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ABSTRACT 

A new type of test facility is presented which allows the investigation of fluid-structure 
interactions using a generic flexible model. Rather than modelling the complex geometry of 
a turbomachine blade passage or blade row, this test facility uses a two dimensional 
generic bump located in a straight channel in order to reach a better understanding of the 
bending flutter phenomenon. Thus, experimental campaigns are performed to observe and 
measure surface pressure fluctuations linked to the interactions of a shock wave with the 
boundary layer formed over the oscillating structure. The new test facility modifies an 
existing wind tunnel featuring a straight rectangular cross section. The oscillating model 
used in the study is of two-dimensional prismatic shape and has been investigated in 
previous studies, from which base case data are available. In order to introduce 
capabilities for the planned fluid-structure experimental campaigns, a flexible version of the 
model has been built. It is moulded of polyurethane at defined elasticity and hardness, and 
actuated by a novel type of fully integrated mechanical oscillating mechanism. A frequency 
controlled AC servomotor drives this oscillating mechanism. The whole drive train is able 
to produce an oscillation of the model at variable amplitude and frequency up to 200Hz. At 
the same time, a one dimensional laser sensor measures precisely the whole model 
displacement through a top optical window. The flow in the test section can be set at 
different operating conditions. Time-resolved pressure measurements are performed on 
the oscillating surface using Kulite fast response transducers coupled to an adapted long 
line probe technique. While the instantaneous models shape is scanned using laser 
triangulation technique through the top window, unsteady Schlieren visualization 
measurement are performed using the access through two side windows. Similar coupling 
is also performed between unsteady flexible geometry measurements and unsteady 
pressure measurements. The mode shapes of this flexible bump strongly depend on the 
excitation frequency. It is considered that a first bending mode shape is obtained for 
reduced frequencies up to 0.037. However, for reduced frequencies higher than 0.037, the 
mode shapes are interpreted as higher harmonic stripe mode shapes. Thus a second 
order mode shape is reached for reduced frequencies between 0.037 and 0.074, and a 
third order mode shape is reached for reduced frequencies between 0.074 and 0.294. In 
this experimental study, the model oscillates at reduced frequencies from 0.015 to 0.294 at 
transonic flow condition characterized by an inlet Mach number Miso1=0.69 and an outlet 
Mach number Miso2=0.80. Schlieren pictures as well as unsteady pressure repartitions are 
obtained for this operating flow condition. The presented unsteady results demonstrate 
that the phase of shock wave movement towards bump local motion shows a decreasing 
trend for third bending mode shapes fluctuating with reduced frequencies higher than 
0.074. At the pressure taps located after the shock wave formation, the phase of pressure 
fluctuations towards bump local motion present the same decreasing trend for the same 
kind of mode shapes. However no conclusion can be drawn for this range of perturbation 
frequencies at a non-fluctuating bending mode shape (a mode shape that remains the 
same in the whole perturbation frequency range). In conclusion, a new version of this 
generic bump will have to be manufactured in order to perform similar experiments at a 
non-rigid first bending mode shape. 
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NOMENCLATURE 

 
Latin symbols 
 

axc  [mm] Axial chord of the generic model 

pc~  [-] Unsteady pressure coefficient related to bump bending amplitude 

D  [mm] Test section width 
Damping  [%] Damping characterizing the long line probe technique calibration 
E  [MPa] Young modulus 
f  [Hz] Excitation frequency 
H  [mm] Test section channel height 
y  [mm] Local generic bump height 

maxy  [mm] Maximum generic bump height 

bumph′  [-] Bump bending amplitude, dimensionless with channel height 

shockh′  [-] Shock wave amplitude, dimensionless with bump max amplitude 

1k  [-] Inlet reduced frequency based on the half chord 

2k  [-] Outlet reduced frequency based on the half chord 

1isoM  [-] Inlet isentropic Mach number 

2isoM  [-] Outlet isentropic Mach number 

1Mag  [kPa] Power spectrum magnitude at location (1) 

2Mag  [kPa] Power spectrum magnitude at location (2) 

sP  [kPa] Local static pressure on the bump surface 

sP
~

 [kPa] Local static pressure fluctuation amplitude on the bump surface 

1sP  [kPa] Upstream static pressure 

2sP  [kPa] Downstream static pressure 

1tP  [kPa] Upstream stagnation pressure 
Q  [kg/s] Mass flow in the VM100 
Re  [-] Reynolds number 
t  [s] Instantaneous time 
t′  [-] Time dimensionless with the excitation period 
T  [s] Period of excitation 

tT  [K] Stagnation temperature 

axv  [m/s] Axial flow velocity 
x  [m] Bump chord location 
 
 
 
 
 
 
 
 



Licentiate of Engineering Thesis / Davy Allegret-Bourdon  Page VII  

 
Greek symbols 
 

bumpφ∆  [º] Local phase difference of bump motion along the bump chord 

bumpφ  [º] Local phase of bump motion relatively to its highest point 

shockφ  [º] Phase lead of shock wave movement towards bump motion 

pφ  [º] Phase lead of pressure fluctuation towards bump motion 

κ  [-] Specific heat ratio, usually taken equal to 1.4 for conventional air 
 
 
 
Abbreviations 
 
1D One dimensional 
2D Two Dimensional 
3D Three Dimensional 
AC Alternative Current 
CNC Computer Numerical Control 
HPT Chair of Heat and Power Technology 
L2F Laser-Two-Focus anemometry 
MR Measurement Range 
OD Offset Distance 
PCU Pressure Calibration Unit 
PIV Particle Image Velocimetry 
PSD Position Sensitive Detector 
KTH Royal Institute of Technology / Kungliga Tekniska Högskola 
SO Stand Off distance 
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1 INTRODUCTION 

In a large number of industrial applications in the field of energy technology, flow induced 
vibrations problems can lead to a breakdown of various structures. Those problems of 
interactions occurring between the fluid and structures are only partly understood. It is the 
case of the flutter phenomena that remain unsolved and difficult to predict. Among these 
kinds of phenomena, one can find blade flutter, wing flutter and nozzle flutter. It is precisely 
when a structure is located in compressible or incompressible uniform flows, under 
subsonic, transonic or supersonic conditions, such as a blade, an airfoil or the surface of a 
nozzle that this structure can enter into a self-excited vibration. In that condition 
aerodynamic loads acting on the surface can rapidly increase the amplitude of vibration of 
a structure until its failure. Consequently, in many industrial applications there is a strong 
demand for increased knowledge of the underlying mechanisms that govern this self-
sustained vibration. 
 
The theory of flutter was developed by Theodorsen [1938], Glauert [1928] and Küssner 
[1929]. The researches of flutter and the later development have then been reviewed by 
Ashley [1986], Platzer and Carta [1987, 1988] and more recently by Srinivasan [1997]. 
 
 
 

 
Fig. 1.1: Collar's triangle of forces, taken from Collar [1946] and from Fransson [1993]. 

 
 
The flutter phenomenon was defined in AGARD [1980] as “A sustained oscillation due to 
the interaction between aerodynamic forces, elastic response and inertia forces” and is 
related to the word “Aeroelasticity”. ”Aeroelasticity” is explained by Fransson [1993] as “an 
engineering terminology that defines an interdisciplinary field which combines 
aerodynamic, inertia and elastic forces in such a way that the structure and the flow 
around it interacts with each other”. A triangle of forces that includes the inertial, elastic 
and aerodynamic forces (Fig. 1.1) is defined by Collar [1946]. Collar notes that other 
forces, such as gravitational forces, may also interact in this triangle, but that these forces 
are negligible compare to the others. Fransson [1993] separates the different domains as 
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follow: “In the case that only the aerodynamic and inertia forces act together the static 
aspects of the loading on the structure is considered (domain “I” in Fig. 1.1). When the 
aerodynamic and elastic forces are taken into consideration, the resulting problem is 
defined as a “static aeroelasticity” (domain “II” in Fig. 1.1 and Bisplinghoff [1958]), whereas 
a third domain (noted “III” in Fig. 1.1), mechanical vibrations, considers the relationship 
between the inertial and elastic forces. A fourth domain (noted “IV” in Fig. 1.1) takes into 
account all three forces (aerodynamic, inertia and elastic forces), and is usually called 
“dynamic” aeroelasticity (Bisplinghoff [1958]).” In a general manner “aero-elasto-dynamics” 
(Platzer [1990]) is the term that would thus describe the phenomena involving all three 
forces, and “aero-elastic” should be the term reserved for what is usually today recognized 
as “static aeroelasticity”. However, the acknowledged terminology is nowadays the term 
“aeroelasticity”. 
 
 

 
Fig. 1.2: Compressor flutter map, taken from Bölcs [1988]. 

 

Flutter, in the sense of “self-excited vibrations”, appears usually without any unsteadiness 
coming from upstream or downstream above a critical flow velocity. According to Bölcs 
and Suter [1986], during flutter “energy is transferred from the fluid towards the blade and 
the oscillation of the blade is amplified”. The self-excited characteristic of flutter is due to 
the phase shift between the blade motion and the pressure on the blade. This is defined 
under the term “Force Phase Angle”. Several kinds of flutter are found in the literature 
depending on its own physical reasons and characteristics. Even if few of them are 
specific for turbomachine applications, some of these are related only to the aeronautical 
field. The most important flutter domains in a compressor are illustrated by a development 
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of the compressor pressure ratio versus mass flow characteristic. Such a compressor 
flutter map is shown in Fig. 1.2. This kind of compressor flutter map depends on blades 
materials and shapes. It is thus likely to evolve in the future when more advanced airfoil 
materials and shapes are employed.  
 
The subsonic and transonic stall flutters (1 and 2) occur usually when a compressor is 
operating near the surge. The flow conditions are characterized by high incidence angles 
and separated flow. According to Srinivasan [1997], the vibratory modes are bending, 
torsion as well as coupled modes. 
 
The choke flutter (3) is encountered during part speed operation when the blades are 
operating at negative angles of incidence. According to Srinivasan [1997], the vibratory 
modes are bending or torsion modes. The supersonic started flutter at low back pressure 
(4) occurs in fan blades under supersonic attached flow condition. The vibratory modes 
are bending and pitching. The supersonic started flutter at high back pressure (5) occurs in 
fan blades of compressors during high-speed operation. The blades are highly loaded and 
strong shocks occur. 
 
The classical flutter (6) occurs for small angles of incidence under subsonic flow condition. 
It is also often called potential flow flutter. 
 
When a transonic flow crosses usual blades or airfoils, a thin laminar boundary layer is 
created directly after the leading edge. For compressor blades under typical operating 
conditions, a free transition occurs shortly after the leading edge in such a way that the 
formed boundary layer becomes turbulent on the largest part of the chord, whereas for 
turbine blades under typical operating conditions, such kind of transition occurs after the 
point of maximum velocity. Under transonic choke flutter conditions, a shock wave 
interacts with the turbulent boundary layer formed on the surface of the blade or airfoil 
geometry. Similar phenomenon also occurs when the boundary layer transition is fixed by 
a discontinuity of the geometry surface. Previous experiments (AGARD [1979]) already 
compared unsteady pressure measurements with free and fixed transitions of such 
boundary layer. The results showed that oscillatory motions of the existing shock wave 
cause large oscillations of pressures downstream of this position. Substantial differences 
are found between the results for transition-free and transition-fixed at the same 
downstream location. It is considered that these differences in the form of the pressure 
distribution are due to the shock wave interaction with the laminar layer being different in 
character to its interaction with the turbulent layer. Thus, under such kind of flow 
conditions, the interactions between a shock wave and a laminar boundary layer as well as 
a turbulent boundary layer are both of a primary concern. 
 
Firstly, a background of previously used test facilities to investigate flutter is presented. 
Secondly, the new test facility including the generic model, the oscillation drive train, the 
geometry measurement system, as well as the different measurement techniques used 
are presented. Thirdly, Schlieren visualization results will be presented and analysed. The 
performed unsteady pressure measurement will also be analysed and combined to the 
results of interest. Variations of amplitudes and phase lead towards bump motion of both 
the shock wave movement and the unsteady static pressure relatively to the reduced 
frequencies are compared and correlated. Finally, after concluding this experimental study, 
a complete description of the expected future works is given in the light of better 
achievements. 
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2 BACKGROUND TO EXPERIMENTS ON FLUTTER PHENOMENA 

As was pointed out by Sears et al. [1972], “transonic stall flutter and choke flutter have 
been observed on occasions, but no satisfactory analytical predictions have been 
developed. The unconventional nature of the advanced future airfoils suggests potential 
problems that might be encountered such as excitations in bending mode shapes and thus 
bending flutter”. Large amplitudes of vibration and strong shock boundary layer 
interactions characterize this kind of bending flutter. Research has to go in the direction of 
discovering how a shock wave structure interacts with the boundary layer of blades or 
airfoils under transonic bending flutter conditions.  
 
This chapter does not intend to present the exhaustive list of experimental results obtained 
in this field. Rather than completely explain how these test facilities work, this chapter 
presents the past technical solutions in order to outline the need for non-rigid model 
facility. Moreover, this chapter is also essential to outline the logical processes dedicated 
to better understand the flutter phenomenon by describing test facilities that are 
considered as the world most competitive in this particular research field. 
 
The first investigation regarding the self-excited flutter phenomenon in cascades was 
performed by Bellenot and Lalive d’Epinay [1950]. Numerous experiments followed this 
first initiative in various test rigs, straight channels or annular cascades equipped with two 
or three dimensional test objects. It appeared clear that it is quite difficult to realize self-
excited flutter in test facilities. The vibration occurs at the natural frequency of the vibrating 
models and therefore the amplitudes become so high that they can lead to the ruin of the 
models. In most of the following test rigs, the test models were forced to vibrate in order to 
avoid the danger of blade destruction. By controlling the vibration with some external 
electronic or mechanic system, it was tried to reach the flutter conditions from the safe 
side. As it is explained below, several 2D experimental models have already been 
developed. They are classified in three categories: the rigid models controlled oscillated in 
a first bending mode shape, the rigid models controlled oscillated in a first torsion mode 
shape and the rigid models that are able to be controlled oscillated in both mode shapes. 
These specific descriptions and results are preceded by an overview of the existing flutter 
facilities and are concluded by a short state-of-the-art of this experimental research field. 
 
 
2.1 Overview of existing flutter facilities 

In the last few decades, consequent research efforts focused on a better understanding of 
the physics of such flutter phenomena by designing test facilities capable of controlling 
several kinds of test objects directly under flutter operating conditions. 
 
Covert and Lorber [1982] performed a series of experiments to determine the 
characteristics of the turbulent boundary layer of a two-dimensional airfoil subject to an 
oscillating external flow. For moderate adverse pressure gradient, mean velocity profiles 
were found to be independent of the reduced frequency. In the boundary layer, periodic 
velocity profiles had large increases in amplitude, but small phase differences from the 
external flow. This velocity profiles were found to be highly dependent on the mean 
pressure gradient for low reduced frequencies (k<1). As Lorber [1984] pointed out later, “it 
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is necessary to study the importance of the amplitude and phase variation of the unsteady 
perturbation upon the pressure and velocities in unsteady separated flows”.  
 
The experimental investigations performed at single blades and in cascade by Gallus et al. 
[1986] showed extensive, periodic shock and boundary layer oscillations at Mach and 
Reynolds numbers in the ranges 0.7 ≤ M ≤ 0.9 and 0.6*106 ≤ Re ≤ 2.1*106. The 
mechanism of the self-excited flow oscillation was analysed by high-speed Schlieren films 
where the instability of the shock-induced separation appeared to be the dominant feature. 
The position of the boundary layer separation oscillated nearly sinusoidal about a mean 
position at 80% of blade chord as a result of the periodic deceleration and acceleration of 
the flow. The self-excited flow oscillation drives the elastically suspended blade to 
synchronous vibration. With forced pitching vibration of the blade the forced motion of the 
shock wave is superposed by fluctuations due to the self-excited mechanism of flow 
oscillation. 
 
The mechanism of self-sustained shock motion observed in transonic shock wave 
boundary layer interaction has been supported by several experiments such as Squire and 
Edwards [1986], Edwars and Squire [1986]. Their experimental campaigns performed in a 
symmetric nozzle have shown that it is possible to generate a periodically separating flow 
field with obvious similarities with stall flutter. In the typical case of a curved surface they 
noted, “it is also possible to envisage the case of a stall flutter occurring due to a low 
frequency, relatively high pressure disturbance generated downstream of the cascade”. 
The experiments performed by Lee [1989] with a single airfoil supported this proposed 
mechanism of self-sustained shock motion in transonic shock boundary layer interaction. 
In fact, it was shown that the measured period of shock oscillation agree quite closely with 
the time it takes for an upstream travelling wave generated at the trailing edge to reach the 
shock, plus the additional time it takes for a pressure wave to propagate in the boundary 
layer from the shock to the trailing edge. 
 
In the highly loaded compressor cascade from Bell and Fottner [1995], it has been 
observed that clearly perceptible wide pressure diffusion in the upstream direction are 
caused by a shock interaction with a laminar transitional boundary layer and that this 
influences the transition process. Generally, the transition takes place above a shock-
induced separated flow region next to the shock foot. They also noticed that a shock 
induced transition without boundary layer separation can be generated by a higher inlet 
Reynolds number, and that the wide pressure diffusion causes a pressure gradient under 
the foot of the shock wave. 
 
Although previous studies have focused almost exclusively on the unsteady separation 
shock wave as a pressure fluctuation generation mechanism, the work performed by Garg 
and Settles [1996] on a flat plate has identified additional flow field features that are 
believed to be responsible for high levels of fluctuating pressure loads in the interactions. 
They reached the following conclusions: the generation of high fluctuating pressure loads 
in these interactions is partially due to the separation vortex. The mean pressure 
distribution increases in the vicinity of the mean attachment line. The available evidence 
suggests that this phenomenon is closely coupled to the unsteadiness of the separation 
shock. The unsteady motion of inflection points in the mean pressure distribution is the 
principal mechanism of unsteady surface pressure load generation in shock wave 
boundary layer interactions. 
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2.2 2D rigid models oscillating in a first bending mode shape 

Steer [1991] presented an idea for a test rig that maintains excitations by use of an axial 
magnetic bearing. This bearing generates vertical oscillations of the part supporting the 
blade. This implies vibration only in bending mode with maximal amplitude of 0.5mm. The 
advantage of the magnetic bearing, compare to the spring-damping element and the 
electro-dynamic shaker, is that the stiffness and damping coefficients can be altered in a 
wide range. By varying the damping coefficient it should be possible to measure directly 
the aerodynamic damping coefficient. There is no fixing of the blade in the magnetic 
bearing. The blade vibration unit must be equipped with gaps as small as possible in order 
to avoid secondary motions. Such technical solution is of course expensive and provides 
the blade only with 2D rigid oscillations. Moreover, because of the size of the system, it is 
impossible to realize Schlieren observations close to the model structure. However, the 
construction of this test facility has (as far as the present author is aware) never been 
implemented. 
 
Norryd and Bölcs [1997] presented investigations of unsteady flow effects in a linear test 
facility composed of five turbine blades shown in Fig. 2.1. In order to ensure a uniform flow 
through, up- and downstream of the two center blade passages, this cascade is equipped 
with two adjustable tailboards and valves. The inlet incidence angle can be adjusted by 
turning the round plate No. 5. The inlet and outlet isentropic Mach numbers are 
determined with the static distribution in pitch-wise direction upstream and downstream of 
the cascade together with the upstream stagnation pressure. As it is done in Bölcs and 
Suter [1986], the isentropic Mach number in the case of supersonic outlet flow is 
determined with the known flow characteristics in a reference position on a blade surface 
and the mass flow of this test facility. To complete this test rig, Norryd and Bölcs [1994] 
developed a double-sided labyrinth around the oscillating blade, which is shown in Fig. 
2.2. This sealing design is mounted between the side-wall and the vibrating blades to 
reduce the leakage secondary flow usually occurring at this location.  
 
In this test facility, the center blade was controlled vibrated in a pure rigid bending mode. 
The unsteady investigations showed that side-wall measurements are a good indicator of 
the cascade unsteady behavior. The performed measurements with a single blade 
oscillating show that the produced pressure propagations are different in each blade 
passages around the vibrating blade. At mid-span, both steady and unsteady pressure 
repartitions are influenced by a change in tip clearance. The types of results delivered by 
this test facility are very interesting, but they are only related to the case of rigid vibrating 
model oscillation. 
 
Nowinski and Ott [1997] conducted experimental measurements in an Unsteady Transonic 
Wind Tunnel (Fig. 2.3) at the Ecole Polytechnique Fédérale de Lausanne. A four-stage 
centrifugal compressor supplies air to this open cycle facility on a continuous basis with a 
pressure ratio of 3.5 and maximum flow rate of 10kg/s. Before being accelerated in a 
converging nozzle, the air enters the test facility through an inlet-settling chamber and 
circulates into a rectangular test section. 



Licentiate of Engineering Thesis / Davy Allegret-Bourdon  Page 7  

 
Fig. 2.1: Linear test facility. Taken from Norryd and Bölcs [1997]. 
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Fig. 2.2: Blade oscillating system. Taken from Norryd and Bölcs [1997].  

 
 
In the center of the test section, a single compressor blade is mounted and a vibration 
system driven by a hydraulic motor is externally attached. An eccentric shaft and 
connecting arm (Fig. 2.4) translates the rotational motion of the motor to a plunging blade 
vibration perpendicular to the chord. The average vibration amplitude is approximately 
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0.4mm for a vibration frequency of the system that can be varied between 0 and 100Hz. 
The inlet flow incidence angle can be adjusted because the entire blade-motor assembly is 
mounted on a circular disc part of the test rig side-wall. A small flat plate is mounted within 
the rotating shaft of a second hydraulic motor (Fig. 2.4) approximately 375mm downstream 
of the blade mid-chord. 
 
 

 
Fig. 2.3: Unsteady Transonic Wind Tunnel, taken from Nowinski and Ott [1997]. 

 
 

 
Fig. 2.4: Vibration system (left), gust generator (right), taken from Lehr and Bölcs [2000]. 
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This gust generator is able to produce upstream-running waves at the 200Hz frequency. 
Fig. 2.5 provides the unsteady measurement specifications of such a set-up. It is possible 
to freely vary the phase lag between these two excitation systems. Thus unsteady 
measurements can be conducted in three configurations: the downstream flow 
perturbation alone, the blade vibration alone, or a combination of the two excitations for 
different phase angles. Nowinski and Ott [1997] observed that, for all their transonic cases, 
a large increase in the blade surface unsteady pressure amplitude is representative of the 
suction side shock. No kind of non-linear interaction has been observed near the shock 
wave for all the separated cases and combination cases. Small shifts in the mean shock 
location appeared to be responsible for the differences observed between the compared 
cases. 
 
 

 
Fig. 2.5: Unsteady Measurement Specifications, taken from Nowinski and Ott [1997]. 

 
 
Novinsky [2000] outlined the main results obtained by blade vibration experiments with this 
test facility. On the pressure side, it has been measured a flow disturbance that originates 
near the blade trailing edge and propagates upstream along the blade surface. 
Considering combined vibration-gust excitations, no unsteady pressure measurements 
were obtained to complete the knowledge of such “superposition” case.  
 
Lehr and Bölcs [2000] presented experimental measurements that were conducted in the 
same Unsteady Transonic Wind Tunnel at the Ecole Polytechnique Fédérale de Lausanne 
(Fig. 2.6, and previously Fig. 2.3, Fig. 2.4 and Fig. 2.5). Compared to others, these 
experiments offer the possibility to provide experimental results combining tested model 
oscillations and backpressure fluctuations. But these experiments are limited in the range 
of reduced frequencies reached.  
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Fig. 2.6: The unsteady transonic wind tunnel, taken from Lehr and Bölcs [2000]. 

 
 
Nevertheless those experiments have proven the suitability of the PIV measurement 
technique for revealing the flow fluctuations that occur even for steady-state experiments 
in transonic flow conditions. The PIV technique appears to be efficient especially for 
observing the size and location of the supersonic flow region and shock position. The 
downstream created pressure perturbations introduced by the gust generator can simulate 
the necessary strong variations of the flow field. Those experiments have shown that a 
phase angle between the excitation source and the aerodynamic response could be 
revealed by the unsteady measurements. This kind of test facilities and techniques 
demonstrated real possibilities for extensive experimental results that combine controlled 
oscillated model and back pressure fluctuations. However, a perturbation frequency higher 
than 100Hz, both for the blade oscillations and the backpressure fluctuations, has to be 
reached to allow performing experiments at modern realistic reduced frequencies. 
 
A blow-down type, transonic linear cascade tunnel was used by Watanabe et al. [1997] to 
measure the unsteady aerodynamic force acting on turbine blades. A schematic view of 
such a Transonic Cascade Tunnel is presented in Fig. 2.7. The test facility has a 
rectangular cross section where it is possible to change the pressure ratio by controlling 
the total pressure in the upstream settling chamber. At the exit, the flow is redirected to the 
atmosphere through a silencer. Boundary layer suctions are performed on all the walls of 
the upstream flow channel. The configuration is schematically shown in Fig. 2.8 and its 
specification is summarized in Table 2.1. 
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Fig. 2.7: Schematic View of the Transonic Cascade Tunnel, taken from Watanabe et al. 

[1997]. 

 
 

Geometry VKI tip section 3:  
Inlet flow angle 156º 
Outlet flow angle 5º 
Stagger angle 156º 
Pitch 36.12mm 
Chord length 42.49mm 
solidity 0.85 
Span length 50.0mm 
Aspect ratio 1.18 

Table 2.1: Specification of test Cascade, taken from Watanabe et al. [1997]. 

 
 
The operating conditions at the design point are defined by the ratio of the inflow total 
pressure to downstream static pressure of 4.936, and the isentropic outlet Mach number of 
1.7. The cascade is composed of seven numbered blades as shown in Fig. 2.8. The 
central blade (No. 0) could be oscillated by a mechanical vibration system with a piston-
crank mechanism. The oscillation in translation mode can generate 2mm amplitude. The 
frequency can be set at 10Hz, 43 Hz, and 82Hz, and the reduced frequency k based on 
the blade half-chord length ranges between 0.0025 and 0.02. This mechanism is able to 
reach higher amplitudes, but the corresponding reduced frequencies are far from the ones 
expected to analyze such kind of phenomena. The performed experiments in the off-
design case allowed to conclude that, when the shock wave impinges on around the mid-
chord position, the oscillation energy input from the two adjacent blades are canceling 
each other, which situation thus leads to less unstable vibration. On the contrary, the 
energy input is summarized in the case near the design point, which results in unstable 
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vibration. It is finally remarked in this study that the local unsteady force generated at the 
impingement point of the shock wave has no significant role in the present vibration 
instability of the blade. As it is often the case in the similar test facilities, the experimental 
conditions are a compromise between realistic reduced frequencies and higher amplitudes 
of vibration. Because those limitations are due to the use of rigid oscillating models, a clear 
need for non-rigid models able to reach extreme operating conditions is here understood. 
 
 

 
Fig. 2.8: Cascade Configuration, taken from Watanabe et al. [1997]. 

 
 
Shiratori et al. [1997] performed experiments using the blow-down type high-subsonic wind 
tunnel at Tokyo Metropolitan Institute of Technology. Fig. 2.9 shows the configuration of 
the tested cascade and the dimensions.  
 
 

 
Fig. 2.9: Arrangement of airfoils, two configurations: (a) unstaggered cascade and (b) 

staggered cascade, taken from Shiratori et al. [1997]. 
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The presented linear cascade consisting of three airfoils allows taking into account the flow 
interactions with the neighboring blades or passages. The upstream total pressure and the 
replaceable rear throat, which also suppresses the propagation of the flow disturbances 
from the downstream side into the test section, adjust the experimental flow conditions. 
Experiments are performed at a free-stream Mach number of M=0.61, and Pb from 0.63 to 
0.79 for the unstaggered case, and of M=0.58, and Pb from 0.63 to 0.76 for the staggered 
case, where Pb are backpressure ratios (downstream static pressures normalized by an 
upstream stagnation pressure). At these flow conditions, normal shock waves can be 
visualized and analyzed in the passage between the blades.  
 
This test rig allow precise observation of shock wave motion in blade passages, but 
unfortunately does not allow generating blade vibrations. The performed experiments 
showed that the occurrence of the phenomenon of the self-excited shock wave oscillation 
is confirmed clearly in the unstaggered case. It was concluded that the mechanism of the 
shock wave oscillation was almost equal to that of the channel flow. In the staggered case, 
no clear linear relation is observed between the frequency of oscillation and the mean 
shock wave position. This means that other factors such as non-uniformity of propagation 
and difference of shock boundary layer interactions at the lower and upper airfoil surfaces 
my influence the flow field. This kind of shock wave motion study in cascades does not 
allow isolating the shock wave boundary layer interaction phenomena from the other 
phenomena due to the neighboring blades. Consequently, it is recognized a clear need for 
shock wave motion experimental studies that aim to isolate the shock wave boundary layer 
interaction.  
 
 
2.3 2D rigid models oscillating in a first torsion mode shape 

Carta and St. Hilaire [1976] developed a test facility composed of a subsonic oscillating 
cascade (Fig. 2.10). Carta and St. Hilaire [1977] presented an experimental program 
carried out with the test rig that is shown schematically in Fig. 2.10. Rotating the floor and 
ceiling nozzle allows variations of the inlet angle. Movable tailboards are located at the 
trailing edges of ceiling and floor end blocks, and are used to guide the exit flow to yield a 
uniform downstream static pressure distribution along the cascade exit plane. A group of 
blades with a 10º arc camber and a thickness-to-chord ratio of 0.06 are located in the test 
section of this test facility. Fig. 2.11 shows a schematic drawing of how four of these 
eleven blades are mounted in the wind tunnel. In order to clarity the blade shape 
parameters, the relative positions shown are properly scaled but the blade geometry has 
been exaggerated. 
 
For a variety of prescribed frequencies, the entire set of airfoils is coherently driven in a 
sinusoidal pitching motion with amplitude of 2º. This oscillatory drive system composed of 
several pulleys transmission produces a sinusoidal airfoil motion. The design oscillating 
frequency range is from 3 to 150Hz. This system was design to provide a sinusoidal 
motion having les than 0.5% distortion. Carta and St. Hilaire [1980] presented 
improvements of the previous subsonic test facility after the experimental work presented 
in Arnoldi et al. [1977]. Thus, a considerable care was taken to provide uniform and 
parallel inlet flow, and to remove the sidewall boundary layer. This test facility can be set at 
various incidence and interblade phase angles, but the oscillating frequency range is 
restricted to 150Hz. Experimental results are up to date obtained only for relatively low 
reduced frequencies due to the limitations from the design of this test rig. 
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Fig. 2.10: Schematic of subsonic oscillating cascade wind tunnel. Taken from Carta and 

St. Hilaire [1977]. 

 
 

 
Fig. 2.11: Blade nomenclature. Taken from Carta and St. Hilaire [1977]. 
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Fig. 2.12: Schematic view of oscillating airfoil test section, from He and Denton [1991]. 

 
 
He and Denton [1991] presented experiments performed with the low-speed wind tunnel in 
the Whittle Laboratory. An electrical fan powers this tunnel. The test section is subject to 
an inlet flow of 27m/s. In the side-walls of the test section, bearings support the airfoil 
under test on its torsion axis. Outside one sidewall, a two bars system (bars A and B) 
drives the airfoil into oscillation. A schematic view of this mechanism is clarified on Fig. 
2.12. 
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Fig. 2.13: Turbine cascade test section configuration. Taken from He and Denton [1991]. 

 
 
The two-dimensional airfoil used in the experiment is a symmetrical profile with a chord 
length of 142mm and a relative thickness of 10%. The torsion axis is chosen at a chord 
wise position of 60mm from the leading edge. Later on a linear cascade consisting of 
seven low-pressure turbine blades was experimented in this facility. The cascade 
configuration is shown in Fig. 2.13. The middle blade (blade 0) was oscillated in a torsion 
mode by the previously described mechanism.  
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Those experimental campaigns produce useful observations relative to the separation 
bubble observed in the tested cases. The results show that the major influence of such a 
bubble on the unsteady pressure repartition is linked to the reattachment point motion on 
the airfoil. The obtained results are interesting, but the test facility is limited to low-speed 
flows and cannot support the study of transonic and supersonic flutter phenomena. 
 
Buffum and Fleeter [1991] presented the NASA Lewis Transonic Oscillating Cascade that 
includes a linear cascade wind tunnel capable of inlet flow approaching Mach one. This 
test rig is equipped with a high-speed airfoil drive system that creates torsion mode 
oscillations at specified interblade phase angles and in a realistic range of reduced 
frequencies. Fig. 2.14 shows this oscillating cascade test facility. 
 
 

 
Fig. 2.14: Oscillating cascade facility, taken from Buffum and Fleeter [1991]. 

 
 
Details of the geometry are summarized in Table 2.2. Fig. 2.15 illustrates the cascade 
geometry nomenclature. A low solidity cascade is created by using four cumbered 
biconvex airfoils with rounded leading and trailing edges. The airfoils oscillate about 
midchord and the stagger angle is set at 45º. Results were obtained at reduced frequency 
of 0.64 with inlet Mach number of 0.55. The experimental campaigns performed where 
recognized to be far from the reality of the industrial applications because of the existing 
large side-walls effect on the cascade. This defect is planned to be corrected by replacing 
the existing side-walls with acoustically treated ones. Even if the reduced frequencies 
reached in this test rig are realistic, the experiments performed by Buffum and Fleeter 
[1991] are limited by the low amplitude of oscillation that can be performed. 
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Airfoil:  Cascade:  
Shape Symmetric 

biconvex 
Number of airfoils 4 

Surface radii of curvature 27.4cm Airfoil spacing, S 11.72cm 
Leading and trailing edge of curvature 0.025cm Solidity, C/S 0.65 
Chord, c 7.62cm Stagger angle, Y 45º 
Maximum thickness / chord 0.076 Mean flow incidence angle 2º 
Elastic axis midchord Amplitude of oscillation 1.2º 

Table 2.2: Airfoil and cascade geometry, taken from Buffum and Fleeter [1991]. 

 
 

 
Fig. 2.15: Schematic of cascade geometry, taken from Buffum and Fleeter [1991]. 

 
 
Frey and Fleeter [1997] used a torsion mode drive system in a compressor rotor blade 
row. As it is described, “This actuator system consists of the blade assembly, the cam 
follower assembly, and the cam” (Fig. 2.16). “As the compressor rotates, the cam follower 
rides along the sinusoidal surface of the stationary cam, with its linear motion translated 
into rotary motion via a lever arm fixed to the blade”. The advantage of this actuator is that 
the torsion oscillation of the blades does not require any external motorized systems. This 
mechanism drives the rotor blade into oscillation as long as the compressor runs. It is 
important to notice that a single frequency harmonic motion is produced by the sinusoidal 
cam surface. 
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Fig. 2.16: Schematic of rotor blade oscillation mechanism. Taken from Frey and Fleeter 

[1997]. 

 
 
The angular deflection amplitude for these experiments is 10º or less. Thus, the rotor 
blade torsion motion ( )tα ′  is described by Equation 2.1. 
 

( ) ( ) ( )tt
l

y
t ωαωα sinsin ==′    (2.1) 

 
Hence, blades n=-2, -1, 0, and 1 are individually oscillated, accomplished with four 
identical mechanisms operated simultaneously. By changing the design for different 
vertical height cams, it is possible to change the blade oscillation amplitude. These 
experiments present three oscillation amplitudes: 3.5°, 5°, and 10°. In Frey and Fleeter 
[1997] it was concluded that the unsteady lift and moment harmonics indicated non-
linearity in the unsteady aerodynamics for oscillation amplitudes greater than 5°. This 
nonlinear response resulted in a decreased of the first harmonic of both unsteady lift and 
moment for those higher oscillation amplitudes. This test facility offers very large 
possibilities in the field of blade high cycle fatigue, but experiments performed with the 
presented oscillation mechanism seem to be limited in term of perturbation frequency. Due 
to this limitation, it appears impossible to use this set-up at a realistic reduced frequency 
range under transonic or supersonic flow conditions. 
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Fig. 2.17: Transonic wind tunnel, taken from Fujimoto et al. [1997]. 
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Fig. 2.18: Linear cascade geometry, taken from Fujimoto et al. [1997]. 
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Fujimoto et al. [1997] developed a closed-type transonic airflow wind tunnel that is driven 
by a centrifugal compressor (2). The turbo blower shown in Fig. 2.17 is driven by a 580kW 
AC motor (1). It is possible to adjust the mean flow Mach number from M=0.3 to 1.2 at the 
inlet of the test section (7). The test section has a rectangular section with a span of 
100mm and with a height variable in the range of 200 to 400mm by flexible upper and 
lower wall plates. In the downstream of the test section, upper and lower end plates are 
installed to adjust the exit flow direction. These plates are able to move vertically. Air 
temperature and wind velocity can be controlled during operation of the wind tunnel. Fig. 
2.18 shows a schematic view of the transonic linear cascade consisting of nine blades. As 
shown in Fig. 2.19, two-dimensional, cambered double-circular-arc blades of 67.25mm in 
chord and of 99mm in span are installed with a blade spacing of 40mm corresponding to 
solidity of 1.68 and with a stagger angle of 30º. 
 
 

 
Fig. 2.19: Test blade, taken from Fujimoto et al. [1997]. 
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The maximum blade thickness is 5.6mm, which corresponds to a thickness-to-chord ratio 
of 0.083. Only the center blade (No. 0) is forced to vibrate and the others are fixed. The 
center blade is supported at midchord by a single part connected to a high-speed vibrator 
at one end and by a pivot at the other end. Fig. 2.20 shows the high-speed pitching 
vibrator with a groove of eight periods of sinusoidal waves per turn in a cam (a rotary 
drum). 
 
 

 
Fig. 2.20: High-speed pitching vibrator, taken from Fujimoto et al. [1997]. 

 
 
The roller of this high-speed vibrator slides along the groove, thus giving a pitching 
vibration with angular amplitude of 2º to a vibration axis. This vibrator can reach a 
maximum frequency of 500Hz. The centre blade (No. 0) is mounted on one side of the 
vibration axis and a potentiometer to detect angular displacement of the blade is placed on 
the other. After these experiments Fujimoto et al. [1997] concluded that, in the vicinity of 
the trailing edge of the oscillating blade, the shock waves moved at twice the frequency of 
the blade oscillation. They observed the existence of a phase of π between the upper and 
lower shock wave displacements. It has also been noticed that, although the amplitude of 
shock wave displacement did not change much within the range of the present 
experiment, the phase lag relative to the blade oscillation increases up to almost π/2 
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radian as the blade oscillation frequency increases to 200Hz. This high-speed pitching 
vibrator offers large possibilities (up to 500Hz vibrating frequency) even if the presented 
experiments are limited to an oscillating frequency of 200Hz.  
 
Following this, Hirano et al. [2000] performed unsteady pressure measurements on the 
blade surface in the case of one blade oscillating in order to elucidate the unsteady 
aerodynamic characteristics of an oscillating transonic compressor cascade in the pitching 
mode. This has proven that the set-up is operational and allows performing experiments at 
high realistic reduced frequencies. The performed experiments demonstrated that: 

• A change in reduced frequency has a large effect on the phase angle but little on 
the amplitude of the unsteady pressure on both the suction and the pressure 
surfaces.  

• The shock wave movement has a large effect on the amplitude and the phase angle 
of unsteady pressures on the blade surfaces.  

• The amplitude of unsteady pressure becomes large upstream of the shock wave 
but decreases rapidly downstream.  

• The phase angle across the shock wave changes largely for the surfaces facing to 
the flow passages adjacent to the oscillating blade. 

 
As for the shock wave motion in the flow passage around the oscillating blade, it has been 
demonstrated that: 

• The amplitude of shock wave movement increases following the increase of the 
reduced frequency. This result was not expected and is not explained by the author 
at the present time. 

• The shock wave motion is fairly large near the oscillating blade surface in the 
suction side. However, in the pressure side of the oscillating blade, the 
displacement of shock wave is almost the same across the flow passage. 

• The phase angle relative to the blade displacement lags almost linearly as the 
reduced frequency increases. 

 
The main limitation from this test rig comes from the fact that it is limited to torsion mode 
shapes because the high-speed vibrator is not design for generating bending mode 
shapes and that higher amplitudes of vibration could be required in the future. 
 
Svensdotter et al. [1997] used a wind tunnel at Volvo Aero Corporation, which is 
connected to a large air reservoir providing the tunnel with air of constant inlet conditions 
for continuous testing. The test section has the span width of 150mm and the height of 
180mm. The top and bottom ceilings are slotted in the stream-wise direction in order to 
prevent reflecting shock waves and to bleed off the boundary layer which will build up at 
the tunnel walls. The cross section of the stagnation chamber is 0.35m2 and the cross 
section of the measurement section is 0.027m2. This gives a contraction ratio of 12.96. 
The inlet Mach number can be varied continuously from 0.3 to 1.6 and the inlet stagnation 
temperature is about 280K (Johansson [1992]). The free stream static pressure can be 
varied between slightly below atmospheric pressure and up to 400kPa at Mach 1. The 
free-stream turbulence intensity is below 3%. Two symmetrical 2D airfoils with a chord 
length of 80mm and a span of 150mm were used for the tests. Both tested airfoils are 
mounted with different instrumentations and with plain bearings in the sidewalls with two 
shafts. The pitching axis is at 43% of the chord and the torque was transmitted to the airfoil 
by the starboard side shaft. Accurate time history traces of the motion are needed for the 
performance of the experiments, and to achieve this a known excitation of the blade is 
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required. The oscillations are performed with a hydraulic actuator, of ONERA type 
(Cristoux and Hutin [1991]), run with oil of 200bar. Details of the excitation system can be 
found in Sjunnesson [1992]. The actuator motion can be detected by high precision 
potentiometer on the actuator shaft. It was concluded at the end of those experiments that 
a separation occurs at higher angle of attack for both increasing amplitude and frequency, 
but the separation and reattachment points are mostly dependent of the oscillation 
amplitude and only some of the oscillation frequency. It was also observed that, for 
amplitude of 0.2º, no effect on the flow could be seen neither by the hot film nor the 
pressure sensors, regardless of oscillation frequency. 
 
Finally, it seems reasonable to conclude that those experiments present the same 
limitations as for the ones performed by Fujimoto et al. [1997]: it is possible to perform 
experiments only in controlled torsion mode shapes, and by compromising between 
amplitudes and frequencies of vibration. 
 
 
2.4 2D rigid models oscillating in both bending and torsion mode 

shapes 

Poensgen and Gallus [1991] carried out unsteady flutter investigation in an annular 
compressor cascade described in detail by Schulz and Gallus [1988] and Poensgen 
[1990]. Fig. 2.21 shows a cross section of the annular cascade.  
 
 

 
Fig. 2.21: Cross section of the annular cascade, taken from Poensgen and Gallus [1991]. 
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In this test facility, the blades are mounted on springs to allow the achievement of 
sufficiently large oscillation amplitudes at high frequencies. Those blade-spring systems 
are forced into vibration near their first natural frequency by electrodynamic shakers. Fig. 
2.22 shows two shakers fastened on a frame outside of the casing, working on a blade-
spring system. 
 
The experimental investigations were carried out in steady and unsteady flow 
characterized by a typical inlet Mach number of 0.229. Bending amplitudes up to 0.75mm 
has been achieved at an oscillating frequency of 150Hz. Lower amplitudes have been 
achieved at an oscillating frequency up to 230Hz. Reduced frequencies between 0.370 
and 0.708 could be reached for such a bending mode shape. Torsion amplitudes up to 
0.65 degree have been performed for an oscillating frequency of 370Hz. Reduced 
frequencies between 0.739 and 0.922 could be reached for such a torsion mode shape. 

 
Fig. 2.22: Shakers working on a blade-spring system. Taken from Poensgen and Gallus 

[1991]. 

 
 
This test facility is able to oscillate the blade in both bending and torsion mode, but it is not 
able to combine those modes during the experiments. Although it is able to run 
experiments in a realistic reduced frequencies range, the operating flow conditions are 
limited in such case to subsonic flows characterized by low inlet Mach numbers. 
 
In the non-rotating annular cascade tunnel at the Swiss Federal Institute of Technology, 
Lausanne (Bölcs [1983]), the flow incidence angle in the test section can be regulated from 
axial to ±75º, and the inlet Mach number can be varied from 0.3 to 1.6. For time-dependent 
measurements, the blades in the test cascade are driven into a vibration mode by means 
of a vibration control system developed by Kirschner et al. [1980]. As is fully explained in 
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Kirschner et al. [1980], “the blades are elastically suspended on spring-mass systems, 
designed to reproduce the first three natural frequencies, as well as the vibration direction 
of the first bending mode, as determined from the blades in the full-scale turbine, and they 
are forced into vibration by means of individual electromagnetic exciters with their own 
feed-back loops”. Details about the flow in this annular test facility and the design of the 
section under investigation are given in Fig. 2.23 and Fig. 2.24.  
 
 

 
Fig. 2.23: Schematic representation of the flow in the annular test facility, taken from Bölcs 

[1983]. 
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Fig. 2.24: Principle design of the annular test rig, taken from Bölcs [1983]. 

 
In this particular case a labyrinth housing is used as sealing construction to reduce 
leakage secondary flow around the center blade (Fig. 2.2). The main advantage of this 
radial-axial annular test rig is to not introduce large disturbances of upstream and 
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downstream flow periodicity by lateral walls. Another advantage is to eliminate the shock 
interference effects between the preswirl vanes and the test cascade in the transonic 
velocity range. Both subsonic and supersonic flows can be produced in the test section by 
setting the inlet flow conditions. 
 
As shown in Fig. 2.24, by using the four independent suctions upstream and downstream 
of the test cascade, it is possible to set the velocity profile as well as the boundary layer. 
Fransson [1990] performed experiments with blades forced into a first bending mode 
vibration in this previously described annular cascade. For the studied type of blade row 
under transonic flow condition, it was part of the conclusion that shock waves can have a 
considerable influence on the unsteady blade load. The cascade was found to become 
unstable mainly because of the combined cascade effect of the leading edge normal shock 
as well as because of the shock wave occurring on the suction surface. 
 
In Bölcs et al. [1991], the same test facility was used to perform time-dependent 
measurements. Details about the model-cascade and the nominal flow conditions of the 
section under investigation are given in Fig. 2.25 and Table 2.3. 

 
 

 
Fig. 2.25: Annular cascade model geometry at midspan, taken from Bölcs et al. [1991]. 

 
 
From the performed experiments at off-design inlet flow angles and high outlet flow 
velocities, it has been shown that the pressure surface of the cascade is mostly damped 
for all interblade phase angles. It has thus been concluded that the stability of the cascade 
is not significantly influenced by the phase angle. In a more general way, the results have 
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also shown that shock waves can significantly influence the unsteady load on the profile, 
both as regards to magnitude and phase, and that high unsteady loads are present in 
leading edge separation bubbles. An important result observed is of interest: a phase shift 
exists in the time-dependent blade surface pressures at the location of the expected shock 
wave position. 
 
 
Number of blades 20 Reynolds no. (Re) 0.7-1.3*106 

Blade span 40 mm Pressure taps, Suction surface 31 
Chord c 77.8 mm Pressure taps, Pressure surface 8 
Maximum blade thickness 7.7 mm Pressure taps, Trailing edge 14 
Camber 49.2º Pressure transducers,  

Suction surface 
19 

Hub diameter 320 mm Pressure transducers, 
Pressure surface 

9 

Tip diameter 400 mm   
Pitch (midspan) (t) 56.5 mm   
t/c (midspan) 0.72 Nominal flow conditions:  
Minimal section (midspan) 28.5 mm M1 0.33 
Stagger angle ( βg  ) 49º M2 1.04 
Bending mode eigenfrequency   
( f1B  ) 

205 ±2Hz β1 10.5º 

Bending mode direction ( δ1B ) 90º Reduced frequency ( k1B ) 0.1366 
Table 2.3: Model cascade geometry and nominal flow conditions, taken from Blöcs et al. 

[1991]. 

 
 
Similarly to the study performed by Lehr and Bölcs [2000], there has been a 
“superposition” study performed by Rottmeier [2003] in the annular cascade described 
earlier in Fig. 2.23 and Fig. 2.24. On the validity of the superposition principle, Rottmeier 
[2003] concluded that “it is locally correct to superpose unsteady pressures due to 
upstream generated gusts and due to the cascade’s vibration mode, on the blade surface”, 
for various test configurations and flow conditions. Moreover it has been observed that an 
exception to this rule is the region influenced by shocks for the transonic test case where 
this superposition principle cannot be applied. This has been verified for both bending and 
torsion mode shapes, but for limited ranges of bending and torsion amplitudes. 
 
 
2.5 State-of-the-art of flutter experiments with 2D controlled oscillating 

models 

The type of flutter experiments by means of 2D controlled oscillating airfoils or blades is 
mainly concerned with the unsteady aerodynamic loading generated on a structure 
vibrating in uniform flow. The main purpose of such kind of investigation is to quantify the 
aerodynamic damping of the oscillating structure due to the surrounding flow. The sign of 
this aerodynamic damping is directly indicating if the structure is stable or if is going to 
enter into self-excitation. The first controlled oscillating models were tested oscillating in 
pitching mode shape. Tijdeman [1977] studied an airfoil oscillating in pitch located in a 
transonic airflow. It was concluded that the amplitude of the shock wave motion over such 
an airfoil decreases with the frequency of oscillation. It was understood that the formed 
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shock waves in transonic flows contribute to the overall unsteady air load is largest at low 
to moderate oscillating frequencies. Additional experiments from Grenon and Thers [1977] 
allow outlining the almost linear relationship between the frequency of oscillation and the 
phase shift between the motion of the airfoil and the motion of the shock wave for low to 
moderate reduced frequencies.  
 
To those first experimental campaigns followed several facilities (described in details in the 
previous chapters) able to recreate a 2D rigid bending and torsion mode shapes 
necessary to better understand the self-excited flutter mechanism. Those test facilities 
were primarily single airfoils (for instance in Nowinski and Ott [1997], Lehr and Bölcs 
[1997] as well as Svendotter et al. [1997]) or linear cascades where one of the blades or 
airfoils were forced to oscillate at fixed frequency and interblade phase angle (for instance 
in Norryd and Bölcs [1997], Watanabe et al. [1997], Shiratori et al. [1997], Carta and St. 
Hilaire [1997], He and Denton [1991], Buffum and Fleeter [1991] as well as Fujimoto et al. 
[1997]). The unsteady blade loadings were measured at various flow conditions using fast 
response transducers. The main interpretations were concerning the influence of the inlet 
Mach number, reduced frequency and interblade phase angle on the unsteady blade 
loading. 
 
Concerning experimental studies performed with models controlled oscillated in a plunging 
mode shape, the up to date results have shown that shock waves can significantly 
influence the unsteady load on a profile, both as regards to magnitude and phase, and that 
high unsteady loads are present in leading edge separation bubbles. It has been observed 
in addition that a phase shift exists in the time-dependent blade surface pressures at the 
location of the expected shock wave position. Under transonic flow condition, the suction 
side shock is associated with an abrupt increase in the blade surface unsteady pressure 
amplitude. However no non-linear interaction near the shock were observed, but some 
differences due to small shifts in the mean shock location. It was confirmed the occurrence 
of the phenomenon of the self-excited shock wave oscillation. It was also observed that 
this phenomenon was less continuous in staggered cases and other factors such as non-
uniformity of propagation and difference of shock wave boundary layer interactions may 
influence the flow field around an oscillating airfoil. 
 
Annular cascades started then to be developed while using the same basic approach. The 
annular cascades had the advantage to present a circumferential periodicity and thus 
suppress sidewall acoustic wave reflections (for instance in Poensgen and Gallus [1991] 
and Bölcs [1983]).  
 
Concerning experimental studies performed with models controlled oscillated in a pitching 
mode shape, performed experiments have shown that, in the vicinity of the trailing edge of 
the oscillating blade, the shock waves moves at twice the frequency of the blade 
oscillation. It has also been noticed that, although the amplitude of shock wave 
displacement does not change much, the phase lag relative to the blade oscillation has an 
increasing trend when the oscillation frequency increases. Other experiments have been 
performed at high realistic reduced frequencies to demonstrate that: A change in reduced 
frequency has a large effect on the phase angle but little on the amplitude of the unsteady 
pressure. The shock wave movement has a large effect on the amplitude and the phase 
angle of unsteady static pressures. The amplitude of unsteady pressure becomes large 
upstream but decreases rapidly downstream of the shock wave. As for the shock wave 
motion in the flow passage around an oscillating blade, it has been demonstrated that: The 



Licentiate of Engineering Thesis / Davy Allegret-Bourdon  Page 33  

amplitude of shock wave movement increases following the increase of the reduced 
frequency, the displacement of shock wave motion is fairly large near the oscillating blade 
surface in the suction side. However, in the pressure side of the oscillating blade, the 
displacement of shock wave motion is almost the same across the flow passage, the 
phase angle relative to the blade displacement lags almost linearly as the reduced 
frequency increases. In another test facility a separation was observed at higher angle of 
attack for both increasing amplitude and frequency, but the separation and reattachment 
points are mostly dependent of the oscillation amplitude and only some of the oscillation 
frequencies. Finally, those test facilities deliver good experimental results but do not allow 
testing vibration torsion or bending mode shapes with higher amplitudes of vibration. 
 
The applicability of the principle of linear superposition started to be studied in both kinds 
of facilities. This principle states that the unsteady pressures occurring along a given blade 
surface can be obtained by the sum of the contributions made by the individual vibrating 
blades composing the cascade. This principle was recognized as valid over a wide range 
of flow conditions with the help of tests performed in several annular cascades. However 
at transonic flow condition, it was determined that the unsteady pressures measured in the 
vicinity of a shock wave cannot be linearly superimposed. This was recognized to be due 
to the nonlinear perturbations introduced by the shock motion. Apart from the rigid 
controlled oscillating model facilities, there have also been few non-rigid approaches to 
this kind of flutter experiments. One of them is the study performed by Jutras et al. [1980] 
who established flutter criteria for airfoils, which operate in subsonic/transonic 
aerodynamic environment. The data were obtained from an experimental investigation of 
blade flutter related to compressor mid-stage type rotor blades with emphasis on negative 
incidence and choke flutter. The results from those experiments indicated clear trends in 
flutter boundary migration and extent due to blade stiffness, solidity and inlet conditions. 
An increase in these parameter values was destabilizing in the case of choke and negative 
incidence flutter. 
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3 OBJECTIVES 

The main objective of the suggested study is to develop a new experimental fluid-structure 
interaction facility dedicated to the study of the phenomenon of flutter on a generic basis 
under subsonic and transonic flow conditions. The purpose of this thesis work is to explain 
how this new test rig is set up and validated. Rather than modelling the complex geometry 
of a turbomachine blade row or other concrete industrial applications, this new test facility 
intends to avoid centrifugal flow effects, radial geometry and 3D aspects of the flow 
occurring in such applications.  The purpose of this generic test facility will be to extend the 
fundamental research effort dedicated to better understand the causes of the force phase 
angle existing in the shock wave boundary layer interactions created by these kinds of 
flows conditions. Following previous studies conducted at the division of Heat and Power 
Technology in KTH, a long term objective is as well to observe and measure the pressure 
load fluctuations linked to separation movements in this kind of flow condition. 
 
More specifically, this present research effort concentrates on particular types of flutter 
identified as “subsonic flutter” and “transonic shock induced flutter”. Both phenomena are 
related to the measure of surface pressure fluctuations in subsonic and transonic flows. 
The last phenomenon is also related to the study of shock wave motion and its interaction 
with the boundary layer created when curved tested structures are located in subsonic or 
transonic flows. Variations of amplitudes and phase lead of both the shock wave 
movement and the unsteady static pressure towards bump motion should be analysed to 
relate these to the vibration. Local observations and measurements aim at analysing the 
existing interaction phenomena directly at the contact area between normal shock wave 
and turbulent boundary layer. 
 
Moreover, this research study has the objective to create a large database of experimental 
test cases with detailed data. Those results are necessary to validate in detail complex 
numerical models used to predict such kind of interaction phenomena in more complex 
geometrical industrial applications. 
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4 METHOD OF ATTACK 

Based on the previously presented background, a clear need has been identified for fluid-
structure interaction data that characterize the studied phenomenon on a simplified basis. 
The choice of a prismatic structure has been motivated by the need of a generic design, 
which will allow a fundamental approach of the flutter phenomenon studied here. 
Moreover, base line data are available from previous studies where a static version of the 
same generic model has been investigated in Bron et al. [2001] and Bron et al. [2003]. The 
shape of this generic model was preliminary designed curved with two inflection points to 
create a contraction of the existing channel. The transonic flow crosses this generic model 
without re-circulation upstream of the minimal throat and generates a normal shock wave 
downstream of the minimal throat. 
 
The new fluid-structure test facility presented here was built with the aim to investigate 
unsteady pressure measurements over a generic flexible structure. This structure has 
been designed prismatic to obtain a 2D geometry of the channel lower wall. The study is 
limited here to a 2D generic structure in order to demonstrate an experimental feasibility in 
a simple manner. It is part of the long-term goal to approach the phenomenon by 
performing experiments with 3D geometries. The shape of this 2D structure creates a 
contraction in the test section in order to induce a shock wave in the airflow.  This flexible 
model should be able to reach vibrating frequencies in a controlled way. Its oscillations are 
designed to be of a 2D bending mode shape nature. This type of oscillations could be 
performed by means of a fully integrated mechanism that will not disturb the visualizations 
from both sides. Mode shapes, reduced frequencies as well as operating flow conditions 
are characteristic for the choke flutter and transonic stall flutter phenomena. 
 
A first version of the flexible generic model is designed with lateral gaps between its 
deforming chord and the side windows in order to avoid friction contacts with the side 
windows of the test section. Preliminary numerical studies (Vogt [2001]) have first shown 
that the flow over this first designed geometry of the bump presents a good two-
dimensional pressure repartition. However these numerical results are very different from 
the base-line case from Bron [2003] where a static version of the same geometry 
demonstrates good agreement between experimental and numerical results. Even if the 
gaps have a positive influence on the flow (it has been observed that these gaps make the 
flow more two-dimensional), this first version of the generic model intends to only validate 
the quality of the manufacturing techniques and the first Schlieren observations. Based the 
previous results, a second version of this flexible model is designed to validate without 
lateral gaps the dynamical behaviour at up to 200Hz oscillating frequency and the 
unsteady pressure measurement technique. If this second version of the generic bump 
shows good agreements with the base line experiments as well as a good dynamical 
behaviour, geometry without lateral gaps will have to be considered in future studies. 
 
In the present study, a conventional Schlieren optical measurement technique is coupled 
with a high-speed video camera in order to perform unsteady observations of the fluid-
structure interaction at a typical design operating flow condition. Those observations are 
quantified by post-treatment of the pictures to reach a measure of the corresponding shock 
movements. These results will be interpreted and compared to unsteady pressure 
fluctuation measurements dedicated to analyse how the flow interacts with the generic 
surface movement. Simultaneously, it will be checked that the flow is not deforming the 
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bump motion and that, consequently, this interaction consists essentially in an 
aerodynamic load. At the same time, a measure of the dynamic flexible geometry will have 
to be clearly identified to relate the pressure measurements to the structure deformations. 
First experimental measurement campaigns as well as accuracy studies of those 
techniques are presented here to deliver a complete validation of the whole generic 
fluid/structure interaction test facility. 
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5 DESCRIPTION OF THE TEST FACILITY 

This newly modified test facility was presented in paper 1 (Appendix I). Even though this 
paper fully presents the test facility, a few fundamental and necessary details are recalled 
in the present chapter. 
 
 
5.1 Overall facility 

The VM100 wind tunnel facility consists of the screw compressor driven by a 1MW electric 
motor. The maximum mass flow available is 4.8Kg/s at 4bar and 293K. A set of valves 
allows redirecting the flow either in a test turbine or in an exchangeable wind tunnel facility, 
as seen in Fig. 5.1.  
 
 

 
Fig. 5.1: Overall facility at HPT, taken from Bron [2002]. 

 
 
The air exhaust temperature of the compressor is approximately 350K and can be 
adjusted down to 300K by the air-cooling system. Another set of three valves allows 
controlling both the mass flow and the pressure level in the test section, as summarized in 
Fig. 5.2.  
 
Opening the inlet valve or closing the bypass valve can increase the mass flow inside the 
test section. Closing the outlet valve has the effect of increasing the pressure level and 
decreasing the mass flow. As a result, a long and sensitive set up of the different valves is 
necessary to adjust both the inlet Mach number and the Reynolds number in the wind 
tunnel channel. 
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Fig. 5.2: Sketch of the wind tunnel flow control, taken from Bron [2002]. 

 
 
In order to compensate for the pressure losses in the different pipes between the 
compressor and the exhaust, a fan sucks the air downstream of the test section out to the 
atmosphere. As a result, the downstream pressure level can be set below the atmosphere 
pressure when the mass flow is low. 
 
 
5.2 The modified wind tunnel VM100 

The new test facility completes an existing modular transonic wind tunnel featuring a 
straight rectangular cross section presented by Bron et al. [2000]. The wind tunnel VM100 
is 1.6m long and is located just after a settling chamber. The airflow is accelerated in a 
symmetrical contraction just before entering the test section, which was designed with 
three optical accesses at the top and both sides that are closed by Plexiglas windows. A 
lateral section of the original wind tunnel from Bron et al. [2000] is shown in Fig. 5.3. 
 
 
 

 
Fig. 5.3: Original wind tunnel (lateral section), taken from Zamorano Carabaza [2003]. 
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Another important characteristic of the wind tunnel is that it has a very smooth finishing at 
all the surfaces and connections, so that the circulating airflow does not get disturbed. 
 
Pictures of both sides of the test section are shown below in Fig. 5.4. The airflow inside the 
wind tunnel can be set at different operating conditions characterized by different inlet and 
outlet isentropic Mach numbers, Reynolds numbers and reduced frequencies. These 
parameters are constant during the experiments and are used to define the different 
operations points of the various experimental campaigns. 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 5.4: Pictures of the wind tunnel VM100 and the test section. 

 
 
Table 5.1 presents the different operating flow parameters that characterize the overall 
possibilities offered by this transonic wind tunnel. 
 
The generic model, the oscillation drive train and the geometry measurement systems 
have been added to fulfil the requirements for new investigations. These components of 
the new test facility are fully described in Allegret-Bourdon [2002]. Fig. 5.5 presents a 
picture of the new test facility composition and illustrates the way the generic model is 
positioned in the test section. 
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Mass flow (4 bar, 303K) skgQ /7.4=  
Stagnation temperature KTK t 353303 ≤≤  

Test section height mmH 120=  
Test section width mmD 100=  
Generic model axial chord mmcax 120=  

Oscillating frequency range HzfHz 50010 ≤≤  
Isentropic Mach number  
Inlet: 1.5 bump chord upstream 
Outlet: 2 bump chords downstream 

(subsonic)         (transonic) 

7.06.0 1 ≤≤ isoM  

9.06.0 2 ≤≤ isoM  

Reynolds number with axial chord as 
characteristic length at Miso1=0.69 

63 10.5Re10.8 ≤≤  

Reduced Frequency based on half chord at 
Miso1=0.69 and Miso2=0.80 

80.01 ≤k  
69.02 ≤k  

Table 5.1: Facility flow parameters. 

 
 

 
Fig. 5.5: Test facility composition and optical access. 

  
 

While the geometry is scanned through the top optical access, different kinds of 
measurement techniques can be applied. These measurement techniques include:  

• High-speed Schlieren optical visualizations through two side windows (Chapter 6.4). 
• Geometry measurement technique through top optical access (Chapter 5.6). 
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• Unsteady pressure measurement technique below the test section (Chapter 6.6). 
• Laser Two Focus and Laser Doppler Anemometer measurement techniques 

(Future works). 
• Particles Image Velocimetry measurement technique (Future works). 
 

In order to allow cutting off the boundary layer to the atmosphere, the lower wall of the 
wind tunnel was designed with an opening located just upstream of the test section. The 
design was made in such a way that the lower wall is composed of independent parts. The 
idea is to be able to lift up the generic model by changing the model support part, and to 
install different knife-edges independently. For more details see Bron et al. [2000]. 
However, this boundary-layer suction device is not used in the presented tests. A maximal 
height of the boundary layer in the test section has been estimated between approximately 
10mm and 12mm in previous studies performed by Sigfrids [2003]. According to 
preliminary computations performed by Hu [2003], the transition between laminar and 
turbulent occurs between one and two chords upstream of the generic bump, and the 
boundary layer is thus fully turbulent along the chord length at the planned flow conditions. 
A new kind of flexible generic model is mounted in the support part located in the test 
section of this facility and is controlled oscillated in a vertical mode oscillation. 
 
 
5.3 The flexible generic model (bump) 

The generic model, also called bump, is moulded of a flexible material to allow smooth 
deformations of the curved surface that is part of the lower wall of the test section. In order 
to keep this surface unaffected by the airflow, a polyurethane material at defined elasticity 
(E=36.106MPa) and hardness (80 shore) is employed to manufacture the generic model by 
vulcanisation over a metal bed (Vogt [2001]). Fig. 5.6 illustrates the composition of this 
flexible generic model. Table 5.2 shows the main objectives of such a design. 
 
 

Mode shape First bending mode shape 

Maximal amplitude at the top of the bump ±0.1mm, ±0.3mm, ±0.5 mm 

Perturbation frequency Variable from 0 to 500 Hz 

Shape of the oscillations Sinusoidal oscillations 
Table 5.2: Required characteristics of the oscillations. 

 
 
An integrated mechanical oscillating mechanism is preferred as technical solution because 
of its small size and its inherent movement transmission amplification (Vogt [2001]). This 
mechanism actuates the flexible bump in a controlled way. It is a rotating camshaft that is 
composed of three identical prismatic cams manufactured as part of a cylindrical stunted 
steel axle. Those three cams are simultaneously in contact with two bearing plates 
mounted in an actuator casing. For one rotation, the camshaft creates three vertical 
oscillations of the actuator casing, and thus three oscillations of the top of the generic 
bump. Therefore, a rotational speed of the camshaft of 10,000rpm produces an oscillating 
frequency of 500Hz of the flexible model top. Fig. 5.7 shows a section of the mechanical 
actuator. 
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Fig. 5.6: Composition of the flexible generic bump. 

 
 

 
Fig. 5.7: Section of the mechanical actuator. 
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Several of these actuators axles have to be manufactured with different shapes such that 
the flexible model can reach different vertical amplitudes at oscillating frequencies from 
0Hz to 500Hz. Up to date, one actuator is manufactured to generate ±0.5mm amplitude 
oscillations. 
 
 

 
Fig. 5.8: Pictures of the heat-treated steel camshaft. 

 
 
The actuator casing is made of titanium to stay very rigid during operation. The vertical 
movement of this casing is transmitted from the camshaft by friction linear contacts on the 
two exchangeable stunted steel plates. Fig. 5.8 shows the three cams composing the 
heat-treated steel camshaft. The linear nature of the contact between the bearing plates 
and the camshaft allows the titanium actuator casing to rotate with the flexible structure. 
By this way, the flexible model is able to reach a second bending mode shape of 
oscillation that is not part of the design requirements. It is difficult to suppress this 
cinematic degree of freedom without damaging the mechanism during operation. This 
disadvantage could be avoided if the whole flexible model structure oscillates at its first 
natural bending mode shape. Another disadvantage is the high friction generated by such 
mechanism. Preliminary running tests at up to 200Hz oscillating frequencies show that this 
friction could be supported by the oscillating mechanism. The design criteria for the 
actuator oscillations (part of Table 5.2) are partly fulfilled. The present vibration 
configuration is only tested up to 200Hz. 
 
As it is shown in Fig. 5.9, two versions of the flexible generic model are manufactured at 
the present time. The first version of this flexible generic bump (a) has been designed with 
lateral gaps of 0.5mm between the deforming chord of the bump and the side windows 
because it was believed to be necessary in order to avoid friction contacts with the side 
windows. Numerical studies have shown that the flow over this first version of the bump 
presents a fully two-dimensional behaviour, but is different from the steady state 
measurements performed with the static version of the same geometry (see Bron [2004]). 
This first version of the bump is used in this study for validation of the quality of the 
manufacturing techniques as well as for validation of the static mode shape deformations. 
This first version (a) is also used for validation of first Schlieren observations. These tests 
demonstrate a shape of the shock wave very different from the ones observed in the base 
line experiments for the same operating flow conditions by Bron et al. [2003]. These 

 
Three 
cams 

Body cylinder for  
bearings mounting 
(10mm diameter) 
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differences are fully explained in Chapter 8. The second version of this flexible bump is 
thus manufactured without lateral gap (b) in order to reach similar shock wave shapes for 
the operating flow conditions used in the base line experiments (the static version of the 
bump used in the base line experiments does not include any gap). It is used to validate 
the dynamical behaviour of the bump at up to 200Hz oscillating frequency as well as for 
validation of the unsteady pressure measurement technique and more specific Schlieren 
observation campaigns. The experiments show that the second version of the bump is 
oscillating correctly without gap. 
 
 
 

(a)       (b) 

    
 

Fig. 5.9: The two versions of the Generic Model (bump), a: for validation and Schlieren 
visualization (with lateral gap), b: for unsteady pressure measurement (without 
lateral gap). 

 
 
The requirements are set up for the present study to oscillate the model at inlet reduced 
frequencies up to 0.8 at subsonic and transonic flow conditions (0.6 ≤ Miso1 ≤ 0.7). From 
the expression of the reduced frequency based on the half chord given in Equation 5.1, a 
maximal design oscillation frequency close to 500Hz has been determined. More 
information about the calculation of reduced frequency is given in Fransson [2002]. In the 
case of this new generic model, the axial chord is defined as the length of the model that is 
deforming (cax=120mm).  
 

2
.

2 ax
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π=   (5.1) 

 
Two reduced frequencies inlet and outlet will be calculated depending on where the axial 
flow velocity is calculated. Consequently an inlet reduced frequency k1 will be defined 
based on the inlet Mach number Miso1 and an outlet reduced frequency k2 will be defined 
based on the outlet Mach number Miso2. 
 
The higher, middle and lower static position shapes of the first version of the oscillating 
bump presented in Fig. 5.9.a are measured with a CNC coordinate measuring machine. 

0.5mm lateral gaps 
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These measurements confirm maximal amplitudes included in [+0.461mm; +0.467mm] 
and minimal amplitudes included in [-0.514mm; -0.523mm] taken the bump middle position 
as reference. The real surface of the model presents a transversal defect fluctuating 
between -0.09mm (corresponding to -0.08% of the maximum throat) and +0.12mm 
(corresponding to +0.11% of the maximum throat) along a width of 70mm. It corresponds 
to a maximum inclination of 3% along the bump width. This defect characterizes how large 
the difference is between the real manufactured surface and an ideal two-dimensional 
geometry. As long as the amplitude of vibration is the only relevant parameter for these 
experiments, those defects are considered too small to affect the results of the planned 
experiments. As a result, the measure of the deformed static shapes validates the static 
two dimensionality of the deformation and the generic model can be considered statically 
two-dimensional. 
 
 
5.4 The oscillation drive train 

The oscillation drive train is the mechanism that produces and transmits the rotating power 
from the motor to the actuator of the flexible model by double belts and pulleys 
transmission. Fig. 5.10 shows details of the different parts of oscillation drive train. 
 
 
 

 
 
 

Fig. 5.10: Composition parts of the oscillation drive train. 

 
 
The wheels (1) compose the primary train and transmit the rotational velocity from the 
motor axle to the secondary train (2). The movement is then transmitted through a double 
belt train (2) to the camshaft (3), which transforms the rotation into a vertical vibration as 
explained previously. Specific components of the system (4) are mounted to set the 
tensions of the belts of the primary and secondary trains. A dismounted view of the 
components of the secondary axle is presented in Fig. 5.11 below. 
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Fig. 5.11: Components of the secondary axle. 

 
 
An AC servomotor drives this oscillation drive train starting by the primary train. The whole 
oscillation drive train, shown in Fig. 5.12 and Fig. 5.13, has to be mounted directly under 
the test section of the test facility. Conical pins are mounted to ensure the correct 
positioning of the drive train. Moreover, it is mounted with the help of a stable wooden bed 
that is used to move and position it practically. During the mounting stage, the oscillation 
drive train is lifted up under the test section and fixed to the sidewalls of the wind tunnel 
with large screws. The connexion with the mechanical oscillation mechanism (cam-axle 
actuator) described before is the last part of the installation. A double view of the whole 
system mounted is shown in Fig. 5.12 and Fig. 5.13. The pictures show the location of the 
secondary axle as well as the electrical motor and the emergency brake. 
 
 

 
Fig. 5.12: First view of the electrical motor mounted in the oscillation drive train. 
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Fig. 5.13: Second view of the electrical motor mounted in the oscillation drive train. 

 
 
5.5 The lubrication system 

A lubrication system is designed and installed. The lubrication of this test facility uses non-
foaming oil that mixed with pressurized air to increase the properties of the friction 
contacts between the camshaft and the steel plates of the mechanical oscillating actuator. 
 
 

 
 

Fig. 5.14: The lubrication system box. 
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A secondary function of this lubrication system is to cool down the moving parts of this 
actuator that could be warm up by the high friction. The whole lubrication system was 
installed in a box as it is shown in Fig. 5.14. 
 
 
5.6 The geometry measurement system 

5.6.1 The laser triangulation principle 

 

MR

SO

Laser
beam

PSDMR:Measurement Range
SO: Standoff Distance
PSD: Position Sensitive
Detector

 
Fig. 5.15: The laser triangulation measurement principle. 

 
 
A laser system is used to measure the dynamical geometry of the flexible bump during the 
experiments. These laser measurements are performed through the top optical glass 
window located over the test section. The flexible structure interacts with the flow and is 
thus able to be affected by different deformations than expected. This measurement 
system is performed with a bandwidth of 20kHz. It is able to determinate precisely a 
displacement in one single point and in one direction. This geometry measurement system 
uses the principle of triangulation to precisely quantify the displacement of the model as it 
is shown in Fig. 5.15. A laser source projects a beam of red light on one point of the 
surface of the generic model. A lens is used to create an image of this spot at an image 
plane located on a positive sensitive detector (PSD).  When the test object is moving, the 
spot on the surface is formed at another position, and the image of the spot moves to 



Licentiate of Engineering Thesis / Davy Allegret-Bourdon  Page 49  

another location on the PSD. The distance between the sensor and the surface can be 
determinate by taking into account the position of the imaged spot and the angles 
involved. This laser system is moved horizontally over the test section with an accurate 
linear moving system to measure the whole model displacement. The generic model has 
been checked as a static 2D shape at minimum, median and maximum displacements by 
measuring the static deformations along three different directions in width. Consequently, 
the model being considered two-dimensional, this system determinates only the 
deformation of the bump profile at midspan (this means along the centre line of the model). 
Along this line, 50 measurements points determinate the deformation profile of the flexible 
structure for each operating condition with a resolution of ±0.005mm (this corresponds to 
±1% of the maximum deformation amplitude). 
 
 
5.6.2 Measurement of the dynamic geometry deformation 

The dynamic geometry deformation is also measured along the chord at midspan of the 
generic flexible model oscillating in the wind tunnel VM100 without flow circulation. This 
dynamical geometry analysis is performed for seven perturbation frequencies 
corresponding to seven reduced frequencies based on the bump half chord: k1=[0.015, 
0.037, 0.074, 0.11, 0.147, 0.221, 0.294].  
 
 

 
Fig. 5.16: Mode shapes for various reduced frequencies. 
 
 
Fig. 5.16 shows that the measured mode shapes stay similar to a first bending mode 
shape up to nearly k1=0.074 and change to higher mode shapes at higher reduced 
frequency. In conclusion, it has been considered that an acceptable first bending mode 
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shape could be obtained for the reduced frequencies k1=0.015 and k1=0.037. The mode 
shapes obtained for the reduced frequencies k1=[0.074, 0.11, 0.147, 0.221, 0.294] has 
thus been considered as higher harmonic mode shapes named “chord wise bending” 
mode shapes or “stripe” mode shapes. 
 
 

 
Fig. 5.17: Phase chord wise repartition for various reduced frequencies. 

 
 
Fig. 5.17 shows similar results for the phase variations. A maximum phase difference of 
180º is observed for reduced frequencies up to k1=0.074. Such phase difference between 
the movements of the beginning and end of the bump chord clearly corresponds to a 
second order mode shape. Then, the deformation changes to higher order mode shapes 
while increasing the reduced frequency. 
 
At the mean shock wave location x/cax=0.67 (see Chapter 8.1 for a more detailed 
definition), the local geometry presents a phase towards max bump thickness motion that 
is presented in Fig. 5.18 and has also been calculated. This phase is approximately 20º at 
k1=0.015, 30º at k1=0.037, 90º at k1=0.074, 120º at k1=0.11, 140º at k1=0.221 and 160º at 
k1=0.294. This characterizes more precisely the deformation of the flexible structure at the 
mean shock wave location. 
 
Fig. 5.18 presents amplitudes dimensionless with the test section height and the maximum 
phase difference along the bump chord. A regular repartition of the amplitudes along the 
bump half chords shows a maximal deformation at x/cax=0.47 (in the vicinity of the max 
bump thickness). Due to its flexible nature, a first stripe mode shape at k1=0.015 changes 

67.0=axcx  Max bump thickness 
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in a second stripe mode shape at k1=0.074, and reaches a third stripe mode shape at 
higher reduced frequencies. 
 
 

 
Fig. 5.18: Phase and amplitudes of the bump chord wise geometry deformations, (a): 

Amplitude during vibration, (b): Original bump shape, (c): Maximum phase 
difference along the bump chord. 

 
 
As a conclusion, it is proven here that these bump versions are not completing the design 
objective to generate a first deformable bending mode shape at up to 500Hz excitation 
frequency. Measurements performed both with and without airflow give the same results. 
This means that those kinds of mode shapes are not due to interaction of the oscillating 
surface with the flow. In other words, these kinds of mode shapes are generated by the 
inertial effect of the geometry of the flexible structure. This is probably due to the 
polyurethane composing the bump that is not stiff enough or not light enough. The 
structure is deforming too much because of the inertial forces acting on its dynamical 
behaviour. A possible solution to this design problem will be discussed in the future work. 

(a) 

(c) 

(b) 

x/cax 
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5.7 Airflow quality in the test facility 

A global investigation of the airflow quality has been performed in the VM100 wind tunnel. 
This previous study is divided in the following parts: Bron [2002] investigates the relative 
comparison of the imposed perturbations and the inherent pressure fluctuations. Calvar 
[2002] investigates the characterisation of the 3D flow field on the 2D bump geometry in 
wind tunnel. Roux [2002] investigates the repeatability in the VM100 wind tunnel. Allegret-
Bourdon [2002] investigates the optimisation of the sampling frequency, transitional stage 
and accuracy of each measurement technique available at HPT. A brief summary of the 
achieved conclusions is given by the following observations: 

• The flow velocity component in the settling chamber increases as the outlet static 
pressure decreases until the nozzle is choked. This velocity component remains 
constant within the settling chamber as long as the flow stays choked. 

• The pressure fluctuations remaining in the test section are mainly composed by low 
frequencies (under 200Hz), and even very low frequencies (between 0.1 and 2Hz). 
The amplitudes of such perturbations represents less than 0.4% of the static 
pressure level and are believed to come from different components of the test 
facility (such as the downstream fan and the control valves). 

• Considering both the experimental techniques’ accuracies and the slight differences 
between each operating conditions reached during the experiments, the 
measurements are considered as having a good repeatability. According to 
previous studies (Bron [2004], Appendix A.3), pressure and temperature 
measurements errors of repeatability have been estimated to ±0.13%, while the 
repeatability error on the Schlieren measurements has been estimated to ±2.5%. 

• It exists a high sensitivity of the shock towards the stagnation pressure, stagnation 
temperature and the downstream static pressure. 

• The downstream static pressure has a much greater influence on the shock position 
than the stagnation pressure or temperature. 

• The accuracy of the steady pressure measurement is estimated by the supplier of 
the equipment as equal to ±42Pa. 

 
More specific information can also be found in Bron [2004]. 
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6 MEASURING TECHNIQUES 

6.1 The temperature measurement 

The stagnation temperature is measured with a thermocouple in the settling chamber. As it 
is fully developed in Allegret-Bourdon [2002], this stagnation temperature is fluctuating of 
approximately ±1K during all the performed experiments and equal to Tt= 303K ±1K. This 
value is used for the calculation of the two isentropic inlet and outlet Mach numbers above. 
 
 
6.2 The atmospheric pressure measurement 

All steady and unsteady pressure measurements obtained values relative to the 
atmospheric pressure. Consequently, the atmospheric pressure has to be measured 
independently by a barometer. This accuracy is given by the manufacturer as equal to: 
 

Papbarometer 10±=∆   (6.1) 
 
This atmospheric pressure can fluctuate between different performed experiments and has 
to be taken into account in any pressure estimation. 
 
 
6.3 The steady state measurements 

The operating points describe the flow conditions during the experiments. The steady 
static pressure at the inlet (Ps1) and outlet (Ps2) of the generic model as well as the inlet 
stagnation pressure (Pt1) and the inlet stagnation temperature (Tt) are measured for every 
experimental test. Fig. 6.1 below presents the measurements locations along the length of 
the wind tunnel. The static pressures are measured by means of pressure taps mounted 
on the lower wall of the test section. Ps1 is measured at 1.5 chords upstream of the generic 
bump axial chord and Ps2 is measured at 2 chords downstream of the generic bump axial 
chord. Pt1 is measured in the settling chamber with a Pitot tube, and Tt is measured in the 
settling chamber. In these experiments, inlet and outlet dimensionless numbers are set by 
these measurements to characterize the flow condition, so that a time averaged "lambda" 
shock wave is generated over the generic model surface. 
 
A steady state measurement system called PSI 8400 has been used to measure the 
operating conditions during the experiments. 
 
 
6.3.1 PSI 8400 Scanners 

As it is fully explained in Allegret-Bourdon [2002], the scanners of the PSI 8400 system 
have to be calibrated every year by the manufacturer. The guaranteed accuracy for the 
pressure measurements is ±0.05% full scale for the ±100kPa scanners used. 
Consequently, the accuracy of the ±100kPa scanners is: 

 
Papscanners 50100_ ±=∆   (6.2) 
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Fig. 6.1: Distribution of the measurement locations in the wind tunnel. 

 
 
This accuracy is correct when the calibration is performed with a PCU in the same 
pressure range. 
 
 
6.3.2 Analog Digital Converter 

The resolution of the A/D converter is n=12. The number of values possible in this 
transformation is 212=4096 discrete values. Consequently, for a pressure measurement 
range of approximately ±60kPa the accuracy of the A/D converter is: 

 
PapADC 15409660000 ±=±=∆   (6.3) 

 
 
6.3.3 Global Pressure Accuracy 

The global accuracy is not the same as the total accuracy (see Holman [2001]). It is the 
accuracy of the whole measurement chain including the PSI measurement chain and the 
barometer measuring the atmospheric pressure. For such a sum of pressures, the 
absolute deviations of each have to be added (see Doebelin [1996]): 

inlet outlet 

Settling chamber:  
• Stagnation pressure Pt1 measured in the center of the section with a Pitot tube. 
• Stagnation temperature Tt measured with a thermocouple. 

Flow 

Test section Static pressure Ps1 measured in the middle of the 
lower wall at 1.5 bump chord upstream of this chord. 

Static pressure Ps2 measured in the middle of the lower 
wall at 2 bump chords downstream of this chord. 
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( ) ( )[ ] 2
1

22
barometerPSIglobal ppp ∆+∆=∆   (6.4) 

 
In order to evaluate the accuracy, the following formula has been used for the ±100kPa 
scanners: 
 

Pappp ADCscannersPSI 65100_100_ ±=∆+∆=∆   (6.5) 

 
The global accuracy using the ±100kPa scanners is consequently: 
 

( ) ( )[ ] Pappp barometerPSIglobal 662
1

22
100_100_ ±≈∆+∆=∆   (6.6) 

 
 
6.3.4 Absolute Mach number error 

Several dimensionless numbers are calculated from the measured pressure values. The 
isentropic Mach number is based on the inlet stagnation pressure noted Pt1 and measured 
with an accuracy ∆Pt1, and the local static pressures noted Ps1 for the inlet static pressure 
and Ps2 for the outlet static pressure both measured with an accuracy ∆Ps. Two kinds of 
isentropic Mach numbers can thus be calculated at the inlet and at the outlet: 
 

 The isentropic inlet Mach number (Miso1). 
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 The isentropic outlet Mach number (Miso2). 
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According to Doebelin [1996], the absolute errors ∆Miso1 and ∆Miso2 of both isentropic 
Mach numbers are then: 
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Equation 6.11 shows that the absolute isentropic Mach number error depends on two 
parameters: Pt1 and Ps (∆Pt1 and ∆Ps are constant and equal to ±0.5kPa). Table 6.1 shows 
the absolutes errors for the design operating point considered. 
 
 

isoM  [-] 11 tt PP ∆±  [kPa] ss PP ∆±  [kPa] isoM∆  [-] isoiso MM∆  [%] 

69.01 =isoM  2.0159 ±  2.01161 ±=sP  0018.01 =∆ isoM  26.011 =∆ isoiso MM  

80.02 =isoM  2.0159 ±  2.01042 ±=sP  0022.02 =∆ isoM  28.022 =∆ isoiso MM  

Table 6.1: Absolute isentropic Mach number errors. 

 
 
6.4 Conventional Schlieren optical technique description 

A conventional Schlieren measurements system is used to measure and observe the 
shock wave motion using a high-speed camera rented for this purpose. Shock wave 
motion measurements and unsteady geometry measurements are recorded 
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simultaneously. Resulting data are post-treated and the shock wave motion is put in 
relation with the structural movement of the generic model. This is necessary to study the 
relation between the shock wave oscillation and the aerodynamic loads characterized by 
the unsteady pressure measurements. 
 
 
6.4.1 Features of the Schlieren measurement technique 

The Schlieren optical technique is an extremely versatile tool for making non-intrusive, 
quantitative measurements of pressure, density or temperature gradients. The Schlieren 
principle is based on the angular deflection undergone by a light ray when passing through 
a fluid region characterized by refractive index non-homogeneities. These non-
homogeneities are created by flow density changes or flow temperature variations. For this 
reason the data can be processed in order to obtain information about the density and 
temperature and as a result the pressure gradient field. 
 
The most important features of this technique are: 

• It is relatively simple to use 
• It is of easy application (little sensitivity to vibrations) 
• It has a low cost (not necessary expensive laser resources) 
• Satisfactory accuracy of results 
• It is very sensitive 
• It is able to visualize shock waves in flows 

 
 
6.4.1.1 Resolution 

The resolution corresponds to the number of pixels used to compose the images of 
visualization and is directly linked to the data acquisition system and the high speed video 
camera used. The characteristics of the equipment give a suitable resolution value that is 
linked to the real size of the observed area and thus has to be calculated in any 
visualization case. This resolution depends directly on the optical set-up and corresponds 
to the actual length represented by one pixel on the obtained images. This resolution is 
measured approximately equal to ±0.15mm/pixel. These recommendations have been 
approved by previous studies performed at KTH such as in Brüger and Eklund [1997] or 
Junyent [1998]. 
 
 
E: Second size of image for the same frame rate. 
Frame rate 50 50E 60 60E 125 125E 250 
Pic. size (pixel) 480x420 240x210 480x420 240x210 480x420 240x210 480x420 
Frame rate 250E 500 500E 1000 2000 8000 8000E 
Pic. size (pixel) 240x210 320x280 240x210 240x210 160x140 160x30 60x68 

Table 6.2: Available image sizes of the high-speed camera. 

 
 
6.4.1.2 Size of the observed flow fields 

The area of visualized flow could not be entirely captured for all reduced frequencies. Only 
part of the test section domain can be visualized according to the image sizes accessible 
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by the high-speed camera. Those image sizes depend on the acquisition frequency of the 
high-speed camera used with those experiments according to Table 6.2. 
 
 
6.4.1.3 Depth of sharp focus 

The Schlieren technique has the advantage that thin slices of the flow field can be focused 
in the image plane. The thickness of the slices depends on the sharp depth focus. The 
values of the sharp depth focus depend on the flow field resolution and the set-up 
geometries. The sharp depth focus in the presented experiments corresponds to typical 
focus thickness values of approximately 50mm. Practically, this focus thickness should be 
located in the middle of the test section while setting up the optical equipment. 
 
 
6.4.2 The Schlieren visualization optical principle 

The light produced by a uniform illuminated source is collimated by a first lens and pass 
through the test section. The second lens brought this light to the focus and projects an 
image of this light on the video camera screen. A knife-edge is located at the focal point to 
cut off part of the refracted light. When the test section is without flow, the knife-edge is 
adjusted to cut off half of the light, so that half of the light escaping is able to illuminate the 
screen uniformly. Depending on the orientation of the knife-edge and the density gradient, 
the quantity of rays that pass through each part of the test section fluctuates. By this way, 
the visibility of the density gradients depends on the intensity of illumination. Fig. 6.2 
presents a scheme of this optical technique. The light passing through a pressure gradient 
or a temperature gradient is diffracted, and a darkness mark is observed on the screen of 
the high-speed camera. It is important to carefully focus this optical device at the middle of 
the test section in order to obtain the clearest image possible.  
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Fig. 6.2: Scheme of the Schlieren optical technique. 
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6.5 Validation of the long line probe technique 

Rather than integrating the transducers in the measured surface, which is both vibrating 
and deforming, the unsteady pressure are tapped by means of PVC tubing that lead to 
transducers placed below the generic model. The tubes end at a distance long enough 
(5m) to ensure full dissipation of the pressure fluctuation waves but still allowing steady 
pressure measurement. This steady state pressure measurement is performed with a low-
speed data acquisition unit previously calibrated to ensure precise pressure measurement 
relatively to the atmospheric pressure. This measuring technique, referred as long line 
probe, has been successfully employed previously by Schäffer and Miatt [1985] or 
Sieverding et al [2000]. The working principle is that of a non-resonant system in which 
pressure fluctuations at the tube entrance are completely attenuated before reflecting back 
from the tube end, or attenuated to such a degree that reflections induce only insignificant 
measurements errors at the measurement station. 
 
Before starting any unsteady pressure experiments with the oscillating generic model, it is 
necessary to validate this long line probe technique. This validation is then also used to 
make a compromise on the choice of the upstream pipe diameter according to their 
relative damping depending on the perturbation frequency. In order to do so, preliminary 
experiments have been performed with three upstream pipes of different inner diameters: 
0.25mm, 0.85mm and 1.4mm. The results and interpretations of these experiments are 
presented here. Then, a final compromised choice of the inner diameter is used for 
manufacturing the second version of the oscillating generic model equipped with unsteady 
pressure taps (see also Chapter 5.3). 
 
 
6.5.1 Experimental set up 

 
6.5.1.1 The calibration unit 

A calibration unit (Vogt [2002]) generates an oscillating pressure that can be set in 
frequency and amplitude. Fig. 6.3 shows a picture of the unsteady pressure calibration 
unit. In the present experiments, the frequency of the output oscillating pressure is set 
between 10Hz and 500Hz and the amplitude of the output oscillating pressure is set 
between 10kPa and 50kPa. Unfortunately, due to the design of the amplitude control 
system, it is very difficult with this calibration unit to set output pressure amplitude close to 
1kPa.  
 
 
6.5.1.2 The unsteady pressure measurement unit: 

This unsteady pressure measurement system is used to measure a pressure between 0 
and 200kPa. Typical values of the relative perturbation pressures are for instance, 60kPa 
for the stagnation pressure upstream, 4kPa for the static pressure upstream and 16kPa for 
the static pressure downstream. It is also possible to use different filter and set the 
sampling frequency as well as to set the gain. In the present experiments, the sampling 
frequency is set at 10kHz and the gain is set to measure a voltage between ±100mV. A 
6kHz filter is used during the experiments. 
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Fig. 6.3: Unsteady pressure calibration unit. 

 
 
6.5.1.3 The long line probe validation set-up: 

In these experiments, a set-up is chosen as close as possible to the actual future unsteady 
pressure measurements to be made with the second version of the oscillating generic 
model. Fig. 6.4 below presents the different components of the set-up. The unsteady 
pressure is measured at the location (1) by a first Kulite transducer. The pressure wave 
propagates in the upstream pipe over 0.5m. Then the unsteady pressure is measured 
again at the location (2) by a second Kulite transducer flush mounted in a T connector. 
The pressure wave propagates after the T connector in the downstream pipe over 4m 
(0.9mm inner diameter) and is finally dissipated. 
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Fig. 6.4: Long line probe experimental set-up. 
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Several diameters (0.25mm, 0.85mm and 1.4mm) are tested for the upstream pipe. Those 
pipes are mounted directly until the surface to avoid any diameter fluctuations. This means 
that the size of the corresponding pressure taps is equal to the inner diameter of the 
corresponding pipe. It is part of this experiment to carefully analyse the influence of this 
diameter on the measure of the unsteady pressure at the location (2). The calibration unit 
generates pressure pulses at variable amplitudes and frequencies that are ducted to a 
calibration head with integrated flush-mounted reference sensors. The calibration head is 
then applied on location (1) to measure the pressure signal of reference. The transfer 
characteristic is thereafter determined applying PC-based signal analysis routines. 
 
 
6.5.2 First analysis of the measured signals 

The pressure fluctuations are plotted for generated perturbation amplitudes of 20kPa and 
50kPa, for frequencies of 100±0.5Hz and 500±0.5Hz, and for the three different upstream 
pipe diameters of 0.25mm, 0.85mm and 1.4mm. However the design of the unsteady 
calibration unit does not allow measuring directly the generated perturbation pressures. 
Fig. 6.5 shows the pressure fluctuations with the 0.25mm inner diameter pipe for the two 
transducers at the locations (1) and (2). Fig. 6.6 shows the pressure fluctuations with the 
0.85mm inner diameter pipe for the two transducers at the locations (1) and (2). Fig. 6.7 
shows the pressure fluctuations with the 1.4mm inner diameter pipe for the two 
transducers at the locations (1) and (2). 
 
 

 

 
Fig. 6.5: Unsteady pressure measurement with the 0.25mm inner diameter upstream pipe 

at 100Hz and 500Hz for two different perturbation amplitudes measured in 
location (1) and corresponding to two generated perturbation amplitudes of 
20kPa and 50kPa. 

 
 
For the 0.25mm inner diameter tube, the results plotted in Fig. 6.5 show that the pressure 
measured by the long line probe technique in location (2) is nearly constant for both 
pressure perturbation amplitudes 20kPa and 50kPa, and for both perturbation frequencies 
100±0.5Hz and 500±0.5Hz. That means that the pressure fluctuations generated in 
location (1) at those amplitudes and frequencies are totally damped by the 0.25mm inner 
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diameter upstream pipe. Consequently, such a small diameter could not be used for this 
kind of unsteady pressure measurement. 
 
 

 

 
Fig. 6.6: Unsteady pressure measurement with the 0.85mm inner diameter upstream pipe 

at 100Hz and 500Hz for two different perturbation amplitudes measured in 
location (1) and corresponding to two generated perturbation amplitudes of 
20kPa and 50kPa. 

 
 

 

 
Fig. 6.7: Unsteady pressure measurement with the 1.4mm inner diameter upstream pipe 

at 100Hz and 500Hz for two different perturbation amplitudes measured in 
location (1) and corresponding to two generated perturbation amplitudes of 
20kPa and 50kPa. 

 
 
For the 0.85mm inner diameter tube, the results plotted in Fig. 6.6 show that the pressure 
measured by the long line probe technique in location (2) presents small signal fluctuations 
for both pressure perturbation amplitudes 20kPa and 50kPa, and for both perturbation 
frequencies 100±0.5Hz and 500±0.5Hz. That means that the pressure fluctuations 
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generated in location (1) at those amplitudes and frequencies are partly damped by the 
0.85mm inner diameter upstream pipe. Consequently, such a 0.85mm inner diameter pipe 
could perhaps be used for this kind of unsteady pressure measurement but is 
characterized by a large damping of the perturbation amplitudes. 

 
For the 1.4mm inner diameter tube, the results plotted in Fig. 6.7 show that the pressure 
measured by the long line probe technique in location (2) presents large signal fluctuations 
for both pressure perturbation amplitudes 20kPa and 50kPa, and for both perturbation 
frequencies 100±0.5Hz and 500±0.5Hz. That means that the pressure fluctuations 
generated in location (1) at those amplitudes and frequencies are slightly damped by the 
1.4mm inner diameter upstream pipe. Consequently, such a 1.4mm inner diameter pipe 
could be used for this kind of unsteady pressure measurement and is characterized by a 
small damping of the perturbation amplitudes. 
 
 
6.5.3 FFT of the measured signals 

The power spectra of the previous pressure fluctuations are plotted for perturbation 
amplitudes of 20kPa and 50kPa, for frequencies of 100Hz and 500Hz and for the three 
different upstream pipe diameters of 0.25mm, 0.85mm and 1.4mm. Fig. 6.8 shows the 
power spectra of the pressure fluctuations with the 0.25mm inner diameter pipe for the two 
transducers at the locations (1) and (2). Fig. 6.9 shows the power spectra of the pressure 
fluctuations with the 0.85mm inner diameter pipe for the two transducers at the locations 
(1) and (2). Fig. 6.10 shows the power spectra of the pressure fluctuations with the 1.4mm 
inner diameter pipe for the two transducers at the locations (1) and (2). In those curves, 
the reference pressure signal is measured in location (1) and the pressure signal from the 
long line probe technique is measured in location (2). An absence of peak for the signals 
measured in location (2), as for instance in Fig. 6.8, means that no particular periodic 
signal fluctuations are detected.  
 
The 1st harmonic frequency detected as well as damping coefficients are indicated in each 
figures. This damping coefficient is calculated as the ratio of the magnitude difference over 
the magnitude of the reference pressure measured in location (1), as it is presented in 
Equation 6.15.  
 

100*
1

21

Mag

MagMag
Damping

−=  (6.15) 

 
Where Damping is the damping coefficient for one perturbation frequency, one 
perturbation amplitude and size of tube, Mag1 is the magnitude of the power spectrum of 
the pressure signal measured at location (1) and Mag2 is the magnitude of the power 
spectrum of the pressure signal measured at location (2).  
 
It is important to notice that a large damping coefficient should have a strong effect on the 
accuracy of this kind of unsteady pressure measurement. The accuracy of the pressure 
measurement is explained later in Chapter 6.7. 
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Note: 1st harmonic of the pressure signals measured at location (2) are not visible. 
 

Fig. 6.8: FFT for the measurement with the 0.25mm inner diameter upstream pipe at 
100Hz and 500Hz, perturbation amplitude of 20kPa and 50kPa. 

 
 
The results plotted in Fig. 6.8 show no predominant harmonic in the power spectra of the 
pressure signals measured at location (2). The pressure signal measured by the long line 
probe technique in location (2) does not have any periodic fluctuations for both pressure 
perturbation amplitudes 20kPa and 50kPa, and for both perturbation frequencies 100Hz 
and 500Hz. That confirms that the pressure fluctuations generated in location (1) at those 
amplitudes and frequencies are totally damped by the 0.25mm inner diameter upstream 
pipe. 
 
The results plotted in Fig. 6.9 show the 1st predominant harmonic in the power spectra of 
the pressure signals measured at location (2). The pressure signal measured by the long 
line probe technique in location (2) does have periodic fluctuations for both pressure 
perturbation amplitudes 20kPa and 50kPa, and for both perturbation frequencies 100Hz 
and 500Hz. That confirms that the pressure fluctuations generated in location (1) at those 
amplitudes and frequencies can be detected as a periodic signal when using the 0.85mm 
inner diameter upstream pipe. 
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Fig. 6.9: FFT for the measurement with the 0.85mm inner diameter upstream pipe at 

100Hz and 500Hz, perturbation amplitude of 20kPa and 50kPa. 

 
 

 
Fig. 6.10: FFT for the measurement with the 1.4mm inner diameter upstream pipe at 

100Hz and 500Hz, perturbation amplitude of 20kPa and 50kPa. 
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The results plotted in Fig. 6.10 show the 1st predominant harmonic in the power spectra of 
the pressure signals measured at location (2). The pressure signal measured by the long 
line probe technique in location (2) does have periodic fluctuations for both pressure 
perturbation amplitudes 20kPa and 50kPa, and for both perturbation frequencies 100Hz 
and 500Hz. That confirms that the pressure fluctuations generated in location (1) at those 
amplitudes and frequencies can be detected as a periodic signal when using the 1.4mm 
inner diameter upstream pipe. 
 
 
6.5.4 Interpretation and discussion 

Those results show that the pressure signal is totally damped in the case of a 0.25mm 
inner diameter upstream pipe, and that unsteady pressure measurement could not be 
performed with this size of tubes. Moreover a signal with relatively low damping ranging 
from 20% to 36% is measured with a 1.4mm inner diameter upstream pipe. Although a 
strong damping of the pressure signals is measured with the 0.85mm inner diameter 
upstream pipe, it is still possible to observe periodic fluctuations that the fast Fourier 
transform is clearly identifying. The main disadvantage in using a larger inner diameter 
pipe is the inaccuracy of the pressure measurement on the measured surface. The 1.4mm 
inner diameter pipe measures a value of the static pressure averaged over a surface three 
times larger than the 0.85mm inner diameter pipe. The fact that those large pressure taps 
are affecting the flow in the channel is also an important issue that has to be taken into 
account. Thus a compromise has to be made between size of the inner diameter of the 
upstream pipe and value of the perturbation amplitude damping. It is also important to 
notice the strong influence of the manufacturing quality of the T connector for flush-
mounted transducer (location (2) in Fig. 6.4) on the precision of these measurements.  
 
As a conclusion, a pipe with an inner diameter of approximately 0.9mm seems to be the 
best compromise (on the safe side of the 0.85mm inner-diameter tested previously) for the 
design of the long line probe equipment. This size of tube should allow measurement of 
periodic static pressure fluctuations without too much affecting the flow in the channel. The 
quality of the T connector for flush-mounted transducer (location (2) in Fig. 6.4) has to be 
improved. Consequently, it is proved that this long line probe technique is validated and 
that it could be applied to unsteady static pressure measurement. 
 
 
6.6 The applied long line probe technique 

6.6.1 The unsteady pressure measurement set-up 

The data acquisition system is a 32-channels high-speed data acquisition that is used in 
conjunction with Kulite fast response transducers (XCQ-062). The system features a 
maximum sampling rate of 200kHz for all channels simultaneously and channel individual 
signal treatment. One version of the oscillating model will be equipped with Kulite 
transducers at discrete locations.  
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Fig. 6.11: Long line pressure system. 

 
 
Fig. 6.11 shows the configuration of such a long line pressure system adapted to the 
present environment. Several Teflon tubes of 0.9mm inner diameter and 1.6mm outer 
diameter are used for the present application. For practical reasons the long second part 
of the tube will thereby be rolled up carefully in order to avoid unexpected pressure wave 
reflections. This second part is called long line. It is 5m long and has an inner diameter of 
1.3mm. 
 
 

Encoder accuracy on the position of the camshaft o4.5±  
Inner diameter of the 45 Teflon tubes mm9.0  
Length of the 45 Teflon tubes mm500  
Number of Kulite fast response transducers 15  
Inner diameter of the 45 long lines mm3.1  
Length of the 45 long lines m5  
Amplitude of the first stripe mode shape mm5.0±  
Average maximum height of the generic model mmh 10max =  

Tested excitation frequencies range HzfHz 20010 ≤≤  
Tested reduced frequency based on the half 
chord for Miso1=0.69 and Miso2=0.80 

294.0015.0 1 ≤≤ k  
254.0013.0 2 ≤≤ k  

Table 6.3: Long line probe measurements performed. 

 
 
This long line probe system damps the pressure amplitudes strongly at frequencies above 
1 kHz and causes equally a phase shift respect to the entrance pressure signal. The 
attenuation against frequency characteristics of the tube can easily be determined, see 
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Olson [1957]. However, because of manufacturing defects or mishandling of the tube, a 
calibration is strongly recommended, see Chivers [1995], and is done before 
commissioning of the test facility. Table 6.3 presents the main characteristics of the long 
line probe equipment and the experiments performed. 
 
The chosen technique allows using a large total amount of unsteady static pressure 
measurement locations. However only 15 taps are sampled simultaneously due to the 
number of available Kulite transducers, and 45 pressure taps allow integrating the time-
dependent pressures obtained.  
 
 
6.6.2 The static calibration of the long line probe equipment 

Such a pressure measurement stays accurate even if high-pressure gradients (shock 
waves) are localized in the flow. The standard cylindrical fast response Kulite transducers 
(XCQ-062) used here are very sensitive to changes in temperature as well as to 
acceleration effects of the model. Therefore, those are located out of the oscillating 
structure and are statically calibrated in the range of the operational conditions before 
each day of measurement. In order to measure the unsteady static pressure over the 
model, it is very important to establish precisely the transfer functions associated to such a 
measurement system. Each tap will be calibrated using a calibration unit described earlier 
(Chapter 6.5) to determine the amplitude and phase angle responses of this long line 
probe set-up. Calibration curves are obtained for each pressure tap. Four examples of 
these curves are shown in Fig. 6.12. 
 
 

 
Fig. 6.12: Calibration curves for typical pressure taps for a large frequency range. 
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Once the calibration is finished, it has been demonstrated that all calibration curves are 
very similar for all the pressure taps. As it is shown in Fig. 6.12, the strong amplitude ratio 
(the ratio of the pressure amplitude measured with the long line probe over the pressure 
amplitude of reference) depends on the pressure fluctuation frequency, and a simple delay 
in time is observed in function of the pressure fluctuation frequency. 
 
Moreover, the here presented experiments are performed up to 200Hz perturbation 
frequency. The calibration of this long line probe set-up in the frequency range 0Hz to 
200Hz should thus be more carefully studied. The results of this more accurate calibration 
are shown in Fig. 6.13. 
 
The same decreasing trend is observed between 0Hz and 200Hz. The long line probe set-
up damps the pressure signals in such a way that the signal measured with the long line 
probe is from 28%±0.1% to 22%±0.1% of the reference signal for the frequency range 0-
200Hz. The delay seems to be directly proportional to the perturbation frequency. The 
results are very similar for the other pressure taps. These calibration curves between 0 
and 200Hz perturbation frequency are thus valid for all the pressure taps of the flexible 
generic bump. 
 
 

 
Fig. 6.13: Calibration curves for a typical pressure tap up to 200Hz perturbation frequency. 
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6.6.3 The oscillating calibration of the long line probe equipment 

An oscillating calibration of this long line probe equipment is also necessary to evaluate 
the influence of the bump vibrations on the unsteady pressure measurements. For this 
purpose, all static pressure taps are closed on the measurement surface with tape. The 
generic bump is then controlled oscillating at different perturbation frequencies and the 
pressures are measured with the configuration of the long line probes described in Fig. 
6.11. The Kulite transducers measure no pressure signals when the generic bump is 
controlled oscillating. This means that the results show absolutely no influence of the 
dynamical movement and deformation of the generic bump on the pressure measurement 
performed with this long line probe set-up. 
 
 
6.6.4 Accuracy of the pressure measurement 

The accuracy of the measurement of the pressure Pmeas performed with these kind of 
XCQ-062 Kulite transducers is given by the supplier equal to ∆Pmeas=±100Pa. 
Unfortunately, due to the damping effect characterizing the long line probe technique 
previously described, an amplitude four times smaller is measured by those fast response 
transducers. The damping coefficient Damping, previously determined with an accuracy 
∆Damping=±0.1%, has thus to be taken into account while calculating the static pressure 
Ps generated on the surface of the oscillating bump: 

 

Damping

P
P meas

s =   (6.16) 

 
According to Doebelin [1996], the absolute errors ∆Ps of this calculation is as follow: 
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Equation 6.17 thus becomes: 
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Consequently, the results of this accuracy calculation depends on the relative pressure 
measured Pmeas and the value of the Damping coefficient (from 28%±0.1% to 22%±0.1%) 
that depends on the perturbation frequency ranging here between 0 and 200Hz. The 
results are shown in the following Table 6.4. 
 
 
∆Ps (Pa) f=0Hz 

28% 
f=10Hz 
25% 

f=25Hz 
23% 

f=50Hz 
22% 

f=100Hz 
22% 

f=200Hz 
22% 

Pmeas=0kPa ±357Pa ±400Pa ±435Pa ±455Pa ±455Pa ±455Pa 
Pmeas=5kPa ±363Pa ±408Pa ±445Pa ±467Pa ±467Pa ±467Pa 
Pmeas=10kPa ±379Pa ±431Pa ±474Pa ±500Pa ±500Pa ±500Pa 
Pmeas=15kPa ±405Pa ±466Pa ±519Pa ±551Pa ±551Pa ±551Pa 

Table 6.4: Results from the accuracy calculations of the relative pressure measurement. 

 
 
As a conclusion, an accuracy of the pressure measurement with this long line probe set-up 
from approximately ±350Pa to ±550Pa has to be taken into account during the 
interpretation of the obtained experimental results. Because of the manufacturing method 
used to mould the bump, the pressure taps are not exactly perpendicular to the surface 
and thus do not measure the exact static pressure profile and unsteady pressure 
fluctuations. The error due to this manufacturing defect has been estimated in previous 
measurement tests to approximately ±50Pa. A flat plate composed of pressure taps of 
different manufacturing qualities, inner diameters and inclination angles was tested under 
similar operating flow conditions to estimate this error. This error has to be taken into 
account while evaluating the pressure measurement accuracy. Consequently, a global 
accuracy from approximately ±400Pa to ±600Pa has to be taken into account while 
measuring with this long line probe system in this specific application. 
 
 
6.7 Data evaluation 

6.7.1 Synchronisation with the geometry measurement system 

Both unsteady pressure measurement and oscillating model geometry measurement have 
to be synchronized in time in order to reach a correlation of all the results. This will be 
done with an incremental shaft encoder located directly on the camshaft driving the 
mechanical actuator. This encoder is able to give the angular position of the camshaft with 
100 pulses for three oscillation cycles of the flexible generic model. An accuracy of ±5.4º 
should thus be taken into account while interpreting any phase relation between the 
measurements and the position of the camshaft. 
 
Fig. 6.14 shows the coupling between the geometry measurement system and the 
pressure measurement system. Fig. 6.15 illustrates the synchronization of the 
measurements made with the encoder on the camshaft. 
 
Several kinds of information are transmitted from the oscillating generic model to four 
different data acquisition paths: 
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• The flexible geometry acquisition path: this path is recording the curved shape 
displacement of the model together with the encoder signal. This is necessary to 
measure the dynamical behaviour of the flexible generic bump. Time dependent 
position data are then synchronized by post treatment. 

 
• The boundary conditions acquisition path: this path is recording the chord wise 

static pressure repartition and boundary condition stagnation pressures are 
measured by the steady state pressure measurement system. Isentropic Mach 
numbers at the inlet and outlet are then calculated during the post treatment. 

 
• The unsteady pressures acquisition path: this path is recording the unsteady 

pressure repartitions of the model surface together with the encoder signal. This is 
necessary to measure the surface pressure fluctuations acting on the flexible 
generic bump. Time dependent unsteady pressure coefficient is then synchronized 
with the bump motion by post treatment. 

 
• The Schlieren visualizations acquisition path: this path is recording the unsteady 

Schlieren visualizations of the flow crossing the bump surface together with the 
encoder signal. This is necessary to observe the shock wave behaviour occurring in 
the test section. Time dependent shock wave movements are then synchronized 
with the bump motion by post treatment. 

 
 

 
Fig. 6.14: Coupling of the geometry measurement system and the pressure measurement 

system. 
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Fig. 6.15: The four synchronization acquisition paths. 

 
 
This synchronisation principle is validated by a quasi-static study. The various signals are 
measured while the generic bump is oscillating very slowly (0.14Hz). The interpretation of 
these expected results validate this synchronisation and are used for the steady state 
measurements in Chapter 7 to characterize the chordwise pressure repartitions in upper 
and lower bump positions. 
 
 
6.7.2 Unsteady pressure coefficient and phase definition 

The time-dependent pressure fluctuations are integrated into the unsteady pressure 
coefficient according to Equation 6.21.  
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Where sP

~
 is the local static pressure amplitude of variation on the bump surface, Pt1 is the 

upstream stagnation pressure, Ps1 is the upstream static pressure and h’bump is the bump 
bending amplitude dimensionless with the channel height. 
 
The unsteady pressure phase is defined as the phase lead of unsteady pressure 
fluctuation towards the local bump position. This unsteady pressure phase is noted Φp. An 
unsteady pressure phase equal to zero means that the unsteady static pressure is 
maximal when the bump local geometry is in its highest position. A phase included 
between 0º and 180º means that the pressure damps the bump local geometry, while a 
phase included between –180º and 0º means that the bump local geometry is excited by 
the unsteady pressure repartition. 
 
 
6.7.3 Error analysis 

A synchronization error has to be analysed in order to judge the quality of this kind of 
results. This synchronization error is directly linked to the encoder accuracy of ±5.4º. In 
fact, this encoder accuracy has to be taken into account during synchronization in the case 
where two measurements are performed separately and compared by post treatment in a 
second time. As a conclusion, the error of synchronization will be thus estimated as equal 
to ±10.8º in the rest of this study. 
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7 THE STEADY PRESSURE MEASUREMENT RESULTS 

In the case of this particular design operating condition defined in Table 7.1, a time 
averaged "lambda" shock wave is generated over the generic model surface at 67% 
(±1.5%) of the bump chord. Fig. 7.1 shows a typical shape of the shock wave created 
during those experiments. To define this operating condition, the stagnation pressure and 
the stagnation temperature of the flow as well as the upstream and downstream static 
pressures are measured. The corresponding upstream isentropic Mach number and 
downstream isentropic Mach number are calculated. Fig. 7.1 shows the chord wise 
distribution of local isentropic Mach numbers for the same operating condition and Table 
7.1 summarize the measurement of this particular design operation condition. The 
variations indicated with these values include both accuracies of the measurement 
techniques and measured fluctuations around the chosen design operating condition due 
to the bump oscillations. 
 
 

 
Fig. 7.1: Schlieren picture of the shock wave created in the test section and isentropic 

Mach number profile at upper and lower bump positions. 

 

 
The dashed line indicates the local Mach number chordwise repartition taken from the 
base line experiments performed on a rigid generic bump by Bron et al. [2001]. The error 
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bars corresponding to those base line experiments are plotted together with the dashed 
line and represent the standard deviation of those measurements. The plus and cross 
describe respectively the local isentropic Mach number repartition for the upper and lower 
positions of the flexible generic bump. 
 
 
* Measured pressure range due to accuracies and fluctuations around the operating condition 
Upstream stagnation pressure measured in the settling chamber kPakPaPt 1159 ±= * 
Upstream stagnation temperature measured in the settling chamber KKTt 1305 ±=  
Upstream static pressure measured on the test section lower wall kPakPaPs 11161 ±= * 
Downstream static pressure measured on the test section lower wall kPakPaPs 11042 ±= * 
Inlet isentropic Mach number 005.069.01 ±=isoM * 
Outlet isentropic Mach number 005.080.02 ±=isoM * 

Table 7.1: The design operating condition. 

  
 
The isentropic Mach number increases progressively from the 1.5 chord upstream location 
to 0.2 chord upstream location to reach a value of 0.78 just before the measurement field 
of Fig. 7.1. The local isentropic Mach number decreases until 10% of the chord to a 
minimal value of 0.77. This first decrease is linked to concavity of the surface in this area 
(Bron et al. [2003]). The local isentropic Mach number increases then until 50% of the 
chord where the flow speed is maximal. After reaching this maximum, the local isentropic 
Mach number decreases through the shock wave formation. It is this strong discontinuity 
that causes the shock wave formation. According to Chapter 6, the accuracy of the 
pressure taps measurement is at the origin of the existing differences between those 
repartitions at lower and upper positions of the bump and the base line experiments 
performed by Bron et al. [2001] where a static version of the same geometry is carefully 
measured with high quality pressure taps.  
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8 THE SCHLIEREN VISUALIZATION EXPERIMENTS 

The Schlieren visualization results were presented in paper 2 (Appendix II). This paper 
presents a large part of the Schlieren visualization measurements, which are summarized 
here. Complementary results are also presented here after. 
 
 
8.1 The steady Schlieren results 

First Schlieren experiments are performed with the first version of the flexible generic 
model. Pictures and high-speed videos are obtained in order to characterize the 
movement of the shock wave in the test section. Fig. 8.1 shows a picture of the flow 
crossing the test section at Miso1=0.69 and Miso2=0.80. 
 
 

 
 

Fig. 8.1: Schlieren picture of the flow over the first version of the bump. 

 
 
An important pressure gradient is observed at the location of the cam-axle with this first 
version of the flexible generic model. These strong pressure gradients (1) are due to 
presence of the too large gap between the Plexiglas side windows and the first oscillating 
model. Two cylinders protecting the cam-axle are located in these side gaps. The high-
speed side flows entering those gaps circulate around those cylinders and create strong 
pressure gradients captured by the Schlieren technique. The shape of shock wave (2) is 
totally different from the one occurring with a static version of the same geometry in the 
base line experiments performed by Bron et al. [2001]. The effects caused by these gaps 
are important. The strong pressure gradients (1) and the shock wave shape (2) were not 
expected. See Fig. 8.7 for comparison with the expected shock wave shape. The two 
0.5mm side gaps are responsible for the flow attenuation that is reducing the shock wave 
size at the same operating flow condition. 
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Fig. 8.2: Shock wave movement when the first bump is static. 

 
 

 
Fig. 8.3: Shock wave Fast Fourier Transform when the first bump is static. 

Peak-to-peak amplitude: 
9.3mm (7.8% of the bump axial chord) 
 
Standard deviation of the measurement: 
1.3mm (1.1% of the bump axial chord) 

Mean 
shock 
wave 

position 



Page 78  Licentiate of Engineering Thesis / Davy Allegret-Bourdon 

The shock wave movement is measured at this flow condition when the first version of the 
bump is not oscillating, i.e. the generic bump stays fixed in its middle position. This 
measurement is performed by analysing the images recorded by the high-speed video 
camera. The image treatment consists of measuring the highest gradient of light intensity 
at one vertical measurement location of the shock wave. By this method, it is possible to 
measure the successive positions of the shock and thus detect any periodic movement of 
the shock wave in the test section. Fig. 8.2 shows the raw signal of the shock location and 
its mean position. The main conclusion is that noise vibration of 9.3mm maximal peak-to-
peak amplitude is detected (this corresponds to 7.8% of the bump axial chord). At this 
operating condition, when the flexible generic model is not oscillating, the shock wave is 
naturally vibrating and contained in between two extreme positions distant of 9.3mm. 
Moreover this shock-wave vibration relatively to its mean position is characterized by a 
standard deviation of ±1.3mm (this corresponds to ±1.1% of the bump axial chord). As it is 
shown on Fig. 8.3, the Fast Fourier Analysis does not detect any dominant harmonic in 
this signal. This allows us to conclude that this shock-wave noise vibration is not periodic 
for the range of frequency between 0Hz and 25Hz. 
 
Because of the too large differences between this shock wave shape and the experimental 
results from Bron at al. [2003] at the same operating condition, a second version of the 
same bump geometry has been designed without lateral gap (see Chapter 5.3 for more 
details). Second Schlieren experiments are thus performed with the second version of the 
flexible generic model. Pictures and high-speed videos are obtained in order to 
characterize the movement of the shock wave in the test section. Fig. 8.4 shows a typical 
picture of the flow crossing the test section at Miso1=0.69 and Miso2=0.80. 
 
A strong pressure gradient was previously observed with the first version of the oscillating 
bump at the location of the cam-axle sealing. This pressure gradient was attributed to the 
secondary flow circulations in the lateral gaps. No similar pressure gradient is observed 
with this second version of the flexible generic model because it does not have any lateral 
gaps. This shape of the observed shock wave is very similar to the one occurring with a 
static version of the same geometry in the base line experiments performed by Bron et al. 
[2001]. 
 
The movement of the shock wave is also measured at the same operating condition when 
the second version of the generic bump is not oscillating. Fig. 8.5 shows the raw signal of 
the shock location and its mean position. The main conclusion is that an oscillation of 
6.8mm maximal peak-to-peak amplitude is detected (this corresponds to 5.7% of the bump 
axial chord) at this operating condition when the flexible generic model is not oscillating. 
This amplitude of free vibration is slightly inferior to the previous experimental results with 
the first version of the generic bump. Even though a small difference is observed between 
the two measurements, the conclusion of interest is that the shock wave is oscillating 
freely even if no perturbation is generated. Moreover this shock-wave vibration relatively to 
its mean position is characterized by a standard deviation of ±0.9mm (this corresponds to 
±0.8% of the bump axial chord). As it is shown on Fig. 8.6, the Fast Fourier Analysis does 
not detect any dominant harmonic in this signal. This allows us to conclude that this shock-
wave noise vibration is not periodic for the range of frequency between 0Hz and 25Hz. 
Finally it is conclude that this free shock-wave noise vibration is not a problem for 
measuring periodic oscillations of the shock wave in the future performed experiments. 
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The shock wave shape at this operating condition (Fig. 8.4) shows similarities with the 
shock wave shape observed in the base line experiments for the same operating 
conditions (Fig. 8.7). This base line experimental result with a static rigid version of the 
same geometry is shown in Fig. 8.6. As a matter of fact, the same curved shape of the 
shock wave is observed in both cases, the same lambda shape characterizes the shock 
wave foot in both cases even if this one is more visible in the base line experiment. This 
difference is due to the setting of the Schlieren optical device. Consequently, due to these 
recognized similarities, this second version of the bump is chosen for an unsteady 
measurement campaign of the shock wave behaviour. 
 
 

 
 

Fig. 8.4: Schlieren picture of the flow over the second version of the bump. 

 
 
The dashed line represents the shape of the shock wave observed in the base line 
experiments of Fig. 8.7. The curved shapes of the shock waves are similar and have the 
same starting location at the contact with the bump. The lambda shape is more clearly 
observed in the case of Fig. 8.7 because of the Schlieren optical settings. However, large 
differences are observed between the two shapes in the upper part of the channel. The 
shock wave shown in Fig. 8.7 is more curved and located more downstream than the 
shock wave presented in Fig. 8.4. The two pictures in Fig. 8.4 and Fig. 8.7 are not the 
result of an average position of those shock waves but one picture taken by chance during 
the observed motion of the shock wave. 
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Fig. 8.5: Shock wave movement when the second bump is static. 

 
 

 
Fig. 8.6: Shock wave Fast Fourier Transform when the second bump is static. 
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Fig. 8.7: Schlieren picture of the flow over the base line version of the bump, taken from 

Bron et al. [2001]. 

 
                           

                                                                          
 
 
 
Fig. 8.8: Mean and extreme locations of the shock wave along the height of the channel. 
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Finally, it is important to characterize the shock wave mean positions and amplitudes on 
the whole channel height. In order to do so, the shock wave motion has been measured in 
the quasi-static case between y/H=0.2 and y/H=0.75. It is unfortunately impossible to 
measure below this range due to the lambda shape, and above this range because the 
shock is partially disappearing. As it is presented in Fig. 8.8, the results of these 
experiments show that the motions of the shock wave in this upper part of the channel are 
characterized by larger amplitudes than in areas close to the bump surface. 
 
 
8.2 Schlieren pictures over one period of shock wave oscillation 

At this operating condition characterized by an inlet Mach number Miso1=0.69 and an outlet 
Mach number Miso2=0.80, the generic bump is controlled-oscillated in different mode 
shapes at excitation frequencies between 10 and 200Hz (see Chapter 5.6 for details on 
the mode shapes). For each oscillating frequency, the synchronized data of the bump 
motion, the shock wave movement and the static pressure fluctuations are acquired.  
 
 
 
 

(a)      (b) 

 
 

Fig. 8.9: Schlieren pictures of the shock wave oscillation cycle at, a) f=200Hz and b) 
f=10Hz perturbation frequencies, second version of the bump. 
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The shock wave motion is measured at one vertical location corresponding to 15mm 
(y/H=0.25) over the top of the bump neutral position (it is symbolized by the white 
horizontal dashed line in Fig. 7.1). Fig. 8.9.b shows successive pictures of this shock wave 
oscillating at 10Hz oscillation frequency, while Fig. 8.9.a shows successive pictures of this 
shock wave oscillating at 200Hz oscillation frequency. A reference line indicates the mean 
location of the shock wave (67% of the bump chord). The vertical dashed line indicates the 
shock mean position and the horizontal dashed line indicates the measurement location. 
The solid line indicates the bump profile. At the centre of Fig. 8.9.b is shown a typical 
oscillation period of the measured signal and its ensemble averaging. 
 
In those pictures non-dimensional time is used as reference as it is defined in Formula 8.1: 
 

T

t
t =′   (8.1) 

 
where t is the instantaneous time and T is the period of excitation. 
 
In Fig. 8.9.b, from t'=0 to t'=0.250, the shock wave moves through its mean position in an 
upstream direction. From t'=0.500 to t'=0.750, the shock wave moves again through its 
mean position in a downstream direction. Due to the sinusoidal oscillation of the bump, the 
shock wave stays a longer time in the two extreme positions (upstream and downstream) 
and crosses quickly its mean position during one period at 10Hz bump oscillatory 
frequency. Fig. 8.9.a shows in the same way one oscillation of the vertical part of the 
shock wave at 200Hz excitation frequency. Unfortunately, the evaluations of these 
measurements are performed in a region with relatively little amplitudes of shock 
movement. Larger amplitudes can be observed in the part of the shock wave closer to the 
upper wall. This one is chosen because it is very close to the region where the lambda 
shape of the shock wave is formed, even if this lambda shape could not be clearly seen on 
those Schlieren pictures. It is more interesting to measure the shock wave oscillation the 
closest possible to the surface of the bump because it is more closely related to the 
interaction with the boundary layer and the surface pressure fluctuations. However it is 
very difficult to perform any evaluation of the shock-wave motion closer to the bump 
surface because of the lambda shape of the shock. However, complementary 
measurements can be performed by focusing the image on this area of the shock wave. 
This will allow more precise qualitative observations as well as quantitative measurements 
of the motions of the lambda part of the shock wave. 
 
In both Fig. 8.9.a and Fig. 8.9.b, the peak-to-peak shock oscillation amplitude 
(approximately 5.5mm) is of the same order as the peak-to-peak shock maximal vibration 
amplitude (6.8mm when the generic bump is not oscillating, see Fig. 8.5). From these 
measurements it is possible to define a dimensionless value h’shock of the shock wave 
position defined as follow: 
 

)max( bump

shock
shock h

h
h =′   (8.2) 

 
Where hshock is the amplitude of the shock wave motion calculated after ensemble 
averaging of the position signal measured in the flow direction located at y/h=0.25 of the 
channel height, and max(hbump) is the bump maximum oscillating amplitude. 
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8.3 The unsteady Schlieren visualization results 

Fig. 8.10 characterizes the measured oscillations of the shock wave up to k1=0.294. The 
evolution of the amplitude of shock wave movement dimensionless with the bump maximal 
amplitude of oscillation (Formula 8.2) is shown in the upper part in function of the reduced 
frequency. The error bars are calculated according to the free vibration of the shock 
generated when the generic bump is not oscillating. The evolution of the phase lag of 
shock wave movement towards generic bump motion is shown in the lower part in function 
of the reduced frequency. The error bars are here calculated according to the accuracy of 
the encoder of ±10.8º that is used to measure the angular position of the generic bump. 
 
 

 
 
 
 
Fig. 8.10: Variation of ensemble averaged shock wave movement towards bump motion 

against the inlet reduced frequency. 

 
 
The mean location of the shock stays the same for all excitation frequencies within an 
accuracy of ±0.5mm. The k1≈0 measurement was taken by changing the bump position 
stepwise and so obtains a quasi-static solution. In this quasi-static case, the shock wave 
slow movement follows the bump motion. Higher amplitude is observed while a phase lag 

1st 3rd mode shape 2nd 
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of 180º is defined. This means that the shock wave is in its most upstream position when 
the generic bump is in its upper position, and that the shock wave is in its most 
downstream position when the generic bump is in its lower position. Moreover, one can 
notice that the amplitude of the shock wave oscillations stays constant when increasing 
the reduced frequency from 0.09 to 0.294, this means when a slightly fluctuating 3rd stripe 
mode shape is considered.  
 
The first bending mode shape at k1=0.015 is characterized by a phase lag towards bump 
motion close to 315º. This corresponds to a phase difference of 135º relatively to the 
quasi-static case. The phases range between 30º and 90º for the second bending mode 
shape from k1=0.03 to k1=0.074. The phase decreases significantly from 270º to almost 0º 
at reduced frequencies higher than k1=0.089 for what has been considered as a third 
stripe mode shape (for details about the mode shapes, see Chapter 5.6). 
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9 THE UNSTEADY PRESSURE MEASUREMENTS 

First unsteady pressure results were presented in Paper 2 (Appendix II). Even if this paper 
presents a large part of the unsteady pressure measurements, few complementary results 
at one design operating point are presented here after. 
 
 
9.1 Global frequency analysis 

Time-variant signals and corresponding power spectra of pressure fluctuations, bump top 
motions as well as shock wave movements are shown in Fig. 9.1 for three reduced 
frequencies of 0.015, 0.110 and 0.294 (corresponding to three bump oscillatory 
frequencies of 10Hz, 75Hz and 200Hz). The unsteady pressure is here measured at the 
pressure tap located at 44% of the bump chord, e.g. the closest tap from the bump 
maximal height. The shock wave movement is measured by post treatment of the 
synchronized pictures obtained with the Schlieren technique. This movement is observed 
at a vertical location of the bump defined by the ratio y/H=0.25 (see Chapter 8.3). 
 
Both pressure fluctuation and shock wave motion ensemble averaged signals seem to 
follow the shape of the sinusoidal signal generated by the bump displacement for this 
range of reduced frequencies. At these three excitation frequencies, the pressure 
fluctuation and shock wave motion power spectra show the same clear fundamental 
harmonic. The bump top location movement power spectra contains one supplementary 
higher harmonic component at approximately 3kHz that is not shown here. The higher 
frequency variation shown in the time resolved plot is a combination of this higher 
harmonic and the different sampling frequencies used in the three cases. It is thus not 
possible to compare the three cases on this matter because the sampling frequencies are 
different. However, this higher harmonic does not exist in the power spectra of the 
pressure fluctuation and shock wave motion signals. An interpretation could be external 
mechanical vibrations coming from the oscillation drive train and the wind tunnel. 
 
Smaller fluctuations are also observed for the pressure and shock wave movement signals 
in the three different cases. Those fluctuations are not periodic and are direct 
consequences of the resolutions of those measurement techniques. Consequently, those 
smaller fluctuations are easily dissipated by an ensemble averaging post treatment even 
though they have to be taken into account in the interpretation of the final results. 
 
Moreover, all three oscillations seem to be of a sinusoidal type after ensemble averaging 
post treatment. The pressure fluctuations as well as the shock wave movements follow 
clearly the flexible bump motions with the similar frequencies. 
 
 
9.2 The unsteady pressure measurements results 

The unsteady pressure fluctuations measured can be observed in several ways. Three 
chosen analysis are here presented. 
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Fig. 9.1: Time-variant and power spectra of static pressure, shock wave movement and 

bump top motion at 10Hz, 75Hz and 200Hz perturbation frequencies. 
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Firstly the unsteady pressure fluctuations relative to the inlet reduced frequency are 
interpreted for the third mode shape, inlet reduced frequency from 0.11 to 0.294. Secondly 
the chord wise repartitions of the unsteady pressure coefficients and phases are presented 
for the different mode shapes. Finally, the repeatability of these unsteady measurements is 
check and criticized. 
 
 
9.2.1 Unsteady pressure fluctuations with the inlet reduced frequency 

Following the previous dynamical measurements of the flexible bump geometry, it is 
decided in the present study to only analyse the tendencies corresponding to the third 
mode shapes occurring for the reduced frequencies ranging between 0.11 and 0.294. This 
mode shape is preferred because it presents less shape fluctuation for the largest range of 
reduced frequency. Unfortunately, no comparison could be made between these results 
and the ones obtained in the “quasi steady” study because of the differences between the 
mode shapes.  
 
 

 
Fig. 9.2: Chord wise static pressure fluctuations at reduced frequencies from k1=0.11 to 

k1=0.294 at Miso1=0.69 and Miso2=0.80. 

 
 
The unsteady pressure fluctuations are measured along the bump and the corresponding 
unsteady pressure coefficient and phase leads towards bump motion are deduced for five 
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chosen pressure taps. Their locations are shown in the upper part of Fig. 9.2. The 
amplitudes of the unsteady pressure fluctuations shift significantly at the reduced 
frequency k1=0.221 for the pressure taps located 20% upstream and downstream of the 
bump axial chord as shown in Fig. 9.2. Moreover the unsteady pressure coefficients 
remain constant and range between 2 and 4 for the three pressure taps located within 
40% and 80% of the bump axial chord. Large fluctuations of these unsteady pressure 
coefficients are observed in function of the reduced frequency for the upstream and 
downstream pressure taps. Up to date, due to the complex nature of the oscillating mode 
shapes, those fluctuations are not explained. The phase lead towards bump motion of the 
static pressure fluctuations range between 0º and 180º for the pressure taps located 
before the bump maximal height. This phase range corresponds to the stable area where 
the surface pressure fluctuations damp the bump motion. The phase lead towards bump 
motion of the static pressure fluctuations range between -180º and 0º for the pressure taps 
located after the shock wave contact with the bump surface. This phase range 
corresponds to the unstable area where the surface pressure fluctuations excite the bump 
motion. At the pressure tap located close to the shock wave mean location (67% of the 
bump chord) at y/H=0.25, the phase leads towards bump motion follow a decreasing trend. 
The same decreasing trend is observed for the pressure tap located close to the shock 
wave formation on the bump surface. In comparison with the shock wave motion phase 
variation (Fig. 8.10), three phases of the pressure taps located after the shock wave 
formation range between 0º and 90º at reduced frequency k1=0.11, and then range 
between approximately -180º and 0º when the reduced frequency increases up to 0.294. 
As a conclusion, it is possible to remark a decreasing trend for the bump pressure taps 
located after the shock wave formation. This trend could be understood as being similar to 
the one observed by the shock wave motion phase variation in Fig. 9.1.  
 
This interpretation could show some similarities between the variation of the shock wave 
motion and the variation of the static pressures fluctuations depending on the reduced 
frequency for the pressure taps located after the shock wave formation. However, the 
differences existing between the mode shapes in function of the reduced frequency have 
to be kept in mind for this kind of interpretation. Such comparison can in fact be made only 
for a same kind of mode shape that is not changing with the excitation frequency. 
Consequently, the present results give some indications about these similarities but they 
do not allow any physical interpretation or clear trend. 
 
 
9.2.2 Unsteady pressure chordwise repartitions 

The purpose of these observations is to find some similarities between the unsteady 
pressure coefficients and phases shifts at different reduced frequencies but for similar 
mode shapes. Fig. 9.3 shows these results for the reduced frequencies of k1=0 (quasi-
static case) and k1=0.015 that correspond to a first flexible bending mode shape. Fig. 9.4 
shows these results for the reduced frequencies of k1=0.037 and k1=0.074 that are 
interpreted as a second flexible bending mode shape. Fig. 9.5 shows these results for the 
reduced frequencies of k1=0.11 and k1=0.147. Fig. 9.6 shows these results for the reduced 
frequencies of k1=0.221 and k1=0.294. Those four last inlet reduced frequencies 
correspond to a third flexible bending mode shape. 
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Fig. 9.3 shows the chordwise fluctuations of both unsteady pressure coefficient and phase 
lead of static pressure towards bump local deformation at k1=0 and k1=0.015. In the quasi-
static case, at k1=0, the unsteady pressure coefficient is higher than every others. It is 
slightly decreasing approaching the mean shock-wave location and increases downstream 
of the shock wave until the end of the chord. This unsteady pressure coefficient presents a 
lot of discontinuities along the considered bump axial chord. As the generic bump is not 
moving in this quasi-static case, the phase fluctuation is constantly equal to zero. For 10Hz 
perturbation frequency, at k1=0.015, a first bending mode shape is considered. The 
estimated unsteady pressure coefficient is quite lower than at k1=0 but demonstrates a 
similar increase downstream of the shock wave until the end of the chord. The phase lead 
of unsteady pressure towards bump local deformation presents a phase difference of 180º 
from upstream to downstream of the bump chord. Some discontinuities are noticed 
between 20% and 40% of the bump chord. 
 
 

 
Fig. 9.3: Chordwise repartition of unsteady pressure coefficient and phase lead of static 

pressure towards bump local deformation for k1=0 and k1=0.015. 
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Fig. 9.4 shows the chordwise fluctuations of both unsteady pressure coefficient and phase 
lead of static pressure towards bump local deformation at k1=0.037 and k1=0.074. For 
25Hz perturbation frequency, at k1=0.037, a transitional second bending mode shape is 
considered. The estimated unsteady pressure coefficient shows a similar increase 
downstream of the shock wave until the end of the chord, but reaches a higher value than 
for the case at k1=0.015. The phase lead of unsteady pressure towards bump local 
deformation presents also a phase difference of 180º from upstream to downstream of the 
bump chord. Moreover more discontinuities are noticed along the bump chord. For 50Hz 
perturbation frequency, at k1=0.074, a close to third bending mode shape is considered. 
The estimated unsteady pressure coefficient has a higher level upstream of the shock 
wave, decreases then while entering the bump chord and increases again downstream of 
the shock-wave formation. The phase lead of unsteady pressure towards bump local 
deformation presents a phase difference inferior to 180º from upstream to downstream of 
the bump chord. Similar discontinuities are noticed along the bump chord. 
 
 

 
Fig. 9.4: Chordwise repartition of unsteady pressure coefficient and phase lead of static 

pressure towards bump local deformation for k1=0.037 and k1=0.074. 
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Fig. 9.5: Chordwise repartition of unsteady pressure coefficient and phase lead of static 

pressure towards bump local deformation for k1=0.11 and k1=0.147. 

 
 
Fig. 9.5 and Fig. 9.6 shows the chordwise fluctuations of both unsteady pressure 
coefficient and phase lead of static pressure towards bump local deformation at k1=0.11, 
k1=0.147, k1=0.221 and k1=0.294. For 75Hz perturbation frequency, at k1=0.11, a third 
bending mode shape is considered. The estimated unsteady pressure coefficient 
decreases first while entering the bump chord and then increases downstream of the 
shock wave until the end of the chord. The phase lead of unsteady pressure towards bump 
local deformation presents also a phase difference of 180º from upstream to downstream 
of the bump chord. Similar discontinuities are noticed along the bump chord. For 100Hz 
perturbation frequency, at k1=0.147, a slightly different third bending mode shape is 
considered. The estimated unsteady pressure coefficient decreases first while entering the 
bump chord and then does not increase as much as in the case k1=0.11 downstream of 
the shock-wave formation. The phase lead variation of unsteady pressure towards bump 
local deformation is very similar to the previous case at k1=0.147. For 150Hz perturbation 
frequency, at k1=0.221, another different third bending mode shapes is considered. The 
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estimated unsteady pressure coefficient is lower upstream of the bump chord, increases 
while entering the bump chord and then increases again downstream of the shock-wave 
formation. The phase lead of unsteady pressure towards bump local deformation presents 
also a phase difference superior to 180º from upstream to downstream of the bump chord. 
Similar discontinuities are however noticed along the bump chord. For 200Hz perturbation 
frequency, at k1=0.294, another different third bending mode shape is considered. The 
unsteady static pressure is higher than in the previous case and has a similar behaviour to 
the case k1=0.147, i.e. it decreases first along the bump chord and increases downstream 
of the shock-wave formation. The phase lead variation of unsteady pressure towards 
bump local deformation is very similar to the previous case at k1=0.221 with a larger phase 
difference close to 270º between upstream and downstream of the bump chord. 
 

 

 
Fig. 9.6: Chordwise repartition of unsteady pressure coefficient and phase lead of static 

pressure towards bump local deformation for k1=0.221 and k1=0.294. 
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9.2.3 Unsteady pressure measurement repeatability analysis 

In order to demonstrate the repeatability of the performed experiments, the unsteady 
pressure measurements have been performed another time with 15 transducers 
connected to the oscillating bump surface in a different way. Both unsteady results for the 
chordwise phase variation relatively to the bump dynamic local geometry and for the 
chordwise unsteady pressure fluctuation are superposed in Fig. 9.7 for a sample at inlet 
reduced frequency k1=0.037. 
 
 

 
Fig. 9.7: Repeatability of the unsteady pressure measurements, test sample for k1=0.037. 

 
 
Even if the experiments presented are different, an acceptable repeatability is observed for 
the unsteady pressure coefficient. The tendency of the chordwise unsteady pressure 
coefficient repartition is proven. The measurements present larger differences in the case 
of the phase lag of pressure towards bump local deformation. The strong unsteadiness 
existing in the oscillating dynamical deformation is believed to be at the origin of such 
phase differences between the two measurements. 

pc~
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10 CONCLUSIONS 

A fluid-structure test facility is modified in order to perform unsteady pressure 
measurements and shock wave movement observations over a generic flexible structure. 
This structure is designed, as a first version, with lateral gaps to avoid friction problems at 
the contacts with the test section windows. A second version of the same flexible geometry 
is then manufactured without lateral gaps to avoid gap leakages.  
 
A laser geometry measurement system is installed and validated to measure accurately 
this flexible two-dimensional geometry. An oscillation drive train is manufactured and 
installed to oscillate this tested bump in a controlled manner. A conventional Schlieren 
technique is described here and exploited for steady and unsteady state observations. A 
long line probe technique is adapted to the experimental set-up in order to perform 
unsteady pressure measurements without flush mounted Kulite fast response transducers. 
The validity of all the measurement techniques applied here is obtained.  
 
The generic bump mode shapes of the tested flexible bumps strongly depend on the 
excitation frequency. Mode shapes of higher harmonics are observed for reduced 
frequencies higher than 0.037 when the two flexible bumps are successively controlled 
oscillated. The two versions of the generic model reach higher mode shapes at reduced 
frequency up to 0.294. The main objective of performing first pitch wise bending mode 
shape experiments is therefore not reached for reduced frequencies above 0.03. To be 
precise, this first pitch wise bending mode shape is reached but only with fairly low 
reduced frequencies below 0.03. It is thus possible to conclude on the functionality of this 
test rig, even though the two manufactured versions of the flexible generic models are not 
fulfilling the mode shape requirement. 
 
Unsteady Schlieren visualisations are performed at one operating flow condition 
characterized by Miso1=0.69 and Miso2=0.80, over a range of inlet reduced frequencies from 
0.015 to 0.294 and synchronized with the corresponding flexible geometry measurements. 
The phase lead of shock wave movement towards bump local motion Φshock shows a 
decreasing trend for the similar higher mode shapes at reduced frequencies k1>0.074. 
 
Unsteady pressure measurements are performed at one operating flow condition 
characterized by Miso1=0.69 and Miso2=0.80, over a range of reduced frequencies from 0 to 
0.294 and synchronized with the corresponding flexible geometry measurements. For the 
pressure taps located after the shock wave formation (67% of the bump chord), the phase 
lead of pressure fluctuation towards bump local motion Φp presents a similar decreasing 
trend as Φshock for the 3rd stripe mode shape for k1>0.074. Moreover, lower and stable 
unsteady pressure coefficients pc~  are also observed for these reduced frequencies. Few 

similarities are observed among the different mode shapes. An increase of the unsteady 
pressure coefficient is observed downstream of the shock wave formation for all the 
reduced frequencies, except for the cases at k1=0.147 and k1=0.294. Similarly, lower 
unsteady pressure coefficient repartitions have been observed in the cases at k1=0.015, 
k1=0.037 and k1=0.221. The author has not explained these differences between the 
cases. The phase lead of unsteady pressure fluctuation towards bump local deformation 
presents a difference ranging from 180º to 270º when the reduced frequency increases, 
this from a first bending mode shape to a clear third bending mode shape. 
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11 FUTURE WORKS 

The main objective of performing first bending mode experiments at reduced frequency up 
to 0.8 is not reached. Therefore, a new version of the flexible generic bump has to be 
designed and manufactured. In order to reach a first flexible bending mode shape, it is 
possible to modify the material by increasing the Young modulus and/or decreasing the 
density of this polyurethane. This new design of the generic bump will have to be validated 
by a finite element analysis in order to optimise the choice of an adapted material. With 
this future version of the generic bump, the whole system will have to be tested at the 
expected maximal oscillating frequency of 500Hz in a first bending mode shape that is not 
changing in the frequency range. 
 
Similar experiments could then be performed at higher reduced frequencies and for 
different operating flow conditions. This will allow studying the interactions between the 
shock wave created in the test section and the boundary layer of the oscillating bump. For 
this purpose, the flexible generic model will have to be controlled oscillated in a first 
bending mode shape. More specifically, this interaction will be studied by measuring the 
pressure repartition at this location in a refined way and performing more shock wave 
movement observations. The shock wave itself could be completely studied at different 
heights of the channel as well as in the lambda shape located in the boundary layer. Only 
this kind of experimental results could explain the relations existing between the surface 
pressure fluctuation and the shock wave motion in this type of shock wave boundary layer 
interactions. 
 
By sucking out the boundary layer, the transition could be set at different locations 
upstream of the oscillating bump. The effect of this transition location on the shock wave 
boundary layer interaction is an interesting phenomenon that has to be better understood. 
Unsteady aerodynamic load fluctuations could also be observed in order to better 
understand the influence of the transition location on the physical behaviour of the 
supersonic bending flutter phenomenon. 
 
Once the boundary conditions are well described, it will be very interesting to compare the 
obtained experimental results with numerical calculations performed on the same two-
dimensional generic structure. Additional flow condition measurement points should be 
necessary to well describe the flow in the channel. This simple geometry has to be seen 
as a first step validation for complex fluid-structure numerical methods. In fact, these kinds 
of numerical methods could not be efficient with the complex industrial geometries if they 
are not producing high quality results for such simple cases. 
 
In a long-term perspective, it could be very interesting to apply new measurement 
techniques such as PIV, LDA and L2F as well as hot film. Those techniques will be able to 
bring new kind of information about the exact transition locations or the shock boundary 
layer interaction. Those experiments could as well be enlarged in combination to the base 
line experiments performed by Bron et al. [2003]. This means performing experiments that 
combine generic bump oscillations and downstream pressure perturbations. Such an 
approach should contribute broadly to the physical understanding of these kinds of 
phenomena. 
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