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Abstract 

The presented research investigates the effects of shock wave boundary layer 

interaction on the unsteady pressure response of the surface of an oscillating 

structure. A simplified structure, a 2D prismatic bump, located in a straight channel is 

used to better understand the bending flutter phenomenon. Time-resolved 

measurements of the unsteady surface pressures and the instantaneous model 

geometry measurements are performed in order to study the effect of the shock wave 

on the aerodynamic load acting over the flexible generic bump. The bump is 

oscillated in a controlled manner with amplitude of ±0.5mm for four reduced 

frequencies ranging from k=0.123 to k=0.492. The experiments are performed for a 

transonic flow operating point characterized by an inlet Mach number of 0.69 and a 

total inlet pressure of 160 kPa, with an outlet Mach number and outlet static pressure 

of 0.79 and 106 kPa, respectively. The unsteady pressure measurements were 

performed using recessed mounted pressure transducers with Kulite fast response 

sensors. The presented results demonstrate that the shock wave induces a strong 

amplification of the unsteady pressure at the foot of the shock. This amplification was 

shown to decrease with the increase in reduced frequency, specifically between 

k=0.123 and k=0.246.  
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2 Introduction 

The continuous strive for higher performance and more efficient turbomachinery 

based energy production and transport services impose a number of design 

challenges for the turbomachinery industry. Some of these challenges include 

developing thinner, lighter and more highly loaded turbomachine components. These 

more aggressive aerodynamic designs can significantly influence the aerodynamic 

stability of key turbomachinery components, such as rotor and stator blades, making 

them more susceptible to flow induced vibrations. An enhanced understanding of 

unsteady flow effects and their interaction with other flow phenomena such as shock 

waves, wake passages or secondary flows is critical for current and future 

turbomachinery designs.   

 

Fluid-structure interactions have a strong impact on the individual component 

vibrations and high cycle fatigue performance, and ultimately the safety, reliability 

and availability of the turbomachine as a whole. One of the phenomena related to 

fluid-structure interactions and aerodynamic instability is flutter – a self-excited 

vibration of a body in fluid. Flutter occurs when a structure absorbs energy from the 

surrounding fluid and the structure vibration becomes unstable. This rapid increase in 

the amplitude of vibration could result in failure of the structure due to high cycle 

fatigue. Flutter poses a significant design challenge to the turbomachinery industry.  

 

In turbomachines with transonic flow, the interaction between the shock wave and the 

boundary layers is associated with many unsteady phenomena, including flutter. The 

shock wave-boundary layer interaction can have a significant impact on the flow 

induced vibrations and affects the aeroelastic response of the structure. Strong 

pressure fluctuations can occur and generate unsteadiness, being the origin of large 

aerodynamic loads. The shock waves could have a stabilizing or destabilizing effect 

on the structure stability. Studies have indicated that flutter is strongly influenced by 

shock and its characteristics (Srivastava, 2005). The unpredictability and potentially 

dangerous implications of these phenomena make them a major concern for the 

design of modern aerodynamic applications. 

 

This thesis contributes to the fundamental knowledge and understanding of the 

unsteady aeromechanical mechanisms and phenomena. Experiments are carried out 

on a flexible 2D prismatic bump in transonic flow, oscillating in first bending controlled 

mode shape. The aim of the study is to investigate the effects of shock wave 

boundary layer interaction on the unsteady pressure response of the surface of the 

oscillating structure. 
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3 Background 

Flow induced vibrations are a major concern in the design of modern engineering 

structures. High stresses can be caused by the continuous interaction between a 

vibrating structure and the changing flow characteristics, leading to high cycle fatigue 

(HCF) failure.  

 

3.1 Aeroelasticity 

The term “aeroelasticity” is an engineering terminology that defines an 

interdisciplinary field which combines aerodynamic, inertia and elastic forces in such 

a way that the structure and flow around it interacts with each other. The first 

systematic description of aeroelasticity was given by Collar in 1946, who defined a 

triangle of forces which each of the forces – aerodynamic, inertial and elastic – 

occupies a corner. Collar’s aeroelastic triangle is illustrated below in Figure 1. 

 

 

Figure 1: Collar's aeroelastic triangle 

 

Different kind of physical phenomena occur when a combination of these three forces 

interact with each other or together. The interaction between aerodynamic forces and 

inertial forces is called “rigid-body aerodynamics”, or often called “flight dynamics”, 

and includes aspects like lift, control and stability. Another combination involves the 

interaction between inertial and elastic forces and is called “structural dynamics”, 

relating to the mechanical vibrations. The structure will vibrate and deform when 

submitted to the inertial and elastic forces, but it indicates that no fluid is flowing 

around the structure. The interaction between the aerodynamic and elastic forces is 

described as “static aeroelasticity”. The interaction of these forces indicates that no 

vibrations are implied, but that the structure will be deformed or displaced under the 

steady aerodynamic load. The last term in Collar’s triangle of forces, “dynamic 

aeroelasticity”, or “aeroelasticity” for short, involves the interaction of all three of the 

forces at the same time. 
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3.1.1 Dynamic Aeroelasticity 

Dynamic aeroelasticity describes the interaction of aerodynamic forces, inertial forces 

and elastic forces, as illustrated above in Collar’s triangle of forces (Figure 1). Some 

phenomena covered by dynamic aeroelasticity include dynamic response, limit cycle 

oscillations, buffeting and flutter. Dynamic response is the transient response due to 

a rapidly applied load, such as a gust. Limit cycle oscillations are typically caused by 

shock induced oscillations on a surface. Buffeting is the response due to time-

dependent separated flows impinging on structural surfaces. Lastly, flutter is a 

dynamic instability where-by the system extracts energy from the free stream flow 

producing a divergent response (Kolonay, 2001). 

  

3.2 Flutter 

Flutter is a unique type of aeroelastic phenomena. It can be described as an 

aeroelastic instability, and is characterized by self-excited vibrations. The self-excited 

characteristic of flutter is due to the phase shift between the structure motion and the 

pressure on the blade, defined as “force phase angle”. In most cases once a 

structure starts vibrating inside a flutter flow regime it cannot be stopped and the 

vibration amplitude continually increases. The divergent behavior can occur within a 

few cycles and be catastrophic. In this condition the aerodynamic forces induced due 

to the structure vibration feed into the structure, escalating the stresses with each 

additional vibration cycle (Srinivasan, 1997).  

 

The phenomenon of flutter strongly depends on the flexibility of the structures and 

occurs when the total work of the system becomes negative, i.e. the mechanical work 

is lower than the aerodynamic work. In other words, flutter appears when the 

mechanical damping of the system is too small to overcome the aerodynamic 

excitations. In turbomachines, where the blade stiffness is higher, flutter is more often 

due to the interaction between a vibrating mode (bending or torsion) and an unstable 

aerodynamic behavior like a boundary layer separation, a strong shock motion, or a 

shock wave-boundary layer interaction (Bron, 2004). 

 

Over the years an extensive amount of research has been devoted to gaining a 

better understanding of turbomachinery flutter. As a result, several kinds of flutter can 

be found in literature, specific for turbomachinery or aeronautical applications, and 

each with its own characteristic and physical reasons. The most important flutter 

domains in a multi-stage compressor are illustrated Figure 2. From this classical 

flutter map six different classifications of flutter and their vulnerable regions are 

shown. 
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Figure 2: Classical flutter map 

 

Subsonic and transonic stall flutter (Case 1 and 2) are usually experienced in the 

front stages when the compressor is operating near surge. The flow conditions are 

characterized by high incidence angles and separated flow. The vibratory modes 

associated with these types of flutter are bending, torsion as well as coupled modes 

(Srinivasan, 1997).  

 

Choke flutter (Case 3) is encountered during part speed operation when the blades 

are operating at negative angles of incidence. The mid and aft blades of the 

compressor are the most vulnerable components. The vibratory modes associated 

with choke flutter are bending or torsion (Srinivasan, 1997). 

 

Supersonic started flutter at low back pressure (Case 4) occurs in fan blades under 

supersonic attached flow conditions. The vibratory modes associated with this type of 

flutter are bending or torsion modes, along with mistuned blades (Srinivasan, 1997). 

 

Supersonic started flutter at high back pressure (Case 5) usually occurs in fan blades 

at operating conditions close to 100% speed. The flow conditions are characterized 

by high loading, supersonic tip and strong shocks (Srinivasan, 1997). 

 

Lastly, Classical flutter (Case 6), often called potential flow flutter, occurs for small 

angles of incidence under subsonic flow conditions.  

 

It is important to note that in the case of flutter the aerodynamic forces are non 

periodic and are dependent on the structural motion and the flow. In flutter the 
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unsteady pressure distribution supplies energy to sustain. Flutter differs from the 

case of forced response vibrations as the aerodynamic forces in the case of forced 

response are independent of the structural motion and are periodic in time. 

 

3.3 Acoustic Blockage 

Transonic flows about streamlined bodies are strongly affected by unsteady 

excitations, particularly near the location of the shock foot. Experimental and 

computational studies (Davis and Malcolm, 1979 and 1980) have shown that the 

unsteady pressure distribution along the surface of an airfoil in unsteady transonic 

flow exhibits a significant bulge near the shock location. For such flows, upstream 

propagating acoustic disturbances are blocked and amplified – the near sonic 

velocity acts as a barrier, known as acoustic blockage. Experimental campaigns on a 

transonic convergent-divergent nozzle performed by Bron et al. (2004) confirmed the 

acoustic blockage theory and showed that there exists critical behaviors. 

Downstream the shock there is a cut-off mode and upstream of the shock wave there 

is a cut-on mode. Bron showed that the outlet pressure perturbations are magnified 

when propagating into the near sonic flow region and can lead to the excitation of the 

shock wave. This interaction creates a shift in the shock position and contributes to 

the system stability. It has a strong affect on the overall unsteady aerodynamic forces 

affecting the flutter boundary, causing large local stresses which may results in high 

cycle fatigue failure. 

 

3.4 Shock Boundary Layer Interaction 

Shock wave-boundary layer interactions (SBLIs) occur when a shock wave and a 

boundary layer converge. These interactions can be found in transonic, supersonic 

and hypersonic flows. Transonic interactions are typically characterized by 

supersonic flow upstream of the shock wave and subsonic flow downstream of the 

shock wave. The mixed nature of the flow and the presence of subsonic post-shock 

flow is the key difference between transonic interactions and other types of SBLIs. 

Common examples of transonic flow SBLIs can be found on transonic-aircraft wings 

and inside transonic turbine and compressor blade cascades, where local regions of 

supersonic flow are terminated by shock waves and interact with the blade boundary 

layers.  

 

In any SBLI the shock imposes an intense adverse pressure gradient on the 

boundary layer. This causes the boundary layer to thicken and possibly separate, 

increasing the viscous dissipation within the flow. SBLIs are also the cause of flow 

unsteadiness, and are detrimental to the performance in gas turbine engines 

(Babinsky, 2011).  

 

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.” There are two types of transonic-airfoil 
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separation behaviors depending on the location of the separation onset, as first 

categorized by Pearcey – Model A and Model B. The illustrations of these two 

models are shown below in Figure 3. In Model A a small separation bubble forms 

just after the shock location. As the strength of the shock increases the separation 

bubble continues to grow and eventually causes the separation of the boundary layer 

all the way to the trailing edge from the shock foot location. The separation in Model 

B first originates at the trailing edge, and with increasing shock strength it continues 

to grow until the separation spans from the shock foot to the trailing edge. In either 

case, the separated flow from the shock foot to the trailing edge has severe effects 

on the airfoil drag and lift.  

 

   

Figure 3: Pearcey's models of transonic airfoil separation. 
Left: Model A, where separation originates at the shock. Right: Model B, where 

separation originates at the trailing edge. 
 

For transonic flows with Mach numbers usually below 1.3, SBLI with attached flow 

(without separation) can occur. As shown in the schematic in Figure 4, a sonic line 

exists inside the boundary layer that separates the supersonic from the subsonic 

portion of the boundary layer. Below the sonic line a pressure increase spreads 

ahead of the shock wave location. Compression waves are then generated from the 

supersonic flow above the sonic line being deflected of the surface. The compression 

waves increase the local boundary layer pressure, thus affecting the boundary layer 

development. On the other hand, the compression waves decrease the Mach number 

ahead of the shock wave, thus weakening it. Eventually, an equilibrium position is 

reached (Babinsky, 2011). 
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Figure 4: Attached flow SBLI 

 

Generally for flows with shock Mach numbers in the range of 1.3 to 1.35 the 

separation of the boundary layer occurs. The separation is usually limited though, 

thanks to the transonic nature of the flow. The flow reattaches downstream of the 

shock and separation point, forming a small bubble. The reversed flow in the bubble 

underneath the shock causes more of a pressure rise upstream. At the point of 

separation the boundary layer is displaced from the wall and a sharp kink in the 

boundary layer displacement surface. An oblique shock wave is then formed by the 

coalescence of compression waves resulting from the strong adverse pressure 

gradient at separation. A quasi-normal shock wave forms in the rear due to a lack of 

pressure rise across the oblique shock. These two shocks meet at what is called the 

triple point, creating a lambda-shock structure, as illustrated in Figure 5 (Babinsky, 

2011). 
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Figure 5: Separated transonic SBLI 

 

The lambda shock region, where the shock impacts the boundary layer on the 

surface of a blade, is of high importance since it is the source of strong interaction 

which is still not well understood, making it difficult to model and predict. An 

oscillating shock can generate boundary layer fluctuations, resulting in unsteady 

loads on the blade and higher losses which lowers the efficiency. 

 

SBLI is an important phenomenon associated with fluid-structure interaction and is 

thus the focal point of this investigation.  

 

3.5 Previous Experimental Work 

An extensive amount of research has been conducted, both numerically and 

experimentally, to investigate the phenomena related to fluid-structure interaction. 

Several research campaigns have been carried out in the lab of the Royal Institute of 

Technology, KTH, in Stockholm, Sweden specifically focused on shock wave-

boundary layer interaction. Of those research campaigns that were carried out at 

KTH, many involved 2D bumps with similar geometry as the current experiment. 

 

One such example of a previous research campaign was performed by Bron (2004) 

who investigated SBLI with backpressure fluctuations. The experiments were 

performed on both 2D and 3D bumps which were placed at the bottom of the test 

section, as illustrated in Figure 6. The backpressure fluctuations were induced by 

means of a perturbation generator which consisted of an elliptical rod connected to a 

high speed motor. The frequency of the high speed motor, and thus the frequency of 

the perturbations, was up to 600Hz.   
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Figure 6: Test section used by Bron (2004) for SBLI using backpressure fluctuations 

 

The study by Bron focused on the analysis of the interaction between upstream 

propagating pressure disturbances with an oscillating shock through the use of 

unsteady pressure measurements and high-speed Schlieren visualizations. It was 

observed through the 2D bump experiments that the unsteady pressure distribution 

was strongly affected by the mean shock location and the perturbation frequency. It 

was also confirmed, through the use of the Schlieren visualizations, that the unsteady 

shock motion is also influenced by the perturbation frequency and shock location. An 

increase in phase shift was observed on the bump surface underneath the shock 

location with an increase in the strength of the shock and the perturbation frequency, 

as shown in Figure 7. 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 of 

the shock showed a linear increase of the phase-lag with the perturbation frequency 

for weak shock configurations. For strong shock configurations the results showed 

opposite trends corresponding to an advance of the shock motion compared to the 

incoming pressure perturbations. 
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Figure 7: Unsteady pressure measurements phase shift results from Bron (2004) 

 

In addition, unsteady pressure amplitude distributions over the surface of the bump 

for a number of backpressure perturbation frequencies were measured by Bron. For 

his measurements a peak value was observed at the location of the shock foot, 

followed by a gradual increase along the bump until the trailing edge. Results taken 

by Bron for an operating point with an inlet total pressure and outlet static pressure of 

160 kPa and 106 kPa, respectively, and with a backpressure perturbation frequency 

of 50Hz are plotted in Figure 8. 

 

 

Figure 8: Unsteady pressure coefficient distribution from Bron (2004) for perturbation 
frequency of 50Hz 

 

The next experimental campaigns that are presented have been performed on the 

same test section and oscillating mechanism that the current research work has been 

performed on. The 2D oscillating flexible bumps used for the experiments are a 

dynamic version of the same static generic model used by Bron (2004). However, 

instead backpressure perturbations, the unsteadiness in the flow is caused by the 

oscillations of the bump itself. In this manner, the configuration is closer to reality for 
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studying aeroelasticity and is focused on subsonic flutter and transonic shock 

induced flutter. A detailed explanation of the experimental setup can be found in a 

later section of this report. 

 

One of the first investigations conducted with the 2D oscillating bump setup was 

performed by Allegret-Bourdon (2004) and involved a generic polyurethane bump. 

The model was oscillated at reduced frequencies ranging from k=0.015 to k=0.294 at 

transonic flow conditions characterized by an inlet isentropic Mach number of 0.69 

and an outlet Mach number of 0.80. At these flow conditions a shock wave 

developed over the surface of the bump. Time-resolved measurements of the 

unsteady surface pressures, the instantaneous model geometry as well as unsteady 

Schlieren visualizations were performed in order to study the shock wave motion and 

the aerodynamic loading acting over the surface of the bump. The results obtained 

showed that the mode shape of the bump was strongly dependent on the oscillation 

frequency. The first pitch wise bending mode shape was not maintained for reduced 

frequencies above k=0.03. For reduced frequencies below the value of k=0.03 similar 

results to those as Bron (2004) were obtained for the unsteady pressure coefficient 

distributions along the surface of the bump. The unsteady pressure coefficient is 

shown to be slightly decreasing approaching the mean shock wave location and 

increases downstream of the shock wave until the end of the chord, as seen in 

Figure 9. The phase lead of unsteady pressure towards the local bump deformation 

presents a phase difference of 180o from upstream to downstream of the bump 

chord.  

 

 

Figure 9: Unsteady results (pressure coefficient, bump amplitude and phase shift) 
obtained by Allegret-Bourdon (2004) for reduced frequency k=0.015 
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However, the results obtained for reduced frequencies above k=0.03 demonstrate 

that the oscillating bump is no longer acting in the first bending mode shape, as 

shown in Figure 10, and therefore yield varying results. Nonetheless, for reduced 

frequencies above k=0.074, when the bump is acting in a third bending mode shape, 

the results demonstrated that there was decreasing trend between the phase of the 

shock wave movement towards the local bump motion. Also, results obtained from 

Allegret-Bourdon (2004) showed that the amplitude of the shock wave motion 

increased with the frequency until a reduced frequency value of k=0.088, 

contradicting the results from Bron (2004) which demonstrated a reduction in shock 

wave motion amplitude with increased frequency.  

 

 

Figure 10: Unsteady results (pressure coefficient, bump amplitude and phase shift) 
obtained by Allegret-Bourdon (2004) for reduced frequencies above k=0.11 

 

Similar experiments were performed by Ferria et al. (2008) with the same 2D 

polyurethane bump as was used by Allegret-Bourdon (2004), but at different reduced 

frequencies. In these experiments Ferria (2008) again measured the dynamic 

geometry of the oscillating bump as was previously done by Allegret-Bourdon. 

However, the results obtained varied from Allegret-Bourdon’s in that the bump was 

shown to have been acting in a first bending mode shape for oscillation frequencies 

up to 350Hz. The operating point of interest for the experiment was taken from 

previous experiments of Bron (2004) which was characterized by an inlet total 

pressure of 159 kPa and an outlet static pressure of 104 kPa. Experiments were then 

carried out for 8 different reduced frequencies ranging from k=0.029 to k=0.876. As 

was done in the previous experiments, Ferria recorded the unsteady pressure along 

the surface of the bump as well as documented the phase of the unsteady pressure 

toward the bump motion. The results of the experiments are plotted in Figure 11. 
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From the distributions it was shown that the unsteady pressure coefficient values at 

the shock foot decreases with the increase in oscillation frequency. Also, as was 

seen from the results from Bron (2004), there is a gradual rise in unsteady pressure 

downstream of the shock until the end of the chord.  
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Figure 11: Results obtained by Ferria et al. (2008) for unsteady pressure coefficient 
and phase lead of unsteady pressure towards bump motion 
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4 Objectives and Method of Attack 

The focal point of this research is to study the nature of the aerodynamic damping 

with respect to the oscillation frequency of the structure in a transonic flow 

environment. The study aims to investigate the effects of shock wave-boundary layer 

interaction on the unsteady pressure response of the surface of the oscillating 

structure (amplitude and phase shift relative to the motion of the bump). In order to 

avoid complex 3D flow aspects of turbomachinery flow a simplified 2D generic model 

will be used to focus on the fundamental characteristics of shock wave boundary 

layer interaction. A flexible 2D generic model which can achieve high frequency and 

high amplitude will be used to perform and analyze experiments at reduced 

frequencies and amplitude comparable to ones met in real applications. 

 

The layout of this study and the investigations undertaken will closely follow the 

pervious experiments performed within the Heat and Power Technology Division at 

KTH by Bron (2004), Allegret-Bourdon (2004) and Ferria (2008). A new flexible 

generic model designed by Andrinopoulos et al. (2009) will be used for the first time 

to study fluid-structure interaction and measure unsteady pressure along the bump 

surface. Ferria et al. (2008) performed dynamic geometry tests on the new flexible 

aluminum bump to verify it oscillated in a first bending mode shape, but no pressure 

measurements were performed; pressure taps along the surface of the bump were 

not drilled until a later date. So although the present study is strongly based on 

previous works, this study will contribute additional measurements on a new 

geometry for comparison. 

 

The specific objectives of this experimental campaign are to first measure the 

dynamic geometry of the flexible model and confirm that the bump maintains a first 

bending mode shape throughout the frequency range of testing. Next, an operating 

point similar to that tested by Bron et al. (2004) will be targeted where a shock wave 

will develop on the surface of the bump. The steady state static pressure distribution 

along the surface of the bump will be measured and the results compared to previous 

experiments. After a steady state operating point is established the bump will be 

oscillated at a number of different frequencies to induce unsteadiness in the flow. 

Here, time-resolved unsteady pressure measurements along the surface of the bump 

will be taken as well as instantaneous local bump motion. The phase difference 

between the unsteady pressures towards the local bump motion will be analyzed to 

help predict the limits of  the stability region.  

 

A secondary objective for this project is to provide experimental data for future 

computational fluid dynamic (CFD) simulation and validation. Even with the ever 

increasing accuracy of CFD simulations there is still a large need for accurate 

experimental data to validate and confirm the numerical models. Lastly, the results of 

the current experiment can be used as a starting point for future tests at different flow 

conditions and reduced frequencies. 
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5 Description of Test Facilities 

5.1 Overall Test Facility 

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 12. 

 

 

Figure 12: Schematic of air supply system 

 

The VM100 wind tunnel facility consists of screw compressor driven by a 1MW 

electric motor. The compressor can deliver a maximum mass flow of approximately 

4.8 Kg/s at 4.5 bars. The air exhaust temperature of the compressor ranges between 

403-353K but can be adjusted down to 303K by an air-cooling system downstream of 

the compressor. 

 

The wind tunnel, shown below in Figure 13, is 1.6m long and is located just 

downstream of a settling chamber. The airflow is accelerated in a symmetrical 

contraction just prior to entering the test section. The test section, with dimensions of 

120mm height by 100mm width, has the ability to accommodate various test objects 

with minimum adaption effort. Different test objects have been interchanged by other 

researchers for investigating fluid-structure interaction using the same wind tunnel. 

The test section is designed with three access locations (both sides and the top) and 

can be closed with optical glass windows.  
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Figure 13: Illustration of the transonic wind tunnel VM100 

 

The mass flow through the wind tunnel can be controlled by adjusting the inlet and 

bypass valves. In addition, an exhaust fan downstream of the test section can be 

controlled in order to further achieve the desired mass flow through the system. 

Achieving the operating point of interest involves a delicate setup and arrangement of 

valve positions and can be quite sensitive. Once the parameters have been set for a 

particular operating point they are kept constant throughout the experimental 

campaign. 

 

5.2 Flexible Generic Model 

The test object used for this experimental campaign was a flexible 2D prismatic bump 

made of aluminum, shown below in Figure 14. The development and design of the 

bump was a part of a previous project (Andrinopoulos, 2009). The test section was 

designed as a 2D bump to simulate the suction side of an airfoil; either a blade in a 

turbomachine cascade or an aero wing. The 2D bump creates a contraction of the 

channel, thus accelerating the fluid as it moves across the bump. A shock wave is 

then expected to develop and interact with the incoming boundary layer. 
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Figure 14: Schematic of flexible bump with dimensions 

 

The bump consists of an aluminum sheet with varying thickness between 2-5mm. As 

the bump can be compared to the suction side of an airfoil it shares the same 

definitions for leading and trailing edges. The leading edge (LE) is the part of the test 

object where the flow first meets the curved surface, and the trailing edge (TE) is 

where the flow leaves the curved surface. The distance between the LE and TE is 

defined as the axial chord, cax. The dimensions of the bump are listed below in Table 

1. 

 

Table 1: Bump dimensions 

 
 

5.3 Oscillation Drive Mechanism 

The flexible aluminum bump can be actuated in a vertical motion by means of an 

oscillating drive mechanism. The drive mechanism, which is mounted to the wind 

tunnel directly underneath the test section, consists of an electric motor, cam axles 

c ax 120

h max 10

w 100

x throat 117

l b,tot 290

x act 122

Bump Dimensions [mm]
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and a set of belts and pulleys. A sketch of the test section with the drive mechanism 

mounted is shown below in Figure 15. 

 

 

Figure 15: Oscillation drive train schematic 

 

A cam axle is fitted in the actuator casing on the bump side and converts the 

rotational motion from the motor to vertical oscillations of the bump. The cam axle, 

which was designed and manufactured by Vogt (2001), is a cylindrical stunted steel 

axle with three prismatic cams. A cross sectional view of the cam axle is shown 

below in Figure 16. The actuator casing has been designed for the use of bearing 

places on which the cam axle remains in contact through the three cams at all times 

during rotation. The cams were manufactured to achieve a vertical displacement of 

±0.5mm. For one rotation of the cam axle the flexible bump undergoes three vertical 

oscillations.  

 

 

Figure 16: Sectional view of the mechanical actuator with cam 
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The rotational motion from the motor output axel is transmitted to the cam axle 

through a set of belts and pulleys. The ratio of the bump cam axle to the motor output 

frequency is 2.8125 to 1.0. Since the bump oscillates 3 times for each revolution of 

the cam axle, the total ratio of the bump oscillation frequency to motor output 

frequency is therefore 8.4375 to 1.0. 

 

5.3.1 Lubrication System 

During the operation of the oscillating bump a lubrication system was used in order to 

reduce the friction and wear between the cam shaft and bearing plates. The 

lubrication system, shown below in Figure 17, consisted of both an oil mist system 

and an oil pump. Compressed air supplied from the facility’s instrument air header 

which is controlled by a regulator is used for the oil mist system. A separate variable 

speed lube oil pump can provide additional lubrication through a second line. During 

the research campaign it was determined that the oil mist system provided an 

efficient amount of lubrication and the oil pump was not needed.  

 

 

Figure 17: Lubrication system 

 

In order to operate the motor the lubrication system, specifically the air mist system, 

must be connected and running. Two mechanisms – an electronic signal confirming 

the sent to the motor control software and a compressed air brake – are designed to 

prevent damage to the system by ensuring lubrication is being supplied prior to 

running the motor. 

 

 



MSc. Thesis – Anthony Costanzo 

31 
 

6 Measuring Techniques 

This chapter will explain the various types of measurements that were used during 

the experimental campaign as well as describe. 

6.1 Pressure Measurement 

To measure and record the steady and unsteady pressure on the surface of the test 

subject pressure taps were drilled along the length of bump. In total, 25 circular 

pressure taps were drilled along the mid-span (centerline) of the bump. The location 

of the pressure taps on the surface of the bump are listed below in Table 2.  

 

Table 2: Location and numbering of pressure taps along the bump surface 

 
 

In the area of the actuator casing, between locations x=100mm and x=135mm, 

pressure taps could not be drilled due to limited access with a CNC machine for 

drilling. As a result, nine pressure taps (no. 1-9) are located upstream of the bump, 

and 16 taps (no. 10-25) are located downstream of the actuator. 

 

Vinyl tubing is used from the pressure taps to quick pneumatic connectors which are 

placed in the side optical windows of the test section. The vinyl tubing is placed 

underneath the bump surface as to not interfere with the flow. One pneumatic 

connector is located in both the right and left optical windows. Pressure taps no. 1-9 

are attached the quick connector in the right window (looking in the downstream 

direction) while taps no. 10-25 are attached to the quick connector in the left window, 

as shown in Figure 18. The quick connectors allow for a quick and easy change 

between the steady and unsteady measurements.  

 

 

Figure 18: Quick connector setup 

Tap 

No.
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25

X 

[mm]
45 50 60 70 80 85 90 95 100 135 140 145 150 155 160 165 170 180 190 200 210 220 230 240 245
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The steady state static pressure was measured in order to capture the structure of 

the mean flow. The steady state measurements were conducted using two 16-

channel PSI9116 systems. In addition to measuring the static pressure at the surface 

of the bump from the 25 pressure taps, the total inlet pressure, P01, the static inlet 

pressure, P1, and the static outlet pressure, P2, were recorded. The locations of the 

additional pressure measurements are illustrated below in Figure 19. 

 

 

Figure 19: Wind tunnel pressure measurement locations 

 

In addition to the steady state pressure measurements unsteady pressure was also 

measured along the surface of the bump. The unsteady pressure measurements 

were conducted by means of 10 fast-response Kulite pressure transducers. A digital 

high-speed data acquisition system (Kayser Threde KT8000) was used to acquire the 

signals from the sensors. To gain an accurate representation of the time-dependent 

signals a sampling rate of 20 kHz without low-pass filter was used. 

 

Since there were only 10 Kulite pressure transducers available for the unsteady 

pressure measurements not all 25 bump surface pressure taps could be recorded. 

Only the first 19 pressure taps were used for the unsteady pressure measurements – 

the nine pressure taps (no. 1-9) connected to the first quick connector located 

upstream of the bump and first ten taps of the second quick connector located 

downstream of the bump (no. 10-19). 

 

6.1.1 Dynamic Calibration 

As mentioned above, fast-response Kulite pressure transducers were used to 

measure the unsteady pressure along the surface of the bump. The Kulite 

transducers were mounted outside of the test section and were connected via vinyl 

tubing running underneath the bump surface. The advantage of this set up is that the 

transducers are then located in favorable operating conditions with low acceleration 
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and low temperature. However, this arrangement comprises of the capillary tubes 

where the received pressure signal can become distorted from the original signal. In 

order to account for this signal distortion a dynamic calibration of the capillary tube 

and Kulite pressure transducer configuration is performed. The procedure used is 

based on the technique described by Vogt et al. (2004) for recessed mounted 

pressure transducers. 

 

The calibration unit, pictured below in Figure 20, consisted of a pressure pulse 

generator, a miniature reference cavity that was placed over each tap to calibrate and 

a high-speed data acquisition system. The pressure pulse generator produced a 

harmonic pressure perturbation signal at variable frequency, amplitude and mean 

level. A speed controlled DC motor drives a rotating hole disk where pressurized air 

is directed via a nozzle. 

 

 

 

 

Figure 20: Dynamic calibration unit 

 

The reference cavity was placed over top each pressure tap on the bump surface 

and the inlet (reference) and outlet signals were measured. From these signals 

complex dynamic transfer properties can be calculated in the frequency domain 

(magnitude ratio and phase) which represents the transfer function of the pressure 

fluctuations within each of the capillary tubes. The dynamic calibration was performed 

for frequencies ranging from 10Hz to 2000Hz. A greater number of calibration points 
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were taken for frequencies below 500Hz in order to more accurately capture any 

distortions in the frequency range of interest.  

 

Transfer functions from two different pressure taps, 9 and 10, are shown below in 

Figure 21, illustrating the differences in magnitude (top graph) and phase (bottom 

graph) between the reference signal and the measured outlet signal. An amplitude 

ratio of 1 signifies that the measured pressure signal and the supplied reference 

pressure signal at the tap are equal. An amplitude ratio below 1 indicates a damping 

of the reference signal while an amplitude ratio above 1 indicates an amplification of 

the reference signal.   

 

 
  

Figure 21: Transfer functions of pressure tap no. 9 (left) and no. 10 (right) 

 

A peak around 200-300Hz is seen in the amplitude ratio plots with a second peak 

around 600Hz. These peaks represent a resonance phenomenon. The difference in 

the magnitude and frequency of the peaks between pressure taps no. 9 and 10 can 

be attributed to the differences in capillary tube lengths. To gain a better 

understanding of the impact of the capillary tube length the setup can be modeled as 

a Helmholtz resonator, which the resonance frequency can be calculated by the 

equation below.  

 

      
   

    
 

 

With the sensor cavity, Vc, remaining constant it is shown that as the capillary tube 

length, L, increases the resonance frequency decreases. The lengths of the capillary 

tubes of the pressure taps on the bump surface vary based on their distance from 

their respective quick connectors. The transfer functions – amplitude ratio and phase 

shift – for all of the pressure taps are shown below in Figure 22. Here, the variation 
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in the resonance amplitude peaks, both in the frequency and amplitude, between the 

19 different pressure taps can be seen. 

 

 

 

Figure 22: Pressure transducer transfer functions 

 

It is shown that for some of the taps the magnification of the signal within the capillary 

tubes can be up to 2.5 times the reference signal. However, the presence of a 

resonance peak in the capillary tubes near the frequency range of interest does not 

present an issue but only demonstrates the importance and necessity of the dynamic 

calibration. The transfer functions have accurately captured the distortions in the 

tubes and can therefore be taken into consideration and used when analyzing the 

unsteady pressure signals recorded during the research campaign. 
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6.2 Bump Geometry Measurement 

The instantaneous geometry of the bump is measured using a time-resolved laser 

triangulation principle. The device consists of a laser diode light source and two lens 

systems: one lens on the camera and one behind the aperture of the light source. 

Two parts make up the laser unit: the sensor head consisting of the light source, 

receiver and preamplifier, and the probe processing unit. 

 

When the laser beam hits the surface of the bump 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 analog processing and uses the 

information to determine the actual location of the light spot. 

 

The laser measurement system, illustrated in Figure 23, is mounted on top of the 

wind tunnel and positioned above the test section. The laser beam accesses the test 

object through the top optical window.  

 

 

Figure 23: Laser measurement system setup 

 

The system is mounted on a linear traverse mechanism for the purpose of scanning 

the instantaneous geometry of the bump along its chord. This traverse mechanism is 

mounted on top of the channel and is accurately controlled via a LabView program. 

When performing the traverse laser measurements along the chord of the bump the 

laser and unsteady pressure signals are synchronized. Both sets of data are 

synchronized to record their respective signals together, but while the laser system is 

transitioning from one traverse point to another no measurements, unsteady pressure 

or laser, are recorded. 
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6.3 Schlieren Visualizations 

A conventional Schlieren measurement system is used to observe the shock wave 

motion. It is a versatile and useful tool for making quantitative measurements of 

pressure, density or temperature gradients. The Schlieren principle, shown below in 

Figure 24, is a non-intrusive technique based on the angular deflection undergone 

by a light ray when passing through a fluid region characterized by refractive index 

gradients. 

 

 

Figure 24: Principle operation of Schlieren optical technique 

 

A light generated by a light source is collimated by a first lens and passes through the 

test section. A second lens on the other side of the test section brings the light into 

focus and then projected onto a screen. A knife-edge, located at the focal point of the 

light, is adjusted to cut off half of the light when the test section is without flow. When 

there are density gradients in the flow filed the quantity of light rays that pass through 

the test section fluctuates. The light which is passing through a pressure gradient is 

diffracted and a darker image is projected onto the screen. As a result, the flow 

visualization is obtained (Andrinopoulos, 2009).  

 

Originally, it was intended to measure and record the shock wave movement using a 

high-speed camera in order to study the relation between the shock wave oscillation 

and the aerodynamic loads characterized by the unsteady pressure measurements. 

However, due to time constraints and the lack of availability of a high-speed camera 

no such measurements were recorded. Instead, the use of the Schlieren 

visualizations was limited to only verify the presence of a shock wave. No 

measurements of location or oscillation were taken. The use of Schlieren 

visualizations to measure the shock wave movement is recommended for future 

research campaigns.  
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7 Bump Dynamic Geometry 

To measure the instantaneous dynamic geometry of the bump along its chord the 

laser measurement system was mounted on a traverse mechanism, as mentioned in 

the previous section, and controlled via a LabView program. To measure the dynamic 

geometry of the bump 42 measurement points were taken along the chord of the 

bump while the bump was oscillating. The laser measurements were taken in 5mm 

steps, starting at the position of x=34mm and finishing at x=239mm. The laser was 

positioned at each measurement point and recorded data for one second before 

transitioning to the next measurement point.  

 

The bump dynamic geometry for the oscillating frequency of 180Hz is shown below in 

Figure 25. Here, the overall shape of the bump can be seen in a stepwise fashion, 

with each step represented by the one second traverse laser measurement. The 

geometry of the fore and aft locations of the bump are not very well captured by the 

laser due to the limited range of the laser. The lack of the accuracy of these 

measurement points is not significant since they are not near the critical points of 

interest. Zooming in on the one second interval of the 17th traverse measurement 

point (x=110mm) near the top of the bump highlighted in red, the oscillation behavior 

of the bump can be seen. 

 

 

Figure 25: Laser measurement 

 

To further analyze the dynamic bump geometry and the laser measurement signal a 

Fourier transform is performed to identify the amplitude and frequency of the 

oscillation. However, a Fourier transform cannot be performed on the entire data as a 

whole since the data was divided into 42 different traverse points, with the laser 

signal resetting to zero when transitioning between each measurement taken. 
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Instead, each one second data sample for each traverse point is analyzed 

individually. The data reduction procedure was performed using a MATLAB script. 

 

First, a determination of the exact frequency of the bump oscillation was done 

through a Fourier transform of the traverse sampling point. Next, an ensemble 

averaging of the laser measurement data was done to calculate the average 

amplitude of oscillation of the bump at that specific measurement point. To calculate 

the ensemble average of the traverse sample point each period of the bump 

oscillation was overlaid on one another and then averaged. For the example given 

above – bump oscillation of 180Hz – there are 180 periods in each of the one second 

laser measurement samples. Figure 26 below illustrates the ensemble averaging of 

the 17th traverse measurement point, located at x=100mm. The top graph shows all 

of the 180 periods of the bump oscillations overlaid on top of each other in red and 

the averaged period for this sample in blue. The bottom graph shows the amplitude 

of the oscillation, just over 0.5mm – at the oscillation frequency of 180Hz.   

 

 

Figure 26: Ensemble average and FFT of bump dynamic geometry at 180Hz 
oscillation frequency 

 

The above figure was an example of just one traverse sample point taken of the 

dynamic bump geometry, specifically at x=100mm. All other 41 traverse sample 

points underwent the same analysis and data reduction procedure. The ensemble 

averaged bump amplitude calculated for each measurement point can then be 

plotted on a second graph, as shown below in Figure 27.  
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Figure 27: Measurement of bump amplitude for oscillation frequency of 180Hz 

 

The dynamic geometry of the oscillating bump was measured for a range of 

frequencies besides the 180Hz shown above to confirm the bump maintained a first 

mode shape throughout the range of testing frequencies. In total, the dynamic 

geometry for seven different frequencies were measured: 5Hz, 10Hz, 20Hz, 39.5Hz, 

78.75Hz, 157.5Hz and 180Hz. The same data reduction procedure was performed as 

mentioned above. The results of the dynamic measurements are presented in Figure 

28 where the amplitude of the bump oscillations at each of the 42 measurement 

points for the seven tested frequencies is shown. 

 

 

Figure 28: Measurements of bump amplitude for a number of oscillation frequencies 

 

The results from the dynamic bump geometry measurements show that for all of the 

frequencies within the testing range (below 180Hz) the bump remains in the first 
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bending mode shape with respect to the target design. The bump is fixed at both 

ends and therefore the oscillation amplitude towards the aft and fore portion of the 

bump sharply reduces towards zero. Near the center of the bump where the actuator 

is located (x=122mm), however, the amplitude of the bump oscillations approach and 

maintain the theoretical value of 0.5mm. This is especially true for the two highest 

frequencies (157.5Hz and 180Hz). There is a gradual decline in the amplitude for the 

aft part of the bump compared to the fore part due to the fact that the aft part of the 

bump is longer and has more flexibility.   

 

The dynamic geometry of the bump was tested and measured only up until a 

frequency of 180Hz. It was noted from previous research campaigns (Ferria, 2008) 

that the bump no longer maintained a first bending mode shape above an oscillating 

frequency of 250Hz. Therefore, it was desired to operate the bump under this 

frequency range for this research campaign. Since the laser measurements were 

being taken at 42 points it required the bump to oscillate for an extended period of 

time.   
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8 Steady State Results 

Prior to performing the unsteady pressure analysis a steady state operation point had 

to be established. The operation point of interest was a similar operating point 

achieved in a previous research campaign from Bron et al. (2004). This is the 

operating point at which the shock wave that develops over the surface of the bump 

and fluctuates along the x-direction. The operating point targets a total inlet pressure, 

P01, of 160 kPa and a static outlet pressure, P2, of 106 kPa. The exact conditions of 

the operating point achieved are listed below in Table 3. 

 

Table 3: Operating point conditions 

 
 

The static pressure distribution at the surface of the stationary bump is included in 

Figure 29 below. From this distribution it is shown that there is an increase in 

pressure up until the location x=80mm at which point the bump geometry changes 

from concave to convex. After this point the pressure continues to decrease as the 

flow is accelerating over the bump. At x=135mm (tap no. 10) there is a sharp 

increase in static pressure. The strong rise in pressure continues until pressure tap 

no. 12 at x=145mm, where a change in slope can then be seen. The start of the 

pressure rise is considered to be the position of the shock wave, which can be 

considered at x=135mm, or 45.8% of the axial chord, and is in the divergent-convex 

part of the nozzle. However, as noted in a previous section, there were no pressure 

taps between the locations x=100mm and x=135mm and therefore the exact position 

cannot be determined. 

 

 

Figure 29: Steady state pressure measurements along the bump surface 

P01,inlet

 [kPa]

P1 

[kPa]

P2 

[kPa]

Patm

[kPa]
Miso,1 Miso,2

ṁ

[kg/s]

T01

[K]

159.85 116.30 105.66 101.06 0.69 0.79 3.97 302.85
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To properly compare the results from different operating points or research 

campaigns the results should be presented as normalized pressure coefficient 

components, Cp. The equation for the calculation of the pressure coefficient is 

presented below. 

 

   
  

             
 

 

The reference total pressure, Pt,ref, and static pressure, Ps,ref, are the measured total 

inlet pressure, P01, and inlet static pressure, P1, respectively. The results of the 

updated normalized pressure coefficient distribution are plotted below in Figure 30.  
 

 

Figure 30: Steady state pressure coefficient distribution along the bump surface 

 

In addition to the steady state pressure coefficient distribution, the isentropic Mach 

number distribution along the surface of the bump is of interest. The two distributions 

together can help characterize the steady state flow field. The isentropic Mach 

number was calculated from the measured pressure values and is based on the ratio 

between total and static pressures. The equation to calculate the isentropic Mach 

number, Miso, is shown below, and the distribution along the bump surface is plotted 

in Figure 31. 
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Figure 31: Steady state isentropic Mach number distribution along the bump surface 

 

From the above plot of the isentropic Mach number distribution it is shown that the 

inlet (tap no. 1) and outlet (tap no. 25) Mach numbers are 0.67 and 0.76, 

respectively. The peak isentropic Mach number is shown to be 1.31 at x=135mm (tap 

no. 10), or 45.8% of the axial chord. After the x=135mm location there is a strong 

decrease until the Mach number reaches below 1.0 which then gradual changes are 

seen. Again, this is observed to be due to the presence of the shock wave, as also 

noted with the static pressure distribution. 

 

To better visualize and compare the isentropic Mach number and static pressure 

distributions, though, the two sets of data are plotted together in Figure 32. Here, it is 

confirmed that the two plots are mirrored distributions of each other, as they should 

be. As the static pressure is increasing up until the x=80mm location the isentropic 

Mach number is shown to be decreasing. The peak isentropic Mach number and the 

lowest static pressure value occur at the same location of x=135mm (45.8% axial 

chord), after which both experience strong changes due to the shock wave. The 

trends continue with more gradual changes occurring after x=145mm. 
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Figure 32: Steady pressure coefficient, Cp, and isentropic Mach number distribution 

 

The results obtained for the static pressure coefficient are comparable to those 

gathered from Bron et al. (2004) (see Figure 33), and also share the same trends 

seen by Ferria et al. (2008). The length of the pressure rise, which provides 

information regarding the shock location as well as boundary layer thickness, is the 

same – 10mm – in this experimental campaign as was measured by Bron. The 

pressure rise length observed is shorter than that measured by Ferria, though (10mm 

compared to 23mm), which indicates that the boundary layer in this current 

experiment was thinner. However, there is a greater resolution of the pressure in the 

current experiment which may provide a more accurate account of the boundary 

layer. 

 

 

Figure 33: Steady state pressure distributions from Bron (2004) 
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Figure 34 shows a Schlieren visualization and the Mach number distribution from the 

3D Navier-Stokes simulations obtained by Bron (2004) for the same steady state 

operating point as the current experiment. The observed shock location from the 

Schlieren visualization is the same as was observed in the current experiment. In 

Bron’s setup the leading edge is located at x=0mm, which corresponds to x=70mm in 

the current setup. Therefore, the mean shock wave location in the Schlieren 

visualization is near x=65mm, corresponding to x=135mm in the current setup.  

 

  

Figure 34: Schlieren visualization (left) and 3D NS simulation (right) of the shock 
wave for P2=106kPa from Bron (2004) 
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9 Unsteady Results 

9.1 Experimental Results 

Unsteady pressure measurements were performed at the same operating conditions 

that were established for the Steady State conditions, with a total inlet pressure, 

P01,inlet=160 kPa, and an outlet static pressure, P2=106 kPa. The unsteadiness of the 

flow is initiated by oscillating the bump in a vertical direction with amplitude ±0.5mm. 

Unsteady pressure measurements are carried out for four different oscillating 

frequencies of the bump, listed below in Table 4. The oscillating frequency of the 

bump correspond a reduced frequency which describes the degree of unsteadiness 

of the experiment. The reduced frequency, k, is calculated as shown in the equation 

below and is based on the full axial chord, cax, and the outlet axial velocity, vax. The 

outlet axial velocity was calculated based on the exit isentropic Mach number. 

 

  
      
   

 

 

                

 

Table 4: Reduced frequencies 

 
 

To achieve the desired bump oscillating frequencies the motor of the drive 

mechanism was regulated and set to the listed RPMs in Table 5. These speeds 

correspond to the motor frequency to bump oscillation frequency ratio of 1.0 to 

8.4375 (or 1.0 to 0.140625 for motor RPM to bump oscillation frequency) listed in the 

previous section which described the setup. 

 

Table 5: Motor speeds 

 
 

Bump Frequency Reduced Frequency

[Hz] [-]

45 0.123

90 0.246

135 0.369

180 0.492

Motor Speed
Bump Oscillation 

Frequency

[RPM] [Hz]

320 45

640 90

960 135

1280 180
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9.1.1 Unsteady Bump Amplitude 

For each bump operating frequency both the static and unsteady pressure are 

measured and recorded. However, the static pressure measurements are only a 

single snapshot of the flow field at each oscillation frequency, not continuous through 

all experiments. The unsteady pressure measurements were recorded for over 21 

seconds for each bump oscillation frequency. This was due to having seven traverse 

laser measurement points, each lasting three seconds. Therefore, there could be 

considered seven different samples of the unsteady pressure measurements for each 

tap at each oscillation frequency.  

 

The reason for the seven different traverse laser measurement points was to monitor 

and measure the bump amplitude during the unsteady measurements. The bump 

amplitudes have already been measured in the dynamic geometry testing, but the 

seven measurement points served as a compromise during the unsteady 

measurements. The bump amplitude was able to be monitor and measured during 

the unsteady testing but also the measurement time was minimized – 21 seconds 

compared to 126 (42x3) seconds – thereby reducing the wear on the test section.  

 

The seven different traverse measurement points and their location are listed below 

in Table 6, and the results for all four unsteady bump oscillation frequencies are 

plotted in Figure 35. 

 

Table 6: Unsteady traverse measurement points 

 
 

 

Figure 35: Bump amplitudes measured during unsteady testing 

Sample 1 2 3 4 5 6 7

Location, 

X [mm]
60 85 110 135 160 185 210
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From the results it is observed that there is some erratic behavior towards the aft 

section of the bump, specifically for the 45Hz (k=0.123) measurement. However, the 

samples 2-4 seem to record the bump amplitude which are close the desired mark of 

0.5mm. As a reminder though, Figure 36 below plots the bump amplitudes from the 

dynamic geometry testing. 

 

 

Figure 36: Pervious bump amplitude measurements 

 

It is observed, however, that the bump frequencies which were used during the 

dynamic geometry testing do not exactly match the frequencies used during the 

unsteady testing. The dynamic geometry frequencies are close, though, and also 

provide a clearer picture of the bump geometry since there are 42 measurement 

points as opposed to only seven. The two different sets of data are plotted together in 

Figure 37 below to help compare the results. In this plot the differences near the aft 

of the bump are more evident. 
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Figure 37: Bump amplitude comparison 

 

To gain a better understanding of the differences between the two sets of 

measurements the percent difference was calculated. The results of the comparison 

are shown below in Table 7. The results have been color coded to indicate locations 

of poor agreement – green colored cells indicate good agreement between the two 

measurements, while the red colored cells indicate poor agreement. 

 

Table 7: Tested bump amplitude percent difference 

 
 

From this comparison it is observed that the first measurement point taken during the 

unsteady testing deviated substantially from the previous measured amplitudes. This 

could be due to a number of reasons including the laser signal being out of range 

and providing poor signals. Regardless, the first measurement point at x=60mm was 

not a location of interest since it is located before the leading edge of the bump and it 

was therefore ignored. The next three measurement points at x=85, 110 and 135mm 

show good agreement between the two sets of data. All of these measurement points 

45Hz 90Hz 135Hz 180Hz

x=60mm -99.4% -99.3% -99.9% -99.9%

x=85mm -1.7% -1.9% -0.3% -6.7%

x=110mm 3.9% 1.9% -0.4% -4.7%

x=135mm 2.7% -3.7% -8.8% -11.6%

x=160mm 32.0% 1.1% -17.8% -20.1%

x=185mm -48.6% -17.5% 10.2% 2.4%

x=210mm -61.6% -14.6% 6.9% -0.5%

Location
Frequency
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are within approximately 10% of the previously measured bump amplitudes, which is 

imperative since this is the area of interest. The last traverse measurement points are 

substantially off, as noted previously. The last two traverse points for the bump 

oscillation frequency of 45Hz showed close to 50% or greater disagreement. 

 

Based on the results comparison it was decided to continue the unsteady pressure 

calculations with the bump amplitude measurements taken during the dynamic 

geometry testing instead of using only the seven measurement points taken during 

the unsteady testing. By having 42 measurement points each unsteady pressure 

measurement tap could then be paired with a bump amplitude measurement. 

However, it is important to note that the phase of the bump motion recorded during 

the unsteady tests was used when calculating the phase difference and not the 

phase of the previously recorded amplitudes. 

 

9.1.2 Unsteady Pressure Measurements 

As mentioned, the unsteady pressure at each tap was measured for 7 samples, each 

lasting three second for a total of approximately 21 seconds. The raw unsteady 

pressure signal for pressure tap no. 12 is shown below in Figure 38. The example 

shown is for the bump oscillation frequency of 180Hz, or reduced frequency k=0.492. 

Here, the 21 seconds of data is shown with sample number three (6.034 to 9.034 

seconds) highlighted in red. 

 

 

Figure 38: Raw unsteady pressure measurement at pressure tap no. 12 

 

As was done with the bump dynamic geometry, the data reduction of the unsteady 

pressure signal was done via MATLAB. A Fourier transformation of the data was 
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completed to determine the main excitation frequency of the pressure signal. The 

amplitude of the unsteady pressure oscillations was done through ensemble 

averaging. In the example shown – 180Hz bump oscillation frequency – there were 

then approximately 540 periods within the three second sample. These periods were 

laid over on top of each other and then averaged. The results of the unsteady 

pressure ensemble averaging and the determination Fourier transform of the #3 

sample at pressure tap no. 12 for the bump oscillation frequency of 180Hz are shown 

below in Figure 39. The amplitude of unsteady pressure fluctuations was 1.06kPa at 

a frequency of 180Hz. The bump oscillation frequency was the most dominant 

frequency with no other substantial amplitudes observed.  

 

 

 

Figure 39: Ensemble averaging and FFT of the unsteady pressure measurements at 
tap no. 12 

 

The above figure is an example of just one unsteady pressure measurement sample 

for one pressure tap, specifically at for a bump oscillation frequency of 180Hz. All 

other unsteady pressure measurements underwent the same analysis and data 

reduction procedure for the calculation of the unsteady pressure coefficients. 

 

9.1.3 Unsteady Pressure Coefficient 

The results of the unsteady pressure experiments must be presented in a way to be 

able to compare to different operating points and different research campaigns. 

Similar to the steady state static pressure coefficient, a normalized unsteady 

pressure coefficient,    , is used. The formula to calculate the unsteady pressure 

coefficient, shown below, involves the measured perturbation pressure as well as the 

reference inlet total and static pressures. An additional term is included in this 

equation compared to the static pressure coefficient, though. For the unsteady 
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pressure coefficient, the local amplitude of the bump oscillation, A, at the measured 

tap is used. 

 

    
   

             
 
 

 
 

 

The unsteady pressure coefficient distributions for the four tested reduced 

frequencies are presented below in Figure 40. The results were calculated from the 

number 3 sample of the unsteady pressure signals (6.034 to 9.034 seconds).  

 

 

Figure 40: Unsteady pressure coefficient distribution 
 
From the distributions it is observed that all four of the tested frequencies share the 
same trends, only with the 45Hz (k=0.123) distribution showing a more significant 
jump in unsteady pressure coefficient values. For all frequencies there is a slight 
decrease from the inlet to the leading edge of the bump, upon which the unsteady 
pressure coefficients remain constant until the location x=135mm (tap no. 10). At this 
location there is a strong rise, specifically for the 45Hz (k=0.123) test which increased 
from a value of 0.001 at x=135mm to 0.276 at x=140mm. The location of the start of 
the sharp increase corresponds to the location of the foot of the shock wave. After 
this peak there is a sharp decrease and then a gradual increase up to a local 
maximum which occurs near x=170mm (tap no. 17). The location of this local 
maximum is the point of the shock reattachment. 
 
When comparing the first peak unsteady pressure coefficient values for each of the 
tested frequencies it is observed that only the 45Hz distribution has the peak located 
at x=140mm while the remaining three distributions have the first peak located just 
downstream at x=145mm. Also, the first peak value for the 45Hz distribution is over 
250% greater than the 90Hz (k=0.246) and 135Hz (k=0.369) distributions – 0.276 
compared to 0.072 and 0.077, respectively – and over 480% greater than the 180Hz 
(k=0.482) distribution – 0.276 compared to 0.047. The peak unsteady pressure 
coefficient comparison is plotted below in Figure 41. The reason for this considerable 
difference is unclear, but similar results were observed by Ferria et al. (2008) with the 
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unsteady pressure coefficient values decreasing as the bump oscillation frequency 
increased.   

 

 

Figure 41: Peak unsteady pressure coefficient comparison 

 

9.1.4 Unsteady Pressure Phase 

In addition to the unsteady pressure coefficient distributions, the phase of the 

unsteady pressure also helps describes the stability of the system. The unsteady 

pressure phase difference is defined as the phase lead of the unsteady pressure 

fluctuations toward the oscillation of the bump, and is bound between 180o and -180o. 

A phase difference equal to 0o indicates that the unsteady pressure and bump motion 

are in phase with each other – the unsteady pressure is at a maximum when the 

bump is at its highest position. A positive phase difference (0o to 180o) signifies that 

the unsteady pressure damps the local bump motion, while a negative phase 

difference (-180o to 0o) means that the local bump geometry is excited by the 

unsteady pressure perturbations. The unsteady pressure phase difference 

distribution plots for each of the tested frequencies are plotted below in Figure 42.  
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Figure 42: Phase of unsteady pressure towards the bump motion 

From this distribution plot it is observed that the unsteady pressure is lagging the 

local bump motion downstream of the shock wave. A step change is seen at the 

shock wave location (x=135mm) and thereafter a phase lag between 90o and 180o is 

observed. For bump oscillation frequencies of 135Hz and 180Hz a phase lag of 90o is 

seen. For the 90Hz test a phase lag of approximately 135o is seen, while a 180o lag 

is observed for an oscillation of 45Hz.  

9.1.5 Further Investigation 

As previously noted, the unsteady pressure coefficient distribution of the 45Hz case 

showed significant differences compared to the other three oscillation frequency 

distributions, specifically in the peak value and location. To investigate the reasoning 

for the noteworthy differences the raw unsteady pressure signal was examined. 

Specifically, the unsteady pressure signal of tap no. 11 (x=140mm) was studied. The 

raw signal, shown below in Figure 43, showed strong unsteady pressure oscillations 

for the first 5 samples taken (approximately 0 to 15.07 seconds), but a significant 

reduction in oscillation for the last two samples (15.08 to 21.10 seconds). To further 

explore this trend the adjacent pressure tap – tap no. 12 at x=145mm – was 

examined as well. The raw unsteady pressure signal from tap no. 12 is shown in the 

bottom graph of Figure 43. From these raw pressure signals it appears that the 

shock wave location has shifted downstream from x=135mm to x=140mm.  
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Figure 43: Unsteady pressure signals at taps no. 11 and 12 for bump oscillating 
frequency 45Hz 

 

To confirm these findings the static pressure and isentropic Mach number 

distributions are plotted to observe any changes from the steady state conditions. 

The plots, shown in Figure 44, validate that the position of the shock wave has 

changed. The strong rise in static pressure does not occur until after the x=140mm 

location, indicating the shock wave has moved downstream. The Mach number 

distribution also shows a shift in the maximum value before the sharp drop to get 

below 1.0. These results differ from those obtained during the steady state 

investigation, even though the inlet and outlet conditions have remained the same.  
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Figure 44: Static pressure coefficient and isentropic Mach number distributions for 
bump oscillation frequency 45Hz 

 

For the first unsteady test with a bump oscillation frequency of 45Hz the shock wave 

has travelled downstream from x=135mm to x=140mm. The shock wave remains at 

this position for the last two samples of the 45Hz test and for the additional bump 

oscillation frequencies as well. However, to observe the changes in the unsteady 

pressure all seven sample points for each bump oscillation frequency were 

investigated. It is intended to observe any changes in the peak values and their 

locations through time during each of the experiments. The unsteady pressure 

coefficients and the phase differences for each of the seven sample points are 

plotted below in Figure 45 through Figure 51.  
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Figure 45: Unsteady pressure coefficient and phase difference for sample 1 

 

 

Figure 46: Unsteady pressure coefficient and phase difference for sample 2 
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Figure 47: Unsteady pressure coefficient and phase difference for sample 3 

 

 

Figure 48: Unsteady pressure coefficient and phase difference for sample 4 
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Figure 49: Unsteady pressure coefficient and phase difference for sample 5 

 

 

Figure 50: Unsteady pressure coefficient and phase difference for sample 6 
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Figure 51: Unsteady pressure coefficient and phase difference for sample 7 
 

From these seven sample points it is clear that the shock wave travels downstream 

at some point around the fifth sample point (15 seconds) when the peak unsteady 

pressure coefficient value for the 45Hz case shifts from x=135mm to x=140mm and 

remains at this location for the remaining samples and tests. No other significant 

changes are seen for the bump oscillation frequencies of 90, 135 or 180Hz. Other 

than this change is peak value location for the 45Hz case, the overall trends for all of 

the seven remain the same for all four of the tested frequencies. The 45Hz case 

always observed the highest unsteady pressure coefficient values, having a peak 

value between 2.0 and 3.0 at the shock wave location.  

 

The only changes noted between the seven different unsteady pressure phase 

distributions is in the first sample where the 90Hz case is shown to be leading the 

local bump motion downstream of the shock location. However, it is not observed 

again in the remaining six samples. For all of the other cases the unsteady pressure 

phase downstream of the shock wave location is lagging the local bump motion. A 

phase shift is seen at the location of the shock wave.  

9.2 Future Investigations 

Although this research campaign obtained results for four different bump oscillation 

frequencies, additional items have been identified for further investigated. Further 

areas of investigation of this experimental setup could include a deeper examination 

of the reduced frequencies to better define the boundaries. In the data presented it 

was shown that there was a significant difference between the unsteady coefficient 

values of the 45Hz case and the 90Hz case. Obtaining more data for frequencies in 

between this range could identify exactly at which frequency a step change is made.  
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In addition, to better understand the location and movement of the shock wave the 

use of Schlieren visualizations with a high speed camera is suggested. In the present 

research campaign Schlieren visualizations were used only for visual confirmation of 

the shock wave, but no measurements of the shock location were recorded. Having 

this additional information available to relate to the unsteady pressure fluctuations 

could provide valuable insight into the phase difference  

 

Another item that could be addressed in future research campaigns would be the 

instantaneous bump geometry. For this current experiment only seven traverse 

points were taken during the unsteady measurements. This was insufficient for being 

able to use in the calculation of the unsteady pressure coefficient values since there 

were not local bump motion measurements at every pressure tap. Instead, dynamic 

bump geometry measurements were taken from previous testing measurements. 

Obtaining the 19 different local bump motions will take significant more time and will 

therefore induce more wear on the model. Another compromise can be made 

regarding this manner though; where perhaps the laser can measure every other 

pressure tap location and the local bump amplitude can be interpolated between 

measurements.  
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10 Conclusions 

The experimental investigation of a generic flexible model in unsteady transonic flow 

has been presented. A 2D prismatic bump was oscillated in a controlled manner up 

to 180Hz while maintaining a first bending mode shape and displacement amplitude 

of 0.5mm. Steady and unsteady pressure measurements were measured along the 

surface of the bump using recessed mounted Kulite transducers. A steady state 

operating point with an inlet total pressure P01=160 kPa and an outlet static pressure 

of P2=106 kPa was targeted, where a shock wave developed over the bump surface. 

Steady state static pressure and isentropic Mach number distributions were plotted to 

characterize the flow. Based on these distributions the shock wave foot location was 

determined to be located at x=135mm (pressure tap no. 10) due to the strong rise in 

static pressure accompanied by a sharp decrease in Mach number. The location of 

the shock wave was observed to be at the same location as previous research 

campaigns with the same operating conditions.  

 

Unsteadiness in the flow was introduced by oscillating the 2D bump and four different 

reduced frequencies ranging from k=0.123 to 0.492 were tested. During the unsteady 

testing it was observed that the shock wave traveled slightly downstream and 

remained at the position of x=140mm, as confirmed with static pressure and Mach 

number distributions. Unsteady pressure coefficients along the bump surface were 

calculated based on the local bump motion and then plotted for comparison. A sharp 

peak in the unsteady pressure coefficient plots was observed at the shock wave foot 

location x=140mm, followed by a gradual increase along the remainder of the bump 

until the reattachment point located near x=170mm. The unsteady coefficient values 

were observed to decrease with the increase in reduced frequency, with the most 

significant change occurring between reduced frequencies of k=0.123 and k=0.246 

where a reduction of 250% of the peak value was seen.  

 

At the shock wave location a significant step change (decrease) in phase difference 

of the unsteady pressure towards the local bump motion is observed. The phase of 

the unsteady pressure then continues to lag the local bump motion between 90o and 

180o downstream of the shock wave location.  

 

Further investigations of the reduced frequencies between k=0.123 and k=0.246 

should be performed to in order to identify and better understand the boundaries of 

stability on the 2D bump. In addition, the use of Schlieren visualizations and a high 

speed camera to measure and record the shock wave location and movement could 

offer additional information of the shock wave boundary layer interaction.  
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