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ABSTRACT 

The research presented in this dissertation focuses on understanding and passively 

controlling the unsteadiness of the flow that occurs in cavity flows. Flow passing over a cavity 

generates turbulent structures that result in pressure fluctuations in the cavity that exhibits itself 

as noise at selected tonal frequencies. The unsteadiness and the presence of the turbulent 

structures can be strong enough to damage the equipment that is stored in these cavities. 

Understanding the flow unsteadiness and determining the means to control it is an important 

research area that has been undertaken over the past several decades. High speed cavity flow 

presents several problems when used in practical applications. At lower speeds, vibrations can be 

controlled with ramps and/or flaps; however, there is a current need to provide a better 

understanding of supersonic flow around a cavity to allow future aircraft to release payload at 

high speed. Most of the previous research on cavity flows has been done on rectangular cavities 

and has provided guidelines for determining dominant frequencies and other flow properties over 

a cavity. This project focuses on understanding the flow unsteadiness in more of a basic 

configuration, namely over an axisymmetric cavity, to eliminate the effects of the side walls on 

the flow development. Such research is scarce in the literature, although it is a building block in 

understanding the nature of the cavity flows.  

The results of the current research agree well with the previous research conducted on 

rectangular cavities. The measured tonal frequencies match the predicted Rossiter modes that are 

well defined for rectangular cavities. The pressure data obtained at the cavity walls has shown a 

decrease in sound pressure levels at the various tonal frequencies when the cavity is lengthened. 
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It is also shown that replacing the back wall of the cavity with a half-height wall results 

in both positive and negative effects to the tonal frequencies. At the front wall pressure 

fluctuations are reduced at all cavity lengths; however, the rear wall shows significant increase in 

pressure fluctuations for the medium and large cavity lengths. 
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CHAPTER 1 

INTRODUCTION 

Cavity flows have been studied for many years in a variety of flow regimes. The first set 

of research was undertaken in the 1950s and was focused on understanding and eliminating the 

structural vibrations that were caused by the cavity flows [1]. Cavity flows are common for many 

aircraft and occur frequently. Components that cause cavity flows include weapons bays, open 

cockpits, landing gear bays, and escape hatches. The effects of the flow unsteadiness can cause 

dangerous scenarios for the craft and its crew. 

One of the first papers to specifically consider the topic of cavity flow was written in 1955 

by Anatol Roshko [1]. The research was conducted to study low speed flow over a rectangular 

cavity of varying depth to determine the primary cause of increased drag associated with the flow 

field. Violent fluctuations in pressure and velocity were also mentioned but technology of the 

period prevented the study of these effects. Another objective of the study was to observe possible 

causes of the significant noise production associated with cavity flow. At speeds of 75 and 210 ft/s 

Roshko measured the pressure distribution and velocity using static ports and pitot probes along 

the walls and the cavity floor. His results showed that for certain cavity geometries it was possible 

to produce a single stable vortex that spanned the entire length of the cavity. Results also showed 

that skin friction had a very minimal effect on drag, but may be key cause in determining the 

stability of the vortex. The vortex and associated sound waves are created by the separated 

boundary layer’s interaction with the cavity rear wall. Based on the results Roshko hypothesized 

that the fluctuations in pressure and velocity were due to a 
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“switching” between two possible stable states, but the properties of these states could not be 

measured. Pressure fluctuations occurred for configurations adjacent to those for which stable 

systems may exist. The research by Roshko is still referenced and provides a good starting point 

for studying cavity flows. 

 One of the most important studies of cavity flow was performed by Rossiter in 1966 [2]. 

Rossiter’s research was focused on determining an analytical equation to predict resonant 

oscillation frequencies. Using differential capacity-type pressure transducers and tape recorders, 

he was able to record pressure data and subsequently perform frequency analysis on the data. The 

transducers were placed at 9 positions along the roof of the cavity and at 3 positions at the aft of 

the cavity. He also measured pressure fluctuations span wise in the cavity which revealed the three-

dimensionality associated with that cavity flow. He then varied the width of the cavity to study the 

effect of the width on the cavity. His work led to several revelations. First, he found that the relation 

between the thickness of the boundary layer prior to the cavity on the fore body and the cavity 

depth is important in determining the pressure fluctuations inside the cavity. The study also showed 

that increasing Mach number decreases the intensity of the pressure fluctuations. One of the most 

important observations made was that the resonant frequency of the oscillations was inversely 

proportional to the cavity length. This allowed him to construct a formula using work that was 

previously done by Brown to model the “edge tone” produced by a wedge placed in a laminar jet. 

This model is presented in equation 1.1. 

𝑓 =
𝑈

𝐿

(𝑚−𝑎)
1

𝑘𝑣
+𝑀

       (1.1) 

In this equation m is an integer associated with each modal resonant frequency. The variables a 

and kv are empirical constants and were determined through his experimentation. The variable kv 

was found to be 0.57, but a varied with the length to depth ratio. The a value for different L/D are 

2



given in Table 1.1 [2]. Rossiter’s work was so critical to the study of cavity flows that the modal 

frequencies are now referred to as Rossiter modes. 

Table 1.1 Values of a 

L/D a 

4 0.25 
6 0.38 
8 0.54 
10 0.58 

 

 Another significant study was performed by Heller, Holmes, and Colvert while working 

for the Air Force Flight Dynamics Laboratory in 1970 [3]. It was one of the most thorough studies 

into cavity flows that has been conducted. They studied shallow cavities at speeds ranging from 

Mach 0.8 to 3. They also studied the effects of various store arrangements within the cavity. Their 

work revealed that resonant frequencies propagate in the vertical direction for deep cavities and in 

the flow direction for shallow cavities. Most importantly they improved Rossiter’s formula by 

assuming the speed of sound in the cavity is equal to the stagnation speed of sound. Their equation 

is presented below [4]. 

𝑓 =
𝑈

𝐿

(𝑚−𝑎)

1

𝑘𝑣
+(1+

𝛾−1

2
𝑀2)

1
2

       (1.2) 

This change improved the accuracy of the predicted frequencies and is still used to model cavity 

flow studies today. 

 In 1975 researchers turned their focus to mitigating the pressure fluctuations. Franke and 

Carr studied cavity geometry modifications to suppress fluctuations [4]. Their study first began by 

selecting 60 different cavity geometries that would be tested on a water table. This preliminary 

study allowed them to select a handful of geometries that were tested in air at Mach 1.6. Their 

promising geometries included models with ramps, spoilers, stores, and baffles. Their results 
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showed that stores functioned well at mitigating fluctuations if they spanned the length of the 

cavity and brushed against the shear layer. The most promising geometry was a 15% ramp applied 

to both the leading and trailing walls. These ramps were inclined downwards in such a way that 

they reduced the height of the cavity. While this geometry functioned well at specific test 

conditions, varying the Mach number or cavity length lead to increase in fluctuations [4]. Heller 

and Bliss [5] continued the study of rectangular cavities and reached conclusions similar to Franke. 

They also added a spoiler just ahead of the trailing ramp to interact with the shear layer. They 

determined that the addition of this spoiler further improved the damping of the oscillations. 

 Later in 1977 Sarohia et al. [6] published their work on active damping of the flow 

oscillations. They studied the effects of mass injection at the base of the cavity. Their study 

involved two separate models. The first one was a circumferential cavity along the throat of a 

nozzle, and the second was an annular cavity, with a 5.08 cm diameter ogive nose, placed in an 

open jet tunnel. The Mach number ranged from 0.1 to 0.5. The study showed that a certain mass 

ejection would eliminate cavity noise for a specific geometry and Mach number. The amount of 

mass injection required had to be varied to work effectively at different geometries or speeds. 

 Research continued into the 21st century with studies to compare numerical simulations to 

empirical data [7-10]. The continued work was partially driven by attempts to develop scramjet 

engines [8]. Cavity flow presents a possible option for fuel and oxidizer mixing in a supersonic 

combustor. In 2009, Hillier and Mohri presented a detailed study on annular axisymmetric cavities. 

They compared the effects of laminar vs turbulent boundary layers on cavity oscillations. These 

results were then used to corroborate their 2D CFD solutions [10]. 

 Studies in the current decade are focused on using more advanced diagnostics to model 

oscillations and develop methods to mitigate them [11-14]. Vikramaditya et. al. used piezoelectric 
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transducers and Morlet wavelet transform to analyze the frequency distribution [11]. They later 

studied the effects of various wall geometries on the oscillations using the same method [12]. 

Another study of note was performed by Vaidyanathan et. al. [14] with a focus in mitigating the 

pressure fluctuations. For this purpose, geometry changes were made to avoid shear layer 

interaction with the rear cavity wall. The rear cavity wall height was reduced by 5% and 10% in 

their experiments. Their work showed a slight reduction in the amplitude of oscillations with a 5-

10% offset.  

 In the current research pressure sensors have been used to observe the pressure fluctuations 

inside the cavity on the cavity walls to see the effect of the cavity geometry on the predicted 

Rossiter modes. A high speed camera has been used to obtain color schlieren images of the flow 

field inside the cavity. The research was conducted on axisymmetric cavity geometry at different 

cavity lengths, different rear wall heights, and different Mach numbers. Results presented include 

the fluctuating pressure data obtained using two separate sets of test equipment and the flow 

features obtained using the color schlieren technique.  

In Chapter 2 the models and the design methodology used in the current study are 

introduced. Chapter 3 summarizes the experimental setup and the instrumentation used during the 

research. Chapter 4 describes the details of the data reduction procedures for each data set. Chapter 

5 presents the results obtained from the study. Chapter 6 summarizes the conclusions made from 

the results of this effort. 
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CHAPTER 2 

MODEL DESIGN 

 In this chapter, the models used in the current study are introduced. The models were 

designed to be large enough that they can be used in the UA large supersonic wind tunnel with a 

6” X 6” cross section wind tunnel without the presence of shock waves in the cavity section of the 

models. For this purpose, first, a series of CFD solutions were obtained to demonstrate that there 

would not be any reflected shock wave present in the cavity. 

2.1 Computational Study 

 Computational Fluid Dynamics (CFD) was used to perform preliminary analysis while 

designing the models. The design objective was to prevent the reflected shocks from interfering 

with the flow inside the cavity by selecting the correct nose shape and diameter. Based on previous 

work in the 6” X 6” cross-section supersonic tunnel at The University of Alabama, a diameter of 

1.225” was selected [16]. This was required to limit the cross-section area occupied by the model 

to 6% in the test section and to allow a large enough diameter to fit the model attachment arm. The 

initial nose shape selected was a tangent ogive that was 2.45” long with an additional 1” cylinder 

aft of the nose. A tangent ogive was selected due to the large amount of experimental data 

available, which is in part due to the use of an ogive on the main fuel tank for the space shuttle 

[25]. Ansys Fluent was used to perform the turbulent flow analysis of the model. The CFD 

calculations were made at three different Mach numbers with the objective of determining the 

approximate Mach number of the flow above the cavity, and whether the reflected shock wave 

would interfere with the cavity. These results in addition to the 
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number of cells used for the mesh of each run are presented in Table 2.1. The results showed that 

there was still room to extend the nose to promote boundary layer transition. This resulted in a 

forward section that was 4.45”. With the extended nose length CFD results also showed that cavity 

lengths of up to 4” could be testes without the reflected shock entering the cavity. Figure 2.1 shows 

a plot of the expected shock wave locations for a Mach 2 run with a short cavity. 

Table 2.1: CFD Properties and Results 

Mach Cells 
Mach above 
Cavity Shock Interaction 

1.65 9373 1.5 Yes 

1.75 11743 1.69 Maybe 

2 16654 1.98 No 
 

 
Figure 2.1 Shock Wave Locations 

These results also show that the Mach number above the cavity is the same as in the freestream at 

Mach 2. After the nose shape and length were finalized three models of various cavity lengths 

were manufactured as described below. 
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2.2 Model Manufacturing 

Initially the model was designed to be 3D printed to allow for rapid testing of various 

geometries. It was considered that this would help ensuring the validity of the CFD calculation 

results, and that the reflected shocks would not enter the cavity. The 3D printing also enabled 

embedding the complex geometry needed to route cabling for pressure sensors into the model. 

However, during the preliminary tests, several of the 3D printed models sheared off at the rear 

cavity wall. To prevent this from occurring again, especially when the pressure sensors were 

installed, new designs were made that utilized both 3D printing and traditional machining. The 

nose section was printed to allow embedding a transducer in the front wall while the central tube 

and aft portion were machined. To allow for various length cavities the central tube was screwed 

into the other two sections. Two separate aft portions were machined to allow adjusting the height 

of the rear wall. The pressure port for the rear wall was also 3d printed as a channel that was 

inserted into a keyway machined into the aft portion of the model. This was due to difficulty in 

machining a small diameter hole into the thin wall of the model. The aft portion of the model was 

screwed to a ½-20 post on the sting of the testing arm. Figure 2.2 shows a rendering of the assembly 

with the smaller diameter aft portion installed. Figure 2.3 shows a 2D diagram of the various model 

dimensions. The depth (d1) of the cavity was 0.3025” for all cavity lengths. The rear cavity wall 

height (d2) was either 0.3025” for the full height or 0.1513” for the half back. The nose length (a) 

was 2.25”. The additional straight section (b) was 2”, and the rear section (c) was 3”. Table 2.2 

presents the different length (l) values used for the cavity. In the final models, there is a small 

difference in cavity lengths depending on which aft portion is attached and which cavity length is 

used. Table 2.2 gives both values.  
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Figure 2.2 Rendering of Cavity Model 

 

 
Figure 2.3 Cavity Drawing 

Table 2.2: Cavity Lengths (l) 

Size 
Full Back 

(in) L/d1 

Small 1.32 4.03 
Medium 1.84 6.08 

Large 2.4 7.09 
 

 In an effort to force transition small steel shot was glued to the nose 1” downstream of the 

tip. This length was chosen based on the transition region found in previous studies [26]. The beads 

were attached using epoxy resin in a strip a single bead wide. The bead diameter was 1.1 mm with 

a variance of ±0.1 mm. Figure 2.4 below shows an image of this strip. This was done during initial 

testing on the model. It was later found that it did not have a significant impact on the flow within 

the cavity, and was removed for final testing. Data for both an unbeaded and beaded nose was 
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collected using pressure transducers and color schlieren. For this study the results of the beaded 

case have not been processed in entirety. 

 
Figure 2.4 Transition Strip 
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CHAPTER 3 

EXPERIMENTAL INSTRUMENTATION AND SETUP 

 The experiments were conducted in two phases. After the initial phase of testing it was 

found that some of the experimental setup was inadequate for making the necessary measurements. 

This was due to a variety of factors. For the pressure data, there was an elevated level of 

background noise in the resulting data set that proved difficult to remove and made finding the 

modal frequencies difficult. To correct this, new equipment was purchased to reduce the noise 

level and provide more accurate pressure measurements. For the rainbow schlieren images the 

resolution was initially set to a low value to increase the frame rate of the camera. This made it 

difficult to make out flow structures, and the high frame rate also decreased the brightness of the 

images and resulted in noisy images. To mitigate this the frame rate was lowered, the resolution 

was increased, and the light source was replaced. Both experimental setups will be described and 

results from both the preliminary and final studies will be presented in this dissertation. 

3.1 Supersonic Wind Tunnel 

Experiments for this study were conducted in the large supersonic wind tunnel at the 

University of Alabama. The main components of the tunnel are shown in Figure 3.1. 
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Figure 3.1: Schematic of the supersonic wind tunnel, data acquisition, and actuator placement 

[15] 

 

The large supersonic wind tunnel has a 6″ X 6″ cross section test section and is a blow-down 

facility with a Mach number range of 1.85 to 3.34. It is equipped with a sliding block nozzle to 

adjust the throat area to allow for the given range of Mach numbers. The system includes a 1,000-

cubic foot, high-pressure, air-storage tank, two Ingersoll Rand compressors as well as an Ingersoll 

Rand dehumidifier accessory. Plenum chamber pressure is controlled using three pressure 

transducers together with a fuzzy logic controller for the butterfly valve [15]. The parts used for 

pressure control are listed below and a schematic drawing of the components is shown in Figure 

3.2. 

1. Bray Controls pneumatic-actuator-controlled butterfly valve 

2. BLX V100 valve positioner 

3. Keithley KPCI 1802-HC data acquisition board 

4. Keithley STA 1800-HC I/O screw terminal board 

5.       Omega Engineering CCT signal conditioners. 

6.       Setra 205-2; 0-200 psia pressure transducers 
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7.       Setra 24 V DC power supply for Setra pressure transducers 

8.       135 psig Independent air supply 

9.     DELL PC and National Instruments LabVIEW 7.0 

 
Figure 3.2: Mass Flow Rate Control Instrumentation and Data Acquisition Setup [15] 

The computer is connected to the Keithley board, and the fuzzy logic controller controls an analog 

output of 0-10 V to regulate the butterfly valve setting for 0 to 90 degrees. This 0-10 V signal must 

be transformed into a 4-20 mA signal, using the Omega signal conditioner, to be interpreted by the 

BLX V100 valve positioner. The positioner then regulates the supply of air from the auxiliary air 

supply into the butterfly valve’s pneumatic actuator. The valve setting is dependent on the pressure 

readings in the storage tank, plenum chamber, and test section. These values are recorded in real 

time by the Setra transducers which are each connected to analog input channels on the Keithley 

board. 

During a recent study, it was determined that tunnel needed recalibration to determine the 

Mach number in the test section [16]. Prior to that study, the tunnel was previously calibrated in 

2006 when Lewis reworked the control program to automate the tunnel runs [15]. The calibration 

was used to determine the relation between the counter number, that is used to determine the 
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location of the sliding bottom wall, and the Mach number in the tunnel. The bottom wall of the 

tunnel is actuated using a motor/worm-gear mechanism. The calibration was performed using two 

methods. The first technique used to calculate the Mach number in the test section was to measure 

the shock angles on a two-dimensional wedge at several throat settings. The schlieren system was 

used to visualize the flow over the wedge, which allowed the shock angles to be measured. Lewis 

determined that the lowest possible counter number setting of 0004 resulted in a Mach number of 

1.75. The highest setting was a counter number of 2500 and resulted in a Mach number of 3.65 

[15]. While this method is a simple way to check the Mach number of the tunnel, it can be 

inaccurate due to difficulty in measuring the shock-wave angle from the schlieren pictures. In 

addition, asymmetric geometry of the tunnel wall results in non-symmetric boundary layer 

development on the bottom and the top walls of the tunnel making the Mach number distribution 

in the tunnel non-symmetric. A picture of the wedge being tested during the most recent calibration 

at a counter number of 1500 can be found in Figure 3.3. 

 

Figure 3.3: Wedge at Counter Number 1500 

To insure the accuracy of the wind tunnel calibration, Lewis also conducted a calibration 

based on normal shock relations. A pressure rake equipped with nine Pitot probes was designed 

and built for that purpose. The Pitot pressures and velocities were measured at a variety of throat 
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settings, but the tunnel was unable to start at the extreme throat settings below 1500 and above 

2250 due to the size and of the pressure rake inside the tunnel. The pressure rake showed a variance 

in Mach number near the walls of the tunnel, especially at the bottom wall, but confirmed that the 

center of the test section was at a uniform Mach number [15]. This calibration is more accurate 

and insensitive to flow irregularity, but is more intensive, and not functional for all throat settings. 

 During the current research, it was found that the sliding block of the tunnel could no longer 

be moved to a location corresponding to a counter number setting below 0435. To ensure the 

counter had not shifted since the last calibration the tunnel needed to be recalibrated. It was decided 

that a calibration using the two-dimensional wedge technique would be sufficient to confirm that 

calibration already made by Lewis was still valid, or if the counter number had shifted. Since the 

tunnel has not been modified in any way since the last calibration, this method was deemed 

sufficient in determining whether the counter has shifted or if the bottom sliding block was jammed 

preventing the tunnel to run at low Mach number settings. It was decided that if the counter had 

shifted then the calibration made by Lewis could still be used with new counter settings. The results 

of the Mach number calibration can be found in Figure 3.4. 

 
Figure 3.4: Wind Tunnel Calibration 
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The results of the calibration show that the tunnels counter number has shifted slightly 

since the last calibration. By moving the old calibration up by 0300 on the counter setting the 

calibration realigns with the results of the new wedge calibration. The starting pressures were also 

recalculated using a similar method. To conduct the tests properly, both counter values 

corresponding to different tunnel Mach numbers and the corresponding starting plenum chamber 

pressure values need to be available when running the tunnel. A new sheet outlining the common 

run numbers was created for this purpose and can be found in Table 3.1.  

Table 3.1: Calibration Results for tunnel with object in test section 

 

3.2 Rainbow Schlieren Deflectometry System (RSD) 

An RSD system was used to observe the supersonic flow over and inside the cavity. RSD 

technique enables calculation of density gradients and subsequently the frequency of oscillations 

of the density gradients within the flow field by measuring the deflection in light due to the density 

gradients present in the flow. Figure 3.5 shows a diagram of the rainbow schlieren system. 

  

Counter Number Mach Number Starting Pressure

500 1.850 36.89

750 1.973 39.74

1000 2.114 43.95

1250 2.274 49.51

1500 2.451 56.42

1750 2.646 64.70

2000 2.860 74.33

2250 3.091 85.31

2500 3.341 97.65
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Figure 3.5 Rainbow Schlieren Apparatus, where (A) is the source aperture, (B) is the collimating 

lens, (C) is the decollimating lens, (D) is the rainbow filter, and (E) is the high-speed camera. 

In an RSD system, white light emerging from a source is passed through a slit and is then directed 

to a collimating lens. This collimating lens collimates the light into parallel rays which pass 

through the test section. The rays of light then pass through a de-collimating lens which focuses 

the light back to a slit. At this focus point a color filter is placed to “colorize” the light. The light 

passing through the filter is captured by a camera and recorded. If a density gradient occurs in the 

test region between the two lenses the rays of light will deflect by very small amounts. This 

refraction causes the rays to deflect and to pass through different portions of the filter resulting in 

different colors in the image. This deflection can then be determined based on the color through 

which the rays pass and by using a preliminary calibration. During the calibration the color filter 

is shifted by known increments while the color passing through is captured by the camera. The 

known amount of filter shift and the captured image colors allow determining a one-to-one relation 

between the deflections and the colors passing through the filter. 

3.2.1 Preliminary Rainbow Schlieren System 

For the first set of experiments, a system of 6” diameter parabolic mirrors were used to 

collimate and focus the light source. The mirrors had a focal length of 48”. The color filter was a 

35-mm slide with a strip of continuously varying colors, which can be seen in Figure 3.6. The filter 

is continuously graded with the full visible color spectrum and hence transmits the light of a 
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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 with a Nikon 

50mm lens.  

 
Figure 3.6 Asymmetric Color Filter 

The system utilizing the large 6” mirrors was selected to increase the visible region of the 

model and surrounding test section. The long focal length of these mirrors necessitated the use of 

a “Z”-style schlieren system.  A schematic of a Z type schlieren system can be seen in Figure 3.7. 

In this type of a system, the mirrors reflect the light at an angle, so the light source and camera 

must be offset by matching angles to ensure the image is not distorted. Though this system proved 

far more difficult to align than a typical schlieren apparatus, it did provide a larger visible region 

for the experiments. Figure 3.8 show a picture of the focusing mirror, filter, and camera used during 

the experiments. The light source and collimating mirror are oriented in a similar fashion of the 

opposite side of the test section. 
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Figure 3.7 “Z” Style Rainbow Schlieren System 

 
Figure 3.8 Color Schlieren Setup in 6” by 6” High Speed Tunnel 

The experiments were run with various configurations before choosing a specific set of 

parameters for the RSD system. The parameters that needed to be adjusted/changed were the light 

source, the aperture width, and the width of the color filter. Initial testing was conducted with a 

TECHNIQUIP-FOI-250 fiber optic light source; however, this proved insufficient for the 

experiments due to the large field of view. The light intensity provided by the light source was not 

strong enough for the camera to capture useable images. To remedy this problem LEDs (Cree 

XHP70 LED) were used. The results showed brighter images with easily discernible color 

gradients. The light source consists of 4 LED modules organized on a 7-mm square die. While it 

is typically better to use modules with a single point light source, the increased output of 4000 
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lumens at 32 Watts combined with a 150-μm-wide aperture provided better results. A Cree XML 

LED was also tested with satisfactory results but  the XHP70 was selected since it had a higher 

lumen output.. The LED was operated continuously throughout the experiment. An image of the 

Cree XHP70 LED can be found in Figure 3.9. The LED was attached to a heatsink and an 

aluminum reflector was used to direct the light onto the slit. 

 
Figure 3.9 Cree XHP70 

After the collimated light was passed through the tunnel it was focused onto the color filter. 

For these initial experiments, the width of the filter was varied from 2 mm to 2.5 mm depending 

on the range of density gradients in the tunnel. The hue value is measured in degrees with red 

representing 0°, yellow is near 60°, green at 120°, blue near 240°, and violet at 300°. The spectrum 

then repeats red at 360°. The filter used in the experiment was an asymmetric filter with center hue 

of 199°. In one direction, the hue drops to 104.7° and in the other direction it increases to 249.7°. 

The colors transition gradually across the width to provide many measurable deflections. The filter 

must be calibrated across the linear portion of the filter to determine these deflections. The 

calibration was performed by placing the projected slit near the edge of the color spectrum, and 

sliding the filter in 50-μm increments using a micrometer. An image was taken at each location, 

and the average hue of the image was used to create a calibration curve based on the deflection 
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that resulted in each color. The asymmetric filter has a major advantage over the symmetric filter, 

since with a symmetric filter the hue is a mirror image with its plane on center, so deflections of 

the same magnitude show up as the same hue regardless of which direction the deflection is.  

The images were collected at 30,000 frames per second (fps) at a resolution of 

approximately 200 by 560 pixels, though these dimensions varied based on the cavity length. This 

resolution and mirror diameter resulted in an image that is approximately 1.8” by 5”. That equates 

to approximately 110 pixels-per-inch or a pixel size of 0.009”. 78,000 images were captured for 

each cavity geometry and saved in the uncompressed 12-bit TIFF format to ensure accuracy of the 

data. The field of view of the camera was primarily oriented to capture the center of the cavity. 

For shorter cavity lengths, the front and rear of the cavity were also visible which will allow for 

inspection of the boundary layer prior to entering the cavity and the effects of the interaction 

between the shear layer with the aft wall downstream of the cavity. Though in most runs a reflected 

shock from the nose intersects just behind the cavity making this a mute effort. An example image 

is pictured below (Figure 3.10). 

 
Figure 3.10 Color Schlieren Image (Flow from left to right) 

The stripes of pixel noise can be seen in this image as well as the lack of color variation in 

the shear layer. By trying to capture a large portion of the flow field, details in the shear layer have 

been lost. This was thought to be satisfactory, but did not provide useable results once processed. 
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3.2.2 Final Rainbow Schlieren System 

Based on the results from the preliminary testing it was apparent that three problems 

needed to be addressed before attempting to rerun the experiments. First the resolution of the 

images needed to be increased to better identify flow structures in the flow field. Second the color 

variation within the shear layer needed to be increased. And finally, the image brightness needed 

to be increased to decrease noise in the images. To mitigate all of these issues the straight schlieren 

system was selected. It utilized two 3” lenses with a focal length of 850 mm. These lenses were 

mounted on two extruded aluminum optical rails on either side of the tunnel that had to be carefully 

aligned to avoid image distortion. The same Photron Fastcam SA5 camera was utilized. The lens 

was replaced with a Cosmicar Zoom Lens with a focal length of 12.5-75mm and f1.8 aperture. 

This was used in combination with C-mount extension tubes to increase the image resolution. To 

increase the color variation in the shear layer the aperture was reduced to 50 microns and the filter 

width was reduced to 1-1.25 mm. This smaller aperture required a brighter light source, so the 

light source was replaced with an Energetiq EQ-99XFC Laser-Driven Light Source with a fiber-

coupled output for versatility. An example of the resulting high-speed image can be found in Figure 

3.11, and an image of the new RSD Setup can be found in figure 3.12. 

 
Figure 3.11 Example Schlieren Data for Final Setup 
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Figure 3.12 Final Rainbow Schlieren Setup 

 The resulting schlieren images show a much higher level of detail, lower noise levels, and 

more color variations within the shear layer. With the new setup, the schlieren image resolution 

has been increased to approximately 200 px by 950 px. This represents an increase of nearly 70% 

in the number of pixels. With the smaller field of view the images obtained were approximately 

0.62” by 2.93” which resulted in a pixel density of 324 pixels per inch or a pixel measurement of 

0.003 inches. The new setup gave nearly three times the resolution of the previous setup. The 

resulting images produced better results when processed using a variety of techniques. 

 One thing that should be noted is the effect of the axisymmetric geometry on schlieren 

images. While this geometry does eliminate the effect of side wall vortices it adds in an integrating 

effect across the region of flow visible in the images. Figure 3.13 shows the light path visible to 

the camera. This effect can cause a blurring of the images which makes it more difficult to visualize 

flow structures. 

Aperture 

Light Source 

Collimating 

Lens 

Focusing 

Lens 

Color Filter 

High Speed 

Camera 
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Figure 3.13 Schlieren Light Path 

3.3 Pressure Measurements 

Two sets of data were taken with different data acquisition systems. The first set of data 

collected had an elevated level of background noise that made defining the modal frequencies 

difficult. The high noise level in the initial data set was partially attributed to the data acquisition 

system. Both sets of data used the same Kulite pressure transducers. After discussion with 

engineers at Kulite a new data acquisition system was acquired to reduce the background noise of 

the system. 

The pressure fluctuations within the cavity were measured using two transducers purchased 

from Kulite Inc., that were installed in the model. One transducer was placed at the front wall and 

the other at the back wall of the cavity. The sensing elements were installed flush with the wall 

surface. The transducer at the front wall was an XCS-093-5D, which is a 5-psi differential gage. 

This transducer has a natural frequency of 150KHz. The rear probe was an XCS-062-15D which 

had a higher natural frequency of 200 KHz. During the start of the tunnel and passage of the 

starting shock the pressure values become intermittently large at the back wall of the cavity. Thus, 

it was necessary to select this transducer with larger pressure range to prevent the transducer failing 

while the tunnel was starting. The use of differential-gage type pressure transducers required the 

use of a pressure source to act as the reference pressure. These transducers measure the pressure 
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relative to a reference pressure that is supplied to the back of the probe. Based on preliminary 

measurements of the pressure in the cavity it was determined that a pressure below atmospheric 

pressure would be needed to be used for the probe attached to the front cavity wall. This reference 

pressure was supplied by a vacuum chamber connected to the probe via Tygon pressure tubing. 

For the transducer attached to the rear cavity wall the pressure range required was greater, so static 

pressure in the tunnel room was used as the reference pressure. A schematic drawing of the 

pressure transducers used in the study is shown in Figure 3.14. 

Figure 3.14 Diagram of Kulite Pressure Transducers 

Kulite Inc. rates the frequency response of their transducers as a function of their natural 

frequency. The transducers are guaranteed to have no more than 4% change in frequency response 

up to one-fifth of the sensors natural frequency. The lowest natural frequency of the pressure 

transducers used in the current experiments was 150,000 Hz, which results in a maximum 

frequency response without distortion of 30,000 Hz. This frequency was high enough to capture 

all the Rossiter modes of interest of the current models. 
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3.3.1 Preliminary Pressure Measurement Setup 

 For the first set of experimentation, the pressure data was captured using a SCXI-1520, 8-

Channel Universal Strain Gage Input Module equipped with a SCXI-1314 Front-Mounting 

Terminal Block. The input module and terminal block were mounted in a SCXI 1000 chassis and 

connected to a PC using National Instruments DAQ-MX PCI-6251 card. This setup was selected 

in order to provide an accurate 10 Volt supply voltage to the pressure transducers and to collect 

data from multiple channels simultaneously at high data rate. The transducers were sampled at 70 

kS/s and 270,000 samples were recorded. The data was further processed using a Fast Fourier 

Transform in MATLAB discussed later in this report. 

 

 
Figure 3.15 Schematic of Transducer Wiring 

 3.3.2 Final Pressure Measurement System 

 For the final set of measurements, the National Instruments system was exchanged with a 

Kulite KSC-2 Signal Conditioner and PicoScope 4262 Digital Oscilloscope. This system was 
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recommended by Kulite for providing the lowest noise floor possible for a data acquisition system. 

The signal conditioner supplies the required voltage to the transducers and includes a self-

calibration function to regulate this output voltage. It also amplifies the incoming signal by 

applying pre and post gains to improve the signal-to-noise ratio of the measurements. The included 

programming software was used to program the gains and other settings for the signal conditioner. 

The PicoScope is a 16-bit high resolution digital oscilloscope capable of recording 16 million 

samples at up to 10 million samples per second. For this study the transducers were sampled at 

50,000 Hz based on recommendation from Kulite and 500,000 samples were recorded for each 

channel yielding a 10 second recording time. The PicoScope Software was used to record the data 

into ASCII text files that were later processed in MATLAB. More details on using the new data 

acquisition system can be found in Appendix B. An image of the new data acquisition system can 

be found in Figure 3.16 below. The new data acquisition proved to reduce the noise floor and 

allowed the modal frequencies to be found with less data manipulation. 
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Figure 3.16 Updated Data Acquisition System 

3.4 Model Mount 

 The model was mounted to an arm with a sting mount. The sting has a threaded ½-20 post 

for attaching the aft portion of the model to the sting. The arm was manufactured to reduce 

disturbances downstream of the flow by using sharp edges and by occupying a small volume. The 

arm extends out of the tunnel through a slit opened on the ceiling of the tunnel and it is bolted to 

the top of the tunnel using screws. The arm was machined to include two channels to route the 

cables from the transducers and provide sufficient protection to the cables from the flow. 

Aluminum tape and plastic insulation was also used where the wires were exposed in the tunnel. 

Figure 3.17 shows the model mounted onto the arm. 
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Figure 3.17 Cavity Model installed on Mount 
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CHAPTER 4 

EXPERIMENTAL DATA REDUCTION PROCEDURES 

 The objective of the data processing was to extract the modal frequencies, and flow 

structures from the data sets. The techniques used in the study include Fast-Fourier-Transform 

(FFT), snapshot Proper Orthogonal Decomposition (POD), and Ensemble Averaging. The FFT 

has been used to determine resonant modal frequencies of the pressure and flow field data. POD 

was used to determine the dominant characteristic structures in the flow field. In this chapter, these 

techniques are briefly discussed. 

4.1 Preliminary Pressure Data Processing 

 The processing techniques for the two sets of pressure data were slightly different due to 

the noise levels present in the initial data set. The procedures for the reduction of the preliminary 

pressure data is discussed in this section. The data acquired in the form of voltage was first 

converted to pressure using the conversion factor of each of the pressure transducers. This data 

was then used to determine the frequency spectrum, and subsequently the spectrum information 

was used to determine the modal resonant frequencies or the peaks that are observed in the 

spectrum. This section also details the peak finding routines used to complete this task. 

 4.1.1 Voltage to Pressure Conversion 

 The first step is converting the time sampled voltage from the pressure transducers into the 

absolute pressure readings. The Kulite sensors are delivered with a calibration factor, that is unique 

for each sensor, which is used to convert the voltage readings to pressure. The calibration factor 

for each sensor can be found in Table 4.1. Before the conversion the voltage reading was subtracted 
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from a zero-reading taken prior to each run. This voltage reading is the result of a pressure 

differential from the pressure applied to the tube attached to the back of the probe. For the front 

transducer, the reference pressure was 5-psia. This value was selected since the front sensor only 

had a 5-psi range and the pressure at the front of the cavity is usually ranged from 5-7 psia. The 

reference pressure for the back transducer was simply the static pressure of the room. Reference 

back pressures were recorded prior to every run and used as reference pressures to determine the 

absolute pressure readings from each probe. The reference pressures were simply added to the 

pressure readings from the transducers to determine the absolute pressures measured by the 

transducers. 

Table 4.1 Transducer Calibration Values 

Serial # Ks (mV/psi) 

8171-2-29 25.136 

8077-3-240 11.873 

7831-3-588 10.093 
 

 4.1.2 Fast-Fourier-Transform 

 Fast Fourier Transform was employed to determine the power spectrum of the time series 

pressure data. Power spectra was then used to determine the resonant frequencies present in the 

data. The FFT method is a simple and efficient way to transform the data set and with proper 

processing provides accurate estimation of the dominant frequencies. 

Per the Nyquist criterion if a data is sampled at a certain rate, the spectrum of the time 

series data can be resolved only to the half of the sampling frequency. The Nyquist frequency is 

defined as half of the sampling rate. Signals that occur beyond the Nyquist frequency fold over 

onto the rest of the spectrum resulting in aliasing and it is necessary to eliminate this during signal 

processing. To prevent aliasing, the data was first filtered using a low-pass 8th order Butterworth 

filter with zero phase shift at the Nyquist frequency. The sampling rate used during the experiments 
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was 75,000 S/s which provides a Nyquist frequency of 37,500 Hz. 270,000 samples were taken 

for each run over a period of approximately 3.6 seconds. The samples were broken into blocks of 

4096 samples that were overlapped by 50%. Figure 4.1 shows an explanation of this block 

selection. 

 
Figure 4.1 Example of how blocks were divided with a 50% overlap 

 Once the data was divided each block was processed using an FFT. The resulting power 

spectra for all the blocks were averaged to yield a spectrum for the entire data set. By using blocks 

and overlaps the uncertainty can be decreased while maintaining a high resolution [23]. It was then 

necessary to convert the mean pressure amplitude of the power spectrum into sound pressure level 

using equation 4.1[20]. 

𝑆𝑃𝐿(𝑓) = 20 log10 (
𝑃𝐴𝑎𝑣𝑔(𝑓)

𝑃𝑟𝑒𝑓
)    4.1 

The reference pressure here is the threshold of human hearing and is 2.9 ∗ 10−9 psi. 𝑃𝐴𝑎𝑣𝑔 is the 

pressure amplitude at each frequency, averaged from all of the blocks of data. The sound pressure 

levels were then converted to spectrum levels because the sample frequency and subsequently the 

32



FFT does not have an ideal response characteristic within a bandwidth of 1 Hz [20]. This is 

accomplished using equation 4.2. 

𝑆 = 𝑆𝑃𝐿(𝑓) + 10 log10 (
𝑆𝑅

𝑁
)      4.2 

where SR is the sampling rate and N is the number of blocks that were used in the FFT process. It 

is also important to record the overall spectrum level for the entire spectrum. To do this the 

spectrum level was converted back to pressure using equation 4.3[20]. 

𝑃(𝑓) = 𝑃𝑟𝑒𝑓10
𝑆(𝑓)

20       4.3 

Then the Overall Spectrum Level (OASPL) can be found by integrating the pressure over the entire 

frequency spectrum and converting back to a spectrum level. Equation 4.4 was used for this 

purpose. 

𝑂𝐴𝑆𝑃𝐿 = 20 log10 (
√∑ 𝑃(𝑓)2

𝑃𝑟𝑒𝑓
)      4.4 

The Spectrum Level (S) was then plotted to find the peaks which are associated with the dominant 

frequencies or “modes” of the cavity. An example of one of these plots can be seen in Figure 4.2. 

These plots are problematic because it is difficult to pinpoint the peaks accurately. This may be in 

part due to a high noise level that hides the tonal frequencies.  
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Figure 4.2 Example of Power Spectrum 

 4.1.3 Peak Finding 

 Peak finding techniques described in this section were used since the Spectrum Level plots 

were difficult to interpret. It was hypothesized that the small peaks may be due to noise and 

removing this base level of noise was required. A variety of curve fits were applied to the Spectrum 

Level curves to determine the base power level. These included various orders of polynomial curve 

fits and power fits. The curve fit equations are given below in equations 4.5 and 4.6.  

𝑃𝑜𝑤𝑒𝑟 𝑜𝑓 𝑜𝑟𝑑𝑒𝑟 2: 𝑦 = 𝑎 ∗ 𝑥𝑏 + 𝑐    4.5 

𝑃𝑜𝑙𝑦𝑛𝑜𝑚𝑖𝑎𝑙 𝑜𝑓 𝑜𝑟𝑑𝑒𝑟 𝑛: 𝑦 = 𝑐1 ∗ 𝑥𝑛 + 𝑐2 ∗ 𝑥𝑛−1 + ⋯ 𝑐𝑛 ∗ 𝑥 + 𝑐𝑛+1 4.6 

Each curve fit was then subtracted from the spectrum level to produce a spectrum that varied 

around zero. This allowed for the use of a peak finding algorithm which determined peaks based 

on the prominence of the peak in the signal. The prominence of a peak is the difference from the 

peak’s highest value to the nearest trough in the signal. If a prominence was greater than the 

Peak? 
Peak? 

Peak? Peak 
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minimum prominence used for the data set it would be selected as a peak. The minimum 

prominence for each data set varied from 0.05 to 0.15 based on the amount of variance in the 

signal. The algorithm also determined the width of the peak at half of the prominence height. The 

width and locations of the peaks were then used to calculate the integral of the spectrum level 

under each peak and subsequently the overall spectrum level of each peak. It was considered that 

averaging the peaks found from each curve fit method would provide a more accurate and 

repeatable result. Averaging method provided very good results for finding the frequency modes, 

but there was a significant uncertainty in finding the width of the peaks which made determining 

the power of each peak relatively inaccurate. It was also determined that better results could be 

produced by splitting the spectrum into separate regions to perform curve fits on different regions. 

This approach usually resulted in more accurate results. In the current analysis, the spectrum was 

initially split into two sections and the curve fitting algorithms were used on these sections. Figure 

4.3 depicts the four phases of processing the pressure data. 
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Figure 4.3 Steps of Pressure Data Processing 

 4.1.4 Uncertainty 

 As described in the previous section the peak finding method was quite reliable, but had 

uncertainty. The uncertainty described here is associated with the error in peak finding using the 

various curve fit algorithms. For each data set 6 curve fit methods were applied including ones 

where the predicted peaks were manually shifted to better align with the visible peaks in the 

Spectrum Level Plot. These 6 methods produced 3 variables for each frequency mode. First is the 

peak location, then the integral of the spectrum level, and finally the overall spectrum level for 

each peak. For the peak locations, the values for both front and back probes were analyzed together 

to produce 12 values for the peak location. The presented modes are an average of all 12 of these 

values. The uncertainty was found by using Chauvenet’s criteria [24]. The maximum deviation 

from the mean was found and then used in addition to Chauvenet’s constant for 12 samples, which 
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is equal to 2.04, to find the standard deviation of the sample. The uncertainty can then be found 

using the standard deviation and mean of the samples. This relation can be found in equation 4.5. 

𝜎 =
𝑑𝑚𝑎𝑥

2.04
      4.5 

𝑈𝑛𝑐𝑒𝑟𝑡𝑎𝑖𝑛𝑡𝑦 = 100 ∗
𝜎

𝑚𝑒𝑎𝑛
%    4.6 

The same method was used for the other variables, Spectrum Level and Overall Spectrum Level, 

but the values were calculated separately for each probe. This was done because the rear probe 

saw a much higher noise level, so the spectrum levels were very different for the two probes. For 

these variables Chauvenet’s constant was changed to 1.73 which is for 6 samples. These 

uncertainty values are presented along in the results alongside the various parameters. 

4.2 Final Pressure Data Processing 

 The final set of pressure data did not require the same complex processing approach as the 

initial data set. The basic procedure for processing the data was very similar except the peak 

finding algorithm was removed. Since the second set of pressure data had a better signal to noise 

ratio the complex peak finding methods were not necessary for determining the modal frequencies.  

4.2.1 Voltage to Pressure Conversion 

The PicoScope still recorded a voltage signal supplied by the signal conditioner after the 

gains had been applied. To convert the voltage to pressure the gains for each probe had to be used. 

Since the signal conditioner applies a pre-gain and post-gain to the signal transmitted by the 

transducer the gains are higher than used in the previous data set. For the front probe, a total gain 

of 0.5 psi/V was used and for the rear probe 1.5 psi/V was used. These values were selected based 

on the range of measurements that occurred at each probes location. 
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4.2.2 Fast-Fourier Transform 

The procedure for applying the fast frequency transform for the final data set was the same 

as what was used for the preliminary data set. The only differences were in the number of samples 

and sampling frequency. The sampling frequency was reduced to 50,000 S/s to prevent the 

recordings from exceeding the response time of the probe. The number of samples was increased 

to 500,000. The block width remained 4096, and the overlap percentage of 50% was reused. The 

results proved much easier to interpret. An example data set can be found in figure 4.4 below. 

 
Figure 4.4 Final FFT Results for Small Cavity Length 
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 The above data set shows a good example of the modal frequencies. While it is possible to 

pick the modal frequencies from this plot, it was easier to define the modal frequencies by using a 

similar method to the peak finding algorithm described in section 4.1.3. For the final pressure data 

sets a Gaussian curve fit was used to simulate the background broadband noise and was subtracted 

from the FFT results to pinpoint the peaks. A resulting example can be seen below. 

 
Figure 4.5 Modal Frequencies of Small Cavity 

 4.2.3 Uncertainty 

 To calculate the uncertainty for the final data set a simpler approach was used. It was 

unnecessary to determine the uncertainty in finding the actual modal frequency so the uncertainty 

in the actual pressure measurements will be presented. By collecting a data set at ambient pressure, 
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the standard deviation of the voltage signal could be found and using a traditional uncertainty 

analysis could be converted to pressure. The standard deviation for the front probe voltage reading 

was 0.0952 V, and for the rear probe it was 0.205 V. The uncertainty from the Druk ambient 

pressure measurement device was 10 Pa or 0.00145 psi, and the gage for measuring the back 

pressure had an uncertainty of 0.05 psi. A summation of the uncertainties was then mead using 

equations 4.7 and 4.8. the gain for the front probe was set to 0.5, and for the rear probe it was set 

to 1.5. The uncertainty for the gage was not added to the rear probe because no vacuum was applied 

to the rear probe. For the front probe, the uncertainty was found to be 0.1 psi. For the rear probe 

the uncertainty was 0.3 psi. 

𝜎𝐹𝑟𝑜𝑛𝑡 = 𝜎𝑣𝑜𝑙𝑡𝑎𝑔𝑒 ∗ 0.5 + 𝜎𝐷𝑟𝑢𝑘 + 𝜎𝑔𝑎𝑔𝑒   4.7 

𝜎𝐵𝑎𝑐𝑘 = 𝜎𝑣𝑜𝑙𝑡𝑎𝑔𝑒 ∗ 1.5 + 𝜎𝐷𝑟𝑢𝑘    4.8 

 

4.3 Rainbow Schlieren Deflectometry (RSD) Technique 

4.3.1 Parameter Selection and initial processing 

 Schlieren methods are commonly used for flow visualization of shock structures and 

density gradients associated with several types of turbulent flow fields. As turbulence increases it 

becomes more difficult to associate flow structures with their respective frequency modes. RSD 

technique’s ability to calculate light deflection for given flow structures allows us to conduct 

quantitative data on the flow’s density gradient. In this technique, the direct correspondence 

between hue and the index-of-refraction obtained in the same flow field is used to determine the 

density gradients in the flow [17]. The index-of-refraction changes due to the temperature 

variation, density gradients, and species concentration. This makes the technique especially useful 
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when studying gas mixture for combustion. For our study, the density gradients associated with 

high speed flow make color schlieren possible. 

 When using RSD, a white light source is passed through a slit of either vertical or horizontal 

orientation. The orientation of the slit determines the direction in which density gradients are 

measured. The density gradients are measured in the direction perpendicular to the orientation of 

the slit. In the case of cavity flow the density gradients in the vertical direction were much larger 

than the gradients in the horizontal direction, so a horizontal slit was utilized. The light was 

projected onto a collimating mirror and then passed through the test section of the tunnel. Then 

the light hits an identical mirror used to focus the light back to a horizontal filter. Here the light is 

passed through the color filter before entering the lens of the camera. When a density gradient 

occurs within the collimated region of light the location of the focused slit moves perpendicular to 

the direction of the slit. This means the color of the light observed by the camera directly correlates 

to the angle of refraction and thus the density gradient. Color schlieren has an integrating effect 

across the whole region of the collimated light. However, the lens of the camera having a depth of 

field allows the region viewed to a narrower region near the center of the tunnel. [17]. 

 In order to measure these deflections, the filter must be calibrated. During the calibration 

the filter was mounted on a translating micrometer stage. The system was turned on and the filter 

was adjusted to one edge of the color range. The micrometer was then translated by 20-micron 

increments with images captured after each increment. The images were then cropped to the region 

of interest and converted to the Hue-Saturation-Intensity (HSI) color model from the original Red-

Green-Blue (RGB) model. The hue was then recorded for each image. These hue values were then 

plotted against the position of the micrometer to yield the calibration curve that associated each 

given hue with a corresponding deflection value. The single-valued region of the calibration curve 
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was then used to relate the hue and the deflection values. For deflections to be measurable their 

corresponding hue must fall within the cropped region, so some trial and error was necessary for 

the various cavity geometries to select the correct filter width. The hue values presented have a 

standard deviation of about 25° due to the presence of other colors within the width of the focused 

slit. This means each calibration image is actually an average of the region of colors the light is 

passing through, and corresponds to a deflection uncertainty of ± 69 μm. Narrowing the aperture 

width reduces this effect; however, the available light is reduced as well. A trial and error with the 

size of the aperture and the available light sources indicated that an aperture size of 50 μm slit 

necessitated switching to the laser driven light source. Below 50 μm slit size there is not enough 

light intensity in the captured images to produce a suitable image. The calibration curves for the 1 

mm and 1.25 mm filters are shown below. 
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Figure 4.6 1 mm Filter Calibration Curve 
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Figure 4.7 1.25 mm Filter Calibration Curve 

 Prior to running the experiments, a baseline color needed to be determined. Typically, the 

filter is placed such that the focused slit image falls onto the centerline of the filter. Then an image 

is taken to determine the baseline hue for calculating the deflections. For these experiments, it was 

found that the deflections in one direction were usually greater than deflections in the other 

direction which led to certain flow structures exceeding the maximum deflections measured by the 

filter. Filters were produced in widths of 0.25 mm increments. By selecting a larger filter, the 

maximum deflections could be increased but at the cost of reduced color range in the produced 

image. For instance, an image that may range in hue from yellow to purple in a 2-mm filter would 
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only show hues ranging from green to blue in a 2.5 mm filter. After trial and error, it was 

determined that simply moving the baseline color location closer to the direction of lesser 

deflection produced images with large color variations without using a larger filter. For the current 

study, a background hue somewhere between “yellow” and “green” was used. An example 

background image can be seen in Figure 4.8. 

 
Figure 4.8 Background Image 

 The relation between the density gradients and the deflections can be calculated as follows. 

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

𝑑 = 𝑓𝑐 ∗ 𝜀       (4.9) 

Here fc is the focal length of the de-collimating lens, d is the deflection determined from the hue 

at a specific pixel location, and ε is the deflection angle [18]. For a two-dimensional flow, the 

angular deflection of a light beam is given by: 

𝜀 = (
𝐿

𝑛𝑜
)

𝜕𝑛

𝜕𝑥
|𝑄      (4.10) 

In this equation L is the width of the test section, no is the refractive index of air, n is the refractive 

index of air in test section at a point Q, and 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       (4.11) 

In this equation, k is the Gladstone-Dale constant, which is k=0.23 cm3/g for air and ρ is the density 

of air. Using the refractive index and density relations, one can obtain: 
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𝜕𝜌

𝜕𝑥
|𝑄 = (𝑑(1 + 𝑘𝜌𝑜))/(𝐿𝑘𝑓𝑐) ≈ 𝑑/𝐿𝑘𝑓𝑐   (4.12) 

where no is 1 for air. For the initial boundary conditions, the density is calculated using the perfect 

gas equation: 

𝜌 =  𝑃/𝑅𝑇      (4.13) 

P is the absolute static pressure, R is the specific gas constant, and T is the absolute temperature. 

If the density of the flow at a given point can be measured or calculated, then one can use the 

density gradient values to calculate the density in the flow by a stepwise integration. 

 A series of MATLAB scripts were utilized for processing the images. The first script is a 

preprocessor that performs basic image manipulation to speed up the process of data processing. 

The programs were separated due to the necessity to vary parameters within the FFT, forcing runs 

to be repeated several times. By using a preprocessor, the FFT program was able to run more 

frequently and required less time. The preprocessor took the images and converted them from RGB 

format to HSI values. It would then remove the unnecessary components of the array associated 

with saturation and intensity, leaving only the hue. This produced what essentially amounts to a 

monochromatic image where the value for each pixel is correlated with the hue and thus 

displacement. The preprocessor was also used to rotate the images and flip them so flow would 

pass from left to right. The primary script then determined the zero-shift position using the 

background image’s hue value and the calibration curve for the given filter. The deflections for 

each pixel in every image by comparing the zero-shift value to the hue at that point were then 

calculated. Note that the zero-shift value is an average for the initial background image, it was not 

calculated for each pixel of the original image. It would be difficult to attempt this considering the 

slight motions that the model undergoes during a run. 
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4.3.2 Image Deflection Measurements 

During the image preprocessing it was also desirable to determine if there were any 

significant spurious image deflections in the data set. These could be due to vibrations of the model 

or the mounting systems holding the schlieren components. To perform this analysis an algorithm 

was written to find the corner of the front cavity wall. First the algorithm converted each image 

into a black and white image based on a brightness factor. The images were cropped to only the 

front section of the nose, and then the algorithm search for the location of where the image turned 

from white to black along the length of the nose. By searching vertically for several dozen pixels, 

a straight line could be drawn to correspond with the surface of the nose. A second straight line 

was then drawn to correspond with the location of the front cavity wall. This was done by rotating 

the image and searching for the front cavity wall in a similar way. However, the slope of the second 

line was predetermined to be perpendicular to the surface of the nose. The location of the corner 

was then found by locating the intersection of these two lines. Figure 4.9 shows an example result 

of the average corner location for a data set, and figure 4.10 shows a plot of the corner deviance 

for each image in a single data set. 

 
Figure 4.9 Corner Location for Medium Length Cavity 
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Figure 4.10 Corner Deviance for Medium Cavity 

 In figure 4.9 the corner is plotted as a red dot on the image. The location for this corner 

varies small amounts from one image to the next. This variance can be seen in figure 4.10. The 

corner location for each image in the data set is plotted using a black dot and the red circle 

represents the standard deviation of the corner location for the entire data set. The standard 

deviation for most data set was 1 pixel or less. This was considered small enough to avoid altering 

pixel coordinates for each image using a form of image stabilization.  
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4.3.3 Ensemble Averaging Analysis 

 The density gradients are then utilized to calculate the ensemble average and the standard 

deviation of the displacement values at every pixel location using 65,636 images. Equation 4.6 is 

used to perform this calculation. 

𝑑𝑖,𝑗
̅̅ ̅̅ =

∑ 𝑑𝑖,𝑗
𝑁𝑡
𝑛=1

𝑁𝑡
      (4.14) 

In this equation, 𝑑𝑖,𝑗
̅̅ ̅̅  denotes the ensemble average deflection at the pixel location given by (i, j). 

Nt is the number of successive pictures used in the calculation. Each image is made up of 

approximately 560 x 200 pixels, though this varied based on the geometry of the cavity being 

studied. The standard deviation of the displacement at each pixel location is calculated using 

equation 4.7. An average of the standard deviations is then calculated and presented as well. 

𝜎𝑖,𝑗 = √
1

(𝑁𝑡−1)
(∑ (𝑑𝑖,𝑗 − 𝑑𝑖,𝑗

̅̅ ̅̅ )2𝑁𝑡
𝑛=1 )    (4.15) 

4.3.4 Fast Fourier Transform Analysis 

 Once the Ensemble averaging is completed the transverse displacement values are also 

used to calculate the frequency content of the displacements. Since the images were taken at 30,000 

frames per second the frequencies could be resolved at up to the Nyquist frequency of 15,000 Hz. 

The time dependent deflection signal is filtered for each pixel, to eliminate anti-aliasing, using an 

8th order Butterworth filter with zero phase shift. The filter point is set to the Nyquist frequency of 

15 kHz. The “clean” data is then broken into overlapping blocks with a common length of 4096. 

The overlap percentage was 50%. This process is the same as what was performed on the pressure 

data. The FFT is processed on 17 blocks separately then all the 17 power spectra were used to find 

an average power spectrum at each pixel location. The power spectrum obtained for each pixel is 

then used to determine: 
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a) The power level for each frequency band 

b) The normalized power at selected frequencies 

c) The energy scale distribution at each pixel location 

These results are normally used to generate color coded figures of each variable for the entire 

image area. Finding useful patterns in these results proved difficult and resulted in no viable results 

from performing the FFT on the rainbow schlieren data. 

 4.3.4 Snapshot Proper Orthogonal Decomposition 

 The color schlieren images were next used for the snapshot POD analysis. Each 

image formed the two-dimensional field at which a “snapshot” is given. The field is defined for 

each time tn. The total number of snapshots is denoted with Nt. Each snapshot had n1 x n2 data 

points. These values represent the total number of horizontal and vertical pixels in each image, 

respectively. A time correlation tensor is obtained using these pictures given with equation 4.8.  

[𝑅]𝑖𝑗 =  
1

𝑛1𝑛2

∑ ∑ 𝐻(𝑋𝑙𝑚, 𝑡𝑖)𝐻(𝑋𝑙𝑚, 𝑡𝑗)
𝑛2
𝑚=1

𝑛1
𝑙=1      (4.16) 

In this equation, H denotes the density gradient matrix and X denotes the coordinate 

indices. Using the Fredholm equation the POD coefficients are found with relation to the 

correlation matrix RA. 

𝑅𝐴(𝑛) = 𝜆𝑛𝐴𝑛       (4.17) 

𝐴𝑛 = |𝑎𝑛(𝑡1), 𝑎𝑛(𝑡2), … , 𝑎𝑛(𝑡𝑁𝑡)|     (4.18) 

In equations 4.9 and 4.10 An is the eigenvector matrix built up from the POD coefficients 

an. the variable λn denotes the nth eigenvalue and corresponds to the energy contained within the 

nth eigenmode. The amount of the total energy associated with the flow field could be represented 

by the sum of λn shown in equation 4.11 
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𝐸 = ∑ 𝜆(𝑛)𝑁
𝑛=1       (4.19) 

In the above equation, N represents the total number of eigenmodes. The POD mode is then 

obtained by projecting the original flow fields onto their corresponding coefficient as follows in 

equation 4.12. 

Φ(𝑛)(𝑋) = ∑ 𝑎(𝑛)(𝑡𝑘)𝐻(𝑋, 𝑡𝑘)𝑁𝑡

𝑘=1      (4.20) 

All the POD Modes are orthogonal and hence the reconstruction of any member of the flow 

field can be possible, and is calculated using equation 4.13 below. 

𝐻(𝑋, 𝑡𝑘) = ∑ 𝑎(𝑛)(𝑡𝑘)Φ(𝑛)(𝑋)𝑁
𝑛=1      (4.21) 

The most energetic mode represents the dominant pattern of the flow field. Hence, all the 

large-scale structures can be obtained by adding the low energy modes. The highest energy mode 

can be obtained by truncating the full series of the eigenmodes to a desired order. Assuming a 

descending order of the eigenvalues the equation becomes: 

�̂�(𝑋, 𝑡𝑘) = ∑ 𝑎(𝑛)(𝑡𝑘)𝐾
𝑛=1 Φ(𝑛)(𝑋)     (4.22) 

The POD was processed using only 4096 images to reduce computation time. It was 

completed on all of the geometry cases, and presents a much more interesting story than the results 

of the FFT. More discussion on the results can be found in the following chapter. 

The schlieren data was processed using both FFT and POD to attempt to correlate modes 

found in the FFT to flow structures visualized in the POD results. While the POD results did prove 

useful for visualizing the flow structures the FFT results failed to produce modal frequencies that 

could be used for correlating flow structures. 
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CHAPTER 5 

RESULTS 

5.1 Final Pressure Data 

 In this section, the results of the final pressure measurement experiments are 

reported. Experiments were conducted using all the models at Mach 2 and Mach 2.5. Some 

shapes were tested at Mach 3, but damage to one of the models during a run led to the decision to 

cancel tests at Mach 3 for the remainder of the experiments. The total pressure for Mach 2 was 

40 psi and for Mach 2.5 it was 57 psi. It was also clear in the color schlieren images that the 

shock wave reflected off the ceiling of the tunnel was impinging the rear wall of the cavity at 

Mach 3 when testing the large cavity length.  

The first results to see are the time averaged pressure values. Tables 5.1 and 5.2 show the 

mean pressure values as well as the range and standard deviation of the measured pressure 

values. This reveals some interesting notes that will be seen in later data sets as well. In general, 

the mean pressure at the front wall is relatively constant despite changes in cavity length. The 

rear wall shows a very different story. For the full height rear wall, the pressure values increase 

as the cavity shortens. This is to be expected from historical data on cavity flow as there tends to 

be higher noise levels in the shorter cavities. This trend does not continue for the half height rear 

wall. For the half height rear wall, the pressure at the front of the cavity is approximately 1 psi 

lower across the range of cavity lengths, but the rear wall shows the opposite trend from the 

previous geometry. The pressure values at the rear wall decrease as the cavity shortens. A similar 

story can be told when observing the range of the data sets. This is presented as six standard 
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deviations. For the full height rear wall, the range increases at the front of the cavity 

when the cavity is shortened. However, with the reduced rear wall height the front wall pressure 

range drops to a minimum at the medium length before increasing in value at the shorter cavity 

length. The rear wall shows a significant range decrease as the cavity gets shorter.  

Table 5.1 Full Height Rear Wall Mach 2 

  Pressure (psi) 6σ (psi) 

L/D 

Front 

Wall 

Back 

Wall 

Front 

Wall 

Back 

Wall 

7.9 6.62 5.71 7.9% 51.7% 

6.08 6.78 6.22 7.8% 55.9% 

4.03 7.09 7.43 17.7% 50.8% 

 

Table 5.2 Half Height Rear Wall Mach 2 

 Pressure (psi) 6σ 

L/D 

Front 

Wall 

Back 

Wall 

Front 

Wall 

Back 

Wall 

7.9 5.27 7.83 6.5% 62.3% 

6.08 5.62 5.09 5.0% 33.0% 

4.03 5.58 3.92 8.8% 20.4% 

 

At Mach 2.5 the mean pressure data shows comparable results to what is seen at Mach 2. 

For the full height rear wall, the pressure measured by the front probe shows relatively constant 

values, but the rear probe again shows an increase of approximately 1.5 psi from the large cavity 

to the small cavity. For the half height rear wall, the front probe again shows consistent values 

across all lengths with a 1 psi reduction from the full height case. The rear wall pressure also 

shows the same trend seen for the Mach 2 data. The pressure at the rear wall decreases as the 

cavity is shortened. The range trends also correlate well with the data from the lower velocity. At 

the full height wall the front wall shows a maximum range at the smallest length cavity and the 

largest cavity has the smallest range. The rear probe shows a similar pressure range across all 
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cavity lengths. With the reduced rear cavity wall height, the front probe shows a minimum range 

at the middle cavity length with a maximum range at the smallest cavity. The rear wall for this 

geometry matches well with the Mach 2 results with a decreasing pressure range as the cavity 

shortens. The results for mean pressure become clearer when the results are considered together 

with the flow visualization results. The increase in pressure at the rear wall for the longer cavity 

lengths is the result of a unique effect in the shear layer. With the shorter rear wall, the shear 

layer dips into the cavity and intersects the rear wall before tailing off into the freestream. This 

will be discussed further in later sections. 

Table 5.3 Full Height Rear Wall Mach 2.5 

 Pressure (psi) 6σ 

L/D 

Front 

Wall 

Back 

Wall 

Front 

Wall 

Back 

Wall 

7.9 5.15 4.42 7.2% 67.1% 

6.08 5.28 5.08 10.2% 61.3% 

4.03 5.22 5.91 20.0% 56.8% 

 

Table 5.4 Half Height Rear Wall Mach 2.5 

 Pressure (psi) 6σ 

L/D 

Front 

Wall 

Back 

Wall 

Front 

Wall 

Back 

Wall 

7.9 4.03 5.43 5.3% 59.7% 

6.08 4.36 3.54 4.6% 33.4% 

4.03 4.30 2.85 9.2% 25.5% 

 

The Rossiter modes were found using data from the front probe with the full height rear 

wall. The values were normalized by using a Gaussian distribution curve fit to the broadband 

noise. Though this was not necessary to see the peak frequencies it made pinpointing the center 

point of the peaks easier. The results from the normalized FFT are shown in figures 5.1 through 

5.6. 
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In figure 5.1 the first 5 modes can be seen clearly and match well with the predicted 

Rossiter modes. Beyond 15 kHz it becomes difficult to make out peak frequencies which is also 

true for the other data sets. Figures 5.2 through 5.6 show similar results. 

 
Figure 5.1 Large Cavity Modal Frequency Analysis at Mach 2 
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Figure 5.2 Medium Cavity Modal Frequency Analysis at Mach 2 
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Figure 5.3 Small Cavity Modal Frequency Analysis at Mach 2 
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Figure 5.4 Large Cavity Modal Frequency Analysis at Mach 2.5 
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Figure 5.5 Medium Cavity Modal Frequency Analysis at Mach 2.5 
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Figure 5.6 Small Cavity Modal Frequency Analysis at Mach 2.5 

 This method proved to be the most effective way to determine the Rossiter modes for a 

given geometry. The rossiter modes are presented below for comparison to the experimental 

findings. Outside of a few outliers the frequencies for each rossiter mode align well with the 

historical formulation of rectangular cavities. Most of the errors are within a few hundred Hz, or 

less than 10% difference. Outliers occur at mode one for the shortest and longest cavity and yield 

an error of 22% and 31% respecitvely. This is understandable due to higher noise levels foun 

lower in the frequency spectrum. These results also agree well with the preliminary results found 

section 5.2, but show a higher level of accuracy. 
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Table 5.5 Rossiter Modes L/D=4.03 

Mode 

Rossiter's 

Equation, 

Hz Test Data, Hz Error Difference 

Mach 2 

1 4255 4190 64.7 1.53% 

2 9928 10200 272.4 2.71% 

3 15601 16000 399.4 2.53% 

4 21273 20900 373.5 1.77% 

Mach 2.5 

1 4693 5847 1153.7 21.89% 

2 10951 11000 48.9 0.45% 

3 17209 17200 8.9 0.05% 

4 23467 22600 866.6 3.76% 

 

Table 5.6 Rossiter Modes L/D=6.08 

Mode 

Rossiter's 

Equation, 

Hz Test Data, Hz Error Difference 

Mach 2 

1 2332 2460 127.9 5.34% 

2 6093 6530 436.5 6.92% 

3 9855 10400 545.1 5.38% 

4 13616 14400 783.7 5.59% 

5 17378 18600 1222.3 6.80% 

Mach 2.5 

1 2572 2720 147.5 5.57% 

2 6722 7600 878.3 12.27% 

3 10871 11200 329.2 2.98% 

4 15020 15400 380.0 2.50% 

5 19169 19900 730.8 3.74% 
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Table 5.7 Rossiter Modes L/D=7.9 

Mode 

Rossiter's 

Equation, 

Hz Test Data, Hz Error Difference 

Mach 2 

1 1332 1830 497.9 31.49% 

2 4228 4550 322.1 7.34% 

3 7124 7780 656.3 8.81% 

4 10019 10600 580.5 5.63% 

5 12915 14000 1084.7 8.06% 

Mach 2.5 

1 1469 1640 170.6 10.97% 

2 4664 4800 136.3 2.88% 

3 7858 8530 671.9 8.20% 

4 11052 11800 747.6 6.54% 

5 14247 14600 353.2 2.45% 

 

The method of using normalized plots works well for the front probe with the full height 

rear wall, but the back probe and half height rear wall present issues when attempting to find 

these modal frequencies. To better observe the effect, of changing the rear wall height, contour 

plots were generated for both probes using the data from all 3 cavity lengths. The frequency 

spectra of the half height rear wall was subtracted from the spectra for the full height cavity wall 

at each cavity length. The Rossiter modes are overlayed as black lines on top the contour plots 

for the front probe. In figures 5.7 and 5.10, it can be seen that the spectrum level at the back 

probe actually shows a slight increase for the longest cavity lengths. For Mach 2 the Spectrum 

level increases by up to 4 dB at the rear wall. However, for the shortest cavity length the 

spectrum level decreases by 10 dB across the board and up to 15 dB at certain points. The front 

probe actually shows a more interesting story. The modal frequencies become much clearer in 

figure 5.8. The modal frequencies at the front wall are nearly eliminated when testing with the 

half height rear wall. This is presumably due to the fact that most of the pressure fluctuations at 

the front of the cavity are due to a wave reflected from the rear wall. This reflected wave should 
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be much weaker since the shear layer doesn’t impact the shorter rear wall. Figures 5.9 and 5.10 

show comparable results to the Mach 2 case. At Mach 2.5 there is still an increase in the 

spectrum level at the rear wall for the longest cavity, but the other cavity lengths show a 

substantial decrease. For the front wall, an unusual low frequency peak shows up below the first 

modal frequency. This represents a significant decrease in spectrum level for the front wall, but 

is difficult to find an explanation. 

 
Figure 5.7 Mach 2 Rear Wall Spectrum Level Reduction 

  
Figure 5.8 Mach 2 Front Wall Spectrum Level Reduction 
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Figure 5.9 Mach 2.5 Rear Wall Spectrum Level Reduction 

 

 
Figure 5.10 Mach 2.5 Front Wall Spectrum Level Reduction 

5.3 Average Density Gradients for RSD 

 To better understand the flow field, Rainbow Schlieren was used for both visualization, 

and quantitative analysis. To explain the increase in spectrum levels for the longest cavity length, 

the average density gradients can be used. 
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Figure 5.11 Mach 2 Full Height Rear Wall Average Density Gradient Horizontal Filter 

In Figure 5.11 the shear layer formation can be seen clearly. As the cavity length increases the 

shear layer reaches deeper into the cavity, and impacts more of the rear wall. This provides a 

logical basis for making geometry changes that may reduce the cavity noise. Based on this image 

the shear layer appears to impact the top half of the rear wall. To study the effect of the rear 

cavity wall height the wall was reduced to half the original height. Figure 5.12 shows some 

interesting results from the schlieren images. For the longest geometry, the shear layer transitions 

to the flow typically seen in a closed cavity. This flow field now resembles that of a backwards 

facing step with a forward-facing step downstream. The image helps explain the increase in 

spectrum level for the longest cavity length. For the medium and small cavities, the shear layer 

misses the rear wall completely and results in the significant reduction of noise. 
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Figure 5.12 Mach 2 Half Height Rear Wall Average Density Gradient Horizontal Filter 

 The next two figures show the density gradients when using a vertical filter orientation. It 

is difficult to draw conclusions about the flow field from these plots; however, a few points stand 

out. For the longest cavity length, the density gradient at the rear wall is higher for the half height 

rear wall. The medium cavity length appears to show the smallest disturbance for the half height 

rear case. Another interesting point to note is the values for density gradient in the shortest cavity 

length; for both full height and half height case the density gradient is negative for a significant 

portion of the flow field. This may be due to the reduced flow velocity within the cavity at this 

cavity length. 
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Figure 5.13 Mach 2 Full Height Rear Wall Average Density Gradient Vertical Filter 

  
Figure 5.14 Mach 2 Half Height Rear Wall Average Density Gradient Vertical Filter 
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Figures 5.15 and 5.16 show very similar results to the cases for Mach 2. At Mach 2.5 

there is a larger density gradient across all cavity lengths. The shear layer shows a similar 

reaction to the half-height rear wall, but it appears that the flow velocity within the cavity may be 

higher. There is still an improvement in cavity noise for the two shorter length cavities despite 

this higher flow velocity and closed cavity effect for the longest geometry. The vertical filter 

images (Figures 5.17 and 5.18), for Mach 2.5 again show similar results to the Mach 2 case. 

There is some disruption in the cavity, but it is difficult to define any flow structures using these 

images. 

Figure 5.15 Mach 2.5 Full Height Rear Wall Average Density Gradient Horizontal Filter 
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Figure 5.16 Mach 2.5 Half Height Rear Wall Average Density Gradient Horizontal Filter 

  
Figure 5.17 Mach 2.5 Full Height Rear Wall Average Density Gradient Vertical Filter 
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Figure 5.18 Mach 2.5 Half Height Rear Wall Average Density Gradient Vertical Filter 

5.4 FFT Results for RSD 

 A Fast Fourier Transform was used on the Rainbow schlieren images to find the modal 

frequencies for comparison to the data from the pressure plots. The FFT proved ineffective at 

determining the modal frequencies. Figure 5.19 shows two images of power distribution that 

correspond to the frequencies near the Rossiter modes obtained with the pressure transducers. It 

was expected that these images would show increased power levels. Unfortunately, none of the 

results from the FFT showed a significant power increase at particular modes associated with 

what was found from the pressure measurements. When plotting a range of frequencies for a 

particular pixel, it becomes apparent that there are no peak frequencies in the schlieren data. 
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Figure 5.19 Mach 2 Full Height Rear Wall Small Cavity Length Horizontal Filter FFT 

  
Figure 5.20 Pixel Group FFT for Horizontal Filter 
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This lack of power increase near the modal frequencies can be better represented by 

plotting the frequency spectrum for individual pixels within the flow field. Figure 5.20 shows the 

spectra for a group of 4 pixels that is situated in the shear layer upstream of the rear wall. Similar 

results can be seen in figures 5.21 and 5.22. These figures show the results for the same 

geometry when using a vertical filter orientation. The FFT calculations were made on the entire 

data set with no set of data showing any identifiable modal frequencies. 

  
Figure 5.21 Mach 2 Full Height Rear Wall Small Cavity Length Vertical Filter FFT 
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Figure 5.22 Pixel Group FFT for Vertical Filter 

5.5 POD Results for RSD 

 While the FFT analysis proved ineffective at finding modal frequencies the Proper 

Orthogonal Decomposition was very useful for identifying flow structures in the flow field. In 

Figure 5.23 the average density gradient for each eigenvalue shows the different flow structures 

that occur at different power levels. Column 1 shows the smallest cavity, Column 2 shows the 

medium cavity and Column 3 shows the largest cavity. At different eigenvalues, different flow 

structures become apparent. For example, at the first eigenvalue the primary flow structure is just 

the shear layer. For mode 2 there appears to be a vortical structure near the rear wall of the cavity 

for the smaller geometries. This is apparent as a blue streak with a red streak beneath it. The 

change in density gradient between the two streaks represents opposing flow directions. As the 

mode increases more flow structures become apparent. At mode 12 there are several structures in 
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the flow field. The primary downside to the POD analysis is that it does not show the frequency 

where the structures occur.  

Figure 5.24 shows the same geometry as figure 5.23; however, the color filter is switched 

to the vertical orientation. This plot shows the sound waves emanating from the rear cavity wall. 

It is especially apparent in the longer cavity for the higher eigenvalues. There also appears to be 

shockwaves in the freestream that may be emanating from vortices that appear in the shear layer. 

This is particularly visible for the medium length cavity at the 5th eigenvalue. For the small 

cavity, there is a significant amount of noise visible as striations. These can be seen in several of 

the modes for the small cavity, and may be due to the lower light level due to using a smaller 

aperture. While this can disrupt the images, it does not seem to obscure any important flow 

structures. 
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Figure 5.23 POD Results for Mach 2 Full Height Rear Wall Horizontal Filter 
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Figure 5.24 POD Results for Mach 2 Full Height Rear Wall Vertical Filter 
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The next figure, 5.25, shows very interesting results for the half height rear wall. In the 

horizontal filter orientation oddities in the shear layer become very apparent. For the largest 

cavity length, we can still see that closed cavity effect with what appears to be a vortex shedding 

into the freestream at the first eigenvalue. Other modes, for instance mode 5, appear to show a 

structure near the rear wall. Mode 6, 8, and 13 seem to show several shockwaves in the 

freestream. The medium length cavity also shows some interesting results. The shear layer shows 

some of the same flow structures as that of the large cavity with the shear layer dipping down 

into the cavity before tailing up above the rear wall. There are also modes where multiple modes 

are clearly visible in both the shear layer and the cavity. Modes 6, 8, and 15 appear to show large 

density gradients in the freestream though it is unclear what may be causing this effect. The 

small cavity shows results more in line with what is seen in the full height case. There is a 

defined shear layer with different modes showing different flow structures and possible shock 

waves emanating into the freestream. Figure 5.26 provides more evidence of the increase in 

power for the half height rear wall at the largest cavity length. The sound wave emanating from 

the rear wall is apparent at almost every mode. In addition, the intensity of this wave appears to 

be greater than for the full height rear wall geometry. There may also be some flow structures 

near the rear wall in modes 7 through 10. The sound waves are also evident in the medium length 

cavity. Straight structures in the images for the medium cavity also appear and may be evidence 

of vortices in the shear layer. For the smallest cavity, the first several modes have severe 

striations from pixel noise. This may be due to the apparent lack of almost any flow structures. 

Almost no soundwaves are visible in any mode, and the shock waves visible in the longer 

cavities are also not visible as well. It is believed that this is strong evidence of reduced noise 

levels for this geometry. 
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Figure 5.25 POD Results for Mach 2 Half Height Rear Wall Horizontal Filter 
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Figure 5.26 POD Results for Mach 2 Half Height Rear Wall Vertical Filter 
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 The following figure, (Figure 5.27) shows the full height rear wall geometry at Mach 2.5 

with a horizontal color filter. This data set shows similar results to the Mach 2 case and shows 

apparent flow structures for a variety of conditions. One thing to note is the first mode for the 

largest cavity appears to show shockwaves in the shear layer which is unlike the previous cases 

where these structures appeared in higher modes. There are also several modes that show 

structures near the rear cavity wall, and large amounts of energy in the shear layer. The 10th 

eigenvalue for the smallest cavity shows a significant amount of energy in the freestream, 

thought the density gradient is relatively low. Mode 12 appears to show shockwaves emanating 

into the freestream at all 3 cavity lengths. There also appears to be some flow near the cavity 

floor for several modes at all 3 lengths. 

Figure 5.28 shows the results for the full height rear wall at Mach 2.5 using a vertical 

filter. Like figure 5.26 there are sound waves emanating from the rear wall that are clearly 

visible. There are also shockwaves that appear to originate in the shear layer and extend into the 

freestream. This is particularly evident at mode 8, 9 and 11 for the longest cavity. Modes 8, 12, 

and 13 also show a structure that appears to be near the rear cavity wall. The sound waves for the 

shorter cavity appear to be significantly weaker than the longer cavity lengths. There is also 

some pixel noise visible for the small cavity as well. 

80



  
Figure 5.27 POD Results for Mach 2.5 Full Height Rear Wall Horizontal Filter 
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Figure 5.28 POD Results for Mach 2.5 Full Height Rear Wall Vertical Filter 
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 The next data set, visible in figure 5.29, shows the results for the half height rear wall at 

Mach 2.5 using a horizontal filter. For the longest cavity length, the dip in the shear layer is 

clear, and several flow structures can be seen emanating from this region. For instance, in the 3rd 

eigenvalue there appears to be a vortical structure that passes the length of the shear layer and 

emanates into the freestream above the rear wall. In the 4th eigenvalue the shear layer seems to 

roll over the top of a structure near the corner at the rear wall and cavity floor. For the medium 

cavity, the results are similar. There is an obvious dip in the shear layer and the typical flow 

structures are apparent. The smallest cavity shows results that are more like the full height back. 

One thing to note though, is an increase in the density gradient inside the cavity. This is apparent 

at modes 8, 9, 10, and 12.  

 The final figure, 5.30, shows very similar results to those in figure 5.26. This case shows 

the results for the half height rear wall at Mach 2.5. There is a significant amount of pixel noise 

even at the largest cavity length. shock waves emanating from the shear layer are evident in 

modes 1 through 5 for the large cavity. The sound waves emanating from the rear wall are also 

visible for the longest cavity at modes 14 and 15. The medium cavity length shows less pixel 

noise, but there are weaker flow structures. The sound wave is evident in modes 13 and 14. 

There are also odd shockwaves that appear to emanate from the cavity floor in modes 3 and 6. 

Originally these were thought to be the shock wave emanating from the nose cone interacting 

with the tunnel side walls, but this effect should appear further forward on the model. The 

shortest cavity length also shows this odd effect at modes, 9, 11, 14, and 15.  
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Figure 5.29 POD Results for Mach 2.5 Half Height Rear Wall Horizontal Filter 
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Figure 5.30 POD Results for Mach 2.5 Half Height Rear Wall Vertical Filter 
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CHAPTER 6 

CONCLUSIONS 

This dissertation has revealed more details of the flow properties around an axisymmetric 

cavity. The cavity model was designed using CFD and 3D modelling. It was manufactured with 

the capability to modify the necessary model geometries. The pressure data was collected at the 

forward and aft walls of the cavity for two Mach numbers and three different cavity lengths. The 

L/D ratios for these cavities were 4.03, 6.08, 7.9. These cavities were tested at freestream Mach 

numbers of 2 and 2.5. The full height rear wall was 0.3025” and the half height rear wall was 

0.1513”. The pressure data has been processed using a fast Fourier transform to extract the tonal 

frequencies and power levels for the different geometries. High speed rainbow schlieren images 

have also been acquired at three Mach numbers and each of the different cavity lengths. This data 

has undergone processing using proper orthogonal decomposition to reveal the various flow 

structures that occur within the flow field. The results show a conclusive agreement with historical 

data on rectangular cavities: 

• The difference between the measured modal frequencies and those predicted by the 

Rossiter equation are typically less than 10%. 

• The typical trends of energy associated with each mode also vary in the expected way 

with parameters of cavity length and Mach number.  

o As the cavity was lengthened the spectrum level decreases. 

o With an increasing Mach number, the spectrum level decreased as expected. 

86



It also reveals additional information about the flow field around a cavity with a reduced 

rear wall height: 

• At certain cavity lengths, the reduced wall height can be beneficial. 

o For the shortest cavity length, the shear layer misses the rear wall and 

eliminates most of the modal frequencies present in the cavity. This lead in an 

overall reduction of approximately 5 dB and up to 15 dB at the modal 

frequencies. 

o For the medium and large cavities, the spectrum levels measured at the front 

cavity wall were reduced by up to 10 dB. 

• For longer length cavities, this geometry change can be detrimental to the energy 

level of the noise in the cavity. For the medium and large cavities, the shear layer 

tended to dip into the cavity and impact the rear wall more directly. This led to higher 

noise levels at the rear wall by 8 to 10 dB. 

Further questions that could be answered relate to the possibility of an optimal cavity 

length to rear wall height configuration. It would also be worthwhile to continue processing the 

schlieren data using a technique such as Dynamic Mode Decomposition to extract the frequency 

associated with each flow structure seen in the POD results. It is possible that DMD processing 

could correlate specific Rossiter modes to their corresponding flow structures. Processing using 

this technique is planned, but will take a significant amount of time to complete. 

87



REFERENCES 

 

[1]       Roshko A., “Some Measurements of Flow in a Rectangular Cutout,” NACA TN 3488, 

August 1955. 

 

[2]       Rossiter, J.E., “Wind Tunnel Experiments on the Flow over Rectangular Cavities at 

Subsonic and Transonic Speeds,” ARC R&M 3438, 1966. 

 

[3]       Heller, H. H., Holmes, G., and Covert, E.E., “Flow-Induced Pressure Oscillations in 

Shallow Cavities,” Air Force Flight Dynamics Laboratory, Wright-Patterson AFB, Ohio, 

AFFDL-TR-70-104, December 1970. 

 

[4]       Franke, M. E., and Carr, D. L., “Effect of Geometry on Open Cavity Flow-Induced 

Pressure Fluctuations,” AIAA Paper 75-492, Hampton, Va., 1975. 

 

[5]       Heller, H. H., Bliss, D. B., “The Physical Mechanism of Flow-Induced Pressure 

Fluctuations in Cavities and Concepts for their Suppression,” AIAA Paper 75-491, 

Hampton, Va, 1975. 

 

[6]       Sarohia, V., Massier, P. F., “Control of Cavity Noise,” Journal of Aircraft, Vol. 14 No. 9, 

Sep 1977, pp. 833-837. 

 

[7]       Shvets, A. I., Gilinsky, M., Blankson, I. M., “Wind Tunnel Test Results for Gas Flows 

Inside Axisymmetric Cavities on Cylindric Bodies with Nose Cones,” AIAA Paper 2003-

7064, Norfolk, Va, 2003. 

 

[8]       Anavaradham, Chandra, Babu, Chakravarthy, Panneerselvam, “Experimental and 

Numerical Investigation of Confined Unsteady Supersonic Flow over Cavities,” The 

Aeronautical Journal, March 2004, pp. 135-144. 

 

[9]       Hillier, R., Creighton, S., “Experimental and Computational Study of Unsteady 

Hypersonic Cavity Flows,” The Aeronautical Journal, November 2007, pp. 673-388. 

 

[10]       Hillier, R., Mohri, K., “Computational and Experimental Study of Supersonic 

Flow over Axisymmetric Cavities,” Shock Waves, Vol. 21, 2011, pp.175-191. 

 

[11]       Vikramaditya, Kurian, “Amplitude and Phase Modulation of Cavity Modes in a 

Supersonic Flow,” European Journal of Mechanics B/Fluids, Vol. 42, 2013, pp. 159-168. 

 

88



[12]       Vikramaditya, Kurian, “Experimental study of Influence of Trailing Wall 

Geometry on Cavity Oscillations in Supersonic Flow,” European Journal of Mechanics 

B/Fluids, Vol. 54, 2014, pp. 102-109. 

 

[13]       Sinha, J., “Studies on the Transition of the Flow Oscillations over an 

Axisymmetric Open Cavity Model,” Advances in Aerospace Science Applications, Vol. 3 

No. 2, 2013, pp. 83-90. 

 

[14]       Vaidyanathan, Malhotra, “Aft wall offset on open Cavities in Confined 

Supersonic Flow,” Experimental Thermal and Fluid Science, Vol. 74, 2016, pp. 411-428. 

 

[15]       Lewis, D., Calibration and Automation of the university of Alabama 6” x 6” 

Supersonic Wind Tunnel and Drag Measurements on Bodies of Revolution. M.S. Thesis, 

Department of Aerospace engineering and Mechanics, The University of Alabama, 

Tuscaloosa, AL, 2006. 

 

[16]       Brooker, B. T., Experimental Study on the Effects of Nose Geometry on Drag over 

Axisymmetric Bodies in Supersonic Flow, M.S. Thesis, Department of Aerospace 

Engineering and Mechanics, The University of Alabama, Tuscaloosa, AL, 2014. 

 

[17]       Kolhe, P.S., and Agrawal. A.K., 2009b, “Abel Inversion of Deflectometric Data: 

Comparison of Accuracy and Noise Propagation of Existing Techniques”, Applied 

Optics, Vol. 48, No. 20. 

 

[18]       Chaganti, Narendra, Study of Shock Wave Boundary Layer Interaction 

Phenomenon using Color Schlieren and Snapshot Proper Orthogonal Decomposition, 

M.S. Thesis, Department of Aerospace Engineering and Mechanics, The University of 

Alabama, Tuscaloosa, AL, 2013. 

 

[19]       Dong Yang, Ran Huo, Longhua Hu, Xiaoyuan Xu, Fei Tang, Shi Zhu, Yaqiang 

Jiang, “The Application of Snapshot POD method in characterization and analysis of 

numerically simulated fire-induced flows”, Proceedings of the ASME  Heat Transfer 

Summer Conference, HT2009, July 19-23, 2009, San Francisco, California USA. 

 

[20]       Schmit, Ryan F., Semmelmayer, Frank, Haverkamp, Mitchell, Grove, James E., 

”Fourier Analysis of High Speed Shadowgraph Images around a Mach 1.5 Cavity Flow 

Field”, 29th AIAA Applied Aerodynamics Conference, AIAA 2011-3961, June 27-30, 

2011, Honolulu, Hawaii USA. 

 

[21]       Schmit, Ryan F., Grove, James E., Semmelmayer, Frank, Haverkamp, Mitchell, 

“Nonlinear Feedback Mechanisms Inside a Rectangular Cavity” AIAA Journal, Vol. 52, 

No. 10, October 2014. 

 

[22]       Cattafesta, Louis N., Song, Qi, Williams, David R., Rowley, Clarence W., Alvi, 

Farrukh S., “Active control of flow-induced cavity oscillations”, Progress in Aerospace 

Science 44, pp 479-502, 2008. 

89



 

[23]       Mathey, J. (2011, August 30). Understanding Windowing And Overlapping 

Analysis - Prosig ... Retrieved November 7, 2016, from 

http://blog.prosig.com/2011/08/30/understanding-windowing-and-overlapping-analysis/ 

 

[24]       Grubbs, F. (1969). "Procedures for Detecting Outlying Observations in Samples." 

Technometrics, 11, pp.121. 

 

[25]       Ramsey, P. E., Winkler, G. W., Davis, T.C. “An Investigation of the 0.0091 scale 

External Tank Ogive Nose (MSFC model 470) in the MSFC 14-inch TWT to determine 

the pressure distribution around the External Tank Nose (TA3F), volume 2. [for the space 

shuttle orbiter.” NASA CR-144591. Nov 18, 1995. 

 

[26]       Schneider, Seven P., Effects of Roughness on Hypersonic Boundary-Layer 

Transition, Journal of Spacecraft and Rockets, Vol. 45, No. 2, pp. 193-209, March-April 

2008 

 

[27]       Brown, G. B., The Vortex Motion Causing Edge Tones, Proc. Phys. Soc., Vol. 49, 

1937 

90

http://blog.prosig.com/2011/08/30/understanding-windowing-and-overlapping-analysis/


APPENDIX A 

IMAGE PROCESSING CODE 

The codes used to process the Rainbow Schlieren images have been included in this 

section for future use. The codes that were used include ImageProcessor.m which calls 

CornerDetection2.m and InterX.m. This was used to read the images find the corner for each 

image and then save all the images to a single .mat file. Then CropImages.m was used to crop 

the data set to a smaller area for reducing memory usage and computation time. Finally, 

FullFFT.m and POD.m were used to process the fast fourier transform and proper orthogonal 

decomposition for each data set. Each script and function is shown below. All of the codes were 

written for use in MATLAB 2015a, and may not function correctly in later versions. 
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ImageProcessor.m 

%% Vibration Detection 

% Tyler Brooker 

% May 2017 

clc 

clear all 

close all 

double all 

tic 

%% Variables 

numberoffiles=31307;   %31307 

fid2 = fopen('fnamessub.txt'); 

Background = imread('Background.tif'); 

RunTitle = 'Mach 2.5 Large FullBack Vertical Filter'; 

Images = 

zeros(size(Background,1),size(Background,2),numberoffiles); 

% figure; 

% hold on; 

% xlabel('X Coordinate (px)'); ylabel('Y Coordinate (px)'); 

% title(strcat(RunTitle,' Corner Deviance')); 

% h = waitbar(0,'Please Wait...'); 

for i=1:numberoffiles 

fname=fgetl(fid2); 

image=imread(fname); 

Corners(i,:) = CornerDetection2(image); 

% plot(Corners(i,1),Corners(i,2),'k*','MarkerSize',0.5); 

image=rgb2hsv(im2double(image)); 

image=image(:,:,1); 

Images(:,:,i) = image; 

% waitbar(i/(1.05*numberoffiles)) 

end 

% figure; 

% hold on; 

% xlabel('X Coordinate (px)'); ylabel('Y Coordinate (px)'); 

% title(strcat(RunTitle,' Corner Deviance')); 

% plot(Corners(:,1),Corners(:,2),'k*','MarkerSize',0.5); 

Corner = mean(Corners); 

StDev = std(Corners); 
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Radius1 = sqrt(StDev(1)^2+StDev(2)^2) 

% Circle = viscircles(Corner, Radius1,'EdgeColor',[153/256 0 

0]); 

% daspect([1,1,1]) 

% legend(Circle,'Standard Deviation') 

for ii = 1:numberoffiles 

    Time(ii) = (ii-1)*1/30000; 

    Deviation(ii) = sqrt((Corners(ii,1)-

Corner(1))^2+(Corners(ii,2)-Corner(2))^2); 

end 

% figure 

% plot(Time,Deviation,'Color',[153/256 0 0],'LineWidth',.01); 

% xlabel('Time (s)'); ylabel('Deviation (px)'); 

% title(strcat(RunTitle,' Distance from Mean')); 

 

figure 

imshow((Background*1000)) 

hold on 

plot(Corner(1),Corner(2),'r*','MarkerSize',10); 

save('Corners.mat','Corners','-v6') 

 

 

fclose(fid2); 

save('Images.mat','Images','-v7.3') 

% waitbar(1); 

% close(h); 

Toc 
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CornerDetection2.m 
 

function [ Corner ] = CornerDetection( Image ) 

 

%% Corner detection 

% Tyler Brooker  

% May 2017 

 

%%Variables 

% MovingAvg = 3; 

XCrop = 60; 

YCrop = 85; 

XEnd = 150; 

VerticalStart = 10; %row(end)+5 %row(1)-8; 

VerticalEnd = 80; %Height-10 

NumPoints = 60; %Number of horizontal points to take or width of 

nose that's visible 

 

OriginalImage = rgb2gray(Image); 

EditedImage = OriginalImage((YCrop+1):end,(XCrop+1):XEnd,:); 

EditedImage = EditedImage*1100; 

EditedImage = EditedImage(:,:,1); 

G = fspecial('average', [2 2]); 

EditedImage = imfilter(EditedImage,G,'same'); 

 

BW = ~im2bw(EditedImage, 40/256); 

% figure 

% imshow(BW) 

Width = size(BW,2); 

Height = size(BW,1); 

 

for ii = 1:NumPoints 

    col(ii) = ii; 

    row(ii) = find(BW(:,col(ii)),1); 

     

end 

 

BW = flip(BW,2); 

% BW = ~BW; 

% figure 

% imshow(BW) 

for ii = VerticalStart:VerticalEnd 

    VerticalRow(ii)= ii; 

    VerticalCol(ii) = find(BW(ii,:),1);     

end 

VerticalMean = Width-

mean(VerticalCol(VerticalStart:VerticalEnd)); 
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boundary2Mean = [VerticalMean mean(VerticalStart:VerticalEnd)]; 

VerticalStDev = std(VerticalCol(VerticalStart:VerticalEnd)); 

 

         

 

BW = BW'; 

FrontWallAverage = size(EditedImage,2)-mean(VerticalCol); 

boundary1(:,:) = [col(1:end);row(1:end)]; 

boundary2(:,:) = 

[VerticalCol(VerticalStart:VerticalEnd);VerticalRow(VerticalStar

t:VerticalEnd)]; 

Nose = polyfit(boundary1(1,:),boundary1(2,:),1); 

NoseSlope = Nose(1); 

NoseB = Nose(2); 

VerticalSlope = 1/NoseSlope; 

VerticalP = boundary2Mean; 

VerticalB = VerticalP(2)-VerticalSlope*VerticalP(1); 

for ii = 1:350 

    Boundary1(1,ii) = ii; 

    Boundary1(2,ii) = NoseSlope*ii+NoseB; 

    Boundary2(1,ii) = ii; 

    Boundary2(2,ii) = VerticalSlope*ii+VerticalB; 

end 

 

% figure 

% hold on 

% plot(Boundary2(1,:),Boundary2(2,:),'k') 

% plot(boundary2(2,:),boundary2(1,:),'k*') 

%  

%  

% figure 

% imshow(OriginalImage*1000); 

% hold on 

% 

plot(XCrop+Boundary1(1,:)',YCrop+Boundary1(2,:)','b','Linewidth'

,2); 

% 

plot(XCrop+Boundary2(1,:)',YCrop+Boundary2(2,:)','b','Linewidth'

,2); 

Corner = InterX(Boundary1,Boundary2); 

Corner = [XCrop+Corner(1), YCrop+Corner(2)]; 

End 
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InterX.m 
 

function P = InterX(L1,varargin) 

%INTERX Intersection of curves 

%   P = INTERX(L1,L2) returns the intersection points of two 

curves L1  

%   and L2. The curves L1,L2 can be either closed or open and 

are described 

%   by two-row-matrices, where each row contains its x- and y- 

coordinates. 

%   The intersection of groups of curves (e.g. contour lines, 

multiply  

%   connected regions etc) can also be computed by separating 

them with a 

%   column of NaNs as for example 

% 

%         L  = [x11 x12 x13 ... NaN x21 x22 x23 ...; 

%               y11 y12 y13 ... NaN y21 y22 y23 ...] 

% 

%   P has the same structure as L1 and L2, and its rows 

correspond to the 

%   x- and y- coordinates of the intersection points of L1 and 

L2. If no 

%   intersections are found, the returned P is empty. 

% 

%   P = INTERX(L1) returns the self-intersection points of L1. 

To keep 

%   the code simple, the points at which the curve is tangent to 

itself are 

%   not included. P = INTERX(L1,L1) returns all the points of 

the curve  

%   together with any self-intersection points. 

%    

%   Example: 

%       t = linspace(0,2*pi); 

%       r1 = sin(4*t)+2;  x1 = r1.*cos(t); y1 = r1.*sin(t); 

%       r2 = sin(8*t)+2;  x2 = r2.*cos(t); y2 = r2.*sin(t); 

%       P = InterX([x1;y1],[x2;y2]); 

%       plot(x1,y1,x2,y2,P(1,:),P(2,:),'ro') 

 

%   Author : NS 

%   Version: 3.0, 21 Sept. 2010 

 

%   Two words about the algorithm: Most of the code is self-

explanatory. 

%   The only trick lies in the calculation of C1 and C2. To be 

brief, this 
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%   is essentially the two-dimensional analog of the condition 

that needs 

%   to be satisfied by a function F(x) that has a zero in the 

interval 

%   [a,b], namely 

%           F(a)*F(b) <= 0 

%   C1 and C2 exactly do this for each segment of curves 1 and 2 

%   respectively. If this condition is satisfied simultaneously 

for two 

%   segments then we know that they will cross at some point.  

%   Each factor of the 'C' arrays is essentially a matrix 

containing  

%   the numerators of the signed distances between points of one 

curve 

%   and line segments of the other. 

 

    %...Argument checks and assignment of L2 

    error(nargchk(1,2,nargin)); 

    if nargin == 1, 

        L2 = L1;    hF = @lt;   %...Avoid the inclusion of 

common points 

    else 

        L2 = varargin{1}; hF = @le; 

    end 

        

    %...Preliminary stuff 

    x1  = L1(1,:)';  x2 = L2(1,:); 

    y1  = L1(2,:)';  y2 = L2(2,:); 

    dx1 = diff(x1); dy1 = diff(y1); 

    dx2 = diff(x2); dy2 = diff(y2); 

     

    %...Determine 'signed distances'    

    S1 = dx1.*y1(1:end-1) - dy1.*x1(1:end-1); 

    S2 = dx2.*y2(1:end-1) - dy2.*x2(1:end-1); 

     

    C1 = feval(hF,D(bsxfun(@times,dx1,y2)-

bsxfun(@times,dy1,x2),S1),0); 

    C2 = feval(hF,D((bsxfun(@times,y1,dx2)-

bsxfun(@times,x1,dy2))',S2'),0)'; 

 

    %...Obtain the segments where an intersection is expected 

    [i,j] = find(C1 & C2);  

    if isempty(i),P = zeros(2,0);return; end; 

     

    %...Transpose and prepare for output 

    i=i'; dx2=dx2'; dy2=dy2'; S2 = S2'; 

    L = dy2(j).*dx1(i) - dy1(i).*dx2(j); 
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    i = i(L~=0); j=j(L~=0); L=L(L~=0);  %...Avoid divisions by 0 

     

    %...Solve system of eqs to get the common points 

    P = unique([dx2(j).*S1(i) - dx1(i).*S2(j), ... 

                dy2(j).*S1(i) - dy1(i).*S2(j)]./[L L],'rows')'; 

               

    function u = D(x,y) 

        u = bsxfun(@minus,x(:,1:end-

1),y).*bsxfun(@minus,x(:,2:end),y); 

    end 

end 
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CropImages.m 
 

%% Cropping images into a single file 

clc 

clear all 

close all 

double all 

% parpool; % distcomp.feature( 'LocalUseMpiexec', false ) 

% warning 

tic 

 

%% Get Background Hue and Calculate Deflections 

CalibrationIm = imread('Background.tif'); 

imcrop(CalibrationIm*1000,[342 0 500 150]); 

CalibrationIm=rgb2hsv(CalibrationIm); 

BackgroundHue=mean(mean(imcrop(CalibrationIm(:,:,1).*360,[342 0 

500 150]))); 

% imshow(CalibrationIm); 

load 'D:\RSC\125mmFilterCalibration'; 

ZeroShift=interp1(H,X,BackgroundHue,'linear','extrap'); 

X=X-ZeroShift; 

 

load 'Images.mat' 

[l, w, h] = size(Images); 

NumberOfFiles = h; 

 

AreaOfInterest = [31 93;45 4;923 4;942 139;912 139;912 185;145 

185;145 93]; 

MaxX = 1+max(AreaOfInterest(:,2))-min(AreaOfInterest(:,2)); 

MaxY = 1+max(AreaOfInterest(:,1))-min(AreaOfInterest(:,1)); 

 

 

CroppedImages = zeros(MaxX,MaxY,NumberOfFiles); 

 

parpool 

parfor i = 1:NumberOfFiles %size(Images,3) 

% for i = 1:NumberOfFiles %size(Images,3) 

     

    % image=imrotate(image,90); %rotates the image 90 degrees 

    % image=flip(image,2);  %mirrors the image to make flow left 

to right 

    %if you have R2013b and above, use "flip" instead of 

"flipdim" 

    % imshow(image); 

    imshow(Images(:,:,i)) 
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    % create your region of interest, impoly was easy so I used 

it. 

    hFH=impoly(gca,AreaOfInterest); 

     

    % Create a binary image ("mask") from the region of interest 

in the object. 

    binaryImage = hFH.createMask(); 

 

    % Get coordinates of the boundary 

    structBoundaries = bwboundaries(binaryImage); 

    xy=structBoundaries{1}; % Get n by 2 array of x,y 

coordinates. 

    x = xy(:, 2); % Columns. 

    y = xy(:, 1); % Rows. 

    % Burn line into the given image by setting it to 255 

wherever the mask is true. 

    burnedImage = Images(:,:,i); 

    burnedImage(binaryImage) = 255; 

    blackMaskedImage = Images(:,:,i); 

    blackMaskedImage(~binaryImage) = 0; 

    % Repeat above procedure but blacken the inside region. 

    insideMasked = Images(:,:,i); 

    insideMasked(binaryImage) = 0; 

 

    % crop the image. 

    topLine = min(x); 

    bottomLine = max(x); 

    leftColumn = min(y); 

    rightColumn = max(y); 

    width = bottomLine - topLine + 1; 

    height = rightColumn - leftColumn + 1; 

     

    CroppedImages(:,:,i) = 

interp1(H,X,(imcrop(blackMaskedImage,[topLine, leftColumn, 

width,height]).*360),'linear','extrap')/(1000*(6*.0254)*.00023*.

75); 

     

    % Interpolating the Deflection then calculating density 

gradientby 

    % dividing by 1000 mm/m conversoin factor, tunnel width 6" 

with 

    % 0.0254 m/in converstion, .00023 m^3/kg, and decollimating 

lens focal 

    % length (0.75 m) 

    imagesc(CroppedImages(:,:,i)) 

    %     CroppedImages(:,:,i) = image; 

    % imwrite(croppedImage,fname,'tif'); 
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end 

delete(gcp) 

save('CroppedImages.mat','CroppedImages','-v7.3') 

toc 
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FullFFT.m 
 

%% FFT for all Pixels 

clear all 

close all 

clc 

double all 

tic 

 

%% Variables 

Fs = 30000; % Sampling Frequency 

FNyquist = Fs/2; %Nyquist Frequency 

 

%% Import Data 

load 'CroppedImages.mat' 

 

display('Loaded CroppedImages.mat Successfully') 

[l, w, h] = size(CroppedImages); 

 

 

%% Perform FFT on Each Pixel 

for ii = 1:l 

    ii 

    for jj = 1:w 

        DensityGrad = CroppedImages(ii,jj,:); 

        MeanDensityGrad = mean(DensityGrad); 

        DensityGrad = DensityGrad-MeanDensityGrad; 

        [b,a] = butter(8,.9); % Setting up an 8th order 

butterworth filter 

        DensityGrad = filtfilt(b,a,DensityGrad); % filter the 

data 

        N = length(DensityGrad); 

        NextPower = 2^(nextpow2(N)-1); 

         

        %% Blocking up the Data 

        BlockWidth = 2048; 

        OverLapPer = 68; % of overlap you want 

        OverLap = 1-OverLapPer/100; %convert to decimal 

        NumBlocks = (NextPower/(BlockWidth*OverLap)); 

        NumBlocks = round(NextPower/(BlockWidth*OverLap)); 

        Step = round(BlockWidth*OverLap); 

        window = hann(BlockWidth); 

%         Blocks = zeros(NumBlocks,Fs); %used to pad blocks and 

result in bins for each hz 

         

        for i = 1:NumBlocks 
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            Blocks(i,1:BlockWidth) = DensityGrad(((i-

1)*Step+i):((i-1)*Step+i+BlockWidth-1)); 

            for j = 1:BlockWidth 

                Blocks(i,j) = Blocks(i,j)*window(j); %apply the 

hanning window 

            end 

        end 

 

        for i = 1:NumBlocks 

            FDoubleSided = fft(Blocks(i,:)); 

            for j = 1:(length(FDoubleSided)/2); 

                F(i,j) = 2*abs(FDoubleSided(j)); 

            end 

 

        end 

 

        Sum = zeros(1,size(F,2)); 

 

        for i = 1:NumBlocks 

            Sum = F(i,:)+Sum; 

        end 

 

        f = FNyquist*linspace(0,1,size(F,2)); 

 

        AvgF = Sum/NumBlocks; 

        for i = 1 : (0.85*round(length(AvgF))) 

            AvgFCrop(i) = AvgF(i); 

            fcrop(i) = f(i); 

        end 

%         WindowSize = 10; 

%         movavg = tsmovavg(AvgFCrop','s',WindowSize,1); 

%         FreqImages(ii,jj,:) = movavg'; 

        FreqImages(ii,jj,:) = AvgFCrop; 

         

         

    end 

     

end 

save('FreqImages.mat','FreqImages','-v7.3') 

toc 
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POD.m 
 

%% FFT for all Pixels 

clear all 

close all 

clc 

double all 

% parpool; % distcomp.feature( 'LocalUseMpiexec', false ) 

tic 

%% Variables 

Fs = 30000; % Sampling Frequency 

FNyquist = Fs/2; %Nyquist Frequency 

NumFiles = 4096 % number of files to process 1024, 2048,  

 

%% Import Data 

load 'CroppedImages.mat' 

% load 'Phi.mat' 

% [l, w, h] = size(phi); 

display('Loaded CroppedImages.mat Successfully') 

[l, w, h] = size(CroppedImages); 

CroppedImages = CroppedImages(:,:,1:8192); 

 

 

R = zeros(NumFiles,NumFiles); 

 

%% Running POD 

 

for ii = 1:NumFiles 

    ii 

    for jj = 1:NumFiles 

        R(ii,jj) = 

sum(sum((CroppedImages(:,:,ii)).*(CroppedImages(:,:,jj)))); 

    end 

end 

phi = zeros(l,w,NumFiles); 

 

R=R/(l*w); 

[V,D] = eig(R);      %eigenvalues are found 

 

for ic = 1:NumFiles 

    ic 

    for jj = 1:NumFiles 

        

phi(:,:,ic)=phi(:,:,ic)+V(jj,ic)*(CroppedImages(:,:,jj));   

%forward transfer to define the data in new coordinate systems 

    end 

end 
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save('Phi.mat','phi','V','D','-v7.3') 

clear CroppedImages 

toc 

% ind = zeros(l,w,NumFiles); 

%  

% for ii = 1:NumFiles 

%     for jj = NumFiles:NumFiles 

%        ind(:,:,ii)=ind(:,:,ii)+V(ii,jj)*(phi(:,:,jj));   

%forward transfer to define the data in new coordinate systems 

%     end 

% end 

% clear ind 

 

%% Plotting Stuff 

 

%% Plotting Eigenvalues 

DiagD = diag(D); 

figure('Position',[50 50 1250 1250]) 

plot(DiagD(1:(end-1))); 

set (gca,'FontSize',18); 

title(strcat('Eigenvalues'), 'FontWeight','bold') 

xlabel('Eigenvalue'); ylabel('Energy'); 

 

ESum=0; 

for ii = 1:(length(DiagD)-1) 

    ESum = ESum+DiagD(ii); 

end 

 

%% Plotting Mode of Interest 

 

for kk = 1:15 

    mode = kk-1; 

    ind = zeros(l,w,NumFiles); 

 

    for ii = 1:NumFiles 

        for jj = NumFiles-mode:NumFiles-mode 

           ind(:,:,ii)=ind(:,:,ii)+V(ii,jj)*(phi(:,:,jj));   

%forward transfer to define the data in new coordinate systems 

        end 

    end 

    % ind2 = zeros(l,w,NumFiles); 

    % for ii=1:NumFiles    

    %     for jj=NumFiles-mode-1:NumFiles-mode-1 

    %         ind2(:,:,ii)=ind2(:,:,ii)+V(ii,jj)*(phi(:,:,jj));         

    %     end   

    % end 

    % ind3 = zeros(l,w,NumFiles); 
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    %  

    % for ii = 1:NumFiles 

    %     ind3(:,:,ii)=ind(:,:,ii)-ind2(:,:,ii);   %forward 

transfer to define the data in new coordinate systems 

    % end 

    sum = 0; 

    for ii = 1:NumFiles 

        sum = sum+ind(:,:,ii); 

    end 

    sum = sum/NumFiles; 

    ModeMean = mean(mean(sum(50:150,700:800))) 

    ModeStDev = mean(std(sum(50:150,700:800))) 

 

    Cmin = ModeMean-2*ModeStDev 

    Cmax = ModeMean+2.5*ModeStDev 

    %min(min(sum(50:150,700:800))),max(max(sum(50:150,700:800))) 

    obj = figure; 

imshow((sum),'Colormap',jet,'InitialMagnification',300); 

imagesc((sum)) 

    set (gca,'FontSize',12); caxis([Cmin,Cmax]) 

%     title(strcat({'Average Density Gradient for Eigenvalue: 

'},num2str(mode+1))) 

    if kk==1 

        title(strcat({'Average Density Gradient for Eigenvalue: 

'},num2str(mode+1))) 

    else 

        title(strcat({'Average Density Gradient for Eigenvalue: 

'},num2str(mode+1),{'  Energy: '},num2str(100*DiagD(NumFiles-

mode)/ESum),'%'), 'FontWeight','bold') 

    end 

    colorbar ('EastOutside') 

%     FileName = strcat('POD',num2str(mode+1)); 

%     print(FileName,'-djpeg','-r600'); 

%     close all 

end 
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APPENDIX B 

6-INCH X 6-INCH TUNNEL OPERATION 

 During research for the preceding thesis it was found that previous user guides were 

inadequate when attempting to use the high-speed wind tunnel. To help future tunnel operators, 

this procedure was developed at that time. For the purpose of this dissertation the updates made to 

the data acquisition system have been added. Images are included to make the process easier as 

some of the explanations in earlier guides proved difficult to understand. 

B1 Filling the Storage Tank 

 Before use of the Wind Tunnel, the storage tank must be filled. To accomplish this there 

are two Ingersoll-Rand Compressors along with an I-R Dehumidifier. 

 1) Turn on power to the compressors. The switch is found in room 135A directly 

behind the large tank. It should be in the down switch position. 

 
Figure B1.1: Wind Tunnel Power Switch 

2) Press start on the control panel for both compressors. 
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Figure B1.2: Compressor Control Panel 

3) Switch dehumidifier to the dryer on setting. 

 
Figure B1.3: Dehumidifier Control Panel 

4) Open the blue outlet valve on the dehumidifier slightly until the rattling noise in 

the dryer stops (Turn clockwise to open, counterclockwise to close). This valve needs to be 
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monitored during the filling process. Watch the digital gages on the compressors for pressure 

readings to see whether you need to open or close the valve slightly. It is recommended to 

maintain a pressure reading on the compressors of 150 to 160 pounds per square inch (psi) until 

the valve is fully open. Pressure readings on the compressors will rise as the tank fills. 

5) The tank usually fills to a maximum of about 170 psi. It is best to run at the same 

storage pressure every run for optimum consistency. Switch off the compressors, turn off the 

dryer, and close the valve. Occasionally, the dehumidifier will light up the High Humidity 

indicator. If this occurs, turn off and then back on the dehumidifier, close off the fill valve, but 

continue running the compressors. Let the dryer run through its cycle a few times. Each cycle 

takes about 4 minutes with the automatic settings. Once the High Humidity light goes off, start 

filling the tank by opening the valve. 

B2 Pre-Run Checks 

 Once the tank is filled to a desired pressure, there are several factors that can change the 

run of the tunnel that need to be checked prior to starting the tunnel run. These are usually 

completed as the filling procedure is taking place. 

1) Check the Main Valve. 

To ensure proper valve operation drain the water from the small compressor used to 

operate the main valve. This valve has been very troublesome in the past. To maintain optimum 

performance capabilities unplug the air supply from the valve when not in use. This prevents 

water from entering the pneumatic valve which prevents it from opening. If this occurs there is a 

procedure to purge the valve found in the troubleshooting guide. In addition to draining the 

compressor each day before wind tunnel use, draining before each run ensures the same pressure 
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is supplied to the valve each run. Be sure to reattach the supply to the valve after draining each 

run. 

2) Check to make sure that the tunnel is shut before connecting the 

pneumatic valve’s pressure line and always before running the tunnel. 

3) Check the rear floor of the test section. 

Check bottom plate behind the test section. You should unscrew it, slide it forward hard 

until it hits the test section floor and then tighten the knob. Pictures of the knob are located in 

Figure B2.1. 

 
Figure B2.1: Tunnel region behind the test section and rear plate knob 

B3 Program for Tunnel Operation 

i) On the control PC, there is a LabView Program called 2014 Controller w 4 comp 

FB & temp.vi. It requires certain inputs to run properly. Figure B2.2 shows a 

screenshot of the program. The inputs are described below. 
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Figure B3.1: Tunnel Run Program 

ii) An updated version of this program has also been written to exclude the 4 

component balance recording for more general studies. It is titled 2015 Controller. 

Both programs can be found on the desktop of the control computer. 

1) Desired Plenum Pressure 

Pressure required in the Plenum Chamber to ensure supersonic velocity in test section. 

2) Initial Valve Setting: the valve setting to start run 

i) This is dependent on a variety of conditions: storage pressure, valve supply pressure, 

counter number, test object size, etc. The object is to have the Initial Valve Setting’s 

max pressure equal to the Desired Plenum Pressure. It requires trial and error but 

usually ranges from 40 to 50 degrees, increasing as Mach number decreases. 

3) Cut Off Pressure Difference (COPD): this is a setting used to limit tunnel run time. 
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i) The program will normally shut off when storage pressure equals desired plenum 

pressure. To change that, you can increase this setting to shut off the tunnel earlier or 

later. For example, if the desired Plenum Pressure is 89 psi and the COPD is 20 psi the 

valve will close when storage pressure reaches 109 psi. This decreases the time required 

to refill the tank after each run. It is recommended to have the Cut-Off Pressure 

Difference set so that the program will stop running when the pressure is 110 psi. 

Once the inputs are entered, put on ear protection and sound the alarm, then the start button 

on the LabView program can be pressed. The program will pre-load the actuator with air then open 

the valve after three seconds. If undershoot or overshoot occurs press the large stop button and 

adjust the initial valve setting. Never use LabView’s built in stop button; this will not close the 

valve. If the tunnel runs smoothly the Stop button can be pressed and data can be saved. 

B4 Troubleshooting 

 A troubleshooting guide has been made to assist with common problems. It is found in 

Table B4.1. 

Issue Possible Causes Fixes 

Pneumatic valve will not 

open 

Water is in the valve 

 

 

Computer or control modules 

aren’t functioning properly 

 

 

 

 

 

Compressor for valve isn’t on 

or is broken 

Drain the water using the 

procedure detailed below 

 

Be sure all devices are 

plugged in and restart all 

systems. Shut off computer 

first then unplug all control 

devices for a few minutes then 

plug everything in and restart 

the computer. 

 

Check blue compressor for air 

pressure 
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Compressors will not turn 

on 

Main power switch is off or at 

the wrong setting 

 

Broken compressor 

Check that the main power 

switch is switched down 

 

Call number on compressor 

for help 

High Humidity Light on 

Dryer 

Dryer is unable to remove 

enough water 

Turn off and then back on the 

dehumidifier, close the fill 

valve, but continue running 

the compressors. Let the dryer 

run through its cycle a few 

times. Each cycle takes about 

4 minutes with the automatic 

settings. Once the High 

Humidity light goes off, start 

filling the tank by opening the 

valve. 

Tunnel runs but there is no 

shock wave in schlieren 

images 

The test section floor isn’t 

touching the back section 

 

 

Starting Pressure may be set 

too low 

Be sure the knob in Figure 6 

has slid all the way till it hits 

the test section floor and is 

tightened well 

 

Check that the correct starting 

pressure at your counter 

setting 

Table B4.1: Tunnel Troubleshooting Guide 

1)  One frequent problem is the actuator will fill with water. A solution to the 

problem is listed below. Use this procedure if the valve fails to open or opens slower than 

expected. It should take no more than two seconds for the valve to fully open once its set 

to its max angle of 90 degrees. The first thing you must do is empty the large tank. You 

can do this using the “MoveValve.vi” sub vi program, shown in Figure B4.1, if the valve 

will partially open. If that will not open the valve, you must use a wrench on the actuator 

to open the valve. Figure B4.2 shows the location to use the wrench. Unplug the air 

supply and turn the valve clockwise until it opens. Remember: Sound the alarm and wear 

ear protection. You are basically running the tunnel. 
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2) Once the tunnel is empty you can begin the process of draining the valve. Drain the blue 

compressor first then reattach the air supply to the valve. The valve should be closed. 

3) Use the sub vi “MoveValve.vi” to set the valve to an angle of 90 degrees. If there is water 

in the valve it may open slowly, only open partially, or may not open at all. Once the 

computer is set to 90 degrees, you should be able to hear air hissing in the valve. This 

means it is trying to open. Unplug the air supply. The valve should return to 0 degrees if 

it opened at all. Now reattach the air supply. The valve should begin to open if it did not 

before. Repeat this process several times or until the valve returns to normal operation. 

You should be able to adjust the setting on the MoveValve.vi and see the valve open or 

close within 2 seconds. 

4) To prevent this, always unplug the air supply when the tunnel is not being used. 

 
Figure B4.1: MoveValve.vi 
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Figure B4.2: Manual Valve Operation Location 

B5 Data Acquisition System 

1) National Instruments Hardware 

During testing for the thesis that preceded this work a national instruments system was 

used with a SCXI-1520, 8-Channel Universal Strain Gage Input Module equipped with a SCXI-

1314 Front-Mounting Terminal Block. The input module and terminal block were mounted in a 

SCXI 1000 chassis and connected to the computer using a National Instruments DAQ-MX PCI-

6052E card. This system was extremely versatile, but a failure with the PCI-6052E card 

necessitated a replacement. The card was replaced with a more robust PCI-6251. The tunnel 

control computer was also replaced with a newer, faster model with more memory to help reduce 

latency and allow for longer data logging. The Windows 2000 operating system was maintained 

due to lack of support for the Keithley Control board on modern operating systems. The National 

Instruments hardware can be programmed to record a variety of measurements and can still be 

used VI’s that are found on the desktop for recording pressure, voltage, temperature, and more 

diverse programs can be written using the included LabView Software. 
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2) Kulite KSC-2 Signal Conditioner 

The new Kulite KSC-2 Signal conditioner includes a KSC-2 Control GUI tool for 

programming the values into the signal conditioner via a USB connection. Figure B5.2 shows a 

screenshot of this GUI. 

 
Figure B5.1: KSC-2 Control Software 

This software is easy to use and allows the operator to vary all of the signal conditioners 

parameters. For the purpose of using the Kulite Pressure transducers the values to consider are 

the Pregain, Filter Cutoff, Postgain, and Output Overload. Choosing these settings for a given 

transducer is aided by the use of an excel sheet provided by Kulite. This sheet can be seen in 

figure B5.2 By recommendation the value of column G should be set first based on the desired 

largest reading that will be expected. This value should not exceed the maximum value that a 

probe is rated for. From there the Postgain should be set higher than 1 and an appropriate Pregain 

can be found using the sheet.  The filter cutoff is the cutoff for the built-in filter in the signal 

conditioner. It can be set to the desired frequency to prevent aliasing in results. Finally, the 

Output Overload is a setting that triggers a warning light to let the operator know this output 

voltage has been exceeded. This value should be set to whatever the maximum voltage of the 
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data acquisition system is. Both the control program and excel sheet will be included with the 

digital form of this dissertation. 

 
Figure B5.2 Signal Conditioner Programming Sheet 

3) PicoScope 4262 Digital Oscilloscope 

The PicoScope 4262 is an extremely versatile 16-bit high resolution digital oscilloscope. 

With the high sampling rate and low baseline noise level it can be used for many measurement 

techniques. It also includes simultaneous sampling with 2 channels for the use of cross-

correlation. The full details of its functionality are too detailed to include in this report but a full 

user manual as well as the PicoScope Software will be included in digital form. For the purpose 

of this dissertation only basic voltage measurements were made and recored into text files for 

processing in MATLAB. The PicoScope does have the ability to process the data in real time as 

it is acquired however and this functionality was used to ensure the functionality during the 

testing and setup phase. 

B6 Conclusion 
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 This guide was developed to help future users operate the tunnel with a smaller learning 

curve. Many of the procedures outlined required trial and error to learn. It is expected that this 

guide will allow smoother tunnel operation so more time can be spent on preforming research in 

the tunnel. It is expected that changes to the tunnel will be made over time and hopefully this guide 

will be updated as more operators use the tunnel. 
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APPENDIX C 

PRELIMINARY PRESSURE DATA 

C.1 Preliminary Pressure Results 

 The initial pressure data will be presented since the data correlates well with what 

was found after new measurements were taken. This pressure data was first used to examine the 

comparison between the experimental data and the Rossiter modes determined using the Rossiter 

equation (Equation 1.1). The Tables C.1 to C.6 below present the comparison of Rossiter modes 

calculated analytically to the experimental results. In the preliminary results there were some 

problems with the cavity lengths being slightly different from the full height to the half-height rear 

wall. This was corrected before the new data was taken.  

Tables C.1 and C.2 show the tonal frequencies for the small cavity. For this cavity length, 

there is good corroboration between the predicted modes by the Rossiter equation and the test data. 

There is however a significant uncertainty in the first mode for the flow with the half height aft 

part. This is primarily due to the power decrease in this mode due to the geometry alteration. This 

lower power makes the peak less obvious and harder to pinpoint. A similar situation is also seen 

for the tonal frequencies for the medium length cavity (Tables C.3 and C.4). Tables show a 

reasonable relation between the experimental and predicted values. There is, however, a higher 

uncertainty in the peak finding algorithm as the tonal frequency of the first mode gets lower. This 

is particularly clear in table C.4 where the uncertainty is 37% and 57% for the first mode. There is 

also a large uncertainty at Mach 2.5 for the 6th mode. This appears to be due to a disagreement 

between the various methods for curve fitting. 
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For the large cavity lengths, this trend continues, but is harder to observe. Tables C.5 and 

C.6 show the dominant frequencies for the large cavity length, but the lowest mode doesn’t show 

up for runs at Mach 2.5. However, at Mach 2.5 the large disparity between the predicted mode and 

the test data can be seen and is relatively consistent. The uncertainty is also presented in Table C.7 

as the standard deviation in the tonal frequencies for each mode found using the various curve fits 

in the peak finding algorithm.1 

Table C.1 Full Back L/D=4.165 (small cavity) 

Mode 

Rossiter's 

Equation, 

Hz 

Test Data, 

Hz Difference Uncertainty 

Mach 2 

1 4079 3983 2.39% ±19.95% 

2 9572 9546 0.27% ±1.72% 

3 15064 14883 1.21% ±1.04% 

4 20557 20135 2.07% ±1.04% 

5 26050 24280 7.04% ±0.85% 

6 31543 28169 11.30% ±4.00% 

Mach 2.5 

1 4499 4846 7.42% ±11.17% 

2 10558 9708 8.40% ±2.20% 

3 16618 15720 5.55% ±1.74% 

4 22677 20572 9.73% ±0.72% 

5 28736 27843 3.16% ±7.56% 
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Table C.2 Half Back L/D=3.95 (small cavity) 

Mode 

Rossiter's 

Equation, 

Hz 

Test Data, 

Hz Difference Uncertainty 

Mach 2 

1 4408 2768 45.71% ±9.13% 

2 10195 9485 7.21% ±8.52% 

3 15982 14914 6.91% ±1.84% 

4 21768 20404 6.47% ±1.86% 

5 27555 26797 2.79% ±1.22% 

Mach 2.5 

1 4862 2917 50.00% ±10.87% 

2 11246 9647 15.31% ±8.92% 

3 17629 16187 8.53% ±7.10% 

4 24012 21591 10.62% ±1.16% 

5 30396 26801 12.57% ±1.06% 

 

Table C.3 Full Back L/D=6.18 (medium cavity) 

Mode 

Rossiter's 

Equation, 

Hz 

Test Data, 

Hz Difference Uncertainty 

Mach 2 

1 2166 2371 9.05% ±11.17% 

2 5867 6577 11.41% ±3.03% 

3 9568 10397 8.31% ±2.83% 

4 13269 13892 4.58% ±2.24% 

5 16970 17758 4.54% ±1.32% 

6 20671 21518 4.01% ±1.62% 

7 24372 26323 7.70% ±1.62% 

Mach 2.5 

1 2389 2179 9.20% ±16.89% 

2 6472 6961 7.29% ±3.89% 

3 10554 11234 6.23% ±2.44% 

4 14637 14981 2.32% ±4.02% 

5 18720 19225 2.66% ±3.92% 

6 22802 22194 2.70% ±2.43% 
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Table C.4 Half Back L/D=6.01 (medium cavity) 

Mode 

Rossiter's 

Equation, 

Hz 

Test Data, 

Hz Difference Uncertainty 

Mach 2 

1 2274 3491 42.22% ±37.69% 

2 6083 5713 6.28% ±4.74% 

3 9892 9730 1.65% ±11.00% 

4 13701 13562 1.02% ±3.93% 

5 17510 18359 4.73% ±12.58% 

6 21319 21064 1.20% ±2.01% 

7 25128 25265 0.54% ±6.61% 

Mach 2.5 

1 2509 2856 12.97% ±57.80% 

2 6710 6107 9.42% ±8.89% 

3 10912 11027 1.04% ±1.68% 

4 15114 18646 20.93% ±9.71% 

5 19315 23483 19.48% ±10.95% 

6 23517 23438 0.34% ±57.80% 

7 27719 26239 5.48% ±0.82% 

 

Table C.5 Full Back L/D=7.93 (large cavity) 

Mode 

Rossiter's 

Equation, 

Hz 

Test Data, 

Hz Difference Uncertainty 

Mach 2 

1 1400 1996 35.07% ±7.95% 

2 4284 4865 12.69% ±4.86% 

3 7168 7877 9.42% ±3.67% 

4 10052 10114 0.62% ±2.19% 

5 12935 13651 5.38% ±3.12% 

6 15819 17377 9.39% ±2.48% 

7 18703 20270 8.04% ±3.33% 

Mach 2.5 

1 1545 - - - 

2 4726 5554 16.12% ±8.46% 

3 7907 8780 10.47% ±6.29% 

4 11088 12454 11.61% ±11.95% 

5 14269 15521 8.41% ±6.96% 

6 17450 19235 9.73% ±5.25% 

7 20631 22943 10.61% ±7.33% 
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Table C.6 Half Back L/D=7.83 (large cavity) 

Mode 

Rossiter's 

Equation, Hz Test Data, Hz Difference Uncertainty 

Mach 2 

1 1432 - - - 

2 4352 4663 6.90% ±13.99% 

3 7272 8734 18.27% ±6.47% 

4 10193 11217 9.57% ±5.53% 

5 13113 13223 0.84% ±6.71% 

6 16033 15753 1.76% ±8.01% 

7 18953 17914 5.64% ±5.54% 

Mach 2.5 

1 1579 - - - 

2 4801 4578 4.76% ±5.88% 

3 8022 7709 3.98% ±5.36% 

4 11243 12576 11.19% ±5.06% 

5 14465 15329 5.80% ±9.12% 

6 17686 19635 10.45% ±8.26% 

7 20907 22806 8.69% ±0.97% 

 

Table C.7 Average 

Uncertainty at each 

Mode 

Mode Uncertainty, Hz 

1 ±629 

2 ±413 

3 ±458 

4 ±601 

5 ±1049 

6 ±2257 

7 ±840 

 

Overall it is shown that the uncertainty and percent difference are typically lower than 10%, 

but typically becomes worse for the first and occasionally the second mode. This is primarily due 

to how close these modes are to the bottom of the spectrum and the inaccuracy of the curve fit in 

this region. There are also some occasions where the first mode is so low that the algorithms are 
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unable to distinguish the peak for the first mode. The high correlation between the experimental 

results and the ones predicted by the Rossiter’s equation is promising, but comparing the Overall 

Spectrum Level between the full and half back cavities is more important in determining the 

effective noise reduction. Below are the tables that show the Overall Spectrum Level for each 

mode. 

Tables C.8 and C.9 present the OASPL level for the shortest cavity length. As is shown in 

previous studies, there is a small reduction in the power for each mode when the Mach number is 

increased. There does appear to be some discrepancy in mode 5 which may have been due to 

excessive noise that appears near the frequency of 27,000 Hz during the tests. Tables C.10 and 

C.11 are below and show these values for the medium length cavity. Here the discrepancy is not 

seen, but there is a problem as the front probe was unable to pick up several of the tonal frequencies 

at this cavity length. For the ones that are recorded the inverse relation to Mach number holds true. 

Table C.8 OASPL Full Back L/D=4.165 (small cavity) 

Mode 

Front Probe, 

dB 

Uncertainty, 

dB 

Back Probe, 

dB 

Uncertainty, 

dB 

Mach 2 

1 118.81 ±1.35 122.40 ±0.51 

2 109.53 ±0.20 119.52 ±0.47 

3 102.57 ±0.34 116.68 ±0.01 

4 100.12 ±0.08 114.85 ±0.22 

5 94.49 ±0.28 110.64 ±0.08 

6 96.79 ±0.01 104.55 ±1.84 

Mach 2.5 

1 113.66 ±1.99 119.52 ±0.67 

2 111.09 ±1.81 118.27 ±0.59 

3 98.84 ±0.42 113.87 ±0.45 

4 97.68 ±0.12 112.14 ±0.38 

5 96.44 ±0.31 105.28 ±1.78 
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Table C.9 OASPL Half Back L/D=3.95 (small cavity) 

Mode 

Front Probe, 

dB 

Uncertainty, 

dB 

Back Probe, 

dB 

Uncertainty, 

dB 

Mach 2 

1 108.73 ±0.99 126.73 ±0.32 

2 103.44 ±0.10 123.82 ±0.10 

3 97.70 ±0.18 115.28 ±0.56 

4 96.12 ±0.12 113.41 ±0.43 

5 85.18 ±0.10 106.16 ±0.29 

Mach 2.5 

1 106.76 ±1.04 125.42 ±0.32 

2 99.26 ±0.88 123.49 ±0.76 

3 84.93 ±4.78 104.22 ±7.50 

4 85.38 ±6.68 106.97 ±2.40 

5 90.16 ±0.28 104.79 ±0.31 

 

Table C.10 OASPL Full Back L/D=6.18 (medium cavity) 

Mode 

Front Probe, 

dB 

Uncertainty, 

dB 

Back Probe, 

dB 

Uncertainty, 

dB 

Mach 2 

1 113.20 ±1.00 125.13 ±0.55 

2 108.58 ±0.14 121.08 ±0.66 

3 103.17 ±0.21 119.49 ±0.38 

4 94.37 ±5.42 117.85 ±0.27 

5 93.94 ±0.37 114.90 ±0.24 

6 94.31 ±1.62 116.03 ±0.52 

7 94.60 ±0.21 109.99 ±0.73 

Mach 2.5 

1 112.57 ±1.07 122.65 ±0.32 

2 106.36 ±0.16 119.17 ±0.74 

3 100.40 ±0.04 115.40 ±0.56 

4 93.69 ±1.58 112.90 ±1.27 

5 93.64 ±0.45 114.24 ±1.14 

6 92.29 ±2.99 109.59 ±0.89 
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Table C.11 OASPL Half Back L/D=6.01 (medium cavity) 

Mode 

Front Probe, 

dB 

Uncertainty, 

dB 

Back Probe, 

dB 

Uncertainty, 

dB 

Mach 2 

1 - - 123.31 ±2.62 

2 102.20 ±3.25 125.60 ±0.76 

3 95.64 ±1.72 119.59 ±0.42 

4 94.60 ±0.98 116.09 ±0.78 

5 84.95 ±3.70 113.38 ±1.92 

6 83.47 ±4.31 106.61 ±0.28 

7 83.89 ±4.58 107.14 ±0.11 

Mach 2.5 

1 - - 120.29 ±0.68 

2 100.77 ±2.15 123.94 ±2.14 

3 92.88 ±3.32 114.90 ±74.61 

4 87.69 ±1.63 111.34 ±4.04 

5 78.57 ±0.20 104.12 ±2.95 

6 - - 102.81 ±1.44 

7 - - 103.64 ±67.30 

 

The Tables C.12 and C.13 display the OASPL for the large cavity length. Here it is shown 

that both probes failed to pick up modes at both ends of the frequency spectrum. It may also be 

possible that the power from the first mode is redistributed to other modes. There is also one case 

on the full height aft portion at mode 3 where the power at Mach 2.5 exceeds the power at Mach 

2. This discrepancy is within the margin of error for this case though. For the half height, aft portion 

this discrepancy is also visible at several modes. Modes 2, 5, and 6 all show this increase in power 

in the back probes results. This may be due to experimental error, but one other possibility is the 

interaction of the shear layer with the back wall when considering this cavity geometry. Flow 

visualization methods may reveal more information regarding the phenomenon in this case. 
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Table C.12 OASPL Full Back L/D=7.93 (large cavity) 

Mode 

Front Probe, 

dB 

Uncertainty, 

dB 

Back Probe, 

dB 

Uncertainty, 

dB 

Mach 2 

1 110.31 0.39 - - 

2 105.41 ±0.06 125.13 ±3.19 

3 99.35 ±1.77 124.67 ±0.30 

4 96.78 ±1.05 124.20 ±1.89 

5 90.63 ±0.08 121.14 ±0.07 

6 90.26 ±2.51 112.07 ±0.01 

7 85.30 ±0.60 - - 

Mach 2.5 

1 - - - - 

2 103.97 ±0.11 121.58 ±1.87 

3 97.30 ±0.39 125.88 ±2.15 

4 88.28 ±2.19 114.05 ±0.49 

5 86.79 ±1.75 113.43 ±0.63 

6 83.91 ±0.59 114.75 ±2.16 

7 - - 114.90 ±1.06 

 

Table C.13 OASPL Half Back L/D=7.83 (large cavity) 

Mode 

Front Probe, 

dB 

Uncertainty, 

dB 

Back Probe, 

dB 

Uncertainty, 

dB 

Mach 2 

1 - - - - 

2 101.81 ±0.82 130.01 ±0.31 

3 97.49 ±0.44 115.49 ±0.01 

4 88.34 ±0.05 122.53 ±0.81 

5 91.55 ±0.71 113.97 ±0.89 

6 89.83 ±0.64 111.94 ±0.16 

7 87.00 ±1.88 112.23 ±1.03 

Mach 2.5 

1 - - - - 

2 101.45 ±1.11 123.90 ±0.72 

3 96.31 ±0.36 120.27 ±1.03 

4 85.24 ±0.53 117.08 ±0.40 

5 82.56 ±0.75 117.78 ±1.15 

6 85.64 ±0.41 112.88 ±0.17 

7 83.35 ±0.47 111.58 ±1.40 
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The following figures show the plots of the data presented in tables C.8 through C.13. To, 

compare power levels between the full height and half height aft portions the data has been plotted 

for both pieces and both probes. In Figure C.1 the front probe shows about a 10-dB reduction in 

the OASPL for all modes, but for the rear probe there is an increase in power for the first two 

resonant frequencies. Since the decibel is a logarithmic unit this represents a significant reduction 

of about 10 times. The other modes are lower but remain inconclusive due to the very small 

difference in values. The plots for the small cavity at Mach 2.5 are presented in Figure C.2 and 

show a similar scenario. Though modes 3 and 4 show a 15 dB and 13 dB decrease, respectively, 

modes 1 and 2 still show an increase of about 5 dB OASPL. 

 
Figure C.1 Small Cavity, Mach=2 
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Figure C.2 Small Cavity, Mach=2.5 

For the medium cavity length, the results are similar. Figure C.3 shows the values for the 

medium cavity at Mach 2 and like the small cavity the front probe shows a significant reduction 

(~8 dB) in the OASPL at all modes except for mode 4. The values at the rear probe are much closer 

to each other, but in this case, only mode 2 shows an increase in power with the half height portion. 

Figure C.4 presents these values for the same cavity length at Mach 2.5. In this plot the results 

confirm the conclusions made at Mach 2. The second mode still shows an increase in power for 

the rear probe and the front probe shows a significant reduction in OASPL across the board by 

about 5 dB. 
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Figure C.3 Medium Cavity, Mach=2 

  
Figure C.4 Medium Cavity, Mach=2.5 

The final two figures present the results for the large cavity length. In Figure C.5 the results 

for the rear probe are similar to what is seen for the medium cavity length. Modes 3 and 5 show 

an increase in power for the half height model while other modes show a small reduction or similar 
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values to the full height model. For the front probe, the OASPL levels are more similar when 

comparing the two geometries with only mode 4 showing a significant reduction in power. At 

Mach 2.5 Figure C.6 shows similar results. For the front probe power levels for both geometries 

are within the margin of error. For the rear probe Modes 3 and 5 again show an increase in the 

OASPL while the other modes are similar for the two rear sections. 

  
Figure C.5 Large Cavity, Mach=2 
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Figure C.6 Large Cavity, Mach=2.5 

The half height back section does yield lower power levels at most tonal frequencies; 

however, there are some occasions where the power level may increase. This is likely due to some 

uncertainty in predicting the width of the peak. Based on results from the rainbow schlieren and 

final pressure data it is clear that this discrepancy may also be due to the unique shear layer that 

forms with the half height cavity at the higher L/D ratio. 
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C.2 Preliminary Pressure Plots 
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