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A good scientist is a person with original ideas. A good engineer is a person who makes 
a design that works with as few original ideas as possible. 
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engineer, the glass is twice as big as it needs to be. 
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ABSTRACT 

The study of three-dimensional open cavity flow with and without cover plates at the 

edges of the cavity at freestream Mach number of 0.85 was performed. Such open 

cavities find their application in landing gear wells, bomb bay of an airplane and sunroof 

or window of an automobile. The aerodynamic noise and the flow field together in the 

above mentioned cavities lead to self-sustaining flow oscillations. These self-sustaining 

flow oscillations results in the structural failure in the surrounding of the cavity due to 

resonance phenomenon in the aircrafts and lead to loud and unbearable noise both in 

aircrafts and automobiles. Understanding this aeroacoustic phenomenon helps us in 

reducing the noise, increase the component stability and passenger comfort. Therefore, 

this problem has become an important topic of research for several decades in 

aerospace and automobile fields.   

In this thesis an effort was made to investigate the fully developed turbulent flow 

over an open cavity and to evaluate the effect of cover plates numerically using the 

detached eddy simulation (DES) formulation. For this purpose, computational fluid 

dynamics approach was utilized on the M219 cavity at Mach 0.85 using DES with the 

Spalart-Allmaras (S-A) turbulence model. Two cavity cases were modeled. The test 

case 1 is a three-dimensional open cavity without cover plates and the test case 2 is a 

three-dimensional open cavity with cover plates at the edges of the cavity. Furthermore, 

three variants of DES were considered for the test case 2 cavity namely Spalart-

Allmaras, k-ω-SST and realizable k-ε model, whereas for the test case 1 cavity only the 

DES S-A model was employed. 
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A three-dimensional cavity with cover plates at the edges of the cavity was 

simulated and compared to a simpler rectangular open cavity. The test case 2 cavity 

should depict the actual application, including aircraft weapons and cargo bays. On the 

other hand, much of the published experimental research deals with purely rectangular 

cavity models. By simulating both the test case 2 and the test case 1 cavity, a direct 

comparison of the effect of the plates was possible. This allowed for the comparison of 

the acoustics of the test case 2 and test case 1 cavities. It also helps in understanding 

of the flow phenomenon involved in both the test cases. The pressure fluctuations data 

obtained from both the test cases were used in the determining the SPL spectrum by 

using the fast Fourier transform. This SPL spectrum provides dominant resonant modes 

and significant frequencies causing resonance inside the cavity. The acoustic spectrum 

of the test case 1 cavity has dominant narrowband and broadband components which 

were predicted by the use of DES formulation.  

The SPL spectrum of the test case 2 cavity through the aeroacoustic analysis 

confirmed the presence of Rossiter modes as well as provided evidence of the 

presence of multiple distinct peaks in the spectrum. According to Delprat’s spectral 

analysis, this multiple distinct peaks were called fundamental aeroacoustic loop 

frequency. The pressure spectrum of the test case 2 cavity suggests that the amplitude 

modulation process which is causing the frequencies in the spectrum to change cannot 

be explained just by using the Rossiter modes and cavity acoustic modes. The nature of 

the pressure spectra of the test case 2 cavity provided strong evidence that the 

proposed amplitude modulation process causes the variations in frequency that cannot 

be explained using only the Rossiter modes and cavity acoustic modes. However, 
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Delprat explanation of this modulation process helped us clearly understand the 

deviation of the test case 2 cavity behavior from the test case 1 cavity.  

The DES model was used with the near wall function in order to reduce the 

computational cost at high Reynolds number. Structured mesh was used in the 

computational domain and FLUENT code was used on parallel systems to solve the 

flow field. The results were presented in the form of pressure fluctuation plots, Sound 

pressure level (SPL) spectrum and the flow field which includes the velocity contour, 

turbulent intensity and the velocity vector fields for both the test cases. 
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CHAPTER 1 

INTRODUCTION 

1.1 Background  

Acoustics is the branch of science that deals with the study of mechanical waves in 

three basic mediums such as air, liquid, and solids. The study particularly related to the 

generation of sound due to air (aerodynamic noise) is termed as Aeroacoustics. The 

normal audible frequency range of human ear ranges from 20 to 20,000 Htz. The 

aerodynamic noise is due to the presence of irregular structures or unsteady 

characteristics of the flow and is also due to the aerodynamic forces generated on the 

surface by the air flow. This phenomenon is observed in our day-to-day life, for example 

exhaust pipes, vacuum cleaner, ventilation systems, fans etc., which produce significant 

noise. Aeroacoustics also finds its applications in the engineering field, which is the 

basic topic of this thesis. The aerodynamic noise generated in the cavity of landing gear 

wells, bomb bay of an airplane and sunroof or window of an automobile are just a few 

engineering problems. The aerodynamic noise and the flow field together in the above 

mentioned cavities lead to self-sustaining flow oscillations. These self-sustaining flow 

oscillations results in the structural failure in the surrounding of the cavity. The failure is 

due to resonance phenomenon in the aircrafts and leads to loud and unbearable noise 

both in aircrafts and automobiles. Understanding this aeroacoustic phenomenon helps 

us in reducing the noise, increase the component stability and passenger comfort. 

Therefore, this problem has become a hot topic of research from many decades in 

aerospace and automobile fields.   
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The need  to reduce the noise radiation and vibrations of the surrounding 

structures of an aircraft due to unsteady  flow effects in and around the cavity of landing 

gear wells, bomb bay and sunroof of an automobile lead to the development of research 

work in the field of aeroacoustics with specialization  to aerospace applications in the 

mid of 20th century. The results were obtained using wind tunnel experiments and flight 

test during this period. The numerical simulation using computational fluid dynamics 

came into picture in the later part of 20th century. Since the flow involved in the research 

gives rise to an aeroacoustic phenomenon, which is non-linear, causes the physics of 

the flow to be complex and not well understood. Therefore, to completely understand 

the nature of this complex flow, a thorough knowledge of different types of cavities at 

different flow conditions, which enables us to design flow control techniques for 

reducing the adverse effects of this unsteady flow is necessary. 

In the present thesis, the topic of flow around the cavities was undertaken due to 

problems encountered in several engineering applications. Cavities, particularly in 

aerospace applications, include the landing gear wells and bomb bays of an aircraft 

which require mid-flight deployment. When such cavities are exposed to the freestream 

flow, the unsteady flow field developed around the cavity is responsible in the 

generation of high acoustic tones within the cavity and thus, leads to the vibration of the 

surrounding structures of the cavity. The adverse effects of this vibration and acoustic 

tones results in the structural failure, and noise radiation in the aircraft [1]. In high speed 

aircrafts, the major problem of concern is the structural failure of the aircraft due to the 

resonance phenomenon. According to Heller et al. [2], high subsonic flow over the 

bomb bay may excite the acoustic pressure levels up to a magnitude of 170 dB. This 
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magnitude of acoustic pressure is sufficient to damage the fins of the missile prior to 

deployment [3] in fighter aircrafts. Since the speed of the flow around the automobile is 

low subsonic, the major problem of concern is the noise radiation (noise generation) 

due to the presence of window or sunroof in automobiles. Therefore, the adverse effect 

of the aeroacoustic phenomenon in automobiles results in high noise frequencies and 

discomfort [4]. 

Both in experimental and numerical simulations of landing gear wells, bomb bay 

of an aircraft and sunroof or window of an automobile can be modeled as simple 

rectangular cavities. Most data reported in the literature are for the flow over simple 

rectangular cavities. However, the typical geometrical configuration of cavities of aircraft 

and automobiles are far more complex than that of a simple rectangular cavity. 

Typically, they are similar to cavities with plates at the edges, or Helmholtz resonator 

shapes. 

1.2 Cavity Noise Mechanism 

The mechanism of noise generation by fluid flow in a cavity were studied by numerous 

investigators in the past [5]. Noise radiations were introduced within the cavity due to 

this mechanism. This noise radiation has broadband components, which is due to the 

instability in the shear layer and narrowband components, which is due to feedback 

coupling between the flow field and the acoustic field. Both of these components can be 

easily seen in the cavity acoustic spectrum.  

1.2.1  Sources of Cavity Noise 

Extensive experimental investigations was carried out by Rossiter [6], one of the first 

researchers to carry out research on a number of different rectangular cavities. He 
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described the feedback mechanism based on shadow graphic observations. He 

described the periodic flow pattern in the cavity in four-steps as: 

1. Shedding of Vortices from the leading edge and vortices traveling downstream along 

the shear layer until they reach the trailing edge. 

2. Vortices at the trailing edge interact with the downstream wall of the cavity, this leads 

to generation of acoustic waves. These acoustic waves are divided into two waves, part 

of which is radiated above the cavity into the acoustic far-field. 

3. The remaining part of the acoustic waves (or pressure waves) is radiated within the 

cavity in the upstream direction until they reach the leading edge. 

4. Shedding of new vortices takes place at the leading edge, which is due to the 

pressure waves that reach the upstream wall leading to feedback mechanism. These 

pressure waves determine the frequency of this feedback phenomenon by changing the 

spacing between the different vortices. 

In this way, vortices together with acoustic waves form a feedback mechanism 

and leads to generation of the acoustic noise. Figure 1.1 shows all four steps involved in 

the cavity noise phenomenon. 
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Figure 1.1: Schematic overview of feedback loop between the shear-layer instability                              
                                               and acoustic disturbances [7]. 

1.3 Classification of Cavity 
 
The classification of the cavity is a very tedious process because it involves several 

parameters on which the cavity can be classified. Cavities can be classified based on 

the geometrical ratios of the length to depth (L/D) or length to width (L/W). Based on the 

way the aeroacoustic phenomenon occurs in the cavity. The classifications based on 

parameters mentioned above are described below. 

1.3.1 Classification based on L/D 

Generally a cavity with a length-to-depth ratio less than one (L/D < 1) is considered to 

be a deep cavity, while a cavity with L/D > 1, is classified as a shallow cavity. In a deep 

cavity the recirculation flow is not as strong as in a shallow cavity. In contrast, Rossiter 

[6] made a distinction between shallow cavities (L/D > 0.4) and deep cavities (L/D < 

0.4): 
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• According to Rossiter, the number of recirculation zones in shallow cavities 

depends on the length to depth ratio. The occurrence of reattachment of the flow 

to the bottom of the cavity is also possible. The broadband noise and periodic 

components are seen in the noise spectrum of the shallow cavity.  

• The maximum of two recirculation zones are possible in deep cavities. The 

broadband noise components are seen in the noise spectrum of the deep 

cavities. According to Rossiter, the second and third components are the most 

dominant tones in the noise spectrum.  

1.3.2 Classification Based on L/W 

Block [8] was the first researcher to classify cavity based on length-to-width ratio. The 

acoustic field is two dimensional for L/W < 1 and three-dimensional for L/W > 1. Ahuja 

and Mendoza [7] in their research confirmed these findings. According to their research, 

the different values of the width of the cavity did not affect the resonance frequencies 

but decreased the value of the overall sound pressure level by 15 dB for a three-

dimensional cavity. Based on this result, one can compare two-dimensional 

computational aero acoustic (CAA) results with experimental results. 

1.3.3 Classification Based on Cavity Flow Phenomenon 

The cavity flow phenomenon has not been completely understood due to the non-linear 

behavior of the flow. Depending on the geometric and flow parameters the cavity flow 

can be characterized in several ways. Based on the flow parameter such as freestream 

Mach number, the cavity can be classified as subsonic and supersonic. Depending on 

the experimental data of the time-averaged static pressure along the cavity center line, 

flow visualization techniques and length-to-depth ratio the cavities can be classified into 
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three main flow types [9] open, closed and transitional. These flows are two-dimensional 

in nature and the three-dimensionality can be superimposed on the basic flows. The 

geometric parameters such as length-to-depth ratio, length-to-width ratio [10] and the 

flow parameter such as freestream Mach number strongly influence the type of the 

cavity flow. In the present study, the transonic flows over the three-dimensional open 

cavity are discussed for all the cases. 

Closed Flow 

For a cavity ratio of L/D ≥ 13 [11], the flow phenomenon occurring in the cavity is known 

as closed flow. Closed flow occurs in shallow cavities, such as missile bays on military 

fighter aircraft [11], and it is characterized by flow impingement on the cavity floor. The 

closed flow pattern is shown in Figure 1.2. In closed flow, the shear layer from the 

leading edge of the cavity separates, impinges on the cavity floor and detaches again 

from the cavity in the downstream of the cavity and flows over the cavity trailing edge. 

Due to the impingement and detachment of the shear layer on the cavity floor two 

recirculation zones are created on the rear of the leading edge and front of the trailing 

edge of the cavity. The shear layer thus, formed act as layer that separates recirculation 

from the freestream. The stagnation point is formed at the trailing edge of the cavity due 

to the reattachment of the shear layer at the aft wall of the cavity.   
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Figure 1.2: Schematic diagram of subsonic closed cavity flow [1] 

The supersonic flow over the closed cavity is characterized by expansion waves 

at the front and rear walls of the cavity and shock waves at the attachment and 

detachment points on the cavity floor within the cavity as shown in Figure 1.3.  

 

Figure 1.3: Schematic diagram of supersonic closed cavity flow [1] 

Open Flow 

The flow phenomenon within a  cavity with a length-to-depth ratio less than ten (L/D < 

10) [11] is known as Open flow. Open cavity flow occurs in deep cavities and is 

characterized by the shear layer spanning the entire cavity length separating the cavity 

flow within the cavity and freestream flow. The open flow pattern is shown in Figure 1.4. 

In open flow, the shear layer separates from the leading edge of the cavity and trail 

down along the cavity length and attaches at the aft of the cavity trailing edge. The 
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shear layer thus formed, acts as a layer between the internal flow and external flow of 

the cavity. The stagnation point is formed at the trailing edge of the cavity. The pressure 

difference between the leading edge and trailing edge of the cavity leads to the 

formation of recirculation zone within the cavity. The number of recirculation zones 

depends on the length-to-depth ratio of the cavity.  

 

Figure 1.4: Schematic diagram of subsonic open cavity flow [1] 

The supersonic flow over the open cavity is characterized by oblique shock 

waves rather than expansion waves at the front and rear walls of the cavity in order to 

adapt shear layer to the freestream conditions with respective to their positions as 

shown in Figure 1.5.  
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Figure 1.5: Schematic diagram of supersonic open cavity flow [1] 

Transitional Flow 

If a cavity has a length-to-depth ratio within the range of 10 < L/D < 13 [11], then the 

flow phenomenon occurring in the cavity is known as Transitional flow. The transitional 

region between the closed and open cavity flows exhibits the characteristics features of 

the transitional flow. Since the cavity flow classification is dependent on several 

parameters of flow, the exact classification between closed, open and transitional flow is 

uncertain. The characteristic features of transitional flow are strongly dependent on the 

freestream Mach number. For subsonic flow, the transition of the flow feature is smooth 

and gradual with the increase or decrease of length-to-depth ratio. For supersonic flow, 

the transition has two stages and the characteristic features of the flow vary abruptly. 

According to Stallings and Wilcox [3], depending on the variation in the configuration of 

the cavity based on the position of the attach and detach shocks has lead to two stages 

in supersonic transition flow, namely transitional open and transitional closed cavity 

flows. 
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The supersonic transition cavity flow from closed to open cavity flow [1] is shown 

in Figure 1.6. The following transitional stages are observed from the closed to open 

cavity flow as the length-to depth ratio is decreased incrementally. Figure 1.6a shows 

the closed flow configuration with attached and detached shocks clearly visible near the 

cavity floor. As the length-to-depth ratio is decreased, the length of shear layer attached 

to the cavity floor is reduced and thus attached and detached shocks move close to 

each other. As length-to-depth ratio is further reduced, attached and detached shock 

merges at the center of the cavity forming a single shock as shown in Figure 1.6b. The 

flow in Figure 1.6b is termed as transitional closed cavity flow. With further reduction of 

length-to-depth ratio, the pressure near the aft of the cavity tends to increase. At critical 

pressure, the high pressure at the aft of the cavity tends to detach the shear layer from 

the cavity ceiling, thus giving rise to a series of expansion and compression wavelets as 

shown in Figure 1.6c. The flow exhibited by this cavity flow is termed as transitional 

open cavity flow. Further reduction of length-to-depth ratio gives rise to open cavity flow 

configuration as shown in Figure 1.6d. 

 

 (a) Closed cavity flow 
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 (b) Transitional-closed cavity flow 

 

 (c) Transitional-open cavity flow 

 

 (d) Open cavity flow 

Figure 1.6: Transition of cavity flow from closed to open [1] 

1.3.4 Classification Based on Cavity Oscillation 

The instability of the shear layer on impingement on the rear edge of the cavity is the 

main source of oscillation in the cavity and results in a complex flow phenomenon. The 

main parameters that affect this phenomenon are freestream flow parameters, fluid 

properties and internal cavity flow field. Rockwell and Naudascher [12] studied the flow 

fields for self sustaining oscillatory cavity and divided them into three classes based on 

observable flow features. The observable flow features of the three classes of oscillating 

cavity flow are as shown in Figure 1.7. 
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• Fluid-dynamic oscillations are due to the amplification of the unstable shear layer 

within the cavity and are strongly enhanced by the presence of the rear edge of 

the cavity. 

•  Fluid-resonant oscillations arise due to the presence of strong coupling between 

the self-sustaining shear flow oscillations with resonant standing waves within the 

cavity. These standing waves are generated due to the acoustic resonant wave 

effects based on the cavity dimensions, i.e., length, depth or width of the cavity. 

• Fluid-elastic oscillations arise due to the presence of strong coupling between the 

self-sustaining shear flow oscillations with elastic cavity wall motion. 

 

Figure 1.7: The three classes of oscillatory cavity flow [12] 

Majority of aerospace applications involves fluid-dynamic and fluid-resonant 

oscillations occurring in low and high speed cavity flows respectively. In the present 

study, fluid-resonant oscillations are of major concern, as the cases dealt here involve 

the study of transonic flow over a three-dimensional open cavity flow. For a self 

sustaining oscillatory flow to sustain in the flow, the presence of both generating and 

feedback mechanism is of importance. Thus, it is necessary to establish a complete 

knowledge of both generating and feedback mechanism in order to control the unsteady 

flow features by modification of the relevant flow parameters. 
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Fluid-resonant oscillations are shown in Figure 1.8, which demonstrate the 

presence of both the resonant standing waves and the shear layer oscillations. The 

wavelength (λa) of the resonant standing wave is of the same order of magnitude or 

smaller than the cavity characteristic length i.e., length (L) or depth (D). If length-to-

depth ratio is sufficiently large then the cavity is shallow cavity with longitudinal standing 

waves giving rise to resonance in longitudinal mode. If length-to-depth ratio is 

sufficiently small then the cavity is deep cavity with transverse standing waves giving 

rise to resonance in depth mode. For large values of width-to-depth ratio, lateral 

standing waves are formed giving rise to resonance in a lateral mode. 

 

Figure 1.8: Standing waves in cavities [13] 

1.4 Cavity Flow Properties 

The cavity flow physics and its resonance attribute from numerous experimental 

observations largely depend on several flow parameters: 

• Mach number  

• L/δ (δ is the turbulent inflow boundary-layer thickness) 

These flow parameters are of major concern and believed to strongly influence the 

coupling between the cavity flow instability to resonant frequencies and amplitudes. 

 



15 
 

1.4.1 Mach Number Effect  

Plumblee et al [14] proved the existence of a threshold Mach number under which 

acoustic tones will not be activated. As the Mach number is increased the cavity 

undergoes transition from shear layer mode to wake mode. In the shear layer mode, as 

the Mach number is increased the dominant frequency of the pressure fluctuations 

seems to oscillate. In the wake mode, Colonius et al [15] analyzed their DNS data and 

revealed that the fundamental frequency (or Strouhal number) is almost independent of 

the Mach number variation from M=0.4 to M=0.8. Gates et al [16] from their 

experimental study also verified the results of Colonius that the modal amplitude is 

independent of the Mach number. 

1.4.2 Boundary Layer Thickness (L/δ)  

Boundary layer thickness of the incoming flow is an important flow parameter that 

affects the cavity flow mechanism. The study of boundary layer thickness in cavity flow 

is performed in terms of the cavity characteristic length, i.e., L or D of the cavity and 

takes the form as L/δ or D/δ. Early observations by Sarohia and Massier [17], Rockwell 

and Naudascher [12] indicated a critical L/δ value exists for transition from the steady 

shear layer (no oscillation) to unsteady shear layer (oscillation). As the L/δ increases 

beyond the critical value L/δ, the dominant frequency experiences sudden jump in 

value, similar to the case of Mach number variation in the shear-layer mode. 

1.5 Pressure Spectra of Open and Closed Cavities 

The science of propagation of sound in air is called aeroacoustics. The propagation of 

sound is due to the presence of pressure waves in the fluid which is in turn generated 

by the unsteady flow field in the fluid. Therefore, aeroacoustic field is inherently related 
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to fluid dynamics. Many aerospace and industrial applications require the study of 

generation and propagation of sound in the fluid flow. Hence, the phenomenon of the 

sound generation and propagation can be explored in the general frame work of the 

fluid dynamics. The governing equations of the acoustic are same as that of the 

governing equations of the fluid dynamics. 

The main problem of concern while using the governing equation of the fluid 

dynamics in numerically predicting the sound is that the energy contained by the sound 

waves are much lower than the energy contained by the fluid flow itself, typically in the 

order of several magnitudes. One of the biggest problems is to resolve the sound waves 

numerically and predict the propagation of sound in the far-field. Another problem 

comes from the difficulty of predicting the turbulence in the near flow field that is 

responsible for sound generation.  

The pressure spectrum of the unsteady cavity flow is dominated by both random 

and periodic pressure fluctuations. The magnitude of both random and periodic 

fluctuations varies depending upon the flow type. The pressure spectrum of the closed 

cavity flow is dominated by the random pressure fluctuations and unsteady oscillatory 

behavior of the flow is not observed. However, the pressure spectrum of the open cavity 

flow is dominated by the periodic pressure fluctuations with less random fluctuations. 

Figure 1.9, obtained from research carried out by Tracy and Plentovich [11], illustrates 

the typical flow sound pressure level (SPL) spectra for closed and open cavity flows. 

The pressure spectrum clearly shows the dominant pressure fluctuations in closed and 

open cavity flow. 
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Figure 1.9: Typical spectra of open and closed cavity flows [13] 

The pressure spectrum of the transitional cavity flow is similar to open cavity flow 

with periodic fluctuations that results in acoustic cavity tones as shown in Figure 1.9(b). 

The resonance phenomenon occurs in the cavity when the magnitude of the acoustic 

tones is twice that of the pressure levels. Thus, results in a self sustaining oscillatory 

flow that produces high intensity acoustic tones. 

1.6 Rossiter Modes 

Figure 1.10 shows the acoustic spectrum of an open cavity flow with dominant acoustic 

tones. The dominant peaks in the figure represent the presence of acoustic modes 

within the cavity. In acoustic analysis, the magnitude of each frequency peak is 

measured in terms of sound pressure level. 

 

Figure 1.10: Spectra for a cavity of L/D=6.7 and Mach=0.9 [11] 
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Rossiter [6] derived the semi-empirical equation given by equation (1), which is 

used to predict the acoustic mode frequencies within a low-speed open cavity flow.  

                                    (1) 

where fm is the frequency of a given longitudinal acoustic mode and m is the longitudinal 

mode number, α and K are empirical values, α is a function of L/D and is defined as a 

phase lag between the time the vortex reaching the trailing edge of the cavity and the 

time an acoustic wave is generated, K is a function of freestream Mach number ( ∞M ) 

and is defined as the relative speed of the propagation of the vortices within the shear 

layer to the velocity of the freestream flow, and Stm is the Strouhal number, a non-

dimensionalized measure of the cavity resonant frequency. 

Heller et al. [18] extended Rossiter's formula to account for the difference 

between the freestream Mach number and the cavity Mach number, extending the 

effectiveness of the formula into high subsonic, transonic, and supersonic regimes. 

Equation (2) provides the modified Rossiter formula as shown below. He also found that 

the speed of sound in the cavity is equal to the stagnation speed of sound in the 

freestream flow. 

                         (2) 

 

      Rossiter measured the values of the empirical constants K and α derived from 

the cavity with a length-to-depth ratio of 4, and found that values of K = 0.57 and α = 

0.25 worked well for a variety of geometries up to L/D= 10, despite variation in the 

parameter α up to 0.58. Heller et al. [18] confirmed the value of K = 0.57 for cavity 
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length-to-depth ratios greater than 4. Due to the complex flow phenomenon occurring 

within the cavity it is impossible to predict exactly the mode or the amplitude of the 

oscillation and predict whether the resonance occurs at all. However, the Rossiter 

equation can be used to predict possible oscillation frequencies within the cavity. 

1.7 Methods of Simulation for Cavity Flow 

Aeroacoustic analysis is quite a new area of research which requires innovative 

techniques for aeroacoustic prediction in the fluid flow. The techniques currently used in 

the simulation of the cavity flow for aeroacoustic analysis are computational 

aeroacoustics [CAA], computational fluid dynamics with an acoustic analogy [CFD-FW-

H], and experimental methods. In CAA approach, the computational simulation is 

carried out on the entire flow field including the far-field. Hence, it requires very large 

mesh domain and is computationally more expensive. The results from the experimental 

approach are highly accurate compared to the other two techniques. However, the 

experimental approach is very expensive and cannot be used for all acoustic problems. 

The expense is due to the wind tunnel costs, fabrication of models and the use of high 

sensitive audio recording equipments. 

In CFD with acoustic analogy or hybrid approach, it is not necessary to 

completely solve the entire flow field of the computational domain but instead uses the 

Ffowcs Williams Hawkings [FW-H] acoustic model for prediction of mid- to far-field 

noise. Hence, it is relatively cheap both computationally and financially when compared 

to the other two techniques. The main problem with the hybrid approach is difficulty in 

obtaining the required accuracy in the numerical simulation. In CAA approach, the 

sound propagation is directly solved using the governing equations of the fluid 

dynamics. One generally uses compressible Reynolds-Averaged Navier-Stokes [RANS] 
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equations, compressible form of filtered equations for Large-eddy simulation [LES] or 

Detached-eddy simulation [DES] in the numerical simulation. In the present analysis, 

the simulation of the 3-D open cavity with and without cover plates is carried out using 

the CAA or the direct method. FLUENT solver with compressible form of filtered 

equations for DES based on the Spalart-Allmaras [S-A] turbulence model is used to 

simulate the entire computational domain. The data is extracted from the receivers in 

the near flow field.  

1.8 Fast Fourier Transform  

Fast Fourier transforms the data in the time domain to data in the frequency domain. In 

the present analysis, the pressure-time data obtained at the floor of the cavity is 

converted into the frequency domain using FFT. Even number of data samples is used 

in performing FFT, which also determines the resolution of the result. The broadband 

noise level is eliminated in the spectrum by taking the average of the number of blocks 

of points. The pressure obtained in the present case is non-periodic and the error due to 

non-periodicity is eliminated by using the sliding window approach, where each set of 

points are overlapped with the previous points in the calculation of FFT. 

In the present analysis, the pressure data is obtained for a total time of 0.5 sec. 

The initial 0.1 sec pressure data is neglected to eliminate any error from the transients. 

The remaining 0.4 sec pressure data is obtained with ∆t = 1X 10-5 sec resulting in the 

sampling frequency of 50 kHz. The 0.4 sec pressure data is used in the calculation of 

the power spectral densities (PSDs) by using Welch’s method of averaging over 

periodograms [19] in MATLAB. Average of blocks of 0.1 sec and Hanning window with 

50 percent overlap is used to reduce the error from the non-periodicity of the data. The 
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results are obtained in terms of the SPL spectrum from the PSDs by using the following 

relation  

                                                 (3) 

 
 

where pref = 2 x 10-5 Pa is the reference audible sound pressure. 

1.9 Aim and Objectives 

The purpose of the present analysis was to study the flow phenomenon of the 3-D (L/W 

> 1) shallow (L/D > 1) open cavity (Rossiter mode) for the test case of QinetiQ [20] with 

and without cover plates. This was achieved by using the FLUENT solver to numerically 

simulate the flow phenomena. The aim of this thesis was to obtain accurate 

aeroacoustic analysis and to understand the flow phenomenon of an open cavity with 

cover plates.  

The objectives were as follows: 

• To understand the current state of the art of aeroacoustic analysis 

• To determine the efficiency of DES variants i.e., S-A ,k-omega shear stress 

transport [SST], realizable k-epsilon turbulence models for use in aeroacoustics 

applications 

• To determine the most efficient mesh size for aeroacoustic simulations 

• To compare the aeroacoustic data and the flow phenomenon of the open cavity 

with and without cover plates 

• To compare the aeroacoustic data of all the DES variants for the cavity with 

cover plates. 
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Chapter-2 

 Literature Review  

The following literature survey provides information on both numerical and experimental 

simulation of simple and complex (cavity with plates at edges) rectangular cavity flow at 

different flow parameters. The different techniques involved in the aeroacoustic analysis 

of the data of the cavity flow are discussed. Acoustic spectrum with both narrowband 

and broadband components are included in this literature review. Different issues 

involved in the interpretation of the aeroacoustic data are also presented.  

2.1 Experimental Investigation 

The experimental simulation requires wind tunnel, model fabrication and highly sensitive 

audio recording equipment for flow and aeroacoustic analysis. The acoustic signals are 

detected using expensive technique which involves anechoic chambers attached to 

wind tunnel outlets. Different techniques are used in the aeroacoustic analysis. The type 

of technique used depends on the aim of the experiment. The experimental simulation 

becomes very expensive and the expense involves not only from wind tunnel cost but 

also from equipments used in the aeroacoustic analysis. Therefore, many researchers 

use numerical schemes to simulate the cavity flow and analysis of the acoustic data.  

The problem of the cavity flow simulation of simple rectangular cavity has 

become a benchmark experiment for acoustic analogies. Many researchers attempted 

to simulate the results of this benchmark experiment carried out by QinetiQ [20] on 

M219 cavity configuration by using different numerical approaches. 

Krishnamurty [21] was perhaps the first to provide clear visual evidence of such 

waves generated within and outside the cavity. The visual features of cavity flow 
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suggest that the waves outside the cavity are generated by the interaction of large-scale 

vortices in the cavity shear layer with the aft of the cavity. It is also seen that these 

vortices grow very rapidly at the cavity leading edge due to resonance in the cavity 

because of the flow acoustic coupling.  

Based on his experiments, Rossiter [6] subsequently proposed a model of 

acoustic environment in a shallow cavity. He suggested that, there is an instability wave 

propagating downstream and acoustic wave that propagate upstream of the cavity. 

Rossiter made an assumption that the frequency of the vortex shedding at the leading 

edge of the cavity is similar to the acoustic waves generated at the trailing edge of the 

cavity. Rossiter, based on this assumption, derived the semi-emperical formula to 

predict resonant frequency of the cavity as given by equation (1).  

Heller et al. [18] later derived the modified Rossiter equation as given in equation 

(2) by taking into account the difference in the speed of sound within the cavity and in 

the freestream, which was not taken into account in the Rossiter formula. Heller et al. 

[18] interpreted this as a phase-locked criterion induced by the aeroacoustic feedback 

loop between vortices shed at the upstream corner (leading edge) and the acoustic 

disturbances generated by vortex-trailing edge interactions. This modified equation was 

used to predict resonant frequencies for high transonic and supersonic flows. Rossiter 

formula was used to predict frequencies for high subsonic flow. Oshkai et al. [22] 

studied many different equations for frequency predictions and concluded that Rossiter 

equation is more general and provides results with greater accuracy. Bilanin and Covert 

[23] later introduced a more accurate formulation for frequency predictions.  
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Heller & Delfs [2] observed waves outside a 3-D cavity using Schlieren 

photography and classified the waves into four categories. Zhang et al. [24] observed 

shock waves generated by large-scale structures in the shear layer of a 2-D cavity and 

determined that the angles of these shock waves correspond to a Mach angle. Bauer & 

Dix [25] in their experiment studied the cavity at supersonic flow for Mach numbers 

ranging from 0.6 to 5.04 and recorded the surface pressure measurements of the cavity. 

 Cattafesta et al. [26] and Kegerise et al. [27] obtained fluctuating surface 

pressure measurements for low to high subsonic cavity flows with the goal of 

implementing active closed-loop control. Similarly, Ukeiley et al. [28] examined the 

unsteady wall-pressures to better understand cavity dynamics and subsequently to 

control its behavior. The presence of high pressure fluctuations inside the cavity, where 

the acoustic spectra is dominated by periodic cavity tones is confirmed in the above 

study. Rossiter formula predicted the frequency of this periodic cavity tones very well. 

Unalmis et al. [29] in his experimental study used the double-pulsed planar laser 

scattering (PLS) technique to visualize the cavity shear layer vortices in high Mach 

number cavity flow. He also obtained particle image velocimetry (PIV) measurements 

for the part of the flow field and dynamic pressures in the cavity. Both the PLS images 

and PIV measurements were obtained for the flow outside the cavity. One of the 

important deductions he made was the lack of correlation between the shear layer 

instability and cavity acoustics. 

Murray & Elliott [30] also examined the behavior of the cavity shear layers for 

supersonic flows using Schlieren photography and double-pulsed PLS. They quantified 

the shear layer large-scale structure characteristics over a range of compressibility 
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levels. The flow structures become increasingly three-dimensional i.e., fluctuations in 

the transverse direction of the cavity increases with increasing Mach number. In an 

experimental study, Forestier et al. [31] examined a Mach 0.8, deep cavity (L/D = 0.42) 

using unsteady pressures and high-speed Schlieren photography. 

Researchers based on their experimental studies have shown that the main 

source of instability generation in the shear layer is due to interaction of the shear layer 

with the trailing edge of the cavity. Chung in his work [32] showed that pressure 

fluctuations have the largest amplitude just downstream of the rear wall for subsonic 

Mach numbers. Heller et al. [18] mentioned that  the rear wall behaves like a 

“pseudopiston” and generates pressure waves.  

Ahuja and Mendoza [7] reported in their study the detailed analysis of the shallow 

cavity flow. In their frequency analysis using Rossiter equation for Mach number ranging 

from 0.26 to 1.0, they confirmed that the prediction of frequency of the cavity oscillation 

was about 20 percent accurate compared to all other modes of the cavity. Grace et al. 

[33] and Rockwell and Naudascher [12] made a survey of different studies of flow over a 

shallow cavity which included classifications of cavity flows, observed phenomena, the 

prediction method and suppression techniques. However, from the above analysis it can 

be concluded that the parameters ranges for resonance only hold for a particular Mach 

number.  

Generally, one would expect the first mode to be dominant in the spectrum, but 

that is not the case for flow over shallow cavities. Ahuja and Mendoza [7] and Kegerise 

et al. [27] very carefully observed their respective frequency spectrums. They observed 

that the second- and third- mode cavity feedback resonances are the most dominant 
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modes in the spectra than compared to the first mode. But they did not explain the 

reason for such variation. 

 Oshkai et al. [22] in his study observed that the dominant high frequencies or 

low frequency in the spectrum depends on the dominant large scale or small scale 

structure in the shear layer of the cavity. He also observed that for short cavities the 

momentum thickness of the boundary layer over the cavity defines the length scale of 

the small scale vortices formed in the shear layer which would eventually leads to 

instability. According to Oshkai et al. [22], the incoming boundary layer thickness does 

not affect the oscillations of the shear layer in the cavity. 

Karamcheti [35] was one of the first few researchers to observe the mode-

switching phenomenon. According to him, the appearance of component A at one 

moment and momentary disappearance of component A at another moment when 

component B was present was observed. The quantitative and experimental study of 

this phenomenon did not appear in the literature until much later.  

Alvi et al. [34] showed that the presence of large, highly convoluted, turbulent 

structures within the shear layer is responsible for significant mixing enhancement in the 

flow. They observed that the global instability of the cavity shear layer is dominant in 

structures than compared to convective instability of the shear layer. The presence of 

multiple discrete modes in the acoustic spectrum of the cavity suggests either these 

modes are visible all the time or they are visible at different moment of time in the 

spectrum. If the case of presence of modes at different moment of time is possible then 

they suggest the phenomenon known as mode switching occurs in the cavity. They also 

suggested that this phenomenon is important from the flow control point of view. If this 
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phenomenon is observed in the cavity, then the flow control mechanism will be more 

complex especially for real-time analysis. In this case, the flow control mechanism might 

suppress the dominant mode but it is possible that the other modes to be enhanced due 

to mode switching phenomenon. In the case of the flow with no mode switching, the 

cavity flow is said to be statistically stationary and flow control mechanism of such cavity 

is simple. 

Cattafesta et al. [26] and Kegerise et al. [27] used short-time Fourier transform 

(STFT) and wavelet transform and the results suggest the occurrence of the same 

phenomenon called “mode-switching” as reported by Alvi et al [34]. According to these 

results, the mode-switching phenomenon occurs due to temporary shift of dominant 

energy from one Rossiter mode to another. Rossiter mode number corresponds to the 

number of vortical structures that spans along the length of the cavity. Using Schlieren 

flow visualization technique, it was shown that the shift of modes observed in the STFT 

and wavelet transform is also seen in Schlieren images as the number of vortical 

structures that spans along the length of the cavity changes.  

Delprat [36] used the theory of signal processing and applied it to the 

aeroacoustic spectrum of Rossiter to provide more insight into the cavity flow 

phenomenon. She modified the Rossiter formula by using a two-step amplitude 

modulation process. She named the first signal as “fundamental aeroacoustic loop 

frequency” and the other signal is a very low-frequency modulating signal. Rowley and 

Williams [37] explained the “peak-splitting” phenomenon, where two spectral peaks form 

near the original peak. He also noted that these split peaks are not present at the cavity 

modes but in the nearby region. Therefore, there must be involvement of additional 
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mechanism to provide physical explanation of the presence of mode-splitting 

phenomenon. 

2.2 Numerical Investigation 

The shear layer instabilities along the length of open cavity is the main source to 

generate the aeroacoustic phenomenon in the cavity. Therefore, the use of appropriate 

turbulence model to simulate the shear layer is necessary to provide reliable flow 

predictions. Several CFD analyses for turbulent flow over an open cavity [38 - 40] were 

performed using RANS equations because of their computational affordability. However, 

in the large separated flow regions, as encountered in the cavity, the RANS 

computations fails to capture both the broadband and narrowband components in the 

unsteady flow field. 

Some investigators that have used LES [40, 41] have shown to be 

computationally expensive for resolving boundary-layer turbulence at high Reynolds 

numbers. In more recent studies with the DES [38 - 41] formulated by Shur et al. [42], 

massive separation at realistic Reynolds number were simulated. This hybrid model 

uses the best features of both the RANS model near the wall and LES model in the 

separated flow regions. 

 The modeling of turbulent cavity flow using RANS method for aeroacoustic 

analysis contains only the narrowband components and the broadband components are 

not predicted in the acoustic spectrum. However, both LES and the hybrid RANS-LES 

approach of DES are sufficient to predict cavity acoustics for both narrowband and 

broadband types [43]. However, DES is computationally affordable over LES. 
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Flows over open cavities have been studied extensively both experimentally and 

numerically. The numerical simulation is carried out for both laminar and turbulent flows. 

Different flow conditions and various geometric configurations were used in the flow 

simulation. A number of investigations [38 - 41] is found in literature about open cavity 

flows.  

Larcheveque et al. [41] numerically simulated the M219 cavity using the LES 

model with second-order spatial scheme, a second-order implicit temporal scheme and 

a mixed-scale turbulence model on a cell grid of 3.2x106. They found that the third 

mode to be dominant while compared to the second mode from the experimental data. 

Error of 5 percent was reported in calculating the fourth mode in the acoustic spectrum.  

 Mendonca et al. [43] and Allen and Mendonca [44] also simulated the M219 

cavity using a second order mixed upwind and central spatial scheme and k-ε turbulent 

DES model on a 1.1x106 hexahedral cell grid. The near wall phenomenon was not 

captured since they used the near-wall y+ value of 300 in the simulation. The results 

presented were only the power spectral densities and no comparison of the mode 

frequency and amplitude were reported. Allen and Mendonca [44] also provided a 

comparison between a coarse-grid (1.1x106 cells) simulation and a fine-grid (2.8x106 

cells) simulation. Mendonca et al. [43], introduced a band-limited RMS pressure 

calculation through an FFT technique.  

Ashworth [38] numerically simulated the M219 cavity using the FLUENT DES 

based on Spalart-Allmaras turbulence model. The grid size was 1.68x106 cells and he 

used second order for both the spatial and temporal schemes in the simulation. In the 

results, he compared the URANS and DES models and found out that the second mode 
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was missing in URANS model while DES model captured the second mode in the 

acoustic spectrum. 

Peng [39] simulated an open cavity flow using DES and URANS modeling 

approach based on the S-A model. He concluded that the DES modeling is more 

sensitive to the grid resolution than the URANS modeling as it involves inherent LES 

model, which requires further grid refinement in order to capture the cavity flow physics. 

Nayyar et al. [45] used both the LES and DES models to  simulate the cavity flow at 

M=0.85. They concluded that the LES and DES models are very good in capturing the 

higher frequencies in the acoustic spectrum and velocity distribution within the cavity 

while compared to the URANS model.  

Li et al. [40] studied the effect of sidewall boundary conditions on the computed 

flow induced pressure fluctuations in a transonic open cavity using DES model. The slip 

side wall resulted in the increased effect of fluctuations of the vortices in the shear layer 

along the cavity length. This in turn resulted in large fluctuations in the span-wise 

direction of the cavity. 

Shieh and Morris [46] developed their own numerical code for acoustic simulation 

of the cavity flow. This numerical code includes the URANS model, the Spalart-Allmaras 

model and the DES based on Spalart-Allmaras turbulence model. They applied fourth-

order Runge-Kutta method for temporal scheme and used dispersion-relation 

preserving (DRP) scheme of Tam and Web [49] for spatial scheme. They simulated the 

flow for two different cases. One case simulated the flow in the cavity with oscillations in 

shear layer mode and the other case demonstrated the oscillation in wake mode. 
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Baysal and Srinivasan [50] numerically simulated the transonic flow over a cavity 

using RANS equations based on finite volume approach. They used the modified 

Baldwin-Lomax turbulence model. The modifications were made to take into account 

the separation zone, wall-boundary layer and vortex interactions and side walls in the 

simulation of the cavity flow.   

Tam et al. [51] used double thin-layer Navier Stokes equations based on finite 

volume approach to simulate supersonic flow past a cavity. They used modified 

Baldwin-Lomax turbulence model to account for both the flow features and the cavity 

geometry. Fuglsang and Cain [52] used different approach in the simulation of the 

turbulence in the cavity flow. They used Baldwin-Lomax turbulence model in the 

upstream end of the cavity and used the direct numerical simulation (DNS) approach in 

the cavity region. They studied the effect of the forcing shear layer on the cavity 

simulation. 

2.3 Current Investigation 

Substantial research activites on cavities with a simple rectangular geometry have been 

reported in the literature. However, the cavity shapes of the landing gear well of an 

aircraft, sunroof or window of an automobile are more complex than a simple 

rectangular cavity. They resemble to a cavity with cover plates on the edges of the 

cavity or Helmholtz resonator. Some research on the effect of cover plates on the 2-D 

rectangular cavity was carried out by Heo and Lee [53], who numerically investigated 

the effects of length variation, thickness variation and an opening position variation of 

cover plates on the open cavity at very low subsonic Mach numbers.  
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Masaharu et al. [54] conducted both experimental and numerical studies on an 

open cavity flow with cover plates at low subsonic Mach numbers. He also examined 

both the noise generation and noise control mechanism of the cavity flow. Massenzio et 

al. [55] discussed the phenomena of flow-acoustic coupling between the unstable shear 

layer across a slot covering a cavity i.e., the Helmholtz resonator. They concluded that 

the cavity resonance is due to shear layer resonance and coupled shear layer and 

cavity resonance. This results in shear tones and coupled tones in the acoustic 

spectrum of the cavity. The high values of sound pressure levels are due to the coupled 

tones in the cavity acoustic spectrum. They also carried out experimental studies of the 

cavity at low subsonic Mach numbers. 

Bartel and Mc Avoy [56] conducted experiments on different combinations of 

missile bay configurations and cruise missile carrier aircraft (CMCA). They conducted 

experiments for Mach numbers ranging from subsonic to transonic regions for the 

configuration similar to the cavity with cover plates.  

Few numerical investigations have been reported in the past on the three-

dimensional cavity flow phenomenon of the cavity with cover plates. Therefore, the 

present numerical simulation attempts to investigate the cavity flow phenomenon and 

the unsteady flow characteristics of the cavity with cover plates.   

2.4 Literature Review Conclusion 

In the present analysis, the numerical simulation were carried out on M219 cavity at 

M=0.85. The cavity with length-to-depth ratio of 5 and width-to-depth ratio of 1 is used 

and the cavity demonstrates the oscillations in the shear layer mode. Two cavity cases 

are modeled. The test case 1 is the cavity without cover plates and test case 2 is the 
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cavity with cover plates. The turbulence model used in the simulation of the cavity is the 

DES based on Spalart-Allmaras model for both the test cases.  

In addition, the test case 2 is also investigated using the DES based k-omega 

SST and DES based realizable k-epsilon turbulence models. The second-order upwind 

scheme is used for both the temporal and spatial derivatives in the numerical simulation 

of the cavity for both the test cases. The results are compared to the experimental data 

and compared to each other for different turbulence models. The aeroacoustic analysis 

of the data was also carried out for both the cases using fast Fourier transform (FFT).  
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Chapter-3 

Model and Grid Generation 

3.1 Description of the Models 

Figure 3.1 shows the computational domain used in the present simulation. The size of 

the computational domain used is 5D X D X D (length X width X depth), where D = 

0.1016 m.  The inflow boundary is located at a distance of 7D upstream from the cavity 

leading edge. The outflow boundary is located at a distance of 5D downstream from the 

cavity trailing edge in order to reduce the disturbances reflecting from the outflow 

boundary. The upper boundary is located at a distance of 10D above the cavity in order 

to remove the reflected acoustic waves from the cavity flow field. The pressure far-field 

boundary conditions are applied at the inflow, outflow and upper boundaries of the 

computational domain. Adiabatic wall boundary conditions are applied at the upstream 

floor of the cavity, cavity floor and downstream floor of the cavity. Symmetric boundary 

conditions are applied at the side walls of the computational domain. The inflow 

boundary conditions are initialized with the freestream conditions of M∞ = 0.85, P∞ = 

62940 Pa, T∞ =270.25 K. Reynolds number used in the simulation of the cavity flow 

based on the cavity length is 8 million. 
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(a) Model without cover plates 

 

(b) Model with cover plates 

Figure 3.1: Computational domain 

In the current research, two cavity cases are modeled. The first case is similar to 

the configuration used in QinetiQ [20] as shown in Figure 3.2. The second case is 

similar to first case except that it has cover plates on the edges of the cavity. The 

dimensions of the rectangular cavity used are L=0.508 m, D=0.1016 m and W=0.1016 

m with a length-depth-width ratio of 5 : 1 : 1 for both the test cases. The leading edge of 

the plate is 0.7112 m upstream of the cavity leading edge and trailing edge of the plate 
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is located 0.508 m downstream of the cavity trailing edge. For both the test cases the 

cavity center-line is off-set by 0.0254m from the plate center-line. The second test case 

has the slit of 0.1524 m between the cover plates. 

 

Figure 3.2: Cavity model used in QinetiQ experiment 

Figure 3.3 demonstrates the two test case models used in the numerical 

simulation. The first test case as shown in Figure 3.3(a) is simulated using the finite 

volume approach of the FLUENT code [57] and the results of the cavity flow field, 

pressure variation and SPL spectrum are analyzed and compared to the experimental 

data of the QinetiQ [20] for the M219 cavity. For the second test case as shown in 

Figure 3.3(b), the unsteady flow field and acoustic phenomenon was analyzed and 

compared to the first test case. The other two variants of the DES turbulence models 
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are also simulated for the second test case and the results of each turbulence models 

are compared to each other. 

Figure 3.2 shows the pressure points on the cavity ceiling. The pressure variation 

at points K20, K24, K25, and K29 were recorded respectively and compared to the 

experimental data of QinetiQ. 

 

(a) Test case 1 (cavity without cover plates) 

 

(b) Test case 2 (cavity with cover plates) 

Figure 3.3: Cavities used in present simulation 
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3.2 Grid Generation 

Gambit [58], a preprocessor tool of FLUENT was used to generate the geometry and 

the structured mesh of the cavity domain. For the first test case, three-dimensional 

meshes of hexahedral elements with 3.54 million cells were used and the second test 

case uses 3.19 million hexahedral elements. The mesh generated for both the test 

cases allows quick convergence of the FLUENT and relatively quick solution. From 

experience, it is understood that the hexahedral mesh is the most efficient mesh 

suitable for meshing simple geometries. The other parameter which is important in 

meshing with respect to the stability of the solution is the quality of the each cell in the 

meshed domain. The quality of the each cell is measured by the parameter called the 

equiskew. 

 The value of the equiskew of each cell in the present simulation is less than 0.25 

in the meshed domain. For the first test case, there were 0.84x106 cells (200x70x60) 

inside the cavity and 2.7x106 cells (270x100x100) outside the cavity. Similarly, for the 

second test case there were 0.84x106 cells (200x70x60) inside the cavity and 2.35x106 

cells (235x100x100) outside the cavity. The grid near the upstream, cavity and 

downstream floor is highly clustered towards the surface in order to resolve the viscous 

boundary layer region near the wall. The wall y+ value of less than 2 was resulted from 

the above meshed domain for the cavity flow simulation. This value of y+ is sufficient for 

the wall function to resolve the viscous sub-layer near the wall of the cavity. Figure 3.4 

and Figure 3.5 shows the three-dimensional computational domain and two-dimensional 

slices of the three-dimensional grid. 
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                                                                 Figure 3.4: Computational grid 

 

Figure 3.5: 2-D slice of a 3-D grid domain 

3.3 Grid-Independency Tests 

The grid independency test is of importance in the numerical simulation approach and 

especially for the aeroacoustic analysis. The grid resolution should be sufficiently fine to 

resolve all the important flow parameters in the domain. The boundary conditions used 

in the flow simulation should not significantly affect the solution of the computational 

domain. In aeroacoustic analysis, since the sound waves propagate long distances, the 

position of the boundary is very important. The boundaries are placed far enough to 



40 
 

avoid reflection of acoustic waves back into the cavity flow field. Otherwise, these 

reflected waves contaminate the solution of the entire computational domain. This 

problem is also observed at the observer points in the domain. In the present analysis, 

grid independence test is performed on the two-dimensional grid model and the grid is 

extended to the three-dimensional grid. 

3.3.1 Test Case 1 

Grid independency test for the test case 1 is carried out by taking two different grids, 

Grid 1 and Grid 2 as shown in Figure 3.6. Figure 3.6 also demonstrates the grid 

clustering near the wall region for both the grids. Table 3.1 provides the detailed 

information of the number of cells, nodes and faces used in the meshing the domain. 

 

 
(a) Grid 1 
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(b)  Grid 2 

Figure 3.6: Computational mesh of Grid 1 and Grid 2 

Table 3-1: Detailed Grid Information for Test Case 1 

Grid Label Number of Cells Number of Nodes Number of Faces 
Grid 1 43000 43451 86450 
Grid 2 78750 79366 158115 

 

3.3.2 Test Case 2 

Similarly, grid independency test for the test case 2 is carried out by two different grids, 

Grid 3 and Grid 4 as shown in Figure 3.6. Figure 3.6 also demonstrates the grid 

clustering near the wall region for both the grids. Table 3.1 provides the detailed 

information of the number of cells, nodes and faces used in the meshing the domain. 

 

(a)  Grid 3 
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(b)  Grid 4 

Figure 3.7:  Computational mesh of Grid 3 and Grid 4 

Table 3-2: Detailed Grid Information for Test Case 2 

Grid Label Number of Cells Number of Nodes Number of Faces 
Grid 3 43000 43589 86590 
Grid 4 78750 79574 158325 
 

Figure 3.8 shows the rms pressure along the cavity floor for the test case 1 for 

grid 1 and grid 2 models. The rms pressure along the cavity for the test case 2 for grid 3 

and grid 4 is shown in Figure 3.9. The variation in the rms pressure values for both the 

test cases is negligible and hence considered to be grid independent. As seen in Figure 

3.8, the rms pressure variation is seen between the two-dimensional grid and three-

dimensional experimental data. This variation is due to the three-dimensional effect of 

the flow in the span-wise direction of the cavity as expected. The maximum error of rms 

pressure between the grids for both the test cases is 0.2 percent. The pressure signals 

located near the cavity floor are less sensitive to the location of the boundary. 

 
 



43 
 

 

Figure 3.8: Grid Independency for Test Case 1 

 

 

Figure 3.9:  Grid Independency for Test case 2 
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Chapter-4 

Numerical Simulation 

4.1 Compressible Navier-Stokes Equation 

The numerical solution was simulated by using FLUENT [57], a commercial CFD 

software for solving the governing equations for fluid flow. The FLUENT code uses the 

finite volume space discretization approach, implicit pressure based solver and second-

order upwind scheme for both temporal and spatial schemes settings to solve the 

governing flow equations. The transonic flow over an open cavity is governed by system 

of compressible Navier-Stokes equations. The integral vector form of equations of 

conservations of mass, momentum and energy is given by equation (4) as: 
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Vector H in the governing equation (4) is the source term. It contains the terms related 

to the energy sources within the fluid and the body forces acting on the fluid. V, ρ, p, 

and E are the velocity, density, pressure and total energy per unit mass, respectively. 

The viscous stress tensor isτ , and the heat flux isq .
 

The solver uses the turbulence model in order to solve the unsteady turbulent 

flow characteristics of the fluid flow in the cavity. The hybrid DES [48]  turbulence model 

was used in the simulation of the flow over the cavity. The DES model is the 

combination of RANS and LES turbulence models and used extensively in aerospace 

applications. This model provides best results for the flow involving near-wall boundary 

layer interaction with the separated regions and highly separated flows. 

4.2 Turbulence Model 

The flow variables in the governing equation (4) for turbulence have two components in 

the flow. The average flow quantity and the fluctuating flow quantity. This fluctuating 

quantity is responsible for the occurrence of turbulence in the flow. The energy content 

of this fluctuating quantity is very low and the spectrum is dominant by high frequency. 

Therefore, it is very computationally expensive to simulate directly for practical 

applications. This problem is resolved by taking the time average of the Navier-Stokes 

equations. The presence of the new variable in the time averaged Navier-Stokes 

equations results in the use of turbulence models to determine these variables in terms 
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of known quantity. Different turbulence models perform best for particular type of 

applications. Therefore, the selection of the turbulence models must be carefully done 

depending upon the application. 

FLUENT provides several turbulence models for use in variety of applications. 

The DES model based on three variants of turbulence includes Spalart-Allmaras, k-ω 

SST and realizable k-ε models. For high Reynolds number flows, DES is preferred over 

LES model. The DES approach is the combination of both RANS and LES approaches. 

The interchange between the RANS and LES approach occurs in the simulation by 

using switch. This switch is dependent on the wall y+ value and the mesh size. The DES 

uses RANS approach for solving the equations in the near-wall region and uses LES 

approach for resolving the highly separated regions away from the wall. Therefore, DES 

approach is used extensively in the numerical research of the turbulent flows. All the 

variants of the DES approach are strongly dependent on the wall function used in the 

solver.  

4.2.1 DES model based on Spalart-Allmaras Model 

The S-A turbulence model is a one transport equation model. This model is proposed by 

Spalart and Allmaras [47] and solves the transport equation using Boussinesq 

approach. This approach relates the Reynolds stresses in RANS equations to the 

average velocity gradient of the flow. The quantity that is computed from this transport 

equation is the modified form of the turbulent kinematic viscosity known as eddy-

viscosity. Therefore, the transport equation of S-A turbulence model takes the form 

using eddy-viscosity as:  
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where υ is the molecular viscosity. The modified vorticity,S~  is written as, 
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where S  is the magnitude of vorticity. The function wf  is defined as, 
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The constants in the above equations are cb1=0.1355, σ=2/3, cb2=0.622, k=0.41, 

cw1=cb1/К2+(1+cb2)/σ, cw2=0.3,cw3=2, cv1=7.1, cv2=5,ct1=1,ct2=2,ct3=1.1 and ct4=2. The 

Dirichlet wall boundary condition is υ~=0. 

When using the S-A model coupled with DES, the wall distance d in turbulence 

model is replaced by d~  as 

                                                   ( )∆≡ DESCdd ,min~                  

where ∆ is the maximum value of grid spacing among the three local grids in structured 

meshing and CDES is a constant with a value of 0.65 [25]. This DES length scale is 

defined in such a way that RANS formulation is applied in the near wall region of the 

flow and LES formulation away from the wall region. The near-wall boundary layer and 

boundary layer separation are both modeled using the RANS formulation in the 

turbulence flow field. The grid spacing both in parallel and normal direction near the wall 
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play an important role and should be considered according to RANS practices. In 

general RANS practices, the boundary layer thickness δ spacing is used in the wall 

parallel direction and δ/10 spacing in the wall normal direction. 

4.2.2 DES Model Based on k-ω SST Model 

The shear stress transport (SST) model [59] differs from the standard model as follows: 

• SST model has gradual change in the inner boundary layer region when 

compared to standard k-ω model and gradual change in the outer region of the 

boundary layer for high Reynolds number flow when compared k-ε model. 

• The transport effects of the turbulent shear stress are taken into account in the 

modified turbulent viscosity formulation. 

The SST k-ω model with the above changes performs well over the standard k-ω 

model and the standard k-ε model. The diffusion term in the omega equation and the 

blending function used in the SST k-ω model is also modified so that the model 

behaves well in the near-wall and far-field region of the flow. 

The SST k-ω model was developed by Menter [59] to effectively blend the robust 

and accurate formulation of the k-ω model in the near-wall region with the freestream 

independence of the k-ε model in the far field. He achieved the formulation by 

converting the k-ε formulation into k-ω formulation. According to shur et al. [42], the 

modifications necessary for the dissipation term of the turbulent kinetic energy are 

described in  Menter’s  work such that 

DES

k L
kY

2/3ρ
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The turbulent length scale (Lt) defined by the RANS model:  

ωβ ∗
=

kLt  

The DES modified length scale (LDES) then becomes, 

),min( ∆= destDES CLL  
 
where, Cdes∆ is the DES filter length scale, Cdes is constant and takes the value 0.61, 

and ∆ is the maximum local grid spacing. 

Therefore, the SST k-ω model is more accurate and applicable to wide range of 

applications such as flow over an airfoil, shocks and flows with adverse pressure 

gradients. 

4.2.3 DES Model Based on k-ε model 

The k-ε model has three variants as the standard, Re-normalization group (RNG), and 

realizable k-ε models. All these three variants have similar formulation for the k and ε 

equations. The differences in these models are described below:  

• Method of calculating turbulent viscosity 

• Turbulent Prandtl numbers governing the turbulent diffusion of k and ε 

• Generation and destruction terms in the ε equation 

FLUENT provides the so-called realizable k-ε model [60]. This model satisfies the 

mathematical constraints on the normal stresses and is consistent with the physics of 

turbulent flows and thus is a realizable model. This model was proposed by Shih et al. 

[60] and was intended to address the drawbacks of traditional k-ε models by adopting 

the following: 

•  A new eddy viscosity formula involving a variable Cµ originally proposed by 

Reynolds [61]. 
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• The dynamic mean-square vorticity fluctuation equation was used for the 

equation for dissipation (ε). 

 In the DES model, the dissipation term is modified such that:  

2

2/3

DES

k L
kY ρ

=  

The turbulent length scale (Lt) of the RANS model: 

ε

2/3kLt =  

 
The DES modified length scale (LDES2) then becomes, 

),min(2 ∆= destDES CLL  

where, Cdes∆ is the DES filter length scale, Cdes is a constant that takes the value 0.61, 

and ∆ is the maximum local grid spacing. 

The realizable k-ε model finds its applications for the flows involving in strong 

pressure gradients, rotation of the fluid, separation and jet flows. The main problem with 

the realizable k-ε model is that it produces non-physical viscosity for the flows involving 

both rotating and stationary fluids in the flow. 

FLUENT yields relatively low computational cost by using DES model for the 

calculation of the turbulent viscosity. The DES variants such as the Spalart-Allmaras, k-

ω SST, realizable k-ε models can also be integrated with the wall-bounded function. 

This wall-bounded function allows the option to choose fine or coarse mesh in the near-

wall region of the flow. If the mesh is sufficiently fine to resolve the laminar sub-layer in 

the near-wall region the stress is calculated from the stress-strain equations. If the 

coarse mesh is used near the wall than the law of wall is used. 
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4.3 Boundary Conditions 

Varieties of boundary conditions are available for selection in FLUENT. In the present 

simulations, the inflow, outflow and the upper boundaries of the computational domain 

are applied with the pressure far-field conditions. The adiabatic wall with no slip is 

applied at the surface of the cavity and symmetry boundary conditions are applied to the 

side walls of the computational domain. The boundary conditions are very important 

parameters in providing accurate solution and convergence of the solution. Freestream 

boundary conditions are imposed implicitly to the pressure far-field boundary in order to 

increase the stability of the numerical scheme used in the simulation. 

4.3.1 Pressure Far-Field Boundary 

The freestream boundaries at infinity are generally modeled using the pressure far-field 

boundary conditions. Static flows conditions, freestream Mach number and flow 

direction are specified at the start of the solution of the flow at the boundary. Generally, 

pressure far-field boundary conditions are non-reflective boundary type. Therefore, the 

pressure far-field boundary condition uses Riemann invariants approach to determine 

the flow variables at the boundaries and it is also called as characteristic boundary 

condition. Pressure far-field boundary condition is only applicable for ideal gases. For 

other flows pressure far-field boundary condition option is not available. For the best 

use of this boundary condition, the location of the boundary should be far enough from 

the object of interest. 

4.3.2 Symmetry Boundary  

Symmetry boundary condition is applied to the model that has symmetry for both the 

physical geometry and the flow solution of the domain. This boundary condition is also 
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used for flows simulating zero-shear slip walls at the surface in the viscous flow. There 

are no parameters to be specified at the boundary condition. The proper specification of 

this boundary is important and affects the solution of the flow in the computational 

domain. Symmetry boundary condition helps in reducing the extent of the physical 

boundary by just simulating half of the physical geometry using the principle of 

symmetry. There is no flux across the symmetry boundary. Both the convective and 

diffusion fluxes across the symmetry plane are zero. Therefore, the normal gradients of 

all the flow parameters across the symmetry plane are also zero. 

4.3.3 Viscous Wall 

Wall boundary condition is applied to the model with solid surfaces in the flow with no-

slip conditions. The default wall boundary condition applies no-slip condition with 

tangential velocity component to be zero. The slip-wall condition can be applied by 

specifying the tangential velocity component or shear value at the wall. In viscous fluid 

flow, the boundary automatically specifies no-slip, zero pressure gradient and adiabatic 

wall conditions at the solid surface. In three-dimensional flow, the velocity components 

at the stationary wall are all zero. 

4.4 Computational Set-Up 

FLUENT [57] solver is used for solving the compressible Navier-Stokes equation in the 

present simulation. Fluent solver is commercial software and can be used for variety of 

applications. It supports both multi-block and moving grid options. The multi-block grid is 

efficient for simulation in parallel mode on clusters. It also provides both implicit and 

explicit schemes for the solver. Wide varieties of higher order schemes are available for 

both spatial and temporal discretization schemes. The current investigation is carried 
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out by using the implicit pressure based double precision solver. The aeroacoustic 

analysis is very sensitive to the pressure fluctuation data. Therefore, higher order 

schemes are used for both spatial and temporal schemes in order to reduce the 

numerical diffusion error. 

The pressure based double precision solver utilizes the SIMPLE-type solution 

algorithm for solving the governing equation. The convective terms of the equations 

were interpolated at the cell center by using second-order upwind scheme. The 

pressure equation was derived by using the pressure-implicit splitting of operators 

(PISO) pressure-velocity coupling scheme from the continuity equation. The momentum 

equation of the governing equations was solved by using second-order central 

difference scheme in order to reduce the numerical diffusion of the upwind scheme. The 

remaining terms such as pressure, density, modified turbulent viscosity and energy 

were discretized by using second-order upwind scheme both in time and space.  

FLUENT solver was setup by using ideal gas for modeling air and viscosity 

computed from Sutherland's viscosity law. The time-step of 1X10-5 seconds is used in 

the present simulation. Non-iterative time advancement scheme option was chosen to 

reduce the computational time of the transient solution. DES model based on S-A 

turbulence model for the test case 1 and all three DES variants for the test case 2 

models were used to simulate the turbulence effects within the cavity flow. The flow 

inside the entire computational domain was fully turbulent. DES model was used with 

the wall enhanced treatment of the FLUENT solver. 

The numerical simulation was carried out using DES model based on S-A [48], k-

ω SST [59], realizable k-ε [60]  models with implicit second-order upwind scheme. The 
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velocity of the flow was 270.25 m/s in the entire computational domain. The 

convergence criterion was set to an order of 10-6. The computation was performed with 

a time step of 1X10-5 second for a total of 0.5 second with 50,000 iterations in time. The 

initial solution of 0.1 sec was removed in order to eliminate the error from the initial 

transient solution. The pressure fluctuation data for the total time of 0.4 second was 

collected and aeroacoustic analysis of this data was carried out using the fast Fourier 

transform. 

The initial data for the unsteady DES simulation was calculated from the steady 

state laminar simulation for a total of 5000 iterations. The numerical simulation for the 

test case 1 with 3.54 million mesh size on six 3.6 MHz Xeon (EM64T) processors under 

Linux OS took approximately 30 days. For the test case 2 with 3.19 million mesh sizes, 

it took approximately 24 days for a total time of 0.5 second. The flow with M=0.85 

passed the entire computational domain 275 times for a total of 0.5 second. 
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Chapter 5 

Results 

The numerical solutions were divided into two parts. In the first part of the solution, the 

pressure fluctuations at points K20, K24, K25, and K29 for test case 1(without cover 

plates) as shown in Figure 5.1 and for the test case 2 (with cover plates) as shown in 

Figures 5.2, 5.3 and 5.4 were analyzed using the fast Fourier transform. For the second 

part of the solution, the flow field for the test case 1 and test case 2 were analyzed and 

the flow phenomenon was explained. The unsteady solution proceeded up to a total of 

0.5 second out of which initial 0.1 second was removed in the analysis of the pressure 

data. The pressure fluctuations provide information relating to the resonance 

phenomenon of the cavity. The pressure fluctuations obtained at points inside the cavity 

were used to calculate the power spectral density (PSD) using fast Fourier transform. 

The sound pressure level (SPL) was calculated using the PSD from equation (3). The 

complete analysis of the pressure was summarized by plotting the SPL and frequency 

plot. This plot demonstrates the amount of sound produced due to the unsteady flow 

characteristics of the cavity flow. 

The test case 1 was simulated using the DES model based on S-A model and 

the test case 2  was simulated using the three DES variants, i.e., DES based S-A, DES 

based k-ω SST, and DES based realizable k-ε models. The results included the 

pressure fluctuation, rms pressure plot, SPL plot and the flow field, which include the 

velocity, velocity vector and turbulent intensity contours of the cavity flow. The results 

from this simulation were compared to the experimental data of QinetiQ for the test case 
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1 and for the test case 2 the data was compared to the modified Rossiter equation and 

the DES variants were compared with each other and analyzed. 

 
 

 

 

Figure 5.1: Pressure fluctuations of DES S-A model for Test case 1 (without cover 
plates) 
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Figure 5.2: Pressure fluctuations of DES S-A model for Test case 2 (with cover plates) 
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Figure 5.3: Pressure fluctuations of DES K-ω SST model for Test case 2 (with cover 
plates) 
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Figure 5.4: Pressure fluctuations of DES Realizable K-ε model for Test case 2 (with 
cover plates) 

 
5.1 Pressure Variations along the Cavity Ceiling 

The presence of the shear layer along the length of the cavity  interacting with the 

trailing edge of the cavity causes a feedback loop [6]. This phenomenon greatly affects 

the pressure fluctuations within the cavity. The interaction of the trailing edge of the 

cavity with fluctuating shear layer enhances the feedback mechanism in the flow. The 

presence of pressure fluctuations within the cavity increases the fluctuations in the 

shear layer thereby forms the feedback loop. Therefore, the pressure fluctuations and 

the shear layer are closely related to each other within the cavity. Rowley and Williams 
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[37] studied the interaction of both the pressure field and shear layer and called this 

interaction as shear mode. According to Larcheveque et al. [41], the intensity of the 

pressure fluctuations depends on the intensity of interaction of the shear layer with the  

trailing edge of the cavity in the cavity flow. 

The pressure fluctuations for the test case 1of DES S-A models were taken at 

four locations on the cavity floor as shown in Figure 5.1. The point K20 was located 

near the front edge of the cavity, points K24 and K25 were located at the center of the 

cavity and point K29 was located near the aft edge of the cavity. The pressure 

fluctuations on the cavity floor as observed in Figure 5.1 were low near the leading edge 

of the cavity and high at the trailing edge of the cavity. 

 The pressure fluctuations for the test case 2 of DES S-A, DES k-ω SST and 

DES realizable k-ε models were shown in Figures 5.2, 5.3 and 5.4 respectively. The 

pressure fluctuations of high magnitude are observed in the test case 2 cavity. This 

variation may be due to the presence of strong fluctuations in the shear layer for the test 

case 2 cavity. Similar to the test case 1, the pressure fluctuations increases from the 

leading edge of the cavity to the trailing edge. 

The rms pressure variation of DES S-A model for both the test cases are 

compared to the experimental data as shown in Figure 5.5. The rms pressure variation 

of the test case 1 cavity was predicted very well with the experimental data with small 

variation at the aft of the cavity. The pressure variation at the aft edge of the cavity is 

due to the inability of some part of the shear layer to interact with the aft edge and thus, 

it is deflected towards the cavity floor. The rms pressure variations for the test case 2 of 

all the three DES variants are compared and are shown in Figure 5.6.  All the above 



61 
 

results were extracted for fully developed turbulent flow within the cavity in order to 

avoid the initial effect of the flow. 

 

Figure 5.5: RMS Pressure of DES S-A model along the cavity ceiling 
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Figure 5.6: RMS Pressure of all the three DES variants along the cavity ceiling for the 
test case 2 (with cover plates) 

 
5.2 Pressure Analysis 

The aeroacoustic analysis of the pressure data is performed by using fast Fourier 

transform. The fast Fourier transform simply converts the time domain into frequency 

domain. These pressure fluctuations within the cavity are responsible for the occurrence 

of the resonant phenomenon in the open cavity flow. Therefore, the pressure 

fluctuations are analyzed by calculating the PSD using Matlab Welch’s method of 

averaging over periodograms. Hamming window with 50 percent overlap between the 

blocks are used to remove the error from periodicity. Furthermore, the SPL is computed 

from the PSD using the relation given by equation (3). For both the test cases, the SPL 
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plot of DES S-A model at four locations K20, K24, K25 and K29 are shown in Figures 

5.7 and 5.8. Comparison of the SPL plot of all three DES variants for the test case 2 

cavity is shown in Figure 5.9. Discussion on the SPL spectrum of each test case cavity 

is presented separately below. 

 

 

Figure 5.7: SPL variation of DES S-A model for Test case 1 (without cover plates) 
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Figure 5.8: SPL variation of DES S-A model  for Test case 2 (with cover plates) 
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Figure 5.9: SPL variation  for Test case2 (with cover plates) 
 

5.2.1 Test case 1 (without cover plates) 

The SPL spectrum for the test case 1 cavity using DES S-A model is shown in Figure 

5.7. The DES model used was able to predict both the narrowband and broadband 

components as observed in the spectrum. The SPL spectrum was compared with the 

experimental data of QinetiQ at four locations K20, K24, K25 and K29 respectively. The 

SPL spectrum was also compared to the modified Rossiter semi-empirical formula with 

the values of K = 0.57 and α = 0.25. The dash vertical lines in the spectrum represent 

the Rossiter frequencies. For a frequency up to 1000 Hz, the SPL magnitude was well 
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predicted. The four distinct peaks in the SPL spectrum represent the resonant modes of 

the spectrum. The first mode was over-predicted by 12 dB, the second mode was 

under-predicted by 6 dB, the third and the fourth modes were over-predicted by 4 dB 

and 8 dB respectively. The corresponding resonant frequencies of these four modes 

were reasonably well predicted both with the experimental data and Rossiter 

frequencies. 

5.2.2 Test Case 2 (With Cover Plates) 

The SPL spectrum for the test case 2 cavity using the DES S-A model is shown in 

Figure 5.8. The dash vertical lines in the spectrum represents the Rossiter frequencies, 

as computed with the modified Rossiter formula given by equation (1) with K = 0.55 and 

α = 0.21 as used by Delprat [36] in his analysis. The spectrum of the test case 2 is 

dominated by multiple distinct peaks. The presence of multiple peaks in the spectrum as 

explained by many researchers in the past is due to the strong non-linear coupling 

between the shear layer and the pressure fluctuations within the cavity.  

Many researchers have presented the interpretation of the SPL spectrum in the 

past in different ways. Cattafesta et al. [26] and Kegerise et al. [27] used short-time 

Fourier transform (STFT) and wavelet transform and the results suggest the occurrence 

of the phenomenon called mode-switching. In this phenomenon, the temporary shift of 

dominant energy takes place from one mode to another. Whereas, Rowley and Williams 

[37] explained the “peak-splitting” phenomenon, where two spectral peaks form near the 

original peak. However, Delprat [36] used the theory of signal processing and applied it 

to the aeroacoustic spectrum of Rossiter to provide more insight into the cavity flow 

phenomenon. She used the modulation process by using fundamental aeroacoustic 
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loop frequency (fa) and a very low-frequency modulating signal (fb). They all explained 

different phenomenon in order to interpret the SPL spectrum dominated with multiple 

modes. 

In the present aeroacoustic analysis, Delprat [36] spectral analysis is used to 

explain the presence of multiple distinct modes in the test case 2 SPL spectrum. The 

distinct modes seen in the spectrum of test case 2 cavity are fI = 274.673, fI I= 522.735, 

fIII = 802.6, fIV = 1076.1, fV = 1604.03, and fVI = 2411.82. It is clearly seen that the 

frequency modes fI, fIII and fIV are dominant modes in the spectrum. The dash vertical 

lines represent the Rossiter frequencies as f1 = 519.4138, f2 = 1176.9, f3 = 1834.386 and 

f4 = 2491.871 in the spectrum. It is observed that only three Rossiter modes are present 

in the spectrum and that these Rossiter modes are not the dominant modes of the 

spectrum. The presence of peak-splitting phenomenon near the third Rossiter mode is 

possible. The low frequency component at all four locations is present in the SPL 

spectrum. The presence of this component was not clearly explained by Delprat. The 

SPL spectrum of the test case 2 cavity is much more complex due to the non-linear 

phenomenon and thus, requires deep understanding of the spectral analysis. 

Comparison of the SPL spectrum of all the DES variants is shown in Figure 5.9. 

The behavior of the SPL spectrum of DES k-ω SST and DES realizable k-ε model is 

similar to DES S-A model where the spectrum is dominated by multiple peaks owing to 

the non-linear coupling phenomenon. The low frequency component is also visible in 

the spectrum of the other two DES variants. The first three modes of the SPL spectrum 

of all the three DES variants are very well comparable to each other. 
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5.3 Cavity Flow-Field Analysis 

5.3.1 Test Case 1 (Without Cover Plates) 

The velocity flow field contour is shown in Figure 5.10. The velocity contours are taken 

at the mid-section plane of the cavity. The Figure 5.10 demonstrated the flow both in the 

streamwise and transverse direction of the flow. The velocity contour is colored by the 

velocity magnitude of the flow. As observed from the flow in transverse direction, the 

shear layer from the leading edge of the cavity spans the entire length of the cavity and 

interacts with the aft edge of the cavity leading to shear layer mode [17]. The pressure 

oscillations observed in the present cavity represents the fluid-resonant type as 

explained by Rockwell and Naudascher [12]. The fluid resonant behavior is due to the 

shear layer coupling with the pressure field within the cavity. In the present case, the 

self-sustaining process was initiated by the continuous shedding of the vortices from the 

leading edge of the cavity due to the pressure waves from the trailing edge of the cavity. 

The pressure fluctuation within the cavity is responsible for the occurrence of the 

resonance phenomenon inside the cavity.  

The flow in the transverse direction is similar to the flow in the streamwise 

direction. The shear layer spans the cavity in the transverse direction and fluctuates 

violently as seen in Figure 5.10. The present three-dimensional simulation does not 

exhibit the periodic flow features in the flow as compared to the two-dimensional 

simulation. As seen in Figure 5.10 the shear layer breaks more haphazardly with the 

time in the cavity flow. The recirculation regions are formed within the cavity in the 

streamwise direction and at the edges of the cavity in transverse direction of the flow. 
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Figure 5.10: Velocity magnitude contour of DES S-A model both in streamwise and 
transverse  for Test case 1 (without cover plates) 
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The cavity flow at transonic Mach number of 0.85 exhibit mostly very weak shock 

or no shock in the shear layer of the cavity. The shear layer fluctuates up and down and 

breaks seen randomly near the trailing edge of the cavity as shown in Figure 5.10. This 

shear layer interacts with the aft edge of the cavity leading to increase in the instability 

of the shear layer. Therefore, the shear layer instability in the cavity flow is related to the 

pressure waves which result in the production of acoustic tones in the SPL spectrum of 

both the test cases. 

Figure 5.11 shows the velocity vector plot for the test case 1 cavity of DES S-A 

model. It demonstrates the three-dimensional effect of the flow in the cavity domain. It 

also shows the time dependent nature of the flow field both in the streamwise and 

transverse directions. The recirculation zones are formed within the cavity in the 

streamwise direction and also at the edges of the cavity in the transverse direction. The 

velocity streamline pattern for the test case 1 cavity is shown in Figure 5.12. It shows 

that the shear layer forms a thin layer between the flow within the cavity and outside the 

cavity leading to the formation of two recirculation zones inside the cavity. The shape 

and size of these recirculation zones are time dependent.  

The turbulent viscosity contours for the test case 1 is shown in Figure 5.13. The 

variation of turbulent viscosity both in the streamwise and transverse are shown. The 

turbulent viscosity region shows the formation of the shear layer and the vortices 

shedding in the cavity flow. The present results of the velocity contour and the turbulent 

viscosity contours are in good agreement with the flow field contours of the previous 

researches. 
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Figure 5.11: Velocity vector field of DES S-A model both in streamwise and transverse  
for Test case 1 (without cover plates) 

 

 

Figure 5.12: Mean velocity streamline plot of DES S-A model on 2-D slice for Test  
Case 1 
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Figure 5.13: Tubulent viscosity contour of DES S-A model both in streamwise and 
transverse  for Test case 1 (without cover plates) 
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5.3.2 Test Case 2 (With Cover Plates) 

The velocity flow field contour for the test case 2 cavity of DES S-A, DES k-ω SST and 

DES realizable k-ε turbulence models are shown in Figures 5.14 to 5.16 respectively. 

The flow field shows both the streamwise and transverse directions. The shear layer 

spans the slot between the cover plates and thus exhibits the shear layer mode. The 

flow phenomenon occurring in the test case 2 cavity is similar to the test case 1. The 

shear layer formed on the cover plates fluctuates randomly and breaks down near the 

leading edge of the aft cover plate. The velocity vector plot for the test case 2 cavity of 

all the three DES variants are shown in Figures 5.17 to 5.19. Similar to the test case 1, 

Figures 5.17 to 5.19 demonstrate the three-dimensional effect of the flow in the test 

case 2 cavity domain. The recirculation zones are formed within the cavity in the 

streamwise direction and also at the edges of the cavity in the transverse direction.  

Figure 5.20 demonstrates the streamlines for the test case 2 cavity of DES S-A 

model within the cavity. The shear layer over the cover plates forms a thin layer 

between the flow inside and outside of the cavity. As seen in Figure 5.20, several 

recirculation zones are formed within the cavity. The number of recirculation zones 

changes with the time. The turbulent intensity contours for the test case 2 of DES S-A 

model is shown in Figure 5.21. The increase in the turbulent viscosity a short distance 

away from the leading edge is observed. 
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Figure 5.14: Velocity magnitude contour of DES S-A model both in streamwise and 
transverse  for Test case 2 (with cover plates) 
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Figure 5.15: Velocity magnitude contour of DES K-ω SST model both in streamwise and 
transverse  for Test case 2 (with cover plates) 
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Figure 5.16: Velocity magnitude contour of DES Realizable K-ε model both in 
streamwise and transverse  for Test case 2 (with cover plates) 
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Figure 5.17: Velocity vector field of DES S-A model both in streamwise and transverse  
for Test case 2 (with cover plates) 

 
 

 

Figure 5.18: Velocity vector field of DES K-ω SST model both in streamwise and 
transverse  for Test case 2 (with cover plates) 
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Figure 5.19: Velocity vector field of DES Realizable K-ε model both in streamwise and 
transverse  for Test case 2 (with cover plates) 

 

 

Figure 5.20: Mean velocity streamline plot of DES S- A model on 2-D slice for Test case 
2 
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Figure 5.21: Turbulent viscosity contour of DES S-A model both in streamwise and 
transverse  for Test case 2 (with cover plates) 
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The turbulent intensity contours for the test case 2 cavity of DES k-ω SST and 

DES realizable k-ε turbulence models are shown in Figures 5.22 and 5.23 respectively. 

The turbulence viscosity was generated in large amount by DES k-ω SST model than 

compared to other DES variants. The formulation of k-ω SST model includes the best 

combination of both standard k-ω and standard k-ε models. The standard k-ε model 

suffers from the problem of generating non-physical viscosities in the region where the 

flow involved is both stationary and rotational. Therefore, DES k-ω SST model produces 

large amount of turbulent intensity in the flow field.  

5.4 Validation 

The numerical results obtained from the simulation was validated by comparing the 

results to the available experimental data of QinetiQ [20]. The experimental data was 

available only for the test case 1 model. The rms pressure and SPL spectrum of the test 

case 1 are validated as shown in Figure 5.3 and 5.7 respectively. The results are very 

much comparable with each other. Futhermore, the results from the test case 2 model 

was compared with the semi-empirical Rossiter formula. Figures 5.5 to 5.9 show the 

rms pressure and SPL spectrum of the test case 2 model.  
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Figure 5.22: Turbulent viscosity contour of DES k-ω SST model both in streamwise and 
transverse directions  for Test case 2 (with cover plates) 
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Figure 5.23: Turbulent viscosity contour of DES Realizable k-ε model both in 
streamwise and transverse directions  for Test case 2 (with cover plates) 
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Chapter 6 

Conclusion 

In the present simulation, cavity used is an open cavity with a length to width to depth 

ratio of 5 : 1 : 1 at freestream Mach number of 0.85. The simulation was carried out for 

completely turbulent flow domain using the DES based on S-A model for the test case 1 

cavity and all the other DES variants for the test case 2 cavities. The results include 

both the aeroacoustic analysis and the flow field of the cavity. The aeroacoustic analysis 

of the pressure data is performed and the results are represented in SPL spectrum. The 

results are subsequently compared with the experimental data for the test case 1 and 

semi-empirical Rossiter formula for the test case 2 cavity. 

The DES simulation presently used was able to capture both the narrowband and 

broadband components of the acoustic spectrum. The SPL spectrum of the test case 1 

was able to predict four dominant peaks in the spectrum at different location on the 

cavity floor. Among them the first mode was least predicted mode. The second and third 

mode was clearly visible in the spectrum. These predicted modes are comparable with 

the experimental data with the maximum error in the prediction of peaks and the 

frequencies were about 8 percent for the test case 1 cavity.  

The SPL spectrum of the test case 2 cavity is more complex compared to the test 

case 1 and spectrum is dominant with multiple distinct peaks due to the non-linear 

coupling flow phenomenon in the cavity. Delprat’s spectral analysis was used to 

interpret the SPL spectrum of such cavity. The peak-splitting phenomenon was 

observed near the third Rossiter frequency mode of the spectrum. The low frequency 

presence in the spectrum in not well understood. Therefore, the SPL spectrum of the 
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test case 2 cavity is much more complex due to the presence of non-linear flow 

phenomenon and thus, requires further investigation of the aeroacoustic spectrum. The 

rms pressure variations for both the test cases along the surface of the cavity floor were 

predicted. The results of both the test case show the similar trend and were comparable 

with each other. The cavity flow field of both the test cases were also observed and 

analyzed.  
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