
ABSTRACT

SRIVASTAVA, TUSHAR ERIC. A Non-Invasive Technique for Acoustic Resonance Measurement
in Supersonic Cavity Flows Using Shadowgraph Imaging and Data Processing. (Under the
direction of Dr. Kenneth Granlund and Dr. Laura Paquin).

The interaction between supersonic freestreams and rectangular cavity geometries often

induces complex acoustic resonance modes that can adversely affect structural integrity and

operational performance in aviation systems. Traditional methods for measuring these reso-

nance phenomena, such as pressure transducers or microphones, are inherently invasive and

provide limited spatial resolution, posing challenges in studying the dynamic and transient

nature of acoustic waves. This research aims to address these limitations by developing a

non-invasive measurement technique utilizing shadowgraph imaging in a cavity with optically

clear sidewalls. Shadowgraph visualization highlights pressure gradients, enabling real-time

imaging of acoustic waves and resonance patterns without obstructing the test region. Through

advanced data processing techniques applied to shadowgraph video, this study proposes a

novel approach to capturing and analyzing acoustic resonance modes under supersonic condi-

tions. The findings have potential applications in optimizing aerodynamic designs, mitigating

resonance-related structural impacts, and enhancing the understanding of fluid-structure

interactions in high-speed flows.
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CHAPTER

1

INTRODUCTION

1.1 Motivations

The interaction between supersonic free-streams and simple rectangular cavity geometries can

lead to the formation of complex acoustic resonance modes. These modes depend on factors

such as the geometry of the cavity, the free-stream conditions, and the material properties

of the walls. Although the study of these modes has been explored in some computational

and experimental work, there is still a signi�cant gap in the availability of methods to directly

visualize and quantify these acoustic behaviors in real-time under supersonic conditions.

In �uid dynamics, the interaction between air �ow and object geometries can lead to com-

plex resonance behavior. Acoustic resonance is a phenomenon in which a system ampli�es

sound waves at speci�c frequencies, known as resonance frequencies. In the case of a simple

rectangular cavity exposed to supersonic free-stream, this resonance appears at a series of fre-

quencies called resonance modes. These modes can be calculated from free-stream properties

and cavity geometry using a semi-empirical model with tuning constants called the Rossiter

model developed by Rossiter (1964). Such cavity geometries are common in aviation in the

form of cargo, equipment, and passenger compartments. Resonance within these cavities

can have consequences for the aerodynamic properties of the aircraft. Cavity resonance can

cause strong acoustic radiation to exit the aircraft leading to drag contributions as shown in

1



Figure 1.1: USAF Boeing B-52 Stratofortress �ying overhead with open bay doors, image by
WikimediaCommons (2021)

McGregor and White (1970). A schlieren capture of this acoustic radiation emanating from a

notch-style cavity geometry exposed to transonic �ow is shown in Fig. 1.2. It also has signi�cant

implications for heat transfer and �ow separation which is demonstrated by Charwat et al.

(1961).

One of the fundamental challenges in studying acoustic resonance in supersonic �ows is

the dif�culty in capturing the dynamic, transient, and often turbulent acoustic phenomenon.

Traditional methods for measuring these waves, such as pressure transducers or microphones,

provide limited insight into the spatial distribution and detailed motion of acoustic waves.

Pressure transducers, microphones, and similar devices also require physical access to the test

region. The invasive nature of equipment such as this compounds the challenges in observing

chaotic processes such as the acoustic wave generation in a cavity exposed to supersonic

free-stream. As such, there exists growing interest in alternative measurement techniques

that offer high spatial resolution and can track the propagation of waves utilizing minimally

invasive equipment.

Shadowgraph is a powerful optical observation technique for aerodynamic phenomenon,

particularly in supersonic and hypersonic �ow research. Shadowgraph techniques visualize

pressure gradients in a �ow, which are indicative of the presence of acoustic waves, shock

fronts, and other perturbations. This technique is capable of providing high-resolution, real-

time imaging of acoustic waves in experimental setups when combined with optically clear

sidewalls. The use of transparent walls allows for direct optical observation of acoustic wave

patterns without obstruction, offering a signi�cant advantage over traditional methods.

The objective of this research is to design and develop a novel measurement technique

using optically clear sidewalls in a simple rectangular cavity, combined with a shadowgraph

2



Figure 1.2: Schlieren photograph of 50 X 40 mm notch in transonic �ow ( M 1 = 0.902), image
by McGregor and White (1970)

setup. This method aims to capture the acoustic waves in the cavity and track their behavior

using wave detection data processing techniques. By doing so, this research seeks to provide a

reliable, non-invasive means of studying acoustic resonance in supersonic �ows, with potential

applications in optimizing aerodynamic designs, controlling noise in propulsion systems, and

advancing the understanding of �uid-structure interactions in high-speed regimes.

1.2 De�nitions

• Simple Rectangular Cavity: A recessed geometry with a rectangular cross-section, typi-

cally with a �at �oor and vertical side walls, open to the freestream on one face. For the

purposes of this thesis and unless otherwise noted, the term cavity is in reference to a

simple rectangular cavity that is exposed to free-stream on one side.

• Rossiter Modes: The resonance frequencies generated in a cavity exposed to free stream

are most commonly analyzed in reference to the model developed by Rossiter (1964)

and modi�ed by Heller et al. (1971). When analyzing these frequencies in reference to

the Rossiter model, these frequencies are called Rossiter Resonance Modes or Rossiter

modes for short.
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• Shadowgraph Imaging: An optical method for visualizing �ow density gradients (and

therefore pressure gradients) by measuring light refraction due to variations in �uid

refractive index. It is used here to observe acoustic waves in the test section.

• Convective Time Units: A dimensionless time scale de�ned as t � = tU1
L , where t is time,

U1 is the freestream velocity, and L is the cavity length. It is used to normalize transient

events in high-speed �ows.

• Power Spectral Density (PSD): A representation of the signal power as a function of

frequency, used here to identify dominant resonance frequencies within the cavity.

• Continuous Wavelet Transform (CWT): A time-frequency analysis tool that reveals how

spectral energy evolves over time. It is used in this thesis to detect transient resonance

mode behavior during dynamic events such as door opening.

1.3 Literature Review

1.3.1 Rossiter Model

As per the seminal studies conducted by Hamilton Smith et al. (2024), the topic of cavity

acoustics has evolved over a century from questions of sound generation in musical instrument

cavities to modern day concerns regarding aircraft performance and safety. These concerns

include but are not limited to the generation of strong 190 dB tones, increased drag and fuel

burn, structural fatigue induced in the aviation vehicle due to exposure to �uid-elastic modes,

and the effects of adverse acoustic resonance on instrumentation and equipment on-board the

aviation vehicle. Research on noise generation in cavities present on aircraft became a common

feature in post-world-war America with an emphasis on stealth and reducing resonance inside

bomb bays.

As investigated by Hamilton Smith et al. (2024), the earliest recorded study of sound genera-

tion from aerodynamic phenomenon such as cavity �ow was conducted by Strouhal (1878). In

their revolutionary paper, "Ueber eine besondere Art der Tonerregung" which loosely translates

to "About a special way of producing sound", Strouhal investigates �ow induced vibrations

and acoustic resonance leading to the development of the Strouhal number.

The Strouhal number provides a framework for understanding the relationship between

oscillatory �ow frequency, velocity, and characteristic length, helping to identify when vortex

shedding drives unsteady behavior and acoustic responses. It is widely applied in scenarios

where vortex shedding and �ow-induced oscillations in�uence aerodynamic performance,

acoustic tones, and structural vibrations, such as �ows over cavities, bluff bodies, and recessed
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geometries. This relationship is demonstrated in the equation for the Strouhal number provided

in Eq. 1.1 where f is frequency, L is characteristic length which is the length of the cavity in the

case of cavity resonance, and U1 which is �ow speed.

St=
f L

U1
(1.1)

Making the assumption that cavity resonance is induced by a repeating pattern of vortices

shed from the leading edge of the cavity, Strouhal number was �rst utilized to develop a

resonance model for cavities exposed to free-stream by Rossiter (1964). Rossiter developed the

model from experimental data for cavities exposed to �ow speeds ranging from M 1 = 0.4� 1.5.

A simpli�ed diagram of the processes at work in the Rossiter model is provide in Fig. 1.3.

StR =
f L

U1
=

�
m � 
 v

�

�
1
� + M 1

� (1.2)

Figure 1.3: Simpli�ed Rossiter Model, image sourced from Rossiter (1964)

In the Rossiter model depicted in Eq. 1.2, the term m represents sequential frequency

modes (i.e. mode 1, 2, 3, etc), � is the ratio of vortex convection velocity across the cavity to

free-stream velocity, M 1 is the free-stream Mach number, and 
 v is an empirical constant used

to tune the predictions of the Rossiter model to data from experiments. The Rossiter model is

therefore a semi-empirical model that must be �t to gathered data and is not truly predictive.
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The M 1 term was later modi�ed by Heller et al. (1971) for higher Mach number cases leading

the form of the Rossiter model most commonly used today in supersonic cavity resonance as

shown in Eq. 1.3.

StR =
f L

U1
=

�
m � 
 v

�

�
1
� + M H

� where M H =
M 1r

1+ (
 � 1)
2 M 2

1

(1.3)

1.3.2 Length-to-Depth Ratio

Further study was also conducted by Stallings and Wilcox (1987) on the effects of length-to-

depth ratio on cavity resonance leading to the establishment of �ve distinct L / D ratio categories

with varying resonance properties. As summarized and clari�ed by Hamilton Smith et al. (2024),

the �ve categories of L / D ratio are shown in Table 1.1.

Table 1.1: Summary of cavity �ow regimes based on the length-to-depth ratio (L / D).

Category L/ D Ratio Description
Open L/ D < 5 The shear layer stays above the cavity, reattaching

near the trailing edge and creating oscillations and
acoustic tones.

Open-Transitional 5 < L/ D < 7 The shear layer dips slightly into the cavity, mixing
open �ow features with transitional characteristics.

Transitional 7 < L/ D < 9 The shear layer reattaches near the cavity �oor,
blending open and closed �ow behaviors with tur-
bulence effects.

Transitional-Closed 9 < L/ D < 12 The shear layer reattaches inside the cavity but ex-
ternal �ow weakens the closed �ow structure.

Closed L/ D > 12 The shear layer fully reattaches and separates inside,
causing high drag and loud broadband noise.

An approximate graphical depiction of these �ve �ow regimes is depicted in Fig. 1.4. For

the purposes of this study, only the resonance effects of open cavities is explored. This means

that all L / D ratios are designed below an L / D ratio of 5 to ensure no transitional effects.

1.3.3 Cavity Resonance Flow Structures

In order to develop the Rossiter model, a number of assumptions were made based on �ow

structures and processes observed in experiments captured via shadowgraph. Experiments
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Figure 1.4: Approximate Graphical Depictions of the �ve L / D ratio categories, image sourced
from Hamilton Smith et al. (2024)

conducted initially by Rossiter at low subsonic �ow speeds clearly displayed vortex shedding

at the leading edge of the cavity which was the inspiration for the use of the Strouhal number

(Rossiter 1964). A shadowgraph capture at M 1 = 0.6 by Rossiter is shown in Fig. 1.5 depicting

the growth of a vortex shed from the leading edge of the cavity.

Likely due to material and technological constraints, shadowgraph captures of the super-

sonic regime were not as complete as subsonic regime captures in Rossiter (1964). Shadowgraph

still-captures were developed of the region above the cavity for supersonic �ow to observe

shock structures emanating from the cavity as shown in Fig. 1.6. However, there were no re-

ported captures of �ow structures or processes within the cavity for the supersonic case leading

to the assumption made for mathematical simplicity that a vortex impinging on the trailing

edge of the cavity instantaneously generated an acoustic wave at the aft wall some lag-time

after impingement. Such an assumption ignores any dynamic process that may occur within

the cavity leading to the generation of the acoustic waves.

With vast improvements in high-speed camera technology and material science allowing

the development of more easily available strong optically clear glass to serve as cavity sidewalls,

the capture of the internal processes leading to cavity resonance in supersonic �ow has become

possible. In a study conducted by Schmit et al. (2014), the observation is made that vortices

7



Figure 1.5: Shadowgraph Capture of Vortex Growth at M 1 = 0.6, image sourced from Rossiter
(1964)
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Figure 1.6: Shadowgraph Capture of Shock Structures Emanating From the Cavity, image
sourced from Rossiter (1964)

advecting through the shear layer, in conjunction with the vortex directly upstream and directly

downstream of them, entrain �ow into the cavity in a dynamic process. This leads to the

entrained �ow impacting at the aft wall of the cavity which generates the acoustic wave. This

process is depicted in Fig. 1.7 where white arrows are used to emphasize the location of the

entrained �ow feature.

Figure 1.7: Flow Entrainment in M 1 = 1.5 Cavity Flow Captured by Schmit et al. (2014)

Therefore, there exist approximately four �ow features of importance in a resonating super-

9



sonic cavity �ow.

1. Vortices advecting in the shear layer, shed from the leading edge of the cavity and im-

pinging on the trailing edge.

2. Flow perturbations entrained from outside the cavity due to the vortices in the shear

layer.

3. Acoustic waves generated from impact and re�ection at the aft wall that propagate

upstream and form latent acoustic waves in the cavity.

4. Shock structures emanating from the waterline of the cavity into the supersonic �ow due

to the interactions of the acoustic waves in the cavity and the shear layer.
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CHAPTER

2

METHODS

2.1 Setup

The design and construction of the custom test section for this experiment is part of prior work

by Parrish (2023). The design is reiterated here for rigor and ease of access.

2.1.1 Wind Tunnel

All tests were carried out in the supersonic wind tunnel at North Carolina State University

(NCSU). The tunnel �ow speed can be adjusted from Mach 1.5 to 4 using a sliding block

mechanism that modi�es the tunnel geometry. The test section has a cross-sectional area

measuring 6.5 inches by 6.0 inches. To maintain consistent stagnation pressure, a Spence

pressure-regulating valve, operated by a hydraulic motor, was controlled using a LabVIEW

virtual instrument (VI). Stagnation pressure was monitored using a Kulite pressure transducer

(model ITQ-1000), while an Omega thermocouple (model TTSS-116U-12) recorded the stag-

nation temperature. Each tunnel run lasted approximately 5 seconds, including 3 seconds of

steady-state operation producing approximately 3 seconds of data for each experimental run.
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Figure 2.1: NCSU Supersonic Blow-down Wind tunnel

2.1.2 Test Section

The test section, as shown in Fig. 2.2, was speci�cally designed by Parrish (2023) to meet

the unique requirements of supersonic cavity �ow analysis. Its primary goal was to provide

optical access into the cavity, a capability absent in previous designs at North Carolina State

University (NCSU). This access was critical for visualizing the acoustic waves and entrained

�ow perturbations using shadowgraph techniques.

Figure 2.2: Custom Test Section Designed For Optical Cavity Resonance Capture by Parrish
(2023)

The test section was built with optically clear glass side walls to ensure the best possible

image quality. These glass blocks, which accounted for over 60% of the total material budget,

were complemented by additional glass plates to form the outer walls, sealing the tunnel. The
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cavity itself was constructed as large as the wind tunnel's constraints would allow, optimizing it

for imaging the resonance phenomena. The �nal cavity dimensions were 6.75 inches in length,

1.5 inches in width, and 1.5 inches in depth, giving aspect ratios (L / D and W/ D) of 4.5 and 1.0,

respectively.

The design process spanned multiple iterations in SolidWorks to re�ne the geometry and

material selection, balancing durability, functionality, and cost. Additionally, measures were

taken to minimize boundary layer interference, including a knife-edge mechanism positioned

just upstream of the cavity as shown in Fig. 2.3. This mechanism effectively removed the

boundary layer along the tunnel roof, reducing its thickness at the leading edge of the cavity to

a ratio of � / D = 0.04± 0.002, compared to a much larger ratio observed in earlier studies. The

thin boundary layer greatly improves optical clarity and allows acoustic waves to appear more

distinct leading to a more robust wave capture.

The test section also includes a sliding door mechanism which closes the open side of the

cavity and can be opened to expose the cavity to high-speed freestream in a dynamic process.

Figure 2.3: SolidWorks Render of the test section knife edge

2.1.3 Test Section Modi�cation

For the purposes of this thesis, certain modi�cations to the test section were necessary to

conduct in-depth study of the cavity resonance phenomenon.

Cavity Length-To-Depth Ratio Variation

In order to conduct a parametric study over a range of L / D ratios, a set of cavity �ller blocks

were designed to be inserted into the cavity to extend the downstream wall. A SolidWorks render

of the �ller blocks is shown in Fig. 2.4 with reduced opacity so as to clarify the internal design.

Two thin straight channels are bored through the blocks to secure the blocks in the cavity

using screws. One wider channel is also bored through the blocks for the purposes of wiring a
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pressure transducer. This reduces the length-to-depth ratio of the cavity without impacting the

boundary layer development. The cavity �ller blocks are designed to reduce the length of the

cavity by 1.5 inches and 3 inches. This provides L / D ratios of 4.5 (no �ller blocks), 3.5 (half the

set of �ller blocks), and 2.5 (one full set of �ller blocks). An image of the �ller blocks installed in

con�guration for a 2.5 L / D ratio is shown in Fig. 2.5

Figure 2.4: SolidWorks Render of Cavity Filler Blocks with reduced opacity

Pneumatic Door Actuation

Prior designs of the door system utilizing a series of springs for actuation proved inadequate

and inconvenient, spanning thousands of dimensionless convective time units with signi�cant

variation in door opening speeds as presented in Parrish (2023). In order to improve the door

opening time and gain more precise control over the start and end of this process, the series

of springs was replaced with a double acting air cylinder model 6498K861 from McMaster-

Carr. Along with standard air hoses, �xtures, solenoid valves, and pressurized tanks, the new

pneumatic door system operating at 75 psi allows for door opening times of approximately 100

convective time units where such units are de�ned as shown in Eqn. 2.1 where t is standard

time, U1 is the freestream speed, and L is characteristic length which in the case of this thesis

is de�ned to be the length of the cavity. A SolidWorks render of the pneumatic air cylinder

�xture and an image of the actual installation are provided in Fig. 2.6 and Fig. 2.7 respectively.
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