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Abstract 
 
Fluid-structure interaction phenomena are strongly related to the loading 
appearing on many energy converting components introducing limitations for 
improving their efficiency. The term “fluid-structure interaction” includes many 
phenomena with the “shock wave – boundary layer interaction” being one of the 
most important. This interaction is commonly met in turbomachines where the 
flow can accelerate enough to become compressible and can cause separation 
of the boundary layer formed on the structural components of the machine. This 
results to fluctuating loading on the structure which can lead to its failure due to 
High Cycle Fatigue (HCF).  
 
A vibrating structure in compressible flow can become unstable depending on the 
sign of the aerodynamic damping that the flow has on the structure. Although the 
mechanism that causes a structure to become unstable is known, the limits of the 
stability region are not yet possible to predict with reasonable accuracy. It is 
therefore necessary to investigate the underlying mechanism of fluid-structure 
interaction by means of experimental and numerical studies for providing 
prediction tools regarding the stability change. 
 
The present work aims at developing an experimental facility to be used for 
investigating fluid-structure interaction. The experimental setup is based on the 
concept of a simplified aeroelastic test case bringing into focus the area of 
interaction between an oscillating shock wave and a turbulent boundary layer. 
This work is based on previous research campaigns using the same generic 
experimental concept but takes the investigation further to higher and so far 
unexplored reduced frequencies. The experimental setup has been validated 
regarding its suitability to meet the research objectives by running vibration tests 
at an initial stage without the effect of flow.  
 
The results from the experimental validation of the facility have shown that the 
design objectives are met. Specifically the vibration response of the test object 
concerning vibration amplitude and vibration mode shape is desirable; the 
vibration amplitude is in the range of 0.5mm and the mode shape remains below 
the 2nd throughout the targeted frequency range (0-250Hz). This makes the 
facility suitable for simplified investigation of fluid-structure interaction, bringing 
the shock foot region into focus.  
 
Having validated the facility performing vibration tests without flow, tests with flow 
is the next step to take place. Since the vibration response of the test object has 
been investigated in detail, tests with flow will reveal the influence of fluid-
structure interaction on the dynamic response of the test object. Similarly, the 
influence of this interaction on the flow side can be assessed by monitoring the 
flow parameters. As a first step for performing this investigation, the design study 
and the validation results for the experimental setup are presented in this work.  
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Nomenclature 
 
Latin Symbols 
c  chord [m] 
f  vibration frequency [Hz] 

h  height of test object [m] 
k  reduced frequency, Uaxfck /2π=  [-] 

l  length [m] 

U  airflow velocity [m/s] 

w  width of test object [m] 
x  axial position along test object [-] 
 
Greek Symbols 

pα  velocity of downstream propagating pressure waves  [m/s] 

uα  velocity of upstream moving pressure waves  [m/s] 

π  Pi number, 1415926536.3=π  [-] 
 
Subscripts 
ax  axial  
act  actuator  
b  bump / test object  
throat  min. height of test section / max. height of bump  
tot  total  
 
Abbreviations 
CFD Computational Fluid Dynamics  
CPU Central Processing Unit  
DOF Degree of Freedom  
HCF High Cycle Fatigue  
HPT Heat and Power Technology  
KTH Kungliga Tekniska Högskolan (Royal Institute of 

Technology) 
 

LE Leading Edge  
PPU Power Proccessing Unit  
SH Sensor Head  
SW/BLI Shock Wave / Boundary Layer Interaction  
TE Trailing Edge  
VM100 Transonic Wind Tunnel at HPT  
1F First Flap mode  
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1 Introduction 

 
Today’s aero engines and power turbines are considered as reliable and robust 
machines and their use in the transport and energy conversion sectors has 
become wide. An aero engine must secure safe operation during a flight 
throughout its lifetime. Similarly a power turbine which in many cases serves as a 
standalone power station in remote locations must be reliable under changing 
operational environments with limited servicing possibilities. For these reasons a 
turbomachine must be stable under changing aerodynamic conditions within the 
operational envelope.  
 
Aerodynamic stability is a parameter which determines significantly the 
performance and life expectancy of a turbomachine. This stability refers to the 
ability of the turbomachine to re-establish its nominal operation after the 
appearance of unsteadiness in the system. For a turbomachine component, the 
appearance of an excitation can be the result of an external factor or it can be a 
“self-excitation”. The excitation of a turbomachine component which appears due 
to an external factor is termed as “forced response” while the “self-induced” 
excitation is termed as “flutter”.  
 
Turbomachine components which are susceptible to aerodynamic instabilities are 
blades and guide vanes, especially at the low pressure stages of turbomachines 
where often long and slim blades and vanes are exposed to high-velocity flow. 
Stochastic excitations in a turbomachine can lead to vibrations of its blades and 
vanes. Depending upon the structural and aerodynamic characteristics of a 
turbomachine, an initiated vibration can damp out or escalate. In the latter case 
the vibration of the component will lead to its failure due to high cycle fatigue 
(HCF). Failure of turbomachine components due to HCF has been of primal 
concern for the designers the last years. The combination of frequency of 
appearance of HCF-caused failures and their impact on the turbomachine 
operability has revealed the importance of aerodynamic stability characteristics in 
a turbomachine. 
 
Aerodynamic instabilities have been studied in-depth by means of analytical, 
numerical and experimental work. Although the physical mechanism which leads 
to HCF failure of turbomachine components due to “self-excited” vibrations or 
forced response is known, the limits of the stability change are not yet possible to 
predict with reasonable accuracy. This thesis contributes to obtaining knowledge 
of the factors which influence the stability region by looking into fluid-structure 
interaction using a generic experimental setup.  
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2 Background 

 
The issue of aerodynamic stability is closely related to the phenomenon of fluid 
structure interaction. Specifically, it is the interaction between the shock wave 
which is commonly formed in transonic and supersonic flows and the boundary 
layer over the structure which can induce aerodynamically unstable behavior of a 
turbomachine component. Shock waves form in transonic and supersonic flows 
either by a change in the slope of a surface or by a back pressure which 
constrains the velocity to become subsonic again. According to Delery (1985) 
such shock waves nearly always meet body surfaces on which boundary layers 
develop. The result is that a complex interaction phenomenon occurs in the 
shock foot region with an increase in dissipative effects caused by the strong 
destabilizing action of the intense adverse pressure gradient transferred to the 
boundary layer. Furthermore, as the shock causes deceleration of the boundary 
layer flow, separation of the boundary layer often occurs. Apart from 
turbomachine blades, other applications where fluid structure interaction 
phenomena have to be taken into consideration are helicopter blades, missiles 
and aircraft bodies, among others. Figure 2-１ illustrates an example of shock 
wave formation on turbomachine blades demonstrating a typical area of interest 
for fluid-structure interaction.  
 
 

 
 

Figure 2-１１１１. Example of shock wave formation on turbomachine blades 

 
Lee (1989) reports on a possible mechanism of the self-sustained shock wave 
oscillation caused by unsteady transonic SW/BLI on a supercritical airfoil with 
fully separated flow at the shock wave as illustrated in Figure 2-２.  
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Figure 2-２２２２. Model of self-sustained shock oscillation; Lee (1989) 

 
 
The mechanism considers the case of a shock wave oscillating on the upper 
airfoil surface about a mean position. Because of the movement of the shock, 
pressure waves are formed which propagate downstream in the separated flow 
region at velocity pα . On reaching the trailing edge the disturbances generate 

upstream moving waves at velocity uα . These waves interact with the shock and 

impart energy to maintain its oscillation. The loop is then completed and the 
period of the shock wave oscillation should agree with the time it takes for a 
disturbance to propagate from the shock to the trailing edge plus the duration for 
an upstream moving wave to reach the shock from the trailing edge.  
 
Seegmiller et al (1978), states that the boundary layer which is separated from 
the shock wave foot to the trailing edge has a consequent serious fall of the 
profile performance. Under such circumstances, large scale instabilities, capable 
of inducing buffeting, can also appear. In cases that the impact of the shock 
wave-boundary layer interaction (SW/BLI) is not so extreme, it often provokes an 
amplification of viscous effects to such an extent that the real flow may differ 
significantly from the perfect fluid model which is frequently used in flow 
calculations.  
 
Another important aspect of SW/BLI is the influence that the shock wave has to 
the point where transition occurs in the state of the boundary layer. Ekaterinaris 
and Platzer (1994) report on the importance of modeling correctly the transitional 
flow on the suction side of airfoils as it decisively changes the character of the 
dominant aerodynamic loads. The authors present several examples where lack 
of information regarding the location and extend of transition results to failure in 
the prediction of stall flutter and dynamic stall at high Reynolds numbers. Based 
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on their comparisons between experimental results and transitional and fully 
turbulent computations they conclude that reliable prediction of the transition 
onset is essential for accurate computations. In this respect it is of great 
importance to investigate SW/BLI with emphasis on the movement of the point of 
transition caused by the movement of an oscillating shock wave.    
 



Licentiate Thesis / Nikolaos Andrinopoulos  Page 14 of 64 

  

3 State of the Art 

 
Many research efforts have addressed phenomena caused due to fluid-structure 
interaction which affect the stability of turbomachine components. Research in 
this field has been conducted either with numerical means or with experimental 
work. This chapter presents the state-of-the-art of experimental investigations of 
fluid-structure interaction. The objective of this chapter is to present relevant 
investigations of fluid-structure interaction with reference to turbomachinery, 
without covering investigations of overall phenomena in the field of aeroelasticity.  
 

3.1 Experimental Investigations on Generic Models 

In the literature, fluid structure interaction is approached in different ways. The 
two main are either using generic models of a simplified geometry in transonic or 
supersonic flow, or using objects found in real applications like blades and vanes. 
 

3.1.1 Static Experimental Models 

Dèlery (1983) reports on the use of a generic model for fluid structure interaction 
investigation. For the experiments a test section of a transonic wind tunnel was 
used where interchangeable nozzle blocks or bumps could be mounted with the 
purpose to accelerating the flow up to slightly supersonic velocities. A second 
throat, of adjustable cross section, was placed at the test section outlet making it 
possible both to produce, by chocking effect, a shock wave whose position and 
intensity could be adjusted in a continuous manner. Another function of the 
second throat was to isolate the flow field under study from pressure 
perturbations emerging from downstream ducts and reduce shock oscillations. 
This experimental setup is illustrated in Figure 3-１.  
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Figure 3-１１１１. Experimental arrangement for fluid structure interaction 

investigation; from Dèlery (1983) 
 
This study was used in order to provide guidance for turbulence modeling of 
flows submitted to strong interaction processes. The outcome was that only 
turbulence models which rely on at least one or several transport equations will 
be needed to represent correctly the dissipative layer behavior.  
 
Investigation of SW/BLI has been perform by Andeopoulos and Muck (1987) 
using a static experimental setup. The test objects for this investigation were 2D 
ramps mounted on the floor of a blowdown tunnel. Figure 3-２  illustrates a sketch 
of the 2D ramp model. 

 
Figure 3-２２２２. Sketch of the 2D ramp model used by Andeopoulos and Muck 

(1987) 
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This investigation revealed that although the setup was static, the shock wave 
was unsteady. According to the findings of this investigation the shock wave 
motion was triggered by the turbulence of the incoming boundary layer rather 
than driven by the shear layer formed over the separated region and the 
recirculating region.  
 
Oscillation of shock wave can occur in a variety of high-speed flows, such as 
forward-facing steps, compression ramps and past blunt fins and protuberances 
(Andeopoulos and Muck (1987)). Due to this reason, investigation of SW/BLI 
based on the principle of a controlled-oscillated shock wave, as the current thesis 
suggests, becomes more attractive. This way a distinction can be made between 
the influence of the inherent unsteadiness of the shock wave and the enforced 
unsteadiness caused by the oscillation mechanism.  
 
 

3.1.2 Dynamic Experimental Setups 

Experimental investigations using generic test objects have addressed unsteady 
flow phenomena occurring in real applications. In a turbomachine unsteady flows 
can appear due to different sources of unsteadiness. The interaction between 
different blade rows in a turbine stage (e.g. low-pressure compressor) results to 
an inherent unsteadiness in the flow field. This unsteadiness can trigger a 
dynamic SW/BLI on the blades of the turbomachine components. In terms of 
experimental investigation of such phenomena using generic test object this case 
is modeled with induced backpressure fluctuations in a transonic flow field.  
 
This consideration has led researchers to investigate SW/BLI in setups where the 
shock wave is made oscillating due to backpressure waves. Such an 
investigation is described by Edwards and Squire (1986) where a normal shock 
interacts with the natural turbulent wall boundary layer in a parallel sided duct. 
The shock wave was vibrated in symmetric fashion by a rotating cam mounted in 
the tunnel diffuser. The rotating cam was creating a periodic variation in the 
backpressure, resulting to shock wave oscillation frequencies up to 240 Hz. The 
rotation speed of the cam was measured by a magnetic transducer and was 
checked with a calibrated tachometer. To vary the forcing pressure disturbance, 
five cams of equilateral triangular section were manufactured. The layout of the 
experiment is shown in Figure 3-３.  
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Figure 3-３３３３. Experimental configuration; from Edwards and Squire (1986) 

 
The mean shock position was set at the window centre by adjusting the tunnel 
stagnation pressure. With this setup, reduced frequencies in the order 0.2 to 0.8 
have been achieved. Through unsteady surface pressure measurements it was 
found that there is a negligible phase change between the shock motion and the 
surface pressures. Due to this, quasi-steady assumptions were utilized in the 
calculation of the surface pressure at the low-frequency conditions tested.  
 
Bron (2004) has performed experimental investigation of SW/BLI with 
backpressure fluctuations using 2D and 3D bumps. The test objects (bumps) 
were placed at the bottom of the test section while the backpressure fluctuations 
were induced by a perturbations generator. The perturbations were caused by 
the perturbations generator which was an elliptical rod that was connected to a 
high speed motor and could rotate with frequency up to 660Hz.The setup used 
by Bron (2004) is illustrated in Figure 3-４.   
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Figure 3-４４４４. Test facility for SW/BLI with backpressure perturbations generator; 

from Bron (2004), dimensions in mm 
 
 
The study by Bron (2004) focused on the analysis of the interaction between 
upstream propagating pressure disturbances with an oscillating shock in 2D and 
3D nozzle geometries. Unsteady pressure measurements were combined with 
high-speed Schlieren visualizations. Experiments on the 2D bump showed that 
the unsteady pressure distribution (amplitude and phase angle) was strongly 
affected by both the mean shock location and the perturbation frequency. 
Similarly, Schlieren visualizations showed that the unsteady shock motion 
(amplitude and phase lag) is also influenced by the perturbation frequency and 
the mean shock location. A phase shift was observed on the surface underneath 
the shock location which was found to increase almost linearly with the strength 
of the shock and the perturbation frequency. This phase shift was found to raise 
the phase-angle distribution over half of the bump surface and significantly 
contributes to the unsteady aerodynamic force acting on the surface. The 
analysis of the correlation between the shock motion and the unsteady pressure 
perturbations immediately downstream the shock showed a linear increase of the 
phase-lag (increasing delay of the shock response) with the perturbation 
frequency for weak shock configurations. For strong configurations the results 
showed opposite trends corresponding to an advance of the shock motion 
compared to the incoming pressure perturbations.  
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3.2 Experimental Investigations using Airfoils and Cascades 

3.2.1 On Fluid-Structure Interaction 

Apart from fundamental investigations of SW/BLI using generic test setups, 
investigations of SW/BLI using isolated airfoils and cascades are also reported in 
the literature. Lee (1989) has tested a supercritical airfoil in transonic flow to 
investigate the mechanism of self-sustained shock motion observed in SW/BLI. 
The investigation was carried out in a high-Reynolds number test facility using an 
airfoil with design Mach number and lift coefficient of 0.75 and 0.63 respectively. 
Steady and unsteady pressure data were obtained and the normal force was 
measured by a sidewall balance. Lee (1989) reports that large fluctuations were 
encountered near the shock boundary-layer interaction region, but they decayed 
rapidly and either remained nearly constant or increased gradually towards the 
trailing edge. These fluctuations were attributed to two parts: namely a random 
component associated with the turbulent motion in the separated flow region and 
a deterministic part due to shock-wave oscillation.  
 
Bell and Fottner (1995) have carried out experimental investigations of SW/BLI in 
a highly loaded compressor cascade under realistic turbomachinery conditions in 
order to improve the accuracy of semi-empirical flow and loss prediction 
methods. The experimental setup used by Bell and Fottner (1995) was a 
compressor cascade as shown in Figure 3-５. The test section was equipped with 
variable guide vanes and boundary layer suction at the upper and lower channel 
floor to ensure homogeneous upstream and periodic downstream flow. In order 
to realize Laser and Schlieren measurements two glass windows were installed 
in the side walls. The center blade was equipped with profile pressure taps and 
surface thin-film gages. The SW/BLI was found to cause a wide streamwise 
pressure diffusion shown by the profile pressure distributions. This had a strong 
influence on the flow outside the boundary layer presented by a quantitative 
Schlieren image.  
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Figure 3-５５５５. Sectional view of compressor cascade used by Bell and Fottner 

(1989) 
 
 
Aotsuka et al. (2003) investigated the role of shock waves and boundary layer 
separation due to SW/BLI using a linear compressor cascade composed of 
seven Double-Circular-Arc airfoil blades out of which the central one was made 
vibrating in a pitching mode. The experimental setup used by Aotsuka et al. 
(2003) is illustrated in Figure 3-６. The central blade of the cascade was made 
vibrating by an electro-magnetic system. The pitching angle was 0.1 to 0.15 deg 
and the vibration frequency was 110 Hz which corresponded to a reduced 
frequency k  of 0.076. The unsteady moment was measured on the central blade 
as well as the two neighboring blades. It was found that the surface pressure 
fluctuations induced by the shock oscillation were the governing factor for the 
unsteady aerodynamic moment acting on the blades. Such pressure fluctuations 
were primarily induced by the movement of impingement point of the shock on 
the blade surface. The oscillation of the separated region together with the 
oscillation of the shock wave induced additional pressure fluctuations. The shock 
oscillation and the movement of the separated region were found to play the 
principal role in the unsteady aerodynamic and vibration characteristics of the 
transonic compressor cascade.  
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Figure 3-６６６６. Schematic view of the experimental setup used by Aotsuka et al. 

(2003)  
 
 
Experiments have been performed by Gallus et al. (1986) in a transonic wind 
tunnel at single blades and in a cascade in order to investigate the unsteady flow 
that occurs due to SW/BLI. In these experimental configurations the central blade 
was either mounted elastically or driven by electromagnetic shakers to torsional 
vibration. The unsteady flow was measured by a stroboscopic Schlieren method, 
including high-speed movies while the vibration of the blade was controlled by 
strain gauges. By analyzing results the researchers concluded that severe shock 
wave and boundary layer oscillations occur with separation alternating between 
shock-induced and trailing separation. It was also found that with pitching 
vibration of the blade, forced and self-excited shock wave oscillations were 
interfering with each other.  
 
Experiments using airfoils or cascades have the advantage of reproducing more 
accurately a realistic flow field as it occurs in real applications. On the other hand 
such flowfields are fairly complex which makes it difficult to focus on the physics 
of the interaction between shock wave and boundary layer right at the area 
where this interaction occurs. In this respect, experimental investigation of 
SW/BLI making use of a simplified geometry can place the focus on the physical 
phenomena of the interaction rather than focusing on a broader flowfield.  
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3.2.2 Aeroelastic Experiments 

Several experimental campaigns have been reported in the literature that 
address different aeroelastic phenomena by following different investigation 
strategies. A selection of such experiments is mentioned in the following with 
focus on the vibration and reduced frequencies values as well as the amplitudes 
of the vibrating models that are used. This serves as an overview for comparing 
the vibration characteristics found in other experiments with the ones of the 
research work presented in this thesis.  
 
For studying the behavior of the aerodynamic loading on a vibrating aeroelastic 
structure, Nowinski and Ott (1997) have conducted experiments using a single 
compressor blade placed in the center of a transonic wind tunnel facility 
enforcing plunging oscillations to it. Lehr and Bölcs (2000) have used a similar 
setup in the same wind tunnel but adding back pressure fluctuations to the 
enforced oscillations on the blade. These experiments have achieved average 
oscillation amplitude of the model of 0.4 mm, but relatively low oscillation and 
back pressure frequencies (100 Hz) for assessing the effect of the reduced 
frequencies that typically occur in flutter. According to Fleeter and Jay (1987) 
such reduced frequencies range between 0.1 and 0.8 depending on the type of 
flutter; i.e. subsonic, supersonic, bending, torsion, etc.  
 
Experimental investigations using a single airfoil model have been contacted by 
Svensdotter et al (1997) in a transonic wind tunnel facility. In this experimental 
campaign the blade was oscillated in pitch using a hydraulic actuator with 
amplitude 0.2° and with oscillation frequency 410 Hz. In these experiments 
increase of the amplitude requires subsequent decrease of the oscillation 
frequency. 
 
Buffum and Fleeter (1991) describe the apparatus of a linear cascade equipped 
with a high-speed airfoil drive system creating torsion mode oscillations at 
realistic reduced frequencies but with small oscillation amplitudes. Frey and 
Fleeter (1997) used a torsion mode drive system in a compressor rotor blade 
row. This test facility provided the possibility to achieve oscillation amplitudes 
between 3.5° and 10° but appeared to have limitations in the perturbation 
frequencies.  
 
Watanabe et al (1997) used a linear cascade composed of seven blades where 
the central blade was oscillated by a mechanical vibration system with amplitude 
of 2 mm and oscillation frequencies up to 82 Hz corresponding to reduced 
frequencies of 0.02. Although the oscillation mechanism could provide higher 
oscillation amplitudes, the reduced frequencies achieved by this setup were far 
below the reduced frequencies occurring in flutter. Norryd and Bölcs (1997) have 
also made use of a linear cascade with five blades to perform investigations of 
unsteady flow effects. In this experimental setup the center blade was controlled 
oscillated representing bending mode oscillations.  
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Other experimental setups in this field have been described by Matsushita and 
Shiratory (2000) who have performed research on unstaggered and staggered 
cascades in transonic flows by looking into the interaction between the shock 
wave fluctuation and the shock-induced separation of the boundary layer. Also 
Bell and Fottner (1995) have performed experimental investigations in a highly 
loaded compressor cascade in order to relate the SW/BLI with pressure loss 
prediction methods.  
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4 Motivation 

 
The motivation for developing a test facility that the present work proposes is to 
enhance the ability of designers of turbomachine components to predict the limits 
of the stability region of aeroelastic structures. Acquiring experimental results with 
applicability to a wide range of components motivates the use of a generic setup 
which can address the unsteady aerodynamic phenomena of interest. This 
prompts the use of an experimental setup that can produce data which can be 
easily correlated to real applications. The approach in this investigation is to 
make this correlation by analyzing experimental data at reduced frequency and 
amplitude comparable to the ones that are met in real applications undergoing 
flutter rather than making use of a realistic geometry. Therefore the use of a 
simplified 2D model has been decided.  
 
The motivation for investigating fluid-structure interaction itself emerges from the 
significance of such phenomena in turbomachines. As Delery (1985) points out 
“the interaction between a shock wave and a boundary layer often leads to 
extremely detrimental effects, especially if the shock is strong enough to separate 
the boundary layer. When this happens, a rapid growth of the dissipative region 
occurs along with intensifying of turbulent fluctuations with the frequency 
occurrence of buffeting”. Shock wave / boundary layer interaction (SW/BLI) is an 
important phenomenon associated with fluid-structure interaction and is thus the 
focal point of this investigation.  
 
Previous investigations have been limited to using rigid (usually metal) models 
representing blades which are difficult to oscillate with high amplitudes and at 
high frequencies at the same time due to structural limitations. The possibility to 
combine realistic reduced frequencies and amplitudes for obtaining experimental 
data motivates the use of a flexible model of a generic shape. Moreover, a 
simplified, generic 2D model allows investigations on fluid-structure interaction, in 
a simplified manner avoiding complex phenomena such as inertia effects, radial 
geometry or 3D aspects of the flow occurring in a turbomachine.   
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5 Objectives 

 
The main objective of this work is to examine the stability of a non-rigid oscillating 
structure in high transonic flow (inlet Mach number 0.69) under reduced 
frequencies ( k ) that are met during flutter in real applications. The reduced 
frequency based on the chord of the test object used in this study is defined as 

Uaxfck /2π= , where f  is the vibration frequency of the test object, axc  its axial 

chord and U  the incoming airflow velocity.  
 
Reduced frequency values typically occurring for flutter onset, starting from high 
values and going down are 0.1 to 0.8, (see Fleeter and Jay (1987)) depending on 
the type of flutter. Using an experimental facility with given dimensions and 
airflow characteristics ( axc ,U ), the vibration frequency f  has to be adjusted in 

order to reach a target reduced frequency. The target reduced frequency in this 
study is set to 0.8 (based on the inlet Mach number, 

1
M  corresponding to a 

vibration frequency of 244 Hz. The target vibration frequency for this investigation 
is rounded up to 250 Hz.  
 
Specifically the objectives of the thesis are the following:  
 

1. Design a test object which can oscillate non-rigidly up to 250 Hz without 
exciting higher vibration modes to be used for generic fluid-structure 
interaction investigation 

 
2. Manufacture and test the designed test object  

 
3. Validate the oscillating model for ensuring that it meets the requirements 

of a simplified, generic aeroelastic test case 
 

4. Design the instrumentation layout on the test object for acquiring steady 
state and unsteady pressure measurements 

 
5. Install instrumentation and perform static and dynamic calibration of 

pressure taps 
 
After fulfilling these objectives the investigation work will reach the next stage 
aiming to cover the following objectives: 
 

1. Derive the aerodynamic forcing function over the oscillating test object by 
measuring the fluctuations of the unsteady static pressure at different 
oscillation frequencies of the structure 
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2. Study on the parameters which have influence on the sign of the 
aerodynamic damping over the structure and determine the limits of the 
stability region 

 
3. Examine the influence of shock wave and separation point movement with 

respect to stable or unstable behavior of the test object 
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6 Method of Investigation 

 
Different methodologies are proposed in the literature for investigating fluid 
structure interaction. However, as stated by Green (2006), “fluid-structure 
coupling is more a question of philosophy rather than technique, because it 
depends on the objectives of the analysis system”. Furthermore, prediction 
systems often propose a simplified approach, driven by the CFD capability and 
computing capacity available at the time and the objective of the system for use 
as a design tool. Such an approach has been proposed by Chiang and Kielb 
(1992), who used a simplified model with stacked 2D strips to calculate the 
aerodynamic forces and aerodynamic damping. With this model, in order to 
predict the forced response of a single vibration mode of a rotor containing 100 
blades, each with its own random frequency within 10% spread of the mean, 
would require a speed sweep through all the modes and take several CPU years.  
 
Based on that, any chosen method of investigation for fluid structure interaction 
becomes a compromise between feasibility of implementation (when it comes to 
experimental work) and research objectives. The chosen approach in the 
framework of this thesis is to make use of a simplified geometry to serve as a test 
object on which observations of the coupling mechanisms between fluid and 
structure can be realized. For inducing unsteadiness in the flow filed, the model 
is able to oscillate in a controlled way with the help of an integrated oscillation 
mechanism. Fluid structure interaction phenomena can thereafter be assessed 
through measurements of the unsteady and steady pressures over the structure 
as well as through optical techniques such as Schlieren visualization. Analysis of 
unsteady pressure data with respect to the motion of the structure gives 
information about the forcing function on it and eventually the sign (negative or 
positive) of the aerodynamic damping.  
 
Pressure and shock wave measurements obtained for a wide range of reduced 
frequencies allow for investigation of the aerodynamic stability change 
throughout a span of operating conditions similar (in terms of reduced 
frequencies values) to the ones occurring in real applications. This is done in 
order to relate the influence of the change of reduced frequency to the structure 
being stable or unstable with the aim to develop a prediction tool regarding the 
limits of the stability region. Close investigation of SW/BLI with focus right on the 
shock foot region on a test facility which allows controlled oscillations of a non-
rigid structure is a new approach for investigating these phenomena and to the 
best of the author’s knowledge such approach has not been reported in the open 
literature.   
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7 Experimental Facility 

 

7.1 Air Supply System 

The experiments for this research campaign are carried out in the transonic wind 
tunnel facility at KTH which is known as VM100. The wind tunnel is a part of the 
overall air supply system of the Laboratory of Heat and Power Technology. The 
air supply system has a set of valves which can be adjusted to direct the flow at 
different test facilities. The air supply system is an open system and the incoming 
air is filtered before the compressor and temperature regulated after the 

compressor. A layout of the overall air supply system is presented in Figure 7-１.  

 
 

 
 

Figure 7-１１１１. Layout of overall air supply system at HPT 

 
The air supply system is made such to be able to connect to different facilities. 
Direction of the flow to different facilities is done through the central control 
system. The transonic wind tunnel (VM100) is connected to the air supply system 
at the position VT2. A close-up of the flow path from the compressor, through the 
transonic wind tunnel, to the ambient is shown in Figure 7-２.  
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Figure 7-２２２２. Close-up of the flow path from the compressor, through VM100, to 

ambient 
 
The air flow is driven by the compressor and the suction fan at the outlet. The 
compressor is a screw type compressor driven by a 1MW electrical motor. The 
compressor can deliver air flow of 4.75 kg/s at 4.5 bars. The compressed air 
temperature ranges between 403-353 K which can be adjusted down to 293 K by 
an air-cooling system that follows the compressor.  
 

7.2 Transonic Wind Tunnel 

The VM100 facility used for fluid-structure interaction investigation is a modular 
wind tunnel with interchangeable components. Two nozzles can connect to the 
wind tunnel creating a transonic or supersonic flow field.  
 
In the transonic flow mode, VM100 features a 250mm square settling chamber 
equipped with screens and honey combs, followed by a first horizontal 
contraction which accelerates the flow into a 250mm high and 100mm wide 
channel. A second but vertical contraction then re-accelerates the flow (up to 
Mach 0.8 at the inlet) into a 120mm high and 100mm wide test section. 
Stagnation conditions are obtained from a total pressure and total temperature 
probes inserted in the settling chamber. A sketch of the VM100 transonic wind 
tunnel facility is shown in Figure 7-３.  
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Figure 7-３３３３. Sketch of VM100 transonic wind tunnel 

 
 

7.3 Test Section 

The wind tunnel has a modular test section with the possibility to accommodate 
various test objects with minimum required adaptation effort. Different test objects 
have been used by other researchers previously for investigating fluid-structure 
interaction using the same wind tunnel. The test objects used by Allegret-
Bourdon (2004) and Bron (2004) had the shape of 2D and 3D bumps 
respectively and were mounted at the bottom of the test section as shown in 
Figure 7-４.  
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Figure 7-４４４４. Test section of VM100 (a) with different bumps; 2D (b, c) and 3D (d) 

 
 

7.4 Test Object 

A 2D bump made of aluminum has been developed within the framework of this 
study to be used as a test object for investigating fluid-structure interaction. As 
this research work ties up with the research that has been carried out previously 
by Allegret-Bourdon (2004) and Bron (2004) certain features of the test object 
have been kept the same as in previous test objects for compatibility with the 
already existing experimental facility. Therefore the outer dimensions and the 
profile shape have been kept the same as in the previously developed 2D 
bumps. The inner shape and the mechanical properties of the bump were re-
designed based upon a detailed design study presented in the following. The 
manufactured test object together with a sketch including basic geometrical 
definitions is shown in Figure 7-５.  
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Figure 7-５５５５. Aluminum test object 

 
The bump is hollow and its curved surface consists of an aluminum sheet with 
thickness varying between 2mm and 5mm. The curved surface of the bump can 
be compared to the suction side of an airfoil. Accordingly the part of the test 
object where the flow first meets the curved surface is defined as leading edge 
(LE) while the part where the flow leaves the curved surface is defined as trailing 
edge (TE). The axial chord axc of the bump is defined as the distance between 

the LE and the TE. Important dimensions of the bump are included in Table 7-１.  

 
 
 

Bump Dimensions (mm) 

axc  120 

maxh  10 

w  100 

throat
x  117 

totb
l

,
 290 

actx  122 

 

Table 7-１１１１. Bump dimensions 
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7.5 Vibration Mechanism 

The flexible 2D bump can be mechanically connected to a vibration mechanism 
which can induce controlled vibrations to it with frequency up to 500 Hz. This 
vibration mechanism consists of the following parts: 
 

• Electric motor 
 

• Cam axle 
 

• Set of pulleys and belts 
 
The motor is mounted on the wind tunnel below the test section for stability and 
for having minimum distance between the output axle of the motor and the cam 

axle of the bump as shown in Figure 7-６.  

 

 
 

Figure 7-６６６６. Test section with test object and vibration mechanism 

 
The rotational motion from the output axle of the motor is transmitted to the cam 

axle through the bump via a set of bets and pulleys as shown in Figure 7-７.  
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Figure 7-７７７７. Transmission of rotational motion from motor axle to cam axle 

 
The cam axle has been designed and manufactured by Vogt (2001b) and 
converts the rotational motion from the motor to vertical oscillations of the bump. 
The cam axle is composed of three identical prismatic cams manufactured as 
part of a cylindrical stunted steel axle. This cam axle is fitted in the actuator 
casing on the bump side. The actuator casing is the part of the bump which has 
been shaped such as to accommodate the bearing plates on which the cam axle 
is in contact through the three cams at all times during rotations. The cam axle as 

well as a cross section of it is presented in Figure 7-８.  
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Figure 7-８８８８. Cam axle for oscillations of the test object; from Allegret-Bourdon 

(2004) 
 
 

As shown in Figure 7-８, for one rotation of the cam axle the actuator casing and 

thus the flexible bump undergo three vertical oscillations. Therefore a rotational 
speed of the cam axle of 5.000 rpm results in a vibration frequency of 250 Hz for 
the bump.  
 
 
 



Licentiate Thesis / Nikolaos Andrinopoulos  Page 36 of 64 

  

8 Measurement Setup 

 
The instrumentation of the test facility included dynamic geometry measurements, 
steady-state and unsteady pressure measurements as well as shock wave 
visualization applying the Schlieren technique. Combining time-resolved results 
of these measurements reveals the effect of fluid-structure interaction. The 
details of these measurement techniques are described in this chapter. 
 

8.1 Geometry Measurement System 

The instantaneous geometry of the test object was assessed through time-
resolved laser triangulation measurements. For these measurements an 
optoelectronic device was used accessing the test object through the top optical 

window (see Figure 8-３). This measurement device is equipped with a laser 

diode light source and two lens systems; one lens on the camera and one behind 
the aperture of the light source. Both lenses are behind protection glasses. The 
setup for measuring the instantaneous geometry of the test object is shown in 

Figure 8-１.  

 
 

 
 
 

Figure 8-１１１１. Setup of laser measurement system 

 



Licentiate Thesis / Nikolaos Andrinopoulos  Page 37 of 64 

  

 
The laser unit consists of two major parts the sensor head (SH) and the probe 
processing unit (PPU). The SH contains the laser light source, the laser receiver 
and a preamplifier. The PPU contains the signal processing part of the device.  
 
The laser device uses infrared or near infrared light. Laser intensity output is 
controlled by the PPU to maintain a constant level of light on the detector. The 
principle of optical triangulation permits measurement even when the light source 
is not perpendicular to the surface measured. The possible angle of incidence 
depends on the material to measure and on surface geometry.  
 
The beam of the laser measurement system accesses the model from the top 
optical window. The principle of operation of the laser system for measuring the 
instantaneous geometry of the test object is the following: When the beam hits 
the surface, a scattered reflection occurs. This light spot on the surface is viewed 
by the camera mounted inside the SH. The image of this spot is focused on a 
position sensitive detector. The sensor determines the location of the center of 
gravity of the image with analogue processing and uses this information to 
determine where the actual spot is.  
 
For scanning the instantaneous geometry of the test object along its chord, the 
laser measurement system was mounted on a linear traverse mechanism. The 
traverse mechanism was used for controlled-traverse of the laser over the test 

object. The traverse mechanism is shown in Figure 8-２.  
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Figure 8-２２２２. Geometry measurement setup with laser and traverse system 

 
 
 
For composing the instantaneous dynamic geometry of the test object from the 
readings of the laser along its chord synchronization of the laser measurements 
is required. The synchronization of these measurements was achieved with the 
use of an encoder connected to the axle driving the rotations of the actuator. The 
encoder was giving a reference signal (1 pulse per revolution). This signal was 
used for synchronizing the readings of the geometry measurement system to the 
movement of the test object, thus deriving the dynamic geometry of the test 
object.  
 

8.2 Schlieren Visualization System 

Shock wave visualization using the Schlieren optical technique is planned to take 
place during the next phase of the project. The facility provides the possibility to 
perform Schlieren visualization due to the optical access it allows to the test 
object. The test object (2D bump) is visually accessible from both sides and from 
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the top of the test section. A view of the optical access to the bump in the test 

section is depicted in Figure 8-３.  

 
 

 
 

Figure 8-３３３３. Optical access to the bump 

 
 
The Schlieren technique is a validated and widely used technique for visualizing 
density gradients in a flow field and is thus an extremely useful tool for observing 
and measuring shock waves. It is a non-intrusive technique and it is based on the 
angular deflection of a light ray when passing through a fluid with refractive index 
gradient. This gradient is directly related to flow density gradient.  
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Figure 8-４４４４. Principle of operation of Schlieren optical technique (from Allegret-

Bourdon (2004)) 
 
The principle of operation of the Schlieren optical technique is shown in Figure 

8-４. A light generated by a light source is collimated by a first lens and passes 

through the test section. At the other side of the test section a second lens brings 
the light to focus and is then projected on the video camera screen. When the 
test section is without flow, a knife-edge which is located at the focal point of the 
light is adjusted so as to cut off half of the light. When there are density gradients 
in the flow field the quantity of rays that pass through the test section fluctuates. 
By this way the light which is passing through a pressure gradient is diffracted 
and a darker image is projected on the screen of the video camera. This image is 
the flow visualization result obtained with the Schlieren optical technique. Figure 

8-５ shows the lenses of the Schlieren system positioned by the two sides of the 

test section.  
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Figure 8-５５５５. Lenses of Schlieren system positioned by the test section 

 

8.3 Steady-State Pressure Measurement Setup 

Pressure measurements are planned to be performed during the next phase of 
the project. Steady-state pressures measured by connecting the pressure taps to 
the pressure scanner. The pressure scanner is a 16-channel PSI9016 system. 
The wind tunnel is instrumented with pressure taps for measuring the static 
pressure upstream and downstream the test section. A total pressure probe is 
used to measure the total pressure in the settling chamber. The position of these 

pressure taps and the total pressure probe is illustrated in Figure 8-６.  
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Figure 8-６６６６. Position of steady-state pressure sensors (dimensions in cm, xi=0 

start of bump) 
 
Measurements of steady-state pressures are performed for determining the 
mean flow conditions for defining the operating point of each measurement.  
 

8.4 Unsteady Pressure Measurement Setup 

Unsteady pressures are measured along the curved surface of the test object by 
means of recessed-mounted pressure transducers to be mounted below the test 
section to avoid acceleration effects caused by the vibrating test object. The 
pressure transducers will be placed in a metal block fixed on the test section. 
Each transducer will connect with a pressure tap at the surface of the test object 
through the metal block by means of plastic tubes.  
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9 Measurement Accuracy 

 

The measurement results obtained with the geometry measurement system 
introduce an error which needs to be determined. There are two error sources 
related to the measurement setup: the error which is occurring due to the fact 
that the laser beam goes through the top optical window plus the error due to the 
surface quality of the test object. Another error source which affects the results is 
related to the averaging of the measured amplitude values of the oscillating test 
object.  
 
The static geometry measurements are affected by both the error due to the 
quality of the top optical window and the error due to the bump surface. On the 
other hand, the dynamic error accounts only for the error introduced by 
performing ensemble averaging to the measured amplitude.  
 
For minimizing the dynamic error due to averaging, the sampling frequency of the 
data acquisition system and the sampling time for the laser were adjusted 
according to the vibration frequency of the bump. This was done in order to 
sample data during 200 periods of the vibrating bump with the laser system. The 
number of periods was chosen such as to have a sufficient number of cycles of 
bump vibration at each measurement point.   
 
For estimating the static and dynamic error the measurement results have been 
compared against data from digital coordinate measurements on the bump 
surface. Those data are used for calibrating the laser signal and deriving the 
error associated with these measurements using the least-square fitting method.  
 
The error in measuring the static shape of the bump is mm2.0±  which 
corresponds to 2% of its maximum height. The accuracy of the dynamic 
amplitude is mm05.0±  which corresponds to 10% of the targeted vibration 
amplitude. The indicated static and dynamic accuracies are additive. 
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10 Design of Test Object 

 

10.1 Introduction 

A test object was designed in the framework of this thesis based on the overall 
research objective to perform fluid-structure interaction investigation on a 
controlled-vibrating structure. As this research work ties up with the previous 
works campaigns by Allegret-Bourdon (2004) and Bron (2004) the profile of the 
test objects used in these works was maintained. Thus the curved surface and 
the other outer dimensions of the test object were pre-determined. The design 
work focused on tuning the vibration properties of the test object by adjusting the 
inner shape and the material such as to meet the design objectives.  
 

10.2 Design Objectives 

The design objective of this work is to develop a test object which can vibrate 
resembling the 1F vibration of a blade. The test object under design composes 
one of the walls of the wind tunnel (bottom wall) and thus cannot undergo 
translational vibrations. The vibrations of this test object are achieved by 
deforming its shape (along the curved surface). On the other hand, 1F vibration 
of a blade involves translational vibrations of its tip section along the chord. This 

inherent difference between these two cases is illustrated in Figure 10-１.  

 
Figure 10-１１１１. Amplitude distribution along the chord of an airfoil (a) and the 

bump (b); Andrinopoulos et al. (2008) 
 
 
As the bump is a part of a wind tunnel wall, areas of variable amplitude are 
admitted upstream and downstream of the chord. The overall research objective 
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to use this test object for generic, simplified investigation on fluid-structure 
interaction introduces the requirement to avoid exciting higher modes of vibration 
of the deforming part thus resembling only the 1F mode of blade vibration.  
 
An additional objective of the test object is to be suitable for accommodating 
instrumentation for unsteady pressure data acquisition. In this regards a test 
object with a hard, preferably metal surface which could keep pressure tapings in 
place becomes attractive.  
 

10.3 Method 

Based upon the design objectives of the test object it is evident that a 
compromise is needed between its deformability and its stiffness. Indeed a test 
object which is too easy to deform satisfies the objective of having a flexible 
structure but will have its transition to higher harmonics at relatively low 
frequency. On the other hand, a test object which has its natural frequency out of 
the operation range might be too stiff to deform and might overload the vibration 
mechanism.  
 
For achieving a compromise between these two properties test objects of 
different materials and inner shapes were considered. The expected frequency 
response of the different proposed test objects was obtained via simulations 
using a FE analysis tool. The FE analysis was performed using the software 
IDEAS 12 NX Series. The polyurethane bump used by Allegret-Bourdon (2004) 
was used for obtaining vibration measurements for validating the FE model used 
for predicting the frequency response of the bump under design. Finally the test 
object which showed satisfactory (in accordance to the design objectives) 
frequency response was manufactured and tested for validation of the design.  
 

10.4 Finite Element Model 

Since the test object is of 2D shape a 2D FE model is used for predicting its 
frequency response. This assumption is realistic and reduces significantly the 
calculation time. Therefore the FE analysis is performed on one of the lateral 
sides of the bump. The plane of the FE analysis on the existing bump (made of 

polyurethane) used by Allegret-Bourdon is shown in Figure 10-２.  
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Figure 10-２２２２. Plane of FE analysis on the polyurethane bump 

 
 
 
The boundary conditions were defined so as to fully restrain the lower surface of 
the bump and to enforce vertical deformations of the bump of 0.5 mm at the 
actuation position. The set of boundary conditions used to describe the 

movement of the polyurethane bump are illustrated in Figure 10-３ 

 

 
 
 

Figure 10-３３３３. Boundary conditions applied on the FE model of the polyurethane 

bump 
 
 

The mesh parameters of the polyurethane bump are presented in Table 10-１.  
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Mesh parameters (polyur. bump) 
element length 2 mm 
type of elements linear quadrilateral 
elements no. 1658 

nodes no. 1888 

Table 10-１１１１. Mesh parameters (polyur. bump) 

 

The meshed surface of the bump is shown in Figure 10-４.  

 
Figure 10-４４４４. FE model of polyurethane bump 

 
 
The mechanical properties of the materials of the polyurethane bump, the 
titanium-made actuator casing and the steel-made bearing plates are presented 

in Table 10-２.  

 
 

 
Material 

E  
(MPa) 

ν 
 

G 
(Mpa) 

ρ  
(kg/m3) 

 
Polyurethane  

 
36 

 
0.49 

 
12.081 

 
1030 

 
Titanium 

 
1e5 

 
0.36 

 
3.6765e4 

 
4500 

 
Steel 

 
20.68e5 

 
0.29 

 
8.0155e4 

 
7820 

Table 10-２２２２. Mechanical properties of materials for polyurethane bump 

 

10.5 Verification of FE Model 

In order to verify the FE model applied on the polyurethane bump the frequency 
response of the same bump was measured and compared with the FE results. 
Measurements of the frequency response of the polyurethane bump were 
performed by means of time-resolved laser triangulation measurements.  
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In order to check the validity of the FE model the results from the simulations 
were compared with the measurements on the bump at vibration frequencies 

100-250 Hz. Figure 10-５ shows the result of this comparison.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 10-５５５５. FE predictions and measured response (instantaneous amplitude) 

of polyurethane bump 
 
 
From this comparison it can be seen that there is good agreement between the 
measured and the predicted frequency response of the polyurethane bump. The 
errorbars in the plots represent the dynamic measurement error which has been 
determined to ±0.05 mm (chapter 9) corresponding to ±10% of the targeted 
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vibration amplitude. This result verifies the validity of the FE model to be used for 
prediction of the frequency response of the test object under design. 
 

10.6 Redesigned Test Object 

After verification of the simulation results, the FE model was used for predicting 
the frequency response of several test objects with different inner shapes and 
materials. The test object which showed satisfactory frequency response with 

respect to the design objective (see Figure 10-１) was an aluminum bump made 

of a single block and with the actuator casing integrated to the inner shape.  
 
The mechanical properties of the material of this bump (aluminum, AL7075-T6) 

are presented in Table 10-３.  

 
 

Material 
E  

(MPa) 
ν 
 

G 
(Mpa) 

ρ  
(kg/m3) 

 
Aluminum  

(Al7075-T6) 
 

 
7e4 

 
0.34 

 
2.6119e4 

 
2700 

Table 10-３３３３. Material properties of aluminum bump 

 
 

10.7 Numerical Prediction of Frequency Response 

A FE model was created for the redesigned test object based on the same 
principle as with the polyurethane bump. The FE model of the redesigned 

aluminum test object is presented in Figure 10-６.  

 

 
Figure 10-６６６６. FE model of aluminum bump 

 
 
As with the polyurethane bump, a 2D analysis was found suitable for predicting 
the frequency response of the aluminum bump reducing significantly the 
calculation time. The parameters of the mesh for the aluminum bump are 

presented in Table 10-４.  
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Mesh parameters (alum bump) 

element length 2 mm 
type of elements linear quadrilateral 
elements no. 1193 

nodes no. 1518 

Table 10-４４４４. Mesh parameters (alum. Bump) 

 
 
Solving the FE model of the aluminum bump for vibration frequencies within the 

range of interest the results as shown in Figure 10-７ were obtained. These 

results have been plotted together with the design target as mentioned in the 
design objectives. These results show that the redesigned bump made of 
aluminum and with the actuator casing integrated with the inner shape, meets the 

design objectives. Based on these findings the test object of Figure 7-５ was 

manufactured.  
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Figure 10-７７７７. Predicted frequency response of aluminum bump 
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11 Validation of Designed Test Object 

 
In the previous chapters, the analysis and design strategy for manufacturing a 
new test object (aluminum bump) was fully explained. In this chapter the 
validation of this test object through measurements of its vibration response is 
presented and discussed.  
 
Measurements of the bump geometry (static and dynamic at certain vibration 
frequencies) were performed at 23 equally spaced points on the bump surface. 
These points are called measurement stations and had a distance of 10mm from 
each other. The first measurement station was at distance x=32mm from the start 
of the bump (x=0, see Figure 7-５).  
 

11.1 Static Geometry 

The shape of the curved surface (static geometry) was measured using two 
alternative techniques; a digital measuring device and the laser system 
presented previously. This was done for calibrating the signal from the laser 
system. The digital measurement device is shown in Figure 11-１.  
 
 

 
 

Figure 11-１１１１. Digital measurement device 

 
The results of the measurements with the digital measuring device and the laser 
together with the error margin of the laser measurement are presented in Figure 
11-２.  
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Figure 11-２２２２. Static geometry measurement of aluminum bump 

 
 

11.2 Dynamic Geometry - Amplitude 

Measurements of the dynamic geometry of the aluminum bump were performed 
with the laser system which was scanning the bump from above. The laser was 
mounted on a traverse mechanism as described previously.  
 
The results of the dynamic geometry measurements for vibration frequencies 
(100-250 Hz) together with the prediction from the simulations (for comparison) 
and the design target are shown in Figure 11-３.  
 
 

Expected L.E. 

Expected T.E. 
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Figure 11-３３３３. Dynamic geometry measurements on aluminum bump for vibration 

frequencies 100-250 Hz 
 
 
These results show that the dynamic response of the bump is close to the 
requirement set by the design objective. Also the simulation predictions are in 
good agreement with the measurements. The errorbars represent the dynamic 
error as discussed previously.  
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11.3 Dynamic Geometry - Phase 

 
The variation of the phase angle, towards the movement of the actuation point 
(x=122mm), along the bump is plotted in Figure 11-４. This result shows that the 
phase angle variation along the bump is small and that there are no higher 
vibration modes excited within the frequency range of 100-250 Hz. The large 
phase angle differences at the beginning and at the end of the bump are due to 
the reason that the vibration amplitude at these areas is small and thus do not 
influence the result.  
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Figure 11-４４４４. Phase angle along bump for vibration frequencies 100-250 Hz 

 
 

11.4 Amplitude Magnification 

Vibration tests on the bump have been carried out for frequencies above 250 Hz 
as well. This is done in order to see what the trend is regarding the dynamic 
shape of the bump at higher frequencies up to 320 Hz. These tests show that 
above the target vibration frequency (250 Hz) the dynamic shape of the bump 
changes gradually. The focus with these tests has been put on three check-
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points along the bump with respect to the actuation position. The first point is 
located upstream (with respect to the direction of the flow) the actuator and it is 
called “fore” point. The second point is right above the actuator and it is called 
“act” point. The third point is located downstream the actuator and is called “aft” 
point. The exact axial positions of these three points are presented in Table 11-１. 

check-point axial pos. (mm) 
fore 100 
act 120 
aft 140 

 

Table 11-１１１１. Positions of check-points for amplitude magnification 

 
The normalized amplitude magnification of these three points is shown in Figure 
11-５ together with their axial position. From the plot of Figure 11-５ it can be seen 
that the dynamic behavior of the bump becomes visible for vibration frequencies 
above 100 Hz. The amplitude decrease of the fore part with the amplitude 
increase of the aft part reveals that the bump vibrates with a torsion component 
in addition to the bending component. This effect is due to transition to higher 
vibration modes. However within the targeted frequency range (up to 250 Hz) the 
maximum change in amplitude lies below 20%.  
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Figure 11-５５５５. Amplitude magnification (normalized) of fore, actuation and aft part 

of aluminum bump.  
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11.5 Conclusions 

The redesigned test object (aluminum bump) has been tested and validated 
regarding its frequency response for vibration frequencies up to 250 Hz. The 
results have show that the expected frequency response resulting from the 
numerical analysis has been confirmed through tests on the manufactured test 
object. The frequency response of the test object meets the requirements set by 
the design objectives regarding the shape of its deformation. The dynamic shape 
of the test object is in accordance to the requirement of having a simplified test 
case for fluid-structure interaction investigation without the effect of higher 
vibration modes. Thus the test object developed within the framework of this 
thesis can be used for meeting the research objectives of this study.  
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12 Summary and Future Work 

12.1 Summary 

A test object for investigating fluid-structure interaction has been developed 
within the framework of this study. This test object is a flexible, vibrating bump 
and is has been tested with regards to its vibrating behavior. The vibration tests 
have shown that the test object has a dynamic response which fulfills the design 
objectives and can be used for the purposes of this study. Specifically, this test 
object can vibrate without exciting higher vibration modes within the range of 
frequencies of interest (0-250 Hz). Additionally the test object has an amplitude 
distribution along its chord which can resemble 1F mode vibrations of a blade, in 
accordance to the design objectives.  
 
 

12.2 Future Work 

12.2.1 Pressure Measurements 

After the test object has been validated and found to be suitable for fluid-structure 
interaction investigation according to the research objectives (chapter 5) 
pressure measurements are planned to take place. Performing measurements 
for finding the steady-state as well as the unsteady pressure over the test object 
under different operating conditions will provide data that can be used to derive 
the forcing function on the surface.  
 
In order to perform pressure measurements with this test object, pressure taps 
have to be drilled on the surface such that accurate information will be obtained 
at the measurement points of interest. The fact that previous research results 
have been obtained and published using test objects of similar outer shape in the 
same wind tunnel provides good guidance in pre-determining the measurement 
points of interest. In this respect, points near the shock-foot region and within the 
area of shock-wave oscillations for different operating points have been identified 
as measurement points of high-interest based on the results from the 
experimental campaigns performed by Allegret-Bourdon (2004) and Bron (2004). 
For this reason pressure taps of high-density have been designed to cover this 
region. On the other hand, at points near the start and the end of the test object 
the pressures do not show an interesting dynamic behavior and therefore these 
regions require pressure taps with lower resolution. Similarly, regions of 
moderate dynamic behavior have been identified based on previous research 
results on similar test objects and pressure taps have been arranged accordingly 
for these regions.  
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12.2.2 Boundary Layer Suction 

The current test setup with the flexible bump mounted on the lower wall of the 
test section has as a result the fact that the boundary layer is fully developed and 
turbulent upstream the bump. In this respect, suction of the boundary layer 
upstream the bump has been considered to be done in the future. This will result 
to having a boundary layer which starts developing at the start of the bump and is 
laminar over part of the bump. This solution will provide the possibility to perform 
investigations on the transition point of the boundary layer. Possible solutions for 
avoiding the already developed boundary layer on the bump are to either elevate 
the bump and not be part of the test section lower wall, or to open a slot 
upstream the bump and apply suction of the boundary layer at this point.  
 
The option to elevate the bump higher than the thickness of the boundary layer at 
the bump position would provide an easy to implement solution without requiring 
major modifications of the test section. The main drawback of this option would 
be the subsequent change of the throat of the test section and thus similarity of 
the setup with previous experimental campaigns would be lost. 
 
The option to open a slot upstream the bump and apply suction of the boundary 
layer has already been examined by Bron (2004). The principle of the suggested 
solution is illustrated in Figure 12-１.  
 
For implementing this solution it is critical to find the right suction pressure in a 
setup with changing operating points in order to keep the streamlines parallel to 
the mean flow and avoid pressure gradients at the suction point. The importance 
of this is illustrated in Figure 12-２.  
 
In order to achieve cutting off of the boundary layer it has been suggested to use 
edges with sharp or rounded nose upstream the bump. In such case the suction 
pressure would be regulated by eliminating the pressure difference between the 
side of the edge in the main flow channel and the side of the edge in the suction 
flow channel by using a throttle valve in the suction tube. For this reason the 
cutting edges should be equipped with pressure taps as shown in Figure 12-３.  
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Figure 12-１１１１. Layout of boundary layer cut off device, Bron (2004) 

 
 

 
Figure 12-２２２２. Influence of suction pressure on the streamlines of the flow, Bron 

(2004) 
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Figure 12-３３３３. Cutting noses with pressure taps, Bron (2004) 
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