters wurde
mit instationären Drucksensoren und Dehnmessstreifen gemessen. Die Ergeb-
nisse zeigen, dass die Verstimmung stabilisierend oder destabilisierend auf
das System wirken kann, abhängig vom Verstimmungsmuster. Für das er-
ste und zweite Muster in Kombination mit einer positiven Änderung des
Staffelungswinkels zeigt das System eine ähnliche Dämpfungscharakteristik
im Vergleich zum Referenzfall d.h. das Vorzeichen der Dämpfung bleibt für
die untersuchten Phasendifferenzwinkel erhalten. Eine negative Änderung
des Staffelungswinkels für die gleichen Testfälle zeigt, dass das Vorzeichen der
Dämpfung für einen untersuchten Phasendifferenzwinkel von einem stabilen
zu einem instabilen Zustand wechselt. Der dritte Testfall zeigt kaum eine
Auswirkung auf die aeroelastische Stabilität des Systems. Für große negative
Änderungen des Staffelungswinkels von allen Schaufeln im Gitter, ändert
sich die Amplitude der Dämpfungskurve und bestimmt die Schwere dieser
Stabilitätsbereiche.
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In der Vergangenheit konzentrierten sich die Forschungsvorhaben im Bereich
Verstimmung auf die Manipulation von Masse, Steifigkeit und Dämpfung;
Parameter, die die Eigenfrequenzen der Schaufeln ändern. Die vorliegende
Arbeit soll zu einer Erweiterung des physikalischen Verständnisses einer
aerodynamisch verstimmten Kaskade beitragen, charakterisiert die zugrun-
deliegenden Mechanismen und gibt einen Ausblick, wie die Ergebnisse in
Verdichterentwürfen berücksichtigt werden können.
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Roman
a wire thermal coefficient
a0 pressure amplitude
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c blade chord
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Ĉm amplitude of unsteady moment coefficient

Ĉm(c/2),rel relative change in amplitude of the unsteady moment
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|Ĉm(c/2),baseline|
· 100
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d lever arm, strain gauge calibration device
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f frequency
F calibration factor, force, strain gauge
h plunging displacement

ĥ plunging amplitude
H heat

k reduced frequency, k = 2πfc
U

K coverage factor, Kelvin
l length
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p pressure
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the angle is defined positive when the pressure signal is
leading the blade motion

ρ density
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ω angular frequency

XIV



Subscript
0 initial condition
1 first harmonic
amb ambient

B bridge
cal calibration
F flutter
P pressure side
ref reference
S suction side
t total quantity
w wire
wv water vapour

Mathematical formulations
= imaginary part of complex number
< real part of complex number
s mean component of Reynolds decomposition
s′ fluctuation component of Reynolds decomposition
s′rms root mean square
〈s〉 ensemble average of flow quantity∑

summation

Abbreviation
A/D analog, digital
ADC analog digital converter
CAN controller area network
DLR Deutsches Institut für Luft- und Raumfahrt e.V. (Ger-

man Aerospace Center)
FS full span
GF gauge factor
HW hot wire
IBPA interblade phase angle
LE leading edge
Ma Mach number
NACA National Advisory Committee for Aeronautics
ppm parts per million, 1 parts per million = 1 · 10−6

PS pressure side

XV



RMS root mean square
Re Reynolds number
sys system
SS suction side
TE trailing edge

XVI







Chapter 1

Aeroelasticity in
Turbomachines

1.1 Introduction

The design requirements of an aircraft engine are extremely challenging and
oftentimes conflicting. The whole system demands a high degree of opera-
tional effectiveness, reliability and safety. At the same time, the engine has
to be affordable, light weighted and more environmental friendly in order to
reduce fuel consumption, emission of green house gases and noise level. In this
regard, the design of turbomachine components, such as the blading, needs
to be optimized, leading to complex 3D blade geometries with aggressive
loading. These elastic and heavily stressed structures enhanced aeroelastic
phenomena and thus failure are likely to occur by cause of instability or
fatigue. High cycle fatigue (HCF) is a critical issue during the development
of a new engine, El-Aini et al. [1] stated that more than 90 % of possible
HCF problems are unveiled while testing, whereas the remaining nearly 10
% are responsible for almost 30 % of the overall development cost. Beside
economical aspects, it should be noted that blade failure due to HCF can lead
to severe safety problems and in the worst case to an engine loss. In april
2018, an emergency landing of a civil aircraft was reported at the airport
of Philadelphia. One engine was lost due to a fan blade detachment. The
results of the first investigation assumed material fatigue as main cause [2].
Therefore, it is evident that an accurate aeroelastic vibration analysis is
necessary in the design and operation of turbomachines.

Aeroelastic phenomena arise when aerodynamic (A), elastic (E) and inertial
(I) forces interact [3]. It is therefore an interdisciplinary engineering field,
studying basically all structures exposed to a fluid flow. In 1946, Collar [4]
was the first to introduce a triangle, see figure 1.1, visualizing the different
disciplines and forces related to aeroelasticity: i) static (A+E) , ii) structural
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dynamics (E+I), iii) flight mechanics (I+A) and iv) dynamic aeroelasticity
(A+E+I). In the last decades, the original triangle was expanded, including
e.g. thermal forces and control system inputs. In turbomachine aeroelastic
literature, see e.g. [5, 6, 7], it is common praxis to define and distinguish
between two main problems that belong to the field of dynamic aeroelasticity:

� Flutter is a self-induced and self-sustained blading vibration due to
aeroelastic interaction. This instability arises when the blading ex-
periences a vibration due to a small initial disturbance that cannot
be damped out. Then, energy is transported from the fluid into the
vibrating structure and the magnitude of the self-induced aerodynamic
forces increases exponentially by each oscillation cycle. The mutual
influence of individual blades in a row - also known as aerodynamic
coupling - is a crucial aspect when assessing flutter stability.

� Forced Response describes the vibration response, that appears, when
a blading is excited by a nonuniform flow field.

The difference between flutter and forced response is illustrated in figure 1.2
by using the Campbell diagram. It displays frequencies against rotational
speeds of the engine shaft. The engine order lines represent the periodic
excitation forces when they coincident with an eigenfrequency a resonance
condition occurs. A resonance condition is depicted with a filled circle in
the diagram, whereas a flutter incident does not ride the engine order line,
depicted with a half filed circle. Among aeroelastic phenomena, flutter might
be the one which is the most serious with regard to blade failure. It occurs
almost exclusively in the fan, the front part of a compressor and the low
pressure turbine, where the heavily loaded and shape optimized blades are
long and slender and therefore prone to vibrate [6]. Usually, forced response
is associated with rotor-stator-interaction, or vice versa, that occurs when a
periodic flow pattern of an upstream blade row excites the downstream one [7].
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Figure 1.1: Collar’s aeroelastic triangle, adapted from Ref. [8].
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Figure 1.2: Campbell diagram, adapted from Ref. [9].
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1.2 Flutter

Since the beginning of the early 20th century, flutter incidences were reported,
but not fully understood and confound often with forced response [8]. Also,
one of the most famous flutter incidence, the collapse of the Tacoma Narrows
Bridge in 1940, was interpreted by several physics text books wrongly as
externally forced mechanical resonance [10].

In figure 1.3, the main flutter types and their regions of occurrences are
illustrated in a characteristic axial compressor or fan map. Stability maps
and an in-depth discussion of flutter types are given in Refs. [11, 12, 38],
hereinafter a short summary of the aforementioned references is presented.
Flutter in a subsonic/transonic flow occurs in region I. In this regime, the
blades are heavily loaded and flow separation is likely to be present. The
separation is located on the pressure or suction side and governs the flutter
mechanism. Region I is divided into a subregion, as flow separation is not
considered the prime driver for system mode instabilities (region Ia). Alterna-
tively, it has been hypothesized that oscillating shocks may help to describe
the underlying mechanism of this flutter type [13].
Choke flutter (region II) appears commonly at part-speed operation and
appears below the steady-state working line. At the moment, there are
different understandings, among researchers, how choke flutter develops [14].
They agree that it involves the choking of the passage, oscillatory shocks,
flow-separation at the leading edge, relatively low negative incidence and
acoustic blockage [11, 14]. In some stability maps, the region is divided
into two parts, and labeled as negative incidence flutter [15]. This region
is associated by the authors with flutter occurrence at a greater negative
incidence and decreased relative Mach number.
Supersonic flutter was detected in regions III, IV and V. In region III, flutter
can occur along the working line in torsion or bending mode at low back
pressure ratio and incidence. Regions IV and V are above the working line at
higher incidence and back pressure ratio. In Region V, flutter has been almost
exclusively observed in a bending mode with stalled flow and a detached
shock at each passage entrance. On contrary in region IV, an oscillatory
in-passage shock is assumed to be crucial for the development of flutter.
It is worth recalling that the map does not predict the flutter types and their
occurrence with a very precise certainty, as the map does not include any
information about structural dynamics.

In engine operation, flutter regions have to be avoided at any cost, if flutter
is once initiated it cannot be stopped in most cases. To ensure the struc-
tural integrity of a turbomachines, the vibrations have to be reduced to
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Figure 1.3: Axial compressor stability map illustrating main flutter types and
their regions of occurence, adapted from Ref. [12].

a minimum. A preventive measure is to increase the mechanical damping
and/or to mistune individual blades in the row by increasing or reducing the
blade mass. Mechanical damping can be added to the system by generating
additional friction in the system. Snubbers, between neighboring blades, are
used for this purpose [16]. Wires, connecting blades individually, are also
applied at three-quarter span to increase the system stiffness [17]. These
components modify the vibration modes of the system and thus the reduced
frequency. A negative effect of these measures is that they disturb the flow
and aerodynamic efficiency is degraded.

1.3 Thesis Motivation

In Ref. [18], Srinivasan published a list of parameters that influence blade
vibrations due to aeroelastic phenomena. This list has been clustered and
adopted into two main section to account only for aeroelastic instability, see
table 1.1.
As shown in the table, flutter depends on many parameters. Some of the
aforementioned parameters have been proven to be more important than
others.

Most of the mistuning research is carried out with regard to structal mistuning
which was reported to increase the flutter boundary for a single-degree-of-
freedom systems, see e.g. Refs. [19, 20, 21, 22, 23]. However, both structural
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Table 1.1: Parameter list that influence the flutter mechanism.
Parameter

aerodynamic structural
incidence angle gap/chord, number of blades
blade loading blade geometry

separation point hub/tip ratio
pressure distribution on blade surface aspect ratio

shock position and motion shroud location and shroud angle
inlet/outlet conditions mode shape

relative inlet Mach number mistuning
velocity and pressure defects inter blade phase angle

mechanical damping
coupling

reduced frequency

and aerodynamic mistuning influence the stability of the system. Aerody-
namic mistuning is associated with geometrical changes in the flow passages
such as stagger-angle, blade-to-blade spacing variation and blade blending,
steming from manufacturing errors or repairs. Those differences change the
blade pressure distribution and thus the aeroelastic response. The few realized
investigations with regard to aerodynamic mistuning were almost exclusively
of numerical nature, see Refs. [24, 25, 26, 27]. Thus, the thesis motivation is:

1. to extent the physical understanding of the effect of aerodynamic mis-
tuning on aeroelastic stability in compressor cascades,

2. to experimentally verify the trends in the aforementioned publications,

3. to create test cases for aerodynamic mistuning for aeroelastic stability
assessment in a compressor cascade.

The experimental investigation is realised by studying the aerodynamic
response of an aerodynamically mistuned oscillating compressor cascade.
From the acquired data, stability parameters are computed in order to assess
the cascade stability.
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Chapter 2

State of the Art

2.1 Fundamental Concepts in Aeroelasticity

2.1.1 Aeroelastic Modeling

The modeling of aeroelastic behaviour in turbomachines considers in most
cases blade rows as it is closer to real engine applications than an individual
blade. The reason for that is the aerodynamic coupling: the vibration of
each individual blade alters the flow field in its direct surrounding, causing a
response on itself as well as on the adjacent blades [39]. The importance of
coupling effects was verified by early experimental studies of Triebstein [28]
and Carta and St. Hilaire [29] who observed that the aerodynamic response
in an oscillating cascade was highly affected by aerodynamic coupling.

Lane [30] was the first to present an analytical formulation of the aeroelastic
behaviour of a blade row. Aiming to create an efficient model of the complex
system, he applied linearised theory and assumed cyclic symmetry. He
characterized the system mode shapes as a traveling wave where all blades
oscillate with the same amplitude, frequency and mode but at a certain
constant phase lag. The phase lag between two neighbouring blades is called
interblade phase angle (IBPA). For each mode family, a forward and backward
wave, also referred to as positive and negative, can evolve. For rotor blades
the wave that travels in the same sense of rotation is referred usually as
positive. The IBPA has discrete values and is defined as

σn =
2πn

N
, n = 0, 1, 2, ...N − 1 (2.1)

σN−n = σ−n, (2.2)

where n is the order of traveling wave, also known as nodal diameter, and N
the blade count of the row.
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Figure 2.1: Modal displacement for a bladed disc with N=8 with nodal
diameter 2. The grey filled circles indicate the blade positions.

The concept of IBPA can also be illustrated by disk modes that are called
usually nodal diameters. The maximal nodal diameter count of a bladed
disk is dependent on the number of possible diametrically opposite sections,
yielding to N/2 for even blade count and (N-1)/2 for odd. As an example:
the Lane criterion allows eight IBPAs (σ0 − σ7) for a rotor with eight blades,
leading to maximally four nodal diameters. Zero nodal diameter is equivalent
to σ0 = 0 degrees, all blades oscillate harmonically without time lag between
adjacent blades. Nodal diameter one is similar to σ1 = 45 degrees, two to
σ2 = 90 degrees, three to σ3 = 135 degrees and four to σ4 = 180 degrees. For
higher indices of σ see again equation 2.2, yielding to σ5 = −σ3, σ6 = −σ2

and σ7 = −σ1, those waves are considered to be negative or travel back-
wards. In figure 2.1, the nodal diameter two is depicted on the left side as
an example, whereas the associated modal displacement is plotted versus an
azimuthal coordinate ζ on the right. This nodal diameter yields to a periodic
flow pattern with a wave number of two. The IBPA is, together with the
aerodynamic damping and reduced frequency, one of the most important
parameter in turbomachinery aeroelasticity and the underlying linearized
theory is applied widely in experimental and numerical set-ups.

2.1.2 Aerodynamic Damping Parameter

Early works of Carta [31, 32] introduced an aerodynamic damping parameter.
It is an essential measure in the aeromechanical design of turbomachinery
blades as it is part of the overall system damping, beside the friction and
material damping. It is a phenomenon resulting from the interplay of a vibrat-
ing blade and its surrounding flow, subjected to the specific flow condition,
IBPA, blade mode shape and oscillation frequency [34]. For most definitions,
a positive aerodynamic damping indicates a stable system. Thus, the flow
damps the vibration. In case it becomes negative and is not balanced by
the friction and material damping, vibration amplitudes will rise rapidly,
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indicating flutter onset. In forced response analysis, an accurate aerodynamic
damping prediction is also fundamental to control the maximum responding
vibration amplitude in terms of a resonance condition.

The aerodynamic damping is computed with the help of the aerodynamic
work that is the work done by the fluid on a blade during one oscillation
period. If the work per cycle is negative, energy passes from the oscillat-
ing structure to the flow, having a stabilizing effect. For positive work, the
energy flow reverses direction, destabilizing the system if not properly damped.

With the aerodynamic modal force F acting on the blade and the blade
displacement h, the aerodynamic work can be computed as following:

W =

∮
F (h)dh. (2.3)

Equation 2.3 can be reformulated by assuming harmonic blade motion,

h = h(ωt) = ĥcos(ωt), (2.4)

and substituting
dh(ωt) = −ĥsin(ωt)d(ωt) (2.5)

and the Fourier series representation of the unsteady modal force,

F (h(t)) =
N∑
n=1

F̂ncos(nωt+ θn), (2.6)

in equation 2.3, yields

W =

∫ 2π

0

F (h(t))dh(ωt) (2.7)

= −ĥ
∫ 2π

0

N∑
n=1

F̂ncos(nωt+ θn)sin(ωt)d(ωt) (2.8)

= πĥF̂1sin(θ1). (2.9)

When solving the integral in equation 2.8 only the first harmonic term, n=1,
remains whereas the other terms, n=2...N, are zero. θ1 is the phase angle be-
tween the first harmonic of the modal force and the blade displacement. The
phase is defined positive when the force is leading the motion. Thus, the aero-
dynamic work is positive if sin(θ1) > 0 i.e. θ1 ranges between 0...180 degrees.
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To assess system stability, the aerodynamic work is normalized by the oscil-
lation amplitude ĥ and π as reported e.g. by Carta [33]:

Ξ = −W
ĥπ
. (2.10)

Ξ is also known as aerodynamic damping. The presented computation of
the aerodynamic damping parameter assumes a simple linear system and no
influence of the unsteady aerodynamics forces on the mode shapes.

Compared to the properties of the structure, Mayorca [34] states that the
aerodynamic damping can arrive at values in the order of magnitude of
the friction damping. Especially for integrally bladed rotors, also known as
Blade Integrated Disk (BLISK), that are manufactured from a single piece of
material, an accurate aerodynamic damping prediction becomes inherently
important. In the absence of friction damping, material and aerodynamic
damping are the only sources of damping. Srinivasan [18] reported that
material damping of titanium and nickel based alloys are negligible, for a
fan blade made of titanium alloy (8-1-1), a loss factor (η) of 0.0003 in the
first and second bending and 0.0001 in the torsion mode was measured. In
the aforementioned publication, the loss factor is computed by dividing the
logarithmic decrement δ by π, yielding to η = δ

π
. For a detailed description of

the measurement set-up refer to the report of Srinivasan et al. [35]. A more
recent study was published by Kielb et al. [36] who investigated multiple
damping sources in a full-scale turbine rig. The experiments were carried
out at engine conditions and actual hardware was used for the vane nozzles
and rotor blades (Honeywell TFE 731-2). The authors reported that the
aerodynamic damping is a large portion of the overall system damping. The
determined aerodynamic damping for both investigated torsion and bending
modes increased the critical damping ratio up to a factor of ten.

2.1.3 Reduced Frequency

Meldahl [37] introduced the reduced frequency as a further parameter, domi-
nating the flutter behavior in cascades. It is a non-dimensional ratio, relating
the time scale of the flow to the blade oscillation period. It is also understood
as a measure for the unsteadiness of the problem and is defined as

k =
2πfc

U
, (2.11)

where, f is the oscillation frequency, c the blade chord and U the upstream ve-
locity. It means for small reduced frequencies that a fluid particle travels very
fast across the blade chord compared to the oscillation period. Therefore, the
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flow characteristic can be considered as quasi-steady and the flow unsteadiness
increases by higher reduced frequencies. A more physical explanation is given
by Cumpsty [38], summarized in the following, associated to the circulation
around the blade: As it oscillates, the pressure distribution around the blade
is altered and so is the lift it generates, which means that some vorticity
has to be shed downstream at an approximate exit velocity of Uexit. Within
one oscillation cycle, it is convected downstream in a distance of λ = Uexit2π

ω

from the blade trailing edge. For a reduced frequency of k = 1, the shedded
vortices will travel 2π chord lengths downstream in one oscillation period.
This distance is reduced as k rises, and hence the effect of the vortices on the
blade is increased, implying greater unsteadiness.

Every blade row has a characteristic reduced frequency by which the system
becomes aeroelastically unstable. Srinivasan [18] reported values of k between
0.4,...,0.7 for fan rotor blades at which flutter has been noticed. It should be
noted that in his publication, the reduced frequency is based on the semichord
more commonly used in American literature. Vogt [39] states more generally
that critical reduced frequencies for turbomachine blades have been observed
in the range of 0.1,...,1. In Ref. [12], Jay and Fleeter present a table of reduced
frequencies common for rotor flutter. For unstalled supersonic torsion flutter,
they specify a range of k = 0.7 to k = 1.3, for supersonic bending flutter a
k = 0.2 to k = 0.5, for subsonic/transonic torsional stall flutter a k = 0.4 to
k = 1.6 and for choke bending flutter a k = 0.3 to k = 0.5. They defined
the reduced frequency as k = 2πfc

U
. Manwaring et al. [40] investigated the

response of a transonic fan due to an inlet distortion for k = 1.8 and 4.6, they
computed k with the semichord.

2.2 Flutter Testing Methods

In flutter testing, two main methods can be distinguished [39]. The first
one is a test set-up in which the blades in a cascade are mounted elastically
and can vibrate freely. They are exposed to a fluid flow and the velocity is
increased gradually. The objective of these tests is the detection of the flutter
onset velocity, the aeroelastic eigenfrequency and the critical IBPA. In the
past, experimental data of free flutter tests have been used mainly to validate
numerical simulation in terms of flutter onset velocity. Especially, these
flutter tests can be risky, to avoid a blade detachment and the destruction of
the set-up, a well designed flutter brake is essential. In advanced set-ups, the
elastic suspensions are designed in a way that balancing masses can be added
to account for a frequency tuned or mistuned system. An example of a free
flutter testing facility is presented in Ref. [7].
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The second one is a controlled or forced vibration flutter test that has a dif-
ferent focus than free flutter tests; the objective is to investigate the unsteady
aerodynamic response of an oscillating cascade. From the experimental data,
the aerodynamic damping can be computed, and thus system stability can be
assessed. Within the test set-up, the blades are forced harmonically to vibrate
and exposed to a fluid flow. In most test facilities, the aerodynamic excitation
is generated by the blade motion. Rather rare is a system excitation with an
aerodynamic force.

Two methods for controlled flutter tests have been established: traveling
wave mode (TW) and influence coefficient testing (IC). They apply linearized
theory that has been outlined in subsection 2.1.1, for in depth reading refer
to Refs. [30] and [41]. When using a traveling wave test set-up, the blades of
the cascade vibrate at the same frequency and mode shape but at a certain
constant phase angle between adjacent blades (IBPA). The experimental
data is acquired on one blade. Depending on the blade oscillation device,
different IBPAs can be studied. The oscillation device limits also the range
of reduced frequencies that can be investigated. Mechanical, see Ref. [42],
eletromagnetic, see Ref.[43], and hydraulic, see Ref. [44], mechanisms have
been used to force the blades to perform harmonic motions.
Hanamura et al. [45] presented, as one of the first, an experimental study of
the validity of the influence coefficient technique in an oscillating compressor
cascade. They forced one blade to oscillate, acquired the unsteady data on the
oscillating blade itself and on its neighbors. Then, the data was superimposed
to account for aerodynamic coupling between adjacent blades and for different
IBPAs. Several studies investigated the aerodynamic coupling effects for
cascade flutter in the influence coefficient domain, see e.g. Refs. [39, 44, 46].
For the studied test cases, they reported that the coupling effects are decaying
rapidly after a distance of two pitches with regard to the reference blade.

Both testing methods can be carried out in linear, annular or sectional
cascades. However, the most natural model to investigate flow in a turbo-
machinery environment is an annular cascade. The set-ups are equipped
conventionally with measurement techniques to acquire the blade motion
and frequency as well as the steady and unsteady blade surface pressure.
Further, the measurement set-up includes devices to monitor the wind tunnel
parameters.

Free and controlled flutter tests have both advantages and disadvantages.
The disadvantage of free flutter experiments are that only the least stable
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interblade phase angle can be measured in order to avoid a destruction of the
test facility, or rather the very first flutter onset velocity. Further, it is not
possible to acquire aerodynamic damping data for various IBPAs and the
designed aeroelastic suspension may allow only certain blade mode shapes,
see e.g. Ref. [7]. In contrary, the complexity of controlled flutter set-ups
compared to the free flutter one is higher, due to the design requirements of
the blade oscillation device and the control system. The control system has to
ensure an accurate realization of multiple constant IBPAs between adjacent
blades, whereas the blade device has to guarantee a harmonic sinusoidal blade
motion that is as close as it can get, due to manufacturing tolerances, to
its mathematical description. In low speed regimes, the influence coefficient
testing can be challenging, if oscillation amplitudes are small, the signal-
to-noise ratio for the pressure signal acquired on the non-oscillating blade
surface can be very low. However, if a controlled flutter set-up has been
commissioned successfully, wide ranges of parameters with regard to different
reduced frequencies, oscillation amplitude and frequency and inflow condition
can be studied.

2.3 Review of Oscillating Cascade

Experiments

In the following section, experiments in which the system is excited by har-
monic blade motion are reviewed, since they are the most relevant for this
thesis. Oscillating cascade experiments apply either the influence coefficient
method or a traveling wave set-up. The references are reviewed chronologi-
cally, but studies that were carried out at the same test facility are clustered
together.

In 1977, some of the earliest work in this field was published by Fleeter
et al. [47]. Working at the Detroit Diesel Allison facility, they compared their
experimental results with two different analytical predictions. The work was
carried out in a traveling wave set-up in combination with a linear cascade.
Airfoil profiles pitching in a sinusoidal motion were studied, featuring flat
suction sides and triangular pressure surfaces. At supersonic Mach numbers of
1.5 - 1.6 and for a reduced frequency range of k = 0.18, ..., 0.13, they reported
that their data agreed well with their predictions with regards to surface
pressure distribution. However, shock location and shock-airfoil interaction
could not be predicted so well, highlighting an issue in airfoil aerodynamics
that remains problematic even today.

Much of the foundational work on oscillating cascaded airfoils was done
by Carta and St. Hilaire [29, 31, 32, 48]. Utilizing a subsonic linear com-
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pressor cascade in a traveling wave set-up, they investigated the unsteady
aerodynamics of airfoils oscillating in pitch. The airfoil featured a NACA
65-series cross-section. In contrast to many other publications, they based
their definition of k on the semi-chord. Carta and St. Hilaire [29] studied the
effect of three large mean incidence angles (6, 8, 10 degrees) on the unsteady
aerodynamic response. Reduced frequencies of up to 0.193 and an IBPA range
from σ = −60 degrees to σ = 60 degrees were investigated. At the largest inci-
dence angle, flow deterioration was observed, having a destabilizing effect on
stability. Carta presented especially in Ref. [32] a very comprehensive study
of the unsteady aerodynamics of an oscillating compressor cascade. In this in-
vestigation, test cases with three reduced frequencies (k = 0.072, 0.122, 0.151),
two oscillation amplitudes of α̂ = 0.5 degrees and α̂ = 2 degrees, two different
mean camber line incidence angles (α0 = 2 degrees, α0 = 6 degrees) and a
IBPA range of σ = 0 : 45 : 315 degrees were studied. All possible parameter
combinations were considered. A primary finding for α0 = 2 degrees is that all
amplitudes of the pressure response are periodic for both pitching amplitudes.
For the larger mean incidence angle, periodicity of the pressure amplitudes
is not given at the leading edge regions. Pressure phase angles were also
observed to be periodically for all test cases, except for IBPA σ = 0 degrees,
for which a strong gapwise gradient was reported. This has been suggested to
be related to a cascade acoustical resonance condition. Further, he reported
that changes in reduced frequency did only marginally affect the chordwise
pressure distribution. Carta compared also the real and imaginary parts of the
unsteady pressure difference coefficient for α = 2± 0.5 degrees and a reduced
frequncy of k = 0.122 with the Verdon/Caspar ”real blade theory” [49]. He
reported an excellent agreement between theoretical and experimental data
for the complete range of investigated IBPAs.
The finding that all mentioned studies of Carta et al. have in common is
that the interblade phase angle affects most the stability of an oscillating
compressor cascade.

In 1983, Bölcs [50, 51] introduced at the Swiss Federal Institute of Technology
in Lausanne a non-rotating annular cascade capable of Mach numbers up to
Ma = 1.4. His experiments focused on quantifying stability parameters and
investigations on the influence of IBPA in combination with different inlet
flow angles and exit Mach numbers. The experiments have been carried out
in a traveling wave set-up, the rig can be equipped either with compressor or
turbine blades. The blades are vibrating in a rigid-body torsion mode. The
annular facility at Lausanne was used by Belz and Hennings [52], who re-
ported on a series of flutter experiments with a compressor cascade comprising
20 NACA 3506 blades. They compared two transonic cases with inlet Mach
numbers of Ma = 0.87 and Ma = 0.9. The first test case featured a reduced
frequency of k = 0.362 and the second one of k = 0.289. At the lower reduced
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frequency, the cascade was found to be aerodynamically unstable, with a
channel shock near the trailing edge of the suction side that significantly
impacted stability.

Rottmeier [9] investigated the effects of upstream gusts on the unsteady
aerodynamics of a turbine cascade vibrating in a controlled traveling wave
mode. Using a subsonic (outlet Mach number Ma = 0.67, k = 0.281) and a
transonic (Ma = 0.93, k = 0.205) test case, he showed that the phase angle
between gust excitation and cascade vibration is a key parameter in such
systems: The interaction of cascade and gust excitation is strongly influenced
by it, which implies that a well-chosen gust-vibration angle might be useful
to control or diminish a given cascade excitation mode.

A more recent result from the Lausanne facility was presented by Vega
et al. [53], who investigated the aeroelastic stability of blade pair packages.
20 blades typical of low pressure turbine stages were oscillated in a traveling
wave form, while inlet Mach number and reduced frequency were set to
Ma = 0.34 and k = 0.7, respectively. It was found that blade pairing has a
stabilizing effect on the torsion mode due to suppression of unsteadiness on
the suction side, but has only a marginal influence on stability of bending
modes.

At the NASA Lewis oscillating cascade, Buffum and Fleeter [46] introduced
an unsteady aerodynamic influence coefficient method, which requires only
a single instrumented airfoil to oscillate at a time. The facility features a
linear cascade. Uncambered biconvex airfoils oscillating in pitch were used
in this work. They conducted subsonic (Ma = 0.65) measurements at re-
duced frequencies of k = 0.223 and k = 0.390, based on the semi-chord.
Their results agreed well with previous experiments and predictions, thus
demonstrating the validity of the influence coefficient technique. At the same
test rig, Buffum et al. [54] studied the influence of a large mean incidence
angle (10 degrees) on the cascade aerodynamics and compared it to a baseline
case, featuring an incidence angle of 0 degrees. For this study, aifoils with a
cross-section of a tip region of a low aspect ratio fan were used, oscillating
all blades at the same frequency but a certain constant IBPA. With an inlet
Mach number of Ma = 0.5 and reduced frequency values of k = 0.4, k = 0.8
and k = 1.2, they found that an increased incidence angle will significantly
affect unsteady blade pressure distributions, in particular with regard to flow
separation: At an incidence of α0 = 10 degrees, they showed that the suction
surface will experience leading edge separation, with eventual reattachment
around the 40 percent chord region. Furthermore, they established opposite
trends for attached and separated flow near the leading edge: while attached
flow had strongly stabilizing influences, detached flow would affect stability
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negatively.

Sachs introduced an unique test facility, combining free and controlled flutter
testing methods at the German Aerospace Center in Göttingen [7]. The
outline of the setup is very similar to the one Carta used, in terms of flow
regime, airfoil and blade count, see e.g. Ref. [33]. It is a linear cascade
with nine elastically suspended blades allowing free and controlled blade
oscillation in two degrees of freedoms, namely pitching and plunging. The
research was aiming to broaden the physical understanding of the unsteady
aerodynamics of an oscillating compressor cascade and to create a data
base of aerodynamic coefficients and flutter parameters. Sachs studied a
range of reduced frequencies of k = 0.054, ..., 0.539, two pitching amplitudes
(α̂ = ±0.5 degrees,±2 degrees) and one plunging amplitude (ĥ = ±3 mm),
two angle of attacks (α0 = 2 degrees, α0 = 6 degrees) and an IBPA range
of σ = 0, ..., 315 degrees in steps of 45 degrees or 90 degrees for pitching and
plunging mode. All tests were carried out in a traveling wave set-up. For
the pitching mode, Sachs reported a very small dependency of the reduced
frequency on the unsteady moment coefficient (related to half chord) for
the investigated interval (k = 0.054, ..., 0.539), even a small reduction of the
moment coefficient was noted with increasing k. The system was observed to
be slightly more damped when k increased. If the blades undergo a plunging
motion, the unsteady lift coefficient was reported to increase significantly
from the minimum to the maximum investigated values of k. However,
the damping trend was similar compared to the pitching mode, the system
was more damped for high values of k. Hennings [5] used the same facility
for his investigations, introducing blade suspensions equipped with strain
gauges. He proofed that a traveling wave mode develops in a linear cascade
for free flutter testing, and that the acquired data can be considered as a
valid approximation of investigations in an annulus. The prediction and
experimentally investigation of the flutter onset velocity and the associated
interblade phase angle were also part of this study and were found to be in
good agreement. Parts of the experimental set-up of Sachs and Hennings,
including the blade suspensions, were used in the current work.

In 1993, Poensgen and Gallus applied also the influence coefficient method,
the controlled flutter experiments were carried out at the RWTH Aachen’s
annular compressor cascade [55]. One blade can oscillate in bending or torsion
mode. Covering a range of low subsonic Mach numbers (0.186 < Ma < 0.27)
and relatively high reduced frequencies (based on the semi-chord) from
k = 0.37 up to k = 0.922. They exposed the cascade to both steady and
unsteady inlet flows, showing that the blade pressure distribution could be
represented as a linear superposition of blade motion and incoming wakes.
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Bell and He [56] investigated the three-dimensional unsteady aerodynamic re-
sponse of an oscillating blade. They conducted experiments at the low-speed
Durham two-passage linear turbine cascade, which is capable of realistic
values for reduced frequency and Reynolds number, i.e. Re = 4.5 · 105 and
k = 0.5. A rigid blade with constant cross-section was forced to oscillate
in a bending mode. In a later publication, see Ref. [57], they investigated
the influence of tip leakage on an oscillating turbine blade and reported a
significant impact on the unsteady pressure response: Even at a considerable
distance from the tip, a change in tip gap resulted in a consistent variation
in unsteady pressure response. The tip-clearance gap degraded the system
stability for all interblade phase angle.

An influence coefficient method was used by Frey and Fleeter [58] at the
Purdue Axial Flow Research Compressor, a low speed-compressor. This work
quantified the unsteady aerodynamics of a rotor stage oscillating in a rigid-
body torsion mode at a Reynolds number of Re = 6.3 · 105 and two reduced
frequencies of k = 0.282 and k = 0.29, finding a strong effect of oscillation
amplitude and steady loading on surface pressures. Results indicate that at
oscillation amplitudes greater than 5 degrees, the aerodynamic response of
an oscillating blade row becomes non-linear, making analysis of just the first
harmonic insufficient.

Vogt and Fransson [59] introduced a new facility for the investigation of
turbomachine aeroelasticity via an influence coefficient method at KTH
Stockholm. The rig is an annular-sector, non-rotating cascade consisting of
9 blade passages, with the blades exhibiting a low pressure turbine rotor
profile. While the facility is designed for an engine-like inlet Mach number
of Ma = 0.31, the blade actuation mechanism is capable of varying the
reduced frequency from k = 0.05 to k = 0.6. The test rig is unique in the
regard that it enables the investigation of blades oscillating in complex, but
controlled three-dimensional mode shapes under realistic 3D flow conditions.
Vogt utilised this facility to conduct a thorough investigation of various
three-dimensional effects in turbine flutter, presented in [39]. He established
the presence of significant three-dimensional effects, mainly in the form of
a radial gradient in unsteady response magnitude. He thus surmised that
the accuracy of flutter stability prediction might be improved by switching
from a two-dimensional plane model to a fully three-dimensional one that
also takes tip clearance into account.
Glodic et al. [60] used the same test rig at KTH to research the relationship
of aerodynamic mistuning and aeroelastic stability in low-pressure turbines.
They compared a nominal and a mistuned case, investigating reduced frequen-
cies from k = 0.1 to k = 0.4 and keeping the outlet Mach number at Ma = 0.4.
Mistuning was realised by varying the stagger angle of the cascade’s central
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measurement blade from -2.5 to 2.5 degrees. They employed both an experi-
mental influence coefficient technique and a numerical model, which in general
were found to be in good agreement. They concluded that mistuning can
have a moderate influence on aerodynamic stability, with the direction of the
effect depending on the exact nature of the mistuning. The majority of ran-
domly mistuned configurations were however found to exhibit higher stability.

Keerthi et al. [61] presented results from an unstaggered, low-speed lin-
ear compressor cascade that shed light on how localized flow accelerations can
affect the global flow field. The cascade consists of five blades, the central
blade is fixed and the upper and lower neighboring blades can be forced to
oscillate in pitch. These measurements were performed at a reduced frequency
of k = 0.3 and an inlet velocity of Ma = 0.085. The motivation of the study
was to establish a relationship between the central blade surface pressure and
the phase shift between the adjacent blades. From their findings, the authors
suggested that the airfoil shape not only directly influences aerodynamic
behavior by directing the flow, but also through causing localized phenomena
such as steep pressure gradients or even separation regions.
More recently, Keerthi and Kushari presented results from an annular com-
pressor cascade, quantifying the aerodynamic damping at three relatively
large mean incidences, namely 3.6, 9.2, 23.3 degrees (measured at % 50 span).
The motivation of the study was to deepen the understanding of unsteady
aerodynamics in a stalled turbomachine environment. Within the cascade,
five blades can oscillate pitch-wise about the mid-chord. Airfoils with a
prismatic double circular arc profile were applied. They conducted their
experiments at a low subsonic inlet velocity of Ma = 0.1, varying the reduced
frequency in a range from k = 0.06 to k = 0.3. The motivation of this work
was to broaden the understanding of stall flutter. Flow separation at the
leading edge region for the test cases was reported. They found that incidence
not only affected pressure magnitudes, but also had a significant effect on
pressure phase that altered blade stability [62].

A two passage linear turbine cascade for flutter investigations in heavy-
duty gas turbines was presented by Seeley et al. [63]. This facility was
accordingly designed to match a typical last stage of such turbines both geo-
metrically and with regard to the flow regime. The blade rotates about the
pitch axis. Working over a wide range of exit Mach numbers from M = 0.1 to
M = 1.2, they investigated the effect of vibration amplitudes on aerodynamic
forces and damping. While the forces were found to be linear with respect to
vibration amplitude, aerodynamic damping was constant outside of a flutter
region for high Mach numbers M = 0.8− 1.2.

In 2018, a traveling wave study of controlled flutter was done by Slama
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et al. [64] at the subsonic wind tunnel at the University of Western Bohemia.
They arranged 8 turbine blades, 4 of which are instrumented, in a linear
cascade to investigate the stability of both torsion and bending modes at
M = 0.34. The blades vibrate with a frequency of f = 82.2 Hz. Stability in
terms of an aerodynamic work coefficient was demonstrated to depend on
the interblade phase angle and agrees with CFD results varying from case to
case.

Standard configurations and AGARD Manual on Aeroelasticity

Due to the great diversity in methods, nomenclature, test facilities and set-ups
in turbomachinery aerolasticity research, a big effort was undertaken by Bölcs
and Fransson [43] to compile a set of guidelines, containing specifications
for nine different cascade geometries as well as accompanied numerical re-
sults. They are called ”Standard Configurations”, and became over time true
standards in turbomachinery aeroelasticity research. These configurations
were based on facilities existing at the time at various research centres, which
(like the cascade at NASA Lewis) have been mentioned in the previous section.

Of greatest relevance for the present work is certainly the first standard
configuration, which specifies a compressor cascade in low subsonic flow
based on Carta’s UTRC facility. In an update to the standard configurations
[65], Fransson and Verdon noted that although pressure distributions in
such cascades could be predicted fairly accurately under certain conditions,
agreement between theory and experiment was not as good as one might
wish, and that further research on this configuration was needed.

In addition, also due to the complexity of the observed phenomena, the
Advisory Group for Aerospace Research and Development published the
AGARD Manual on Aeroelasticity to distinguish clearly between the reported
aeroelastic phenomena encountered in turbomachines, to standardize impor-
tant parameters, to give an overview of the current research situation and to
identify trends and challenging research topics. Two volumes were published
in 1988 [12] and 1989 [66], respectively. They are known as the ’AGARD
Manuals’ and still referenced widely.
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Objectives and Approach

Aerodynamic mistuning that might be caused from manufacturing error or
repairs lead to small changes, e.g. in stagger angle, influencing the unsteady
aerodynamics of an oscillating cascade. As discussed in the literature review,
systematic experimental investigations focusing on aerodynamic mistuning
are limited. Within this framework, the overall objective of the present
work is to describe the underlying mechanism of aerodynamic mistuning on
aeroelastic stability. Sub-goals of the thesis are:

� to study the effect of different mistuning pattern on the cascade’s steady
and unsteady aerodynamics;

� to examine the effect of the aerodynamic mistuning on the aerodynamic
damping;

� to identify driving parameters of the cascade stability in the case of
aerodynamic mistuning.

The experimental study has been realized by measuring the aerodynamic
response of an aerodynamically mistuned oscillating compressor cascade. At
a constant reduced frequency, measurements have been taken for a wide
range of different IBPA for a variety of mistuning patterns. The aerodynamic
mistuning is introduced by a blade-to-blade stagger angle variation. To make
the blades oscillate in a traveling wave mode, a drive system in combination
with a control software was developed. Measurement blades were developed,
designed and manufactured to acquire the blade surface pressures. Actions
were taken to improve the base flow of the test rig by designing a new diffuser
incorporating screens with different porosities.

After the installation of the test rig at the Technische Universität Berlin, the
facility has been thoroughly commissioned in terms of base flow characteristics
such as the velocity profiles and the turbulence intensity in the inlet section, as
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well as the steady blade pressure distribution. The unsteady performance has
been checked by comparisons against data from literature. These measures
have been undertaken to give a substantial background to the presented study.

Experimental data have been analyzed in terms of steady and unsteady
blade pressure distributions for different reduced frequencies and mistuning
patterns. The aerodynamic damping parameter has been computed to assess
cascade stability, and the Fourier Transform Technique has been used to
assess the pressure frequency spectrum. Conclusions were drawn in regards to
which extent mistuning influences the cascade stability and how the stability
characteristics of the system change.
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Test Facility and Measurement
Technique

The experimental investigations were carried out at the aeroelastic test facility
at the Chair for Aero Engines of the Technische Universität Berlin. The test
rig consists of a wind tunnel and a measurement section. The latter contains
an oscillating compressor cascade, a mechanism to generate a periodic inlet
flow and various traverse systems.

The original set-up of the test facility was developed and operated at the
Institute of Aeroelasticity of the German Aerospace Center in Göttingen
(Germany), see section 2.3.

The test rig components were moved to the chair of Aero Engines at the Tech-
nische Univeristät Berlin. Some components of the rig have been adapted and
several modifications were introduced. In the framework of the current thesis,
a new diffuser was installed, comprised of two parts, allowing the integration
of meshes to optimize the inflow. A new blade excitation system was set
up, the cascade configurations was changed and measurement blades were
developed and manufactured to acquire the unsteady pressure distribution on
the blade surface. The sidewalls of the measurement section were replaced
by longer ones to improve flow smoothness and a mechanism to generate a
periodic inlet flow was installed.
In the following, the wind tunnel set-up is described in section 4.1, the
measurement section including the oscillating compressor cascade and the
related drive system in section 4.2 and the applied measurement techniques
in section 4.3.
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4.1 Wind Tunnel for Aeroelastic Investiga-

tion

The wind tunnel has a classical set-up consisting of a blower, compensator,
diffuser, settling chamber, nozzle and measurement section including a mech-
anism to generate a periodic inlet flow. It is depicted in its current state in
figure 4.1 . The dimensions of the individual components are summarized
in table 4.1. It is an open-circuit test facility, which means that lab air is
sucked in by a radial compressor and also blown into the lab after the outlet
of the measurement section. The inlet air velocity of the test section attains
a Mach number of Ma ∼ 0.1.

Traverse mechanism

Measurement

section

Nozzle
Settling chamber

Diffuser Blower

Compensator

Mechanism

z

x

y

Figure 4.1: Wind tunnel with a linear oscillating compressor cascade for
aeroelastic investigation at the Chair for Aero Engines at TU Berlin.
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Table 4.1: Geometrical parameters of the wind tunnel.
cross section
mm2

length
mm

Compensator 550x700 210
Diffuser
Inlet 550x700
Outlet 1400x1400 2500
Settling chamber 1400x1400 1495
Nozzle
Inlet 1400x1400
Outlet 200x955 1500
Measurement section 200x955 1920

4.2 Oscillating Compressor Cascade

The linear oscillating compressor cascade features eleven blades. A close-up
view of the test section is displayed in figure 4.2. The cascade parameters
are outlined in table 4.2 and illustrated in figure 4.3. The airfoil represents a
profile of the NACA-65-Series with a circular arc camber of 10 degrees and a
thickness of 6 percent. The blades with indexes 0 and 10 are fixed rigidly at
the sidewall, the remaining ones are suspended elastically. The blades are
manufactured from carbon fibers to make them lighter and more prone to
flutter compared to steel or aluminum blades.

The elastic suspension allows free and controlled flutter tests. With the
suspension the classical aeroelastic typical section model can be realized,
allowing a pitching and a plunging mode as degrees of freedom. The free

Table 4.2: Cascade parameters.
Profile - NACA-65-series
Chord c 150 mm
Span s 197 mm
Pitch tp 112.5 mm
Pitch-to-chord ratio tp/c 0.75
Stagger angle γ 43 degrees at α0 =

2 degrees
Mean angle of attack α0 0...6 degrees
Pitching amplitude α̂ ±4 degrees (max.)

Plunging amplitude ĥ ±4 mm (max.)
Oscillation frequency f 30 Hz (max.)
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Figure 4.2: Outline of the measurement section.
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Figure 4.3: Cascade geometrical parameters.

flutter configuration is depicted in figure 4.4 (a) and the set-up for controlled
flutter tests is shown in figure 4.4 (b). A close-up view of the degrees of
freedom is shown in figure 4.5. From the latter figure, it can be observed
that the plunging motion is carried out parallel to the mounting plate. The
suspension is manufactured mainly from leaf springs in different widths and
milling parts. For the pitching motion, six leaf springs are electro-welded to
the support ring, rotary disk and plunging plate. Six leaf springs are also
used for the plunging mode that are electro-welded to the support frame, the
plunging and mounting plate, see figure 4.5. The elasticity of the suspension
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is given by the leaf springs, functioning as two-sided fixed bending springs.
The blade is clamped to the suspension with a tapered steel connection at
mid-chord. Thus, the center of rotation is at mid-chord. The structural
properties of the system, namely the suspension including blade, were deter-
mined by Hennings, see e.g. Ref. [5]. Due to the suspension design, each
blade section undergoes the same motion without spanwise components. The
suspension is installed via the mounting plate to the back sidewall outside
the test section. Each degree of freedom can be controlled individually. For
the free flutter set-up, the blades can vibrate in a single mode, or both modes
can be allowed. Further, this set-up can be frequency tuned by adding two
balancing masses to each suspension. The actual blade suspension hardware,
in free flutter configuration, is shown in figure 4.6.

For the present work, each of the nine suspensions is equipped with an
individual stepper motor (Nanotec PD6-N8918S6404-S), see figure 4.2 and
4.4 (b). The stepper motors have a built-in closed-loop control system to
ensure a constant reduced frequency during wind tunnel operation. Beside the
stepper motor, the oscillatory drive system includes a crank gear mechanism.
A crank shaft is connected to the suspension, driven by the stepper motor.
Thus a sinusoidal blade pitching or plunging motion can be realized. The
oscillation amplitude is set by the excenter of the crank mechanism and the
blades can oscillate up to a frequency of f = 30 Hz. Each stepper motor
can be controlled separately. The control software of the motors is written
such, that all blades oscillate at the same frequency but at a constant IBPA,
allowing traveling wave mode tests. For this purpose a control program in
CSharp was developed. Further, a controller area network (CAN bus) is used
to realize the synchronization of the motors. The IBPA can be regulated
with an increment of 0.18 degrees for each motor.

The blade oscillation amplitude is reviewed by means of strain gauges that
are placed at the leaf springs of the suspension, see figure 4.4. The blade
oscillates at a frequency of f = 9 Hz. All mistuning cases were measured
with this frequency. The raw signal, at quiescent air condition, is displayed
in figure 4.7 (a) in the time domain, and the frequency spectrum is shown
in figure 4.7 (b). In 4.7 (a), the blade oscillation amplitude in degrees is
plotted versus the time normalized by the oscillations period. In figure 4.7
(b), the normalized magnitude is displayed against the frequency. In the
frequency spectrum, a sharp peak at f = 9 Hz can be observed, indicating
that no significant higher harmonic content is present.
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(a) free flutter (b) controlled flutter

Figure 4.4: Elastic blade suspension with blade. 1 Support frame; 2 Support
ring; 3 Mounting plate; 4 Plunging plate; 5 Balancing mass; 6 Rotary disk;
7 Strain gauges; 8 Lemo connector; 9 Motor support; 10 Stepper motor; 11
Crank shaft.

α

hsprings (one side)springs
(6 on circumference)

Figure 4.5: Degrees of freedom of the blade suspension (adapted from Ref.[5]).
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(a) Blade suspensions at the test facility
sidewall (back view).

(b) Close-up view of the suspensions.

Figure 4.6: Pictures of the blade suspensions in the free flutter configuration
(without measurement equipment).
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Figure 4.7: Strain gauge signal of cascade central suspension; blade oscillates
at 9Hz in pitch in quiescent air.
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4.3 Measurement Setup

The test facility is equipped with steady and unsteady measurement devices.

To monitor the wind tunnel parameters such as temperature, static, dy-
namic and absolute pressure, several sensors are used. In the settling chamber
temperature is measured with a Pt100 resistance thermometer and the ab-
solute pressure with a sensor 1 for barometric pressure measurements. In
the test section, the dynamic pressure is measured with a Prandtl tube in
combination with a differential pressure sensor 2, from which velocity is
computed. The static pressure in the inlet section is measured as well with
a differential sensor3. The pressure taps and the traverse mechanism in the
inlet section are located at a distance of eight times the chord length upstream
of the central cascade blade.

For the determination of the base flow condition, the longitudinal veloc-
ity component u of the inflow in the measurement section was acquired by
hot-wire anemometry. The steady and unsteady blade surface pressures
were measured with 20 recessed mounted sensors per measurement blade.
Blade vibrations amplitude and frequency were aqcuired with means of strain
gauges. To verify the assumed 2D flow topology on the blade surface, oil flow
visualization was applied at different Reynolds numbers.

4.3.1 Surface Oil Flow Visualization Technique

To provide an indication of the flow structure on the blade surface, the oil
flow visualization technique was used. For this technique, an oil mixture,
consisting of paraffin oil and color pigments, is sprayed on the blade in the
wind tunnel. Streak lines formations can be made visible because the shear
force is working on discrete oil dots. With these surface streak lines, complex
flow features close to the surface, such as flow separation and reattachment,
can be revealed [67].
The general procedure of oil flow visualization is as following: i) preparation
of oil flow mixture, ii) spraying of the oil blend on the component(s) in the
wind tunnel, iii) installation of the component(s) in the wind tunnel (if not
yet fixed), iv) wind tunnel operation, an air flow passes the component(s), v)
dehydration of the surface oil film on the component(s). The last step is to
take pictures of the parts, for blades the pictures are usually shot normal to
the blade chord. Commonly, a high resolution digital camera is used for this
purpose. For the application in the present thesis, pressure and suction side

1Setra Model 270, pressure range: 80000 - 110000 Pa
2KAL 84 halstrup-walcher GmbH, pressure range: 0 - 1000 Pa
3Setra Model 264, pressure range: ± 500 Pa
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were sprayed with an oil mixture, containing yellow color pigments.

4.3.2 Hot-wire Anemometry

For the hot-wire measurements, an one-wire probe was used together with
a TSI Ifa-300 (Typ 1210 - 20) hot-wire anemometer. It is a widely used
measurement method for the determination of flow velocities in low and high
speed flows due to its high frequency-response and temporal resolution when
compared to other measurement techniques [68]. Therefore, it is employed
especially for the investigation of boundary layer flow and detailed investiga-
tion of turbulent flows [69].

The underlying measuring concept of hot-wire anemometers is convective
heat transfer from a heated wire exposed to a fluid flow [68]. The sensors are
thin metal wires, soldered to prongs. Tungsten, platinum or platinum alloys
are used as wire material. The wire diameter ranges from 1 to 10 µm and
the length from 0.5 to 2 mm [70]. The wire is heated by an electric current
to a much higher temperature than the flow and cooled when a fluid passes
the wire. Depending on the flow regime, heat losses in the wire occur due
to convection, conduction and radiation. A heat balance of the electrically
heated and convective cooled wire is used to relate the flow velocity and
electric heating voltage. The assumptions for the application of this technique
are that radiation and conduction to wire support are small, the temperature
distribution over the wire is uniform, the velocity impinges normally on the
wire, fluid temperature and density are constant [69].

In the following section, the summary of the governing equations and mea-
surement setup description is based on the work of Nitsche [69] and Bruun
[68]. The heat balance is expressed by the equation

Cw
dTw
dt

= W −H. (4.1)

Cw
dTw
dt

is the stored (remaining) thermal energy in the wire, H the heat
transferred to surroundings and W the power generated by Joule heating. The
wire temperature is changing with time dTw

dt
when W and H are unbalanced.

The wire temperature can be approximated to behave linearly with the
resistance Rw. Thus Rw is a function of the temperature

Rw = RRef [1 + a(Tw − TRef )], (4.2)

where a is the thermal coefficient of the wire and RRef , the wire resistance at
reference temperature TRef . To realize a measurement set-up, one approach
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is to control Rw so that it is constant. This concept is known commonly as
”Constant Temperature Anemometry (CTA)”, since Tw stays constant as well,
due to its relation to Rw. The measurement formation includes conventionally
beside the hot wire anemometers a Wheatstone bridge. A simplified constant
temperature circuit is displayed in figure 4.8. R1 and R2 are fixed resistors
whereas R3 is a variable resistor. The voltage difference between point D and
B is zero if the following condition is true: R1/Rw = R2/R3. If the resistance
of the wire changes e.g, due to an air flow passing the wire, R3 is adjusted
by an amplifier with a feedback control loop, to keep the wire temperature
constant. The bridge voltage is linked linearly to the hot wire voltage [69].
Therefore, with the measured change of bridge voltage VB, the flow velocity
over the wire can be computed [68].

D

A

B

R1 R2

Rw C

R3

VB

Figure 4.8: Constant Temperature Circuit Diagram, adapted from Ref. [69].

4.3.3 Strain Gauges

A strain gauge is a sensor used for surface strain measurements. It is glued
rigidly to the object’s surface. As the object is stretched, the electrical re-
sistance of the sensor changes. Commonly, a Wheatstone bridge is applied
to measure the variation of the voltage due to a resistance change which is
proportional to the amount of stretching.

Strain gauges work uniaxial, thus one gauge measures strain only in one
direction. In figure 4.9, a simplified scheme of a foil strain gauge is displayed,
applied for measurements in horizontal direction. The major components of an
individual gauge are a grid, a solder tabs and a carrier. The grid consists of a
sequential wire filament which resistance changes when the gauge experiences
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a stretch. Nowadays, foil strain gauges are used as standard sensors. They
are very thin, about 40 µm, and can be manufactured in great quantities by
etching or cutting almost any specific grid pattern into a metal foil sheet
of a suitable alloy [71, 72]. The active length is between 0.2...150 mm and
the nominal resistance, being independent of the active grid length, lies in
the range from 100 Ω to 1000 Ω [71]. For electrically conductive materials, a

Active grid length

Solder
tabs

Figure 4.9: Foil strain gauge, adapted from Ref. [71].

strain sensitivity factor, describing the relative change in electrical resistance
of a conductor to its relative variation in length, can be represented as

GF =
∆R/R0

∆L/L0

=
∆R/R0

ε
, (4.3)

where R0 is the unstrained conductor resistance, ∆R the resistance variation,
L0 the initial conductor length and ∆L the length variation, see e.g. [72].
∆L/L0 is Cauchy or engineering strain, ε. This ratio is termed also Gauge
factor. The electrical resistance of a conductor, a very thin wire in terms of a
strain gauge, is related to its length, L, and area A, by

R =
rL

A
, (4.4)

[71]. This definition holds for a uniform cross section. r is a property of the
conductor material and named resistivity constant. If the wire is stretched
elastically, the wire cross section A is reduced according to the Poisson effect
and thus the resistance is increased. Similarly, if the wire is compressed the
resistance is reduced. With an electric circuit, the resistance changes can be
measured as voltage variation and used to compute the present strain.

As explained in detail in Ref. [73], Wheatstone bridge circuits are used
commonly to relate the variation of bridge voltage to a strain level. This
circuit consists of four resistances. Three basic configurations exist, namely
quarter-bridge, half-bridge and full-bridge circuit. The names indicate how
many gauges themselves are one of the four circuit resistances. If the resistor
is not a gauge then they are fixed resistors incorporated in the instrumenta-
tion. In figure 4.10, a basic bridge strain circuit is shown for strain gauges
measurements. The set-up is designed so that the bridge is balanced when
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Figure 4.10: Wheatstone bridge circuit, adapted from Ref. [73].

the strain gauge are unstrained, thus the voltmeter between point D and B
registers zero volts. If a force is applied to a gauge, the bridge will become
unbalanced and the voltage changes are measurable, being proportional to
the strain applied to the gauge. This relationship holds true only for the
range of material elasticity. Full-bridge configurations are the most sensitive,
accounting for temperature compensation of the bridge circuit. Thus, if four
strain gauges are bonded on the same specimen in a full-bridge circuit and
temperature changes, the four resistances will vary by the same percentage
and the bridge balance will stay unaltered.

The blade oscillation and frequency is measured by means of strain gauges,
located on the leaf springs. Each suspension is equipped with eight strain
gauges, four for each degree of freedom to form a full Wheatstone bridge that
fully compensates temperature drift.

4.3.4 Blade Surface Pressure Measurements

To acquire the steady and unsteady blade surface pressure, measurement
blades were developed, designed and manufactured. The blades are designed
in a way that ten pressure taps are located on the pressure (PS) and suction
side (SS), respectively. The taps on each side have been drilled with an
angle of 15 degrees to the blade’s chord to minimized the influence of the
taps among themselves. A scheme of the taps distribution is depicted in
figure 4.11. The tap positions are displayed in table 4.3 and a complementary
sketch to the table in figure 4.12. On the pressure and suction side, the taps
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have the same axial locations. The pressure is acquired with 20 Endevco
8510B -1 sensors, featuring a pressure range of 0, ..., 1 PSI corresponding to
0, ..., 6895 Pa. Inside the blade, each tap is connected to a steel tube, outside
the measurement blade the pressure is guided with a silicon tube to the sensor.
The sensors are recessed mounted at the back of the test section wall. The
diameter of the pressure taps is 0.5 mm as well as for the tubes. Each of the
20 tubes system has an individual length, but in average the length of the
steel tube is 0.1 m and 0.4 m for the silicon tube.

TETE LE
tip

hub

SS PS

15 degrees

11 00.5 0.5
normalized chord

Figure 4.11: Pressure tap distribution on the blade surface.

x/c
0.0157
0.0400
0.0867
0.1467
0.2333
0.3267
0.4400
0.5667
0.7000
0.9000

Table 4.3: Pressure tap locations.

c

x/c

Figure 4.12: Profile geometry.

To reconstruct the pressure at the tap location, each tube system was cali-
brated dynamically to account for the time shift of the pressure signal between
tap and measurement location as well as for the damping characteristic in
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pressure amplitude. The calibration was conducted in a calibration chamber,
which is operated by the Institute of Aerodynamics of the German Aerospace
Center in Göttingen, e.g. Ref. [74]. The technical details can also be looked
up under the patent DE102005047623. For the present work, the tube
systems are calibrated for a frequency range of 1, ..., 120 Hz. A sinusoidal
pressure signal with an amplitude of a0 = 250 Pa was applied to each of the
twenty tube system for one measurement blade. A characteristic calibration
curve for one tube system is depicted in figure 4.13. In the present exper-
imental investigations, a frequency range of 5, ..., 9 Hz is applied, therefore
the amplitude is not significantly damped by the tubing system, see figure
4.13. The time lag between measurement and pressure tap location on the
blade surface increases considerably with higher frequencies and has to be
accounted for in the data post processing. The steady calibration of the
pressure sensors is performed before each measurement campaign with three
different pressure sensors. Pressure sensors of type Setra 264 with pressure
ranges of 0, ..., 25 Pa and 0, ..., 100 Pa are used as well as a calibration system,
namely KAL 84 halstrup-walcher, with a pressure range of 0, ..., 1000 Pa.

0 20 40 60 80 100 120
0.8

0.9

1

1.1

Frequency, Hz

a
/a

0

0

−20

−40

−60

−80

−100

−120

P
h
as
e,

d
eg
re
es

Figure 4.13: Characteristic calibration curves of a tube system in a measure-
ment blade for the first pressure tap location counting from the leading edge
on the suction side.

4.3.5 Data Acquisition

All measurement signals were acquired as time-varying voltage and sampled
at time-wise equidistantly distributed sampling points. Then, they were
quantized with an analog-to-digital converter. After the quantization, each
sample was related via a calibration function to a physical quantity.
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Hot wire measurement chain

In figure 4.14, the measurement set-up for the hot wire measurements is
depicted. The hot wire sensor is connected to the constant temperature
anemometer (Ifa-300). Then, the relative change in voltage of the measuring
bridge of the hot wire system is convertered from an analogue to a digital signal
to make it processable at the computer. A 16-bit National Instruments-PCI
6229 board is used for this purpose. The IFA and the traverse mechanism are
controlled with an in-house software, written with the software MATLAB®.
A Prandtl tube, in combination with a pressure sensor, is used to calibrate
the hot wire sensor, linking the dynamic pressure of the tube set-up to the
bridge voltage, from which flow velocity can be computed. The sensor and
the Prandtl tube were placed in the inlet section in the mean flow field,
but positioned in a way that they could not influence each other. The
dynamic pressure was measured with a KAL 84 halstrup-walcher system with
a pressure range of 0, ..., 1000 Pa.

Measurement chain for blade surface pressure and strain gauge
measurements

The measurement chain of the blade surface pressure and strain measurements
for a sinusoidal blade pitching motion is shown in figure 4.15. The aforemen-
tioned figure shows only four of twenty pressure taps for a clearer illustration
of the set-up. The silicon tubes are connected to a transducer array, where
the transducers are screwed in an aluminum block and connected to the data
acquisition system. For the measurements two commercial data acquisition
systems, namely DEWE-50-PCI with 32 channels each, were cascaded and
used to acquire the analogue signal of the pressure transducers, strain gauges
and sensors to monitor wind tunnel parameters. This system includes an
analogue-digital-converter, an ORION-1624-200 board with a 24-bit resolu-
tion. 18 bits are considered to be effective. The smallest processable input
voltage to the acquisition system is ±500µV.
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Figure 4.14: Hot wire measurement chain.
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Figure 4.15: Blade surface pressure and strain gauge measurement chain.
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Chapter 5

Data Reduction Procedure

In this chapter, the statistical parameters that have been applied to the
measurement data are presented. Depending on the choice of measurement
technique and testing strategy, different averaging techniques are needed.
Three different formations of the mean were used, namely the mean, an
ensemble averaging technique and the Root-Mean-Square. Further, the
aerodynamic coefficients and damping parameter that were used to investigate
the underlying physics of the flutter phenomena are summarized. The software
MATLAB® was used for the data reduction process.

5.1 Statistical Parameters

Mean

In statistics, the mean is often used to describe the central trend of a data
set, being also the first statistical moment [75]. There are various quantities
termed mean and it is also called mathematical expectation or average. The
unweighted mean, s̄, of a data set, containing values from s1, s2, ..., sn, is
defined as

s̄ = lim
n→∞

1

n

n∑
i=1

si, (5.1)

where n is the total sample count of the data set [76].

Generally, a statistical presentation of a turbulent flow is based on the
Reynolds averaging, see e.g. [77], decomposing the flow into a mean, s̄(t),
and fluctuating component, s′(t),

s(t) = s̄(t) + s′(t). (5.2)
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This mathematical method allows the description of a temporal average of a
statistical steady flow as:

s̄ = s̄(t) = lim
T→∞

1

T

∫ t0+T

t0

s(t)dt =̂ lim
n→∞

1

n

n∑
i=1

si. (5.3)

Ensemble Average

The ensemble average represents the temporal mean of each sample value, si,
within an ensemble. According to the ergodic hypothesis, the temporal mean
and the phase average are equal within an ergodic system and is,

〈s〉 = lim
n→∞

1

n

n∑
i=0

s(t+ iT ), (5.4)

where n is the amount of periods and iT the instantaneous period that is
used for the averaging [78]. This technique is used to analyze the quasi-
periodic flow. Thus the unsteady data was phase averaged based on an
ensemble average technique with respect to the oscillation period (typically
1000 periods). The non-periodic components are removed from the signal
within this procedure, if a sufficient large amount of periods is considered. A
time marker is needed, which is generated commonly by a trigger signal. For
the unsteady surface blade pressure, the strain gauge signal is used for this
purpose.

Standard Deviation

In fluid dynamics, the sample standard deviation is used to characterize the
amount of fluctuation in a data set, e.g. to compute the turbulence intensity
[79]. According to statistical theory, see e.g. [75], the Root-Mean-Square
(RMS) is defined as

s′rms =

√√√√ 1

n

n∑
i=1

(si − s̄)2. (5.5)

5.2 Aerodynamic Coefficients

In the following, the steady and unsteady pressure coefficient are presented for
an airfoil section. For the derivation of unsteady quantities simple harmonic
motion in a single-degree-of-freedom of an airfoil section is assumed.
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Steady Pressure Coefficient

The pressure measurements were reduced to a steady pressure coefficient,
yielding

cp0(x) =
p(x)− p∞

q
, (5.6)

where p(x) is the static pressure at a specific location on the blade surface,
p∞ the static pressure in the inlet and q the upstream dynamic pressure.

Unsteady Pressure Coefficient

The post-processing of the unsteady data is based on the fundamental work of
Carta, a detailed description is given in Refs. [48, 33]. All unsteady pressure
data are normalized with regard to the blade pitching amplitude α̂ (in rad)
and the dynamic pressure q, as follows

cp(x, t) =
p(x, t)

α̂q
. (5.7)

The unsteady pressure coefficient can be presented in component or according
to Euler’s formula in a complex exponential form, yielding

cp(x, t) = ĉp(x)ei(ωt+φ(x)) (5.8)

= (<(cp(x)) + i=(cp(x)))ei(ωt), (5.9)

where ĉp(x) is the amplitude, ω the angular frequency and φ(x) the phase
angle relative to the blade motion.

The unsteady pressure difference coefficient is computed from the differ-
ence between the surface pressure of the blade pressure and suction side,
given by

∆cp(x, t) = cpP (x, t)− cpS(x, t) (5.10)

= (<(∆cp(x)) + i=(∆cp(x)))ei(ωt). (5.11)

The subscripts P and S denote pressure and suction side, respectively.
=(∆cp(x)) is obtained by

=(∆cp(x)) = =(cpP (x))−=(cpS(x)). (5.12)

This computation can be carried out analogously for <(∆cp(x)).
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Unsteady Moment Coefficient

The definition of the unsteady pitching moment coefficient is

Cm(t) =

∫ 1

0

(xC − x)∆cp(x, t)dx, (5.13)

where xC designates the location of the center of rotation. In the present
context, Cm(t) was calculated with respect to the blade mid-chord; xC and x
were normalized with the blade chord.

5.3 Aerodynamic Damping Parameter

System stability can be assessed by evaluating the normalized aerodynamic
work per oscillation cycle, see subsection 2.1.2.

Carta [33] defined an aerodynamic damping parameter, assuming small
blade oscillation amplitudes and simple harmonic pitching motion of a two-
dimensional airfoil section in a single-degree-of-freedom system,

α(t) = α̂eiωt. (5.14)

By the application of elementary theory, see Ref. [80], he introduced the
aerodynamic damping parameter as

Ξ(σ) = −Ĉm1sinθ1. (5.15)

Here, θ1 is the phase angle between the first harmonic of the unsteady moment
coefficient and the blade displacement. The angle is defined positive when
the moment is leading the blade motion. Thus, the convention is that when
Ξ is negative, the system is unstable. The aerodynamic damping parameter
is also derived in a more general form in subsection 2.1.2.
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Chapter 6

Experimental Investigation

In the following chapter, the experimental investigations are presented that
were carried out to meet the objectives, outlined in chapter 3. First, the
testing approach is discussed, then the results are presented. They are
structured in three main parts: i) base flow assessment (section 6.2); ii)
unsteady performance and stability assessment of the oscillating cascade
(section 6.3); iii) investigation of an aerodynamically mistuned oscillating
compressor cascade (section 6.4). In total, 96 (12x8) experimental test cases
were investigated in part ii) and iii).

6.1 Testing Strategy

After the commissioning of the test rig, hot wire measurements for different
Reynolds and Mach numbers were carried out to assess the quality of the
inlet base flow. The base flow assessment includes steady cp0 distributions at
various blade positions in the cascade, to examine the flow periodicity. Fur-
ther, the steady state data are helpful to understand the unsteady response,
as regions with high pressure magnitudes are expected to exhibit a similar
behavior when the airfoil oscillates. Oil flow visualization was performed to
study the flow topology on the blade surfaces.

A traveling wave set-up is used in this work. At quiescent air condition, the
blade oscillation amplitude and frequency were measured by means of strain
gauge measurements, to check if any significant higher harmonic frequency
content is present. The unsteady performance of the test rig was validated by
comparing the measurements to data from literature. This has been carried
out for a range of IBPAs of σ = −180 : 45 : 180 degrees, at one reduced
frequency.

Further, detailed unsteady data at different chordwise positions are pre-
sented, to discuss how stability is assessed and how the aerodynamic damping
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parameter is computed within the present work.

The amount of detuning is in the same order of magnitude as presented in
a numerical study and reported to affect aeroelastic stability, see Ref. [25].
The aerodynamic mistuning was introduced by blade-to-blade stagger angle
variations and consist of two investigation clusters.

The dataset referred to as cluster I includes five different mistuning con-
figurations, investigating stagger angle variations of γ = ±1 degrees and
γ = ±2 degrees, see table 6.1. Configuration I and II are referred to as
one-blade mis-staggering pattern, whereby the stagger angle of the central
blade was altered by γ = ±2 degrees. A positive stagger angle variation is
defined as nose-up, vice versa for a negative variation. Configurations III and
IV study the affect of an alternating stagger angle variation on stability in
the range of γ = ±2 degrees. For configuration III, a positive stagger angle
variation was imposed to every second blade, and for configuration IV a
negative one. Configuration V is called random mis-staggering. Random
indicates that the pattern features stagger angle variations of γ = ±1 degrees
and γ = ±2 degrees which have been distributed arbitrarily.

Cluster II focuses on the effect of the same stagger angle variation for all blades
in the cascade within one configuration. Configurations VI to X investigate
negative stagger angle variations in the range of γ = −1 : 1 : −5 degrees. For
this configurations, the stagger angle of all blades within the cascade was
changed simultaneously.

For the experimental investigations presented hereinafter, a mean angle of
attack of α0 = 2 degrees is associated with the baseline configuration. All
experiments were carried out with an oscillation amplitude of α̂ = 0.5 degrees.
The parameters were chosen to be consistent with works of Sachs [7] and
Carta [33] that have been used also to validate the unsteady performance of
the test rig.
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Table 6.1: Test matrix (cluster I and II) for a blade in sinusoidal motion with
an oscillation amplitude of α̂ = 0.5 and a reduced frequency of k = 0.244.

blade number
Configuration 1 2 3 4 5 6 7 8 9

C
lu

st
er

I,
∆
γ

,
d
eg

. I - - - - +2 - - - -

II - - - - -2 - - - -

III +2 - +2 - +2 - +2 - +2

IV -2 - -2 - -2 - -2 - -2

V +2 - -1 +1 +2 -2 +1 - +2

C
lu

st
er

II
,

∆
γ

,
d
eg

.

VI -1 -1 -1 -1 -1 -1 -1 -1 -1

VII -2 -2 -2 -2 -2 -2 -2 -2 -2

VIII -3 -3 -3 -3 -3 -3 -3 -3 -3

IX -4 -4 -4 -4 -4 -4 -4 -4 -4

X -5 -5 -5 -5 -5 -5 -5 -5 -5

6.2 Base Flow

The hot wire results, including velocity profiles and turbulence intensity in
the inlet section, are presented hereinafter. The data were acquired with a
biaxial traverse mechanism, for the set-up see again figure 4.1. The measure-
ment consists of 555 points and is displayed in figure 6.1. The investigated
parameters of the hot wire campaign are summarized in table 6.2.

In figure 6.2, velocity profiles in the inlet section are depicted alongside the
z-axis (parallel to the inlet section and perpendicular to the main flow) for five
different Reynolds numbers. In each subfigure, three profiles normalized by
the mean inlet velocity (outside boundary layers) U0, are featured, covering
the pressure tap locations of the measurement blades. The location y = 0 mm
corresponds to blade midspan, whereas y = −50 mm and y = 50 mm are
minimum and maximum span positions of the pressure tap distribution on
the blade surface. All velocity profiles follow similar trends, characterized
by a bump between z = −400 mm and z = 0 mm. The discrepancy from
the mean inlet velocity is decreasing when moving towards positive value of
z. The maximum deviation is detected for the smallest Reynolds number,
namely Re = 140000 , and is 3.3% at y = 50 mm. For the remaining studied
Reynolds numbers, the maximum deviation is below 3%. The minimum value
is obtained for Re = 350000 being slightly below 1.5%. These deviations
are regarded as acceptable and in line with other test rigs. In Ref. [81],
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Hernández et al. state generally that for most applications a flow turbulence
and non-uniformities level of up to 2% is acceptable. It holds true for the
current test facility disregarding the deviations at the bump position. Having
a similar flow regime as the current test rig, the NASA Lewis Research Center
9-by-15 feet low speed wind tunnel features spanwise Mach number variations
in the order of 1% [82].

The observed bump results from the non-uniform outlet velocity profile from
the blower. A conventional blower outlet velocity profile has a S-shape,
featuring maximum velocity e.g. at the top of an outlet duct and a minimum
velocity at the bottom [83]. To increase flow uniformity a long straight duct
can be placed after the blower outlet. For the current test rig, there was not
enough space available to install a long duct. Therefore, meshes were placed
in the diffuser inlet, middle and outlet sections in order to improve the inlet
flow quality.

In figure 6.3, the root mean square (RMS) of the fluctuating velocity u′ is dis-
played at three y locations, which are the same as in figure 6.2. Each subfigure
presents the turbulence intensity for different Reynolds and Mach numbers
in the inlet section. Each measurement point is normalized with the mean
inlet velocity. The mean values of the turbulence profiles are summarized in
table 6.2 for each investigated case. Re = 140000 features the highest level of
turbulence, namely 0.27%. For Re = 200000, Re = 250000 and Re = 350000
the turbulence decreases to 0.22%, 0.21% and 0.18%, respectively. 0.18%
is achieved also for a Re = 300000. In the NASA Lewis wind tunnel the
turbulence level is below 0.4 percent for all components (axial, horizontal
and vertical), see Ref. [82]. Additionally, a comprehensive overview of wind
tunnel flow quality of several facilities is given in Ref. [84], in which the
turbulence level is ranging from 0.007, ..., 4%. Thus, the current wind tunnel
falls within a common span of turbulence intensities.

The flow topology on the central blade was studied by the visualization of
shear stress lines with oil flow. It has been carried out for Reynolds numbers
of Re = 140000 and Re = 200000. The mean angle of attack was set to
α0 = 2 degrees. In figure 6.4 (a), the pressure side for the two investigated
Reynolds numbers is displayed, and in figure 6.4 (b) the suction side. From
the leading edge pressure side to the rear part of the blade, streak lines
form that are almost parallel to each other. At the blade hub and tip the
leakage flow, that restricts the blade area where a 2D flow topology can be
assumed, can be clearly observed. On the suction side, a laminar boundary
layer develops from the leading edge to the aft part of the blade. Before the
trailing edge, a separation bubble is detected. The separation positions are
illustrated with a continuous line, see figure 6.4 (b). It is also observed that
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Figure 6.1: Measurement grid, for hot wire measurements, in the inlet of the
test section.

the corner vortices, at the blade hub and tip, interact with the separation
bubble and prevent it from moving towards the section sidewalls. To trigger
the transition process and minimize the risk of flow separation, a transition
strip was sticked on the blade surface, see figure 6.4 (c). With the strip, the
shear lines are formed almost parallel to the main flow. All experiments were
carried out with transition strips on the suction side of all eleven blades in
the cascade. All strips were placed after the fourth pressure tap to minimize
the influence on the pressure measurements in the leading edge region. The
steady cp distribution with strips on the suction surface, presented in figure
6.5, did not show any sign of a pressure plateau in the distribution which

Table 6.2: Measured turbulence intensity levels at the different Mach and
associated Reynolds numbers.

Mach number Reynolds number TU ,%
0.041 140000 0.27
0.058 200000 0.22
0.073 250000 0.21
0.087 300000 0.18
0.1 350000 0.18
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would be characteristic for a separation bubble, see e.g. Ref. [85]. Further,
the acquired unsteady pressure data show a good agreement with data from
literature for similar test cases, see section 6.3, and therefore the influence of
the strips on the pressure data is considered to be negligible.

To prove the flow periodicity in the test section, the steady pressure coefficient,
cp0, is plotted against the pressure tap locations for the three cascade central
blades for the baseline configuration (α0 = 2 degrees), see figure 6.5. Positive
values of x/c correspond to locations on the pressure side and negatives ones
to the suction side. x/c = 0 refers to the leading edge and x/c = +/− 1 to
the trailing edge. For pressure and suction side, the steady data of the three
blades are found to be in good agreement.

Additionally, Malzacher et al. [86] developed an aeroelastic model to predict
the flutter velocity and critical IBPA based on a typical section model. The
model computed a critical interblade phase angle of σ = 51.42 degrees at a
flutter onset velocity, UF = 1

k
, of 0.91. In comparison, Hennings [5] reported

an averaged constant interblade phase angle of σ = 54 degrees at a flutter
velocity of 1.1 in a free flutter experiment. Also, chordwise pressure distri-
butions, obtained in a traveling wave set-up, are compared with numerical
data computed with the influence coefficient method for a reduced frequency
of k = 0.144, a mean angle of α0 = 2 degrees and an oscillation amplitude
of α̂ = 0.5 degrees. The data has been found in good agreement with the
experiment.
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Figure 6.2: Normalized velocity profiles at three different y-locations for
several Reynolds (Re) numbers in the inlet of the test section.
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Figure 6.3: Turbulence intensity at three different y-locations for several
Reynolds (Re) numbers in the inlet of the test section.
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(b) Suction side. Re = 140000 on the left side and for Re = 200000 on
the right side.
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(c) Suction side. Re = 140000 on the left side and for Re = 200000 on
the right side.

Figure 6.4: Oil flow visualization for different Reynolds numbers at a mean
angle of attack of α0 = 2 degrees.
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Figure 6.5: Steady pressure coefficient chordwise distribution at a mean angle
of α0 = 2 degrees.
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6.3 Unsteady Performance and Stability

Assessment

The unsteady performance of the test rig was checked by comparing the
unsteady measurements to data of Carta [33] and Sachs [7]. They carried out
experiments at a linear oscillating cascade. However, the cascade’s geometrical
parameters vary partially from the current set-up. A comparison of the main
cascade features is given in table 6.3.
The data are presented in terms of real and imaginary parts of the un-
steady pressure difference coefficient and shown in figure 6.6. The Real
and imaginary parts are computed from the measured time-variant pres-
sure and blade displacement signal. The coefficients are plotted against the
normalized chord for each investigated IBPA. Eight IBPAs in the range
of σ = −180 : 45 : 180 degrees, were studied, σ = ±180 degrees being one
measurement. The convention of a positive IBPA is, that blade 9 is ahead
its adjacent neighbour blade 8 and so on. The data of the cascade central
blade are presented at a mean angle of attack of α0 = 2 degrees and a reduced
frequency of k = 0.144 consistently with Carta and Sachs. All unsteady pres-
sure data is referenced to the blade pitching motion. The real and imaginary
part of the pressure response can be interpreted physically as the components
that are in and out of phase relative to the blade motion, respectively. Thus,
when the pressure is leading the blade motion and the phase is then defined
positive - as it is the case for the present work - the imaginary part will be
positive as well, see equation 5.9. The data display a good agreement with
the measurements of Carta and Sachs, especially if taking into account the
slightly different cascade geometry. The data confirm also the findings from
Carta, reporting that the IBPA is one of the driving parameters regarding
aeroelastic stability, see e.g. Ref. [33]. In figure 6.6, this is pinpointed by the
fact, that the chordwise pressure distributions look different for each studied
IBPA, attaining peak values at σ = 180 degrees and a minimum for IBPA
σ = 0 degrees. An explanation is that the passage area of the cascade changes
with IBPA. When the airfoils oscillate at a constant IBPA, the blade walls

Table 6.3: Comparison of cascade parameters.
Carta Sachs TU Berlin

Chord, mm 152.4 150 150
Span, mm 254 200 197
Pitch, mm 114.3 115.5 112.5
Blade count 11 11 11
Side wall stagger angle (at α0 = 0 ), deg. 30 45 45
Airfoil, NACA-65-series X X X
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Figure 6.6: Variation of Real and Imaginary parts of unsteady pressure
difference coefficient for a mean angle of attack of α0 = 2 degrees and an
oscillation amplitude of α̂ = 0.5 degrees at a reduced frequency of k =
0.144 (continued on the next page).

act as diffusers or nozzles, changing the axial pressure gradient relative to
the steady set-up.
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(e) IBPA = 0degrees
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Figure 6.6: Variation of Real and Imaginary parts of unsteady pressure
difference coefficient for a mean angle of attack of α0 = 2 degrees and an
oscillation amplitude of α̂ = 0.5 degrees at a reduced frequency of k =
0.144 (continued from the previous page).
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Figure 6.7: Change in flow passage area for an interblade phase angle of
σ = 180 degrees - only the five central blades of the cascade are illustrated.
Black blades illustrate the baseline configuration, grey ones, the blades
oscillating out of phase.

Thus, the enlargement of the passage area is at maximum when adjacent
blades oscillate out of phase to each others, as it is the case for σ = 180 degrees.
The (unsteady) change of the flow passage is increasing from 0 degrees to
σ = 180 degrees and decreases from σ = 180 degrees to σ = 360 degrees.
In figure 6.7, the change in flow passage is illustrated for an IBPA of
σ = 180 degrees, the black blades illustrated the baseline case and the grey
ones when the blades are oscillate out of phase. The depicted amplitude
is enlarged for a better visibility. The change in passage area is an almost
symmetrical characteristic with regard to σ = 180 degrees if the blade camber
is relatively small. That means the passage area of σ = 45 degrees is similar
to the one of σ = −45 degrees. Consistently, it is also true for the passage
area of σ = 90 degrees and σ = −90 degrees, and for σ = 135 degrees and
σ = −135 degrees, respectively. This behavior can be observed by visiting
figure 6.8, where the real part, <(∆cp), is plotted for all IBPA along the
normalized chord. It increases from σ = 0 degrees to σ = 180 degrees and
decreases towards σ = −135 degrees. For completeness, the imaginary part
is plotted as well. In this figure, the IBPA with a positive =(∆cp) at the
leading edge region can be clearly identified.

The results of the computation of the unsteady pressure difference depend also
on the phasing of the pressure signal between the pressure and the suction
side, reaching maximum values, when it is out of phase. Complementary
to figure 6.6, data for values of cp for σ = 0 degrees, σ = 90 degrees and
σ = 180 degrees are discussed, and presented in figure 6.9. The figure displays
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Figure 6.8: Variation of Real and Imaginary parts of unsteady pressure
difference coefficient for a mean angle of attack of α0 = 2 degrees and an
oscillation amplitude of α̂ = 0.5 degrees at a reduced frequency of k = 0.144 .

the unsteady phase averaged surface blade pressure on the suction and pres-
sure side, as well as their difference plotted against one blade oscillation cycle.
The first two pressure tap locations, namely, x/c = 0.0157 and x/c = 0.04,
and two at the blade aft part are presented. For each presented tap location,
the amplitude of cp is larger for σ = 180 degrees than for σ = 90 degrees and
σ = 0 degrees that is in line with the data presented in figure 6.6. Due to the
highest blade curvature at the leading edge, the unsteady pressure attains
maximum values in this region. The phase of the pressure signal between
the suction and pressure side is governed by the IBPA. For σ = 0 degrees,
the phase angle decreases when moving aft the chord. It is inferred that the
phase between pressure side and suction side is larger for the other two cases
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due to the higher spatial frequency of the periodic flow pattern across the
cascade blades.
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Figure 6.9: Ensemble phase averaged unsteady pressure coefficient on pressure
and suction side, cp, and its difference, ∆cp, for different chordwise position;
at a mean angle of attack of α0 = 2 degrees, an oscillation amplitude of
α̂ = 0.5 degrees and an IBPA of σ = 0 degrees at a reduced frequency of
k = 0.144 (continued on the next page).
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Figure 6.9: Ensemble phase averaged unsteady pressure coefficient on pressure
and suction side, cp, and its difference, ∆cp, for different chordwise positions;
at a mean angle of attack of α0 = 2 degrees, an oscillation amplitude of
α̂ = 0.5 degrees and an IBPA of σ = 90 degrees at a reduced frequency of
k = 0.144 (continued from the previous page).
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Figure 6.9: Ensemble phase averaged unsteady pressure coefficient on pressure
and suction side, cp, and its difference, ∆cp, for different chordwise positions;
at a mean angle of attack of α0 = 2 degrees and an oscillation amplitude of
α̂ = 0.5 degrees and an IBPA of σ = 180 degrees at a reduced frequency of
k = 0.144 (continued from the previous page).
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Only one reduced frequency was investigated because the unsteady aero-
dynamic response is expected to experience very small changes when k is
changing. Experimental studies [7], in a linear oscillating compressor cascade,
reported that increasing the reduced frequencies of blades oscillating in pitch
of up to k = 0.539 with the same profile cross section, angle of attack and
oscillation amplitude, affects minimally the unsteady response.

For the current configurations, the pressure differences are much greater
at the leading edge region than elsewhere on the blade and the variation of
local phasing is more intense. This suggests a simplistic stability analysis
based on the measurement data of the aerodynamic response at the blade
front part. It is worth recalling that, when the pressure is in lead with respect
to the blade motion, the imaginary part is positive. For IBPA σ = 45 , σ = 90
and σ = 135 degrees the imaginary part of the unsteady pressure difference
coefficient at the leading edge is greater than zero, as opposed to the remain-
ing IBPAs, see again figure 6.6. Therefore, the cascade is presumably unstable.

However, in general, the only adequate measure to judge cascade stabil-
ity is by computing integral stability parameters, such as the aerodynamic
damping. The aerodynamic damping for the investigated IBPA is presented
in figure 6.10 and displayed against the IBPA. The depicted data for IBPA
σ = ±180 degrees correspond to one measurement. The aerodynamic damp-
ing is obtained by computing the imaginary part of the unsteady moment
coefficient at the blade mid-chord according to equation 5.15. The sign of the
aerodynamic damping is ruled by the phase angle between the first harmonic
of the unsteady moment coefficient and the blade displacement, depicted
in figure 6.11. If the phase is positive the aerodynamic damping parameter
is negative, thus the cascade is unstable. For IBPA σ = 45 , σ = 90 and
σ = 135 degrees, the phase between unsteady moment coefficient and blade
displacement is positive indicating instability. The remaining investigated
IBPA are stable.

The unsteady moment coefficient, Cm(c/2), is plotted exemplary for one blade
oscillation cycle at IBPA σ = 0 degrees, σ = 90 degrees and σ = 180 degrees
in figure 6.12. The magnitude of the moment coefficient follows approximately
a parabolic shape, when plotted from σ = 0 degrees to σ = 360 degrees. The
amplitude is maximum for σ = 180 degrees and minimum for σ = 0 degrees.
This is consistent with the amplitudes of the unsteady pressure difference
coefficient for σ = 0 degrees, σ = 90 degrees and σ = 180 degrees, see again
figure 6.9.

The stability assessment, applying the aerodynamic damping, is consistent
with the results obtained in terms of real and imaginary part of ∆cp. Further,
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all damping curves resemble an S-Shape, which is typical for an aerodynamic
damping curve in turbomachines. The trend of the S-Curves is in agreement
with the results of the experimental investigation presented by Carta [33]
and in line with engine experience [39, 62].
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Figure 6.10: Aerodynamic damping at a mean angle of attack of α0 = 2 degrees
and an oscillation amplitude of α̂ = 0.5 degrees at a reduced frequency of
k = 0.144 .
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Figure 6.11: Phase angle between unsteady moment coefficient, Cm1(c/2),
and blade displacement at a mean angle of attack of α0 = 2 degrees and an
oscillation amplitude of α̂ = 0.5 degrees at a reduced frequency of k = 0.144 .
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Figure 6.12: Unsteady moment coefficient, Cm(c/2), computed from ensemble
phase averaged pressure data, at a mean angle of attack of α0 = 2 degrees for
different IBPAs and an oscillation amplitude of α̂ = 0.5 degrees at a reduced
frequency of k = 0.144 .
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6.4 Aerodynamic Mistuning

For cluster I and II, see table 6.1, all experimental investigations were carried
out at a reduced frequency of k = 0.244 with a blade oscillation frequency
of f = 9 Hz. The reduced frequency has been chosen to be realistic for
real engine configurations, see again 2.1.3. The experimental data presented
hereinafter were acquired at the cascade central blade, namely blade 5. First,
the steady-state results are discussed. Then, the analyses of the phase aver-
aged data of the time-variant blade surface pressure and strain gauges are
presented. Finally, the stability is assessed by computing the aerodynamic
damping.

6.4.1 Cluster I - Aerodynamic Response and Stability
Assessment (one, alternating, random pattern)

Steady-state aerodynamics The steady data are presented in form of
the steady pressure coefficient, depicted in figure 6.13. The steady pressure
coefficient, cp0, is plotted along the normalized chord for the investigated
cases and the baseline configuration. Figure 6.13 (a) shows the pressure coeffi-
cients for the mistuned cases, i.e. those which the stagger angle of the cascade
central blade was varied, see figure 6.13 (b) for the patterns. Figure 6.13 (c)
shows the pressure coefficients for the cases with an alternating pattern, a
corresponding scheme is displayed in figure 6.13 (d). For the random case,
the distribution of the steady pressure coefficient and its matching pattern
are depicted in 6.13 (e) and (f), respectively.

Configurations I, III and V feature an increase in stagger angle of ∆γ =
+2 degrees, and a decrease of ∆γ = −2 degrees for configuration II and IV.
For the latter cases, starting from the leading edge region on the suction
side, cp0 decreases up to the minimum-pressure chordwise station and rises
in the meantime on the pressure side. Compared to the configurations with
positive stagger angle variation, pressure and suction side are swapped. Those
configurations attain minimum values on the suction side in the blade front
part and maximum values on the pressure side. For the configurations II and
IV, the trend is the opposite. The effect of negative and positive incidence is
clearly noticeable. Thus, the blade loading for configurations I, III and V is
higher compared to the baseline case and lower for the configurations II and
IV.
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(b) One-blade mis-staggering pattern - configuration I
(dark grey) and configuration II (light grey).

65



Experimental Investigation

−1 −0.5 0 0.5 1

−1

−0.5

0

0.5

Suction side Pressure side

LETE TE

x/c,−

cp
0
,−

Config. III

Config. IV

Baseline

(c) Steady pressure coefficient chordwise distribution.

Air flow

(d) Alternating mis-staggering pattern - configuration
III (dark grey) and configuration IV (light grey).

66



Experimental Investigation

−1 −0.5 0 0.5 1

−1

−0.5

0

0.5

Suction side Pressure side

LETE TE

x/c,−

cp
0
,−

Config. V

Baseline

(e) Steady pressure coefficient chordwise distribution.

Air flow

(f) Random mis-staggering pattern - configuration V.

Figure 6.13: Cluster I - steady pressure coefficient chordwise distribution on
the cascade central blade for baseline and mistuned configurations.
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Unsteady aerodynamics The experimental data are presented as real
and imaginary parts of the unsteady pressure difference coefficient. In the
left column of figure 6.14, the real parts are plotted against the x-coordinate
normalized by the blade chord for all investigated IBPAs, and in the right
one, the imaginary parts are displayed. The data are computed by phase
referencing the pressure data to the sinusoidal pitching motion of the blade.
As discussed in section 6.3, the passage area is changed by the IBPA, re-
sulting in an increase or decrease of the axial pressure gradient in the flow
passage compared to the steady set-up, affecting the unsteady blade pressure
distribution. For the mistuned cases, the flow passage is further altered.
However, the configurations with a positive stagger angle variations, namely
config. I, III, V, develop a similar trend at the blade leading and trailing edge
region compared to the baseline case with respect to the real and imaginary
part of ∆cp. Thus, the one-blade (config. I), the alternating blade-to-blade
(config. III) and the random (config. V) mis-staggering patterns feature
similar unsteady aerodynamic responses.

For the configurations II and IV that are subjected to a negative change in
stagger angle, an increase in the real part, <(∆cp), at the first pressure tap
position and a drop at the second pressure tap are observed, whereas for the
remaining ones the trend is similar to the baseline case. In figure 6.15, the
results of the analysis of the time-variant pressure with the Fourier transform
technique are presented; the normalized magnitude of cp is plotted versus
the frequency for the two pressure taps closest to the leading edge, namely
x/c = 0.0157 and x/c = 0.04. The left column of figure 6.15 contains the
results for the pressure side and the right column is related to the suction
side. For the suction side, the pressure signals of the baseline and for the
mistuned cases show a distinguished peak at the blade oscillation frequency,
being f = 9 Hz, for both pressure tap locations. On the pressure side, for
configuration II and IV, the maximum normalized magnitude is observed
at the second-harmonic frequency, being twice the blade pitching frequency,
namely about f = 18 Hz. Apart from these incidences no higher frequency
content was revealed, the results of the analysis of the pressure signal at the
remaining taps are displayed in the appendix A - Frequency plot in figure
A.1. Vortical structures or separation bubbles are not unusual to occur at
the leading edge of oscillating airfoils in pitching motion and could be the
cause of the 18 Hz peak observed in the configurations II and IV. In Ref. [87],
the pitching of an airfoil was studied experimentally and it was reported
that the pressure distribution was altered considerable in time due to an
growing vortex at the leading edge. In the aforementioned references, this
observation was related to the dynamic stall behaviour, present for large
pitching amplitudes. Experiments conducted at an oscillating compressor
cascade, see Ref. [61], reported a small region of separated flow on the suction
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side in the leading edge region. The Mach number in Ref. [61] is comparable
to the one applied in the present thesis. However a pitching amplitude of
2 degrees and an incidence of 2.5 degrees at a stagger angle of 2.5 degrees were
used. The separation occurred not for all IBPAs and was periodically in its
nature of appearance. To exclude the possibility of the occurrence of a vortex
shedding phenomena, a shedding frequency associated with the Von Kármán
Strouhal number was calculated -- often causing oscillations at twice the
motion frequency due to the alternate shedding of counter-rotating vortical
structures, see Ref. [88]. Based on the experimental study of Huang et al.
[89], in which the Strouhal number was studied in the dependence of the
Reynolds number and angle of attack, the Strouhal number is estimated to
be 0.25, using as characteristic length the crossflow projection of the airfoil.
For the computation of the shedding frequency the free flow velocity was
taken into account, yielding in a frequency of 972.2 Hz. The computed fre-
quency diverges significantly from the frequencies observed at the second
pressure tap for configurations II and IV in figure 6.15. There might be
additional flow phenomena such as a local separation at the leading edge due
to i) the low turbulence level in the test rig ; ii) the influence of the IBPA
on the blade surface pressure; iii) the stagger angle alteration. To draw a
complete picture of this phenomenon, additional measurement techniques
such as particle image velocimetry and hot wire anemometer would be needed.
These investigations target the study of higher order flow modes and are
not among the objectives of this work and considered as an outlook of the
present investigations. Further, the influence of high order flow modes on the
computation of the aerodynamic damping is negligible in the current context,
see equation 2.8.
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Figure 6.14: Variation of real and imaginary parts of unsteady pressure
difference coefficient for an oscillation amplitude of α̂ = 0.5 degrees at a
reduced frequency of k = 0.244 (continued on the next page).
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Figure 6.14: Variation of real and imaginary parts of unsteady pressure
difference coefficient for an oscillation amplitude of α̂ = 0.5 degrees at a
reduced frequency of k = 0.244 (continued from the previous page).
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Figure 6.14: Variation of real and imaginary parts of unsteady pressure
difference coefficient for an oscillation amplitude of α̂ = 0.5 degrees at a
reduced frequency of k = 0.244 (continued from the previous page).
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(e) Pressure side, configuration IV.
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(f) Suction side, configuration IV.

Figure 6.15: Normalized Fourier transform magnitudes of surface-pressure at
IBPA = 135 degrees at a reduced frequency of k = 0.244 .
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Stability assessment

Baseline configuration The sign of the imaginary part of ∆cp, indicates
region of instability, as explained in section 6.3. For the baseline configura-
tion, the imaginary part at the leading edge region is positive for two IBPAs,
namely σ = 45 degrees and σ = 90 degrees, thus the pressure response is in
lead with respect to the blade motion, destabilizing locally the blade front area.
Therefore, the cascade is presumably unstable for these two IBPAs, see again
figure 6.14. The mistuned cases with a positive stagger angle variation at the
cascade central blade or for various blades, namely configurations I, III and V,
have a similar trend with respect to the sign of the imaginary part compared
to the baseline configuration. On the contrary the configurations featuring
a negative stagger angle variation at the cascade central blade or at every
second one -- configurations II and IV -- follow the same trend as the baseline
case with respect to the sign of =(∆cp), beside for the σ = 135 degrees. Thus
an unstable cascade is expected for the aforementioned IBPA. However, to
judge cascade stability, the only appropriate measure is to compute integral
values such as the aerodynamic damping.

In figure 6.16, the aerodynamic damping is plotted versus the investigated
range of IBPAs for all cases of the experimental study of cluster I. The
aerodynamic damping is calculated based on equation 5.15. For the baseline
case, only IBPA σ = 45 degrees and σ = 90 degrees indicate an unstable
system. σ = 45 degrees attains the minimum damping. The aerodynamic
damping appears, when plotted against the IBPA, in a S-Shape, that is in
agreement with the conclusion drawn in Ref. [33].

One-blade mis-staggering For the one-blade positive stagger angle vari-
ation i.e. configuration I, the characteristic of the shape of the damping curve
is maintained in the sense that the cascade is stable for the same investigated
IBPAs compared to the baseline case. The curve is moved slightly upwards
and the cascade is therefore more stable compared to the baseline case, apart
from σ = 0 degrees. For IBPA σ = 45 degrees and σ = 90 degrees, the
aerodynamic damping increases by 17% and 46%, respectively. An opposite
trend is noticed for the configuration II which experiences negative stagger
angle variations - the damping curve is moved downwards compared to the
baseline case and as a result the IBPA σ = 135 degrees becomes unstable.
The observations are in accordance with the previous discussion of the as-
sessment of stability based on the distribution of ∆cp, see figure 6.14; for
example, the imaginary part of ∆cp is positive in the leading edge region
for σ = 45 degrees and σ = 90 degrees, indicating an unstable system as
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confirmed by the negative damping displayed in figure 6.16.

Alternating mis-staggering The alternating mis-staggering patterns -
configurations III and IV - show an analogous damping behaviour as the
single-blade pattern in terms of the direction of the stagger angle alteration.
That is, for configurations I and III, featuring a positive change of stagger angle,
the same IBPAs are unstable. For configuration III, the aerodynamic damping
increases by 28 % and 58 % for IBPA σ = 45 degrees and σ = 90 degrees,
respectively. The same holds true for configuration IV, following the trend of
the damping curve of configuration II.

Random mis-staggering For the random mistuning pattern, only a weak
influence on the cascade stability can be reported. For positive IBPAs no
significant shift is noticed compared to the baseline case. However, for nega-
tive IBPAs, the system becomes slightly more stable, with an upward shift of
the curve. By revisiting figure 6.14, it can also be noted that the chordwise
pressure distribution does not change significantly, as expected, in comparison
to the baseline configuration.
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Figure 6.16: Aerodynamic damping for an oscillation amplitude of α̂ =
0.5 degrees at a reduced frequency of k = 0.244 .
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Complementary to figure 6.16, the phase between the unsteady moment
coefficient and the blade displacement is displayed in figure 6.17. The phase
is illustrated as absolute values, as the sign of the phase is decisive. The max-
imum relative change of the phase with respect to the baseline for negative
IBPA is noticeable for IBPA σ = −180 degrees. Specifically for configurations
II and IV the percent differences with respect to the baseline are 33% and
44%, respectively, highlighting a huge effect of the mis-staggering on the
cascade aeroelastic stability. For the remaining negative IBPA angles, the
variation is below 13%.
The phase becomes more positive for the configurations with negative stagger
angle variations (configuration II and IV) compared to the baseline case for
positive interblade phase angles. A large value is attained also for an IBPA
σ = 135 degrees for case IV with a relative change of 433%. That makes
the system more unstable and is consistent with the computed damping
curve, see again figure 6.16, in which the lowest values are obtained for the
configurations II and IV.

The relative change in amplitude in percent of the unsteady moment co-
efficient with respect to the baseline configuration is depicted in figure 6.18.
The amplitude of the moment coefficient experiences a maximum change of
16% at an IBPA σ = −90 degrees for configuration I. A peak value is also
reached for configuration IV with a relative difference of −15%. The drop
of amplitude of the configurations II and IV, compared to the other cases,
results from the decrease in unsteady pressure difference coefficient at the
second pressure tap, see figure 6.14.
The changes in phase, for configurations II and IV, are many times larger than
compared to the change in amplitude of the unsteady moment coefficient,
especially for positive interblade phase angle, influencing stability remarkably.
The two cases thus represent the critical configuration for the design.
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Figure 6.17: Phase angle between unsteady moment coefficient, Cm1(c/2),
and blade displacement for an oscillation amplitude of α̂ = 0.5 degrees at a
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6.4.2 Cluster II - Aerodynamic Response and Stability
Assessment (homogeneous pattern)

Steady-state aerodynamics Steady pressure coefficient distributions are
shown in figure 6.19 for the experimental part of the study in which the stagger
angles of all blades in the cascade were altered within one configuration. The
steady pressure coefficient is plotted along the normalized chord for pressure
and suction side for the five investigated cases and the baseline configuration.
For all cases, the pressure coefficient increases gradually along the pressure
side and reaches the smallest cp0 at the first pressure tap location. On the
suction side, the pressure reaches a maximum at the leading edge region.
Then, it decreases towards a minimum at ∼ 0.75c. For the baseline case, after
the first pressure tap on the pressure side, the pressure coefficient experiences
first an increase and then a decrease. On the suction side, for configurations
VII to X, the pressure is above the static pressure in the inlet and then
decreasing along the rear part of the blade. For the remaining cases, the
pressure is below the static pressure in the inflow at the leading edge region
and increases along the chord on the suction side. To summarize, the blade
loading is in general decreasing from configuration VI to X.
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Figure 6.19: Steady pressure coefficient chordwise distribution on the cascade
central blade for baseline and mistuned configurations.

Unsteady aerodynamics As in the experimental cluster I, the final un-
steady pressure data are depicted in terms of real and imaginary parts of the
pressure difference coefficient ∆cp. The unsteady pressure data is referenced
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to the blade pitching motion. In figure 6.20, the real and imaginary parts of
the unsteady pressure are plotted against the normalized chord, for each of
the investigated IBPAs. In the front region, the magnitudes of the real and
imaginary part of ∆cp exhibit peak values before decaying towards the rear
part of the blade. This is due to the fact that the airfoil has a higher curvature
in the leading edge region than in the blade aft part. As a consequence, the
accelerations and decelerations on the two blade sides are higher in magni-
tude on the fore part of the blade. For the investigated cases the pressure
gradient increases from configuration V to X , see again figure 6.19. This
flow behaviour leads to high pressure differences in the leading edge regions,
observable in the subfigures of figure 6.20, where real and imaginary parts
attain maximum values. In these figures, the influence of the variation of the
stagger angle alteration is clearly noticeable. This effect can be observed by
looking at the very left sides of the plots in figure 6.20. The maximum values
for stagger angle variation of ∆γ < −2 are obtained at the second point from
the left. Further, it is noteworthy to recall, that when computing ∆cp from
two unsteady signals of two opposite facing pressure taps on pressure and
suction side, the value is maximal when the two pressure signals are out of
phase and decreases when the phase angle between the two signals is reduced,
see again figure 6.9.

In figure 6.20 the major influence of the IBPA on the chordwise pressure
distribution is visible as well. Due to the traveling wave, each blade experi-
ences a continuous change in incidence and couples aerodynamically with the
blades in the cascade altering the chordwise unsteady pressure distribution
significantly for each individual IBPA. As pointed out previously, the pas-
sage area changes with the IBPA. When the airfoils oscillate at a constant
IBPA, the blade walls act as diffuser or nozzle, changing the axial pressure
gradient relative to the steady set-up. Thus, the pressure and suction side
of the airfoils experience different passage cross sections. The enlargement
of the passage area reaches a maximum when neighbouring blades oscillate
out of phase and a minimum for σ = 0 degrees. Hence, the magnitudes of
the real and imaginary part of the pressure response are increasing from
σ = 0 degrees to σ = 180 degrees and then decreasing from σ = −135 degrees
to σ = −45 degrees for all investigated configurations. Differently from the
real part, the imaginary part of ∆cp changes in sign according to the IBPA.
In particular, for σ = 45 degrees and σ = 90 degrees, the imaginary part of
∆cp becomes positive for the investigated cases.
On the other hand, the imaginary part of ∆cp remains negative in the same
blade area, for all the other cases. This change in sign of the imaginary parts
is due to the fact that the pressure response phase switches sign from negative
to positive. The sudden phase change at the blade front part suggests that
this results from a combination of several effects. Large pressure gradients
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occur at the leading edge area due to the airfoil curvature, intensified with
increasing or decreasing stagger angle variation. Together with the pressure
wave traveling across the cascade, considerable changes in the local phasing
take place. This has also been noted by Keerthi et al. [61], who had a fixed
stagger angle in their experimental studies with pitching airfoils in a cascade.
They stated that ”when the pressure gradient is large, a small displacement
of the bulk fluid can result in a large variation of local phasing”. In addition,
the flow experiences inertia and damping effects because of the blade motion,
affecting the pressure response phase along the chord [90]. This behaviour
has been studied in the context of pitching airfoils configurations, where
these unsteady phenomena have been reported to be dominant as well at
the leading and trailing edge area, see e.g. Motta et al. [91]. Thus, the
phase variations at the leading edge are an interplay of : i) steady mean high
pressure gradients; ii) pressure wave at the blade frequency traveling across
the cascade; iii) unsteady aerodynamics phenomena at the blade frequency,
as a result of the imposed sinusoidal motion.

Also, compared to the experimental study of cluster I, a Fourier transform
analysis was conducted, to investigate if any significant higher harmonics are
present. The results of the first two pressure taps of case VII are shown in
figure 6.21 and the remaining ones in figure A.2. The first harmonic of the
pressure signal is the blade frequency. A distinct peak at the second pressure
tap from the leading edge at f = 18 Hz is observed which is similar to the data
of configurations II and IV featuring the same stagger angle modifications.
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Figure 6.20: Variation of real and imaginary parts of unsteady pressure
difference coefficient for an oscillation amplitude of α̂ = 0.5 degrees at a
reduced frequency of k = 0.244 (continued on the next page).
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Figure 6.20: Variation of real and imaginary parts of unsteady pressure
difference coefficient for an oscillation amplitude of α̂ = 0.5 degrees at a
reduced frequency of k = 0.244 (continued from the previous page).
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Figure 6.20: Variation of real and imaginary parts of unsteady pressure
difference coefficient for an oscillation amplitude of α̂ = 0.5 degrees at a
reduced frequency of k = 0.244 (continued from the previous page).
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Figure 6.21: Normalized Fourier transform magnitudes of surface-pressure at
IBPA = 135 degrees for different pressure tap locations.
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Stability assessment

The aerodynamic damping of the five investigated cases is presented in figure
6.22 and displayed against the IBPA. The depicted data for σ = ±180 degrees
correspond to one measurement. The aerodynamic damping is computed
based on equation 5.15. A simplistic analysis, based on the leading edge ∆cp
as explained in section 6.3, can also be applied here. That suggests that the
cascade is unstable for σ = 45 degrees and σ = 90 degrees featuring positive
imaginary parts of ∆cp at the blade front part for the presented cases, as
noticed in the damping curve in figure 6.22. For the test cases with a stagger
angle variation of ∆γ = −2 degrees, the system becomes unstable for positive
IBPAs, here σ = 45, 90 degrees and 135 degrees, whereas the remaining IBPAs
are stable. The lowest damping is observed for σ = 45 degrees. The greatest
changes are notable for the experiments with a stagger angle variation of
∆γ = −4 degrees and ∆γ = −5 degrees. By thinking at the damping curves
as sinusoidal signals, it can be asserted that those at ∆γ = −4 degrees and
∆γ = −5 degrees show higher magnitudes and mean values are shifted up-
wards, compared to the remaining cases. The peak values result from the
magnitudes of the unsteady moment coefficient, that are much bigger for the
test case with alteration of ∆γ = −4 degrees and ∆γ = −5 degrees than for
the other test cases. This finding is consistent with the results obtained in
terms of real and imaginary part of ∆cp.

In addition to the damping curve in figure 6.22, the phase angle between
unsteady moment coefficient and blade displacement is illustrated in figure
6.23, and the relative change in amplitude of the unsteady moment coefficient
compared to the baseline case in figure 6.24. For negative interblade phase
angles, configuration X experiences the largest relative change in phase, i.e.
−17% for IBPA σ = −90 degrees. For the remaining negative interblade
phase angles and cases, the differences relative to the baseline configuration
are smaller. For positive interblade phase angles, significant changes for
configurations X are clearly visible. Namely, due to the increase in phase, the
system becomes more unstable.

Smaller changes in amplitude of the unsteady moment coefficient are visible
for configurations VI to VIII, compared to IX and X, with relative variations
of up to 15%, see again figure 6.24. Most of the changes in amplitude of the
unsteady moment coefficient are observed for the cases featuring the highest
stagger angle variations, namely case IX and X. For these cases, the relative
change is between 24% to 35% for case IX, and 70% to 83% for case X. By
revisiting the damping curve in figure 6.22, the lowest damping occurs at
IBPA σ = 45 degrees for case X, the phase changes relatively by 88% and the
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amplitude of the unsteady moment coefficient by 83%. In comparison, for
IBPA σ = −45 degrees, the phasing changes by −11% and the amplitude of
Cm(c/2) by 70%. In general, the change in phase is smaller than in amplitude
for the presented cases for negative interblade phase angle and they stay
stable compared to the baseline case.
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Figure 6.22: Aerodynamic damping for an oscillation amplitude of α̂ =
0.5 degrees at a reduced frequency of k = 0.244 .
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6.4.3 Comparison of one-blade, alternating, random
and homogeneous pattern

This section aims to provide a comprehensive comparison between the studied
mistuning patterns that were used in cluster I and II. This is shown exemplary
for the configurations featuring a negative change in stagger angle variation
of ∆γ = −2 degrees. In figure 6.25, the real and imaginary parts are plotted
versus the normalized x-coordinate for configuration II, IV and VII; recalling
that configuration I is associated with the one-blade and configuration IV
with the alternating mis-staggering pattern whereas for configuration VII a
stagger angle variation for all blades in the cascade was introduced.

IBPA σ = ±180 degrees and σ = 0 degrees were chosen as they are associated
with the minimum and maximum changes in unsteady pressure magnitudes
compared to the remaining IBPA. IBPAs σ = 45, 90 and 0 degrees are fea-
tured as they are unstable. From the plots, it is noticeable that the unsteady
aerodynamic response of the different cases exhibits a good agreement, in-
dicating same stability characteristics. This is confirmed by revisiting the
damping curve in figure 6.16 and 6.22, respectively. It can be reported that
independently from the applied pattern, the unsteady pressure distributions
of ∆cp are very similar in terms of magnitude and phase for the three cases
within same IBPAs. Apart from the major influence of the IBPA as illustrated
and discussed in the previous section, the aerodynamic response at the leading
edge is influenced additionally by the change of the axial pressure gradient
introduced by the manipulation of the steady flow field through the stagger
angle alteration.
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of α̂ = 0.5 degrees at a reduced frequency of k = 0.244 for different mistuning
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Chapter 7

Summary and Conclusion

This thesis investigated experimentally the influence of aerodynamic mistun-
ing on flutter stability in a linear oscillating compressor cascade. It was aiming
to contribute to an improved understanding of the cascade aerodynamics in
the case of aerodynamic mistuning.

A test facility was set up and commissioned at Technische Universität Berlin
in order to carry out the presented experiments. It consists of a wind tunnel
and a measurement section incorporating a linear oscillating compressor cas-
cade. The cascade is composed of eleven blades, nine of which are elastically
suspended. The suspension is connected to a drive system, allowing the blades
to oscillate sinusoidally in plunge or pitch. The facility is equipped with
steady and unsteady measurement devices to monitor wind tunnel parameters
and to acquire the aerodynamic response.

The experimental study is structured in three parts. First, the base flow
has been investigated to provide a background to the work. The inlet flow
was measured by using a hot wire anemometer for four different Mach and
Reynolds numbers. The turbulence intensity was found to be low for the
presented profiles, reaching a maximum value of 0.27% for the nethermost
Mach number. Inlet velocity profiles were assessed for the same flow regimes.
The profiles are fairly homogeneous but show a small bump which is asso-
ciated with the velocity outlet profile of the radial blower. Steady pressure
coefficients for the three central cascade blades were presented and shown to
exhibit a good agreement. Second, the unsteady performance of the oscillating
cascade was validated with data from literature. The parameters that were
applied for the validation, such as reduced frequency, oscillation frequency
and amplitude were chosen to be consistent with literature. A very good
agreement with the experimental data was achieved, in the sense that all
stable and unstable IBPA are in accordance with the reference. The third
part of the experimental investigation deals with the analysis of the aerody-

91



Summary and Conclusion

namic response due to the aerodynamically mistuned oscillating cascade. The
aerodynamic mistuning is realized by blade-to-blade stagger angle variations
and consists of two clusters. In cluster I, the stagger angle of individual
blades is altered and in cluster II, all blades in the cascade feature a stagger
angle variation. Interblade phase angles ranging from σ = −180 degrees to
σ = +180 degrees, with incremental steps of 45 degrees were studied for all
configurations. The measurements were carried out at one reduced frequency
and at a constant oscillation amplitude.

Cluster I features configurations in which the stagger angle of the cascade
central blade is increased or decreased by ∆γ = ±2 degrees; additionally,
the same stagger angle is applied with an alternating pattern (i.e. every
second blade) to the whole cascade. Also, a random pattern that applies
alteration in the range of ∆γ = ±2 degrees and ∆γ = ±1 degree has been
studied. From the computation of the aerodynamic damping, it can be no-
ticed that the cascade is stable for the baseline case and the configurations
with a positive stagger angle variation for all IBPAs, beside σ = 45 degrees
and σ = 90 degrees. For the configuration with negative mis-staggering,
IBPA σ = 135 degrees shifts from positive to negative damping, indicating
an unstable system. This results from a phase shift from negative to positive
of the pressure signal in the leading edge region, reflected by the positive
imaginary part of the unsteady pressure different coefficient.

The characteristic of the damping curve for the random mistuning pattern
does not change considerably compared to the baseline cases. Indeed, neither
the phase, nor the magnitude of the unsteady pressure difference coefficient
are altered remarkably.

In cluster II, all blades were mis-staggered to study if stability changes
as for the cases in cluster I, in which individual blades were mistuned. Espe-
cially, negative stagger variations in cluster I, are found to be an interesting
study case, since stability was changed. The stagger angle was varied from
∆γ = −1 degree to ∆γ = −5 degrees. The effect of the mistuning on the
aerodynamics on the oscillating compressor cascade is that one single IBPA,
namely σ = 135 degrees, the aerodynamic damping becomes negative for the
cases VII and X compared to the baseline case. For the cases IX and X,
featuring the most changes in stagger angle, the movement of the stagnation
point affects significantly the unsteady blade pressure distribution at the
blade front region. The unsteady moment coefficients increase significantly
and differ among the investigated IBPAs by 11% for case IX and 13% for
case X. Whereas, the changes in phasing are significantly higher for positive
IBPAs. Indeed for case X, one IBPA shifts to negative damping compared to
the baseline case.
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For the tested configurations in cluster I and II, following conclusions can be
drawn:

� the most unsteady pressure activity develops at the blade front region
and a simplified stability assessment is possible by considering the sign
of the imaginary part of the unsteady pressure coefficient in this region;

� the interblade phase angle affects significantly the unsteady blade
pressure distribution and is not overruled by the manipulation of the
steady flow field due the stagger angle variations;

� aerodynamic mistuning has a stabilizing or destabilizing influence on
the cascade’s aeroelastic stability, depending highly on the mistuning
characteristic;

� for positive stagger angle variations, the damping curve is maintained
in the sense that all unstable IBPA angles remain unstable;

� for small negative stagger angle changes (configuration II and IV),
decreasing the area of the flow passage between the measurement blade
(pressure side) and its neighboring blade, the system becomes more
unstable;

� for large negative stagger angle variations, ∆γ = −4, 5 degrees, the
aerodynamic damping characteristic is only marginally affected in terms
of stable or unstable IBPAs. However, the amplitude of the S-shaped
damping curve rises, being a compound effect of a change in phase and
unsteady moment coefficient.

Based on the current results, especially negative stagger angle variations can
influence aeroelastic stability. In off-design operations, in which unwanted
negative incidence might occur, not only aerodynamic efficiency is decreased.
Aeroelastic stability will be degraded as well and has to be evaluated carefully.
For IBPAs with very low positive aerodynamic damping, a safety margin
depending on, e.g. manufacturer and assembly tolerances, altering the flow
passage, should be applied. Future investigations should include mistuning
in combinations with different reduced frequencies, blade geometries and
oscillation amplitudes.
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Ĉm1(c/2),rel, for an oscillation amplitude of α̂ = 0.5 degrees at a
reduced frequency of k = 0.244 . . . . . . . . . . . . . . . . . . 77

106



Bibliography

6.19 Steady pressure coefficient chordwise distribution on the cas-
cade central blade for baseline and mistuned configurations. . 78

6.20 Variation of real and imaginary parts of unsteady pressure dif-
ference coefficient for an oscillation amplitude of α̂ = 0.5 degrees
at a reduced frequency of k = 0.244 (continued on the next
page). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 81

6.20 Variation of real and imaginary parts of unsteady pressure dif-
ference coefficient for an oscillation amplitude of α̂ = 0.5 degrees
at a reduced frequency of k = 0.244 (continued from the previ-
ous page). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 82

6.20 Variation of real and imaginary parts of unsteady pressure dif-
ference coefficient for an oscillation amplitude of α̂ = 0.5 degrees
at a reduced frequency of k = 0.244 (continued from the previ-
ous page). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 83

6.21 Normalized Fourier transform magnitudes of surface-pressure
at IBPA = 135 degrees for different pressure tap locations. . . 84

6.22 Aerodynamic damping for an oscillation amplitude of α̂ =
0.5 degrees at a reduced frequency of k = 0.244 . . . . . . . . . 86

6.23 Phase angle between blade motion and unsteady moment coef-
ficient, Cm1(c/2), for an oscillation amplitude of α̂ = 0.5 degrees
at a reduced frequency of k = 0.244 . . . . . . . . . . . . . . . 87

6.24 Relative change in amplitude of unsteady moment coefficient,
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Figure A.1: Experimental investigation part I - Normalized Fourier transform
magnitudes of surface-pressure at IBPA = 135 degrees for different pressure
tap locations (continued on the next page).
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Figure A.1: Experimental investigation part I - Normalized Fourier transform
magnitudes of surface-pressure at IBPA = 135 degrees for different pressure
tap locations (continued from the previous page).
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(p) Suction side, x/c = 0.9.

Figure A.1: Experimental investigation part I - Normalized Fourier transform
magnitudes of surface-pressure at IBPA = 135 degrees for different pressure
tap locations (continued from the previous page).
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Frequency plots

0 10 20 30
0

0.2

0.4

0.6

0.8

1

Frequency,HzN
o
rm

a
li
ze
d
m
a
g
n
it
u
d
e,

cp
,−
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(f) Suction side, x/c = 0.2333.

Figure A.2: Experimental investigation part II - Normalized Fourier transform
magnitudes of surface-pressure at IBPA = 135 degrees for different pressure
tap locations (continued from the previous page).
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(a) Pressure side, x/c = 0.3267.
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0 10 20 30
0

0.2

0.4

0.6

0.8

1

Frequency,HzN
or
m
al
iz
ed

m
ag
n
it
u
d
e,

cp
,−

(e) Pressure side, x/c = 0.5667.
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(f) Suction side, x/c = 0.5667.

Figure A.2: Experimental investigation part II - Normalized Fourier transform
magnitudes of surface-pressure at IBPA = 135 degrees for different pressure
tap locations (continued from the previous page).
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(q) Pressure side, x/c = 0.7.
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(r) Suction side, x/c = 0.7.
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(s) Pressure side, x/c = 0.9.
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(t) Suction side, x/c = 0.9.

Figure A.2: Experimental investigation part II - Normalized Fourier transform
magnitudes of surface-pressure at IBPA = 135 degrees for different pressure
tap locations (continued from the previous page).
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Appendix B

Measurement Uncertainty

B.1 Methodology

Depending on the physical quantity under consideration and the technology
used to measure it, uncertainty is introduced into the results from different
sources and via various pathways. The following text will give a brief ex-
planation of the nature of measurement uncertainty for the measurement
technology considered in each chapter, accompanied by calculations concern-
ing the specific equipment used on the aeroelastic test rig.
Where possible, a full type A uncertainty analysis was performed, calculating
statistical parameters such as standard deviations and confidence intervals
based on repeated empirical observations: In such a Type A evaluation,
the best estimate for the expected value of a randomly varying quantity is
calculated as the arithmetic mean of n observations, which can then be used
to calculate the experimental standard deviation and variance [94]. In many
cases, however, manufacturer information regarding errors and uncertainty
had to be relied on to determine total uncertainty along the measurement
chain. This method is known as a Type B evaluation, in which the variance
of a quantity is not established by repeated observations. Rather, using
scientific judgement based on all available information is employed to arrive
at a satisfactory estimate of uncertainty. Such information may include data
from previous measurements, calibration certificates or general knowledge
regarding the behaviour of instruments and materials [94].

B.2 Total Uncertainty

Scientific measurements are generally affected by various influences that
decrease their accuracy. Examples may include deviations in the ambient
conditions, the non-linearity of a sensor response curve or the resolution of
a device used for converting an analogue signal into a digital one. Thus, to
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achieve a satisfactory level of confidence about the range in which the true
value of a measured quantity might fall, the various sources of uncertainty
must be combined into a single value representing the total uncertainty. This
is usually done by statistical methods:
Having obtained the standard uncertainties σi associated with all relevant
influence parameters, i.e. the uncertainty of a result expressed as a standard
deviation, one may compute a combined standard uncertainty to arrive at an
estimate for the range in which the output value can be expected to lie. Such
a computation will correspond to a typical confidence interval at the level of
one standard deviation, meaning the real or true value of the measurand has
a probability of 68 % of falling into the specified interval.
In many cases, it can be useful to apply a coverage factor K to these values in
order to expand the confidence interval. For quantities that are assumed to
obey a normal distribution, one might typically choose a coverage factor of 2
or 3, corresponding to confidence intervals of 95 % and 99.7% respectively. In
some cases, it is more reasonable to assume that a quantity obeys a uniform
distribution, i.e. all values within the relevant interval are equally likely to
occur.

The total expanded combined standard uncertainty is then computed from
standard uncertainties and coverage factors as a Root Square Sum, giving
a final estimate of the uncertainty that can be expected for the respective
measured quantity [94]:

σΣ = K ·

√√√√ N∑
i=1

[
1

Ki

· σi
]2

. (B.1)

If individual and overall coverage factors are disregarded, i.e. a confidence
interval of one standard deviation is considered sufficient, this expression
simplifies to the combined standard uncertainty:

σΣ =

√√√√ N∑
i=1

σ2
i . (B.2)

Along a measurement chain, the quantities of interest are often functions
of other measurands. In this case, so called sensitivity coefficients must be
taken into account. These are the partial derivatives of the function for the
final measurand with respect to the different influence quantities, and thus
describe how the output estimate varies with changes in the values of the
input estimates:

σΣ =

√√√√ N∑
i=1

[(
∂f

∂xi

)2

σ2
i

]
, (B.3)
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where f is the functional relationship of the final measurand to the various
input quantities. An example of this would be a velocity measurement
using a Pitot probe, where one actually measures a dynamic pressure q,
and the velocity is then given as a function of dynamic pressure and air
density. In many cases however, this relationship cannot be specified by such
a precise mathematical function and must be determined experimentally or
approximated. Often, this involves assuming a linear dependency, in which
cases the expression again simplifies to the basic Root Square Sum formula
(B.2) .

B.3 Accuracy of Signal Conditioning

and A/D-Conversion

All measurement data collected at the aeroelastic test rig is stored and pro-
cessed digitally on a computer. However, because the measurement devices
in use here usually transmit their output as analogue voltage signals, there is
a need to first condition and filter these signals before they can be converted
into digital signals and then transferred to the computer. This is achieved
with the use of a modular data acquisition system (DEWE-50-PCI-32 ) which
combines both signal conditioning (Typ: DAQST-STG input module) and
A/D-conversion (Typ: ORION-1624-200) modules into a single device.
Both signal conditioning and A/D-conversion are not perfectly accurate pro-
cesses, and thus will introduce some error into the acquired signals. This
error is the result of various influences like system noise, temperature drift or
imperfections in the electronic components. While system noise is inherent to
the devices’ function and thus is given as absolute value in the specifications,
deviations in non-linearity, gain and offset of the system’s characteristic are
subject to change depending on many variables. As such, they are usually
calculated as a percentage of current reading or input voltage range.
Because of this, no generally applicable estimate for the error associated with
the data acquisition and analog-digital conversion devices can be given here.
Instead, their influence along each measurement chain must be calculated in
accordance with the respective voltage ranges and readings.

Table B.1 summarises these specifications, enabling the inaccuracy asso-
ciated with the data acquisition (DAQ) to be calculated. Note that the
ORION-1624 converter has a 24-bit resolution and thus the quantization
error is relatively small compared to other influences. Consequently, it is
summarised into the reading-dependent gain error by the manufacturer.

Other common error sources in data acquistion boards include tempera-
ture drift and offset of the characteristic. However, the devices described
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Device Gain Error Non-Linearity
Error

System noise

DAQP-STG
(Input module)

± 0.05 % of read-
ing

±0.02 % of range ± 10 µV olt

ORION-1624-
200 (ADC)

±0.058 % of
reading

± 0.005 % of
range

-

Table B.1: Accuracy of data acquisition and conversion devices, from [92],
[93]

above are specified for an operating range of 0 - 50 degrees Celsius, which is
generally not exceeded at the aeroelastic test rig, while the offset error can
be effectively neutralized via measurement of a short-circuited channel and
frequent zeroing.

B.4 Prandtl Tube

The pitot-static tube or ”Prandtl Tube” is one of the most commonly used
technologies in flow measurement, see figure B.1. Based on the familiar
principles of Bernoulli, this device measures both static and total pressure
of an airstream. By connecting the probe to a suitable differential pressure
sensor, it is then possible to obtain the dynamic pressure q and so compute
the freestream velocity.

Uncertainty with regard to Prandtl probe measurements is introduced at var-
ious points in the measurement chain, beginning at the probe tip itself, which
must be turned exactly into the flow to guarantee accurate measurement of
the stagnation pressure. For a flow angle of ±10◦, which should easily be
achievable even by manual installation, the manufacturer specifies a probe
accuracy that is better than ±1% [95].

Then there is the differential pressure sensor that is used to record the

p

q

pt

Figure B.1: Schematic of a pitot-static-tube, showing interior probe structure
as well as stagnation pressure pt, static pressure p and dynamic pressure q.
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dynamic pressure, which of course is also associated with a certain amount of
uncertainty. For the pressure ranges that are relevant here, the manufacturer
of the KAL-84 calibration and differential measuring system gives an accuracy
of ±0.2% [96].

After the differential measuring system, the next step in the measurement
chain for the Prandtl probe is the conditioning and digitization of the dynamic
pressure signal via the Dewetron system described in the previous section.
With the differential sensor’s output range of 0...1 Volt and an assumed
reading of 0.3 Volt, the relative errors according to table (B.1) are obtained
as 0.12 % for the DAQ input module and 0.07 % for the ADC module. Thus,
the relative uncertainty for the dynamic pressure q as measured by the probe
can be calculated from equation (B.2) as

σq = ±1.03 %. (B.4)

However, in fluid dynamics one is generally not interested in the dynamic
pressure q, but rather the flow velocity U. This is related to dynamic pressure
and ambient conditions by the expression

U =

√
2q · Rspec · Tt,amb

pt,amb
, (B.5)

which is derived from the well-known Bernoulli equation and assumes air
to be an ideal gas with gas constant Rspec. Hence, the relation of dynamic
pressure and velocity is explicitly known, and it is possible to calculate the
uncertainty of U using sensitivity coefficients according to equation (B.3).
Assuming ambient conditions to be Tt,amb = 293K and pt,amb = 1.013 · 105 Pa
and the values for relative uncertainty given in the sections on the Setra 270
pressure sensor and the Pt100 thermometer, the uncertainty for measuring
freestream velocity via Prandtl probe is given as

σU =

√(
∂U

∂q
· σq
)2

+

(
∂U

∂Tt,amb
· σPt100

)2

+

(
∂U

∂pt,amb
· σSetra−270

)2

(B.6)

With a typical freestream velocity of U = 30m/s inducing a dynamic pressure
of

q =
1

2

pt,amb
RTt,amb

· U2, (B.7)

equation (B.6) gives an absolute error of ±0.32m/s, or in relative terms:

σΣ,P randtl = ±1.07 %. (B.8)

From this, it is clear that a major contribution to measurement error lies in
the orientation of the probe tip with respect to the incoming airstream, and
greater accuracy might be attained by careful alignment of the probe.
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B.5 Hot Wire Anemometry

Errors are introduced into hot wire anemometry in a few ways: Anemometers
are usually calibrated using some other device for measuring flow velocity,
for example a pressure probe. Any inaccuracy in that device’s output will of
course carry over to the hot wire’s results. Due to its measuring principle, hot
wire anemometry is also quite sensitive to flow properties that can influence
the wire’s heat balance, like flow temperature or pressure [69]. Finally, the
uncertainty inherent to the anemometer itself as well as the I/O-device used
to convert the analog to a digital signal must be accounted for.

B.5.1 Calibration

In hot wire anemometry, what is ultimately of interest is the relationship of the
anemometer’s bridge voltage VB to the freestream velocity U . To obtain the
function U = f(VB) with any certainty, the system must be calibrated against
other measuring instruments, which will introduce additional uncertainty
dependent on the components of the measuring chain used for calibration.
In the present case, the anemometer was calibrated by placing it in the
measuring section of the test rig, together with the Prandtl probe described in
the previous section. Probe velocity readings and anemometer bridge voltage
were then recorded simultaneously to establish the dependency of voltage on
velocity.
Since the anemometer is calibrated with the probe reading as a reference in
this way, the accuracy of the Prandtl probe must be taken into account as an
influence parameter when estimating measurement uncertainty for hot wire
observations:

σcal,HW = ±1.07 % (B.9)

B.5.2 Curve Fitting

The calibration process described above should generally result in a clearly
defined calibration function, establishing a precise relationship between bridge
voltage and freestream velocity. The actual output however will be a series
of data points, from which the calibration function can be approximated
by non-linear regression. Here, a least squares method using a third order
polynomial was used, the quality of which can be expressed using the adjusted
coefficient of determination R2

adj [97]. In the case of the calibration curve
under consideration here, this error was estimated to be

σlin = R2
adj = ±0.5%. (B.10)

Note that the value given here is an estimate specific to the third-order
fitting procedure used in calibrating the hot wire anemometer as described in
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Ref. [98]. For pressure transducers, this error is more accurately given as a
’non-linearity’-value typically found in data sheets or calibration certificates.

B.5.3 Ambient Temperature

Since hot-wire anemometry is a temperature-based method, a major factor
contributing to measurement uncertainty is the ambient temperature at which
measurements are carried out. When this differs from the temperature at
which the anemometer was calibrated, the temperature ratio and thus the heat
transfer between wire and fluid is altered. Thus, at higher temperatures the
anemometer will report a velocity that is too low, while at lower temperatures
the reverse effect occurs. This effect can be described by an equation in the
form of

VB = VB,raw ·
√

Tw − Tt,cal
Tw − Tt,amb

(B.11)

In which VB is the bridge signal, Tw is the wire temperature, Tt,cal the ambient
temperature at which calibration was performed and Tt,amb the ambient
temperature at time of measurement. Apart from the direct effect that a
varying ambient temperature has on heat conduction, there is another, indirect
effect: Since the quantity measured by the anemometer is in fact the stream
density ρU and the density of a fluid is directly related to its temperature, a
variation in ambient temperature introduces additional uncertainty via its
influence on density. According to [68], this uncertainty can be calculated by
the simple relation

σρ,T =
∆Tt,amb
273K

(B.12)

Due to its sensitive nature, a hot wire anemometer should be calibrated
frequently, and large deviations in temperature compared to calibration con-
ditions are generally not to be expected. However, to arrive at a conservative
estimate for accuracy, it seems prudent to include an estimate for a deviation
of ∆Tt,amb = 2Kelvin, thus obtaining the error associated with ambient
temperature fluctuations as

σρ,T = ±0.7%. (B.13)

B.5.4 Ambient Pressure and Humidity

The density of a fluid (and thus the stream function ρU) is influenced not only
by temperature, but also by variations in ambient pressure. The uncertainty
introduced by an ambient pressure that deviates from the conditions at
calibration is obtained from the following ratio:

σρ,p =
∆pt,amb

∆pt,amb + pt,amb
(B.14)
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A much smaller factor in the overall uncertainty is the contribution of humidity
variation, which is usually quantified in terms of water vapour pressure.
Assuming standard atmospheric conditions, there will be a differential of
∂U/∂pwv ≈ 0.01 c for each kPa of change in water vapour (wv) pressure:

σwv =
1

U
· ∂U
∂pwv

·∆pwv (B.15)

Assuming a deviation of 1 kPa for both ambient pressure and water vapour
pressure, the associated errors are estimated as:

σρ,p = ±0.98 % (B.16)

σwv = ±0.01 %. (B.17)

B.5.5 Anemometer Accuracy and Signal Conversion

The TSI-IFA 300 anemometer in use at the aeroelastic test rig is an inte-
grated measurement system that includes a signal conditioning unit. As with
any signal conditioning component, this unit contributes some uncertainty
due to offset and gain errors. According to the manufacturer, the relative
measurement uncertainty of the anemometer is [99]:

σsys = ±0.3 %. (B.18)

In order to process and store the anemometer’s data on a computer, it is
digitized by means of a NI PCI-6229 device. The accuracy of this analogue-
to-digital-conversion is a function of input range and reading, as well as other
factors. For the configuration at the aeroelastic test rig, there is a gain error
of 160 ppm, an offset error of 156 ppm, and the noise is estimated at 36.6 µV
[100].
For a full scale reading of 5 V, the absolute accuracy is thus estimated at
1616 µV, and the relative accuracy at

σHW,A/D = ±0.03 %. (B.19)

B.5.6 Combined Accuracy

Having established all relevant influence parameters that introduce inaccura-
cies into the hot wire anemometer’s measuring chain, the combined standard
uncertainty of this system can now be estimated according to equation (B.2):

σΣ,HW = ±1.73 % (B.20)
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1
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3 4

5

4

Figure B.2: Computer-added design scheme of the modified calibration
device; (1) mounting support; (2) blade suspension; (3) Lemo connector to
data acquisition system; (4) micrometer screws; (5) center of rotation for
calibration of the torsional springs.

B.6 Strain Gauge

For the strain gauge calibration, a device was designed that enables the
application of a defined deformation so that the relationship of displacement
u and voltage output V can be established in the form of a function V = f(u),
see figure B.2. The device consist of a support for the blade mounting, milling
parts holding four micrometer - two for each degree of freedom - and an arm
that can be displaced by the screws. The blade mounting allows two degrees
of freedom, namely pitching and plunging. In this work only blades oscillating
in pitching motion have been investigated. However the calibration for both
degrees of freedom are presented in the following section for completeness.

B.6.1 Calibration - Plunging mode

An illustration of the method of calibration for measuring the blades’ plunging
motion can be found in figure B.3: By turning the precision screw (1), a defined
displacement u is applied at the blade edge (2), resulting in a deformation of
the bending spring (3) with its applied strain gauge (4). Assuming that the
deformation of the blade edge is negligible due to its relatively high stiffness,
the displacement u can be said to equal the vertical displacement of the
bending spring. The spring will thus lengthen by an amount ∆ l that is
a function of the applied displacement u, which will affect the resistance of
the strain gauge and so the voltage measured. More precisely, the change in
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V

l

u

u

V0
A/D

(1)

(2)

(3)

(4)

Figure B.3: Schematic sketch of calibration device for plunge mode

l0

l0 +∆ l

u

Figure B.4: Illustration of the trigonometric relationships used in calibrating
the strain gauge.

resistance can be expressed as

∆R

R0

= F · ∆l

l0
= F · ε, (B.21)

where F is a calibration factor that is generally provided by a strain gauge’s
manufacturer. Applying some trigonometric relationships to the sketch in
figure B.4, it is clear that the strain can be given as

ε =

√
l20 + u2

l0
− 1 (B.22)

and by relating voltage and pressure linearly through

V = V0 ·
∆R

R0

(B.23)

the function relating voltage and displacement is obtained as

V = V0 · F ·
(√

l20 + u2

l0
− 1

)
(B.24)

Using this function and its partial derivatives, the influence of various pa-
rameters on the measurements carried out by strain gauge can be calculated.
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input quantitity xi Value and uncertainty ∂U/∂xi

Voltage, xi = V0 2.5 ± 0.0289 Voltage F ·
(√

l20+u2

l0
− 1

)
Calibration factor, xi =
F

2 ± 0.02 V0 ·
(√

l20+u2

l0
− 1

)
length measurement,
xi = l0

65.1 ± 0.01635 mm −F · V0 · u2

l20·
√
l20+u2

Displacement, xi = u 3 ±0.01 mm F · V0 · u

l20·
√
l20+u2

Table B.2: Influence parameters and sensitivity coefficients for calibration of
strain gauges’ plunge mode

The main parameters that are relevant for recording the plunging mode of
the cascade are bridge voltage and the inherent calibration factor F that
relates the gauge’s strain and resistance. The length of the bending spring on
which the gauge is affixed and the nominal displacement that is applied via
precision screw must also be considered.

From the values and partial derivatives collected in the table above, an
estimate for the uncertainty associated with calibrating the strain gauges for
plunge mode can be computed from (B.3) as

σcali, P lunge = ±1.67 % (B.25)

B.6.2 Pitching Mode

The calibration process for the pitch displacement is quite similar to the one
described above for the plunging mode, but some modifications have to be
introduced. The device sketched in figure B.2 is only capable of applying a
linear displacement, but for experiments dealing with a blade pitching motion
an angular displacement β is required. This is achieved by modifying the
device so that two precisions screws are placed at some distance from the
blades axis, rotating the lever arm around half chord. As illustrated in figure
B.5, this angle is obtained by basic geometric operations as a function of
the displacement u applied at the outer adjustment screws and the distance
between the screws and the suspension axis d:

β = arcsin(u/d) (B.26)

Since the pitch displacement calibration is performed using the same device
with a few modifications, most influence parameters and uncertainties carry
over from the ‘plunge’ case. There is some additional uncertainty as a result
of measuring the distance d, which will again require a combined Type A/B
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ltorsion

dtorsion
u

d

A
A4 : 1

utorsion

β

Figure B.5: Illustration of the geometric relations for calibrating the strain
gauge’s pitch mode

input quantity xi Value and uncertainty ∂utorsion/∂xi

Lever arm, xi = d 66.1 ± 0.01635 mm − dtorsion · u
h2 ·

√
1− (u/h)2

Distance spring - axis of ro-
tation, xi = dtorsion

6.51 ± 0.00164 mm arcsin(u/h)

Displacement, xi = u 3 ±0.01 mm dtorsion · u
h ·
√

1− (u/h)2

Table B.3: Additional uncertainty influences for pitch displacement calibra-
tion

analysis.
As figure B.5 also shows, the displacement of the torsion spring utorsion cannot
be set directly, but has to be calculated from the angle of twist and the lever
arm d:

utorsion = dtorsion · β = dtorsion · arcsin(u/d) (B.27)

The uncertainty in determining the torsional displacement utorsion is thus
determined from equation (B.3) as σut = 9.8867 · 10−4 mm or about 0.03
percent in relative terms. All other influence parameters remain the same
as in the plunge case, and so the error in this case can be obtained from a
simple calculation of error propagation according to equation (B.2):

σcali, P itch = ±1.67% (B.28)

The additional uncertainty from measuring the torsional displacement is
thus seen to be mostly irrelevant to the calibration accuracy, changing the
combined uncertainty only in the 6th decimal place, while the main influence
parameters of excitation voltage and gauge factor remain the same.
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Error source Calibration Hysteresis DAQ ADC
Relative Er-
ror

± 1.67 % ± 0.05 % ± 0.27 % ±0.063 %

Table B.4: Relative uncertainties influencing DMS measurements.

B.6.3 Strain Gauge - other influences

Having estimated the possible error introduced into strain gauge measurements
through calibration, one still has to account for various other influences along
the measurement chain. These include the gauge’s hysteresis as well as the
data acquisition and digitization.
While the first two of these quantities can be taken directly from manufacturer
specifications[101], the estimation of signal conditioning and conversion error
requires some consideration. The gauges are configured in a full bridge, with
a sensitivity of around 2mV/V [102] and an excitation voltage of 2.5 V. A
full scale reading is therefore computed as

2.5V · 2mV/V = 5mV. (B.29)

Thus, the relative accuracy for the strain gauges utilized at the aeroelastic
test rig is estimated from equation (B.2) as

σΣ,DMS = ±1.69 %. (B.30)

B.7 Pt100-Thermometer

At the aeroelastic test rig, temperature in the settling chamber is recorded by
a Pt100-Thermometer. Such devices utilise the temperature dependency of
the electrical resistance of metals like platinum to deliver precise temperature
measurements. The exact relationship between resistance and temperature
in these devices is specified in a widely accepted industry standard that
also defines various accuracy categories. The device in use here is a class A
resistance thermometer, which exhibits a limit variation of ±(0.15 + 0.002 · t)
degrees Celsius, where t is the absolute Value of the temperature being
recorded [103].
Temperatures in the tunnel’s settling chamber have reached up to 40 degrees
Celsius, while a more typical value might be more on the order of 25 degrees.
Since the deviation is a linear function of temperature, using the higher
value should therefore yield a conservative estimate. The absolute variation
according to DIN EN 60751 is then given as

±(0.15 + 0.002 · 40)◦C = 0.23 ◦C, (B.31)
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Measurement Uncertainty

so a conservative estimate for the relative uncertainty associated with Pt-100
measurements at the aeroelastic test rig is obtained as

σΣ,P t100 = ±0.23

40
= ±0.58 %. (B.32)

B.8 Pressure Sensors Endevco 8510-B-1

One of the main flow features under investigation at the aeroelastic test rig
is the pressure distribution around an oscillating airfoil forming part of a
cascade. To enable the measurement of this highly unsteady phenomenon,
the central three blades of the cascade feature a total of 20 pressure taps per
blade, spaced exponentially along a line that forms an angle of 15 degrees
with the blade chord. Each of these is connected via flexible tubing of a
specified length to its respective transducer, thus making it possible to obtain
precise pressure information along both the pressure and suction surface of
the blade.

When conducting a measurement with a pressure transducer, three main
sources of uncertainty that are inherent to the device’s functional principles
must be taken into account: The first of these is the linearity or curve-fitting
error. This occurs due to the discrepancy between the line that is fitted to the
sensor’s calibration points and the device’s true response curve, which must
not necessarily be linear. The other two error sources for pressure transducers
are called non-repeatability or repeatability error and pressure hysteresis.
These define the sensor’s ability to reproduce its output when it is cycled
through its operating range, and due to their similar nature are often lumped
together in specifications [104].

According to manufacturer information, a typical value for the linearity
error of the transducers connected to the blade pressure taps is around ±1 %,
while the repeatability and hysteresis errors can be expected to be ±0.2 %
each, see table B.5. From this, the manufacturer gives an estimate for the
combined maximum error of ±1.5 % [105]. This, however is an estimate for
the worst case error. Since it is unlikely that all errors will be in the same
direction, there should be at least some cancellation, and a more probable
figure can be obtained via the familiar root-square-sum formula (B.2).

As most other measurement signals at the aeroelastic test rig, the out-
put of the endevco sensors is fed through a digital data acquisition system,
which accounts for some additional uncertainty. An estimate for the error of
feeding a full scale reading of 300 mV into this device is given in the table
above, together with the error sources inherent to the sensor. From these
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Measurement Uncertainty

Error Source Non-
linearity

Hysteresis Repeat-
ability

DAQ ADC

Relative Error ± 1% ± 0.2% ± 0.2% ± 0.07 % ± 0.06 %

Table B.5: Relative uncertainties for unsteady pressure measurements.

values, the total relative uncertainty is obtained as

σΣ,endevco = ±1.04 % (B.33)

Finally, it must be taken into account that the endevco transducers are
calibrated against various other devices depending on the pressure range
of interest. While the endevco 8510B -1 features a range of 0-1 psig, i.e.
approximately 0-6895 Pa, at the aeroelastic test rig it is usually calibrated
for pressure ranges of 0-25 or 0-100 Pa against the Setra-264 device, while for
the 0-1000 Pa range the KAL-84 pressure calibrator is used. It is therefore
necessary to state two different values for the uncertainty of measurements
performed using the endevco transducers.
Incorporating the error introduced by calibration is done via the usual Root-
Square-Sum formula for error propagation, according to which we obtain a
value of

σΣ,endevco/SETRA = ±1.45 % (B.34)

when calibrating against the Setra-264 transducer. A calibration against the
KAL will deliver a slightly higher precision of

σΣ,endevco/KAL = ±1.06 %, (B.35)

which is needed due to much wider calibration range of 1 kPa.

B.9 Setra 264

The aeroelastic test rig is equipped with a Setra Model 264 that is used
to measure freestream static pressure. This very low differential pressure
transducer is available in a variety of versions that differ with respect to their
performance and accuracy. For the model 264 - F that is installed here, the
manufacturer claims a non-linearity of ±0.22 % of the full-scale reading and
an hysteresis of ±0.1 % [106].

However, since these values depend on a calibration provided by the manu-
facturer and certified to a high standard of precision that tends to degenerate
over time, it seems more prudent to work with the values for a standard
model 264-C:
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Measurement Uncertainty

Error Source Non-
linearity

Hysteresis Repeat-
ability

ADC

Relative Er-
ror

± 0.96 % ± 0.1 % ± 0.26 % 0.065 %

Table B.6: Relative errors for Setra 264 sensor.

Thus, according to (B.2), an estimate for the error associated with static
pressure measurements in the freestream is given as

σΣ,Setra−264 = ±1 %. (B.36)

For the calculation a reading of 3.5 Volt and Output of 5 Volt are assumed.
Additional high-precision calibrations were performed, with the model Setra
264, for the ranges of 0-25 and 0-100 Pa. These certificates guarantee a
non-linearity error of ±0.206% for the 0-100 Pa range and ±0.25% for the
range of 0-25 Pa [106]. Thus, σΣ,Setra−264 can be considered as a conservative
estimation of the uncertainty.

B.10 Setra 270

The absolute pressure in the settling chamber was acquired with a Setra Model
270. A high degree of accuracy of ±0.05 % FS can be achieved [107]. The
error sources for this device are the same as in any other pressure transducer,
and are listed in the table B.7. A conservative estimate for the uncertainty
of the Model 270’s reading according to (B.2) can therefore be calculated as

σΣ,Setra−270 = ±0.08 %, (B.37)

assuming a reading of 4 Volt and a output range of 5 Volt.

Error Source Non-
linearity

Hysteresis Repeat-
ability

ADC

Relative Er-
ror

± 0.05 % < 0.01 % < 0.01 % 0.064 %

Table B.7: Relative errors for Setra 270 sensor.
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