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ABSTRACT 
 
 

The study of cavity flows has played a crucial role in understanding the aeroacoustics and 

aerodynamics of bodies with cavities. This new understanding has allowed challenges such as 

reduction in noise levels to be addressed. It has also helped in the reduction of structural 

resonance and fatigue, and to ensure the proper release of weaponry. In this thesis, a brief study 

was conducted on the flow-field characteristics of various cavity geometries. These cavities were 

partially covered, and the depth of the trailing edge of the cavities was varied. 

The flow field was set at Mach 0.7, and sound pressure levels were obtained using 

numerical simulations. Detached eddy simulations, which have proven to be successful in 

previous research work, were used in the present study. The simulations were carried out for a 

flow time of 0.05 sec. The cavity with the highest trailing edge depth was found to have a greater 

sound pressure levels; however, no resonance phenomenon was observed. A grid-independency 

study and a validation study were conducted using detached eddy simulations, and the 

convergence and stability of the results were investigated. 
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CHAPTER 1 

INTRODUCTION 

 
 

1.1 Motivation for This Work 

The study of flow over a cavity has played a significant role in the design of landing gear 

wells of aircraft, weapons bays of military aircraft, automobile sunroofs, and many other 

applications. Early aircraft had externally exposed non-retractable landing gear. This had several 

disadvantages, including higher drag values and poor aerodynamic performance. Retractable 

landing gear offered good aerodynamic performance by reducing drag. However, when 

retractable landing gear was introduced, some difficulties were discovered. When the landing 

gear was partially retracted, aerodynamic noise and vibrations were observed. Several 

modifications to the structure were investigated in an attempt to correct this issue. For example, 

baffles were installed behind the wheels for damping the oscillations. These tests were conducted 

using flight tests and wind tunnel experiments—an expensive process. With advancements in 

computer hardware and numerical schemes in the last three decades, computer simulations are 

now able to predict the unsteady loads and aeroacoustic properties of a landing gear cavity more 

accurately than ever before. 

For military aircraft, cavity flows are investigated widely in order to reduce the radar 

cross section as well as aerodynamic drag and heating. Cavity flows are also studied to estimate 

the effects of the unsteady shear layer upon store or weapons separation. With the introduction of 

stealth technology in military aircraft, efforts to reduce an aircraft’s radar cross section have 

played a major role in design changes. Because the radar cross section for weapons is large, 

weapons are now carried inside the aircraft’s fuselage. When weapons are deployed, the 

weapons bay door is opened, and the contents are exposed to free-streaming air. This produces 
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adverse effects, including high amplitude pressure fluctuations on the cavity walls and changes 

in mean pressure distribution [1]. Flow past an open cavity can produce intense pressure 

fluctuations and resonant acoustic modes that could not only damage the structure of the aircraft 

and weapons bay but also impede the successful release of weapons. Sensitive instrumentation 

inside the cavity can also be damaged by these fluctuations, thus leading to structural resonance 

and fatigue as well. Numerous studies have been conducted on cavity flow to understand the 

physics of cavity flow and its acoustics. A weapons bay of a fighter jet is shown in Figure 1.1. 

 

Figure 1.1: Weapons Bay of F-35 Lighting II Fighter Jet [2] 

In the automobile industry, noise reduction has been a priority. Sources of noise can be 

automobile sunroofs, door seals, windows, etc. when exposed to 100 km/h to 200 km/h (Mach 

0.08 to 0.16), which is the normal cruise speed of vehicles on highways. This is in the low 

subsonic regime, but the noise generated under these conditions by the sources mentioned above 

could cause discomfort to passengers. 
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Research on cavity flows have been conducted in various other industries. High intensity 

tones were observed during the space shuttle ascent [3]. Cavity flow has also been studied on the 

cavities of aircraft mounted with optical observatories. At certain altitudes, these observatories 

are exposed to free-streaming air in order to provide a view into space and record data. In such 

cases, the cavity acoustics can be evaluated under various flight conditions. 

1.2 Applications of This Work 

The present work focuses on the study of various cavity configurations with cover plates 

at various depths. This study could help in understanding the aeroacoustics of partially covered 

cavities that may be encountered in landing gear, door and window gaps of automobiles, etc. 
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CHAPTER 2 

CAVITY FLOW PHYSICS 

 
 

2.1 Cavity Flow Field 

The cavity flow field is highly complicated and depends on a number of factors: shape of 

the cavity, free-stream Mach number, Reynolds number, and incoming boundary layer [4]. The 

possible disadvantages of this complex flow include high noise levels, increase in drag and radar 

cross section, damage to sensors and structure of the cavity compartment, and unsuccessful 

deployment of weapons. In the case of a weapons bay, unwanted forces will act on the weapons 

during their release [5]. This could cause a “re-contact” effect, whereby the weapon moves 

toward the aircraft that released it [6]. The advantages of a cavity flow may include flame 

stabilization during supersonic combustion, whereby the recirculation flow inside the cavity 

provides a stable flame when fuel and air are mixed at an increased rate. Thus, the aerodynamics 

and aeroacoustics of the cavity is of much interest. 

As shown in Figure 2.1, when flow encounters the leading edge of a cavity, the boundary 

layer separates and a shear layer is formed due to the encountered discontinuity. Above the shear 

layer is a high-velocity field, and below the shear layer is a low-velocity field. Because of this 

difference, the shear layer undergoes instability, and rolling turbulent vortices are formed. This 

phenomenon is called Kelvin-Helmholtz instability. These rolling vortices could impinge on the 

downstream edge of the cavity or on the cavity bottom, depending on the flow field and domain 

characteristics. After impact, disturbances that travel upstream are produced. Depending on the 

strength of these vortices, the boundary layers upstream and downstream could separate. For a 

given cavity and inflow conditions, the acoustics and flow properties depend on the point of 

impingement of the shear layer and the boundary layer separation point. 
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Figure 2.1: Typical Cavity Flow 

2.2 Cavity Flow Acoustics 

Flow over a cavity can generate both steady and unsteady flow disturbances. Changes in 

mean static pressure distributions inside the cavity can cause high pressure gradients, and 

unsteady flow disturbances can generate self-sustaining oscillations, which in turn generate 

acoustic tones that radiate from the cavity. Both steady and unsteady flows can present 

difficulties for store separation from an internal weapons bay. Steady flows can generate large 

nose-up pitching moments, and unsteady flows can induce structural vibration. These acoustic 

waves are sometimes destructive. As seen in transonic cavities for M > 0.4, resonant tones can 

reach up to 160 dB to 180 dB [7]. During acoustic resonance, drag levels inside the cavity could 

be as much as 250 percent greater than that during non-resonant conditions [8]. In the case of 

automobiles, noise levels can cause severe discomfort to passengers. For example, for an 

automobile moving at 50 km/h with an open sunroof can produce interior noise levels of more 

than 98 dB [9]. 
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The noise spectrum of cavity noise contains both broadband components and tonal 

components. Broadband components are introduced by the turbulence in the shear layer, while 

tonal components are due to a feedback coupling between the flow field and the acoustic field. 

2.2.1 Cavity Noise Mechanisms 

Four types of cavity resonant mechanisms are common: shear layer mode, wake mode, 

bulk mode, and acoustic mode [10]. The bulk mode (also known as Helmholtz mode) is due to 

the resonance that occurs between the bulk volume and the oscillating acoustic field near the 

cavity opening. In the acoustic mode, normal acoustics are formed due to the vortex propagation 

in the shear layer in the longitudinal or transverse direction. The most dominant modes are shear 

layer mode and wake mode, which will be discussed in detail below. 

2.2.2 Shear Layer Mode 

In the shear layer mode (also known as Rossiter mode), the shear layer separates from the 

leading edge of the cavity, bridges the cavity mouth, and interacts with the downstream edge of 

the cavity. Rossiter [11] proposed a feedback loop mechanism for self-sustained oscillation. 

Subsequent to the formation of a free shear layer, a series of vortices are formed as the result of 

Kelvin-Helmholtz instability. These rolling vortices, which form near the cavity leading edge, 

travel downstream at a constant speed. When these vortices touch the trailing edge, they generate 

acoustic waves, which propagate upstream. At low Mach numbers, the flow can be considered as 

incompressible flow; hence, these acoustic waves travel at the speed of sound. At moderate or 

high Mach numbers, these waves may be generated with an acoustic delay. Part of these waves 

are radiated above the cavity into the acoustic far field, while the rest travels upstream toward the 

leading edge, interacting with vortices near the leading edge of the cavity. Because of this 

interaction, the properties of the vortices, such as strength and frequency near the leading edge, 
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are changed. This completes the feedback loop. Thus, the vortices and acoustic reflections 

forming a feedback loop are responsible for the tonal components. The cavity in this case is said 

to be in shear layer mode or Rossiter mode. This shear layer mode is characterized by the roll up 

of vortices of the shear layer and impingement on the downstream cavity edge. Resonance can 

occur when the frequency and phase of acoustic waves produced by impingement are the same 

as that of the instabilities of the shear layer. After performing various experiments on a number 

of cavities with different length-to-depth (L/D) ratios and at different Mach numbers, Rossiter 

developed the following semi-empirical formula to predict the resonant frequencies: 

 1
m

m
f L mSt
U M

k







 



 (2.1) 

where mSt  is the Strouhal number corresponding to the mth mode frequency mf , the empirical 

constant k  corresponds to the average convection speed of the vortical disturbances in the shear 

layer, and   represents a phase delay. 

In the shear layer mode, the acoustic field is centered at the downstream cavity edge and 

is dominated by a single frequency of the Rossiter mode 2. At 145 degrees to the streamwise 

direction, intense acoustic radiation is observed. It can be seen that for M < 0.2, normal acoustic 

modes dominate [12]. As the Mach number increases, the Rossiter mode will begin to dominate 

until the Mach number reaches 3 to 5. 

2.2.3 Wake Mode 

In this case, the shear layer reattaches somewhere before the cavity downstream wall. 

Hence, the shear layer could touch the cavity bottom or partly impinge on the downstream wall. 

In the wake mode, large-scale vortex shedding takes place, just as that which occurs in flow over 

a bluff body [13]. The shed vortex is sometimes the size of the cavity [14]. Because of this 
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vortex, there will be a large increase in drag. This large vortex causes boundary-layer separation 

both upstream and downstream of the cavity. Separation of the boundary layer upstream is the 

important factor in a shear layer mode converting into a wake mode, which can occur when 

factors such as the Mach number are changed, while keeping L/θ0 constant. During the wake 

mode, the Strouhal number is independent of the Mach number. Evidence of wake mode 

transition in experiments has not been observed, but this was seen in 2-D numerical simulations 

[15–17]. 

2.3 Classification of Cavity Flow Field 

Cavity flows are classified in different ways by various researchers. For example, an L/D 

ratio of less than one is considered a deep cavity, and an L/D ratio of more than one is considered 

a shallow cavity. The reverse flow inside a shallow cavity is stronger than inside a deep cavity. 

In another classification, based on a length-to-width ratio, a ratio of less than one is considered a 

two-dimensional cavity, otherwise a three-dimensional cavity. In this case, the three-dimensional 

cavity is more influenced by side walls and boundary layers on the side walls than the two-

dimensional cavity. Two major classifications, one based on cavity oscillations and the other 

based on cavity-flow phenomenon, are presented in subsequent sections. 

2.4 Classification Based on Cavity Oscillations 

Even with the large diversity in cavity flow oscillations, some common features have 

been observed. Rockwell and Naudascher [18] classified oscillating flows into three types, based 

on the kind of interaction involved in the oscillation: 

 Fluid-dynamic  

 Fluid-resonant 

 Fluid-elastic 
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2.4.1 Fluid-Dynamic Oscillating Flow 

In the fluid-dynamic type of oscillating flow, coupling takes place between oscillations of 

the shear layer with the fluid inside the cavity. Oscillating flows over shallow cavities fall under 

this category. Standing acoustic modes are not involved in this type of flow. The Mach number 

does not need to be high. 

2.4.2 Fluid-Resonant Oscillating Flow 

 Fluid-resonant oscillating flow results from the coupling between standing waves and 

shear-layer oscillations. The resonant standing waves are generated as a result of the cavity’s 

geometric dimensions. 

2.4.3 Fluid-Elastic Oscillating Flow 

These are due to the interactions between the shear layer over the cavity and elastic 

boundaries of the cavity. Simple example is the loud speakers which are used to drive cavity 

oscillations. 

2.5 Classification Based on Cavity-Flow Phenomenon 

The cavity flow field is classified differently for supersonic and subsonic flows [19]. 

There are four types of cavity flows for supersonic flow fields: open, transitional-open, closed, 

and transitional-closed [20]. The length-to-depth ratio plays an important role in cavity flow. 

2.5.1 Open Cavity Flow 

Open cavity flow occurs for L/D ratios ≤ 10. Open cavities are deep, and their length is 

small. As shown in Figure 2.2 (b), uniform static pressure distribution on the cavity floor occurs 

in open cavities. The impingement of the shear layer creates a high-pressure region near the 

trailing edge of the cavity. 
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(a) Flow Field and Recirculation Region 

 

(b) Static Pressure Distribution along Cavity Floor 

 

(c) Sound Pressure Level Spectra 

Figure 2.2: Open Cavity Flow Properties at Supersonic Speeds [20] 

For very small L/D ratios (i.e., below the critical value), the shear layer crosses the cavity 

without impinging on the downstream wall [21]. In this case, the shear layer does not oscillate or 

has very small oscillations. Mass transfer across the shear layer is less, so the recirculation region 

formed inside the cavity has less energy. Despite small fluctuations, the flow field in this case is 

considered steady. When the L/D ratio is increased above the critical value, the shear layer starts 

impinging on the wall periodically, and the disturbances from the wall travel back and cause 

further instabilities. The effect of the Reynolds number on these properties is less, because they 

are mainly dependent on the L/D ratio and Mach number [22]. In open cavities, uniform static 

pressure distribution on the cavity floor, high intensity acoustic tones, and a single recirculation 

region in the cavity can be observed, as shown in Figure 2.2 (a). Resonance can be seen in these 
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cavities, and typical sound pressure level (SPL) spectra are shown in Figure 2.2 (c). The noise 

levels in open cavities can reach up to 170 dB, with frequencies nearing 1 kHz [23]. These high-

intensity acoustic tones can induce vibrations in the surrounding structure, which can lead to 

structural fatigue [24, 25]. Rossiter’s semi-empirical relationship can be used to estimate the 

possible resonant frequencies. 

2.5.2 Closed Cavity Flow 

The closed cavity flow occurs for L/D ratios ≥ 13. Typically, missile weapons bays have 

this configuration. Here the cavity is long. Closed cavity flow properties are shown in Figure 2.3. 

 

(a) Closed Cavity Flow Field 

 

(b) Static Pressure Distribution along Cavity Floor 

 

(c) Sound Pressure Level Spectra for Closed Cavities 

Figure 2.3: Closed Cavity Flow Properties at Supersonic Speeds [20] 

Because of the length of this type of cavity, the shear layer that separates near the leading 

edge of the cavity will get reattached somewhere on the cavity floor, separating again before 
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reaching the downstream cavity edge. As shown in Figure 2.3 (a), both impinging shock and exit 

shock are observed at the points where the flow reattaches and separates, respectively. This 

forms two recirculation regions. The high-pressure recirculation region is formed near the rear 

end of the cavity, where there will be some compression. The low-pressure recirculation region 

is formed near the front end of the cavity. The mean static pressure near the upstream wall of the 

cavity will be low, while the pressure distribution will be high near the edges and low in the 

middle, as shown in Figure 2.3 (b). This difference in pressure along the length of the cavity 

causes large pitching moments, which can disturb the proper release of the store. Typical SPL 

spectra for such cavities are shown in Figure 2.3 (c). 

Closed cavities are observed to have higher drag coefficients when compared to that of 

open cavities [26–28]. Heat transfer properties are also high [29–31]. Unlike open cavities, 

acoustic tones are not formed in closed cavities. 

2.5.3 Transitional-Open and Transitional-Closed Cavity Flows 

The transitional-open and transitional-closed cavities have L/D ratios between 10 and 13 

and fall between the open and closed cavities. When the L/D ratio is increased in the open cavity, 

the flow is observed to have a series of compression waves. In this case, the flow is turned into 

the cavity without any impingement of the shear layer on the cavity floor, as shown in Figure 2.4 

(a). These types of cavities are called transitional-open cavities. Because of the series of 

compression waves, the pressure distribution increases along the cavity length, although not as 

much as in closed cavities. This small differential pressure does not cause severe pitching 

movement as in closed cavities. The pressure distribution is shown in Figure 2.4 (b). 
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(a) Transitional-Open Flow Field 

 

(b) Pressure Distribution along Cavity Floor 

Figure 2.4: Transitional-Open Cavity Flow Properties at Supersonic Speeds [20] 

When the L/D ratio is increased further, the compression waves collapse to form a single 

shock at the point of impingement on the cavity floor by the shear layer. This is called 

transitional-closed cavity flow. When compared to a closed cavity, which has two shocks 

(impingement shock and exit shock), the transitional-closed cavity flow has a single shock, as 

shown in Figure 2.5 (a). 

 

(a) Transitional-Closed Flow Field 

 

(b) Pressure Distribution on Cavity Floor 

Figure 2.5: Transitional-Closed Cavity Flow Properties at Supersonic Speeds [20] 
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As shown in Figure 2.5 (b), the pressure distribution of the transitional-closed cavity flow 

does not have a plateau region like the closed cavity. However, the pressure difference is 

comparable to that of the closed cavity. Because of this, large pressure differences and large 

pitching moments can be experienced. 

2.5.4 Cavity Flow Types in Subsonic/Transonic Flows 

In the case of subsonic and transonic flows, cavities are classified as open, closed, and 

transitional [20]. Characteristic static pressure distributions are observed in order to classify the 

flow field. In open cavities, uniform pressure distribution is observed for x/L ≤ 0.6, where x is 

the length of the cavity from the leading edge. For x/L > 0.6, as one moves toward the trailing 

edge of the cavity, an increase in pressure distribution is observed with the concave-up shape of 

the Cp graph, as shown in Figure 2.6. 

 

Figure 2.6: Pressure Distribution along Cavity Floor for Subsonic/Transonic Flows [20] 
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 For transitional cavity flows, the concave shape for x/L > 0.6 will become a convex 

shape. The flow remains a transitional type of flow as the L/D ratio is increased until there is an 

inflection point at around x/L = 0.5, after which the flow can be considered a closed type of flow. 

During this process, there could be negative values near the upstream wall, which gradually 

increase to large positive values near the downstream wall. Beyond the inflection point at x/L = 

0.5, when the L/D ratio is increased, there will be a plateau region of pressure distribution, which 

is typical for closed cavities, as can be seen in Figure 2.6. 
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CHAPTER 3 

COMPUTATIONAL AEROACOUSTICS 

 
 

3.1 Acoustics and Aeroacoustics 

The branch of science that deals with the study of mechanical waves in the medium of 

fluids and solids is called acoustics. These mechanical waves, which are often referred to as 

sound waves, are due to time-dependent changes of density or associated temperature, pressure, 

and position of fluid particles. These waves are advantageous because they are used by human 

beings and other species for communication purposes. Unfortunately, these waves, also known 

as noise, may cause permanent hearing loss, hypertension, disrupted sleep, increased blood 

pressure and heart rate, and some psychological effects. The various noise sources include solid-

body friction, solid-body vibration, combustion, shock, and aerodynamics. 

Aeroacoustics is a branch of acoustics that deals with the study of noise generated as the 

result of unsteady characteristics of flow or the result of aerodynamic forces interacting with 

surfaces. 

3.2 Noise-Level Prediction Methods 

More recently, additional research has been performed on noise control as the result of 

imposed restrictions on the noise levels of airplanes, helicopters, trains, and personal vehicles. 

Several methods are used to calculate or predict noise levels within cavities: experimental 

methods, theoretical methods, computational aeroacoustics (CAA), and computational fluid 

dynamics (CFD) with acoustic analogies. Experimental methods are accurate; however, these 

methods are very costly. Theoretical methods may not be accurate or valid for all models. 

Methods like Rossiter’s empirical formula or various modified versions of it are unable to predict 

correct noise levels for all flow conditions inside a cavity. This is because the formula does not 
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consider flow parameters like the L/D ratio, Reθ, and L/θ0. The other two methods, CFD with 

acoustic analogy and CAA, will be discussed below. 

3.2.1 CFD with Acoustic Analogy 

In acoustic analogies or hybrid approaches, compressible Navier-Stokes (NS) equations 

are arranged in the form of an inhomogeneous wave equation consisting of source terms, 

including momentum sources, turbulent stress sources, and body moment sources. These 

aeroacoustic sound sources are replaced with simple emitter-type sources, and then the equations 

are converted into linear form. Examples of such analogies are the Lighthill analogy and the 

Fowcs Williams-Hawkings analogy. Due to the approximations involved, the main problem with 

this kind of approach is accuracy. 

3.2.2 Computational Aeroacoustics 

Computational aeroacoustics deals with the simulation of sound generated as the result of 

unsteady flows. In this case, the compressible Navier-Stokes equations are solved for the entire 

flow field, including the far field. Early problems with the CAA approach included differences in 

problems due to a large disparity in energy between energy of the flow and acoustic energy in 

the far field, and disparities in the size of an eddy in turbulent flow and the wave length of the 

acoustic waves. Computational aeroacoustics using direct numerical simulations involve very 

high numerical resolution; therefore, high computational resources are required. This method, 

also called direct numerical simulation (DNS), can resolve the smallest eddies. When 

computational resources are limited, two alternate methods can be used so that small-scale 

turbulence fluctuations need not be simulated. These methods are Reynolds-averaging and 

filtering. Both of these methods introduce additional terms in NS equations and thus increase the 
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number of variables. In order to achieve closure of the equations and to obtain a proper solution, 

these equations must be amended. 

In Reynolds-averaging or ensemble-averaging, Reynolds-averaged Navier-Stokes 

(RANS) equations that govern the transport of flow quantities are averaged with turbulence scale 

modeling. In this way, RANS equations are not computationally expensive and are well known 

for their quick solutions to complex problems. The modeling of turbulence can be achieved in 

several ways, including the Spalart-Allmaras (SA) model, k-ε variants, k-ω variants, and 

Reynolds stress models. 

In filtering techniques or large eddy simulation (LES), large eddies, which carry the 

majority of energy, are explicitly resolved, and smaller eddies are modeled, achieving a 

computational advantage. This model uses filtered Navier-Stokes equations to separate these 

scales. 

Detached eddy simulation (DES) is a hybrid model that uses LES and RANS techniques. 

If the grid size is greater than the turbulent length scale near the solid boundaries, then it is 

solved using RANS; otherwise, it is solved using LES. The grid resolution does not need to be 

intense, making this method computationally efficient. The present simulations use the SA 

model, which was first proposed by Spalart et al. [32]. 

3.3 Pressure Spectrum  

The local pressure deviation from ambient pressure of the medium is known as sound 

pressure or acoustic pressure. Pressure fluctuations generated as the result of impingement of the 

shear layer and the after effects are responsible for the acoustics of the cavity. These pressure 

fluctuations are recorded to study the nature of the flow features inside the cavity. One can 

define the pressure spectrum as a plot between unsteady pressure measurements on the y-axis 
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and flow time on the x-axis. The pressure spectrum of an open cavity is dominated by the 

periodic pressure fluctuations with less random fluctuations. For closed cavities, the random 

fluctuations dominate the spectrum with less periodic fluctuations. 

3.4 Power Spectral Density 

The power spectral density (PSD) function is useful in describing the distribution of a 

signal’s power as a function of frequency. Its units are W/Hz. The input need not be pure 

oscillatory signals. In the current study, PSD was useful in determining at what frequencies the 

power of the signal was higher. 

3.5 SPL Spectrum 

Sound pressure level is the logarithmic measure of acoustic pressure relative to the 

reference acoustic pressure: 

 10SPL 20 dBrms

ref

plog
p

 
   

 

  (3.1) 

The sound pressure of 20 µpa is considered the reference for sound pressure in air, which is the 

threshold limit for the human ear at a frequency of 1 kHz. The SPL spectrum is a plot between 

sound pressure level (dB) and frequency (Hz). The SPL spectrum of open cavities has some 

dominant acoustic modes, as shown previously in Figure 2.2 (c). These modes can be predicted 

by the empirical formula proposed by Rossiter. 

Heller and Bliss extended the formula and proposed an improved version. The 

frequencies of the tones of the cavities studied here can be estimated using Rossiter’s modified 

formula [33]: 
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Experiments and numerical simulations have shown reasonable agreement with the 

Rossiter formula and the formula proposed by Heller and Bliss. However, there are significant 

differences because the formulae do not consider the flow parameters such as the L/D ratio, Reθ, 

and L/θ0. These parameters have significant influence upon the resonant phenomenon. 

For partially covered cavities, Wittich [34] developed a formula for estimating the 

resonant frequencies: 

 *2 L L 1
m

m
f L mSt
U M M / / k



  


 

 
 (3.3) 

where *L  is the length of the cavity with its cover plate, and L  is the length of the cavity 

without its cover plate. Equation (3.3) is known as a long path equation.  
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CHAPTER 4 

LITERATURE REVIEW 

 
 

4.1 Classification of Previous Research Work 

The applications of cavity flows in various crucial fields have motivated researchers to 

study them. Research in this area can be divided into four groups [35]: 

 Effect of various characteristics on cavity resonance. 

 Evaluation of cavity flow dynamics using optical measurement techniques. 

 Evaluation of control techniques. 

 Evaluation using numerical simulations. 

4.2 Effect of Various Characteristics on Cavity Resonance 

The effects of various characteristics, such as cavity size and Mach number, on the cavity 

flow field were studied in the 1950s. Roshko [36] was the first to study the effects of cavity 

dimensions on the flow field. He found that for deep cavities (small L/D ratios), the shear layer 

impinges on the cavity’s downstream wall, and for shallow cavities (large L/D ratios), the shear 

layer reattaches on the cavity floor. In 1956, by varying the L/D ratio, Krishnamurty [21] found 

the critical L/D ratio for which the shear layer will begin to oscillate. For L/D ratios less than 

(L/D)CR, the shear layer spans over the cavity mouth without impinging on the cavity 

downstream wall. Rossiter [11] conducted several wind tunnel experiments on various cavity 

configurations at the Royal Aircraft Establishment. He was the first to study the acoustics of 

cavity flows and to propose an empirical relationship that can estimate the resonant frequencies 

of open cavities. According to Plumblee and Lele [37], there is a threshold Mach number below 

which there will be no acoustic tones. Heller et al. [38] found that increasing the Mach number 

forces the transition of the shear layer mode into the wake mode. In one of the experiments in the 
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wake mode, Colonius et al. [14] found that for a range of Mach numbers, the fundamental 

frequency remains the same. Several experiments were performed by Colonius [39] for a range 

of Mach numbers, cavity aspect ratios, upstream boundary layer thickness, and Reynolds 

numbers. Several other researchers studied the effects of these characteristics on cavity 

resonance both experimentally and numerically [40–42]. 

4.3 Experimental Techniques 

Several advances in experimental techniques have been developed over the last several 

decades. Schlieren photography [43] and optical reflectometry [44] were developed. High 

resolution methods such as particle image velocimetry (PIV) [45] and laser Doppler anemometry 

(LDA) [46] were developed to provide more accurate data than previous methods. High 

resolution data for instantaneous velocity and flow field can be obtained using these methods. 

Several other researchers used these experimental techniques to investigate cavity flows [47–51]. 

Experiments conducted by Zhuang et al. [52] show that noise levels of 170 dB are observed for 

supersonic flows below Mach 2. 

4.4 Control Techniques 

The ultimate goal behind the study of cavity flows is to know their physical mechanisms 

and to have control over the various disadvantages caused by these cavities in actual 

applications. Shaw et al. [53] were the first to show that the feedback loop could be disturbed if 

the feedback frequency of the shear layer was varied. This was achieved by varying the position 

of the leading-edge passive suppressor. Gharib [54] showed that if the shear layer over the cavity 

is excited, then oscillations could be controlled. He introduced thermal energy sinusoidally 

before the leading edge of the cavity to excite the Tollmien-Schlichting waves, which could be 

amplified by the boundary layer before separating from the leading edge. A number of methods 
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were developed later to control these cavity oscillations. These control methods can be classified 

into two groups: active and passive. In passive control techniques, the cavity geometry is 

modified by using meshes, spoilers, and ramps placed near the leading edge [33, 55, 56]. The 

main aim of these additions is to increase the shear layer thickness or to vary the location of 

reattachment. Passive control techniques are simple and inexpensive, and at design conditions, 

they produce very good results. Unfortunately, at off-design conditions, they may deteriorate the 

performance of the cavity. In active control, energy is added in some form, such as oscillating 

flaps, vibrating cylinders, powered resonance tubes, or pulsed injection [57–60]. The advantage 

of active control is that it can be controlled for all conditions. The disadvantages include weight 

increase, high cost, and reliability issues. However, with new technology such as microsensors 

and micro-electro-mechanical systems (MEMS), there has been an increase in the use of active 

control techniques. 

4.5 Computational Methods 

Due to rising costs, experimental methods are becoming more expensive, and their 

availability to researchers for experimental purposes is decreasing. With advancements in 

computer hardware and numerical schemes, computational methods are able to predict the flow 

more accurately than three decades ago. Most early work concentrated on supersonic flow over 

cavities with varying geometries. However, researchers used Reynolds-averaged Navier-Stokes 

equations. Many of these RANS models used simple algebraic turbulence models [61]. RANS 

equations model the turbulent motions, and hence the grid resolution requirements are low. This 

means that the time required for completing simulations is also low. The major disadvantage of 

RANS is lack of accuracy. To overcome this defect, new turbulence models, such as the one-
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equation [62] and two-equation models [63], have been implemented, but these models also 

cannot predict flow accurately. 

The large eddy simulation gained importance because of its ability to capture unsteady 

flows more accurately. In LES, large scales of flow structures are explicitly resolved while 

smaller scale flows are modeled using a sub-grid scale (SGS) model. Hence, smaller portions of 

flow are modeled compared to that of RANS models. LES was found very useful for unsteady 

flows. For higher Reynolds numbers, however, the resolution requirements are still high. For 

example, Rizzetta and Visbal [64] used 20 million grid points for LES simulations of a 

supersonic cavity, which had good agreement with experimental values. It is estimated that 

1×1016 grid points would be needed to perform LES simulations on a full-scale aircraft for a 

Reynolds number based on its weapons bay length of 1×108 [65]. To overcome the high-

resolution requirements dictated by LES, a hybrid RANS/LES method was proposed by Spalart 

et al. [32]. This method, called detached eddy simulation, uses a RANS model in the boundary 

layer region, while LES is used on the outside boundary layer. DES simulations conducted by 

Hamed et al. [66] and Vishwanathan and Squires [67] were reported as successes. 

Mahmoudnejad and Hoffmann [68] focused on DES simulations using the Spalart-Allmaras one-

equation model and found that three-dimensional cavity results compared well with experimental 

values. Syed and Hoffmann [69] performed DES with the SA model on 3-D cavities with and 

without cover plates, and good comparisons of numerical and experimental values were reported. 

Syed and Hoffmann also predicted the effects of the various DES variants on the generation of 

turbulence-to-viscosity ratio.  
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CHAPTER 5 

CAVITY MODELS AND GRID 

 
 

5.1 Cavity Geometry 

Flow over a cavity can be modeled by using a simple cavity or a model, which includes 

all details inside the cavity. Automobile door gaps can be modeled by a simple cavity. In some 

cases, automobile sunroofs can be modeled by a cavity with or without deflectors. In these cases, 

the study could be limited to evaluation of a few aspects, such as the effect of deflectors or the 

effect of the L/D ratio. However, for accurate results and in-depth analysis, the model should 

contain a full-scale model of the vehicle including the passenger compartment, whereby 

disturbances at the passenger location can be obtained. 

Modeling of landing gear bays is a challenge. It includes a combination of the cavity with 

the bay doors partially or fully open, external surfaces near the cavity (such as the fuselage), 

landing gear strut, and other components. Due to this complexity, the component geometries are 

simplified in many cases. In one such modification, the volume of landing gear struts inside the 

cavity is maintained accurately without giving much attention to the geometry [70]. 

In the case of military aircraft, the weapons bay door is opened only when weapons need 

to be deployed. Hence, the effects of the weapons bay flow field on weapons are studied with the 

weapons inside the cavity as well as immediately after they are deployed. These studies include 

the evaluation of forces and momentum on the weapons when they are first released from the 

store. Adaptive mesh techniques will be advantageous in this case because of the moving 

weapons on which various forces are to be evaluated. 

In the present study, simple cavity configurations are used. However, the flow is complex 

due to the presence of the raised cover plate. 
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5.2 Cavity Models Considered in Present Study 

Simulations in the present study considered four different cavity geometries. The first 

model was the validation model (C0). The other three models were the cavities to be studied (C1, 

C2, and C3). For a grid-independent study, cavity C2 was considered. Two types of mesh were 

generated for this cavity—denser mesh, referred to as cavity C2, and coarser mesh, referred to as 

cavity C22. Cavity C22 had the same geometry as that of cavity C2 but fewer number of grid 

cells. 

5.2.1 Validation Model 

The validation model considered in this study was the experimental model of Wittich and 

Jumper [71]. This model is partially covered with the cover plate ratio of 0.4, where L* is the 

length of the covered cavity including the plate, and L  is the length of the cavity without the 

cover plate, as shown in Figure 5.1. 

 

Figure 5.1: Geometry of Validation Model Cavity C0 

In the present simulations, the inlet boundary was located a distance of 10D ahead of the 

cavity upstream edge. The cavity outlet was also located 10D from the cavity after the 

downstream edge. The far field was located 15D away from the opening of the cavity. This 
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distance avoided any reflections from the boundaries. Also, nine different data points were 

specified to record the pressure fluctuations, as shown in Figure 5.2. 

 

Figure 5.2: Data Points of Cavity C0 

Wittich and Jumper [71] conducted various experiments on a number of cavities at 

different subsonic, transonic, and supersonic Mach numbers. Some of the results, which are 

useful for the validation of the present work, are shown in Figure 5.3. 

 
Figure 5.3: Variation of Frequency Modes with M for *L / L  Ratio of 0.4 [71] 
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Figure 5.3 shows the peak frequency data for a partially covered cavity with a *L / L

ratio of 0.4. The dashed lines represent expected frequencies according to the long path feedback 

formula, with α and k values of 0.09 and 0.55, respectively. The solid red line indicates the 

distinct m = 3 peak, which is not identified at M = 0.5. Wittich [34] developed the long path 

equation given by equation (3.3). 

In this thesis, the results of the numerical simulations conducted were compared with this 

formula. Because this formula was verified and validated for Mach numbers ranging from 0.3 to 

0.65, it was used for validation purposes. 

5.2.2 Cavity-Model Geometry 

In the present simulations, three different cavity geometries were considered: C1, C2, and 

C3. Cavities C2 and C22 had the same geometry. The geometries for all cavities are shown in 

Figure 5.4. In all three cases, the length of the cavity floor (L), cavity width along the z-direction 

(W), length of cavity mouth opening along the x-direction ( L ), and depth of the upstream cavity 

wall (D) were the same. The only geometric feature that was varied was the depth of the trailing 

edge of the cavity ( *D ). The variation of *D  is shown in Table 5.1, which indicates a large 

increase in the size of the cavity depth for C3. 

 

(a) C1 
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(b) C2 and C22 
 

 

(c) C3 
 

Figure 5.4: Cavity Geometries for All Cases 
 
 

TABLE 5.1 

GEOMETRIC PARAMETERS OF ALL CAVITIES 

Parameter C1 (inch) C2/C22 (inch) C3 (inch) 

L  0.43 0.43 0.43 
L  0.09 0.09 0.09 

*L  0.34 0.34 0.34 
D  0.23 0.23 0.23 
D  0.04 0.04 0.04 

*D  0.19 0.2525 0.44 
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The depth of the downstream cavity wall that held the cover plate was varied in all three 

cases. When viewed from the flow direction, the flow in the cavity area was 0, 0.0225, and 0.21 

sq. in. for C1, C2, and C3, respectively. The flow encountered the wall area of the cover plate, 

which was 0.04 sq. in. for C2 and C3. Therefore, it was expected that there could be a 

recirculation region inside these cavities. As a result, the physics of the flow was quite different 

in each case. In this thesis, the effects of the depth of the wall and the recirculation region on 

SPL spectra were evaluated. The outlet boundary was located a distance of 15D from the 

downstream cavity wall for C1 and C2, and a distance of 25D for C3. All other boundaries, 

including the upper boundary and inlet, were located at least 10D away from the cavity opening, 

where D was the depth of the downstream cavity wall. 

5.3 Grid Generation 

Grid generation was performed using GAMBIT software. This software was used for 

both model and mesh generation. The entire domain was divided into blocks with each block 

modeled and meshed separately. For cavity C3, the geometry was divided in to four blocks, as 

shown in Figure 5.5.  

 

Figure 5.5: Various Blocks of Cavity C3 
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A structured mesh was chosen for mesh generation purposes. The creation of these blocks 

reduced the load on the computer for mesh generation, which provided complete control for 

clustering near the wall. The common interface between any two blocks was given the interface 

boundary condition, which is available in GAMBIT. When these block meshes were read by 

FLUENT, the interfaces were fused in order to form a continuous interior region. For a grid-

independent study, two different grids were considered for the second study case. Thus, this 

cavity was studied as two different cases—C2 and C22. 

The validation model, cavity C0, had more than 3.4 million grid cells. The total number of grid 

cells inside this cavity was more than 1.1 million cells. This massive number of cells captured 

the entire internal flow phenomenon. As shown in Figure 5.6, the mesh is denser near the 

boundaries and coarser farther away from the boundaries. 

 

Figure 5.6: Grid Structure for Cavity C0  

Because of the large number of grid cells, substantial computational effort was done in 

order to perform these simulations. The x-axis was aligned with the length of the cavity, the y-
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axis was aligned along the depth of the cavity, and the z-axis was aligned along the width of the 

cavity. For the remaining cavities, the grid system is shown in Figure 5.7. 

 

(a) Grid for Cavity C1  
 
 

 

(b) Grid for Cavity C2  
 

(continued) 
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(c) Grid for Cavity C22  

 

(c) Grid for Cavity C3  
 

Figure 5.7: Grid System for All Study Cases  
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The number of grid cells was increased when the cavity size increased. Table 5.2 shows 

the number of grid cells created in each of these cases. As can be seen in Table 5.2, the number 

of cells for cavities C1, C2, and C3 are in increasing order because the volume of the cavity 

increases. This increase in volume was due to the increase in the height of the trailing edge of the 

cavity. The decrease in number of cells from cavity C0 to cavity C1 was due to cavity C0’s 

higher volume compared to cavity C1. Cavity C0 had a volume of 66.86 cm3, while cavity C1 

had a volume of 1.62 cm3. 

TABLE 5.2 

GRID CELL DISTRIBUTION FOR ALL CAVITIES 

Cavity Model Total Cells Cells Inside Cavity 

C0 3,466,480 1,102,080 

C1 2,126,560 446,560 

C2 2,276,400 596,400 

C22 1,529,500 327,250 

C3 2,648,800 618,800 
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CHAPTER 6  

NUMERICAL MODELING OF THE FLOW 

 
 

6.1 Flow Assumptions  

 Air consists of discrete particles with complex interactions occurring between them. 

These interactions include intermolecular forces. It is assumed that these forces are 

negligible and that there are only elastic collisions between them for a very short period 

of time, hence the ideal gas law is valid. 

 Since temperatures are below 1000 K, the air can be assumed to be calorically perfect 

gas. 

 It is assumed that on a macroscopic scale, air is not made of discrete particles but rather a 

continuous substance. Therefore, it obeys the continuum principle. Thus the governing 

equations for the flow are compressible Navier-Stokes equations. 

 Air is assumed to be a homogenous mixture with no reacting gases. 

 It is assumed that gravitational forces are negligible. Therefore, the gravitational force 

term, which is included in body forces in the NS equations, will become zero.  

 The free-stream turbulence is low, and hence it is assumed that 10% of the turbulence 

viscosity ratio is in the free stream. This is valid because wind tunnels have this range of 

turbulence viscosity ratio. 

 It is assumed that there is no heat transfer across the cavity walls. 

 A wall roughness constant of 0.5 with zero pressure gradient normal to the wall is 

assumed. This assumption will be valid for any boundary layer except in the presence of 

body forces or curvature of the surface. Since there are no body forces or curvature in the 

present case, this assumption is valid. 
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6.2 Governing Equations 

The numerical methods used for cavity flows should capture highly unsteady flow, shear 

layer instability, upstream boundary layer separation, and downstream boundary layer 

reattachment.  

From the imposed assumptions, it follows that compressible Navier-Stokes equations are 

the governing equations for the flow. FLUENT software was used to solve the compressible 

Navier-Stokes equations. 

FLUENT uses the control-volume-based technique to solve compressible Navier-Stokes 

equations. The integral vector form of Navier-Stokes equations can be represented as  

  
V V
WdV F G .dA HdV
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     (6.1) 

This equation is a combination of equations of conservation of mass, momentum, and energy. 

The conservative variable W, the convective flux F, and the viscous flux G are defined below. 

The H in this equation is the source term, which consists of energy sources and the body forces 

terms. 
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where the symbols ρ, p, E, q, τ, and υ represent density, pressure, total energy per unit mass, heat 

flux, viscous stress tensor, and kinematic viscosity, respectively. The velocity vector is given by 

 V ui vj wk    (6.2) 

where i , j , and k  represent the unit vectors along x-, y-, and z-directions, respectively. Full 

Navier-Stokes equations for unsteady flows are computationally expensive but are expected to 

capture all flow features, even at very small scales. Due to the limited computational resources, a 

detached eddy simulation model with the Spalart-Allmaras RANS model was chosen. DES 

simulations provide good results for the wall y+ values below 1. It was ensured that wall y+ 

values were within that range. 

6.3 Detached Eddy Simulations 

The detached eddy simulation was first proposed by Spalart et al. [32]. DES is a hybrid 

method that combines RANS and LES. LES can directly resolve 3-D time-dependent eddies 

accurately. The main problem with LES is that it is computationally expensive in the near-wall 

region when smaller eddies are present. DES switches from LES to RANS in the near-wall 

region and switches back to LES in regions away from the wall and near separated flows. This 

switch is dependent on wall y+ values and mesh size. In the present simulations, the Spalart-

Allmaras RANS model was used. 

In the near-wall region, the DES switches to a Reynolds-averaged approach. In the 

Reynolds-averaged approach, the respective RANS models are recovered. In Reynolds 
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averaging, solution variables in Navier-Stokes equations are split into mean and fluctuating 

components: 

f f f    

where if  is the mean velocity component given by 
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and f   is the fluctuating velocity component, and time averaging of a fluctuating component 

results in zero. Hence, 
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The only restriction is that t  in the above equations must be more than the period of 

fluctuating components but less than the time interval associated with unsteady flow [72]. Other 

mathematical approximations are clearly defined by Hoffmann and Chiang [72]. The 

components are written for the variables and then substituted into NS equations, and a time 

average is taken. Subsequently, by using Boussinesq hypothesis, the Reynolds stresses are 

related to the mean flow velocities. The SA model (which uses this hypothesis) solves only one 

additional transport equation given by equation (6.3): 
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 (6.3) 

Various terms appearing in equation (6.3) have the following definitions. Eddy viscosity 

is given by 

1t vν νf  
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and 
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where d is the distance to the wall, κ  is the von Karman constant, and S is the magnitude of the 

vorticity defined by 
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Functions 2tf  and 1tf  are given by 

2
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and 
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where td  is the distance from the field point to the trip on the surface, tω  is the wall vorticity at 

the trip, q  is the difference between the velocities at the field point and trip, and tg  is defined 

as  

[1 0  ]t tg min . , q / ω x    

and 
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Constants 1bC  and 2bC  are given by 0.1355 and 0.622, respectively. All remaining 

constants used in the above equations are given by the following matrix: 
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If d is the distance to the closest wall, then in the DES model, d in the above equations is 

replaced by d  given by 

min( )desd d ,C   

where desC has the value 0.65, and  is based on largest grid space among x-, y-, and z-

directions. This modified wall distance in the SA model makes the model behave as a RANS 

model in regions close to the wall and as a sub-grid model in regions away from the wall. It 

switches to LES mode when the region is the core turbulent region and when large turbulent 
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length scales play a dominant role. In this region, the DES models recover the respective sub-

grid models.  
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CHAPTER 7 

FLOW CONDITIONS AND SETUP 

 
 

7.1 Flow Conditions 

The simulations were conducted using FLUENT software. The free-stream Mach number 

was set at 0.6 for cavity C0 and 0.7 for all remaining cavities. The other conditions were the 

same for all cavities. The static pressure was set to 101325 Pa, and the temperature to 300 K. The 

free-stream air was assumed to have low-turbulence intensity. Thermal conductivity and CP of 

air were 0.0242 W/m-K and 1006.43 J/Kg-K, respectively. These values were assumed to be 

constants. The Reynolds number based on the cavity floor length was around 15.2×105 for the 

C0 cavity, and 1.7×105 for the remaining cavities. 

7.2 Boundary Conditions 

Boundary conditions play a key role in any computation fluid dynamics problem because 

they influence the accuracy and convergence properties of the solution. For all cases, boundary 

conditions were the same. Far-field boundary conditions were given at the inlet, outlet, and upper 

boundary surfaces, all of which were located far away from the cavity mouth so that there would 

be no acoustic reflections from these surfaces. The pressure far-field boundary condition in 

FLUENT is a non-reflecting boundary condition that uses characteristic information or Riemann 

invariants to calculate the flow variables at the boundaries. 

Periodic boundary conditions were specified to the side boundaries. The pressure gradient 

across the periodic boundaries was left to the default value of zero. 

All the walls were given no-slip adiabatic boundary conditions so that the velocity of air 

at all wall boundaries was given zero velocity. The adiabatic conditions were given by zero heat 

flux across the wall, which means that no heat was exchanged between the walls and air. 
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The boundary conditions are shown for cavity C3 in Figure 7.1. 

 

Figure 7.1: Boundary Conditions for Cavity C3 

7.3 Flow-Solver Setup 

FLUENT software was used to solve the 3-D compressible Navier-Stokes equations. The 

3-D double-precision version of the solver was used for this purpose. The grids generated as 

separate blocks using GAMBIT were read into FLUENT, and using the multi-block method, all 

blocks were appended as one grid and then fused to form the entire computational domain. 

A pressure-based solver with second-order implicit unsteady formulation for temporal 

discretization was used. A Green-Gauss cell-based averaging scheme was used for accurate 

calculations. The non-iterative time advancement (NITA) method was chosen as a transient 

control in order to reduce the computational time. The DES-based Spalart-Allmaras model was 
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chosen for simulations. The pressure implicit with splitting of operators (PISO) type pressure-

velocity coupling algorithm was utilized to solve the equations. The central differencing scheme 

was used as the discretization scheme for the momentum equation because of its low numerical 

diffusion advantage. A second-order scheme was used for density, energy, and pressure. 

The ideal gas option was chosen, with CP and thermal conductivity kept constant. 

Viscosity was set as a function of temperature using Sutherland’s three-coefficient method. The 

reference viscosity and temperature for this setup were 1.716×10-5 Kg/m-s and 273.11 K, 

respectively. 

7.4 Initialization 

In order to achieve quick convergence, the initial assumed data of the flow field should 

be reasonable. The entire computational domain was initially given free-stream conditions. Then, 

the zone inside the cavity was patched with zero x velocity values. This overwrote the initial 

free-stream values inside the cavity. Because it was known that the velocity magnitude of fluid 

particles inside the cavity is small, this value of zero best suited the initial guess. Outside the 

cavity, the entire flow field was given free-stream conditions. 

Before starting the simulations using DES, a steady RANS model with S-A turbulence 

model was used for a few thousand iterations for initial best values. This procedure was adopted 

for all the simulations in this study. Note that these few thousand iterations were in addition to 

the original estimated 500,000 time iterations required for accurate calculation of sound pressure 

levels computationally. 

7.5 Grid Partitioning in FLUENT 

The cavities under consideration have a large number of grid cells and the number of 

time steps required to obtain an accurate SPL spectra is 500,000 iterations. Because of the large 
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number of grid cells in each cavity, intense computational resources were required to solve the 

compressible Navier-Stokes equations over the given domain. The FLUENT parallel solver was 

used to solve these equations efficiently. For this purpose, the grid was partitioned or subdivided 

into groups of cells that could be solved on separate processors. Partitions were added to the grid 

using the partition and load balancing option, which is available in FLUENT. 

The method used for partition was METIS, which is a multilevel approach in which the 

edges and vertices on the fine graph are coalesced to form a coarse graph. The coarse graph was 

partitioned and then uncoarsened back to the original graph. During coarsening and 

uncoarsening, algorithms were applied to permit high-quality partitions [73]. Figure 7.2 shows 

the six partitions of cavity C0. 

 

Figure 7.2: Six Partitions of Cavity C0 using METIS 

The simulations were conducted using the facilities of the High Performance Computing 

Center (HiPeCC), the supercomputing facility available at Wichita State University. For cavity 

C0, 30 partitions were performed and 30 processors were used for 100 days to obtain the results 

for 500,000 time-step iterations. This signifies the tremendous computational effort required to 
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solve the equations. For the same reason, the number of cells in the remaining cavities was 

decreased, but the wall values were maintained. The grid independency conducted on cavity C2 

allowed the effects of this cell decrease to be studied, not only for C2 but also for other cases in 

general. 

7.6 Flow Simulations 

For resolving high-frequency oscillations of cavity flows, a very small time step is 

required. For this experiment, a time step of 10-7 second was used. With a flow time of 0.05 

second, the numerical simulations for each case took more than 100 hundred days on 30, 3.6 

MHz Xeon (EM64T) processors. 

7.7 Post-Processing and Fast Fourier Transform 

In the present analysis, pressure fluctuations were recorded at various points on the cavity 

floor as well as slightly upstream and downstream of the cavity opening. This provided the 

pressure spectra of the cavity. The pressure spectrum graph of pressure versus time was 

converted into SPL spectra using fast Fourier transform (FFT). The FFT module of the FLUENT 

has the following limitations: 

 The input data should have samples at equal intervals of time and at increasing intervals 

of time. 

 The lowest frequency that the FFT module can pick up is given by1 / t , where t is the 

total sampling time. If the sampled sequence contains frequencies lower than this, these 

frequencies will be aliased into higher frequencies. 

 The highest frequency that the FFT module can pick up is1 2/ dt , where dt is the 

sampling interval or time step. 
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 It is assumed that the time-sequence data corresponds to a single period of a periodically 

repeating signal. This also means that the first and last data points should coincide. 

Some of these limitations have serious consequences. For example, if the first and last 

data points do not coincide, then this large discontinuity produces high-frequency components 

resulting in an aliasing error. For this reason, windowing was performed before the FFT was 

begun. 

FLUENT offers a variety of windowing functions. Of these, the hamming window 

procedure was used, which is available in the FFT module. In the hamming window, 75% of the 

original data is preserved and 25% of the remaining data is affected by the following formula. 

N samples of pressure fluctuations, each with a constant time interval, are represented as 

        t        0 1 2 1k k k( t ), k t, k , , ,...,( N )       

In the hamming window procedure, windowing is accomplished by multiplying the 

original data by a window function (Wj) 

              0 1 2 1
~

j j jW j , , ,....,( N )     

where 
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71                                          
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j
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 (7.1) 

 

After the data samples were windowed, FLUENT used FFT, which employs a prime-

factor algorithm, to find the solution. 
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CHAPTER 8 

RESULTS AND ANALYSIS 

 
 

8.1 Validation Results 

The partially covered cavity, C0, is shown previously in Figure 5.1. This model has a 

*L / L ratio of 0.4, where L* is the length of the cavity when covered by the plate, and L  is the 

length of the cavity without the cover plate. Equation (3.3) is rewritten as 

 mf
2 1m *

L mSt
U M M L / L / k



  

 
 

 
 (8.1) 

In equation (8.1), M ,U , k , α , and L  are given by values 0.6, 208 ms-1, 0.55, 0.09, 

and 0.11564 m, respectively. After substituting the values, this reduces to  

    4
m5 56 10 f 0.345 0 09mSt . m .     (8.2) 

  mf 870 17 0 09 Hz. m .   (8.3) 
where m is the frequency mode. The first five modes are calculated by substituting the integer 

values from 1 to 5 in the above equation. The Strouhal number and frequencies for various 

acoustic modes are shown in Table 8.1. Note that these frequencies and Strouhal numbers were 

calculated using equation (3.3), which was proven to be valid against the experimental results for 

the given ratio of 0.4 and a Mach number of 0.3 to 0.65. Since the Mach number of the present 

validation case is 0.6, this equation can be used for validation. 

TABLE 8.1 
 

STROUHAL NUMERS AND FREQUENCIES IN VARIOUS MODES 

Frequency Mode Strouhal Number Frequency (Hz) 

1 0.3139 791.62 
2 0.6590 1661.50 
3 1.004 2531.46 
4 1.349 3401.38 
5 1.69 4271.30 
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The pressure fluctuations were recorded at nine data points, both inside and outside the 

cavity. These pressure fluctuations were converted to power spectral density graphs and SPL 

spectra using the procedure described in section 7.7. The power spectral density graph is shown 

in Figure 8.1. From this graph, it can be seen that the first mode is the dominant mode because 

the energy levels are very high. The PSD values for first mode are just slightly more than 5×107 

W/Hz at point P7. It is also observed that the PSD level at P7, which was located at the midpoint 

of the downstream wall, is slightly more than that at P5, which was at the center of the cavity. 

 

 

(continued) 
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Figure 8.1: PSD Graphs for Cavity C0 
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SPL spectra for cavity C0 at various data points are shown in Figure 8.2. The average 

SPL value at P5 was found to be 135.23 dB, within the frequency range of 20 Hz to 5,000 Hz. 

The average SPL value at point P7 was observed to be 140.25 dB. This increase at P7 could be 

due to the high energy level near the downstream wall of the cavity. 

 

 

(continued) 

 



52 

 

 

 

Figure 8.2: SPL Spectrum for Cavity C0 
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The corresponding frequencies of various acoustic modes were noted and compared with 

values of the long path equation. Table 8.2 shows the compared values for data point P5. As can 

be seen, the difference in this case is very small, well under 10%. 

TABLE 8.2 

VALIDATION OF SIMULATED VALUES FOR CAVITY C0 

Frequency 

Modes 

Analytical Frequency 

(Hz) 

Computational Values 

of Frequency (Hz) 

Difference 

(%) 

1 791.28 780 1.42 
2 1660.82 1699 -2.29 
3 2530.37 2618 -3.46 
4 3399.91 3314 2.52 
5 4269.46 4000 6.31 

 

The contours of velocity, pressure, and turbulent-viscosity ratios are shown in Figure 8.3. 

As can be seen in Figure 8.3 (b), pressure levels increase near the downstream cavity wall. It can 

also be seen from the velocity contour shown in Figure 8.3 (a) that the shear layer is oscillating. 

The shear layer formed at the leading edge of the cavity is impinging upon the downstream wall. 

This produces disturbances that travel upstream and interact with the shear layer. The shear layer 

undergoes further instability. Thus, a feedback loop is formed, and resonance occurs when the 

frequencies and the phase of acoustic waves produced by impingement are the same as that of 

the shear layer instabilities. It can be concluded that the cavity C0 is in the shear layer mode. 
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(a) Velocity Contour 
 
 

 

(b) Pressure Contour 
 

 (continued) 
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(c) Turbulent Viscosity Ratio 

Figure 8.3: Contours of Various Flow Field Variables for Cavity C0 at 0.045 Sec 

8.2 Results for Cavity C1 

The pressure fluctuations, collected for 500,000 time steps at nine different points, were 

analyzed. The mean pressure values were calculated for the last 460,000 time iterations at these 

locations. This graph of mean pressure versus data points is shown in Figure 8.4. 

 

Figure 8.4: Mean Pressure Values of Cavity C1 

6.0E+04 

8.0E+04 

1.0E+05 

1.2E+05 

1.4E+05 

1.6E+05 

1.8E+05 

2.0E+05 

0 1 2 3 4 5 6 7 8 9 10 

M
e

an
 P

re
ss

u
re

 (
P

a)
 

Data Points 

C1 



56 

As can be seen, the pressure is uniformly distributed along the cavity floor (i.e., at data 

points P4, P5, and P6). Note that the y-axis range for mean pressure values was set to be the 

same for all three cavities. Therefore, if there is a small deviation of mean pressure, as there 

would be, it may not be represented in the graph. 

The pressure spectrum, defined as unsteady pressure measurements along the y-axis and 

flow time along the x-axis, is shown in Figure 8.5 for cavity C1. These pressure fluctuations 

occurred between 0.03 and 0.032 sec.  

 

 

(continued) 
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Figure 8.5: Pressure Spectrum for Cavity C1 



58 

From Figure 8.5, it can be seen that the pressure fluctuations are increasing as one moves 

along the cavity floor, i.e., from data point P4 to P6. Ahead of the cavity opening (data points P1 

and P2), the effect of the cavity opening appears negligible. Also, downstream of the cavity 

opening (data points P8 and P9), no significant increase in mean pressure or pressure fluctuations 

is observed. The PSD and SPL spectrums are shown in Figures 8.6 and 8.7, respectively. 

 

 

(continued) 
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Figure 8.6: PSD Graphs for Cavity C1 
 

 

 
(continued) 
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Figure 8.7: SPL Spectrum for Cavity C1 

The PSD graph of C1 clearly shows that the power of the signal is well below 25 W/Hz, 

which appears to be low when compared to the validation cavity C0 (PSD values of 5×107 

W/Hz). The SPL spectrum graph shows that sound pressure levels are below 100 dB, and the 

average SPL value for cavity C1 within the hearing frequency range is 73.7 dB. The pressure 

fluctuations (shown in Figure 8.5) have both random and periodic components. For cavity C1, 

the random components are dominant because there are no peaks in the SPL spectrum, and low 

energy levels are observed in the PSD graph. In this case, there are no distinct tones, and the 

sound energy is distributed over a broad range of frequencies, resulting in broadband noise. 

Figure 8.8 shows the streamline plot for cavity C1 at 0.045 sec. There are two 

recirculation regions: one near the opening of the cavity mouth and the other near the cavity 

floor. The flow-field study supports the various observations previously made. The contours of 

velocity and turbulence-viscosity ratio are shown in Figure 8.9. Note that the range in Figure 8.9 

was set in such a way to compare the three cavities. The velocity contour shows the small 

recirculation region near the opening. It can also be observed that the cavity cover thickness of 

0.04 inch is responsible for the recirculation region near the cavity mouth at that instant. 
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Figure 8.8: Streamline Plot for Cavity C1 at 0.045 Sec 

 

 

(a) Velocity Contour 
 

(continued) 
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(b) Turbulent-Viscosity Ratio 
 
Figure 8.9: Contours of Various Flow Field Variables for Cavity C1 at 0.045 Sec 

8.3 Results for Cavity C2 

Cavity C2, shown previously in Figure 5.4 (b), has a rise in the depth level of the 

downstream cavity wall. This alters the flow field significantly. The mean pressure values of 

cavity C2 are shown in Figure 8.10. 

 

Figure 8.10: Mean Pressure Values of Cavity C2 
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From Figure 8.10, It can be seen that inside the cavity, there is an increase in mean 

pressure compared to ambient pressure. Ahead of the cavity, a slight increase in mean pressure 

appears at data points P1 and P2. The mean pressure values inside the cavity (i.e., at data points 

P3 to P7) are fairly similar. Also, outside the cavity and downstream of the cavity mouth, the 

mean pressure values at data point P8 decrease suddenly due to the presence of a vortex. 

The pressure spectrum of cavity C2 also supports the presence of a vortex downstream of 

the cavity, as shown in Figure 8.11. The pressure variations are small for all of the data points 

from P1 to P7. For data points downstream of the cavity mouth (P8 and P9), the pressure 

variations are high due to the periodic impingement of free shear layer. 

 

 
(continued) 
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Figure 8.11: Pressure Spectrum for Cavity C2 
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The PSD and SPL graphs for cavity C2 are shown in Figures 8.12 and 8.13, respectively. 

The PSD graph shows low power levels. From the SPL graphs, it can be seen that there are no 

dominant peaks. It appears that at around 3000 Hz, both PSD and SPL have the highest values, 

but since the PSD values are very low, this cannot be regarded as the peak. The average SPL for 

this cavity in the frequency range of 20 Hz to 5,000 Hz was found to be 98.17 dB. 

  

 

(continued) 
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Figure 8.12: PSD Graphs for Cavity C2 
 

 

 
(continued) 
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Figure 8.13: SPL Spectrum for Cavity C2 
 

 
Figure 8.14 shows the streamlines for cavity C2 at 0.045 sec. Two recirculation regions 

can be observed inside the cavity. Both vortices are counter rotating and of the same size. The 

velocity and turbulent-viscosity ratio contours are shown in Figure 8.15. 

 

 

Figure 8.14: Streamline Plot for Cavity C2 at 0.045 Sec 
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(a) Velocity Contour 

 

 

(b) Turbulent-Viscosity Ratio 

Figure 8.15: Contours of Various Flow Field Variables for Cavity C2 at 0.045 Sec 
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8.4 Results for Cavity C3 

The mean pressure values and pressure variations for cavity C3 are shown in Figures 8.16 

and 8.17, respectively. The mean pressure values remain almost the same along the cavity floor 

(data points P4 to P6), with a sudden decrease in mean pressure at data point P8. This is due to a 

strong vortex downstream of the cavity mouth and is supported by the pressure variations graph. 

 

Figure 8.16: Mean Pressure Values for Cavity C3 
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(continued) 
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Figure 8.17: Pressure Spectrum for Cavity C3 

 
The streamline plot, shown in Figure 8.18, indicates the presence of a single large vortex 

region inside the cavity at 0.045 sec. The separation region can also be observed downstream of 

the cavity. 

 

Figure 8.18: Streamline Plot for Cavity C3 at 0.045 Sec 

The PSD and SPL spectrum graphs shown in Figure 8.19 and Figure 8.20 indicate no 

significant peaks. Hence, it can be said that there is no resonance phenomenon inside the cavity. 

The PSD graphs also show that energy levels are below 600 W/Hz. The mean SPL value for 

cavity C3 was found to be 103.28 dB.  
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Figure 8.19: PSD Graphs for Cavity C3 
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Figure 8.20: SPL Spectrum for Cavity C3 
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Velocity and turbulent-viscosity ratio plots are shown in Figure 8.21, indicating the 

presence of a strong vortex downstream of the cavity mouth. 

 
(a) Velocity Contour 

 

 
(b) Turbulent-Viscosity Ratio 

 
Figure 8.21: Contours of Various Flow Field Variables for Cavity C3 at 0.045 Sec 
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8.5 Analysis of All Cavity Results 

In order to understand the flow phenomenon, the three cavities are compared in this 

section. Figure 8.22 shows a comparison of the mean pressure values for all cavities. 

 

Figure 8.22: Comparison of Mean Pressure Values for All Cavities 

It can be observed that the mean pressure values along the cavity floor increase as one 

moves from cavity C1 to cavity C3. Also, downstream of the cavities, it is evident that vortex 

strength increases, which leads to a decrease in pressure values at data points P8 and P9. The 

root mean square (RMS) pressure variations calculated at each data point are shown in Figure 

8.23. At data points P1 and P2, the values of RMS pressure variations are higher for cavity C3 

than cavity C2, which are higher than cavity C1. This is because of the influence of the pressure 

gradient experienced well ahead of the cavity opening. An adverse pressure gradient was 

experienced by the flow as it moved from the inlet toward the cavity mouth, which caused the 

early separation of the boundary layer in the C2 and C3 cavities. 
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Figure 8.23: RMS Pressure Variations for All Cavities 

The RMS pressure variations for cavity C1 are higher than that of cavity C2 at data points 

P3 to P7, due to the random pressure fluctuations experienced by cavity C1. This can be 

attributed to the fact that the effect of the cavity cover width is higher on cavity C1 than on 

cavity C2. At these locations, cavity C3 has higher RMS pressure variations than either cavity 

C1 or cavity C2. For cavity C2, the pressure variations at data point P8 are higher than that of 

cavity C3. This is because the fluctuating shear layer is closer to the surface in cavity C2 than in 

cavity C3, which results in an increase in pressure fluctuation.  

The SPL spectrum comparison below the frequency of 5 kHz is shown in Figure 8.24. 

The SPL spectrum for all cavities at frequencies up to 80 kHz is shown in appendix. It can be 

seen that cavity C3 has higher SPL values than cavities C2 and C1. The mean SPL value for 

cavity C3 is higher than the mean SPL value for cavity C2, which in turn is higher than cavity 

C1. The pressure coefficients for the downstream wall were also compared. The values are 

1,616x10-7, 585x10-7, and 7.73x10-7 for cavities C3, C2, and C1, respectively. 
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(continued) 
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Figure 8.24: SPL Spectrum for All Cavities 

8.6 Grid Independency Results 

Non-linear problems are highly influenced by boundary conditions. Stability and 

convergence for these problems cannot be easily demonstrated. Therefore, a grid-independent 

study involving cavity C2 was conducted. The mean pressure variations are shown in Figure 

8.25. The pressure spectrum is shown in Figure 8.26. 
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Figure 8.25: Mean Pressure Variations for Cavities C2 and C22 

 

     

     
(continued) 

6.0E+04 

8.0E+04 

1.0E+05 

1.2E+05 

1.4E+05 

1.6E+05 

1.8E+05 

2.0E+05 

0 1 2 3 4 5 6 7 8 9 10 

M
e

an
 P

re
ss

u
re

 (
P

a)
 

Data Points 

C2 

C22 



80 

     
 

    
 

 

Figure 8.26: Pressure Spectrum for Cavities C2 and C22 
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The DES formulations used by FLUENT at the given flow conditions did not show much 

difference in mean pressure values due to the reduction of grid points. The pressure variations 

were more thoroughly captured by cavity C2 than cavity C22. A similar observation can be seen 

in Figure 8.27, which shows the RMS pressure variations for these cavities. The reason for this 

difference is due to the truncation error carried by the coarse grid. 

The SPL spectrum for both C2 and C22 cavities, which are presented in Figure 8.28, are 

similar. The mean SPL values of cavities C2 and C22 are 98.17 and 90.26, respectively. This 

difference is within 10%; hence, the solution can be said to be the grid-independent solution. 

 
Figure 8.27: RMS Pressure Variations for Cavities C2 and C22 

 

 
(continued) 

 

-200 

300 

800 

1300 

1800 

0 1 2 3 4 5 6 7 8 9 10 

R
M

S 
P

re
ss

u
re

 V
ar

ia
ti

o
n

s 
(P

a)
 

Data Points 

C2 

C22 



82 

 

 
(continued) 
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Figure 8.28: SPL Spectrum for Cavities C2 and C22 
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CHAPTER 9 

CONCLUSIONS 

 
 

In the present cavity flow simulations, the free-stream conditions were subsonic and the 

Mach number used was 0.7. All three cavities were partially covered, and the depth of the 

upstream cavity wall was not same as the depth of the downstream cavity wall in the case of 

cavities C2 and C3. The mean pressure values along the cavity floor were fairly constant in each 

case but increased from cavity C1 to cavity C3. This increase in mean pressure values was also 

observed just ahead of the cavity. An adverse pressure gradient was responsible for the 

separation of the boundary layer ahead of the cavity mouth for cavities C3 and C2. Cavity C2 

had higher PSD and SPL levels than cavity C1, while cavity C3 had higher PSD and SPL levels 

than cavity C2. Based on the cavity flow phenomenon, these three cavities can be classified as 

fluid-dynamic types because there is no resonant phenomenon. Also, two counter-rotating 

vortices were observed in cavities C1 and C2 at 0.045 sec. This was due to the effect of the width 

of the cavity cover plate. For cavity C3, the effect of this plate width on the formation of vortices 

was negligible since a single large vortex can be seen inside the cavity at 0.045 sec. 
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APPENDIX  

SPL SPECTRUM OUTSIDE HEARING FREQUENCY 
 
 

This appendix presents the SPL results for the three test cases, C1, C2 and C3 above the 

frequencies of 5 kHz. Long path equation is used for calculating the analytical frequencies. 

Analytical frequency for the first mode is 12,900 Hz. This is same for all the three test cases as

*L / L  is same for all the cases. Figure A.1 shows SPL spectrum for the three cavities for 

frequencies up to of 80 kHz, which is higher than the hearing frequency range. 

 

Figure A.1: SPL Spectrum for All Cavities at High Frequencies 
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SPL spectrum graph shows the dominant modes at various high frequencies and these 

modes are compared with analytical values for first five modes. These modes are denoted by m1, 

m2 etc. It can also be observed that the computational values are in the acceptable range of the 

analytical values. The highest difference between computational and analytical values is less 

than 11% for case C1. The difference is slightly higher in case of cavities C2 and C3.  These 

cavities don’t have any resonant tones in hearing frequency range. 
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