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Suppression of Cavity Loads Using Leading-Edge Blowing
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We present hybrid Reynolds-averaged Navier—Stokes/large eddy simulation-based analysis of the suppression of
fluctuating pressure loads on the walls of a complex nonrectangular cavity using leading-edge mass blowing. The
unique aspect of the concepts discussed here is the very low mass flow rates used to achieve significant suppression.
The simulation results are used to gain insight into the mechanism governing the effectiveness of these jets. The jets
are applied to an L/D = 5.6 cavity at supersonic conditions of Mach 1.5. The simulation results show excellent
agreement with experiments demonstrating an overall reduction in fluctuating pressure levels on the order of 50 %
with the control concepts. The primary mechanism of reduction is the break up of the spanwise coherence in the shear
layer into smaller vortical structures thus reducing the shear layer flapping and leading to a smaller imprint on the

wall pressures.

Nomenclature
C, = momentum coefficient
fm = frequency of mth Rossiter mode
L = cavity length
m = mode number
m; = mass flow rate of jet
M = freestream Mach number
N = number of jets
0 = freestream dynamic pressure
St = Strouhal number of mth Rossiter mode
U; = jet velocity
U = maximum velocity at station
Unin = minimum velocity at station
Uy = reference velocity
w = width of cavity leading edge
o, K = modified Rossiter formula constants
8 = thickness of upstream boundary layer
8w = vorticity thickness
g—‘; lmax = maximum velocity gradient at station
Poo = reference density

1. Introduction

XTERNAL weapons’ carriages can beresponsible forasmuchas

30% of the total vehicle drag and lead to prohibitive increases in
radar signatures of current generation combat aircraft [1]. Motivated
by these considerations, recent military aircraft programs have
incorporated internal weapons’ carriage systems. However, an inter-
nal aircraft weapons bay, when exposed to freestream flow, experi-
ences an intense aeroacoustic environment in and around the bay [2]
with unsteady pressure fluctuations as high as 160 to 180 dB. Similar
cavity oscillations due to nonlinear instability wave interactions are
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also present in wheel wells and sensor bays in a high-speed
environment. High-fluctuating pressure loads can significantly reduce
thelife of aerostructures in the bay and can damage sensitive electronic
components. Aircraft design engineers are being challenged to
develop innovative suppression methods to control the environment
in the weapons bay associated with the large fluctuating pressures.

Over the years, aircraft structural design engineers have tested
varied passive suppression concepts for effectiveness in attenuation
of dynamic loads within the bay, for example, a small spoiler located
upstream of the cavity [3], other leading- and trailing-edge devices
[4], porous spoilers, [5], a small fence [6], an oscillating flap [7], etc.
Passive control methods are inexpensive, simple, and, at certain flow
conditions, very effective in suppressing the cavity oscillations.
However, the performance of the suppression device at off-design
or during time-dependent conditions (maneuvering aircraft) can
degrade significantly and cavity loads might be higher than without
control. Active control methods, although more complex, have
the potential of adapting to differing flow conditions and, thus, can
provide suppression of oscillations over the full flight spectrum.
Mass injection at the leading edge of the cavity offers great potential
to achieve this.

Over the past few years, several studies have been carried out
(see Cattafesta et al. [§] and Rowley and Williams [9] for recent
reviews) to examine the use of leading-edge mass blowing concepts
to suppress the dynamic loads on the surfaces of cavities. Several of
these concepts have demonstrated success, suppressing the loads by
over 10 dB in many cases. However, most of these mass blowing
concepts have involved the use of significant amounts of mass flow
rates, rendering them impractical for full-scale applications. More
recently, Zhuang etal. [10,11] and the authors and their collaborators
[12-14] have demonstrated the use of low mass flow rate blowing
concepts for control of cavity loads. These works have demonstrated
suppression exceeding that achieved by currently deployed spoiler-
type configurations. In addition, this success has been repeated at
several scales and shown to have a positive effect on store separation
[15], thus, rendering them very attractive in comparison to spoiler-
type devices. In the present paper we examine the physical mecha-
nisms underlying the successful suppression achieved by the use of
such leading-edge blowing devices. We focus on the low supersonic
regime, and all the cases in the present paper have been carried out at
Mach number 1.5.

The paper is organized as follows: in Sec. II we first describe the
flow configuration and simulation setup. A brief description of the
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numerical method and turbulence model used is presented in Sec. I1I.
Section IV presents a discussion of the wall pressure fluctuation and
flowfield results from simulations of the baseline and controlled
cavity cases. A discussion of the application of the proper orthogonal
decomposition (POD) to the velocity field was conducted to identify
the mechanism/effect of control on the structure of turbulence is also
presented in this section.

II. Flow Configuration and Simulation Setup

The configuration analyzed in this work has a highly complicated
geometry (Fig. 1) with strong 3-D features. A sloping floor in the
front section of the cavity results in a varying depth of the cavity,
and slanted sidewalls cause variations in the width. It is exactly
representative of the bay studied experimentally by Ukeiley et al.
[13]. The cavity length is L =61 mm, its maximum width is
W = 20 mm, and maximum depth D = 11 mm at the aft wall results
inL/D =5.5and L/W = 3. Based on the classical classification of
cavities this would be considered to be a open cavity [16].

In the program under which most of the work presented here
was carried out, several control configurations at several scales were
studied, mostly under supersonic conditions. For the cases presented
here, the flow conditions are representative of the cases presented in
[13], which were examined at the National Center for Physical
Acoustics (NCPA) at the University of Mississippi and the Advanced
Aero-Propulsion Laboratory (AAPL) at the Florida A&M University
and Florida State University College of Engineering. The freestream
Mach number is 1.5, and the upstream boundary layer for this case is
8/D = 0.15, which is close to the boundary-layer thickness in the
NCPA tunnel facility. The dynamic pressure (Q = 1/2p,,U%) for
the cases modeled here was 9.41 psi.

Three different suppression concepts are analyzed here (sche-
matics of the concepts are shown in Fig. 2). These consist of:

1) A “18” spoiler: This consists of a fence of height equal to one
boundary layer height located at the leading edge of the cavity. The
thickness of the spoiler (dimension in the streamwise direction) is
equal to its height. The spoiler is mounted so that its aft wall is flush
with the front wall of the cavity. In the spanwise direction the spoiler
only spans the width of the leading edge of the cavity.

2) Microjets: In this concept, eight 400 xm microjets are located
just upstream of the cavity leading edge at a distance of four microjet
diameters from the leading edge. The spacing between the microjets

Varying Width

Varying Depth

Fig. 1 Schematic of the nonrectangular cavity being studied in the
present work.

matches that in the experimental work at AAPL presented in [13,14],
which was parametrically optimized. The microjet pressures are
40 psig and are operated choked. These conditions correspond to the
conditions where the microjets’ effectiveness started to saturate.

3) Slotted Jets: In this concept, a set of three slots spanning the
leading edge of the cavity are located 1.6 mm upstream of the cavity
leading edge. The slots are 0.254 mm wide in the streamwise
direction, the spanwise width (1.47 mm) of the slots correspond to
the slot 4 configuration in Ukeiley et al. [13]. The operating pressures
for this configuration are set at 20 psi, and the slots are also choked.

It is worth noting that the preceding configurations and corre-
sponding conditions were found to be the most effective among the
many variations that were experimentally tested. Details of the
configuration and conditions that were tested were discussed in
Ukeiley et al. [13]. It is further worth noting that both of the injectors
being studied here were optimized in terms of their geometries yet
the spoiler was not, hence any comparison between the these cases
should be evaluated carefully. Analogous to the analysis presented in
[13], the jet blowing can also be expressed in terms of a momentum
coefficient defined as follows:

Nm;U;

Cu= 1/2p5 U2 w8

M

For the microjets C,, is 0.25, and for the slotted jets it is 0.056.
This definition relates the momentum of the control jet to the mo-
mentum in the boundary layer upstream of the cavity leading edge.
Therefore, C,, is the ratio of the steady momentum flux issuing from
the actuators to that of the base flowfield being examined and/or
controlled. To define a flux for the freestream, an appropriate area
must be chosen that captures the essential length scales of the
problem. In the present case, a boundary-layer integral length (height
in this case) is the obvious choice for the length scale associated with
the incoming boundary layer/cavity shear layer. We chose the
boundary-layer thickness as it is the one most commonly used in
defining the effect of actuators in active flow control problems and
has been used by some of the present authors [13]. Alternatively, one
may use a different integral scale such as momentum thickness;
however, this would simply modify C,, by a fixed constant.

III. Numerical Method and RANS-LES Modeling

All the numerical simulations in the present effort were carried out
using CRAFT Tech’s CRAFT CFD® software. For LES (large eddy
simulation) and RANS-LES (Reynolds-averaged Navier—Stokes/
large eddy simulation) applications, the CRAFT CFD® is imple-
mented with an upwind-biased, Roe-flux-extrapolation procedure
that has been extended to fifth order [17,18] for the inviscid and
fourth-order central differencing for the viscous terms. This scheme
has been shown to be capable of accurately capturing vortex
transport with minimal dissipation. Temporally, the code includes
both an explicit fourth-order Runga—Kutta scheme and a second-
order three-factor approximate factorization (AF) implicit scheme.
For the studies described here, the implicit scheme was used. For
subgrid modeling, the code includes a compressible version of
the algebraic Smagorinsky model as well as a one-equation model
[19]. The hybrid RANS-LES model uses the standard k-& equations.

--

a) Schematic of the fence spoiler

b) Schematic of the microjets

¢) Schematic of the slot jets

Fig. 2 Schematic of the control configurations studied in this paper.
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The eddy viscosity is suitably scaled down in LES regions based on
an assessment of the local resolution levels and the local range of
scales that this resolution would permit. Details of this model can be
found in [20].

In the experiments that the simulations are based on, the cavities
were mounted on the tunnel roof, and care was taken to ensure that
no reflections from the tunnel floor affected the cavity flowfield. In
the simulations, the tunnel floor is not modeled, instead nonreflective
far-field boundary conditions are imposed on that boundary. The
boundary conditions for the tunnel roof and cavity walls use no-slip
adiabatic conditions. For the upstream boundary conditions, the
boundary layer has been determined from a RANS simulation of the
nozzle and is imposed at the domain inlet boundary to the hybrid
RANS-LES simulations of the cavity. This method of providing
inflow boundary conditions has been demonstrated to be a viable
and accurate method in earlier simulations of the cavities [12] and
backward-facing step flows [21]. The upstream boundary is located
about one cavity (aft) depth upstream of the leading edge and
the downstream boundary is located about two cavity depths
downstream of the cavity aft end.

IV. Results and Analysis

In this section, we present the major results from this study and
compare and analyze the effects of the control concepts on the cavity
flowfield. Comparisons of the effect of the control on the wall
pressures are presented first along with comparisons to some of
the experimental values determined from the efforts mentioned
previously. Next, a discussion of the flowfield characteristics that
contribute to these changes along with an analysis of the POD modes
to specifically examine the changes to the dominant flow features
from the application of the fluidic blowing will be presented.

The analysis presented here used data sampled from the simu-
lations over several periods of the dominant mode of oscilla-
tions. The unsteady wall pressure data was collected over 0.06 s,
which corresponds to 120 periods of the first Rossiter mode for the
cavity based on its length. The power spectral density functions for
the wall pressure signals were computed similar to Nichols [22]
using 128 overlapping ensembles with an overlap of 66.67% and
frequency resolution of 50 Hz. The flowfield statistics and snapshot
POD analysis were carried out on unsteady flowfield data stored
every 0.1 ms over 0.1 s of simulation.

A. Cavity Wall Pressures

The mean pressure profile along the cavity centerline is shown
in Fig. 3a. The behavior of this cavity mimics classical deep cavity
behavior, a more-or-less uniform floor pressure with a sharp increase
at the aft end. This is in agreement with the mean pressure dis-
tribution for open cavities [23]. In addition, the mean flowfield
(discussed in Sec. IV.B) shows the presence of one large
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a) Mean floor pressure

recirculation bubble filling the cavity. These features justify the
classification of this cavity as a open cavity.

The wall pressure spectra from the baseline case for the 3-D cavity
is shown in Fig. 3b. Here, the spectra at three different points on
the walls, two on the floor and one on the aft wall, 0.25D into the
cavity, are shown. Also shown in the same figure are vertical lines
corresponding to the Rossiter mode frequencies. The modes here are
calculated using the modified Rossiter formula due to Heller and
Bliss [23]
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with constants o = 0.25 and K = 0.67.

The agreement between the frequencies predicted by the numer-
ical simulations and the semiempirical model are within 12%, which
is typically found throughout the literature when these constants are
used in supersonic flows.

The spectra from this highly 3-D cavity exhibit characteristics very
similar to those from pressure fluctuations in a rectangular cavity.
The second mode is dominant and other weaker modes close to the
Rossiter mode frequencies are also seen. The characteristic length
scale for these oscillations is seen to be the length of the cavity,
similar to a rectangular cavity. These observations are in agreement
with the characteristics observed experimentally by Ukeiley et al.
[13] and Sheehan [14].

The effect of control on the wall pressures is presented in Figs. 4a—
4d. Here the mean and rms pressures for the baseline and controlled
cases are shown. Also shown in the rms pressure plot is a comparison
with the measured data from Ukeiley et al. [13]. The imposition of
control does not alter the mean pressures significantly, clearly in the
figure the differences are small and the overall behavior is nearly
identical. However, the effect of the control on the fluctuating pres-
sures is quite significant for all the concepts reducing the fluctuating
pressure levels. Also, from Fig. 4b—4d, the comparisons with the
experimental data show that for all the cases the computed values are
in reasonable agreement (within 10%) with the measured values.
Although the predicted values are not in exact agreement with the
measured values, the trends in the rms pressures with the imposition
of control is correctly captured. The effectiveness of the slot jets and
spoiler are captured very accurately, whereas the effectiveness of the
microjets is slightly overpredicted. From this plot it is also seen that
the mass blowing concepts perform at least as well as the spoiler or
better at all the locations. The fact that the mass blowing rates can be
adjusted depending upon the flow conditions means that these
represent a more efficient control concept, as they can be tuned to
yield consistent performance at all conditions. This is a very big
limitation of a passive device such as the spoiler, which is typically
optimized for a point design.

The effect of the control on the wall pressure spectra is further
shown in Fig. 5. The comparisons for the slots and the microjets are
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b) Baseline pressure spectra

Fig. 3 Mean pressure profile and spectra of fluctuating pressures along the cavity walls.



ARUNAJATESAN ET AL.

1.6 —————————
L *— Baseline
- == Microjets
I Slot Jets
14r +— Spoiler

0 0.2 0.4 0.6 0.8 1
x/L
a)
S L S AR B
| |e—e Baseline Experiment
0.25 |a— Microjets Experiment K
| |e© Baseline CFD f
& A Microjets CFD ,’
0.2 o
g0
.15
oF
0.1
0.05
c)

1135

| |e-® Baseline Experiment
0.25F- |m-m Spoiler Experiment 4
L |@© Baseline CFD 1“
& a Spoiler CFD
02f P n
< 0
.15
N
0.1
0.05[
b)
Ty
| |e—® Baseline Experiment |
0.25  |#— Slot Jets Experiment 1
| |e© Baseline CFD H
0al. X SlotJets CFD H

40
15
oF
01

0.05

d

Fig. 4 Comparison of the a) mean and rms wall pressures for the baseline, b) spoiler, ¢) microjets, and d) slot jets controlled cavity, where CFD stands

for computational fluid dynamics.

presented separately for clarity. On the aft wall pressure fluctuation
levels are reduced across the entire spectrum with the dominant
Rossiter mode reduced by 50% for both the cases. On the floor, the
dominant second mode is not reduced significantly using microjets,
whereas slot jets suppress the pressure fluctuations across the entire
spectrum. These results are consistent with previous control studies
[24], which demonstrated the most significant reductions on the aft
wall where the fluctuating pressure levels are the highest.

B. Mean Flowfield

Comparison of mean velocity contours for the baseline, spoiler,
microjets, and slot-jet cases is shown in Fig. 6, and profiles at three
different locations along the length are shown in Fig. 7. All of the data
plotted in these figures is along the midplane of the cavity. In Fig. 7,
y = 0is the lip line of the cavity, y > 0 is inside the cavity, and y < 0
corresponds to the freestream.

Compared with the baseline case, there is a strong deflection of the
shear layer into the freestream by the spoiler, which is clearly visible
in these figures. Because of this lofting, the shear layer impingement
on the aft end of the cavity must be significantly altered. Thus, the
primary source of the pressure waves inside the cavity is altered,
and, hence, one would expect an alteration of the fluctuating pressure
field inside the cavity. However, despite the changes to the impinge-
ment region, a stronger reverse flow velocity is seen inside the cavity.
This is highlighted in the profile at the x/L = 0.5 location, where the
magnitude of the negative streamwise velocity is greater for the
spoiler case. The formation of a small, separated flow region up-
stream of the spoiler is seen, forming a ramp-like region. In terms of
the downstream evolution, the profiles for the spoiler case are parallel
to the profiles for the baseline case, implying that the lofting of the
shear layer did not strongly affect its basic evolution, just shifted it.
In contrast, the shear layers for the microjets and the slot jets do not

show a very strong deflection relative to the baseline case. These
results are consistent with that of Ukeiley et al. [24] where it was
shown that lofting the shear layer alone was not sufficient to reduce
the fluctuating pressure levels inside the cavity but it must include an
alteration of the mean shear.

The main characteristic of the change in the mean profiles for the
blowing cases is a change in the near-field shear layer thickness. This
is clearly visible in the mean profile plots and is further highlighted in
the vorticity thickness plot in Fig. 8. Here the vorticity thickness is
defined as

Umax B Umin

Z|
9y Imax

5"} = (3)

In the cavity, at the first location (x/L = 0.1), there is a slight
thickening of the shear layer for both the microjet and slot jet cases.
Further downstream, the thickening is visible more clearly, but, by
the downstream end of the cavity, the differences vanish. The mean
flow profiles near the aft end of the cavity are very close to that for
the baseline case, and a slight shift is seen in the profiles, denoting a
small deflection of the shear layer. This is also seen in the vorticity
thickness variation with the growth rate (as measured by the slope of
the vorticity thickness curve) for the microjet and slot jet cases
being nearly equal to that of the baseline case, whereas the spoiler
case shows an increase slope. Thus, the primary differences are
confined to the upstream end of the cavity, close to the injection
location.

C. Turbulent Flowfield

Shown in Figs. 9 and 10, are profiles of the normalized streamwise
and normal rms velocities and the associated shear component of the
Reynolds stresses close to the cavity leading edge (x/L = 0.02,0.1),
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Fig. 5 Effect of slot jet and microjet control on the wall pressure spectra.

midsection (x/L = 0.5), and trailing edge (x/L = 0.96), respec-
tively. The lofting effect of the spoiler, as discussed in terms of the
mean flow, is clearly visible. The generation of shocks due to the
interaction of the lofted shear layer and the freestream is also visible
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Fig. 6 Mean streamwise velocity contours.

in the spikes in the Reynolds stress profiles. The rms velocity
profiles, however, show that the overall effect on the levels or
spreading rate is minimal, as the shear layer is thicker due to the
lofting effect. But, the slopes in the profiles for the spoiler case are
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Fig. 7 Profiles of mean flow velocity for the concepts analyzed.

very similar to those from the baseline case and the peak magnitudes
are also very close. Thus, the effect on the generation of turbulence
due to the presence of the spoiler is minimal for most of the cavity
length. The aft-end Reynolds stress profiles show a very different
characteristic from the baseline caused by the altered interaction of
the shear layer with the cavity flow due to the increased distance
between the lofted shear layer and the cavity lip line.

For the mass blowing cases, we see a slightly different behavior.
Here the shear layer shows an immediate thickening in the near field
as evidenced by the profiles at the x/L = 0.02 and 0.1 locations. The
intensity for the microjets is slightly higher, whereas the spreading of
the shear layer is greater for the slot jet’s case. The generation of the

04— L — T ™ L—
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[ = Spoiler
[ Microjets
i A Slots
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o 02
0.1—
ol v v ]
0 0.2 0.4 0.6 0.8 1

Fig. 8 Comparison of the shear layer vorticity thickness for all the
cases.

strong vortical structures reduces the spanwise coherence in the shear
layer, and evidence of this is shown in Fig. 11 where contours of the
streamwise velocity are shown at the axial station of x/L = 0.1. The
shear layer in the cases with microjets is substantially more wrinkled
than the baseline case with the signature of the eight microjets still
visible at this station. In the case of the slot jets, the shear layer
wrinkles are larger, the vortices generated by the slot jets are of the
same scale as the width of the slots, and their signature is clearly
visible at this station. The increased surface area between the low-
speed region inside the cavity and the higher-speed flow outside for
the jet blowing cases is clearly seen from these figures.

The increased strain from the strong vortical structures generated
by the jets increases the turbulence production levels close to the
leading edge, and the addition of momentum results in a thicker shear
layer. Although the thickening of the shear layer is still visible at the
x/L = 0.5 location in the shear layer, the increased turbulence levels
is not. The increased turbulence level is only visible for a short
distance from the leading edge. Atthe aftend, the mass blowing cases
show a clear thickening of the shear layer. However the difference in
the turbulent stress levels is not significant at this location compared
with the baseline case.

The rms profiles show differing behavior for the # and v com-
ponents. The u,, levels do not show very significant differences
between the baseline and (jet) controlled cases. However, the v,
velocities show a slight reduction in the magnitudes downstream.
Using experimental PIV measurements, Sheehan [14] observed a
marked reduction in the v, levels in the aft end of the cavity for the
microjet controlled case. A comparison of the v,,, contours for
baseline and microjet cases is shown in Fig. 12. The experimental
data presented in [14] is also presented for comparison. It should be
mentioned here that the experimental measurements were made on a
cavity with constant width and only depth variations. However, on
the centerline one would not expect to see significant differences due
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Fig. 10 Comparison of the profiles of Reynolds shear stress (u'v’) for the baseline and controlled cases.

to the geometry. A reduction in intensity levels and the size of the (not shown here) do not show the same behavior, as the v, contours
unsteady region in the aft end of the cavity is observed in the are not altered to the same extent as the microjet’s case.

simulations, analogous to the experiments. However, the reduction From the preceding results, it is clear that the control mechanism of
observed in the experiments is more marked than that seen in the the mass blowing concepts is significantly different from that of the
simulations. An examination of the contours from the slot jet’s case spoiler. Although the spoiler effects little change in the turbulent

420
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—~ = ! — ’ | & Y .

a) Baseline b) Microjets

¢) Slot jets
Fig. 11 Contours of instantaneous axial velocity at x/L = 0.1.
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Fig. 12V, velocity contours for the baseline and microjet cases.

flowfield evolution other than to loft the shear layer, the low mass
flow rate blowing devices affect the small-scale structure of the shear
layer, and, thus, affect the overall flowfield. The levels of turbulent
kinetic energy and the thickness of the shear layer increase notably in
the near field. There is an increase in the levels of turbulence and
its production close to the jets. The increase in the kinetic energy is
caused by the increase in the Reynolds stress levels in the near field.
This signature of the jets lasts a short distance downstream, and the
turbulence production magnitudes close to the aft end of the cavity
show only small changes from that of the baseline cavity. This is
likely due to the increase in the near-field turbulent kinetic energy
production levels being offset by an increase in the dissipation rates
further downstream resulting from the smaller-length scale structures
generated by the jets. The spanwise coherence that is present in the
baseline shear layer of the cavity is clearly seen to be broken down by
the jets, creating smaller vortical structures and increased strain. The
predominantly spanwise component of vorticity in the baseline case
is reoriented and redistributed into the streamwise direction due to
the generation of counter rotating streamwise vortices by the control
jets. These smaller vortical structures impinging on the aft wall of
the cavity will have smaller pressure fluctuations imprint on the
wall. Thus, the effect of control (which is quite weak considering the
small mass flow rates used) seems to significantly affect the mean and
turbulence structure only close to the point of control, but this subtle
yet small change in turbulence structure is enough to cause the
reduction in rms of pressure levels. The levels of turbulence at the aft
walls do not change much, but there is redistribution of energy
probably from larger vortical structures in the baseline case to
smaller structures in the controlled cases that leads to the overall
reduction in the pressure levels on the cavity walls.

D. Proper Orthogonal Decomposition Analysis of Cavity Flowfields

Examination of the modes from the application of the proper
orthogonal decomposition (POD) to these flowfields were carried out
to further understand the effects of the control on the flow. The POD
was first introduced as an unbiased mathematical method to identify
coherent structures in turbulent flows by Lumley [25]. The POD
modes decompose the flowfield into a basis set that optimizes the
kinetic energy. These modes are the solution to a Freholm integral
eigenvalue problem with the two-point velocity correlation tensor
as its kernel [26]. Hence, this is a useful tool to examine the most
energetic features of the flowfield. The following sections will
compare the features of the dominant modes to understand the effects

of the control on the turbulent structure. Results for the baseline
cavity are compared with the microjet control cases, as these were
the only cases where experimental flowfield data is available. The
snapshot method [27] was used to extract the POD modes from the
flowfield solution due to its computational efficiency with highly
spatially resolved data. The analysis discussed first only uses the
velocity data from the cavity midplane z = 0. The kinetic energy
norm comprising only of u” and v’ (neglecting w') is used to compare
with the modes obtained from PIV on a similar plane from the
experimental data [28].

Figure 13 shows the convergence of the POD modes for both
the baseline and microjet case with varying numbers of flowfield
snapshots used in the kernel. This plot clearly shows the number of
samples used to construct the POD kernel does not affect the amount
of energy in the first few modes, yet, the number of snapshots
does affect the overall convergence of the energy and will require
one to only discuss the results as they pertain to these modes. For the
baseline case, the amount of energy in the first five modes converge
with 259 snapshots, with the first mode having approximately 5% of
the energy. For the control case, the amount of energy in the first
five modes converge with 271 snapshots with the first mode having
approximately 9% of the energy. All results will henceforth be pre-
sented for the 259- and 271-mode POD for the baseline and control
cases, respectively. An interesting observation from these plots is
that, contrary to expectations, the convergence of the control case is
better than the baseline case (Fig. 14a). There is more energy in the
first mode, which has typically been interpreted to imply an increase
in large-scale organization of the flow. As has been discussed here
and elsewhere [12], the use of microjets leads to a reduction in
the flow structure coherence. This behavior of the modes is also
observed experimentally, as shown in Fig. 14b where the POD
modes for the experimental data set also show that the amount of
energy in the first mode is larger for the controlled flow for the
baseline even though these modes contain a higher percentage of
the overall energy. However, one must be careful in interpreting
these results, as it will be demonstrated later that neglecting the w’
in the norm has led to this contrary result, and a full 3-D POD may
be required. The effects of applying the POD to limited components
of the velocity field has also been investigated in the far field of
an axisymmetric jet where Wanstrom et al. [29] demonstrated that
POD using one component yielded different results than that when
all three were included.

A comparison of the first three POD modes of the streamwise
component from the experiment discussed in [14] and simulations
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are shown in Fig. 15. In general, the experimentally and numerically
extracted POD modes show agreement with the differences in spatial
resolution being quite apparent though. For the first mode the effect
of control is to loft the shear layer slightly over the cavity (Fig. 15),
as is shown qualitatively by both the simulation and experiment.
However, the effect is more pronounced in the experiment. The
second and third modes are qualitatively similar with the third
mode representing the dominant wavelength of structures that is
very similar to that in the experiment. Further, the modes with and
without control appear to be more or less similar in nature except in
the close proximity to the leading edge of the cavity where the control
concept is applied. This inference reinforces the earlier results about
the turbulence field being only slightly different for most of the cavity
except near the leading edge.

Because the major effect of the control concepts is to reduce the
rms of the pressure fluctuations, applying POD to the pressure field
can be expected to yield further physical insight into the effects of
control. Moreover, the pressure field has essentially a 2-D structure
in the flowfield compared with the velocity field, and, thus, a 2-D
application of the POD analysis (using the snapshot of the midspan
plane) is more physically justified. The convergence of the pressure
modes is plotted in Fig. 16 for both the baseline and control cases
with the first mode in the control case being still more dominant.
However, the next several modes for the baseline case contain more
energy than the controlled case before the convergence plots cross
back over showing a more rapid convergence in the higher modes for
the controlled case. Discounting the first mode, the convergence for
the control case shows that there is a less organized flow with the
introduction of control and, hence, the slower convergence among
the first 10 modes. The first mode of the control case, however, has
more energy (~15%) when compared with the baseline first mode

that has ~10%. Looking at the actual magnitude of the eigenvalue
(inset of Fig. 16) one can see that for the control case there is higher
energy in the first mode when compared with the baseline, but in the
subsequent modes the energy falls much more rapidly than in the
baseline case.

The spatial distribution of the first mode of the baseline case
clearly points to the fact that the most energetic feature of the flow is
that impinging on the aft wall as shown in Fig. 17. Mode 2 highlights
a dominant wavelength (or a tone) in the shear layer over the cavity,
whereas mode 3 has a mixed component of energy in the shear layer,
some in the recirculation bubble close to leading edge of the cavity
and some in the impinging event on the aft wall. For the control case,
however, it is very interesting to note that the most energetic part
of the flowfield (mode 1) is in the separation bubble close to the
cavity leading edge. Mode 2 points to a shorter wavelength and,
consequently, a much higher frequency tone than the baseline case,
although it is only in mode 3 that we see a distribution that is
representative of the impinging event on the aft wall of the cavity.
The application of control has clearly altered the organization of the
energy-carrying structures. In the baseline case, it is the impinging
event that is the dominant, and with control this event is reduced to a
lesser/lower mode. Though not completely conclusive, this partially
helps to explain the reduction in the noise levels for cavities with the
microjets as a control concept.

Finally, a full 3-D POD over the whole flowfield of the cavity
simulations was performed, which included the w’ component in
evaluating the kinetic energy norm. The energy distribution for this
case is shown in Fig. 18a. The expected behavior is seen here with the
baseline case showing a higher energy content in the lowest modes.
The first three POD modes for the U, V, and W component of the
vector field for both the baseline and control cases is shown in
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Figs. 18b-18d. It is very interesting to note that the slice along the
midplane of the 3-D POD modes is quite different from the 2-D
modes of the velocity field. Further, for the 2-D POD, the baseline-
and control-case modes looked very similar in structure (Fig. 15)
but for the 3-D POD they are very different in structure. In addition,
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Fig. 16 Convergence of POD modes for pressure.

for the control case, the POD modes of the velocity now correlate
quite well with the 2-D pressure modes, especially for the U- and
V-velocity components. The first mode shows energy in the re-
circulation bubble close to the leading edge of the cavity, the second
mode highlights the energy of the shear layer toward the aft end of
the cavity, and only in the third mode do we see energy associated
with the impinging event on the aft wall. These results clearly

B N

No Control
Fig. 17 POD modes of baseline vs control cases for pressure.
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demonstrate that it is important to include all components of the
velocity field when analyzing the POD modes associated with such
3-D cavity flows.

V. Conclusions

Numerical simulations involving LES of supersonic flow over a
nonrectangular cavity (L /D = 5.6) have been presented with control
concepts that involve blowing through microjets and slot jets and a
fence spoiler. The results from these simulations have been validated
with experimental measurements of the surface pressures, and both
show that there is an overall reduction of pressure fluctuations by
50% with the application of the leading-edge blowing concepts. The
blowing concepts are seen to yield as good or better suppression
of the fluctuating pressure levels compared with the spoiler, and,
although the spoiler was not optimized, the blowing concepts are
significantly more amenable to working at varying freestream
conditions. Because of the fact that the mass/momentum of these
concepts can be adjusted or tuned for different flow conditions, these
are more efficient and practical than the spoiler concept.

The primary effect of the spoiler on the flowfield is seen to be the
deflection of the shear layer. This alters the impingement of the shear
layer on the aft end of the cavity, thereby modifying the feedback
loop and effecting a reduction in the fluctuating pressure levels.
Other than this, the effect on the evolution of turbulence in the shear
layer itself is seen to be minimal.

The major effects of the blowing concepts are the changes in the
structure of the turbulence in the shear layer over the cavity. The
spanwise coherence of the shear layer (seen in the baseline case) is
destroyed by the control jets leading to the creation of smaller
vortical structures. The near-field turbulence production levels are
enhanced by the action of the jets, but this is offset by a decrease in
the length scale structures and, consequently, an increase in the
dissipation levels. The characteristic flapping motion of the shear
layer due to the spanwise coherence seen in the baseline case
disappears, and in turn we see the smaller-scale vortical structures

impinging on the aft wall. These structures have a smaller imprint
on the wall pressure signature and cause the observed decrease in
the unsteady pressure fluctuation levels. Looking at the mean and
turbulence profiles of velocity and its components around the local
vicinity of the cavity walls shows there are only slight differences
between the baseline and control cases. Any significant increase in
turbulence production is seen only the near field, whereas the slight
increase in the shear layer thickness is seen to last the length of the
cavity. Thus, the effect of control seems only to marginally affect the
mean and turbulence quantities. The subtle yet significant changes it
causes in the turbulence structure results in redistributing the energy
from larger vortical structures in the baseline case to the smaller
structures in the control cases and is what leads to the reduction in the
fluctuating pressure levels on the cavity walls.

The POD modes of the velocity field in both 2-D (comprising
a single plane and only U, V components) and 3-D, (of the whole
cavity domain and including all components of velocity), and
pressure field only in 2-D was presented for the baseline and microjet
cases. The 2-D modes of velocity when compared with the experi-
mental modes show reasonable qualitative agreement. These 2-D
velocity modes appear to be very similar for the baseline and con-
trol case, which does not correlate well with the modes from the
application to the pressure field. The pressure modes show that in the
controlled case there is a redistribution of energy from the impinging
event on the aft wall to structures further upstream in the cavity
involving the interaction of the leading-edge separation bubble and
the shear layer. The 3-D modes of velocity, on the other hand, which
appear to be drastically different from the 2-D modes, correlate very
well with the modes of pressure. Both the 3-D velocity modes and
pressure modes point to redistribution of energy from the impinging
event on the aft wall to recirculation structures upstream in the cavity.
In addition, W component modes show smaller scale structure with
control. Because the major effect of control is the change in spanwise
structure of the shear layer, looking at a 2-D POD by neglecting the
W component (especially for the control case) skews the physical
insight of what the POD modes represent in terms of the actual
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structure in the flowfield. The pressure field in the cavity is more or
less 2-D in nature, and, hence, the 2-D POD of pressure can be a good
representation of the flow.
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