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ABSTRACT 

 

 

The flow structure and unsteadiness of Shockwave-Boundary Layer Interaction (SWBLI) 

has been studied using Rainbow Schlieren Deflectometry (RSD), Ensemble Averaging, Fast 

Fourier Transform (FFT), snapshot Proper Orthogonal Decomposition (POD) and Dynamic 

Mode Decomposition (DMD) techniques. The Mach number of the approach free-stream was 

Mach = 3.1. The shockwave was generated with a 12° isosceles triangular prism attached to the 

roof of the test section. The RSD pictures were obtained with high speed cameras both at 5,000 

frames per second (fps) and 30,000 fps; RSD images were used to determine the transverse ray 

deflections at each pixel location of the pictures. The objectives of this research were a) to 

identify the flow structures of SWBLI, b) to identify the frequencies of the unsteady flow in the 

SWBLI and c) infer the link between different regions of the flow using the obtained 

characteristic frequencies. The interaction region flow structure was described statistically with 

the ensemble average and, root mean square deflections. FFT technique was used to determine 

the frequency content of the flow field. The frequencies and associated spectral power were used 

in studying the flow unsteadiness and the energy scales of the flow were studied to obtain the 

dominant frequencies. Coherence function was used to identify coherent structures present in the 

flow field and their corresponding frequencies. The POD technique was used to determine the 

dominant flow structures in accordance with their energy content. POD results complement the 

findings of the ensemble averaging technique and show distinct regions that contain most of the 

energy in the flow field. Dynamic Mode Decomposition (DMD) study was used to identify the 
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complex nature of the interactions. Utilization of DMD gave frequency content of the flow field 

which was missing from snapshot POD. The analysis was concentrated on the regions of interest 

which were in the vicinity of the separation bubble including the incident, transmitted, separation 

and reflected shock regions. Stable modes were obtained, and based on the peaks of global 

energy norm, respective frequencies were obtained. Dominant flow fields were reconstructed 

based on the obtained frequency peaks. The dominant frequencies and coherent structures 

obtained using FFT, coherence, snapshot POD and DMD were compared to yield common set of 

information.
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CHAPTER 1 

INTRODUCTION 

This chapter gives an overview of the research topic, previous research conducted on the 

topic, and possible types of shock wave boundary layer interactions. 

1.1 About shockwave/boundary layer interaction (SWBLI) 

There are many challenges that are faced in the high speed flight. One such challenge is 

due to shockwaves. Shockwaves which are produced at supersonic speeds cause discontinuity in 

the flow field and affect the characteristics of air, such as the pressure across a shockwave 

increases and velocity decreases and hence causes drag. The study of the shock wave interaction 

with the boundary layer near the surfaces has been a major area of research since the onset of 

high speed aviation. The interaction of shockwave with a boundary can be detrimental, since the 

adverse pressure gradient due to the shockwave/boundary layer interaction (SWBLI) may cause 

boundary layer separation.  Boundary layer separation leads to reduction of efficiency and 

increment in the unsteadiness of the flow.   

Initial study of SWBLI dates back to 1939 and can be attributed to Ferri. During his 

experiments Ferri observed the SWBLI while testing of an airfoil in a wind tunnel. In his 

experiments, the flow over an airfoil accelerated from near sonic velocities to supersonic speeds, 

and terminated in the form of quasi-normal shock.  The study was focused on flow over curved 

bodies. Later on, the research has been concentrated on purely supersonic boundary layers, in 
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which the pressure gradients were only due to the induced shock wave. Thus with the help of 

selected geometries, the effects on the shock strength, Mach number, Reynolds number on the 

flow field were systematically identified.  Various scenarios where in a shock boundary layer 

interaction can be seen are described below. 

 

1.2 Types of shock boundary layer interaction: 

2D Compression Corner 

 

In a 2D compression corner, a stabilized viscous flow approaches an inclined ramp of 

angle  as shown in Figure 1.1. The ramp compresses the flow creating an oblique shock and 

turns the flow to follow the ramp surface. Pressure increase across the shock generates an 

adverse pressure gradient on the approach boundary layer, which drives the boundary layer 

towards separation. The pressure increase may also create an area of separation, which would 

result in a -shock. Based on the relative simplicity of this model, much work has been done to 

derive equations to describe the flow field behavior. This structure, while a relatively simple 

shape, has many real-world applications, the most common being shock cones and ramps 

associated with supersonic/hypersonic vehicle engine inlets. 

 
Figure 1.1: 2D Compression Corner 
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Shock Impingement 

 

In a shock impingement, an incoming oblique shockwave intersects with a boundary 

layer developing on the wall (Figure 1.2). Even in supersonic flows, flow at the surface of a wall 

attains zero velocity due to the no-slip condition and velocities very near the wall are still 

subsonic. When the increased pressure across the shockwave interacts with the slow speeds near 

the wall, an adverse pressure gradient region near the wall is created which makes the boundary 

layer prone to separation. If a separation occurs, and when that separating boundary layer 

reattaches downstream, it forms a separation bubble. Further downstream, the boundary layer 

and reflected shock continue to interact, generating a complex flow field. 

 
 

Figure 1.2: Shock Impingement 

 

2D Expansion-Compression Corner 

In a 2-D expansion-compression corner, supersonic flow experiences effects roughly 

opposite of a compression corner as the flow is allowed to expand naturally with a favorable 

pressure gradient (Figure 1.3). The flow expands and accelerates as it turns the corner, in 

accordance with the Prandtl-Meyer theory. With this acceleration, the density and pressure 

decrease, Mach number increases and the boundary layer becomes thicker. An additional effect 

of the favorable pressure gradient is the reduction of turbulence in the flow. In fact, the 
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turbulence may even decrease enough to re-laminarize the flow. As a result, the shear stress and 

heat transfer rate along the wall also decreases. Downstream of the initial expansion corner, the 

flow then turns back to its initial direction, compressing the flow once again and creating a shock 

that interacts with the boundary layer. 

 
Figure 1.3: 2D Expansion-Compression Corner 

 

3D Single Fin 

In a 3D single fin configuration, a semi-infinite fin is attached at a 90-degree angle to a 

flat plate (Figure 1.4). The post-shock pressure increase is diffused along the length of the fin 

and the velocity variation along the fin follows a “quasi-conical” vortex pattern, in which the 

secondary cross flow skews the approach boundary layer in a manner that characteristically 

distinguishes it from 2D flow. 

 
Figure 1.4: 3D Single Fin 
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3D Double Fin 

The 3D double fin configuration represents the utmost complexity compared to basic 

models of SWBLI. In this model, all factors from the previous cases are combined into one 

problem. In the 3D double fin model, two semi-infinite fins are attached to a flat plate in close 

proximity (Figure 1.5). Parameters of the model that can be varied are the two fin angles, the 

width of the entrance, the width of the throat, and the offset of the midpoint of the throat relative 

to the midpoint of the entrance. The resulting interactions are a combination of shocks, 

expansions, 3D effects, impingements, vortices, and multitudes of other complexities. This 

model has obvious implications for supersonic aircraft, ramjet/scramjet inlets and is the newest 

and least understood model. The majority of information about this particular flow model comes 

from numerical computations, verified by some experimental data and images. The flow 

structure is extremely complex, composed of several regions of distinct but interacting flows. 

 
Figure 1.5: 3D Double Fin 

 

The previous models present a baseline for understanding the complexities of SWBLI 

and allow a standard method for developing new methods of verifying CFD codes compared to 
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real world interactions. Thus the models are the building blocks for understanding the complex 

phenomena involved. Even with all the complex flow fields involved in these models, 

particularly the 3D models, there are even more complex issues that arise when these models are 

studied over a period of time as opposed to the time-averaged results. These time-dependent 

studies reveal an element of unsteadiness, which will be discussed in coming sections, along with 

a historical cross-section of experimental and analytical studies in the field of SWBLI. The 

following sections talk about the motivation for the current research. 

 

Figure 1.6: Schematic of incident SWBLI. Based on the schematic from Délery & Bur (2000). 

The study of complex interactions that occur in between an impinging shock and the 

turbulent boundary layer has been an area of high importance in the field of high speed 

aerodynamics. In an oblique shockwave boundary layer interaction, an impinging oblique 

shockwave interacts with the boundary layer on a wall as shown in Figure 1.6. The adverse 

pressure gradient imposed on the turbulent boundary layer due to increase in pressure across the 

shock wave affects the low momentum flow near the wall and makes the boundary layer prone to 

separation. In the case of separation, the separating boundary layer reattaches downstream once 

the pressure gradients are relaxed, and forms a separation bubble. The interaction of the 
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impinging shock wave and the reflected wave with the boundary layer generates a complex flow 

field throughout the interaction. Low frequency motions of reflected shock, formation and 

motion of separation bubble, separation shock unsteadiness are some of the aspects that are 

studied in such a configuration. The current research focuses on a scenario presented in Figure 

1.6. A brief summary of the research undertaken elsewhere is presented below. 

Review conducted by Dolling (2001) is widely considered to be one of the most 

comprehensive reviews which cover the study in SWBLI over the past five decades. Various 

aspects of the boundary layer interaction that had been reviewed in his paper include the flow 

structure of the interaction, heat transfer, flow field unsteadiness, the effects of the interactions 

and flow control.  Delery, (1985), Delery and Dussauge, (2009) discuss that the flow structure 

inside an inlet or on a transonic airfoil can be significantly affected by the interaction between 

the boundary layer and the inviscid outer layer. They also discuss the major types of interactions, 

such as oblique shock interaction with the boundary layer forming on a surface, flow at a 

compression ramp, normal shock wave /boundary layer interaction. The study of the boundary 

layer interactions has been covered in both two dimensions as well as in three dimensions. 

Settles and Dodson (1994), discuss the SWBLI data with an importance given to factors such as 

base-line applicability, simplicity, specific applicability, consistency, adequate data with respect 

to turbulence, test conditions and flow conditions suitable to be used in computational studies of 

the shock wave boundary layer analysis.   

Pirozzoli and Grasso (2006) have used direct numerical simulation codes to study the 

unsteadiness of the SWBLI in a flow at M = 2.25 where the impinging oblique shock wave angle 

was 33.2°. The work was focused on determining the characteristic low frequencies of large 

oscillations. In which it was observed that the vortex-shedding near separation point, together 
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with downstream propagation of the vortical structures in the mixing layer over the separation 

bubble, generation of feedback pressure waves due to shock interaction at the foot of incident 

shock, and upstream propagation of acoustic frequencies of cavity tones, caused the low-

frequency unsteadiness. Adding to the understanding of SWBLI unsteadiness, Dussauge et al. 

(2006) conducted a review of the phenomenon by evaluating various experiments, in particular 

SWBLI generated by plates oriented at different angles of incidence ranging from 7° to 9.5° in a 

free stream flow of Mach 2.3. It was determined that the frequency of the fluctuations produced 

by the shock motion is much lower than the characteristic frequencies of turbulence present in 

the incoming boundary layer. The shockwave was described to act as a low pass filter, which 

permitted only the presence of low frequency excitations. It was suggested that in the shock 

impingement/reflection scenario the three-dimensional separation bubble may be at the origin of 

the unsteadiness of the shock boundary layer interactions. The Strouhal numbers obtained by 

Dussauge et al. (2006) was in the range of St=0.03 - 0.05, and provided the order of magnitude 

of the dominant frequencies. The Strouhal number is defined as dimensionless shock frequency, 

𝑆𝑡 =  
𝑓𝑠𝐿

𝑈𝑒
, where fs is the characteristic shock frequency, L is the length of separation (L, is 

defined as the distance on the wall between the intersection of the extrapolated incident and the 

reflected shocks with the wall), and Ue is the undisturbed free-stream approach velocity. It was 

also interpreted that the source of excitation of the shock was the eddies in the separated region. 

Another interpretation was that the shock wave itself acts as a low pass filter, and it would allow 

only the low frequency part of the excitation to pass.   

In the research conducted by Piponniau et al., (2009) on a SWBLI generated by wedges 

with angles 8o and 9.5o in a Mach 2.3 free stream flow, it was observed that the flow 

reattachment characteristics were based on the properties of the fluid entrainment in the mixing 
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layer downstream of the separation shock. Particle Image Velocimetry was used to obtain the 

velocity field. The low frequencies associated with the separation shock were found to be related 

to the successive contractions and dilations of the separation bubble. In their work, it was 

considered that, the mass balance within the separation bubble affected by the eddies forming 

within the shear layer between the subsonic reverse flow and the high speed flow over the 

separation bubble results in a separation bubble changing its size in time. The variation of the 

size of the separation bubble was then considered as the reason for the unsteady flapping of the 

separation shock. The dominant frequencies of 384 Hz and 171 Hz observed in their 

experimental data for the 8o and 9.5° configurations were close to the theoretical calculations. 

The velocities behind the separation shock were 505 m/s and 490 m/s respectively. The Strouhal 

number was in the range of 0.025 – 0.05, which was in accordance with the values obtained in 

experiments conducted by Erengil and Dolling (1991), Dolling and Brusniak (1989) and Wu, 

Martin (2008) under different configurations.  

The experiments conducted in a free stream Mach number M = 2.1, with an oblique 

shock generator of deflection angle 8° by Humble et al. (2009), indicated that on an 

instantaneous basis the interaction region exhibits a multi-layered structure, characterized by a 

relatively high-velocity outer region and low-velocity inner region. The discrete vortical 

structures which are prevalent along the interface were identified to create an intermittent fluid 

exchange as they propagate downstream. Proper orthogonal decomposition results suggested that 

the instantaneous fullness of the incoming boundary layer velocity profile was weakly correlated 

with the size of the separation bubble and the position of the reflected shock wave. To obtain the 

Strouhal number they had used the length of separation of 45 mm and undisturbed approach free 

stream velocity of 518 m/s. Thus the Strouhal number calculated in their experiment was in the 
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range of 0.1 – 0.27 which was about 3 – 10 times larger than the most energetic Strouhal 

numbers reported elsewhere, which were in the range of 0.02 – 0.05. Once they used a new 

length scale, Lrms which is the root mean square of the separation bubble length the Strouhal 

number resulted in the range of 0.01 – 0.03 which was in better agreement with others. They also 

identified that the reflected shock region was dominated by the low frequencies which are of 

lower in order of magnitude compared with the frequencies in the undisturbed boundary layer at 

the same distance from the wall. The eigen modes calculated by a POD code showed an 

energetic association between the velocity fluctuations within the incoming boundary layer, 

separated flow region and across the reflected shock wave. The modes portrayed subspace 

features that represented to an extent the phenomenology observed in the instantaneous 

realizations. 

Dussauge and Piponniau (2008) have analyzed the possible sources of the unsteadiness in 

the shock boundary layer interactions using the results from multiple experiments. It was 

observed that when a shock wave interacted with a boundary layer without inducing separation, 

the shock motion was dominated by the structure of inflow turbulence. It was mentioned that the 

Strouhal number of about 0.03 could be obtained if the separation length was close to turbulent 

boundary thickness. It was speculated that the three dimensional vortices formed in the case of 

the 9.5° wedge and affected the dominant frequency of the shock motion. However, in the case 

of 8° wedge angle, there were no three-dimensional eddies, but there were significant motions at 

low frequencies. It was assessed that there may not be any particular flow structure with 

appropriate frequency scale to date. In some subsonic separated zones, modes of Kelvin – 

Helmholtz type were developed, producing beating at low frequency. It was interpreted that if 



11 

 

such models can be applied to turbulent supersonic separation, it could constitute a rather 

convincing theory to explain the low frequency shock motion. 

Range of frequencies and the spatial scales present in the flow, together with three 

dimensional structure of the separated flow has been studied in a free stream Mach number of M 

= 2.3 with an oblique shock generator at 8o and 9.5°by Dupont et al, (2005). It has been observed 

that unsteady reflected shock downstream of the interaction zone moves with very low 

frequencies with a very low average speed of a few meters per second, which suggested that the 

synchronization of the fluctuations and the formation of eddies through the shock motion is 

unlikely. Presence of the low frequencies was accounted to be up to 25% to the total energy of 

the pressure fluctuations. The level of the reverse flow was about 15% in case of 9.5° wedge 

angle, for which a strong modification of the flow with three-dimensional organized structures 

was observed. It was concluded that further work was required to relate the low-frequencies of 

the reflected shock and the time scale of the large three-dimensional scales in the separated 

region.  

High importance is given to the unsteady aspect of the flow and has been studied in depth 

to understand the shock motion as well as the unsteady behavior of the separation bubble. A 

recent review conducted by Clemens and Narayanaswamy (2014), Gaitonde (2015) summarizes 

the research done in the area of shock induced separation with unsteady motions, which are 

characterized by a range of frequencies. Importance has also been given to the upstream 

turbulence in the motion of separation shock and bubble region and corresponding frequency 

components. Dominant frequencies corresponding to different regions of the interaction is useful 

in identifying the underlying unsteadiness. Dussauge et al (2006) in their study of incident shock 

interactions suggested that the unsteadiness caused by the shockwave boundary layer interaction 
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may be due to the fluctuations of the three dimensional separation bubble. The Strouhal number 

is again mentioned to be used to describe flow oscillations also provided the correct magnitude 

of the dominant frequencies in their study. It has been identified in many studies that low 

frequencies play a key role in the study of unsteadiness not only in this configuration of oblique 

shock interaction but also in compression corner configuration as well.  

Current work presented in this research focuses on the analysis and importance of 

characteristic frequencies that are associated with reflected shock, separation shock and outer 

layer of separation bubble. Power spectrum and normalized power aspects at selected 

frequencies are also studied. Based on the energy scale non-dimensionalized Strouhal number 

calculations have also been performed to validate the analysis of unsteadiness and hence 

compare the current results with previous research conducted in the field. POD is done to 

identify the flow features based on the energy content of the flow field. Dynamic modes are 

studied using the Dynamic Mode Decomposition technique, which helps to analyze the dynamic 

behavior of the flow structures and hence they further help study the unsteady behavior of the 

shockwave boundary layer interaction. Coherence function was also used to identify coherent 

structures and corresponding frequency where the coherence exists. The following sections 

explain in detail each process that has been used in the analysis starting with the experimental 

setup.
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CHAPTER 2 

EXPERIMENTAL INSTRUMENTATION AND SETUP 

The following Figure 2.1 shows the wind tunnel that was used in the experiments. The 

following sections describe each section of the wind tunnel setup which consists of compressors, 

driers, storage tank, pressure regulator, stagnation chamber, nozzle, test section, wedge and 

diffuser.  

 

Figure 2.1 Wind tunnel setup used for SWBLI study. 

 2.1 Storage Tank and Compressors: 

A storage tank (0.5 inch thick wall) with volume of 28 m3, with a maximum allowable 

design pressure of 1.38 MPa (200 psia) was used for the storing the supply air.  Two, Ingersoll – 

Rand compressors of model SSR – HXP50SE with a capacity of 170 CFM were used to supply 

the compressed air to the storage tank. The compressors’ rated operating pressure is 185 psig. 
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A 3 phase, 60 Hz, 50 hp motor was used to run each of the compressors. For the purpose 

of drying the air, an automatic air-cooled Ingersoll – Rand dryer, model TZ300HP-EMS-3V-

LDP was used. The desiccant used in the dryers was activated alumina with dew point of -730C ( 

-1000F).   For the experimental purpose, the storage tank pressure was charged up to 140 psig. 

Figures 2.2 and 2.3 show the dryers and compressors used. 

    

       

Figure 2.2: Dryers            Figure 2.3: Compressors 

 

2.2 Pressure regulator and stagnation chamber: 

The wind tunnel’s operating pressure was regulated by a 3 inch LESLIE pressure 

regulator (Figure 2.1). A butterfly valve was used to control the air flow from the storage tank to 

the pressure regulator. Compressed air of 140 psig is reduced to 65 psig using the pressure 

regulator for the experimental purpose. The flow passes the pressure regulator and enters the 

stagnation chamber. The stagnation chamber contains a flow straightener, a damping screen and 

a pitot probe. The flow straightener was made up of 4-inch-long 0.5 inch in diameter steel tubes.  
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2.3 Nozzle and test section: 

A Mach 3 aluminum nozzle manufactured at The University of Alabama was used as the 

nozzle. The nozzle is 25.4cm in length with a throat area of 1.65 cm x 7.62 cm. The inlet area of 

the nozzle is 15.24 cm x 7.62 cm and the exit area of the nozzle was 7.62 cm x 7.62 cm. A test 

section of dimensions 7.62 cm x 7.62 cm x 30.5 cm that was also manufactured at The 

University of Alabama is attached to the end of the nozzle to form the test section of the tunnel. 

The side walls of the test section contained circular flat optical glass to view the flow field and to 

obtain the flow images. The test section floor was aluminum. A wedge of 120 was bolted to the 

ceiling of the test section to get the desired oblique shock. Dimensions of the wedge used were 

11.95 cm x 7.62 cm and 1.27 cm thick at the center.  The wedge is placed at a 52.9 mm away 

from the test section entrance as shown in Figure 2.5, on the ceiling, such that the desired oblique 

shock impinges at the required portion of the test section to allow the interaction region to be 

captured from the glass windows using the rainbow color schlieren technique.  

 

Figure 2.4 Test section with wedge assembled on top. 
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Figure 2.5 Wedge location inside the test section. 

 

2.4 Diffuser: 

A variable area supersonic diffuser that can operate over a range of Mach 1.5 to Mach 4.0 

was used for pressure recovery. The walls of the diffuser consisted of a hinged plate which could 

be adjusted with the Mach number of the test section. In the current research, a 63.5 cm long 

diffuser with an inlet area of 7.62 cm x 7.62 cm and the outlet area 12.7 cm x 7.62 cm was used.   

 

2.5 Rainbow Schlieren Deflectometry (RSD) Apparatus 

 The shockwave boundary layer interaction phenomenon was captured using the rainbow 

color schlieren apparatus. The Figure 2.6 shows the schematics of the apparatus.  
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Figure 2.6 Schematic for color schlieren setup.: (A) is Source aperture, (B)  collimating lens, (C)  

test section, (D)  de-collimating lens, (E)  Rainbow color filter,  (F)  high speed camera. 

The experiments were run with two different frame rates to compare the results. First run 

was performed at 5,000 frames per second and the second run was performed at 30,000 frames 

per second. Setup details used for experiments using different cameras are described below. 

2.5.1 RSD setup for 5000 Hz data:   

The light source used in the experiment was TECHNIQUIP – FOI- 250 fiber optic illuminator, 

which had a halogen lamp mounted inside. A 200 μm wide aperture was placed in front of the 

fiber optic light source, through which light diverges.  

The light was collimated by an achromatic lens of 76.2 mm diameter, 500 mm focal 

length and de-collimated by 76.2 mm diameter, 750 mm focal length achromatic lens. The RSD 

filter was a 35 mm slide with a 4 mm wide strip of continuously varying colors, which can be 

seen in Figure 2.7.  

                            

Figure 2.7 4mm Rainbow color schlieren filter and zoomed in view 
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The filter is continuously graded and hence transmits the light of particular wavelength 

corresponding to the location on the filter. This helps in calculation of the lateral displacement of 

light rays at the filter plane corresponding to each pixel location in the RSD image. The camera 

used was Phantom Miro eX4 from Vision Research. 

The RSD images were acquired at an exposure duration of 20 μs. Digitized images 

obtained at 320 x 344 pixel resolution were stored in a computer in TIFF format. Images were 

next cropped to 302 x 215 pixels to analyze only the flow field seen through the circular side 

window of the tunnel. A total of 1460 images could be captured in a single run. These images 

were transferred from the cache of the camera to the computer on which the analysis of these 

images was done. The experiment was repeated 22 times to gather 22 sets of data. 

2.5.2 RSD setup for 30,000 Hz data 

The RSD experiments at 30 kHz fps were run to collect data at a higher rate to compare 

the results to the 5 kHz results and to do frequency analysis in a higher frequency range. The 

light source used was a 70 Watt Cree XHP70 LED. A cooling mechanism which consisted of a 

mini fan was built for the purpose of cooling the light source. A 200-μm-wide aperture was 

placed in front of the fiber optic light source, through which light diverges. 

Light from the source was collimated by achromatic lenses of 76.6 mm diameter, 850 

mm focal length and de-collimated by 76.6 mm diameter, 850 mm focal length.  Rainbow color 

schlieren filter was a 35 mm slide with a 6.5 mm wide asymmetric strip of continuously varying 

colors, which is shown in Figure 2.8.                                                   



19 

 

 

Figure 2.8 6.5mm rainbow color schlieren filter. 

The filter is continuously graded and hence transmits the light of particular wavelength 

corresponding to the location on the filter. This helps in calculation of the lateral displacement of 

light rays at the filter plane corresponding to each pixel location in the RSD image. The camera 

used for high speed imaging was Photron’s FASTCAM SA5. The RSD images were acquired at 

a rate of 30,000 frames per second by the camera at an exposure duration of 25 μs. Digitized 

images obtained at 448 x 376-pixel resolution were stored in a computer in TIFF format. Images 

were next cropped to 429 x 158 pixels to analyze only the flow field seen through the circular 

side window of the tunnel. A total of 50,969 images were captured.
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CHAPTER 3 

DATA ACQUISITION AND REDUCTION METHODS 

This section describes the methods used in the acquisition and analysis of the data. The 

data acquisition used was Rainbow Schlieren Deflectometry(RSD) and reduction methods were 

Ensemble Averaging, Fast Fourier Transform (FFT), coherence function, Snapshot-Proper 

Orthogonal Decomposition (POD) and Dynamic Mode Decomposition (DMD) methods. 

3.1 RSD Technique  

Visualization of the flow fields associated with the shock wave boundary layer 

interaction has been mostly done by schlieren methods (Kleine, and Groenig, 1991; Sugiyama et 

al., 2006). These methods are widely used for visualization of the shock structure, using the 

refractive index variations (density variations) in a transparent media. Black and white schlieren 

techniques are commonly used for only visualizing the flow fields, but recognizing and 

quantifying the flow patterns of highly turbulent flows becomes difficult. The Schlieren 

apparatus is sensitive to transverse refractive-index gradients in test medium. The density 

fluctuations cause angular deflections of the incoming light rays which are transformed at the 

filter plane of the Schlieren system. The key differentiating feature of the RSD technique is that 

the image color is quantified by a single variable, which is hue from HSI (Hue Saturation 

Intensity) color model. Hence, the quantification is independent of the other two parameters 

This representation eliminates problems of inhomogeneous absorption of light by the test 

medium and of nonlinearities in recording intensity variations in a black and white system.
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The relationship between the transmitted hue and transverse ray displacement can be found from 

the filter calibration curve, which is explained in the following sections.RSD technique allows 

determination of the density gradients quantitatively and accurately using a color filter and a 

calibration curve. In the RSD technique, the direct correspondence between the hue and the 

index-of-refraction obtained in the same flow field is used to determine the density gradients in 

the flow (Albers and Agrawal, 1999; Kolhe and Agrawal, 2009a). In a flow field, the index-of-

refraction changes due to the temperature variation in the flow, and the density of the flow field 

varies accompanying the temperature variation and the species concentration. In general, the 

densities across the test section changes during the run time.  

In the RSD technique a white light beam passing through a slit is collimated by a 

collimating lens and let pass through the test section first. The light is next collected by a 

focusing lens and focused on to the color filter to form the image of the slit on the color filter. 

The camera is placed such that it accepts the light beam passing through the filter, while it is 

focused to the middle of the test section. In the case when there is no flow in the test section the 

light collected by the camera is seen as about a single color since the image of the slit is formed 

only at a narrow portion of the filter. Once the flow is on, the collimated beams passing through 

the flow deflect due to the density gradients in the flow, the image of the slit becomes wider and 

the camera sees different colors. The deflections that are a function of the density gradients can 

be determined using a calibration curve. Once the deflections are known, one can then determine 

the density gradients in the flow based on the images obtained by the camera. In general, if the 

flow is axi-symmetric then abel inversion can be employed in finding the density (Kolhe and 

Agrawal, 2009b). However, in current application the flow is assumed to be a 2D flow with 
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variations in the direction perpendicular to the line of sight, which provides a linear relation 

between deflection angle and density gradients.  

Once the slit image is focused close to the center of the filter and once the flow is off, the 

image obtained is called as the background image, and the traverse position is considered as the 

zero displacement. An appropriate location is chosen for background image by running the 

experiment several times. Figure 3.1 shows an example background image taken during the 

experiments. 

 

Figure 3.1 Background image 

Recording the background image at an appropriate filter location is important because if 

correct location is not used, there may be locations in the data where the light may go beyond the 

edges of the filter and end up getting not captured. In the current experiments, the Hue-

Saturation-Intensity (HSI) color model rather than the Red-Green-Blue (RGB) color model for 

image processing, such that the colors could be characterized by using just the hue value. In HSI 

color model, Hue represents the angle measure of color. In general, hue ranges in between 0o – 

360o. Saturation represents the purity of the color. Low saturation indicates that amount of white 

light mixed in the color is high, whereas pure hue indicates a full saturation in which case there 

is no mixing of white light. Intensity represents the overall lightness or brightness of the color. 

Upon conversion from RGB to HSI format, Hue plays a vital role in determining the image 
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properties compared to Saturation or Intensity. Hence hue alone is isolated for the purpose of 

image processing.  

During the experiments, the calibration curve was obtained by traversing the rainbow 

color filter from edge to edge in increments of 50μm and capturing images at each location 

without the flow in the test section. The background image, and the calibration curve are then 

used to determine the corresponding traverse distance.   

An asymmetric color filter has been used in the RSD setup as explained earlier in the 

previous section. In the asymmetric filter the colors vary from red to blue. And hence positive 

and negative gradients without redundancy can be obtained. Whereas in symmetric filter the 

colors vary from red to blue and then again from blue to red, which gives double color variations 

for positive as well as negative deflections. Hence to avoid redundancy in positive and negative 

deflections, an asymmetric filter has been used in the current experiments.  

Description of the color filter used in the experiment run for 5000 frame per second is 

explained below. The analysis procedure for the filter used in 30,000 fps data is similar to the 

5000 fps data filter. Details about the color filter used in 30,000 fps data is explained in the later 

part of this document. As explained earlier, upon gathering the background image, and the 

calibration images, a calibration curve is obtained. The calibration curve for asymmetric filter 

used in 5000 fps data run can be seen in Figure 3.2. The hue varied from initial value of 171.2o to 

40.12o (bottom peak) and increased to 323.0o (top peak). Upon reaching the top peak, hue again 

decreased to 172.3o. The initial dip from 171.2o to 40.12o and final dip from 323.0o and to 172.3o 

in the hue variation is due to the gradual transition of colors on the filter from adjacent dark 

region into the colored region and transition from the colored region exiting into the dark region. 
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Hence only the linear portion or singular values of the hue variation which correspond to 

40.12° to 323.0° were considered for the analysis purpose.  

The field of view was concentrated at the side of the test section where the glass windows 

are located so that the SWBLI could be observed.  

 

Figure 3.2 Calibration curve 

 As mentioned earlier, the hue values are single valued in range are from 40.12° to 320.7° 

(Figure 3.2). These hue values have a standard deviation of about 4.06° due to the presence of 

other colors within each calibration image. This corresponds to a distance uncertainty of ± 50 μm.  

During the experiments, prior to the run, the filter was placed such that the image of the 

slit would focus on the filter at a desired location on the filter, such as at the center of the filter. 

A background image was obtained by the camera without the flow in the test section to 

determine the background hue and thus the origin for displacement measurements. The 
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background hue was calculated as the pixel-averaged hue of the background image. The 

calibration curve was then used to determine the displacements from the background hue 

location. Once the background image is obtained, the location of the color filter should not be 

altered since this would immediately give erroneous results to the deflections that are reduced 

during the data reduction stage.  

The relation between the density gradients and the deflections can be summarized as 

follows. The transverse ray displacement at the filter plane is given by:  

𝑑 = 𝑓𝑐휀       (3.1.1) 

where 𝑓𝑐 is the focal length of the decollimating lens, d is the deflection determined by the hue of 

the image at a pixel location and, ɛ is the deflection angle. The angular deflection of a light beam 

for a two-dimensional flow is given by:  

ɛ = (
𝐿

𝑛𝑜
)

𝜕𝑛

𝜕𝑥
|𝑄      (3.1.2) 

where L is the width of the test section, 𝑛𝑜is refractive index of air, n is refractive index of air in 

the test section at a point Q, x is the coordinate axis perpendicular to the optical path. For air, the 

relationship between the refractive index and gas density is given by:  

𝑛 − 1 = 𝑘𝜌      (3.1.3) 

where k is Gladstone-Dale constant, which is k = 0.23 cm3/g for air and ρ is density of the air. 

Hence using the refractive index and density relations, one can obtain:  

𝜕𝜌

𝜕𝑦
|𝑄 = (𝑑(1 + 𝑘𝜌𝑜))/(𝐿𝑘𝑓𝑐) ≈ 𝑑/𝐿𝑘𝑓𝑐   (3.1.4) 

where 𝑛𝑜 is taken 1, since for air, refractive index is 1. For the initial boundary conditions, the 

density is calculated using perfect gas equation. 

𝜌 =  𝑃/𝑅𝑇      (3.1.5) 
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where P is the absolute static pressure, R is specific gas constant and T is absolute temperature. 

Once the density of the flow is known, say along a line, through the boundary conditions, then one 

can use the density gradient values and calculate the density in the flow by stepwise integration.  

In the RSD technique similar to the black and white (B&W) Schlieren technique, the 

deflections perpendicular to the filter (or the knife edge for B&W Schlieren) are captured. 

During the experiments, the slit and the color filter were placed horizontally such that they were 

parallel to the ground. This was done to capture the deflections of light in the direction 

perpendicular to the tunnel floor since the deflections were more pronounced in this position. 

Images were also taken with the slit and filter in perpendicular orientation, to capture the 

deflections in horizontal direction. Key information in the images, such as the boundary layer or 

the separation bubble, were missing when experiment was run in this fashion as the deflections 

in vertical direction were much stronger than the deflections in the horizontal direction.  

The images were analyzed with a MATLAB program written for this purpose. The 

program compares the calibration curve and the background image’s hue value and determines 

the zero shift position, reads the test images in RGB color format and converts them to HSI color 

format. The deflections are calculated using the zero shift value and the hue values of the images.  

3.2 Ensemble Averaging Analysis  

The transverse ray displacements obtained at every pixel of each of the pictures were then 

used to calculate the ensemble average and the standard deviation of the displacement values at 

every pixel location using the test data pictures captured during the experiments as:  

𝑑𝑖,𝑗
̅̅ ̅̅ =

∑ 𝑑𝑖,𝑗
𝑁𝑡
𝑛=1

𝑁𝑡
      (3.2.1) 

where 𝑑𝑖,𝑗
̅̅ ̅̅  denotes the ensemble average deflection at the pixel location given with the (i, j) 

indices, and the 𝑁𝑡 is the number of successive pictures used in the calculation. Each image was 
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made up of 302 x 215 pixels, thus i index varied as i=1,.., 302, and j index varied as, j=1,.., 215. 

During the reduction the 𝑑𝑖,𝑗
̅̅ ̅̅  corresponding to each set was calculated first. In case of 5000 fps 

data, an arithmetic average of the twenty-two 𝑑𝑖,𝑗
̅̅ ̅̅  was calculated and reported.  In case of 30,000 

fps run, all the images captured during the experiment were used for the purpose of ensemble 

average. 

The standard deviation of the displacement at each pixel location was calculated using:  

𝜎𝑖,𝑗 = √
1

(𝑁𝑡−1)
(∑ (𝑑𝑖,𝑗 − 𝑑𝑖,𝑗

̅̅ ̅̅ )2𝑁𝑡
𝑛=1 )    (3.2.2) 

An average of the twenty-two 𝜎𝑖,𝑗 was calculated and reported for the 5000 fps data. 

3.3 Fast Fourier Transform Analysis  

The transverse ray displacement values were also used to calculate the frequency content 

of the displacements. The frequencies could resolve up to half the sampling frequencies which is 

the Nyquist frequency. In case of 5000 fps, the frequencies up to 2500 Hz could be resolved. 

Similarly, in case of 30,000 fps data, frequencies up to 15,000 Hz could be resolved. For the 

5000 fps data, time dependent deflection signal obtained at a pixel position using 1460 sequential 

pictures was filtered using a low-pass filter to eliminate anti-aliasing using an 8th order 

Butterworth filter with zero phase shift at 2475 Hz.  

Clean time-series data was used to calculate the power spectrum of the signal using Fast 

Fourier Transform at every pixel point separately. The power spectrum obtained at every pixel 

location was then used to determine a) the power contained at selected frequencies, b) the 

normalized power contained at selected frequencies, and c) the energy scale distribution at that 

pixel location. These results were then used to generate figures of these variables for the whole 

view. Using the energy scale information, dominant frequencies were calculated at each pixel 

and plotted. The dominant frequency plot gives an insight on the behavior of the SWBLI 
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structures at these frequencies. Strouhal number, a non-dimensional number used to describe 

flow oscillations also provided the correct magnitude of the dominant frequencies.  

 

3.3 Snapshot Proper Orthogonal Decomposition  

Snapshot Proper Orthogonal Decomposition is one of the major statistical techniques 

utilized in the identification of the dominant structures in a flow field. Essential features of the 

flow field i.e., the energetic motions can be identified by the combination of the desired orders of 

the POD modes (Yang et al., 2009). For the purpose of turbulent flow characterization POD has 

been employed with either numerical or experimental data (Hilberg et al, 1994). Identification of 

large scale coherent structures in turbulent flows has been studied by Gurka et al. (2006). 

Snapshot POD has been applied in identifying the dominant flow structures and flow dynamics 

in chemical process by Tabib and Joshi (2008). Using PIV velocity and unsteady wall pressure 

measurements in a Mach 2.3 flow and an oblique shock generator with a deflection angle of 9.5°, 

Piponniau et al. (2011) have identified the space-time correlation between wall pressure and 

velocity in a shock wave turbulent boundary layer interaction. POD and Linear Stochastic 

Estimation (LSE) were used in their analysis. Results were used to aid in predicting the unsteady 

aspect of the recirculating bubble.  

POD, as mentioned, decomposes the flow fields into a series of POD modes with 

corresponding coefficients based on the orthogonal eigenfunctions. These eigenfunctions are 

used to identify the coherent structures from the flow fields. The pictures of the transverse ray 

displacement obtained using the RSD technique was also used as the input data for the snapshot 

POD analysis. In the POD analysis only one set of 1460 subsequent images taken at 5000 fps 

were processed due to the computer memory limitations. Each picture with its 302 x 215 pixels 
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formed the 2-D field at time 𝑡𝑛, and is referred as a snapshot. The total number of snapshots is 

denoted with 𝑁𝑡. Each snapshot had 𝑛1 ∗  𝑛2 (302 x 215) data points. A time correlation tensor is 

obtained using these pictures and is given with the following equation:  

[𝑅]𝑖𝑗 =  
1

𝑛1𝑛2
∑ ∗

𝑛1
𝑙=1 ∑ 𝐻(𝑋𝑙𝑚, 𝑡𝑖)𝐻(𝑋𝑙𝑚, 𝑡𝑗)

𝑛2
𝑚=1     (3.3.1) 

where  𝑛1 and 𝑛2 indicate the number of grid points in the x and y coordinate axes, respectively. 

In this equation, H denotes the deflection matrix. X denotes the coordinate variables. Using 

Fredholm equation POD coefficients are found with relation to the correlation matrix.   

𝑅𝐴(𝑛) = 𝜆𝑛𝐴𝑛      (3.3.2) 

𝐴𝑛 = |𝑎𝑛(𝑡1), 𝑎𝑛(𝑡2), … , 𝑎𝑛(𝑡𝑁𝑡)|    (3.3.3) 

 

where 𝐴(𝑛) is the eigenvector matrix built up from the POD coefficients 𝑎(𝑛), 𝜆(𝑛) 

denotes the nth eigenvalue and corresponds to the energy contained within the nth eigenmode. The 

amount of total energy associated with the flow field could be represented by the sum of λ(n)  

𝐸 = ∑ 𝜆(𝑛)𝑁
𝑛=1       (3.3.4) 

 

where N is the number of eigenmodes. The POD mode is then obtained by projecting the original 

flow fields onto their corresponding coefficient as follows:  

Φ(𝑛)(𝑋) = ∑ 𝑎(𝑛)(𝑡𝑘)𝐻(𝑋, 𝑡𝑘)𝑁𝑡
𝑘=1     (3.3.5) 

All the POD modes are orthogonal and hence the reconstruction of any member of flow field can 

be calculated using:  

𝐻(𝑋, 𝑡𝑘) = ∑ 𝑎(𝑛)(𝑡𝑘)Φ(𝑛)(𝑋)𝑁
𝑛=1     (3.3.6) 

If all the eigenmodes are used, the reconstruction allows one to obtain the original 1460 pictures. 

Using a single mode or chosen multiple modes in the reconstruction allows one to obtain 1460 
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sequential pictures corresponding to that single mode, or to the chosen multiple modes. One can 

obtain the sequential pictures corresponding to certain eigenmodes by truncating the full series of 

eigenmodes to a desired order  

�̂�(𝑋, 𝑡𝑘) = ∑ 𝑎(𝑛)(𝑡𝑘)𝐾
𝑛=1 Φ(𝑛)(𝑋)    (3.3.7) 

where K denotes the desired number of eigenmodes used in the calculation. In this equation the 

n=1 was used indicating the highest energy mode. However, the starting value for n may be set 

as any value desired. Among all the modes, the most energetic mode represents the dominant 

pattern of the flow field. In the calculations eigenvalues are used in a descending order, such that 

𝜆𝑛>𝜆𝑛+1.   

3.4 Dynamic Mode Decomposition: 

Dynamic Mode Decomposition (DMD) is an approach used to extract dynamic mode 

information from a flow field. (Rowley et al., 2009). It has been utilized to analyze the coherent 

structures in many complex flows. POD decomposes a given dataset into an orthogonal set of 

modes that contain multiple frequency components to represent dominant and coherent flow 

features, and ranks each mode based on the energy content. DMD algorithm on the other hand 

determines eigenvalues and eigenvectors of an approximate linear model (Abu Seena, 2011). It 

delivers the frequency information and the corresponding coherent structures for a given data set.  

DMD algorithm calculates non-orthogonal modes with a single frequency to capture important 

dynamic features. The extracted dynamic modes, which may be interpreted as a generalization of 

the global stability modes, may be used to describe the underlying physical mechanism that is 

captured within the data sequence (Kou, 2016).  

The aim of using DMD in the current experiment, was to provide dominant coherent 

structures at specific frequencies in SWBLI and also to obtain a comparative understanding of 
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the POD and DMD results. The process of the dynamic mode decomposition (DMD) follow 

arguments used in iterative methods for computing solutions to linear eigenvalue problems or 

other linear algebra problems (Schmid 2010). This method is equally applicable to experimental 

as well as numerical flow field data.  

The procedure starts with re-arranging the data such that the snapshots are arranged in the 

form of 𝑎 x 𝑏 format, instead of  𝑎 x 𝑏 x 𝑐 . Here, 𝑎 represents data corresponding to each pixel, 

and, 𝑏 represents the total number of snapshots considered for analysis. Next, the data is 

represented in the form of a snapshot sequence, given by a matrix 𝑀1
𝑁. 

𝑀1
𝑁 = {𝑚1, 𝑚2, 𝑚3, … 𝑚𝑁}     (3.4.1) 

where 𝑚𝑖 stands for the ith flow field. In the above definition, the subscript 1 denotes the first 

member of the sequence, while the superscript N denotes the last entry in the sequence, i.e. the 

first and last columns of the matrix 𝑀1
𝑁 respectively. It is further considered that the ordered 

sequence of data is separated by a constant sampling time Δt; which is the time step between two 

consecutive snapshots. 

The first step after re-arranging the data would be, to assume a linear mapping A that 

connects the flow field 𝑚𝑖to the subsequent flow field 𝑚𝑖+1 that is,  

𝑚𝑖+1 = 𝐴𝑚𝑖      (3.4.2) 

This mapping is the same over the full sampling interval [0, (N − 1) Δt]. The assumption 

of a constant mapping between the snapshots 𝑚𝑖 allows to formulate the sequence of flow fields 

as a Krylov sequence (Greenbaum (1997); Trefethen & Bau (1997)).  

𝑀1
𝑁 = {𝑚1, 𝐴𝑚1, 𝐴2𝑚1, … 𝐴𝑁−1𝑚1 }   (3.4.3) 

Since from 3.4.2  

𝑚3 = 𝐴𝑚2. where 𝑚2 = 𝐴𝑚1 ; hence 𝑚3 = 𝐴2𝑚1 ; 
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The goal of this process is to extract the dynamic characteristics (eigenvalues, eigenvectors, 

pseudoeigenvalues, energy amplification etc.) of the dynamical process described by A based on 

the sequence 𝑀1
𝑁 . 

As the number of snapshots increases and the data sequence given by 𝑀1
𝑁 captures the 

dominant features of the underlying physical process, it is reasonable to assume that, beyond a 

critical number of snapshots, the vectors given by (3.4.2) become linearly dependent. That is, 

adding further flow fields 𝑚𝑖 to the data sequence does not improve the vector space spanned by 

𝑀1
𝑁. When this limit is reached, one can express the vector 𝑚𝑁 which is the last entry of the 

sequence as a linear combination of the previous, and linearly independent, vectors 𝑚𝑖 for, i = 

1…, N − 1 as follows 

𝑚𝑁 = 𝑎1𝑚1 + 𝑎2𝑚2 + 𝑎3𝑚3 … 𝑎𝑁−1𝑚𝑁−1 + 𝑟   (3.4.4) 

Or in matrix form as  

𝑚𝑁 = 𝑀1
𝑁−1𝑎 + 𝑟     (3.4.5) 

where 𝑎𝑇 = {𝑎1, 𝑎2, 𝑎3, … 𝑎𝑁−1} and r is the residual vector. 

Using the concepts from Ruhe (1984), one can simplify the above equations as follows: 

𝐴{𝑚1, 𝑚2, 𝑚3, … 𝑚𝑁−1} = {𝑚2, 𝑚3, 𝑚4, … 𝑚𝑁} = {𝑚2, 𝑚3, 𝑚4, … 𝑀1
𝑁−1𝑎} + r𝑒𝑁−1

𝑇  (3.4.6) 

Above equation can be written in matrix form as  

𝐴𝑀1
𝑁−1 = 𝑀2

𝑁 = 𝑀1
𝑁−1𝑆 + 𝑟 𝑒𝑁−1

𝑇     (3.4.7) 

where 𝑒 𝑁−1∈ ℝ𝑁−1 as the (N − 1)th unit vector.  

Hence from the equation 3.4.7 matrix S appears to contain the elements as follows: 
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S       (3.4.8) 

The sub-diagonal entries reflect the fact that, by design, the vector in the ith column of 

𝑀2
𝑁is identical to the vector in the (i + 1)th column of 𝑀2

𝑁−1 for i = 1, . . . , N − 2. The only 

unknowns in the matrix S are the coefficients {𝑎1, 𝑎2, 𝑎3, … 𝑎𝑁−1} which constitute the (N − 1)-

component linear representation of the last sample 𝑚𝑁 in terms of the previous samples 

𝑚1, 𝑚2, 𝑚3, … 𝑚𝑁.  The eigenvalues of S then approximate some of the eigenvalues of A. A 

robust approach is used in simplification of S. Similarity transformation is performed on this 

matrix. After this step another preprocessing step is used, which is ‘singular value 

decomposition’ of the data sequence 𝑀1
𝑁−1 ,such that,   𝑀1

𝑁−1 = 𝑈Ʃ𝑊𝐻. This is further 

substituted in equation 3.4.7. Upon re-arranging thus substituted equation one can obtain the 

equation for �̃� as follows: 

𝑈𝐻𝐴𝑈 = 𝑈𝐻𝑀2
𝑁𝑊Ʃ−1 = �̃�     (3.4.9) 

The matrix U contains the proper orthogonal modes of the data sequence 𝑀1
𝑁−1. The above 

operation amounts to the projection of linear operator A onto a POD basis. The modal structures 

can be extracted from the matrix �̃� in a manner analogous to recovering the global modes from 

eigen vectors. The following expression can be utilized for obtaining particular dynamic modes 

Φ𝑖 = 𝑈𝑦𝑖, where 𝑦𝑖 is the ith eigen vector of �̃�. In the above equation U acts as the right singular 

vectors of the sequence 𝑀1
𝑁−1. At this point global energy norm or modal amplitudes ‖𝛷‖ would 
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be calculated. This provides a way to rank the modes and their contribution to the overall energy 

in the set 𝑀1
𝑁.  

The imaginary eigen values give frequency content. Along with the modal amplitudes 

and frequency information, dominant modes and their corresponding frequency could be 

obtained. This process of decomposition thus is able to extract the coherent structures from a 

sequence of data fields. The procedure for reconstruction of flow field is covered in detail in the 

results and discussion section.  

3.5 Coherence: 

Coherent structures present in the flow can be identified using the coherence function. Coherence 

is a measure of the degree of relationship, as a function of frequency, between two time signals or 

it can also be explained as measure of correlation in between two signals in frequency domain. 

Coherence or magnitude squared coherence in between two signals x(t) and y(t) is defined as  

𝐶𝑥𝑦(𝑓) =  
|𝑄𝑥𝑦(𝑓)|2

𝑄𝑥𝑥(𝑓)𝑄𝑦𝑦(𝑓)
                                                              (3.4.10) 

where 𝑄𝑥𝑦(𝑓) is cross spectral density between x and y signals. And 𝑄𝑥𝑥(𝑓) is auto-spectral 

density of signal x and 𝑄𝑦𝑦(𝑓) is auto-spectral density of signal y.  The coherence function is real 

valued and values of coherence always fall in between 0 and 1. 𝐶𝑥𝑦(𝑓) = 0, means that there is 

no coherence in between the two signals, where as 𝐶𝑥𝑦(𝑓) = 1 indicates that the two signals are 

completely coherent at certain frequencies. In the current experiment ‘mscohere’ the magnitude 

squared coherence function from MATLAB’s library has been used to perform coherence 

calculations. If a given signal consists of non-integer number of cycles, while performing FFT 

analysis it is a good practice to use ‘windowing’. Windowing reduces the amplitude of the 

discontinuities at the boundaries of each finite sequence. Windowing consists of multiplying the 

time signal by a finite-length window with an amplitude that varies smoothly and gradually  
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toward zero at the edges. This makes the endpoints of the waveform meet and, therefore, results 

in a continuous waveform without sharp transitions. In our current experiment, ‘Hamming’ 

window was used in order to perform necessary windowing. 50% overlap of the data was used 

such that signal content that falls at the edges of the window could also be used for the analysis.
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CHAPTER 4 

RESULTS AND DISCUSSION 

This chapter initially covers the RSD results and then proceeds with the FFT, power 

spectrum, normalized power spectrum and energy scale calculations following with coherence 

function results. At the end, modal decomposition results covering both snapshot POD and DMD 

are presented. Coherence and DMD has been performed on 30,000 Hz data so that the 

characteristic frequencies fall inside the resolvable frequency of 15,000 Hz.  

4.A Results for 5000 fps data: 

The displacement values calculated were used to calculate the ensemble average and the 

standard deviation of the deflections at every pixel location. Figure 4.1 shows the ensemble 

averaged deflection contour plot and the important flow features obtained using the 22 data sets. 

Numbers in the abscissa and ordinate denote the pixel numbers. A positive deflection indicates a 

density increase in the wall normal direction, while a negative value indicates density decrease in 

the same direction. Figure 4.1 clearly shows the approach turbulent boundary layer, the incident 

and reflected shocks, separation shock, separation bubble, lambda shock formation, expansion 

region, re-attachment compression waves. The deflections are higher through the shock waves 

and across the expansion region as there is considerable amount of density change across these 

regions. The deflections in the separation bubble were close to zero since the flow in this region 

is subsonic. Highest deflection values are observed in the region over the separation bubble 

downstream of the incident shock wave at the foot of the expansion region. The boundary layer 

thickness shown in Figure 4.1 is 𝛿≈ 7 mm. Boundary layer thickness was measured using a 

hypodermic needle as a total pressure probe, attached to a traversing mechanism, which can 
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move in the wall normal direction to measure the total pressure within the flow. Unit length 

Reynolds number calculated in this procedure was found to be 4.59 x 107. 

As discussed by Delery and Dussauge (2009), the pressure rise experienced by the flow 

passing over incident and reflected shock waves generates an adverse pressure gradient on the 

subsonic flow very near the wall and results in a reversed flow region. The reversed flow 

behaves as an obstacle in the flow and generates the separation shock. After the initial creation of 

the separation shock the pressure downstream of the separation shock dictates the pressure seen 

near the onset of the separation bubble. The interaction of the original incident shock and the 

separation shock occurs at a region away from the wall above the approach boundary layer 

thickness. Penetration of the incident shock wave into the viscous rotational flow region over the 

separation bubble results in further pressure increase downstream of this shock and effects the 

characteristics of the reflected shock as the flow between the reflected shock and the transmitted 

shock has to have a single static pressure and single flow direction considering the inviscid 

theory. The pressure rise downstream of the transmitted shock decreases by the expansion waves 

which also turns the flow towards the wall resulting in closing the separation bubble, while 

equalizing the pressure within the separation bubble and the region over the aft section of the 

bubble. Separation bubble region near the wall seems to extend beyond the view of the camera 

since density gradients are present near the wall beneath the compression wave zone which is 

termed as reattachment region. The compression waves further downstream, form a shock wave 

which is referred as reattachment shock as explained earlier in the literature section. The foot of 

reflected shock which extends inside the incoming boundary layer is termed as separation shock 

and will be referred the same in this document. The zone which resembles a triangular region 

below the incident shock – reflected shock intersection is be termed as interaction zone. The flow 
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below the reflected shock and just above the expansion region also experiences compression 

(Agostini et al, 2014) and it depends on the intensity of the interaction (Dupont 2006,2008). In 

the current experiment this region is very thin that the reflected shock dominates this region.  

 

             Figure 4.1 Ensemble averaged deflection contours 

 

Figure 4.2 RMS values of the fluctuating displacements at each pixel location.  
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The RMS values as shown in Figure 4.2 are higher along the edges of the incident and 

reattachment shocks, along the separation and reflected shocks, within the shear layer over the 

separation bubble and at the foot of the expansion waves. The values are highest at the region 

where the shocks intersect. The values in the separation bubble are of low value.  The RMS 

values clearly demonstrate the density jumps in the unsteady regions and also near the interaction 

zone. This is another key detection as it will be discussed later with respect to the FFT analysis 

about the frequency content in this region. The density gradients seen around the incident shock 

wave in both Figures 4.1 and 4.2 is believed to be due to the interaction of the shock wave with 

the boundary layer of the side walls of the tunnel. 

 

4.A.1 Fast Fourier Transform Results 
 

4.A.1.1 Power Distribution at Selected Frequencies 

 

Power contained at selected frequencies for all of the 302 x 215 pixels was plotted in the form of 

contour plots to show the power distribution at that frequency. Figure 4.3 shows a canvas of 

images pertaining to power spectrum obtained at different frequencies. At the lower frequencies 

the power is concentrated mainly in the shock/shock interaction and near the reflected shock. But 

at higher frequencies the power appears to be concentrated in the region above the separation 

bubble region. 4.A.1.1 Power Distribution at Selected Frequencies 

Figure 4.3 also shows that elevated power values are concentrated in the vicinity of the shock 

waves, especially around the incident, separation and reflected shock waves, with peak values 

being in the shock/shock interaction region. These regions also coincide with the regions of high 

RMS values. Figures also show that the power values gradually decrease as the frequency is 

increased. The power distribution in region around the separation and reflected shocks continue 

to be high up to 700 Hz with the peak values below 1000 Hz. The values gradually decrease 
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above this frequency. The power associated with the transmitted shock are elevated until the top 

of the separation bubble is reached at every frequency shown in Figure 4.3.  
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Figure 4.3. Power distribution at selected frequencies calculated using 22 data sets. Numbers on 

top of each figure indicate the frequency in Hz for that distribution. 

 

 

 

 

4.A.1.2 Normalized Power Distribution at Selected Frequencies 

 

 Normalized power spectrum analysis was carried out to compare the normalized power 

contained at different regions and at selected frequencies to each other. If the percentage 

contribution to the power contained in different pixels at a frequency is the same then they will 

have the same magnitude regardless of their location, allowing easy comparison.  

From Figure 4.4, it is observed that most of the normalized power associated with the 

SWBLI flow is contained to low frequencies. It is also observed from Figure 4.4 that the large 

relative powers are clustered at the low frequencies for the incident and the reflected shock 
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waves, over the separation bubble, in the expansion wave region downstream of the reflected 

shock, and even in the separation shock region. Figure 4.4 shows that the normalized power 

values decrease in every region with increasing frequency. The comb like structures that form 

the separation shock appears to be present at every frequency. The reflected shock appears to 

form in successive shocks at every frequency. Power is scattered to a larger flow domain with 

increasing frequency thus reducing the concentrated peaks observed. 
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Figure 4.4. Normalized power distribution at selected frequencies calculated using average of 22 

sets. Plotted in the range of 0 to 0.003. Numbers on top of each figure indicate the frequency in Hz 

for that distribution. 

 

4.A.1.3. Energy Scale Distribution 

 Based on the discussion by Dussauge and Debieve (2006), and, Dussauge and Piponniau 

(2008), the frequency at which energy scale peaks, can be called as the dominant frequency. The 

energy scale is defined as f (E(f)) where f is frequency and E(f) is power spectral density. 

Research conducted by Piponniau et al (2009) describes a mechanism relating the energy scale to 

the upstream and downstream movements of the reflected shockwave to the dilation and 

contraction of the separation bubble, respectively. The RSD technique allows determining the 

energy scale distribution throughout the flow field. In the present research the maximum values 

of the energy scale at each pixel point was calculated using the average power spectrum 
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calculated at each point. For this purpose, the power spectrum at each pixel point was smoothed 

first using an average of the eight consecutive points in the spectrum to replace the values at 

those points. Using the above information, f E(f) variation was calculated. A fifteenth order 

curve fit was applied to this variation while neglecting the power contribution from the 

frequencies higher than 2196 Hz. The frequency where the curve fit peaks was determined with 

program developed using Matlab.  

Figure 4.5 shows the energy scale peak values at every pixel point. Figure shows that the 

energy scale is elevated at the locations where the RMS deflection values (Figure 4.2) are elevated, 

except along the reflected shock. The energy scale seems to be present along the reflected shock 

similar to RMS values. Figure 4.5 also shows that the interaction region has the highest energy 

scale. This energy scale information is used in calculating the dominant frequency. 

 
Figure 4.5.  Energy scale distribution. The color-bar unit is square of the displacement length. 

 

 

Dominant frequency distribution is shown in the Figure 4.6. The dominant frequency varies 

in the range of 500 to 1000 Hz range, in general, parallel to the separation and the reflected 

shocks. Two distinct linear regions extend from the wall out, one roughly following a line 
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parallel to the separation and the reflected shocks, and the other tangent to the separation bubble 

right after the separation shock. Figure 4.6 indicates a direct correlation between the motions 

associated with the separation shock and the reflected shock as the dominant frequencies 

associated with these shocks are about the same. Figure 4.6 in conjunction with the Figure 4.1 

shows that the dominant frequencies associated with the shocks is lower than the frequencies in 

the regions surrounding the shocks. While this is clearly visible for the reflected shock and 

transmitted shocks, a careful study of the figures shows that this is also the case for the 

separation and incident shocks. 

 
Figure 4.6.  Frequency distribution where the energy scale reaches its maximum. First and second 

color bars show the frequency and the Strouhal number, respectively 

 

A comparison of the Figure 4.6 with the Figure 4.2 shows that elevated dominant frequency 

regions very well overlap with the elevated RMS deflection length regions. However, while the 

peak values observed in the RMS distribution overlap the mean reflected shock location, the 

frequency of the oscillations seems to be lower than the surrounding regions. 

In another comparison of Figure 4.6 and Figure 4.4 the frequencies presented show that the 

dominant frequency variation is similar to the variation of the normalized power spectral 
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distribution. It may be conjectured that the pressure/density inside the separation bubble is 

changed: 1) due to mutual relation between the pressure/density increase experienced across the 

separation shock and the pressure/density at the onset of the separation bubble, and 2) due to 

pressure/density changes occurring downstream of the incident and reflected shock interaction. 

The change of the size of the bubble based on the continuity relations was discussed by 

(Piponniau et. al, 2009). The periodic change in the size of the separation bubble was considered 

as the main cause of the unsteadiness of the shock structure. The interaction of the wall near flow 

beneath the separation shock and the incoming turbulent boundary layer near the wall results in 

flow fluctuations and eruptions that cause the hair like shocks seen in the supersonic region of 

the boundary layer around the separation shock, which in turn affect the angle and thus the 

strength of the separation shock. As the dominant frequency plot (Figure 4.6) shows, the 

frequency content of the motions around the separation shock and the region at the nose of the 

separation bubble are about the same, indicating that the flow fluctuations caused by the pressure 

fluctuations and the size change of the separation bubble affect the formation of the hair like 

structures and the size and strength of the separation shock system. The interaction of the 

incident and separation shock modifies the strength of the transmitted and reflected shocks as the 

flow downstream of the intersection point of these two shocks has to have a single flow direction 

and static pressure. Expansion waves are generated to reduce the pressure to the value inside the 

separation bubble and to redirect the flow towards the wall to close the separation bubble. Figure 

4.6 shows the expansion region is also affected by the contraction and dilation of the separation 

bubble and the formations of the hair like shock structures, since the dominant frequencies 

within the half of the expansion region is also about the same as the ones seen at the onset of the 

separation bubble. The compression waves are generated to turn the flow in the mean flow 
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direction and result in pressure increase. The pressure increased by the compression waves is 

imposed on the boundary layer after the separation bubble.  

As it was discussed in the Introduction section, Strouhal number (St = (fs L)/Ue,) 

calculated using the dominant frequencies gives an insight to the non-dimensional frequencies 

associated with the unsteadiness of the shock waves.  This requires the knowledge of the 

separation length L. In the current research separation length is calculated using a MATLAB 

code written for this purpose. Canny edge detection algorithm has been used to find the edges in 

the entirety of each image of the color schlieren images. The edges of the separation shock which 

form a comb like structure are identified. It has been noted that this comb like structure oscillates 

back and forth and hence does not have a fixed position. The oscillations could be considered as 

to move around a mean point and the goal was to find that mean point to calculate the length of 

interaction. The pixel locations for the comb like structures were determined using the edges. For 

the current experiments both mean and median point of the separation shock were determined. 

For the incident shock the location where the shock hits the wall was found by extrapolating the 

incident shock to the wall. The length of the interaction was then calculated as the distance 

between the separation shock and the incident shock intersecting with the tunnel floor. The mean 

length of interaction was calculated as 41.8 mm and the median length of interaction was 

calculated as 41.4 mm. As shown in Figure 4.6, the Strouhal numbers calculated were St = 0.03 – 

0.067 for the mean length of interaction. The range of Strouhal numbers calculated is within the 

previously determined Strouhal numbers, observed in many previous experiments (Erengil and 

Dolling (1991), Dolling and Brusniak (1989) and Wu, Martin (2008), Dussauge and Piponniau 

(2008)).  
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4.A.2 Snapshot Proper Orthogonal Decomposition Results 

 

The data obtained in the form of displacements from one set of data i.e. 1460 images, was 

next used with the Snapshot Proper Orthogonal Decomposition technique to calculate the flow 

structures sorted with respect to their energy content. Using the analysis procedure explained 

earlier for the Snapshot POD, the eigenvalues and eigenvectors for the time correlation tensor are 

calculated.  The flow field images of the displacements corresponding to individual eigenvalues 

were regenerated. The analysis made here is similar to the analysis made by Humble et. al. 

(2009) where they had used 2D PIV data for the POD analysis. The eigen mode which represents 

mean flow was not included in here as it exactly represents the ensemble average. It is observed 

that the energy content corresponding to the eigen modes decayed fast and contained relatively 

small amount of total energy as the mode number increased, as observed by previous research 

(Kostas et al, 2005, Berkooz et al, 1993). The number of modes describing the flow depends on 

the flow studied. Bernero & Fiedler (2000) in their study of jet in counter-flow, have reported 

that about 20 modes were used, while Patte-Rouland et al (2001) have used 60 modes in their 

study of annular jet. In the current experiments the eigen modes that contained fluctuating energy 

content were used to study the deflections and flow structure. The distribution of the percent 

energy contribution from each mode number is presented in Figure 4.7. As the contribution to 

energy content decreases at even faster rate after the tenth mode, the first nine modes were 

chosen for the purpose of studying the flow structures. Figure 4.8 displays the flow field 



49 

 

regenerated using all the eigen modes. Figure 4.8 shows that positive and negative deflections 

are clustered in the vicinity of 

the incident shock, separation 

shock, reflected shock, along 

the edge of the separation 

bubble and in the expansion 

region. Thin lines were added 

to the figures to show the 

location of the incident and 

separation shocks. Large positive values obtained along the separation and the reflected shocks 

where the mean deflection is negative could be considered as positive skewness of the 

deflections in that region. Figure 4.8 indicates gradients in opposite sign to that of the mean 

gradients in most regions, and gives an indication to the sign of the fluctuations.  

  
Figure 4.7 Modal energy distribution 
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Figure 4.8 Reconstructed flow field with all the fluctuating modes 
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A comparison between Figure 4.8 and Figure 4.5 show that the energetic flow regions 

and the high energy scale regions overlap each other very well. Although Figure 4.8 also shows 

regions of elevated energy along the reflected shock as this shock is one the most energetic 

motions observed in SWBLI flow field.  

The flow fields corresponding to the first nine modes are plotted in high to low order in 

Figures 4.9a to 4.9i. The ranges of the color bar changes from one insert figure to the next since 

the deflection values are much different for different modes.  All the higher order mode plots 

show that most of the energy is distributed along the shock waves, in the vicinity of the 

compression zone, over the separation bubble. Each figure in canvas separately depicts a 

deflection field similar to the one shown in Figure 4.8. The differences between the figures is 

more clear starting with the fourth mode where the contributions from the comb like structure of 

the separation shock become more visible. The contributions to the reflected shock also become 

clearer at the higher order modes.   

Figure 4.9-a shows that the energy of the flow field is more concentrated in the region of 

the separation and reflected shocks, and portion of separation bubble. Figure 4.9-b shows that 

major deflections are around the separation and the reflected shock waves, in the interaction 

region, close to the foot of the reflected shock and also near the expansion region downstream 

the recirculation zone.  The negative deflections can be seen in the region of the reflected shock 

which are also high, but of negative order. Figure 4.9-c displays the flow field associated with 

the third highest energy mode where both positive and negative displacements are high in the 

incident, foot of the separation and reflected shock. These deflections can be associated with the 

unsteady shock motion as they are dominant in this particular energy mode. The variations in 

Figures 4.9-d and 4.9-e are close to each other indicating positive and negative deflections 
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around the separation and reflected shocks. Figures 4.9-f to 4.9-i show the energy associated 

with the comb like structure present in the separation shock, incident and reflected shocks, the 

compression and the expansion zones. 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.9. Average deflection length contours calculated using the top nine highest POD 

energy modes. First, second and third energy modes are shown in the top line left to right. 

fourth, fifth and sixth energy modes are shown in the middle line, left to right. And the other 

modes are shown in the last line in the increasing order, left to right.  

 

 

 

 

 

Figure 15. Average deflection length contours calculated using the nine next-to-the-

highest POD energy modes. Second, third and fourth energy modes are shown in the 

top line left to right. Fifth, sixth and seventh energy modes are shown in the middle line, 

left to right. And the other modes are shown in the last line in the increasing order, left 
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4.B. Results of 30,000 fps data: 

Results of RSD images taken at 30,000 fps data are presented in this section. As 

mentioned in the data reduction section the process is repeated with a few changes to capture the 

SWBLI phenomenon at 30,000 Hz rate. The color filter that was used in this run was again an 

asymmetric rainbow color filter but with a width of 6.5mm. The width was increased in this run 

to see if there was any region of the flow that was missed in 5000 Hz data, but it turned out that 

no region was lost in both data. Results from both 5000 Hz and 30,000 Hz, successfully captured 

the entire flow field. The camera that was used in this run had a capability to capture data at 

30,000 frames per second with a pixel resolution of 429 x 158. The process of capturing the 

background image and calibration images had to be repeated and was performed in the same 

manner as mentioned in the data reduction methods section. It is also notable to mention here 

that during the process of calibration a few more background images were taken at the fixed 

location so that they can be averaged to get the averaged background hue. Figure 4.10 shows the 

background image. The filter was moved 50 micrometers at a time to capture the calibration 

curve which can be seen in the Figure 4.11. Once calibration curve was obtained it was further 

processed to obtain the zero shift distance with respect to the background image. As it can be 

seen from the image, the total size of the image has been focused to the region of interest which 

is a portion of incident shock, the interaction zone and reflected shock, expansion zone and 

reattachment region. Hence even though the final plots/results may look elongated, and the pixel 

locations may vary, the region of interest was kept intact such that comparison of the results for 

both 5000 Hz and 30,000 Hz data can be done successfully as there was no change in the flow 

parameters. 
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Figure 4.10: Background image 

 

Figure 4.11: Calibration curve on the left and zero centered calibration curve on the right. 

The calibration curve in this scenario has a range of hue values of 330 – 2620.  As explained 

before only the singular values of the curve were used for the purpose of analysis of the RSD data.  

Using the analysis procedure mentioned above in previous sections, the displacement 

values were calculated. In turn these displacement values are used to calculate the ensemble 

average and the standard deviation of the deflections at every pixel location. Figure 4.12 shows 

the ensemble averaged deflection contour plot and the important flow features obtained. The 

ensemble average image which can be seen in Figure 4.12 shows the approach turbulent 
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boundary layer, the incident and reflected shocks, separation shock, separation bubble, lambda 

shock formation, expansion region, re-attachment compression waves. Because of high density 

variation across a shock, the deflections are higher along the shocks. The deflections in the 

separation bubble were close to zero since the flow in this region is subsonic. The deflections 

peaked in the region above the separation bubble near the expansion region downstream of the 

interaction. As mentioned earlier, the boundary layer thickness was measured using a 

hypodermic needle as a total pressure probe and traversing it with a traversing mechanism to 

measure the total pressure within the flow. The measured boundary layer thickness was 𝛿≈ 7 

mm.  The positive deflections tend to occur in the incident shock, near the intermittent region 

where the separation shock interacts with the separation bubble, which has been the same in case 

of 5000 Hz data as well. Positive peak deflections also occurred in the region of expansion 

region below the reflected shock. On the other hand, the peaks of negative deflections were 

mainly oriented along the reflected shock wave. The density variation in and across the various 

regions of the flow can be analyzed using the mean flow field. Areas of interest were the 

separation shock or foot of reflected shock and also the separation bubble itself. These two 

regions have been studied widely for the cause of unsteadiness in the SWBLI. The density 

flucutuations in the region of intermittent region have large importance in identifying the 

frequencies at which the flapping motion of the separation shock and motion of separation 

bubble occurs. A more in-depth analysis of characteristic frequencies is done in the subsequent 

sections using Fast Fourier Transform and other statistical methods.  
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Figure 4.12: Ensemble Average of deflections 

 

Figure 4.13: Root mean square values of deflections 

The above Figure 4.13 shows the RMS values of the fluctuating displacements. Similar to 

the 5000 fps data, it is indicative that the higher RMS values are located along the edges of the 

incident shock and separation shock, reflected shock, along the upper surface of the separation 

bubble, where the flow transitions from higher to lower speeds. The values in the separation 

bubble are of low value, similar to the 5000 fps case. It is also noted that the peak values are 

located in the region where the incident shock intersect the reflected shock. As explained earlier 
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with the 5000 Hz data, this RMS plot for 30,000 Hz data will also be used in conjunction with 

FFT and coherence as well as modal analysis in sections below.  

4.B.1 Fast Fourier Transform results: 

The deflection data obtained using the RSD technique data was next divided into 12 sets 

to conduct the FFT analysis. Analysis allowed determining the frequency, power, normalized 

power of each of the data sets. The powers obtained is then averaged for the 12 sets and the 

averaged power that is contained at selected frequencies for all of the 429 x 158 pixels was 

plotted in the form of contour plots. Figure 4.14 show the power distribution at selected 

frequencies.  Figure 4.14 shows that higher power values were located along shock waves, 

especially around the incident, separation and reflected shock waves, with peak values being in 

the shock/shock interaction region. These regions also coincide with the regions of high RMS 

values. The two canvases with power spectra corresponding to frequencies less than 1500 Hz and 

greater than 1500 Hz both show that the power gradually decreases as the frequency increases. 

The power distribution in region surrounding the separation and reflected shocks continue to be 

high in the range of 500 - 1000 Hz. Power spectrum at frequencies higher than 3300 Hz were not 

plotted as they did not show any significant variations. Power spectra were further analyzed after 

normalizing them to obtain the power spectral density. The information related to the power 

spectrum at the intermittent region is further used in calculation of energy scale and in turn the 

corresponding peak frequencies for energy scale in the intermittent region is used in calculating 

the Strouhal number. Upon comparing the plots for both 5000 Hz and 30,000 Hz data, a common 

trait that can be observed is that the powers tend to peak in the shock/ shock interaction region 

and the peaks gradually decrease as the frequency increases. 
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Figure 4.14: Power spectrum for frequencies less than 1500 Hz 

The frequencies in the figure 4.14 ranges from above 350 Hz to below 1300 Hz. This 

range of frequencies were chosen so that a comparison can be made with the 5000 FPS data. In 

an another canvas frequency range of 1500 Hz - 3300 Hz has been chosen to emphasize on 

decrease in power in higher frequencies. 
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The Figure 4.14 clearly shows that the powers in the region of foot of reflected shock 

decrease as the frequency increases. Figure 4.15 also shows that the frequencies continue to 

decrease in the same region in the frequency range of 1500 Hz to 3300 Hz. It can also be noted 

that for the 30,000 Hz data, the power in the region of the separation shock reduce at a higher 

pace as the frequencies exceed more than 1800 Hz to 2000 Hz. Where as in case of the 5000 Hz 

data, the power in the separation shock region reduced as the frequency increased from 1000 Hz.  
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Figure 4.15 Power spectrum at frequencies greater than 1500 Hz 
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4.B.2 Normalized power: 

From the obtained power spectrum, normalization was carried out to compare the 

normalized power contained at different regions and at selected frequencies to each other. Figure 

4.16 shows that most of the normalized power associated with the SWBLI flow is contained in 

low frequencies. The figure also indicates that the large relative powers are clustered at the low 

frequencies for the incident and the reflected shock waves, over the separation bubble, in the 

expansion wave region downstream of the reflected shock, and even in the separation shock 

region. As seen from the power spectrum images (Figures 4.14 and 4.15), that the power 

decreased as the frequency increased, the same can be observed in the case of normalized power 

from the figure 4.16.  

Higher values in the normalized power can be seen below 900 Hz, but after 900 Hz the 

normalized power decreases gradually and spreads out across the flow at higher frequencies. 

Normalized power from frequencies that are higher than 2200 Hz are not shown as they did not 

show any significant values in the flow field. The common trait that has been identified 

pertaining to the normalized frequencies with respect to 5000 Hz and 30,000 Hz data is that the 

normalized power reduced as the frequency increased. The reduction in normalized power is 

more after 1700 Hz in-case of 30,000 data whereas the reduction was more pronounced after 800 

Hz in case of 5000 Hz data. 
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Figure 4.16: Normalized power spectrum at selected frequencies.   
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4.B.3 Energy scale: 

As mentioned earlier color schlieren technique allows us to determine the energy scale 

distribution throughout the flow field. In the current work the energy scale calculation was 

studied more in the intermittent region where the unsteadiness is dominant. Energy scale f E(f), 

which is the product of frequency and power spectral density has been calculated at every pixel 

point. The maximum values of the energy scale at each pixel point was calculated using the 

average power spectrum calculated at each point. For this purpose, the power spectrum at each 

pixel point was smoothed first by averaging eight consecutive points in the spectrum to replace 

the values at those points. A fourteenth order curve fit was applied to this variation and the 

frequency where the curve fit peaks was determined with a program developed using Matlab. 

Figure 4.17 shows the energy scale peak values at every pixel point. The regions where higher 

energy scale values are located also match with the RMS values in the RMS plot. It can be noted 

from Figure 4.17 that the energy scale peaks along the shocks and in the separation shock region 

as well. The peaks are more pronounced in the 30,000 Hz data in these regions when compared 

to the 5000 Hz data. It should be noted that, the scale in this Figure 4.17 is arbitrary, but has been 

chosen to allow comparison of 5000 Hz and 30,000 Hz data. By comparing the two plots for 

these two sets of data, it can be inferred that, for the case of 30,000 Hz data the dominant 

frequencies in the separation shock region and corresponding Strouhal number tend to be in the 

same range as compared to the 5000 Hz data.  
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Figure 4.17 Energy scale plot for the entire figure. 

 Figure 4.18 shows the frequency peaks obtained using energy scale calculations. From 

the image it can be observed that the reflected shock wave fluctuates at frequencies lower than 

1000 Hz. The foot of reflected shock is the region where the flapping motion of the shock occurs 

and the energy scale and its peaks has a key role in determining the unsteadiness of the flow and 

the unsteadiness of the separation bubble. The frequency range in the separation shock region 

can be clearly seen using the Strouhal number calculation found in the figure 4.19. Strouhal 

number which is a non-dimensionalzed frequency was used to obtain frequency details about 

other regions of the flow as well. The Strouhal number for separated shock region fell in the 

range of 0.03 – 0.07 and using that information it can be conclusively said that the separation 

shock and reflected shock as well as the separation bubble fluctuated at lower frequencies. In our 

experiment the term lower frequencies fall in the range of 600 – 1000 Hz.  This also substantiates 

the frequency values from the normalized power spectrum calculations. These figures 4.18 and 

4.19 also indicate that there are lower frequencies in the portions downstream of expansion, 

reattachment region which also is a key point that needs to be noted. Using the information 

present in the figures 4.18 and 4.19 one can come to a conclusion that there could be coherent 
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structures in the flow field and using a coherence function the coherent flow fields could be 

found. A much detailed discussion about coherence is given further down in the results section. 

As part of coherent structure study, it would also worthwhile to study the frequencies at which 

these coherent structures exist. Hence statistical processes such as snapshot proper orthogonal 

decomposition and dynamic mode decomposition were also used to estimate the coherent 

structures in the flow field.  

 

 

 Figure 4. 18 Peak frequencies corresponding to the energy scale f(E(f)) and corresponding 

Strouhal number 
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Figure 4.19. Frequency peaks with respect to f(E(f)) and Strouhal number ( for comparison with 5 

KHz data plot). 

To summarize the frequency peaks corresponding to the energy scale and Strouhal 

number peaks, figures 4.18 and 4.19 were generated. The flow structure such as reflected shock 

in these pictures appears to be stretched since as mentioned initially in the experimental setup the 

camera has been focused in the region of interest such that the flow structures would appear 

zoomed in. Interaction with the side walls could also be attributed as one other factors. These 

figures show that peak frequencies corresponding to the energy scale in the separation shock 

region were in the range of 1000 Hz and the Strouhal number peaks were obtained to be in the 

range of 0.03 – 0.08. This range of Strouhal number was also documented in many literatures in 

case of impinging shock wave boundary layer interaction. The separation length was calculated 

using Canny edge detection and gray threshold methods in MATLAB as explained in the 5000 

Hz case. For the current experiments both mean and median point of the separation shock were 

determined. For the incident shock the location where the shock hits the wall was found by 

extrapolating the incident shock to the wall. The length of the interaction was then calculated as 
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the distance between the separation shock and the incident shock intersecting with the tunnel 

floor. The mean length of interaction was calculated as 39.5 mm and the median length of 

interaction was calculated as 37.6 mm. The Strouhal numbers calculated were in the range of St 

= 0.03 – 0.08 for the mean length of interaction. Another interesting observation documented by 

other researchers in literature is that the Strouhal number for the region inside the interaction 

zone falls in the range of 0.2 – 0.5. This phenomenon could not be discerned from the current 

experiment as the fluctuations present in this region are obscure to pin point to accurate 

frequencies. This level or band of frequencies are attributed to the vortex shedding phenomenon 

that occurs just above the shear layer that separates high speed flow above the layer and low 

speed flow that exists below the shear layer. Hence it can be said that the flow speeds experience 

an increase in speed or flow fluctuates at higher speeds because of the vortex shedding. Even 

though from the current experiment the flow visualization of vortex structures was not concretely 

found using schlieren technique the density fluctuations were seen to be of higher magnitude.  

4.B.4 Snapshot POD results: 

Snapshot POD has been performed on 4096 successive images using the process mentioned in 

the analysis procedure section. Modes which represent the fluctuating data have been used in this 

study. It is observed that the energy content corresponding to the eigen modes decayed fast and 

contained relatively small amount of total energy as the mode number increased. The energy 

contribution can be seen in Figures 4.20 and 4.21. The flow field of the hue displacements 

corresponding to individual eigen modes starting from the highest eigen mode were used for the 

regeneration. The re-construction of the flow field is performed to observe the flow structures 

corresponding to these modes.  
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Figure 4.20 Energy content per mode. 

 

 

Figure 4.21 Percentage contribution to the total energy corresponding to each mode. 

As observed in the 5000 fps data, the energy content decrease at a higher rate after the 

tenth mode (Figure 4.20), hence the first nine modes were chosen for reconstruction. Figure 4.22 

is the re-constructed flow field pertaining to all the eigen modes. It can be seen that the majority 

of the energy is concentrated in the reflected shock and in the expansion fan. A considerable 
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amount of energy content is also situated in the region of incident shock, foot of reflected shock 

and surrounding the separation bubble. 

 

 

 

 

 

 

 

 

Figure 4.22 Flow corresponding to rest of the energy modes apart from the highest energy 

 

Figures 4.23 a-i are the flow structures corresponding to the first highest energy mode to the ninth 

highest energy mode. 
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Figure 4.23 Flow structures corresponding to the modes with decreasing energy content 

The ranges of the color bar changes from one insert figure to the other since the 

deflection values vary substantially for different modes. All the higher order mode plots show 

that most of the energy is distributed along the shock waves, in the vicinity of the compression 

zone, over the separation bubble. The deflections in the flapping structure of the separation shock 

tend to peak in the figures b, c, f, h and i. The contributions to the reflected shock also become 

clearer at the higher order modes.   

Figure 4.23-a shows that the energy of the flow field is more concentrated in the region 

of the separation and reflected shocks, and top portion of separation bubble. Figures 4.23-b and c 

show that major deflections are around the separation and the reflected shock waves, in the 
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interaction region, close to the foot of the reflected shock and also near the expansion region 

downstream the recirculation zone.  The negative deflections can be seen in the region of the 

reflected shock which are also high, but of negative order. Figures 4.23 d and e, display that the 

deflections are high in the region of shock-shock interaction.  Figures 4.23 f, h and i, show that 

both positive and negative displacements are high in the incident, foot of the separation and 

reflected shock. These deflections can be associated with the unsteady shock motion as they are 

dominant in these particular energy modes. The variations in Figures 4.23 b and c are close to 

each other indicating positive and negative deflections around the separation and reflected 

shocks. Flow structures pertaining to other modes were not presented here as it has been 

observed from the eigen mode and corresponding energy content plots (Figure 4.20 and 4.21) 

that the energy content decreases significantly as mode number increases. When these flow 

structures are compared to the flow structures of 5000 Hz data, similarity has been found in 

between second and third mode of 30,000 Hz data to the first and second mode in 5000 Hz data. 

Fourth and fifth mode flow structure in 30,000 Hz is found similar to third mode in 5000 Hz. 

Ninth and tenth mode structures in 30,000 Hz are found similar to the ninth and tenth mode of 

5000 Hz. It can be inferred that the flow structures show similarity in both cases at certain 

modes. The presence of high frequency coherent structures that were captured using 30,000 Hz 

data could be attributed to the slight mismatch of the re-constructed flow fields. Even though 

snapshot POD gave excellent information about dominant flow structures including some 

coherent structures, it does not give the frequencies at which these dominant and coherent 

structures exist. Hence DMD analysis has been performed on 30,000 Hz data to give a clear 

understanding on the flow structures and their corresponding frequency. 
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4.C. DMD Results: 

Recent work in the area of modal decomposition show that utilization of algorithms that 

extract the flow structures and complex behavior had gained utmost importance (Schmid 2008, 

Grilli 2013, Tu 2013). As a consequence, if coherent structures are to be identified from 

experimental data, algorithms need to be designed that rely on these measurements.  

A common technique for identifying coherent structures is the Proper Orthogonal Decomposition 

(POD) method which is mentioned in detail in the data reduction methods section. POD method 

determines the most energetic structures by diagonalizing the spatial correlation matrix 

computed from the snapshots. Two major drawbacks that can be attributed to POD method are: 

(i) the energy may not in all circumstances be the correct measure to rank the flow structures, 

and (ii) missing frequency content for individual modes. The temporal and spatial structures, 

referred to as ‘chronos’ and ‘topos’, can be obtained by choosing a temporal or spatial average 

when computing the correlation tensor, or by using the classical POD (Lumley 1970) or snapshot 

POD (Sirovich 1987), respectively. The temporal structures (chronos) represent the eigenvectors 

of the spatially averaged temporal correlation matrix, while the spatial structures (topos) 

constitute the eigenvectors of the temporally averaged spatial correlation matrix. In either case, 

the averaging process may cause loss of information that might be important when classifying 

the dynamic processes contained in the snapshots. Dynamic Mode Decomposition (DMD) 

method is based on snapshots of the flow (Schmid & Sesterhenn 2008), that will still yield fluid 

structures that accurately describe the motion of the flow. In DMD, the extracted flow structures 

are termed as ‘dynamic modes’. Execution of DMD in current experiment had been performed 

on 30 KHz data. Hence the resolvable frequency of 15,000 Hz would be sufficient to identify 

low frequencies till high frequencies. A total of 50,969 images were used in this process such 
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that the time interval between the two successive snapshots would be 3.333e-05 seconds. The 

images were cropped such that it would optimize the computing time for SVD and eigen values. 

The cropped images in the current experiment had dimensions of 333 x 157, hence n = 50969 

and m =52,281. Where n is total number of snapshots and m is total number of pixels. Once the 

matrices were formed as explained in the data acquisition and reduction methods section, SVD 

was performed on 𝑀1
𝑁−1 and subsequently �̃� matrix was found using the algorithm presented in 

the data acquisition and reduction techniques section. Eigen values were obtained for �̃� matrix 

and were used to obtain the Ritz plot and dynamic spectrum. The imaginary eigen values are 

used to obtain the dynamic spectrum which also convey the frequency content of the data. The 

real part of eigen values provide information about the stability of the associated mode. In the 

dynamic spectrum plot, if the real part of eigen value is greater than zero it is termed as unstable, 

near to zero is termed as stable and below zero represents modes that decay with time. Ritz plot 

was also used for the purpose of identifying stable and unstable modes by plotting imaginary part 

of eigen values against the real part of the eigenvalue. The plot would yield points that loosely 

follow the contours of a circle with unit radius. The points lying outside of this unit circle can be 

treated as being unstable (corresponding to the modes that increase exponentially with time). 

And the points that lie inside the unit circle corresponds to modes that decay over time. The 

points that are very close to the unit circle or on the unit circle correspond to stable modes and 

would be used in the reconstruction of the flow field.  

 As mentioned earlier, from the eigen values of �̃� the real and imaginary parts can be 

separated. The frequency content can be obtained from the imaginary eigen values using the 

following relation. 𝜆𝑗 = ln(𝜇𝑗) /2𝜋𝑑𝑡, where 𝜇𝑗 represent the eigen values. The real and 

imaginary parts of 𝜆𝑗 were separated. Dynamic spectrum plot can be obtained when real and 
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imaginary parts of the eigen values obtained using the above formula were plotted. The real part 

provides the information regarding the stability of a given mode. If the real value is greater than 

zero, that mode can be treated as unstable. Similarly, if the real value is below zero, that mode 

decays its energy with time, which also would not be taken into consideration for future study. 

The real values of 𝜆𝑗 which are very close to zero are treated as stable modes which alone would 

be used in the reconstruction of the flow-field. The imaginary part of 𝜆𝑗 gives the frequency 

details corresponding to a given mode. When the imaginary 𝜆𝑗 and real 𝜆𝑗 are plotted, the range 

on the x-axis varies with the negative Nyquist frequency to positive Nyquist frequency 

symmetrical about zero. In the current experiment the x-axis ranges in between -15,000 Hz to 

15000 Hz for 30,000 Hz sampling frequency.  

 

Figure 4.24 Ritz plot. 
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Figure 4.25 Dynamic spectrum plot 

From the above dynamic spectrum plot, the eigen values which are closer to 0 or eigen 

values which are closer to unit circle in case of Ritz plot were obtained such that they represent 

the stable modes. Hence after obtaining the stable modes, a refined Ritz plot is plotted as below. 

The eigen values chosen in this process turned out to be falling very close to the value 1. Hence 

these eigen values along with the global energy norm were chosen based on the algorithm for 

reconstruction of the flow field. 
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4.26 Ritz plot with eigen values very near to the unit circle. 

 During the process of reconstruction only the positive side of the frequencies were 

considered from the symmetric plot. Once the frequencies are calculated, the modes 𝛷𝑖 are 

calculated using the algorithm presented in Chapter 3. To obtain the modes which best represent 

the flow structure, it would be a necessary step to find the modal amplitudes which is termed as 

global energy norm. DMD modes are ranked based on their contributions to the total energy in 

the flow field by using this global energy norm of each mode which is also represented as ‖𝛷𝑖‖ 

(Zhang et al 2013,  Rowley et al 2009, Mohd Y. Ali 2016). MATLAB has been used in the 

entirety of the DMD formulation. This global energy norm is then plotted against the frequency 

to capture the dominant modes. The dominant modes obtained in this process are then used for 

reconstruction of the flow field at their corresponding frequency. The following picture shows 

the plot in between the frequency versus global energy norm. 
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Figure 4.27 Frequency vs global energy norm. 

Using the information from the above plot, the flow field contours are reconstructed. Similar to 

snapshot POD where the mean flow can be obtained with the mode that is having the highest 

eigen value, DMD also provides that capability of generating mean flow mode. In DMD this 

mode corresponds to 0 Hz. Although the mean mode exists at 0 Hz, it was removed from the plot 

and removed from this discussion as well, since it was very well covered in the ensemble 

average results. Hence reconstructed flow field related to mean mode was not covered in detail 

both in snapshot POD and in DMD section. A more detailed explanation about each 

reconstructed flow field and its description corresponding to the regions of SWBLI is presented 

down below. 
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4.D. DMD discussion: 

The results from Dynamic Mode Decomposition (DMD) have been organized into two 

major parts. One is low frequency section and the other is mid – frequency section. A comment 

is also made on the high frequency section at the end of this section. As per the regions of 

interest in SWBLI, the low frequency section which corresponds to separation shock, and 

regions of expansion to reattachment are given importance to study the unsteadiness in the flow. 

DMD technique has proven to be a valuable method to determine specific frequency content in 

coherent structures which is a key distinguishing capability when compared to POD. As seen 

from the figure 4.27 which corresponds to frequency vs global energy norm, the frequencies 

occur as a form of broadband rather than a specific peak at a given frequency location. A band of 

frequencies have been chosen for each region of interest, out of which the first band corresponds 

to low frequency content ranging from 450-1000 Hz. And mid - level frequency ranges from 

more than 2000 Hz to 9000 Hz. The range on the color bar varies for each figure since the 

deflection values vary substantially for different modes. Color bars were included here to provide 

an idea of how the density fluctuations vary with respect to dominant structures in a given flow 

field. 
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4.D.1 Low frequency flow field reconstruction: 

 

 
Figure 4.28 Reconstructed flow field at 459 Hz. 

 

Figure 4.28 represent the flow field reconstructed at frequency 459 Hz. As it can be seen 

from the images, at the low frequency range the dominant flow features are present in the shock 

regions and closer to the portion of expansion and reattachment region as found in the coherence 

and FFT analysis. The above scaled image provides with the information that the density 

fluctuations appear to be positive in magnitude in the shock regions, compression region below 

the expansion fan. Whereas negative fluctuations were found in the region close to expansion 

and parts of incident shock.  
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Figure 4.29 Reconstructed flow field at 708 Hz.  

 

 

Similar features were observed in the above figure 4.29, 4.30 and 4.31 as well which 

corresponds to low frequency range. From the images positive fluctuations were found to be 

dominant in flow corresponding to reflected shock and portions in the compression region 

further downstream of the flow. 
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Figure 4.30 Reconstructed flow field at 756 Hz.  

 

 

 

 

 
 

Figure 4.31Reconstructed flow field at 935 Hz.  

 

 

From figure 4.31, the region near the expansion region which experienced high negative 

fluctuations, shows that there could be some parts of the flow corresponding to parts of 

expansion region which would experience low frequency motions. Flow fields in 1012 Hz and 
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1024 Hz can be marked as the boundary for the low frequency content region since after this 

frequency the dominant features shift from reflected shock portion. Energy scale calculations, 

Strouhal number as well as coherence also found similar correspondence with respect to 

frequency where the shift occurs. Upon comparison with the results from Dupont et al 2006, 

Pipponiau 2009, Pirrozzoli 2010, Agostini et al 2014, it can be noted here that the slow motions 

of the separation shock and reflected shock were captured so far using FFT and DMD.  

 

 
Figure 4.32 Reconstructed flow field at 1012 Hz.  

 

 

 



82 

 

 
Figure 4.33 Reconstructed flow field at 1024 Hz.  

 

From the frequency and global energy norm plot in figure 4.27, frequencies corresponding to 

1100 Hz to 1400 Hz also showed some increment in global energy norm, but the flow structures 

showed faint density fluctuations in shock – shock interaction region as compared to the above 

figures, hence those figures were not included here. The transition into mid – level frequencies 

can be seen form the following figures 4.34 and on. It can be observed that the deflections in the 

dominant flow shifts from the separation shock to the regions of the flow where flow exhibits 

higher frequencies. Although the flow structures show the incident and reflected shock regions, it 

can be clearly observed that the deflections in these regions of flow is much lower than at the 

flow structures exhibited in the lower frequencies.  

 

4.D.2 Mid – level frequencies: 

 

 The following figures from 4.34 to 4.39 can be related to the mid – level frequencies. The 

term mid – level frequencies was coined in such a way that these frequencies correspond to the 

Strouhal number of 0.2 – 0.5. In the current experiment, these mid – level frequencies were taken 

in the range of 0.15 – 0.5. As explained earlier the mid – level frequencies fall in the region 
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corresponding to the vortex shedding which is inside the interaction zone. During the energy 

scale calculation, it was mentioned that due the complexity of the flow and also due to the 

experimental constraints concrete visualization of vortex structures or vortex shedding could not 

be obtained here in the current experiment. However, an effort is made here with respect to 

DMD analysis as mode structures corresponding to higher frequencies could be obtained based 

on the algorithm. 

 These mid - level frequencies come in to existence based on the complex flow that 

occurs below the interaction region. Major reason for the flow to exhibit higher frequencies 

compared to the low frequency separated shock motions can be attributed to the shedding of 

vortices inside the interaction zone. The convection phenomenon was reported in literature in 

this region of the flow. Based on the frequency analysis, energy scale and Strouhal numbers 

reported for this region and the frequencies that could attribute vortex shedding or high speed 

flows in the region have been identified. And hence flow reconstruction have been done for these 

band of frequencies here. It is due to the advantage of dynamic mode decomposition algorithm, 

that we can see the deflections or the flow contours gradually saturate as the frequencies increase 

towards higher values. Once the frequencies reach more than St of 0.5 the flow becomes over 

saturated that discerning dominant structures in the flow becomes difficult. Figures 4.34 – 4.39 

correspond to frequencies in the Strouhal range of 0.15 – 0.6. High amount of density 

fluctuations present in these figures could be observed concentrated near the transmitted shock 

region. The figures 4.34 and 4.35 could be attributed to the mid – level frequency flow from the 

current experiment as coherence results (explained after this section) found similar coherent 

structures in the range of 1500 Hz – 3000 Hz. Whereas the coherent flow structures 

corresponding to higher frequencies were not decisively obtained using DMD or coherence. It is 
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worth noting that till this point, the current experiment has been successful in identifying low 

frequency components than higher frequency components.  

 
Figure 4.34 Reconstructed flow field at 2350 Hz.  
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Figure 4.35 Reconstructed flow field at 2895 Hz.  

 

 

 

 
Figure 4.36 Reconstructed flow field at 6265 Hz.  
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Figure 4.37 Reconstructed flow field at 6501 Hz.  

 

 
Figure 4.38 Reconstructed flow field at 7645 Hz.  
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Figure 4.39 Reconstructed flow field at 9814 Hz.  

 

 

 

The figure 4.50 and 4.51 correspond to the high frequencies that showed a little 

importance in the modal amplitude versus frequency plot. Hence they were also documented 

here for the reasoning that no discernable dominant flow was be obtained at these frequencies as 

the flow in the entire region appeared saturated. As explained in the experimental setup, the 

maximum resolvable frequency in using the 30,000 Hz data is 15,000 Hz, the frequencies that 

correspond to the following flow structures fall at the maximum limit of resolvable frequencies. 

It can also be deduced from this analysis that the reconstruction using dynamic modes also show 

similar characteristics as the flow structures obtained from Snapshot POD, where the energy of 

the modes decreased at a very high pace such that as the mode number increased the 

reconstructed flow corresponding to them showed saturated flow. However, POD failed to 

provide any frequency related information for corresponding modes. It can also be mentioned 

here that using DMD flow reconstruction, the lower frequency coherent structures were obtained 
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with relatively discernable dominant flow structures when compared to higher frequency 

coherent structures. 

 

 

Figure 4.40 Reconstructed flow field at 12,191 Hz.  

 

 

 

 

 

 
Figure 4.41 Reconstructed flow field at 14,243 Hz.  
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4.E Coherence discussion: 

 

The following section gives a detail explanation about each region of interest starting 

from the separation shock region to the reattachment region with respect to coherence. An effort 

has been made to explain the inter-relation between the flow fields using the coherence function 

and dynamic mode decomposition and values from literature have also been used to comment on 

how these results may be reconciled with the flow organization in different regions. Identifying 

coherent structures in the regions such as separation shock region, surrounding bubble region, 

and in the re-attachment region has been given importance.  

As mentioned earlier Coherence is a measure of the degree of relationship, as a function 

of frequency. To measure coherence in between two locations or regions in the current flow field 

several points have been chosen in each region of interest. A MATLAB program has been 

written such that the first signal which comprises of density fluctuations is obtained for a chosen 

point. To perform coherence, this chosen point is then used to calculate coherence with all the 

remaining points in the image. It was noticed that this approach would be time consuming and 

would also be computationally expensive. Hence a grid has been selected such that each pixel 

point is separated with three-pixel points in the horizontal direction and one-pixel point in the 

vertical direction, starting from the incoming boundary layer region. The grid would appear to be 

a triangle attached to a rectangle. This grid has been chosen after many number of trials, as 

optimum grid such that signal in the majority of the image with the desired regions of interest 

would be captured. Hence coherence would be performed in between the chosen point and all the 
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other grid points such that overall picture of the coherent structures and their fluctuating 

frequencies could be obtained. 

Sufficient points have been chosen to perform coherence such that the regions which 

fluctuate with similar frequencies could be obtained and coherence program was automated such 

that the output would give coherence with values ranging 0 – 1. And corresponding frequencies 

at which these coherent structures were found.  The coherence program was written in such a 

way that a limiting value of 0.1 ie. 10% coherence was set as a threshold. Any coherence value 

below that have been omitted and any frequency content corresponding to the discarded 

coherence was also removed. Out of several pixel locations that have been chosen in different 

parts of the flow field, selected plots are presented here which cover the important regions of the 

flow beginning with separation shock region. 

 

4.E.1Separation shock: 

The presence of low frequency components in the separation shock region has been 

studied significantly in understanding how and why they exist. In this regard, the term 

unsteadiness is used to represent the presence of these low order frequency components that 

come in to existence in the separation shock where-as higher order frequency components are 

present in the incoming turbulent boundary layer.  As we know that SWBLI is 3-D in nature, in 

current experiment we study the 2-D aspect of flow using density fluctuations. These flow field 

fluctuations have been studied in the previous sections using FFT to obtain the frequencies at 

which these regions of flow fluctuates. As mentioned in our FFT part of result section, the 

separation shock region moves back and forth forming a hair line structure with low frequencies. 
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From the Strouhal number calculations these low frequencies fall in the range of St = 0.03 – 

0.08.   

 
Figure 4.42 Coherence obtained with first signal located in the separation shock. Top figure 

indicates the coherence (coherent structures) while bottom figure indicates the frequencies at 

which these coherent structures exist. 

 

Figure 4.42 Coherence obtained with first signal located in the separation shock. Top 

figure indicates the coherence (coherent structures) while bottom figure indicates the frequencies 

at which these coherent structures exist. From the above figure 4.42 the coherence function 

estimates that the flow corresponding to the reflected shock and the separation shock are strongly 

coherent at lower frequencies. Another interesting result obtained from this figure is that there is 

also higher coherence present in between the separation shock and the beginning portion of 

separation bubble. It has been found from the FFT study that both these structures fluctuate at 
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frequencies of the 600 -1000 Hz. Hence from the current experiment which gave low frequency 

content corresponding to the separation shock, it can be mentioned here that the flow velocities 

are lower in nature in this region. Numerous research work in case of impinging shock wave 

boundary layer interaction was focused in the Mach 2-3 range. In these works, either numerically 

or experimentally presence of these low frequency shock motions was studied but still there exist 

some nuances on what causes these and are they correlated with other parts of the flow. To come 

to a clear distinction on the causation and correlation is difficult because of the separated flow 

which exhibits subsonic speeds. However, it can be mentioned here that as the separation shock 

expands and contracts, the separation bubble also follows the pattern of expansion and 

contraction suggesting that these both regions of SWBLI are interrelated phenomenon.   

Piponniau et al.2009 suggest that the observed low-frequency unsteadiness of the 

separated bubble is related to mass entrainment across the mixing layer which develops between 

the separated region and the outer supersonic flow. This model suggests that there is a direct link 

between the Kelvin–Helmholtz-like convective structures in the mixing layer and low-frequency 

unsteadiness in the separated region. The convective structures were associated with mid-level 

frequencies whose order of magnitude was higher than the low frequencies related to the bubble 

breathing or separation shock and one order of magnitude lower than the upstream boundary.  

Dupont et al. (2008) have carried out PIV measurements of their shock reflection interaction, and 

also found a correlation between the instantaneous position of the shock wave and thickness of 

the recirculating zone. In the present study, coherence has been used to establish similar 

outcomes and it shows a stronger coherence between the separation shock and reflected shock 
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wave than the incoming boundary layer and separated flow. The frequencies related to the shear 

layer where the convection occurs is discussed further down in the document.   

 

 

Figure 4.43 Coherence obtained with first signal located just above the separation bubble, closer 

to separation shock. Top figure indicates the coherence (coherent structures) while bottom figure 

indicates the frequencies at which these coherent structures exist. 

 

Figure 4.43 and Figure 4.44 also pertains to the low frequency motions of the separation 

bubble where the coherence still exists with the separation bubble and the separation shock. 

Pipponiau et al, 2009 and Agostini et al, 2014 have studied the development of these structures 

using unsteady wall-pressure measurements and from PIV data. The low-frequency breathing of 
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the separation bubble and shock displacement was found to be linked, and there was some 

evidence of similarities between the separated regions in SWBLIs and incompressible separated 

flows, although significant influence from compressibility effects is expected in the mixing layer.  

Moreover, several experimental results obtained in various SWBLIs have not yet clearly 

explained the relation between these unsteady motions. It has been documented in previous 

research work that for general geometry be it compression corner or shock reflection and for 

different flows with Mach number in the range of 1.5 < M < 5, strong correlation at low 

frequency occurs between wall-pressure fluctuations created by the shock unsteadiness. As the 

same theory has been established in our experiment as well, it can be mentioned here 

conclusively that the separated shock and reflected shock appear to move as a low frequency 

unsteady sheet in 2-D domain. 
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Figure 4.44 Coherence obtained with first signal located in the separation shock. Top 

figure indicates the coherence (coherent structures) while bottom figure indicates the 

frequencies at which these coherent structures exist. 

Figure 4.44, also displays coherence at the low frequency motion of separation shock and 

beginning portion of the bubble region, both having coherence higher than 40%.  It should be 

noted that the portions where the frequencies peak closer to 2000 Hz correspond to the coherence 

of either very close to 0.1. Hence these regions would not show importance in the current study. 
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Interaction zone:  

The shock wave boundary layer interaction may result from the superposition or coupling 

of several elementary problems: low-frequency shock motion, unsteadiness of the separated 

bubble, and vortex shedding in the separated zone. Stronger shock intensities produce continuous 

evolution of the dominant frequency in low-speed separations. As flow approaches interaction 

region, the flow-field appears to change dramatically. Dupont et al, 2006, Clemens and 

Narayanaswamy,2009, have found that second half of the recirculating bubble was associated 

with vortex shedding in the downstream flow. This suggested that, for shocks of low intensity, 

some spatial feedback mechanism that synchronizes the merging processes occurred inside the 

mixing layer. They found that, second part of the interaction zone was similar to subsonic 

organization, with a nearly constant shedding frequency (around St ≈0.5) for the whole range of 

shock intensities. It has to be noted here that in the current experiment these subsonic 

organizations could not be captured because of the experimental setup and its constraints. The 

region of mid – level frequencies was also identified closer to the incident shock inside the 

interaction zone (or termed as transmitted shock) by Agostini et al, 2014. Hence this region has 

been chosen as the region of interest and results have been presented below.  
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Figure 4.45 Coherence obtained with first signal located just below the transmitted shock. Top 

figure indicates the coherence (coherent structures) while bottom figure indicates the 

frequencies at which these coherent structures exist. 

 

In figure 4.45 a pixel location above the shear layer and below transmitted shock has 

been chosen to obtain coherent structures. This is region which falls surrounding the transmitted 

shock region. It can be clearly seen that parts of flow near expansion fan and regions closer to 

reattachment exhibit coherence in the range of 1500 Hz.  These frequencies were found to come 

into existence between the low frequencies of the shock motion and the high frequencies 
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associated with the turbulent flow. From the energy scale analysis, a transition could be found in 

between the low frequencies to intermediate frequencies in these layers. The flow in the 

expansion region from the energy scale pictures also show some similarity.  

As seen from the energy scale analysis from figures 4.18 and 4.19, the interaction region, 

is particularly difficult to analyze from the current experimental point of view because of the 

presence of recirculating flow, high turbulence flow, presence of shocks and an expansion fan. 

Figure 4.32 was included here in the discussion as the region near the transmitted shock above 

the bubble displayed coherence with outer parts of the shear layer. It can be interpreted from 

Figure 4.46, that the frequency range is similar to separation shock region. This can be used to 

further explain that the flow near the transmitted shock fluctuates in the range of lower 

frequencies, giving rise to a complex flow. 
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Figure 4.46: Coherence obtained with first signal located further downstream and below 

transmitted shock. Top figure indicates the coherence (coherent structures) while bottom 

figure indicates the frequencies at which these coherent structures exist. 

 

It has been documented in previous research work that when separation occurs, the 

vorticity layer close to the wall are lifted up away from the wall into the shear layer within the 

detachment region. They appear to turn around the separation bubble. These arguments were 

made by Na & Moin (1998) and Chong et al. (1998) in their DNS of incompressible separated 

flows. It was also mentioned that such structures would treat the separation bubble essentially 

like a streamlined obstacle, and would often impinge back onto the wall farther downstream. 
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Pirozzoli & Grasso (2006), also found that the vorticity structures are lifted away from 

the wall as they propagate mainly through the incident shock wave’s tip. They found that the 

oscillatory motion of the incident shock wave occurs mainly at its tip. Farther downstream, the 

vortical structures indeed return to the proximity of the wall in the reattachment region. Dupont 

et al. in their spatial and temporal studies of incident SWBLI (2006) have determined that 

energetic frequencies tend to decrease along the separated flow region, noting that in subsonic 

recirculating flows, such frequency evolutions are associated with large-scale structures that are 

convected in a mixing layer that develops downstream of flow detachment. 

 So far, with the current results, the following inferences have been established a) the 

presence of low order frequencies in the region of separation shock and near the bubble region, 

which can also be termed as intermittent region. b) the back and forth motion of the separation 

bubble and the reattachment region near the wall can be attributed to the presence of this 

intermittency in the flow field. However, from the current experiment c) the presence of 

frequencies near the interaction zone, pertaining to regions closer to transmitted shock did show 

some relatively higher frequencies, but not significantly higher values in the range of St = 0.2 – 

0.5.   

4.E.3. Incoming boundary layer: 

We now wish to shed some light on the role of incoming turbulent boundary layer. There 

have been many previous records and discussions arguing about the impact of incoming 

turbulent boundary layer on the separation shock’s low frequency oscillations and on the 

separation bubble. Out of which Beresh et al. (2002), examined the role of the incoming 

boundary in a compression ramp interaction.  Beresh et al. (2002), mentioned that a fuller 

incoming velocity profile entering the interaction provides an increased resistance to flow 
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separation, which lead to a smaller separated flow region, and vice versa. It must be stressed, 

however, that given the limited coherence calculations of the present data, this relationship 

mentioned here may not be the strongest or important mechanism, but it can be used to represent 

the relation between the incoming boundary layer profile and separated flow region. However, 

results from the energy scale can be brought up here to express that there were no low frequency 

fluctuations present in the incoming boundary layer. 

 

Figure 4.47: Coherence obtained with first signal located in the incoming boundary layer.  

Figure 4.47, clearly establishes the reasoning for the current experiment that there is no concrete 

evidence of coherence present in between the incoming boundary layer with the other parts of 

flow region. So to conclude the aspect of coherence study in the incoming boundary layer region, 

it can be mentioned that the statistical link between the incoming boundary layer and separated 

flow region or reflected shock wave is less strong here. Indeed, in this aspect future work could 

be performed using PIV methodology to observe the vortical structures in the boundary layer 
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itself and how do they interact with the unsteady separation shock as studied by Morgan 2010 

and Pirozzoli et al. 2010. 

4.E.4 Compression band and reattachment regions: 

As the separation bubble just downstream the separation shock is subjected to the low-

frequency fluctuations, the intensity of the reflected compression waves, created just upstream of 

the expansion wave, were also modulated at low-frequency. Compression waves which were 

present in between the reflected shock and the expansion fan merge with the reflected shock 

further downstream. This suggests that, the intensity of the shock system varies according to the 

size of the interaction: separation-shock intensity remains nearly constant, but is strengthened by 

the compression waves.  
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Figure 4.48 Coherence obtained with first signal located below expansion region and closer to 

reattachment region. Top figure indicates the coherence (coherent structures) while bottom 

figure indicates the frequencies at which these coherent structures exist. 

 

The above figure 4.48 explains the connection between the compression waves that could 

have been formed just above the expansion fan and below the reflected shock also exhibit low 

frequency motions as seen in case of separation shock. Below figures 4.49 and 4.50 explain that 

the coherent structures were present in the compression waves present in the reattachment part of 

the flow. And these coherent structures also exhibit frequencies closer to the low level 

frequencies obtained in the part of reflected shock. These figures when compared to the figures 
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4.18 and 4.19 which correspond to the Strouhal calculations also express similar observations. In 

conclusion to the coherence study, it can be clearly mentioned here that the regions of interest 

such as the separation shock, compression zones in the reattachment or just below the reflected 

shock and flow near the separation bubble closer to separation shock, presented here showed 

coherent structures in the flow related to low frequency range.  
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Figure 4.49. Coherence obtained with first signal located in the reattachment compression 

region. Top figure indicates the coherence (coherent structures) while bottom figure indicates 

the frequencies at which these coherent structures exist. 
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 Figure 4.50. Coherence obtained with first signal located in the reattachment compression 

region.  Top figure indicates the coherence (coherent structures) while bottom figure indicates 

the frequencies at which these coherent structures exist. 
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CHAPTER 5 

CONCLUSIONS AND FUTURE WORK 

RSD together with image processing, ensemble averaging, FFT, coherence, snapshot 

POD and DMD techniques have been used to study the flow structure of the shockwave 

boundary layer interaction of an oblique shock originating from a wedge of 12° inclination for 

5000 Hz and 30,000 Hz cases. Even though 30,000 Hz data and results could capture the desired 

flow features and corresponding frequency information, 5000 Hz data and results were included 

in this research to explain that 5000 Hz data could also capture portions of low frequency 

fluctuations present in the flow. The ensemble averaging results shows the different regions of 

the flow field including the incident, reflected, transmitted and separation shock waves, the 

separation bubble, the expansion zone and the compression waves downstream of the separation 

bubble. The RMS deflections calculated indicate that regions of increased fluctuations are 

located along the separation and reflected shock waves, at the edges of the compression zone and 

the separation bubble and the foot of the expansion zone. The FFT technique results indicate that 

high power regions are concentrated along and around the shock waves. The dominant frequency 

calculations indicate low frequency regions are concentrated surrounding the separation and 

reflected shocks and over the first half of the separation bubble. Same calculations also show that 

the dominant frequencies along the foot of reflected shock tend to be lower than 1000 Hz. 

Coherence study provided the information on coherent structures present in the flow field and 

their corresponding frequencies. POD results for the first 9 highest energy modes gave 

information about flow structures which were dominant respectively in those modes. Distinct 

features around the separation, reflected shocks, over the  separation bubble, and at the edges of 

the compression zone are observed. DMD analysis not only helped in identifying the dynamic 
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modes and corresponding flow structures but also was helpful in differentiating the results 

obtained using the snapshot POD. There by the flow structures corresponding to the modes and 

their corresponding frequencies at which these structures appear were obtained. Below are the 

points that could be mentioned as conclusions related to all the methods that were covered in this 

experiment.  

 The RMS values were dominant in the region of shock-shock interaction and also 

near the separation and transmitted shock region and near the expansion region as 

well. The energy scale plots and the DMD plots also showed higher fluctuations 

at low to mid-level frequencies near these regions.  

 From the FFT results, the power distribution in the flow corresponding to the low 

frequencies decreased considerably as the frequency increased.  

 Strouhal number calculated for separation shock, for both the 5000 Hz and 30,000 

Hz data fell in the range of 0.03 to 0.08 which compares well with the literature.  

 POD modes displayed dominant structures present in the flow. The important 

observation was that the energy decreased at a faster pace with respect to increase 

in the mode number. Hence only the first nine modes were chosen to study the 

coherent flow structures. 

 POD displayed coherent structures present in the flow but the energy ranking of 

the modes could not give the dynamic behavior of the system. 

 DMD modes gave detailed information regarding the coherent flow structures 

present at certain frequencies. However, the flow structures appeared to be 

saturated once the frequency increased from mid-level to higher frequencies. 
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 No coherent structures were found in the flow corresponding to the incoming 

boundary layer. 

 Both the reflected shock and the separation shock fluctuated at low frequencies. 

 The separation shock had been observed to move back and forth with low speeds 

and contain hairline structures. Due to the coherence between the separation shock 

and upstream portion of separation bubble region, both these structures move in 

tandem at slow speeds.  

 The interaction zone region surrounding top upstream portions of shear layer, in the 

current experiment also provided low frequency dominated flow structures.  

 The flow near the transmitted shock region provided the frequencies, which were 

mixed ranging in between 1000 Hz to 2000 Hz. 

 Parts of compression region just below the reflected shock behaved similar to the 

separated shock region upstream of the separation bubble.  

 Flow downstream of the expansion fan closer to the reattachment compression 

region also displayed relatively low frequency motions. 

Future work:  

To observe much detailed flow structures in the interaction zone, non-intrusive 

techniques such as PIV, LDV can be utilized. Application of Particle Image Velocimetry (PIV) 

along with usage of pressure transducers under the separation shock, separation bubble and 

reattachment region can be done, so that recirculation bubble region can be studied more 

elaborately. Influence of vortical structures in the incoming boundary layer and in the interaction 

region could be studied using the PIV method. Utilization of pressure transducers in various 

parts of the bottom wall would help deduce insights in SWBLI flow structures, as the data 
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collected near the boundary layer, near separation shock and near the separation region would 

cast light on unsteady flow features in these corresponding regions. This data can further give 

more details about the flow separation specifically. As SWBLI flow structures are three 

dimensional in nature, study with respect to the 3D effects could also be considered as part of 

future work. 
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APPENDIX 

 

MATLAB programs: 

This section provides with the MATLAB code that had been used for the majority of the work. 

 

A.1 Filter Calibration code: 

clc 

clear all 

close all 

double all 

 

totalfiles=124; 

 

fid = fopen('fnames.txt'); 

fid2 = fopen('calib.txt','wt'); 

 

for i=1:totalfiles 

     

    calibpics=fgetl(fid); 

    pic=imread(calibpics,'tif'); 

    [x] = rgb2hsv(pic); 

    hue = x(:,:,1).*360; clear x 

    hue=imcrop(hue,([116.5 43.5 219 101])); 

    ahue = mean(hue(:)); 

    sd = std(hue(:),1); 

    dis = (i-1)*0.05; 

    fprintf(fid2,'%g %g %g',dis,ahue,sd); 

    fprintf(fid2,'\n'); 

    hu(i) = ahue; 

    distance(i) = dis; 

    std_deviation(i) = sd; 

     

end 

fclose(fid); 

fclose(fid2); 

 

X = distance; H = hu; Stderr = std_deviation;  

save('filter_calibration.mat','X','H','Stderr'); 

% errorbar(distance,hu,std_deviation); 

title('Filter Calibration Curve'); 

hold on
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plot(distance,hu,'-r'); 

grid on 

h1 = xlabel('Transverse displacement'); 

h2 = ylabel('Average Hue of image'); 

hold off
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A.2. SWBLI code: 

clc 

clear all 

double all 

format short 

close all 

 

% actual files 50969 

%  numberoffiles=4096; %4096 for POD 

numberoffiles=50969; 

%Image Dimension 

width=429; 

height=158; 

 

calibrationim = imread('D:\SWBLI\Background.tif'); 

 

% figure(5);imshow(calibrationim) 

% imcrop(calibrationim) 

calibrationim=rgb2hsv(calibrationim); 

backgroundhue=mean(mean(imcrop(calibrationim(:,:,1).*360,[116.5 43.5 219 101]))); 

load('D:\ SWBLI\Calibration\filter_calibration.mat','X','H'); 

 

range=124; 

for i=1:range 

    hue(i)=H(i); 

    distance(i)=X(i); 

end 

 

zeroshift=interp1(hue,distance,backgroundhue,'linear','extrap'); 

distance=distance-zeroshift; 

 

figure(1),plot(distance,hue); 

grid on; 

 

 %ENSEMBLE AVERAGING TECHNIQUE 

 

ind=zeros(height,width,numberoffiles); 

imdeflect=zeros(height,width); 

s=zeros(height,width); 

ss=zeros(height,width); 

fid2 = fopen('fnames.txt');



119 

 

for ic=1:numberoffiles 

    ic 

fname=fgetl(fid2); 

h=imread(fname); 

h=h(:,:,1); 

h=im2double(h); 

    hh=h*360; 

imdeflect=interp1(hue,distance,hh,'linear','extrap'); 

s=s+imdeflect; 

ind(:,:,ic)=imdeflect(:,:); 

ind2(:,:,ic)=hh(:,:); 

end 

  

distmean=s/numberoffiles;  

disp('hi'); 

figure(3);contourf(flipud(distmean)) 

colorbar ('EastOutside') 

 colormap('Jet') 

 fclose(fid2) 

 

distflucsq=0; 

indf=zeros(height,width,numberoffiles); 

fid2 = fopen('fnames.txt'); 

for ik=1:numberoffiles 

    ik 

fname=fgetl(fid2); 

h=imread(fname); 

  h=h(:,:,1); 

h=im2double(h); 

   hh=h*360; 

imdeflect=interp1(hue,distance,hh,'linear','extrap'); 

distflucsq = distflucsq + times((imdeflect-distmean),(imdeflect-distmean)); 

indf(:,:,ik)=imdeflect-distmean; 

end 

distfluc=distflucsq.^0.5/numberoffiles;  

fclose(fid2) 

disp('end of indf'); 

 figure(4);contourf(flipud(distfluc)) 

colorbar ('EastOutside') 

 colormap('Jet')
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A.3. FFT ANALYSIS  code 

 

% fluctuating deflection length values 

 

%filtering the data here 

[b,a]=butter(8,0.99) 

for i=1:height 

    i 

    for j=1:width 

        xfilter=indf(i,j,:); 

indf(i,j,:) = filtfilt(b,a,xfilter); 

    end 

end 

 

divider=12; 

Fs = 30000;                              % Sampling frequency 

T = 1/Fs;                               % Sample time 

 

L = numberoffiles/divider;                      % Length of signal 

 

NFFT = 2^nextpow2(L);                    

kcount=NFFT/2+1;                         

Py=zeros(height,width,kcount,divider); 

Yd=zeros(height,width,kcount); 

 

for fftc=1:divider 

for i=1:height 

    i 

    for j=1:width 

      Y = fft(indf(i,j,(fftc*L-L+1):(fftc*L)),NFFT)/L; 

          for k=1:NFFT/2+1 

              Py(i,j,k,fftc)=2*abs(Y(k)); 

          end 

    end 

end 

f = Fs/2*linspace(0,1,NFFT/2+1); 

delf =(f(2)-f(1)) 

fftc 

end 

disp('end of fft');
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A.4. Snapshot Proper Orthogonal Decomposition code: 

 

% %Defining the Nt by Nt velocity correlation matrix givrn by their equation 

phi=zeros(height,width,numberoffiles); 

ind2=zeros(height,width,numberoffiles); 

ind3=zeros(height,width,numberoffiles); 

 

R=zeros(numberoffiles,numberoffiles); 

 

for kk=1:numberoffiles 

for ll=1:numberoffiles 

     

            R(kk,ll)=sum(sum((ind(:,:,kk)).*(ind(:,:,ll)))); 

  

end 

end 

R=R/(height*width); 

[V,D] = eig(R);      %eigenvalues are found 

 

for nind=1:numberoffiles 

    nind 

for ic=1:numberoffiles 

    phi(:,:,nind)=phi(:,:,nind)+V(ic,nind)*(ind(:,:,ic));   %forward transfer to define the data in new 

coordinate systems 

end 

end 

 

for ic=1:numberoffiles          %back tranfer using the dominant eigenmode 

    ic 

for nind=numberoffiles:numberoffiles 

    ind2(:,:,ic)=ind2(:,:,ic)+V(ic,nind)*(phi(:,:,nind)); 

end 

end 

 

for ic=1:numberoffiles          %backward transformation using all the other eigenmodes 

    ic 

for nind=1:numberoffiles-1 

    ind3(:,:,ic)=ind3(:,:,ic)+V(ic,nind)*(phi(:,:,nind)); 

end 

end 
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ind3=zeros(height,width,numberoffiles); 

 

for ic=1:numberoffiles 

     

    for nind=1:numberoffiles-1 

        ind3(:,:,ic)=ind3(:,:,ic)+V(ic,nind)*(phi(:,:,nind)); 

  end 

   

end 

 

% sss=0; 

ssss=0; 

for ic=1:numberoffiles              %finding the averaged image using the dominant eigenmode and 

the other eigenmodes 

% sss=sss+ind2(:,:,ic); 

ssss=ssss+ind3(:,:,ic); 

end 

% sss=sss/numberoffiles; 

ssss=ssss/numberoffiles; 

 

figure(12); imagesc((ssss)) 

set (gca,'FontSize',14) 

% title('average deflection length calculated using other modes except highest mode', 

'FontWeight','bold') 

colorbar ('EastOutside') 

colormap('Jet') 

  

  

 figure(11); imagesc((sss)) 

 set (gca,'FontSize',14) 

 title('average deflection length calculated using the highest mode', 'FontWeight','bold') 

 colorbar ('EastOutside') 

TE=trace(D) 

figure(9),bar(1:ic,diag(D)); 

title('Energy'); 

xlabel('Mode number'); 

ylabel('Energy associated with POD modes');
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A.5 Coherence code: 

clc 

numberoffiles=50969; 

Fs = 30000;        

T = 1/Fs;          

L = numberoffiles; 

NFFT = 2^nextpow2(L);                    

kcount=NFFT/2+1;                         

f = Fs/2*linspace(0,1,NFFT/2); 

delf=(f(2)-f(1)); 

xax=(1:kcount)*delf;  

xaxc=xax(175:32769)'; 

 

Cx1(:,1)=indf(129,349,:);% x - signal 

 

tic 

for Cpt=1:2; 

   Cx=Cx1(:,Cpt);  

  

    count=0; 

    counter=0; 

    cj=156; 

    for i=40:2:348 

        i 

        for j=cj:2:156 

 

     

         count=count+1 

           Cy=indf(j,i,:); 

           Cy=Cy(:); 

 

           Cxy=mscohere(Cx,Cy,hamming(512),256,65536,30000); 

             [pk,loc]=findpeaks(Cxy(175:32769,1),xaxc,'SortStr','descend','Npeaks',5); 

 

             meanpeak=mean(pk); 

             meanloc=mean(loc); 

             mpk(j,i,:)=meanpeak; 

              

 

             if meanpeak<0.1 

                     xaty(j,i,:)=15;
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             else 

                    xaty(j,i,:)=meanloc; 

 

                end    

                 

        end 

            cj=cj-1; 

            if cj==1 

            break 

            end 

 

 

    end 

 

 %Rectangle region 

    counter=0; 

    for i2=350:2:384 

      i2 

      if i2==384 

          break 

      end 

        for j2=156:-2:1 

        j2    

   

           Cy=indf(j2,i2,:); 

           Cy=Cy(:); 

           Cxy=mscohere(Cx,Cy,hamming(512),256,65536,30000); 

 

            [pk,loc]=findpeaks(Cxy(175:32769,1),xaxc,'SortStr','descend','Npeaks',5); 

 

             meanpeak=mean(pk); 

             meanloc=mean(loc); 

             mpk(j,i,:)=meanpeak; 

              

            %for location of corresponding peak on x-axis i.e freqs. 

             if meanpeak<0.1 

                     xaty(j,i,:)=15; 

             else 

                    xaty(j,i,:)=meanloc; 

                     

                end 

        end 

    end 

 

    filename = [ 'Coherence_filename_', num2str(Cpt), '.mat' ]; 

    save(filename,'mpk','xaty'); 
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     clear Cx Cy Cxy  P S Cxy_curv pk  loc maxCxy mpk xaty val cj  

end 

toc 

 

figure(1),imagesc(mpk); 

colorbar('eastoutside'); 

colormap('jet'); 

 

figure(2),imagesc(xaty); 

colorbar('eastoutside'); 

colormap('jet');
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A.6 DMD code 

 

clc 

close all 

clear all 

double all 

 

% Step 1: Define the location of the data and timestep 

dt=  3.3333e-05 

n   = 50969; 

npx = 333; 

npy = 157; 

m   = npx*npy; 

 

 

% Step 4: Read in the snapshots to form the D1ˆ(N-1) matrix 

tic 

fid2 = fopen('re_fnames_10k.txt'); 

for i = 1 : n-1 

    i 

    fname=fgetl(fid2); 

    h=imread(fname); 

    h=double(h); 

    h=reshape(h(:,:),[],1); 

    D1(:,i) = h; 

end  

fclose (fid2) 

toc 

 

 

% Step 5: Read in the snapshots to form the D(2)ˆ(N) matrix 

tic 

fid2 = fopen('re_fnames_10k.txt'); 

    fname=fgetl(fid2); 

    s=imread(fname); 

for i = 2 : n 

    j = i - 1; 

    fname=fgetl(fid2); 

    s=imread(fname); 

    s=double(s); 

    s=reshape(s(:,:),[],1);
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    D2(:,j) = s; 

end 

toc 

fclose (fid2) 

 

 

tic 

% Step 6: Execute economy size SVD of D1 

    [U,S,V] = svd(D1,'econ'); 

toc 

 

 

Atilde=U'*D2*V*inv(S); %the companion matrix or final matrix whose Eig 

                        %gives the details about the DMD modes 

                         

[W,lambda]=eig(Atilde); 

 

eigs=lambda; 

eivreal=diag(real(lambda)); 

eivimag=diag(imag(lambda)); 

 

%For Ritz plots 

siz=10;  

figure(50),scatter(eivreal,eivimag,siz,'filled'); 

pbaspect([1 1 1]) 

hold on, grid on  

theta=(0:1:100)*2*pi/100; 

plot(cos(theta),sin(theta),'g--') 

% title('Ritz values'); 

xlabel('real eigen values') 

ylabel('imaginary eigen values') 

 

% spectrum plot 

divreal=real(diag(log(lambda))/dt/2/pi); 

divimag=imag(diag(log(lambda))/dt/2/pi); 

sz = 10; 

figure(6),scatter(divimag,divreal,sz,'filled') 

 

 

Phi=D2*V*inv(S)*W; %modes 

Dmdfreqs=log(diag(lambda))/dt/2/pi; %frequency bins 

b=Phi\D1(:,1); 

 

 

omega=diag(lambda); 
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%reconstruction 

X=Phi*diag(b); 

 

for i=1:n-1 

    vandermonde(:,i)=omega.^(i-1); 

end 

 

FlField=X*vandermonde; 

Flfield=real(FlField); 

Flfield=reshape(Flfield,157,333,n-1); 

 

%Plot reconstructed images 

for k=1 

    figure(k),imagesc(Flfield(:,:,k)); 

end
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A.7 Input files for the codes: 

 

 Calibration, SWBLI and DMD codes mentioned above requires an input file with all the 

file names along with file extensions.  

 The captured test images were cropped using MATLAB’s image processing library’s 

‘imcrop’ function and then supplied to the above programs. 
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A.8 Wind tunnel operation  

 

During the current research it was found that previous user guides were inadequate when 

attempting to use the high speed wind tunnel. To help future tunnel operators, a new procedure 

was developed and is included in this appendix. Images are included to make the process easier 

as some of the explanations in previous guides proved difficult to understand.  

 In order to operate the compressors to fill the tank bring the switch to the position shown 

to turn on the compressors. Switch can be found in the room behind the storage tank. 

 

 

  
 

 Press the Start button the control panel of the compressors. 
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 Turn on the dehumidifier to the Dryer on position.  

 

 
 

 

 It is advised to charge the tank to 140 psi for optimum usage of the supersonic wind tunnel 

for the existing assembly (mach3 nozzle, wedge on top of test section for SWBLI). 

 

 

 
 

 Open the valve, which is located at the corner of the supersonic tunnel lab to supply air to 

the butterfly control valve. Clear the filters at regular intervals to avoid moisture or water 

entering the butterfly valve. Pressure gage should read 45 psi which is required to control 

the valve.  
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 Pressure regulator as seen below should be maintained at 65 psi for current assembly. 

 

 
 

 Open the valve on the 1000 ft3 storage tank to let the air supply into the supersonic wind 

tunnel.  

 

 
 

 Use the button on the rectangular box to control the butterfly valve present on top of the 

meshed pipe. 

 

   
 

 

 Once the tunnel usage is completed, turn off the air supply from the storage tank by 

turning of the valve as explained earlier. Turn off the air supply to the butterfly valve 

which is located at the corner of the room.  

 If moisture or water enters the butterfly valve, it would not operate normally, so carefully 

dry it before operating. 

 If water enters the pressure regulator, the tunnel would not operate normally, in that 

situation, remove the top portion of the pressure regulator and dry it carefully. Once it is 

dried replace the lid with the nuts and bolts without altering the diaphragm’s (present 

inside the regulator) location.  

 


