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The implementation of internal store carriage on stealthy military aircraft has accelerated research into transonic
cavity flows. Depending on the freestream Mach number and the cavity dimensions, flows inside cavities can become
unsteady, threatening the structural integrity of the cavity and its contents (e.g., stores, avionics, etc.). Below a critical
length-to-depth ratio, the shear layer formed along the cavity mouth has enough energy to span across the opening.
This shear layer impacts the downstream cavity corner and the generated acoustic disturbances propagate
upstream, causing further instabilities near the cavity front. Consequently, a self-sustained feedback loop is
established. This extreme flow environment calls for flow control ideas aiming to pacify the cavity by breaking the
feedback loop and controlling the breakdown of the shear layer. This is the objective of the present work, which aims
to assess changes of the cavity geometry and their effect on the resulting flow using detached-eddy simulation. For the
cases computed in this work, quantitative and qualitative agreement with experimental data has been obtained. All of
the devices tested achieved similar reductions in overall sound pressure level in the rear half of the cavity; however, a
slanted aft wall provided the largest noise reduction in the front half of the cavity.

Nomenclature

wall area, m?

temporal eigenfunctions

force coefficient

cavity depth, m

spatial flux vectors in Navier—Stokes equations
frequency, Hz

cavity length, m

number of snapshots for proper orthogonal
decomposition

pressure, Pa

unsteady pressure, Pa

unsteady terms in Navier—Stokes equations
freestream dynamic pressure (§ o, UZ,), Pa
Reynolds number

Reynolds number based on cavity length L
symmetric components of the velocity gradient
tensor [Eq. (7)]

source vector in Navier—Stokes equations [Eq. (1)]
time period of the lowest Rossiter mode, s
time, s

velocity, m/s

Cartesian coordinates, m

matrix eigenvalues

density, kg/m?

spatial eigenfunctions

antisymmetric component of the velocity gradient
tensor

root mean square
mean quantity
freestream value

Superscripts
inv = inviscid term
vis = viscous term

1. Introduction

HE next generation of military aircraft, such as uninhabited

combat air vehicles, has been designed to avoid detection. To
minimize the radar cross section, loads normally carried on pylons
under the wings are now being stored internally. This recent interest
in internal carriage of stores has accelerated research in flows
surrounding weapons bays; however, the mechanisms that drive
cavity flows need to be better understood.

Depending on the freestream Mach number and the cavity dimen-
sions, the flow inside the cavity can become very unsteady. For a
length-to-depth L/ D ratio of less than 10, the shear layer has enough
energy to span across the cavity opening. When the shear layer
impacts the downstream cavity corner, pressure disturbances are
generated and propagated upstream, which in turn causes further
instabilities at the cavity front, and a feedback loop is established
[1]. The acoustic environment in the cavity is so harsh in these
circumstances that the noise level at the cavity rear has been found
to approach 170 dB, and frequencies near 1 kHz are created [2].
The effect of this unsteady environment on the structural integrity of
the contents of the cavity (e.g., stores, avionics, etc.) can be serious.
Above an L/D ratio of 14, the shear layer no longer has enough
energy to span across the cavity and dips into it. Although this does
not produce noise levels and frequencies as high as in shorter
cavities, the pressure differential along the cavity produces large
pitching moments, making store release difficult.

Cavity flow research is not limited to military applications.
Examples of other areas include the noise suppression of the under-
carriage wheel wells on airliners or even car-cabin noise in the
presence of open sunroofs. Flows surrounding wheel wells are con-
sidered to be one of the primary sources of noise during the landing
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approach and touchdown. Methods to alleviate this problem are
being considered by several researchers. Reference [3] is a good
example of these efforts.

Ever since the problems associated with cavity flows were
realized, much research into methods to improve the cavity environ-
ment has been undertaken. Some control methods involved manipu-
lating the cavity geometry by either modifying the angle at which the
cavity walls are slanted or by adding external devices to deliberately
alter the flow inside the cavity. Such techniques are referred to here as
passive flow control devices. The second type, known as active flow
control, involves altering the flow within the cavity through the
addition of devices that require external energy input. This includes
devices such as jets or oscillating flaps. Active flow control can be
either of the open- or closed-loop type. Closed-loop control requires
the implementation of a feedback loop in the control method, which
allows the method to continually adapt to the flight conditions,
thus making them more suitable for time-varying and offdesign
situations. Although open-loop control studies have dominated
most control efforts in cavity flows, examples of closed-loop cavity
control studies are also beginning to appear in literature. For more
information on the cavity-flow control, the reader is directed to the
excellent review by Cattafesta et al. [4], which provides an account of
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different open-loop and closed-loop control strategies adopted by
various researchers.

A. Experimental Studies

Flows over cavities have been studied experimentally since the
implementation of weapons bays into military aircraft in the mid-
1950s [5-7]. In high Reynolds number flows, a broad range of
turbulent length and time scales exist. For cavity flow, this intense
turbulent environment is further coupled with strong acoustic
radiation, the source of which is located at the downstream corner of
the cavity. The acoustical signature in the cavity is composed of two
parts: broadband noise and narrowband tones. The broadband is
low-energy noise contributed by the freestream, the shear layer, and
turbulent fluctuations. The tones, called Rossiter modes [7] (named
after J. E. Rossiter, who developed a semi-empirical formula to
calculate the frequencies at which they occur), can vary in magnitude
and are caused by specific interactions in the flow. These could
include vortex—vortex, vortex/wall, vortex/shear-layer, shock/shear-
layer, and shear-layer/wall interactions.

Most cavity experiments were based on unsteady pressure
measurements in wind tunnels. The works of Tracy et al. [8] and
Tracy and Plentovich [9,10] from NASA Langley and Ross and

Table 1 Summary of selected clean-cavity experimental studies

Clean cavity

Geometry Flow conditions

Study L/D wW/D Mach no. Re; Instrumentation

Shaw et al. [16] 6.79,10.27 e 0.7-2.0 e Dynamic pressure transducers

Tracy et al. [8] 4.4-20 0.97-44 0.2-09 1.8-93.8 x 10° Dynamic pressure transducers

Plentovich et al. [17] 1-17.5 1-16 0.2-0.95 0.3-10.5 x 10° Static pressure taps

Tracy and Plentovich [9] 4.4-20 0.97-4.4  0.2-0.9 28.1 x 10° Static and dynamic pressure transducers

Stallings et al. [18] 6.7-17.5 2,4 0.2-0.95 5.4-12.6 x 10° Static pressure taps

Stallings et al. [19] 5.42-12.50 2,4 0.2-0.95 4.3-11.8 x 10° Static pressure taps

Tracy and Plentovich [10] 1-17.5 1-16 0.2-0.95 0.3-10.5 x 10° Dynamic pressure transducers

Chung [20,21] 2.43-43 1.2-86 1.28 4.5 x 106 Dynamic pressure transducers

Chung [22] 2.43-43  243-43 0.33-0.82 1.8-3.6 x 10° Dynamic pressure transducers

Ritchie et al. [15] 5 2.5 0.82 _ Particle image velocimetry (PIV)

Kegerise et al. [23] 2,4 1 0.2-0.6 1.5 x 10° Dynamic pressure transducers and schlieren

Nightingale et al. [14] 5 1 0.6-1.35 6.5 x 10° Dynamic pressure transducers, PIV

Table 2 Summary of selected experimental studies of passive flow control
Experimental
Geometry Flow Conditions

Study L/D w/D Mach No. Re; Instrumentation Flow Control?
Shaw et al. [16] 6.79,10.27 —_ 0.7-2.0 —_ Dynamic pressure transducers SW, STS, TR
Sarno and Franke [24] 2 0.3 0.6-1.5 1-3.6 x 10°  Dynamic pressure transducers FTS
Stallings et al. [18] 6.7-17.5 2,4 0.2-0.95 5.4-12.6 x 10° Static pressure taps Slotted/vented wall/floor
Ross and Peto [12] 5,10 1,2 0.85-1.35 6.5 x 100 Dynamic pressure transducers SW.STS
Smith et al. [25] 4.6-7.27 1.85-291 09,1.5 e Dynamic pressure transducers TR
Ukeiley et al. [26] 5.6,9.0 2 0.6,0.75 0.1-0.3 x 10° Dynamic pressure transducers TR,FTS
Nightingale et al. [14] 5 1 0.85 6.5 x 10° Dynamic pressure transducers, PIV. - SW, STS, FTS, TR

2SW denotes slanted walls, STS denotes the sawtooth spoiler, FTS denotes the flattop spoiler, and TR denotes the transverse rod.

Table 3 Summary of selected numerical studies of passive flow control

CFD

Geometry Flow conditions
Study L/D W/D Mach no. Re; Method Flow control
Baysal et al. [27] 4.5 —_— 0.95 8 x 106/m 2-D RANS, B-L model SW, FTS
Arunajatesan et al. [28] 5.6 1 0.6 1.45x 10’/m Hybrid k- RANS-LES TR
Nayyar [2] 5 1 0.85 1 x 100 2-D URANS SW, FTS
Comte et al. [29] 0.42 1 0.85 0.86 x 10°  LES, DES TR
Ashworth [30] 5 1 0.85 —_— DES STS
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Table 4 Summary of selected numerical studies of clean-cavity flows

Clean cavity

Geometry Flow conditions
Study L/D  W/D Mach no. Method
Rizzetta [34] 5.07 2.67 1.5 1.09 x 10° 2-D and 3-D RANS (Baldwin—-Lomax turbulence model)
Srinivasan and Baysal [32] 4.4,11.7 1,27 009,058 5.6,5.32x 10° 3-D RANS (Baldwin—Lomax turbulence model)
Sinha et al. [45] 6,4.5 1.5,2 4.5 % 10° Hybrid RANS/LES
Arunajatesan et al. [28] 5.6 1 0.6 1.45x 10’/m  Hybrid RANS/LES

Gloerfelt et al. [46] 3 3.85 0.8 0.14 x 10° LES

Hamed et al. [42,43] 5 0.5 1.19 0.2,1 x 10° DES

Mendonga et al. [44] 5 1 0.85 URANS and DES

Rizzetta and Visbal [37] 5 0.5 1.19 0.2 x 10° LES

Ritchie et al. [15] 5 2.5 0.82 2-D RANS (k-¢ turbulence model)
Larchevéque et al. [38] 0.42 1 0.8 0.86 x 10° Monotone integrated LES (MILES)
Larchevéque et al. [39] 5 0.85 7 x 10° MILES

Nayyar [2] 2,16 1 0.85 1,6.8 x 10°  URANS, LE, and DES

Nayyar et al. [41] 5 1 0.85 1 x 10° URANS, LES, and DES

Lai and Luo [47] 5 1 0.85 1.36 x 10° LES

Larchevéque et al. [40] 2 4.8 0.85 0.86 x 10° MILES

Peng and Leicher [48] 5 1 0.85 DES and hybrid RANS-LES

Table 5 Kulite positions in QinetiQ experiments for
L/D =5 cavity [14]

Kulite position

Location Tag x/L y/L z/L
Front plate K1 -0.35 0.0 0.0
K2 -0.20 0.0 0.0
Aft plate K4 1.95 0.0 —0.1375
Front wall K7 0.0 —0.05 0.1250
K8 0.0 —0.05 —0.0250
Floor K20  0.05 —0.20 0.0
K21 0.15 —0.20 0.0
K22  0.25 —0.20 0.0
K23 035 —0.20 0.0
K24 045 —0.20 0.0
K25 0.55 —0.20 0.0
K26  0.65 —0.20 0.0
K27 0.75 —0.20 0.0
K28 0.85 —0.20 0.0
K29 095 —0.20 0.0
Rear wall K17 1.0 —0.0375 0.1375
K18 1.0 —0.0750 0.1375
K82 1.0 —0.0750 0.0
K83 1.0 —0.1250 0.0
K84 1.0 —0.1750 0.0

Peto [11,12], Ross [13], and Nightingale et al. [14] from QinetiQ are
examples of campaigns that conducted a significant number of
wind-tunnel experiments on cavities of several configurations over
a broad range of Mach and Reynolds numbers. Tracy et al. [8]
experimentally investigated acoustic-tone generation under tran-
sonic and subsonic conditions, with the results showing that Mach
number had a large effect, and so the cavity-flow type cannot be
reliably assessed on cavity geometry alone. However, it was also

Y

LX

L

found that the sound pressure spectrum-level (SPL) spectra were
little affected by varying the Reynolds number.

Recent experimental endeavors have exploited nonintrusive
optical techniques such as schlieren photography and optical
reflectometry to study cavity flows. More advanced nonintrusive
methods such as particle image velocimetry and laser Doppler
velocimetry [15] are also beginning to appear in cavity-flow studies
as a means of obtaining high-fidelity, high-resolution data. Such
methods are, however, expensive and time-consuming, and so they
are usually restricted to small-scale wind-tunnel tests. A summary of
selected experimental clean-cavity studies can be found in Table 1.

Tables 2 and 3 contain a summary of selected passive-control
studies. Leading-edge flow control devices attempt to reduce cavity
noise and fluctuating pressure levels by reducing the interaction of
the shear layer with the aft wall. Rossiter [7] found that leading-edge
flat spoilers could reduce the intensity of the pressure fluctuations,
but only for subsonic speeds. However, Shaw et al. [16] tested a
leading-edge sawtooth spoiler and found that at Mach number 0.9 it
reduced the amplitude of the broadband noise but did not affect the
magnitude of the modes. Ukeiley et al. [26] found that the reduction
inside the cavity was less than on the aft wall, implying that the
main effect of the spoiler was indeed to minimize the shear-layer
interaction with the aft cavity wall. However, lifting the shear layer
into the freestream did not minimize the fluctuating pressure
levels [26].

Another popular leading-edge control device is the transverse rod.
Smith et al. [25], Ross and Peto [11,12], and Ukeiley et al. [26]
investigated a variety of sizes and locations of rods. The studies
concluded that virtually any size rod can function effectively;
however, rods at the leading edge provide the greatest suppression
and, in general, larger-diameter rods work best. However, the exact
mechanism causing the suppression is not known, although for larger
rods, the blockage effect could have been partly responsible. For
smaller rods, the interaction of shed vortices with resonant behavior
in the cavity could have been the key mechanism.

I I I I
— < — ~

0.05L 0.1L

Fig. 1 Locations of the pressure transducers inside the cavity.
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0.05L
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¢) Transverse rod

d) Flattop spoiler
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Fig. 2 Flow control devices used in combination with the clean cavity. All dimensions shown are nondimensionalized using the cavity length L.
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Fig. 3 Domain of the CFD grid and the boundary conditions on the surfaces.

B. Review of Selected Computational Fluid Dynamics Studies

Early studies of cavity flows using computational fluid dynamics
(CFD) focused on the use of Reynolds-averaged Navier—Stokes
(RANS) equations in conjunction with various turbulence closures.
Most applications of unsteady RANS (URANS) to cavity flows have
employed algebraic turbulence models, especially different versions
of the Baldwin—Lomax models [31], due to their simplicity [32,33].
However, such simple eddy viscosity models are not able to predict
the turbulent cavity-flow field [34], and investigations with more
advanced turbulence models such as the two-equation k-¢ and k-w
models were made. Most references to cavity-flow modeling with
two-equation models were related to supersonic flow conditions
[35,36], whereas applications of two-equation models to transonic
cavity flows are rare. A detailed survey of published works on cavity
flow can be found in [2].

One of the major drawbacks of URANS is its inherent inability to
predict the full spectrum of turbulent scales. URANS models tend to
well predict the larger scales associated with the lower-frequency
discrete acoustic tones but fail to provide the same accuracy in

capturing the smaller, higher-frequency, and more intermittent time
scales. The broadband noise is not captured by these models either.
The presence of these multiple acoustic tones and of a large number
of turbulent scales may mean that achieving a good level of accuracy
and consistency with turbulence modeling is difficult for cavity
flows.

More recent works have therefore used large-eddy simulation
(Rizzetta and Visbal [37], Larchevéque et al. [38—40], and Nayyar
et al. [41]) and detached-eddy simulation (Hamed et al. [42,43],
Mendonga et al. [44] and Nayyar et al. [41]) to study the viability of
using these techniques for the cavity-flow problem. Larchevéque
et al. [39], Mendonga et al. [44], and Nayyar et al. [41] studied
cavities with an L/D ratio of 5 and compared the results with
experimental data from the M219 cavity [14]. Both large-eddy
simulation (LES) and detached-eddy simulation (DES) models were
found to perform better than URANS. A selection of clean-cavity
CFD studies is summarized in Table 4.

As with the clean-cavity computations, numerical studies with
passive flow control began with using URANS and then progressed

Table 6 Details of the grids used in the computations

Number of blocks Number of grid points
Case Cavity Total Cavity Control device Total
Clean cavity 64 256 0.5 x 10° N/A 2.2 x 10°
Slanted aft wall 160 724 1.4 x 10° 0.2 x 10° 5.1 x 10°
LE transverse rod 160 1032 1.4 x 10° 0.3 x 10° 5.8 x 10°
LE flat spoiler 160 1010 1.4 x 10° 0.2 x 10° 5.5 x 10°




LAWSON AND BARAKOS 1013

0 500 1000 1500
Frequency (Hz)

a) PSD for kulite K29 - x/.=0.95

170

-
[4)]
)]

OASPL (dB)
g

—
IS
o

149 i 04 06
x/L
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Fig. 4 PSD at the rear of the cavity and OASPL along the cavity floor
for the experimental clean cavity (CC), SW, TR, and STS. In the PSD
plot, the curves are separated by introducing offsets and are in the same
order as the legend in the OASPL. From the top, CC (unaltered), SW
(—10 dB), TR (-20 dB), and STS (-30 dB).

to methods such as LES and DES (Tables 2 and 3). Baysal et al. [27]
performed two-dimensional computational analysis on transonic
turbulent cavities using URANS equations with the Baldwin—-Lomax
turbulent model [31]. Two flow control methods were studied:
slanted aft wall and a leading-edge flattop spoiler. Although both
suppression methods reduced peak tones, neither reduced the levels
of the broadband contribution. Arunajatesan et al. [28] used a
hybrid RANS-LES method to study a transverse rod deployed
at the lip of the cavity. The rod lifted the shear layer, which no
longer impinged on the aft wall. The lifting was driven by the gap
between the rod and front wall, which caused the flow to accel-
erate, resulting in an asymmetric shedding pattern. The reduced
loading was not just limited to the aft wall, but along the cavity
floor as well. A similar study was performed by Comte et al. [29]
on a deep cavity (L/D ratio of 0.42). LES and DES computations
showed the increased level of turbulence due to the existence
of the transverse rod; however, the LES results had a larger spec-
trum of small-scale vortices. It was thought that the von Karman
vortices produced by the rod energized and thickened the shear layer,
making it less likely to break down and therefore span the entire
cavity length.

C. Odutline of Present Investigation

In view of the preceding survey, this paper presents a set of results
using DES for cavity flows with passive flow control. CFD results for
cavities with a slanted aft wall and leading-edge spoilers are
compared against the data set obtained by Nightingale et al. [14].
Suggestions regarding the flow mechanisms responsible for the
effect of each flow control device investigated are then put forward.
Although the devices studied here have been investigated before

150 : : : T
: : : —CC: Expt (6kHz)
' ' ' —CC: DES S-A
140 H H H - == Rossiter Modes |

hessssnamnmn
hesssssmmnm.
hessssnamn

0 500 1000 1500
Frequency (Hz)

a) Kulite K20 - x/L=0.05

150 : — r
—CC: Expt (6kHz)
—CC:DES S-A

- == Rossiter Modes |

hesssssannanmmm

0 500 1000 1500
Frequency (Hz)

b) Kulite K29 - x/L=0.95

Fig. 5 PSD plots at the front and rear of the cavity for the clean-cavity
configuration.

(either experimentally or numerically), this is the first in-depth
comparison of several passive-control methods with the aim of
clearly identifying the mechanisms responsible for acoustic
suppression and the effects of the devices on the flowfield and the
structure of the cavity.

The rest of the paper is organized as follows: A description of the
experimental data available to validate the CFD results is presented
in Sec. II. The employed numerical method and the details of the
computations are discussed in Secs. III and IV, respectively. The
CFD results are presented in Sec. V, which is split into several
sections. The first compares the CFD results with the experimental
data to validate the computations. Then the flowfields, wall forces,
and acoustic field are analyzed to gain a complete picture of the
suppression mechanisms for each device. Finally, Sec. VI draws
conclusions from the study.

II. Selection of Test Cases and Available
Experimental Data

Pressure measurements were obtained from the Defence and
Evaluation Research Agency (DERA) in Bedford, England, U.K.
[14]. The DERA wind tunnel was a 9 by 8 ft continuous-flow
transonic wind tunnel with a ventilated roof, floor, and side walls.
The generic cavity rig model was positioned at zero pitch and yaw
angle to the freestream flow, which had a Mach number of 0.85
and, depending on the configuration, Reynolds numbers between
4 x 10° and 6.5 x 10° based on the cavity length. The cavity model
was designed to represent a range of geometries. For the L /D ratio of
5, the cavity had a length of 20 in. and a width and depth of 4 in.
Unsteady pressure measurements were recorded inside the cavity via
pressure transducers, which, for most cases, were sampled at arate of
6 kHz for approximately 3.5 s. Additional tests were conducted using
a sampling rate of 31.25 kHz for a small number of cases. Table 5
shows the locations of the pressure transducers in the cavity non-
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Fig. 6 OASPL and BISPLs along the cavity floor for the clean-cavity configuration.
dimensionalized using the cavity length. Various configurations of III. Numerical Methods

pressure transducers were used for each test case; however, the main
10 transducers used for comparisons with the data were located on
the cavity floor (designated as K20-K29 and shown in Fig. 1) and
were common for all test cases.

Four different types of passive flow control devices were used
during the experiments (Fig. 2): slanted walls (SW), leading-edge
transverse rod (TR), leading-edge flattop spoiler (FTS), and leading-
edge sawtooth spoiler (STS). For the slanted-wall cases, the fore and
aft walls could be angled at 53.1, 63.4, and 76.0 deg to the horizontal.
The transverse rod had a diameter of 0.31 in., with the center of the
rod being 0.375 in. upstream of the front edge of the cavity. The flat
and sawtooth spoilers were 0.25 in. upstream of the front cavity
edge and 0.42 in. in height, which was approximately equal to the
height of the boundary layer of the clean-cavity configuration at that
location.

A. Governing Equations

The parallel multiblock flow solver has been successfully applied
to a variety of problems, including cavity flows, hypersonic film
cooling, spiked bodies, flutter, and delta-wing flows, among others
[49]. The governing equations are the unsteady three-dimensional
compressible Navier—Stokes equations, written in dimensionless

d

form as
Finv + i Fvis + i
Re dy
+ —

) 1 )
Han _HV'S — S
0z ( * Re )

where Q contains the unsteady terms and F, G, and H are spatial flux

00 , 0
E—’_

) 1 )
Gan R GVIS
dx ( + Re )

(€]
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Fig. 7 PSD plots at the front and rear of the cavity for the 53 deg
slanted-aft-wall configuration.

vectors and have been split into their inviscid (inv) and viscous (vis)
parts. The source vector is denoted by S.

The code solves the governing equations on multiblock structured
grids using a cell-centered finite volume method. The convective
terms are discretized using either Osher’s or Roe’s scheme. MUSCL
interpolation is used to provide formally third-order accuracy, and
the Van Albada limiter is used to avoid spurious oscillations across
shocks. The time-marching of the solution is based on an implicit
dual-time-stepping method. The final algebraic system of equations
is solved using a conjugate gradient method in conjunction with
block incomplete lower-upper factorization. A number of turbulence
models, including one- and two-equation statistical models as well as
LES and DES formulations, have been implemented into the code.
More details of the employed CFD solver and turbulence models are
given by Nayyaretal. [41]. For the work presented in this paper, DES
was employed along with the Spalart—Allmaras (S-A) turbulence
model [50].

B. Proper Orthogonal Decomposition

Proper orthogonal decomposition (POD) is a mathematical
technique used in many applications, including image processing,
signal analysis, and data compression [51]. It aims to obtain low-
dimensional approximate descriptions of high-dimensional proc-
esses [32], therefore eliminating information that has little impact on
the overall process. It was first introduced by Lumley [53] in the
context of fluid mechanics and turbulence, to decompose the flow
into modes. These modes identify the large coherent structures
that contribute to the flow. However, many applications of POD use
the method of snapshots, which was introduced by Sirovich [54],
for highly spatial resolved data. The snapshots are usually taken
at instances in time so that various states of the flowfield are
represented. Using the scalar-valued method of snapshots [55],
any flow variable (u(x, f)) within a snapshot can be expanded in
terms of spatial modes ®;(x) and temporal eigenfunctions a;(#):

w(x, 1) = u, (X) + ) a; () D;(x) (©)
i=1

where u,,(x) is the mean quantity.

The eigenvalues from the decomposition A; are representative of
the amount of energy stored in each mode from the flow. A nominal
criterion, given by Sirovich [54], is that the number of retained n
should be equivalent to 99% of the energy:

SO0/ 4> 099 )
i=1 i=1

However, application of this method to cavity-flow problems has
shown that far less modes were needed to reconstruct the flowfield,
with the resultant energy captured closer to 70% [45,56,57]. With
this in mind, the initial investigation into the method was performed
with the view of using it as a form of data compression. If only a few
modes needed to be stored, then the level of data compression would
be far greater than any lossless methods currently available [57]. This
meant that the POD was applied only as a postprocessing step, in
which low-order reconstructions were gained from snapshots of the
full-order system. Although the snapshots are usually taken at key
states of the flowfield, the flow over a cavity is extremely complex
and contains frequencies over a broad range. Therefore, snapshots
were taken at regular intervals in the flow over a time period equal to
one period of the lowest Rossiter mode (TRyggjter1)-

IV. Details of Computations

The flow domain used for computations is shown in Fig. 3, along
with the applied boundary conditions. The cavity was modeled on the
experimental setup (Fig. 2a), with all solid surfaces having no-slip
boundary conditions. The values at the far field were extrapolated,
and so the far-field boundaries had to be set a large distance away
from the cavity. Therefore, the domain extended five cavity lengths
above the surface of the plate and an extra two cavity lengths around
the plate on each side. The boundary conditions for extra section
around the plate were set to ¥ symmetry, which imposed a slip
condition so that no boundary layer would build up. Grids of up to
6 million cells were used, with approximately 25% of the points
located within the cavity.

Three passive-control cases were computed: 53 deg slanted aft
wall, leading-edge transverse rod, and leading-edge flat spoiler. For
the cases in which leading-edge devices were present, the region near
the front of the cavity had to be refined so that spoilers could be
embedded in the grid. The details of the grids can be found in Table 6.

The DES computations had a time step of 1.84 x 107 s, which
was needed to resolve high frequencies in the flow. The time step
equated to a frequency of 543 kHz, and so according to the Nyquist
theorem, the highest frequency that was accurately resolved by the
computation was 272 kHz. The Nyquist theorem then needs to be
applied again for sampling the data, and so the highest-possible
sampling frequency that could be used to gain unsteady pressure
measurements from the flow was 136 kHz. Further, all of the
numerical data were down-sampled to match the sampling frequency
of the experimental data. For each computation, the total runtime was
0.12 s, apart from the clean cavity, which was run for 0.17 s. The first
0.02 s (3 X Tressiter1) Were discarded, and so this gave each
computation approximately 0.1 s (15 X Tgogier1) Of data.

For all cases computed, the Mach number at the freestream ahead
of the cavity was kept at 0.85 and the Reynolds number based on
the length of the cavity was 1 x 10°. The Reynolds number was
initially reduced to allow for efficient computations using LES.
However, it has been shown that reducing the Reynolds number
down from 6.5 x 10° to 1 x 10° had little effect on the cavity-flow
field [2]. The recent results were kept at this lower Reynolds number,
not only so they could be compared with the clean-cavity data, but
also because the experimental results for different flow control
devices were not all performed at the same Reynolds number.
Therefore, it was kept at the lower value for consistency. As with the



LAWSON AND BARAKOS

1016
180 : =
=== SW: Expt (6kHz
—SW: DES S-A
170
o
Z
=1 1601
o
(7]
<
(o}
1501
W02 04
a) OASPL
170 : x
=== SW: Expt (6kHz
—SW: DES S-A
160 1
5 150} 1
&
o 1401 1
11]
130} 1
1200 0.2 0.4 0.6 0.8 1
x/L
b) 50 < f < 250 Hz
170 : ;
—=—SW: Expt (6kHz
—SW: DES S-A
160 1
% 150¢ 1
-
o
o 140f 4
[11]
130 1
1200 0.2 0.4 0.6 0.8 1
x/L

d) 400 < f< 600 Hz

0.6 0.8 1
170 = :
== SW: Expt (6kHz
—SW: DES S-A
160 1
5 150 1
a
o 140f 1
om
130 1
1200 0.2 0.4 0.6 0.8 1
x/L

) 200 < f< 400 Hz

170 : ;
==—SW: Expt (6kHz
—SW: DES S-A
1601
@ 150
3 150
-
o
o 140f
om
1301
12 - - . -
00 0.2 0.4 0.6 0.8 1

e) 600 < f'< 800 Hz

Fig. 8 OASPL and BISPLs along the cavity floor for the 53 deg slanted-aft-wall configuration.

experimental setup, the plate was angled at zero pitch and yaw to the
freestream flow in the CFD computations.

V. Results and Discussion

First, spectral analyses are performed and compared with
the experimental data described in Section II to validate the
computations and assess the level of noise suppression for each
method. Second, flowfield visualizations will be used to determine
how each method achieves the noise suppression.

A. Spectral Analyses

Power spectral density (PSD) and overall sound pressure levels
(OASPL) were computed along the cavity floor for each test

case. The PSD is based upon the unsteady pressure p’, where
p'=p— p,. The PSD was calculated using the Burg estimator
[58], as it produces better resolved peaks for short signals than
traditional Fourier transforms [39]. The length of the time signal
gave a frequency resolution of 10 Hz. The experimental signal
was shortened to the same length as the numerical signal and
processed using the same method. For a description of the
PSD in terms of decibels, the natural definition is that of the
SPL [59]:

PSD(f)Af,
(s f) @

ref

SPL (f) = 1010g(

where Af,.; is a reference frequency, usually set to 1 Hz, and
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Fig. 9 PSD plots at the front and rear of the cavity for the leading-edge
transverse rod configuration.

Prer 18 the international standard for the minimum audible sound,
which has the value of 2 x 1075 Pa [59].

The variation in pressure levels along the cavity floor was studied
using the root mean square of the unsteady pressure, p;,,, and can be
obtained from the measurements using the following equation:

1
Pl = (|37 2_(P)? ©)

Although p}., is measured in pascals (or any other unit of
pressure), it is customary to report it as the OASPL [39,41,48,59]:

OASPL = 2010g(plane/ Prer) ©)

Band-integrated SPL (BISPL) plots are also presented, which
show the energy content within a particular frequency range. This
aids in identifying which frequencies are significant. The shape of
each banded mode is also important, as it represents how each
frequency band varies along the cavity length. For each test case, four
frequency ranges are plotted that encompass the first four Rossiter
modes.

1. Summary of Experimental Data

Figure 4 shows the PSD at the rear of the cavity and the OASPL
along the cavity floor. The clean-cavity configuration is compared
with three of the control devices tested. At present, the data for the
flattop spoiler are not available. In the PSD plots for experimental
clean-cavity data, three tones can clearly be seen: the first located at a
frequency of about 140 Hz, the second at 360 Hz, and the third at
around 590 Hz. A fourth, much weaker, tone can be seen at 785 Hz.
The PSD also shows that the magnitudes of the tones were reduced
by the control devices; however, none of the modes were completely
suppressed by any of the devices tested. Also, tones for the slanted aft
wall shifted to slightly lower frequencies, whereas the tones for the

leading-edge devices shifted to slightly higher frequencies. The
OASPL along the cavity floor shows that all three devices produced
noise reductions, although the slanted aft wall was more effective at
the front of the cavity than the leading-edge devices.

2. Cavities Without Flow Control

Comparisons of the numerical and experimental data for the clean
cavity (Fig. 5) revealed some discrepancies, although all the tones
present in the experiments were also present in the CFD. At the front
of the cavity, the DES overpredicted the magnitude of the first
three tones. Also, the frequency of the first tone was slightly
underpredicted and there was a small overprediction of the second
tone. At the rear of the cavity, the DES results overpredicted the
magnitude of the broadband noise and so the tones were not as
prominent as in the experimental data, although itis still apparent that
the magnitudes of the first three tones were overpredicted. As with
the spectra at the front of the cavity, the frequency of the third tone
was correctly predicted, with the first and second tones being slightly
under- and overpredicted, respectively, in comparison with the
experimental data.

The OASPL and the BISPL plots (Fig. 6) show that the mag-
nitudes of all of the modes were overpredicted, with the largest
overprediction occurring in the third band. However, all four curves
of the DES predictions resemble those of the experimental data,
suggesting that the flow structures inside the cavity were well
predicted.

3. Cavities with Trailing-Edge Devices

Figure 7 presents the PSD of the cavity with the aft wall slanted at
53 deg to the horizontal. At the front of the cavity, the frequencies
of the dominant first and second tones were well predicted in
comparison with the experiments. The magnitudes were also well
predicted, although both tones had a slight underprediction. The
frequency and magnitude of the third tone were both overpredicted.
The same trends can be seen at the rear of the cavity. Because of the
slanting of the rear wall, the length of the cavity at the mouth was
longer than on the floor, and so the frequencies of the Rossiter modes
shifted down to lower values. This was reflected in the tones of the
experimental data, as they were very close to the predictions of
Rossiter’s formula. It also shows that the DES correctly predicted the
shift of the tones. Finally, the level of the broadband noise compared
favorably with the experimental data.

The overpredictions for the slanted aft wall were reflected in the
SPLs along the cavity floor, which are shown in Fig. 8. The OASPL
is shown in Fig. 8a, which shows that the levels were overpredicted
by between 2 and 4 dB. However, the shape of the curve was
well predicted compared with that of the experimental data, again
indicating that the flow structures inside the cavity were well
resolved. This is also shown in the banded frequency plots in
Figs. 8b—8d. The magnitudes of the first and second bands were
generally well predicted, with the largest overprediction coming
from the third mode, which was consistent with the DES results from
the clean-cavity case.

4. Cavities with Leading-Edge Devices

The PSD for the transverse rod (Fig. 9) showed similar trends to
the previous two cases. The first three modes at both the front
and the rear of the cavity were overpredicted compared with the
experimental data in both frequency and magnitude. The third mode
differed the most, with levels overpredicted by 8-10 dB. The
consequence of the overprediction was that the third tone was
dominant.

Figure 10a shows that the effect of overpredicting the third tone
results in an overprediction of 7-8 dB in OASPL, all along the cavity
length. In the BISPL plots, differences between the experimental and
the numerical data at the front of the cavity can be seen in the first and
second modes; however, the shapes of the other modes were, in
general, very similar to those of the experimental data.
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Fig. 10 OASPL and BISPLs along the cavity floor for the leading-edge transverse rod configuration.

The numerical results from the flat spoiler are compared
against the experimental results of the sawtooth spoiler, as data for
the flat spoiler were not available. The sawtooth spoiler has the
same overall dimensions and is located in the same position as
the flat spoiler, and so the data are only provided to give a general
indication of the effect of a leading-edge spoiler. It can be seen that
the PSD for flattop spoiler (Fig. 11) contains a higher number of
tones, making identifying the Rossiter modes more difficult. At the
front of the cavity, tones appear at similar frequencies to the
experimental sawtooth spoiler data, especially around the first and
third Rossiter modes. However, comparisons and identifying
Rossiter modes at the rear of the cavity were much more difficult. The
OASPL (Fig. 12a) showed that the shape for the two data sets was
similar, with the numerical SPL 4-6 dB higher than the experiments.
As with the PSD plots, the shapes of the banded modes (Figs. 12b—
12e) had some similarity with the experimental data close to the
front of the cavity, but differed downstream, suggesting that the

sawtooth spoiler had a different effect on the flowfield to the flattop
spoiler.

It should also be noticed that the structure of the BISPL plots for
both leading-edge devices differed from those of the clean cavity and
the slanted aft wall. In both the experimental and numerical data, the
W structure that was observed in the second tones in the clean cavity
and the slanted-aft-wall cases was not apparent at all.

5. Summary of Spectral Analyses

In all four preceding cases, the DES overpredicted the magnitude
of the pressure fluctuations compared with the experimental data.
These overpredictions have been seen in many recent LES and DES
5 dB is not uncommon.

One explanation for the differences between the experimental and
CFD data is due to the short signal length of the CFD computations.
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Fig. 11 PSD plots at the front and rear of the cavity for the leading-edge

flattop spoiler configuration.

The experimental signals can be as long as 30 s, which is not practical
for complex CFD simulations. The experimental signals given
earlier are shortened to the CFD signal length; however, the section
of experimental signal used is the same in all cases. Larchevéque
et al. [40] also divided up the experimental signal into sections
equaling that of the numerical data, but then processed each one
individually. It was found that errors of less than 2 dB can be gained
between the spectra of the numerical data and the spectra of
the section of experimental data that best resembled the numerical
spectra.

Overall, the shapes of the OASPL and the BISPL curves were
well predicted by the DES S-A model, suggesting that the physics
inside the cavity was well predicted compared with the experi-
mental data.

B. Flowfield Analysis
1. Instantaneous and Time-Averaged Flowfields

Figure 13 shows contours of instantaneous Mach number for the
clean cavity and the passive flow control devices. In the clean-cavity
case, the shear layer started to break down after approximately one-
third of the cavity length. The slanted aft wall did not delay the
breakdown of the shear layer. However, the shear layer diffused less,
asitcan be seen that higher Mach numbers were more restricted to the
shear layer. This also resulted in a lower Mach number across most of
the aft wall.

Figure 13c shows that the presence of the transverse rod lifted the
shear layer above the height of the cavity aft wall. It also showed that
the breakdown of the shear layer was delayed until about two-thirds
of the cavity length. This was due to the interaction between the
vortices shed from the rod and the shear layer, which had a stabilizing
effect. However, in the rear of the cavity, higher Mach numbers were
observed than for the slanted aft wall. In fact, the Mach numbers were
comparable with those seen in the clean-cavity configuration.

The flowfield in the flattop spoiler (Fig. 13d) case appeared much
more unsteady than in any other case. The shear layer was deflected
upward by the spoiler, but started to break down almost as soon as
it separated from the top of the spoiler. Therefore, the level of

breakdown of the shear layer was actually higher than in the clean-
cavity configuration. Again, high Mach numbers were seen in the
rear half of the cavity; however, in the flattop spoiler case, higher
Mach numbers were also seen in the front part of the cavity.

To identify structures within the flow, instantaneous isosurfaces of
Q criteria are shown in Fig. 14. Hunt et al. [61] proposed the O
criterion to identify vortex cores and defined it as the positive second
invariant of the velocity gradient tensor Vu, with the additional
condition that the pressure must be lower than the ambient value. The
second invariant of Q is defined as

0= %(”121 - ”1,]“,/,1) = _%(u[._j”j.i) = %(”Sl %+ [ISI1%) (@)

where S and € are the symmetric and antisymmetric components of
the Vu. Thus, the Q criteria represent the local balance between shear
strain rate and vorticity magnitude [62].

It can be seen from Fig. 14 that the clean cavity was characterized
by large structures emanating from the breakdown of the shear layer.
These structures occupied the latter two-thirds of the cavity and
interact with the aft wall. The structures inside the cavity for the
controlled cases were generally smaller in size than those in the clean
cavity, although the presence of the leading-edge devices created
large structures within the shear layer. It seemed that the two devices
had a different effect on the shear layer. As noticed in the Mach
contours, the structures from the transverse rod had a stabilizing
effect. The spanwise structures shed from the rod were broken up and
turned into streamwise structures by the freestream flow about
halfway along the cavity length. The shear layer then seemed to break
down after the structure of the spanwise vortices was lost. The shear
layer for the flat spoiler seemed to have more small structures than
any other case.

Time-averaged contours of Q criteria are shown in Fig. 15, in
which it can be seen that the isosurfaces for the clean cavity and the
slated aft wall had similar characteristics. The most prominent
structures were seen at the trailing-edge of the cavity, inside the
vertical edges. However, these structures were not seen in the
leading-edge devices, in which the shear layer was lifted above
the aft wall. Large structures were also seen along the side walls in the
clean-cavity case, which shows that the shear layer was not confined
to the width of the cavity. Similar structures can be seen in the
controlled cases, although these were much smaller in size and more
numerous in the cases with the leading-edge devices.

Mean longitudinal velocity profiles were taken at various
distances across the cavity to see the behavior of the shear layer for
each of the control devices (Fig. 16). At the first station (x/L = 0.1),
the clean cavity and slanted wall had very similar profiles. Both the
leading-edge devices immediately lifted the shear layer above the
cavity line of the cavity mouth. Downstream, it can be seen that
the flat spoiler lifted the shear layer higher into the freestream flow
than the transverse rod, although as noticed in the instantaneous
flowfields, the level of breakdown of the shear layer was also higher.
At the midpoint of the cavity, the shear layer for the flat spoiler had
diffused to a much larger extent than for the transverse rod. Also, the
shear layer for the slanted aft wall did not break down as much as for
the clean cavity.

2. Acoustic Field

Although the noise inside the cavity is important, another point of
interest is how noise is propagated out of the cavity. Figure 17 shows
contours of instantaneous dilatation (V - «) at the cavity centerline.
Although the mesh surrounding the cavity was not designed for an
in-depth analysis of acoustic propagation, some conclusions can be
drawn on the effects of the control devices, because similar grid
densities were used for all cases. It can be seen that for the clean-
cavity case (Fig. 17a), strong acoustic waves were observed. The
structures in the shear layer travel toward the aft wall, whereas
outside the cavity, reflected acoustic waves travel out of the cavity
and back toward the front wall. In the slanted-aft-wall case (Fig. 17b),
the reflected acoustic waves in the far field still existed; however,
they were much weaker than those observed in the clean-cavity
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Fig. 12 OASPL and BISPLs along the cavity floor for the leading-edge flattop spoiler configuration.

configuration. It can also be seen that the structures inside the cavity
were more confined to areas around the shear layer than for the clean
cavity.

The presence of the transverse rod had a significant effect on the
acoustic field, both inside and outside the cavity (Fig. 17¢). It can be
seen that, due to the lifting of the shear layer off the aft wall, the
waves propagating outside the cavity into the far field were greatly
reduced. It was noted from the instantaneous Mach contours that the
vortices shed from the rod aided in stabilizing the shear layer;
however, it looked as though this also resulted in more unsteadiness
within the cavity, especially close to the front wall. Strong acoustic
waves can also be seen emanating from the rod at the front of the
cavity.

As with the transverse rod case, high levels of unsteadiness can be
seen throughout the cavity for the flattop spoiler case (Fig. 17d),
although the levels at the front of the cavity were even higher than for
the transverse rod. Again, the lifting of the shear layer also reduced

the strong acoustic waves propagating into the far field, although
small acoustic waves were seen outside the cavity as a result of the
increased breakdown of the shear layer and from reflections off the
spoiler.

Figure 18 shows isosurfaces of the instantaneous unsteady pres-
sure, with isosurface values representing 100 dB. This highlights the
large structures that are created in the clean-cavity configuration by
the interaction of the shear layer on the aft wall. The three controlled
cases still contained large flow structures, but these were confined
inside the cavity and the regions near the shear layer.

OASPL distributions throughout the computational domain
(Fig. 19) provided further evidence of the effects of the control
devices. The decrease in OASPL that was gained from slanting the aft
wall can be seen both inside and outside the cavity. The region of high
OASPL in the rear of the cavity was decreased to a small area in
which the shear layer impacted the aft wall. Similar shapes in the
OASPL distribution between the clean cavity and the slanted aft wall
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Fig. 13 Instantaneous Mach contours at the cavity centerline for the
clean-cavity and the passive flow control devices. All plots at time,
t=0.06166 s.

can be seen, although all of the levels in the latter case were lower.
Also, less noise was propagated out of the cavity, with levels almost
10 dB lower at adistance of one cavity length above the cavity mouth.

The transverse rod reduced the OASPLs inside and outside the
cavity (Fig. 19¢). The area of high OASPL on the aft wall for the
clean-cavity configuration was not apparent on the controlled case.
The main effect, however, was seen outside the cavity. Because the
acoustic pressure waves were greatly reduced, the OASPL did not
propagate away from the cavity. Therefore, it can be seen that at any
point in the far field, the OASPL was approximately 15 dB less in the
controlled case.

The OASPL distribution for the flattop spoiler (Fig. 19d) shows
higher levels in front of the spoiler, which were caused by reflections
from the impact of the boundary layer of the front of the spoiler.
Inside the cavity, there were many similarities with the transverse
rod, although higher levels were seen in the shear layer in the middle
of the cavity. Also, the contour lines were slightly shifted toward the
front of the cavity. Outside the cavity, similar noise levels were seen
as for the transverse rod.

C. Wall Forces

To gain an insight into the forces exerted on the cavity by the flow,
the force on each wall was studied. This was carried out by
integrating the pressure over the wall area A and then converted to a

force coefficient Cp:
C ! /] dS (8)
=— p
d qooA wall

a) CC

b) SW

¢) TR

d) FTS

Fig. 14 Instantaneous isosurfaces of Q criteria for the clean-cavity and
passive flow control devices. Isosurfaces at Q = 2000 are shown and
colored with streamwise velocity and all plots at time, # = 0.06166 s.

Figures 20a and 20b show samples of the time-varying forces
on the fore and aft walls of the cavity for the four different
configurations. This shows that the traces for both leading-edge
devices still contained high-frequency oscillations, although the
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Fig. 15 Time-averaged isosurfaces of Q criteria for the clean-cavity
and passive flow control devices. Isosurfaces at @ = 150 are shown and
colored with streamwise velocity.

fluctuations were smaller in magnitude than for the clean cavity.
However, the traces for the slanted aft wall did not contain the
high-frequency oscillations shown by the other three cases, which
was especially apparent at the front wall, where only a very low-
frequency oscillation could be seen.
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Fig. 16 Averaged streamwise velocity profiles at the cavity centerline
for the clean-cavity and the three flow control devices.

Figure 20c presents a summary for all cavity walls, with the
vertical bars representing the average force coefficient and the error
bars representing the minimum and maximum fluctuations in the
instantaneous values. The averaged values show that the flat spoiler
was the most effective device, because it reduced the forces on
the four out of the five cavity walls. Only at the aft wall was the
transverse rod more effective. As noticed in the traces, the main effect
of the slanted aft wall was to reduce the force fluctuations on the
walls.

Table 7 summarizes the reduction in averaged forces on the
walls of the cavity for the three flow control configurations. It can
be seen that the force on the aft wall was reduced by over 8% by
slanting it at an angle to the oncoming flow. By adding a leading-
edge flattop spoiler, the forces on the aft wall decreased by
over 10%; however, the transverse rod had the largest reduction at
over 12%.

D. POD Modes
1. Pressure Traces

An initial investigation into the POD of the three-dimensional
cavity was done using the signals from probes placed in the flow. For
the clean-cavity case, 250 probes were specified in the cavity,
forming a course grid over which the POD decomposition could be
performed.

Figure 21 shows reconstructions of a pressure signal using 10, 50,
and 154 modes, which equated to 65.9, 88.5, and 99.0% of the flow
energy, respectively. Also shown in the figure are the frequency
spectra, which give a clear picture of the effect of increasing the
number of modes when trying to reconstruct the original signal. It can
be seen that using 10 modes to reconstruct the data preserved the
frequency spectrum with reasonable accuracy below a frequency of
1 kHz. Very little content was preserved above this value; however, it
might be satisfactory to reconstruct the pressure signal accurately
for the lower frequencies as long as the high-intensity tones are
reconstructed well. From this result, it might be the case that storing
as few as 10 modes might be sufficient.

When the number of modes used for the reconstruction was
increased to 50, the pressure signal was captured with more accuracy.
Looking at the time signal, the amplitudes of the peaks are better
represented and more of the detail is captured. This was also reflected
in the frequency spectra, in which the reconstructed data were very
close to the original data for the lower-frequency peaks. Much more
of the higher-frequency content was also preserved.

The reconstruction using 154 modes contained few discrepancies
when compared with the original data. The pressure signals for both
curves were almost identical and there was only a small difference for
the high-frequency parts. In conclusion, it can be seen that the low-
frequency part of the signal can be represented with relatively few
modes. The peaks in the low-frequency end of the spectrum are
caused by the large structures in the flow, and so these can be
captured with a small amount of modes.
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a) CC

d) FTS

Fig. 17 Instantaneous dilatation at the cavity center plane for the
clean-cavity and the passive flow control devices. All plots are at time
t =0.06166 s.

2. Flowfield Data

POD was then applied to the flowfield of the full three-dimen-
sional clean cavity. To construct the POD modes, 50 snapshots were
taken at regular intervals in the flow over a time period equal to one
period of the first Rossiter mode. The pressure flowfield was then
reconstructed using 10 or 20 modes. Figures 22a and 22b show the
original flowfield at a time instant and a reconstruction using 10
modes. For clarity, slices down the center plane of the cavity are
shown. It can be seen that although the two flowfields look similar,
the reconstruction lacked some of the small-scale detail of the
original. Figure 22d shows that areas close to the shear layer toward
the rear of the cavity were most affected. However, even though only
a small number of modes were used, the maximum difference

d) FTS

Fig. 18 Instantaneous isosurfaces of unsteady pressure for the clean-
cavity and the passive flow control devices. Isosurface levels correspond
to £100 dB and all plots at time, = 0.06166 s.
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Fig. 19 OASPL contours at the cavity center plane for the clean-cavity
and the three flow control devices.

between the original and the reconstruction was less than 5%
anywhere in the flow.

When the number of modes was increased to 20 (Fig. 22c), the
reconstruction improved, although it still lacked the small-scale
detail of the original. Figure 22e shows that the difference between
the two flowfields was much less than when using only 10 modes.
However, the maximum difference was still approximately 5% at
any point in the flow. This behavior was expected, due to the broad
spectrum of flow scales and the fact that energy is still significant,
even in higher frequencies of the spectrum.

3. Mode Shapes

Isosurfaces for the first two modes of pressure for the clean cavity,
slanted aft wall and transverse rod are shown in Fig. 23. After
studying the flowfield for each of the cases, some assumptions on
what the structures represent could be drawn. The first mode for the
clean cavity contained large structures around the aft wall and outside
the cavity, which were not represented in the first mode for the other
two cases. These structures could be associated with the acoustic
waves propagating out of the cavity as a result of the shear-layer
interaction with the aft wall. This also suggests that these acoustic
waves contained a large portion of the energy within the flow because
they existed in the first POD mode. Large structures were also located
over the aft wall for the other two cases, although they were smaller in
size. This was due to the smaller interaction of the shear layer with
the aft wall. Also, structures existed in the front part of the cavity for
the transverse rod case, whereas in the slanted-aft-wall case, the
structures were confined to the rear of the cavity.

The structures in the second POD mode were much more confined
to the cavity for all of the cases shown, although a large structure still
existed over the aft wall for the clean cavity. The structures for the
slanted aft wall were much smaller in size and still confined to the rear
of the cavity. Structures of similar size and location existed in the
second mode compared with the first for the transverse rod. The
shedding from the rod could be seen in both modes, suggesting that
the vortices contained large amounts of energy.

E. Summary of Suppression Mechanisms
1. Cavities with Trailing-Edge Devices

The slanted aft wall reduced the OASPL across the cavity floor by
the largest amount out of the three control devices. Visualizations of
the results revealed the effects of the slanted aft wall, which are
summarized as follows:

1) The first effect was shown to be the reduced level of acoustic
generation at the aft wall. As the flow hits the surface at an angle,
more was deflected out of the cavity rather than back into it.

2) The second effect was the reduced OASPLs inside the cavity.
Visualizations of dilatation and the OASPL contours in Fig. 19 show
that high levels of unsteadiness were confined to the area around the
shear layer. This was due to the reduced levels of acoustic noise
generation at the aft wall, and so the amount of acoustic propagation
upstream in the cavity was reduced.

3) The third effect, shown from the analysis of the wall forces, was
the stabilization of the shear layer. Plots of forces on the walls of the
cavity showed that the averaged values were reduced little by
slanting the aft wall. The largest reduction, about 8%, was gained
over the aft wall. Analysis of the forces on the walls of the cavity
showed that the main effect was not to reduce the absolute
magnitude, but to reduce the frequency and magnitude of the
oscillations caused by the unstable shear layer.

In clean-cavity flow the interaction of the shear layers with the aft
wall creates a source of acoustic noise, which is then propagated
upstream. These then interfere with the shear layer upstream and
cause oscillations. The oscillations of the shear layer on the aft wall
cause further acoustic radiation, and a feedback loop is generated.
Therefore, because the initial acoustic radiation was significantly
reduced in the slanted-aft-wall case, these results would suggest that
the feedback loop that normally characterizes cavity flow was
altered.
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Fig. 20 Forces experienced by the walls of the cavity for the clean cavity and with passive flow control devices.

2. Cavities with Leading-Edge Devices

Both leading-edge control devices analyzed reduced the OASPL
levels across the cavity floor by similar amounts, although the
reduction was not as great as for the trailing-edge device, especially
at the front of the cavity. Time-averaged flowfields showed that in
both cases, the shear layer was lifted well above the aft wall. This
meant that the mean forces experienced by the cavity walls were
greatly reduced. The flattop lifted the shear layer higher than the
transverse rod and so reduced the forces by the largest amount on all
walls except the aft one. Instantaneous results showed that the
shedding of the rod energized the shear layer, which remained stable
for longer. This was also shown in the mean longitudinal velocity
profiles, in which the profile for the flat spoiler in the aft part of the
cavity was diffused much more than that of the transverse rod.
Therefore, it was the transverse rod that actually minimized the
interaction with the aft wall. However, the force traces for both
devices still contained high-frequency oscillations on all walls,
indicating that an unstable shear layer was still present, as in the
clean-cavity case.

Dilatation visualizations revealed that high levels of unsteadiness
still existed inside the cavity for both cases. However, for the two
cases, this was due to two different reasons. For the flat spoiler, it was
due to the earlier and more pronounced breakdown of the shear layer.
In the case of the transverse rod, it was due to the rod forcing the shear
layer at a higher frequency, and so extra content was added in the
shear layer (as shown in the isosurfaces of Q criteria). Although this

initially had a positive effect in stabilizing the shear layer, it had
a second effect in that higher-frequency oscillations were added,
which caused more unsteadiness in the cavity. It was this that actually
limited the reduction in noise levels inside the cavity for the
transverse rod. Therefore, reducing the oscillations of the shear layer
and thus minimizing the acoustic propagation inside the cavity, not
just reducing the aft wall interaction, seems to be the key to reducing
the OASPL on the floor. This was achieved by the slanted wall but
not by the leading-edge devices.

The leading-edge devices, did, however, reduce the OASPL
outside the cavity to a larger extent than in the slanted-aft-wall case.
The acoustic propagation seemed to depend solely on the interaction
with the aft wall of the cavity, and because the transverse rod was the
most successful at minimizing the interaction, it reduced the OASPL
by the largest amount.

Table 7 Reduction in average forces on the cavity walls over the clean
cavity for the three flow control devices using DES with the S-A
turbulence model

Location SW TR FTS
Aft wall 6.37 10.63 8.41
Front wall —1.75 1.05 2.72
Port wall 2.23 6.04 7.73
Starboard wall 1.91 5.70 7.42
Floor 3.50 6.34 7.50
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Fig. 21 Reconstructions of the pressure signal at the rear of the cavity (Kulite K29) for the clean-cavity configuration.

VI. Conclusions

A systematic comparison has been presented between three
passive open-loop devices for controlling the highly unsteady
transonic cavity flow. The CFD predictions were based on the DES
S-A model [50] and the results compared well against experimental
data both in terms of the effectiveness of the devices and the

OASPL inside the cavity. Decomposition of the unsteady flow-
fields into frequency bands suggested that DES was capable of
resolving some of the most energetic bands of the spectrum and
provided insight into the flow mechanism. The assessed leading-
edge devices altered the feedback loop established in clean cavities
via deflecting the shear layer above the cavity and via altering the
flow near the cavity lip. They failed to remove any of the Rossiter
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modes though. Instead, the modes were shifted to slightly higher
frequencies and their energy was reduced. The trailing-edge device
proved to be the most effective and worked by deflecting acoustic
waves from the mouth of the cavity and keeping a more stable
shear layer for longer along the cavity length. The visualized
results revealed the preceding flow mechanisms with good accu-
racy and provided a wealth of information for this flow. The POD
of the flow showed clear benefits in terms of data compression,
though a significant number of modes were needed to reconstruct
the details of the flowfield. Observations of the shape of the lower
modes suggest that these are associated with the flow structures
observed in the cavity. Overall, the CFD predictions were encour-
aging and put forward DES as a good tool for the study of cavity
flows.

At present, efforts are directed toward the simulation of cavities
with stores, aiming to reveal the relationship between the flow and
forces that influence store release.
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