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In this investigation, the flow simulation over different types of cavities (two- and three-dimensional) was

performed. The effect of turbulence was implemented with detached-eddy simulation using the Spalart–Allmaras

one-equation model. Initially, the flow behavior was investigated and compared for open and closed cavities. In the

sound pressure level spectra of the closed cavity, only the broadband noise can be observed, while in the open-cavity

case, it consisted of harmonic frequency peaks. Results of the two- and three-dimensional computations were

compared with each other and with the available experimental data. It was observed that the results of three-

dimensional simulations comparedwell with the experimental data, and the amplitude of the pressure fluctuations in

the two-dimensional case was larger than in the three-dimensional model. Moreover, the pressure fluctuation of the

two-dimensional cavity was more periodic than that of the three-dimensional case. Subsequently, a cavity with two

circular openings on top, representing a landing gear housing, was investigated. Results show that the existence of

these openings changes the characteristics of the flow inside the cavity, and the computed frequencies differ from the

results calculated by the Rossiter semi-empirical formula.

Nomenclature

D = depth of cavity
e = internal energy
f = frequency
L = length of cavity
M = Mach number
P = pressure
p0 = pressure fluctuations
pref = reference pressure (20 �Pa)
prms = root mean square sound pressure
Re = Reynolds number
St = Strouhal number, St� fmL=U1
U = velocity
t = time
� = kinematic viscosity
~� = eddy viscosity
� = absolute (dynamic) viscosity
� = density
~S = modified vorticity

� = stress tensor

I. Introduction

P REDICTING flow behavior over cavities has been one of the
most interesting areas of research since the 1950s. Many

researchers have performed extensive experimental, computational,
and analytical investigations. The flowfield of interest includes a
large range of Mach numbers and Reynolds numbers with various
geometrical considerations, such as length-to-depth ratio L=D and
the type of cavity, such as an open cavity or a closed cavity. All of
these efforts have been carried out because of the sensitivity of the
problem and the presence of undesirable phenomena, such as noise,
which is generated by such flows. For example, the International

Civil Aviation Organization has determined noise limits and pro-
posed Standards and Recommended Practices regarding aircraft
noise (in Annex 16). Therefore, the development of technologies to
control noise, such as landing gear noise, is vital. Several examples of
such flows include the following: automobile sunroofs andwindows,
internal weapon bays and wheel wells, pressure vents on the space
shuttle cargo bay, and space between railroad wagons. Three
classifications of cavities are based on L=D: open-type cavity
(L=D � 10), transitional-type cavity (10 � L=D � 13), and closed-
type cavity (L=D � 13) [1]. Many investigators have carried out
experimental and numerical investigations on these three types of
cavities. Some of the pioneers who have investigated this
phenomenon areRossiter [2], Sarohia andMassier [3],Krishnamurty
[4], Heller and Holmes [5], Gharib and Roshko [6], and Rockwell
and Knisely [7]. In 1966, Rossiter carried out an experimental
investigation onflowover cavities at subsonic and transonic regimes;
this study has been one of the best sources for further investigations,
and his proposed formula is commonly used. He found that the
unsteady pressures contain both random and periodic components.
He suggested that the periodic component is due to an acoustic
resonance within the cavity and may be suppressed by positioning a
small spoiler at the front of the cavity.

Several researchers focused on the type of turbulence model used
in numerical investigations. Shieh and Morris [8] investigated the
near-field, unsteady hydrodynamics and acoustics of two- and three-
dimensional cavity flows using computational aeroacoustics and
unsteady Reynolds-averaged Navier–Stokes (URANS) simulations.
They also compared numerical data with experimental data for
L=D� 4:4 and M1 � 0:6. Lada and Knotis [9] performed an
experimental and computational study to investigate open and closed
cavities with and without fluidic control at subsonic and supersonic
regimes with L=D� 2, 10, 18. Chang and Park [10] conducted a
numerical approach to an incompressible cavity flow using a
modified detached-eddy simulation (DES) with a k-" two-equation
turbulencemodel. They compared the numerical data forL=D� 0:5,
V1 � 40 m=swith experimental data. Nayyar et al. [11] used large-
eddy simulation (LES) and DES to simulate flow (M1 � 0:85) over
a cavity with L=D� 5. They compared the numerical data with
experimental data and found that both DES and LES performed
better than URANS in resolving the higher frequencies and velocity
distributions within the cavity. Peng [12] investigated an open-cavity
where the flow was computed using both DES and URANS
approaches based on a Spalart–Allmaras (SA) model. In comparison
with the experimental data, Peng found that the DES produces more
accurate results than the URANS computation. Kim et al. [13]
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simulated unsteady, supersonic flow over an open-cavity. They used
a k-" turbulence model and Roe scheme, and compared the data with
experimental results for both two- and three-dimensional cases. It
was shown that three-dimensional cases were in better agreement to
the experimental data than two-dimensional cases. Murray and
Ukeiley [14] also investigated subsonicflowover an open cavitywith
L=D� 6, and a Mach number range of 0.19–0.73. A modified
quadratic stochastic estimation with proper orthogonal decom-
position (POD) was applied to the data to demonstrate how the
temporal dynamics of thewall pressure fluctuations are related to the
downstream propagation and impingement of vortices traveling
through the cavity shear layer. Boydston and Squires [15] computed
the flow over a rectangular cavity using the SA turbulence model and
DES. The L=D used was 4.5. Langtry and Spalart [16] examined
whether unsteady flow computations using either URANS or DES
could predict the cavity oscillations that were measured in a wind
tunnel test and the subsequent reduction due to the introductions of
the baffles within the cavity. They found that both URANS and DES
were similar in predicting the dominant oscillation.

Some investigators have attempted to develop higher-order
numerical schemes to predict the flow characteristics over cavities.
Shieh and Morris [17] developed a parallel, multiblock, high-order
accurate code for cavity-noise prediction. They examined the effects
of changing the incoming boundary layer thickness on pressure
fluctuations. Rona and Brooksbank [18] used an explicit time-
marching, second-order finite-volume scheme to generate time-
dependent benchmark cavity-flow data. The focused flow regime
was supersonic.

Zhang et al. [19] studied compressible flows over cavities with a
wide range of L=D, both experimentally and computationally. The
effect of the upstream separation wake on the downstream recom-
pression wakes was investigated. It was shown that the installation of
tubes along the two side walls of the cavity is the most effective way
to reduce the adverse pressure gradient along the cavity centerline.
Zhang and Naguib [20] also investigated unsteady oscillation in a
low-Mach, shallow-cavityflowwith different Reynolds numbers and
aspect ratios (3.4–9.7). Chung [1] performed experiments to study
the effect of cavity geometry andMach number on the characteristics
of compressible cavity flows. The study indicated that in open-type
cavity the amplitude of surface pressure fluctuations increased
toward the rear face,while in closed-type cavity aminor peak near the
middle of the cavity floor was observed. It was also shown that more
intense surface pressure fluctuations were induced at the cavity floor
in transitional-type cavity. Experimental efforts of Little et al. [21]
provided preliminary results of flow structure and acoustic signature
in controlled and baseline subsonic cavity flows.

Several investigators have concentrated on noise reduction and
control. Sarohia and Massier [3] conducted experiments on axisym-
metric shallow-cavity flows. Their goal was to provide methods to
reduce cavity noise. Results showed that continuous injection of a
fluid mass at the base of the cavity has a stabilizing effect on cavity
shear flows, and it can be an effective means of suppressing cavity-
flow noise. Vakili and Gauthier [22] used a mass injection upstream
of a cavity to control shear flow across the cavity for reducing or
eliminating cavity-flow oscillations. Heo and Lee [23] numerically
investigated the effects of cover plates existing on the edges of a
rectangular open cavity. It was shown that the cover plates on the
edges of the cavity change the frequency, sound pressure level, and
directivity of noise and induce the transition of the resonance mode.
Guo andYamamato [24] carried out an experimental investigation on
full-scale Boeing-737 landing gear noise.

With this background, the current effort is directed toward
simulation of flow over different types of cavities in subsonic and
transonic regimes.

II. Simulation Methodology

A. Governing Equations and CFD Solver

The governing equations are the unsteady, compressible Navier–
Stokes equations, composed of the conservations of mass,
momentum, and energy.

1) Continuity equation:

@�

@t
� r � �U� 0 (1)

2) Momentum equation:

@�U

@t
� r � �U� U� p��I � r � ��� (2)

3) Energy equation:

@�et
@t
� r � ��et � pU� � r � U � ��� 	 r �Q (3)

Numerical simulations were conducted using the CFD code
Cobalt, which is an unstructured finite-volume code, using a cell-
centered formulation. It is based on Godunov’s first-order accurate,
finite-volume, exact Riemann solution method. The exact Riemann
solver is replaced with an inviscid flux function that alleviates the
inherent shortcomings of Riemann methods, namely the slowly
moving shock and carbuncle problems, while retaining their inherent
advantages, most notably the exact capture of stationary contact
surfaces. Second-order spatial accuracy is achieved via upwind-
biased reconstruction based on least-squares gradients.‡ This com-
pressible flow solver has been validated on several problems by
Strang et al. [25], Forsythe et al. [26], Viswanathan et al. [27], and
Boydston and Squires [15]. Cobalt provides bothReynolds-averaged
Navier–Stokes (RANS) and DES approaches for turbulent flows.
Several turbulencemodels are available inCobalt, including Spalart–
Allmaras one-equation turbulence model, DES based on SA,
Menter’s baseline, Menter’s shear stress transport (SST), DES based
on SST, Wilcox’s 1998 k-! model, SA rotation correction (SARC),
and DES with SARC [28]. Total variation diminishing limiters are
used to limit extremes at cell faces. ParMETIS is used to implement
parallel processing and domain decomposition and the message
passing interface manages communication between processors.

B. Turbulence Model

Detached-eddy simulation is a hybrid technique proposed by
Spalart et al. [29] in 1997 as a numerically feasible and reasonably
accurate approach for predicting massively separated flows [30].
This model is a combination of RANS and LES, whereby the model
switches to a subgrid scale formulation in regions sufficiently fine for
LES calculations. In this technique, LESmode is activated in regions
where it is expected to have less accurate results of RANS mode or
the turbulent length scale goes over the grid dimension. The model
activates the RANS mode for near wall regions. DES model
combines the advantages of these two models which are less simu-
lation costs in RANS and ability of LES to capture unsteady flow
structures. However, in hybrid RANS/LES schemes the transmission
of the information between LES and RANS zones is not easy [31]. In
the RANS regions only data related to themean flow is available, and
theReynolds shear stresses are supported by the turbulencemodel. In
the LES regions the turbulent eddies are present to support the
turbulent momentum transport. The generation of these eddies is a
critical feature in determining the success and accuracy of the hybrid
method and their absence may degrade the reliability of the method
[31]. Also in boundary layer region, as the grid spacing in direction of
parallel to the wall becomes smaller than half of the boundary layer
thickness, the eddy viscosity becomes smaller than its RANS level,
though without allowing LES behavior. Subsequently, the solution
creates insufficient Reynolds stresses which leads to early separation
or under prediction of skin friction [30]. Obviously, each turbulence
model has its own drawbacks and benefits. In practice, DES has been
successful in separated flows. In the current investigation, DES was
performed using the SA one-equation model. DES97 is a DES based
on the SA one-equation RANSmodel. The transport equation in this
model is:

‡Additional data available online at http://www.cobaltcfd.com/index.php/
site/software/cobalt [accessed May 2009].
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where cb1 ~S ~� is the production term, 1
�
�r � �� ~�r ~�� cb2r ~�2� is the

diffusion term, c!1f!� ~�d�2 is the destruction term, ~� is the eddy

viscosity, d is the distant to the wall, and ~S is the modified vorticity.
More details about this turbulence model can be found in [29].

III. Simulation Models

In the present research, three two-dimensional and two three-
dimensional configurations were modeled and investigated to better
understand flow behavior over the cavities.

A. Two-Dimensional Models

Two-dimensional simulations provide some insight about behav-
ior of the flow over cavities, with the advantage in computation time
and memory consumption. Previous investigations performed by
Kim et al. [13] show that the amplitude of the pressure fluctuation in
the results from the two-dimensional simulation is more than twice
that from the three-dimensional simulation. There is also an overall
increase in the sound pressure level (SPL), however, the form of the
SPL along the walls is very similar in both cases. These differences
are due to the three-dimensional effects and the structure of the flow
in the shear layer and within the cavity. In general, the two-
dimensional results can be used to estimate the longitudinal mode of
the cavity flow. Closed-cavity flows usually occur in shallow cavities
where L=D � 13 [32]. In the present investigation, a two-
dimensional cavity with L=D� 18 was used. A schematic presen-
tation of the cavity is shown in Figs. 1 and 2. The cavity contains
about 380,000 cells in which grid clustering near wall surfaces was
implemented. The two-dimensional grid system is illustrated in
Fig. 3. The time increment,�t, used in this simulation was
2 
 10	7 sec.

Open-cavityflows generally occur in deep cavitieswithL=D < 10
[32]. In the current study, an open cavity with L=D� 4 and another
withL=D� 5were investigated. The two-dimensional configuration
and grid systems of thefirstmodel (L=D� 4) are shown in Figs. 4–6.
As shown in these figures, grid clustering near the wall surfaces has
been implemented. The total number of grid points for this case was
about 158,000. The time increment, �t, used in this simulation was
2 
 10	7 sec. The second model (L=D� 5) configuration
was exactly the same as the first, except for the length of the
cavity. This configurationwas studied to compare the two- and three-
dimensionality effects. The overall grid system is shown in Fig. 7.
The total number of grid cells was about 560,000, and the time
increment, �t, was the same as the previous open cavity.

B. Three-Dimensional Models

The first three-dimensional model was a benchmark problem that
compared numerical data with available experimental data. The
flowfield over a backstep computed by Cobalt was validated previ-
ously by Dietiker and Hoffmann [33], and in the current effort, the
flowfield over the cavity has been validated. The geometry contains a
rectangular cavity with L=D� 5, which corresponds to an open-
cavity flowfield. The overall computational domain is 1.2954 by
0.3048 by 1.143m. The cavity has dimensions of 0.508 by 0.1016 by
0.1016 m. The overall geometry is shown in Fig. 8, and the three-
dimensional grid system is illustrated in Fig. 9. The grid is composed
of about two million cells. The cavity contains 450,000 (150

60 
 50) grid nodes. The time increment �t used in this simulation
was 3 
 10	7 sec.

Fig. 1 Two-dimensional closed-cavity configuration (L=D� 18).

Fig. 2 Sensor locations at closed cavity (L=D� 18).

Fig. 3 Illustration of computational mesh for closed cavity (L=D� 18); a) overall view of structural mesh, and b) clustered mesh over cavity.
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The second three-dimensional problem setup consisted of a
rectangular parallelepiped (L=D� 2 and L=W � 1) with two
circular openings on top (r� 0:1 m). This represents a model for
landing gear housing. The region above the cavity was modeled as a
rectangular unstructured grid. The total number of elements is about
three million. The freestream Mach number was assumed to be 0.7.
An atmospheric condition was imposed to the freestream flow.
Figure 10 illustrates the model geometry and the grid system. The
interior of the cavity was meshed with tetrahedral cells. Grid-point

clustering was implemented near the walls. The time increment,�t,
used in this simulation was 2 
 10	6 sec.

In all models, the grid systemwas generated byGridgen.§ For two-
and three-dimensional grids, it can generate structured hex,
unstructured tet, and hybridmeshes. Its data can be exported to about

Fig. 4 Two-dimensional open-cavity configuration (L=D� 18).

§Additional data available online at http://www.pointwise.com/gridgen
[accessed May 2009].

1994 MAHMOUDNEJAD AND HOFFMANN

http://www.pointwise.com/gridgen


33 flow solvers. The geometry can also be imported from about 15
file formats such as CATIA, IGES, PATRAN, NASTRAN, etc.

IV. Results and Discussions

The pressure fluctuations were recorded at different locations and
each time step for all cases. Results focused on the pressure
perturbation, p0, which propagates as waves and can be detected by
humans. For harmonic pressure fluctuations, the audio range is about
20 Hz � f � 20 kHz [34].

For accurate prediction of the unsteady flowfield and behavior of
theflow characteristics, the sound pressure level at different locations
was assessed. The sound pressure level can indicate the overall

increase in the amplitude of the pressurefluctuations and is defined as
follows:

SPL � 10log10

�
p2
rms

p2
ref

�
� 20log10

�
Prms

Pref

�
(5)

which is measured in decibels (dBs). The lowest sound pressure
possible to hear (pref or threshold of human hearing) is approx-
imately 20 �Pa, which is valid for sound that propagates in gases. In
other media, pref will be 1 �Pa.

In the current research, SPL was calculated by fast Fourier
transform function using the recorded pressures over time at each
location. This is a faster version of the discrete Fourier transform

Fig. 5 Sensor locations at open cavity (L=D� 4).
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function that uses the same algorithms but much less time in
execution. Matlab has an effective tool for computing the Fourier
transform of a signal, which was used in this study.

The acousticfield for cavities can be estimated by a semi-empirical
formulation, which was developed by Rossiter [2]:

St� fmL
U1
� m 	 �
M1 � 1

k

(6)

The Rossiter equation was modified by Heller and Bliss [35]:

St� fmL
U1
� m 	 �

M1=
���������������������������������
1� �	1

2
M2
1 � 1

k

q (7)

Heller andBliss found that the speed of sound in the cavity is equal
to the stagnation speed of sound in the freestream flow. In Eq. (7), fm
is the frequency of oscillation, U1 is the freestream speed, L is the
cavity length, m is the Rossiter mode number, � and k are empirical
values, andM1 is the freestreamMach number. Rossiter found that k
is a constant equal to 0.57, and � is a function of L=D and is related
to the phase between the vortices within the shear layer and
the upstream traveling pressurewaveswithin the cavity [32]. St is the
Strouhal number, which is a nondimensionalized measure of the
cavity resonant frequency.

The unsteady cavity flowfield consists of both random and
periodic components of pressure fluctuations. Tracy and Plentovich
[36] performed an investigation showing that the SPL spectra for
open- and closed-cavity flows typically are as illustrated in Fig. 11.
To study these phenomena, two-dimensional cavities were inves-
tigated: one with L=D� 4, which corresponds to an open-cavity
type flow, and the other one with L=D� 18, which falls in the
closed-cavity type flow.

Another important issue in cavity study that should be noted is the
types of oscillation of the flow within the cavity. There are two
different types of oscillations [37]: wakemode and shear layer mode.
Several investigators have carried out experimental and numerical
investigations which clarified the characteristics of the wake and
shear layer modes. Gharib and Roshko [6] were the first that noticed
the wake mode phenomenon and the first description of feedback
process was proposed by Rossiter [2]. Later, Rowley et al. [38]
described the interaction of the mixing layer and the pressure field as
shear layer mode which was characterized by the feedback process
proposed by Rossiter. In shear layer mode, the vorticity is rolled up
and the acoustic waves, at the downstream cavity edge, are impinged
and scattered. Upstream acoustic wave propagates and the shear
layer approaches to the acoustic disturbances [37]. Along the shear
layer, the vortical disturbances propagate and grow. However, the
flow within the cavity is quiescent. A relatively weak and steady
vortex is generated in the downstream half of the cavity which was
found by Roshko [39] for the first time. This vortex induces vorticity
along the walls. Apparently, the interaction of the flow inside the
cavity with the shear layer is weak.

By increasing the length or depth of the cavity and/or Mach and
Reynolds numbers, the cavity oscillations behavior is changed [37].
Gharib and Roshko [6] observed that instead of a free shear layer
behind a bluff body, the oscillatingflow is similar to awake. Colonius
et al. [40] showed that the transition from shear layer to wake mode

Fig. 6 Illustration of computational mesh for open cavity (L=D� 4);

a) overall view of structured mesh, b) clustered mesh over cavity.

Fig. 7 Two-dimensional open-cavity grid system (L=D� 5).

Fig. 8 Three-dimensional rectangular cavity (L=D� 5); a) general configuration, b) sensor locations.
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occurs when the length of the cavity is increased relative to the
upstream boundary layer thickness and as Mach number increased
with other parameters remaining constant. At the leading edge of the
cavity, a vortex begins to form. It grows until its size is almost the size
of the entire cavity. At the same time, the irrotational freestream fluid
directs into the cavity and collides on thewalls. Therefore, vorticity is
generated between the upstream cavity wall and the vortex. Sub-
sequently, the vortex is shed from the leading edge and ejected from
the cavity. This vortex causes the flow separate from the upstream of
the cavity. The periodic ejection of the vortex from the cavity leads to

an increased drag. Colonius et al. [40] found that the upstream
separation is a key feature of the transition to wake mode. They
showed that the spectra of the resonant instabilities in wakemode are
very different from those of the shear layer mode. For cavity
oscillations in shear layer mode, the flow is nearly parallel, while in
wake mode the flow is far from parallel and the disturbances are not
small. The radiated acoustic field is also different in two modes. In
shear layer mode, the acoustic field, centered at the downstream
cavity edge, is dominated by a single frequency, while in wake mode
the acoustic field displays a wide range of frequencies.

Fig. 9 Three-dimensional grid system of rectangular cavity (L=D� 5); a) general overview, b) clustered mesh over cavity.
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Fig. 10 Three-dimensional cavity with two holes; a) general configuration, b) grid system.

Fig. 11 Typical SPL spectra for closed and open-cavity flows [36].
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However, the presence of a wake mode is not observed in
experimental efforts of compressible cavity flows [34]. Shieh and
Morris [8] performed a three-dimensional study and did not observe
any wake mode transition for a configuration that they had studied in
two dimensions. In three-dimensional case, the turbulent mixing
between counter-rotating vortices in the recirculation zone is
modified by the vortex stretching and this prevents transition to the
wake mode [34].

A. Two-Dimensional Closed Cavity (L=D� 18)

For the current geometry, the atmospheric condition with Mach
number 0.7 was imposed. The closed-cavity acts similar to a
combination of forward and backward steps. Figure 12 illustrates the
vorticity contours at different time levels. The shear layer attaches to

Fig. 12 Snapshots of instantaneous vorticity contours for closed cavity (L=D� 18).

Fig. 13 SPL spectra at different locations for closed cavity (L=D� 18).

Fig. 14 Snapshots of instantaneous vorticity contours for open cavity (L=D� 4).

Fig. 15 SPL spectra at sensor locations for open cavity (L=D� 4).
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Fig. 16 Pressure (rms) fluctuations along cavity floor.

Fig. 17 Time history of pressure fluctuations and SPL spectrum at different locations of the three-dimensional cavity with two holes.
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the cavity floor and again separates from the floor and extends to the
cavity rear wall and trailing edge. Therefore, two recirculating
regions are observed.

For this type of the cavity, the pressure distribution consists of
different regions.A low expansion region can be observed behind the
front face, an increase because of the shear layer impingement, a flat
pressure distribution in the impingement region, and a maximum
ahead of the rear face [41]. Baysal and Stallings [42] showed that in
comparison with the open cavity, the larger pressure can be found on
the rear face of the closed cavity and smaller pressure is detected on
the front face of the cavity. This leads to a higher drag for closed-
cavity flow. The SPL spectra at different locations are shown
separately in Fig. 13. In closed-flow cavities, the random component
of the pressure is more dominant than the periodic component. In the
SPL spectra, only the broadband noise can be seen, and there are
generally two or more peaks of similar magnitude in the amplitude.

B. Two-Dimensional Open Cavity (L=D� 4)

The freestream Mach number of 0.7 and atmospheric conditions
were used for flow simulation over an open cavity with L=D� 4. In
the three-dimensional open cavity, the shear layer separates from the
cavity leading edge and subsequently reattaches to the cavity trailing
edge, which forms a single circulation region shifted toward the rear
wall of the cavity. However, in the two-dimensional case, more than
onevortex, which is verymuch time dependent, can be observed. It is
apparent that generation, destruction, and merging of these vortices
will affect the pressure fluctuation and overall SPL.

Vorticity contours at different time levels are shown in Fig. 14.
Two-dimensional behavior causes the transition to a wake mode.
However, as stated previously, such a wake mode transition does not
exist in the three-dimensional model. As shown, the flow separates
from the leading edge of the cavity and vortical flow begins to
develop. First snapshot shows two resident vortices within the cavity.
The one near the front wall of the cavity stays almost stationary as
time goes by, while the other vortex grows rapidly to occupy the
entire cavity. The rolled upflow travels toward the trailing edge of the
cavity, part of which continues to travel downstream and the other
which generates the recirculating region. This cycle is repeated over
time.

SPL spectra at different locations are shown separately in Fig. 15.
The SPL spectra in this type of cavity consist of harmonic frequency
peaks, which are clearly observed. As Krishnamurty [4], and
Rossiter [2] have shown, the flow in this case is dominated by
periodic pressure fluctuations, while the random component is less
significant.

C. Two- and Three-Dimensional Rectangular Cavity (L=D� 5)

The experimental results, which were carried out by Henshaw at
QinetiQ [43], were used to assess the accuracy of the numerical
results. AMach number of 0.85 with static pressure of 63,200 Pa and
temperature of 300 K were imposed on the model. The freestream
Mach number corresponds to a freestream velocity of U1�
295:111 �m=s�, and the Reynolds number based on the cavity length
is about 7.5 million.

Fig. 18 Snapshots of Schlieren-like pressure contour of the three-dimensional cavity with two holes.
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For validation, ten sensor points were located along the cavity
floor, as shown in Fig. 12b. The numerical data was measured every
1:5 
 10	5 sec. To obtain the mean flow properties and to prevent
any effects of the initial flow conditions, the first 10,000 time steps
have been removed from the results. To understand the three-
dimensional effects, a two-dimensional model with the same
operating conditions was also investigated. Figure 16 shows rms
pressure along the cavity floor for experimental two- and three-
dimensional models. It was anticipated that the results of the two-
dimensional model would be higher than the three-dimensional
model but with similar trends. The results of three-dimensional
computation are in good agreement with experimental data. It should
be noted that the pressurefluctuation of the two-dimensional cavity is
more periodic than that of the three-dimensional case, and the
amplitude of the fluctuations is larger as shown in [8] as well. The
periodic component is due to the acoustic resonance within the
cavity. After a small decrease in rms pressure, an increasing tendency
along the cavity floor is observed. The sudden drop in pressure near
the front wall of the cavity is due to the flow separation at the initial
impingement of thevorticalflowon the cavityfloor. Thevorticalflow
travels downstream and decelerates by the rear wall of the cavity
which causes a severe increase in pressure. Both two- and three-
dimensional results show the same trend as the experimental data. In
fact, the lower pressures in three-dimensional cavity indicate that it is

oscillating in shear layer mode and such a transition to wake mode is
not observed in three-dimensional case which is consistent with the
numerical investigation performed by Shieh and Morris [8]. The
same as the previous case (two-dimensional open cavity with
L=D� 4), the two-dimensional cavity showed a tendency to wake
mode.

D. Three-Dimensional Cavity with Two Openings

Similar to the cylindrical cavities, the cavity with two openings
develops an exclusive flow instability, which is fundamentally
different from the Rossiter’s concept. Pressure fluctuations and SPL
spectra are shown at different locations in Fig. 17. Large pressure
fluctuations, especially on the cavity floor, can be observed. The
existence of the two openings changes the characteristics offlowover
the cavity. Over a range of about 102–103 Hz (in logarithmic scale),
the amplitude of the SPL remains on the order of 120–165 db,
whereas at higher frequencies, it drops quickly. Based on theRossiter
formula for the cavity withL=D� 2, two empirical values were
chosen as k� 0:66 and �� 0:25. In the current operating
conditions, frequencies for the first fourmodes, based on the Rossiter
Formula, are f1 � 81:82 , f2 � 190:92 , f3 � 300:02, and
f4 � 409:12 Hz. However, in this case, there are several fluctuations
in SPL values, which are not similar to either open or closed cavities.

Fig. 19 Snapshots of tangential vectors contoured with v-velocity (at X � 0 plane) of the three-dimensional cavity with two holes.
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The SPL spectra show different characteristics of the flow depending
on the geometry of the cavities. In the closed cavity, a large amount of
fluctuation in pressure can be observed, while in the open cavity,
some significant peaks can be seen. These peaks can be observed in a
manner that is similar to open cavities, but they do not match the
values calculated by the semi-empirical Rossiter formula.

Figure 18 shows the Schlieren-like pressure contours over the
cavity at different time levels. The magnitudes of the pressure
gradient yield these images, which are like Schlieren contours and
provide insight into the flow characteristics and cavity noise. The
acoustic radiations traveling upstream can be clearly observed. The
acoustic field is three-dimensional and has a spherical radiation
pattern.

Figure 19 illustrates the velocity field at different time steps. These
snapshots show the rapid motion of the mixing layer over the cavity.
The flow enters the cavity through the holes and generates vortical
motion near the sidewalls and cavity floor. The flow inside the cavity
is highly three-dimensional with vorticalmotion pattern. Thevertical
component of the velocity has a rapid back and forth motion which
expedites the generation of the acoustic field. These vortical motions
are coupled with the severe pressure fluctuations within the cavity.
Part of this vortical flow exits the cavity from the holes and the other
part remains within the cavity and brings up the vortices. It is clearly
observed that after a while the intensity of the flowmotion within the
cavity is reduced and less acoustic radiations travel upstream.

The behavior of the flow over the cavity with two openings is
related to the size of the holes, size of the cavity, and operating
conditions.

V. Conclusions

Numerical simulations of subsonic and transonic turbulent flow
over different types of cavities in two- and three- dimensionalmodels
were performed, and the results were compared with each other,
available semi-empirical solutions, and experimental data. Turbulent
flow simulationwas performedwith detached-eddy simulation using
the SA one-equation model. In the two-dimensional closed cavity,
only the broadband noise was observed in the SPL spectra. In this
type of cavity, the random component of the pressure was more
dominant than the periodic component. In the two-dimensional open
cavity, the SPL spectra consisted of harmonic frequency peaks. In
this case, the flow is dominated by periodic pressure fluctuations,
while the random component is less significant. Transition to a wake
mode was also observed in this type of the cavity. Another inves-
tigation was performed in a transonic regime to compare the flow
behavior of the two- and three-dimensional open cavities. It was
shown that the results of the three-dimensional cavity are in good
agreement with the available experimental data, while there is a
difference in the results of the two- and three-dimensional models.
The amplitude of the pressure fluctuations in the two-dimensional
case is larger than the three-dimensional model. Moreover, the
pressurefluctuation of the two-dimensional cavitywasmore periodic
than that of the three-dimensional case. However, it was observed
that the trend of the pressure fluctuations of the two- and three-
dimensional cavities was similar. The comparison of the two- and
three-dimensional cavities indicates that the transition to wake mode
does not occur in three- dimensional case and it is only oscillating in
shear layer mode. Another cavity with two openings on top was
investigated. Those results show that the existence of these holes
changes the characteristics of the flow within the cavity. In fact, the
resulting flow instability becomes a function of the size of the holes,
size of the cavity, and operating conditions.
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