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This paper presents an investigation of the flow physics and control of cavity flow oscillations using a three-

dimensional (3-D) array of steady jets located near the cavity leading edge. The array injects 3-D, steady flow normal to

the freestream to suppress the fluctuating surface pressure in a rectangular cavitywith a length-to-depth ratioL∕D of 6

forMach 0.3 to 0.7. Sixteen configurations are assessed for their suppression as a function of the aggregate momentum

coefficient Cμ, spatial duty cycle d, and dimensionless wavelength λ∕D. Significant reductions of fluctuating surface

pressureare observed. Schlierenandparticle imagevelocimetryareperformed to investigate thebaselineandcontrolled

flows.Companion large-eddy simulationswith spanwise periodic boundary conditions atMach0.6 generally agreewith

the experiments, despite a significant difference in theReynolds numbers.The simulations show that control reduces the

pressure fluctuations inside the entire cavity, albeit at a higher level ofCμ. Spanwisewavelike structures producedby the

control input distort the shear layer, inhibit the growth of large-scale vortical structures, and reduce the strength and

length scale of turbulent fluctuations near the impingement region.A slot-configuration design guide is provided,which

compares favorably with the limited available data in the literature.

Nomenclature

Aslot = slot area
Cμ = momentum coefficient
D = cavity depth
d = spatial duty cycle
F = generic function
f = frequency
g = gap spacing
L = cavity length
l = slot length
Ma = Mach number
_m = mass flow rate
Pxx = autospectral density
PSD� = nondimensional power spectral density
p = pressure
q = dynamic pressure
R = ideal gas constant of air
Ru 0u 0 = autocorrelation coefficient of streamwise velocity

fluctuation
Re = Reynolds number

r = radial distance
St = Strouhal number
T = temperature
t = time instance
U = velocity
u = velocity in the streamwise direction
v = velocity in the normal direction
W = cavity width
w = velocity in the spanwise direction
x = streamwise direction
y = normal direction
z = spanwise direction
α = phase lag
γ = adiabatic index
Δt = time difference between two laser pulses
δ0 = boundary-layer thickness at the leading edge
δω = vorticity thickness
θ = boundary-layer momentum thickness
κ = convective ratio
Λ = integral length scale
λ = wavelength
�λ = nondimensional wavelength

μ = dynamic viscosity
ρ = density

Subscripts

a = actuator
exp = experiment
j = jet
rms = root mean square
sim = simulation
∞ = freestream

I. Introduction

T HE subject of high-speed flow over cavities has been
investigated for more than six decades. Cavity flow oscillations

are encountered inmany practical engineering configurations such as
weapons and landing-gear bays. The large pressure fluctuations
induced by the flow over a cavity can damage the cavity structure and
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its contents. For these reasons, cavity flows have been studied
extensively to understand their physics, and various control techniques
have been applied to suppress the oscillations [1,2].
In general, cavity flow phenomena can be divided into three

categories based on the mean flow features inside the cavity. The
shear layer impinges near the trailing edge in open cavity flows,
whereas it reattaches to the cavity floor in closed cavity flows.
Transitional cavity flows exhibit characteristics of both [3]. Open
cavity flows are the focus of this paper due to their practical relevance.
The primary features of flow over an open rectangular cavity are
illustrated in Fig. 1. An incoming (usually) turbulent boundary layer
with thickness of δ0 separates from the cavity leading edge and forms
a free shear layer. Small disturbances in the shear layer are amplified
and grow into large-scale vortical structures that propagate
downstream and interact with the trailing edge of the cavity. This
trailing-edge region acts as an intense acoustic source that radiates
waves that travel upstream and seed disturbances in the shear layer
through a receptivity process. The overall aeroacoustic feedback
process results in resonance with strong tones, known as “Rossiter”
modes [4], and large broadband turbulent fluctuations in both
velocity and unsteady wall pressure spectra.
Cavity flow control methods are often classified into passive and

active control [1]. Passive controlmethodsusegeometricmodifications
such as leading-edge spoilers [5], rods [6,7], and rounded trailing edges
[8,9]. These methods have generally been shown to be effective at
design conditions. Their performance, however,may degradewhen the
flow conditions deviate from the design condition. Hence, the effective
range of passive control is often limited. On the other hand, active
control techniques use external energy input via actuators to alter the
flow,which can adapt to awider range of flowconditions. Therefore, an
active control approach is potentially more attractive compared to
passive controls. Active control methods are further classified into
open-loop and closed-loop control. Reviews on the active flow control
of cavity oscillations can be found in Colonius [10], Rowley and
Williams [2], Cattafesta et al. [1], and Gloerfelt [11].
As an example of active flow control, blowing along the leading

edge of the cavity has proven to be an effective way to suppress
oscillations. Vakili and Gauthier [12] obtained a 27 dB reduction of
the primary tonal peak via steady mass injection through different
densities of porous plates positioned just upstream of the cavity
leading edge at Mach 1.8. Mendoza and Ahuja [13] studied the
effects of steady mass injection through a Coanda surface located at
the cavity leading edge. The mass injection normal to the external
flow direction reduced the cavity tones by as much as 30 dB for high
subsonic and low supersonic speeds. Shaw and Northcraft [14]
evaluated the effectiveness of pulsed fluidic injection through a
single slot and double slots along the cavity leading edge on the
acoustic suppression. They observed that the suppression of cavity
oscillations depends on both the mass flow rate and the pulsation
frequency of the jet. The pulsed mass injection eliminated cavity
tones with a relatively large mass flow rate, but it introduced new
peaks at the excitation frequencies of the pulsed jet.
Recently, three-dimensional actuation has been shown to be

effective in controlling cavity flows. Zhuang et al. [15] showed that
microjets can suppress up to 20 dB in tones andmore than 9 dB in the
overall sound pressure level for a finite-span cavity with variousL∕D
at Mach 2 using a very low mass blowing coefficient Bc � 0.15%
[12]. Ukeiley et al. [16] used both microjets and 3-D slot jets at the
cavity leading edge to suppress the oscillations in a complex 3-D
cavity at Mach 1.5. Microjets achieved a reduction of 33% in

broadband level and 52% in the dominant tone at momentum
coefficient Cμ � 0.2, whereas three-slot jets injected normal to the
freestream flow reduced the overall aft-wall levels by approximately
55% atCμ � 0.09. Takahashi et al. [17] compared the effects of open-
loop and closed-loop control using a 3-D zero-net mass-flux actuator
array to suppress the unsteady pressure oscillations inside a cavity at a
Mach number of 0.3 and 0.4. Up to 30% reduction in the broadband
pressure fluctuations below 4 kHz was achieved. Nevertheless, the
required actuator control authority at higher Mach numbers for
effective closed-loop control is still lacking. Subsequently, Lusk et al.
[18] evaluated steady injection through various 3-D slot configurations
at the cavity leading edge and observed up to 45% reduction in rms
pressure fluctuations by using five-slot jets at freestream speed of
Mach 1.4 at Cμ � 0.0128. Kreth [19] implemented resonance-
enhanced microactuators into a finite-span cavity leading edge to
control the flowoscillations over aMach number range from0.3 to 1.5.
The control was not effective for subsonic cavity flows. However, the
pulsed actuation obtained up to 6 dB suppression of peak levels in the
supersonic cavity flow, whereas the steady actuation with a high
pressure ratio (Pj∕P∞ � 14) achievedmore than 10 dB for the overall
sound pressure level.
Based on the aforementioned studies, leading-edge blowing is

hypothesized to leverage primarily two mechanisms to suppress flow
unsteadiness: 1) lifting of the shear layer to reduce the strength of the
source resulting from the impingement of the flow near the trailing
edge of the cavity [12,14,20], and 2) generation of 3-D disturbances to
alter the organized coherent structures in the shear layer [15,16,18,21].
For practical purposes, the flow control input characterized by the
blowing ratio or momentum coefficient of the actuator must be
optimized. In most situations, larger control input values are required
for higher-speed flow conditions to leverage the lifting mechanism.
Thus, the primary motivation in the control community is to
circumvent the limited control authority of current actuators for high-
speed flow applications by leveraging the second mechanism.
For this reason, the goal of the current study is to systematically

explore and understand the effects of 3-D steady injection on
suppression of both tonal and broadband components of the
fluctuating surface pressure. Specifically, open-loop control using a
steady blowing actuator with various slot configurations is used to
suppress the unsteady pressure oscillations inside the cavity at Mach
numbers from 0.3 to 0.7 in the experiments. A companion analysis at
Mach 0.6 that uses large-eddy simulation (LES) for an L∕D � 6
cavity with and without flow control, at a reduced Reynolds number,
is conducted to further elucidate the cavity flow physics. The
simulated controlled flow case uses control parameters based on
the most effective controlled case from the wind-tunnel experiments.
The computational work is not intended to replicate the experiments
for direct comparisons but to offer insights beyond previous studies
on cavity oscillations and elucidate the essential mechanisms for
effective flow control. The contribution of this paper is an improved
understanding of the control mechanism and a design guideline for
effective suppression using 3-D steady blowing. The paper is
organized as follows. Section II briefly outlines the experimental and
computational methodologies. Section III presents the results and
discussion, and concluding remarks are provided in Sec. IV.

II. Methodologies

A. Facility and Cavity Model

The cavity experiments are carried out in the Pilot Wind Tunnel
Facility located at the Florida Center for Advanced Aero-Propulsion
at Florida State University. High-pressure (3.45 MPa) dry air is
supplied to this blowdown facility from storage tanks. All results
reported herein are performed at subsonic speeds from Mach 0.3 to
0.7 using a converging nozzle with an area contraction ratio of 3.33.
The rectangular test sectionmeasures 76.2mmhigh, 101.6mmwide,
and 393.7 mm long. As shown in Fig. 2, the origin of the coordinate
system is placed at the center of the cavity leading edge, with the x, y,
and z axes denoting the streamwise, normal, and spanwise directions,
respectively. The rectangular cavity model has a length of
L � 158.8 mm, a depth of D � 26.4 mm, and a full-span width of

δ0

λv

Fig. 1 Schematic of flow-induced oscillations over a rectangular cavity.
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W � 101.6 mm, giving L∕D � 6 and W∕D � 3.85. The cavity
model is assembled with an acoustically treated ceiling that extends
50.8 mm upstream and 31.8 mm downstream of the cavity opening
(Fig. 2) to reduce acoustic interference in thewind tunnel at subsonic
speeds [22,23]. The acoustic liner consists of a flush-mounted porous
metal sheet (MKI BWM series, Dynapore P/N 408020) backed by
76.2-mm-thick bulk fiberglass in an enclosure.
A LabVIEW [24] program communicates with the sensors

instrumented in the wind tunnel via National Instruments (NI) 9188
C-DAQandvariousNI data acquisitionmodules.AnOmegapressure
transducer (PX409-050A5V-XL, accuracy of �100 Pa) measures
the stagnation pressure p0 via a pitot tube located inside the settling
chamber. An Omega resistance temperature detector (accuracy of
approximately 0.1 K) in the settling chambermeasures the stagnation
temperature T0. The static pressure ps is measured using an Omega
pressure transducer (PX303-015A5V, accuracy of �250 Pa) via a
pressure tap on the test-section sidewall 76.2 mm upstream of the
cavity leading edge.
Slot plates with different periodic spanwise dimensions, as shown

in Table 1, have been studied. All slots have a nominal streamwise
extent of 0.36 mm due to machining limitations and are located
1.6mm from the cavity leading edge. Note that all odd-numbered slot
configurations possess a slot centered at the cavity midspan, whereas
the even-numbered (i.e., four slots) slot configurations do not. The
spatial duty cycle is defined as the ratio of the slot spanwise length l
to the center-to-center slot spacing λ. The slot center-to-center
spacing, or wavelength λ, is normalized by the cavity depth D and
encompasses a range of values explored in the 3-D instability analysis
of Brès and Colonius [25] and Sun et al. [26] as well as the
experiments of Lusk et al. [18]. Note that λ is related to the gap
between slots (g) via the relation λ � g� l. The relevance of this
parameter is discussed later in the paper.

B. Characterization of Slot Jet(s)

Pressurized air is fed into the actuator through an Alicat MCR
2000SLPMmass flow controller, with an accuracy of 0.8% of reading
plus 0.2%of full scale (2000SLPM), operated via a LabVIEWVI. The
pressure inside the actuator plenum is measured using an Omega
PX309-030A5V pressure transducer, and the plenum temperature is
measured using an Omega J-type thermocouple.
The maximum area ratio of the slot to the actuator plenum cross

section is approximately 0.005, thereby justifying the stagnation flow
assumption inside the plenum. The averaged subsonic jet velocity is
calculated as

Uj;mean �
_m

ρjAslot

(1)

where Aslot is the total area of the slots, _m is the mass flow rate
measured by the mass flow controller, and ρj is the jet density, which
is determined from ideal gas law and isentropic relation. The
temperature in the actuator chamber is nominally 293 K. The
maximum pressure applied varies from 103 to 255 kPa. The velocity
profile of the slot jet was characterized in a bench-top test using

constant-temperature hot-wire anemometry, and the measured
velocity profiles were close to an ideal top-hat profile.
A nondimensional momentum coefficient Cμ is used to

characterize the aggregate momentum flux through the slots. This
parameter is defined as

Cμ �
_mUj;mean

q∞Wδ0
(2)

Fig. 2 Schematic of the cavity model (dimensions in millimeters).

Table 1 Actuator slot configurations

Number of
slot(s)

Spatial duty
cycle l∕λ, % �λ � λ∕D

1 N/A N/A

3 6.25 1.346

3 12.5 1.346

3 25 1.346

3 50 1.346

4 25 0.962

4 50 0.962

5 6.25 0.748

5 12.5 0.748

5 25 0.748

5 50 0.748

7 6.25 0.518

7 12.5 0.518

7 25 0.518

7 50 0.518

9 50 0.396
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where q∞ is the dynamic pressure of the freestream. The boundary-
layer thickness δ0 at the cavity leading edge is measured using
particle image velocimetry (PIV) as listed in Table 2. In Eq. (2),
the numerator represents the total momentum flux through the
actuator, and the denominator represents the momentum flux in the
freestream based on the cavity width and incoming boundary-layer
thickness [27].

C. Fluctuating Surface Pressure Measurements

Three Kulite unsteady pressure transducers are flush-mounted to
the cavity walls along the central plane to measure unsteady surface
pressure fluctuations. The locations of the Kulite sensors are listed in
Table 3. For unsteady pressure measurements, an NI compactDAQ-
9188 and NI 9222 (16 bits) acquire the preamplified data at a
sampling rate of 32,768Hzwith a low-pass filter at 13,000Hz.A total
number of 204,800 samples are acquired for each channel.
The spectra shown in the current study are computed usingWelch’s

method [28] with a frequency bin widthΔf of 16 Hz and 75% overlap
with a Hanning window. One hundred blocks are used to calculate the
ensemble average. The random uncertainty of the autospectral density
is approximately 7% based on these parameters. A nondimensional
power spectral densityPSD� is used to represent the power distribution
of the pressure fluctuations in the frequency domain:

PSD� ≡ 10log10
PxxU∞

q2∞L
(3)

where Pxx is the autospectral density of the unsteady surface pressure.
The relative change of power, in terms of pressure fluctuations,

%P2
rms;reduction ≡

P2
rms;baseline − P2

rms;controlled

P2
rms;baseline

× 100% (4)

is used to report the reduction in pressure fluctuations.

D. Schlieren Imaging

Schlieren flow visualization is performed to qualitatively assess
the impact of control on the normal density gradient relative to the
baseline. This technique is based on the deflection of light by a
refractive index gradient, which is directly related to a flow density
gradient [29]. A conventional Z-type schlieren setup is modified due
to limited space, and its schematic is illustrated in Zhang et al. [30].
An achromatic lens, located 300 mm away from a pulsed IDT
Honeycomb light-emitting diode (LED) light source, focuses light
onto a rectangular slit and illuminates the first parabolicmirror,which
produces a collimated beam incident onto a first surface mirror. The
off-axis angle 2θ of these mirrors is approximately 16 deg. The
second parabolic mirror focuses the light beam on a horizontal knife
edge, which is followed by a high-speed camera (Vision Research
Phantom v411) equipped with a NikonMicro-Nikkor 105mm, 1:2.8
lens. The high-speed camera is synchronized with the LED light
source at 12 kHz and possesses a resolution of approximately 700 ×
400 pixels.

E. Particle Image Velocimetry

Two-component PIV is performed to obtain cavity flow features in
the x–y plane with and without control. A schematic of the setup is
provided in Fig. 3a. The laser beam from an EvergreenNd:YAG laser
(EVG00200) is pulsed at a repetition rate of 15Hz and travels through
a plano-convex lens (f � 1000 mm), a plano-concave cylindrical
lens (f � −9.7 mm), and then reflects vertically by a folding mirror
to pass through the transparent cavity floor. A laser sheet with a
thickness of approximately 1.5 mm is formed and illuminates
submicron (nominally 0.3 μm in diameter [31]) particles introduced
into the flow. The particles are generated using Rosco fog fluid
(model number 200082000135) in a customized Wright nebulizer
seeder [31] and are injected upstream of the stagnation chamber. Two
Imager sCMOS cameras (2560 × 2160 pixels), each equipped with a
NikonMicro-Nikkor 55mm1:2.8 lens and a 532 nmband-pass filter,
are oriented with their optical axes normal to the laser sheet.
Calibration is performed using a two-dimensional (2-D) dot pattern
before image acquisition. A minimum of 1000 image pairs are
acquired for both baseline and controlled cases. All PIV data are both
acquired and processed using DaVis 8.3, and multivariable outlier
detection [32] is applied as the final step. The resulting spatial
resolution is approximately 1.8 vectors per mm.
A schematic of the stereo particle image velocimetry (SPIV) setup

is shown in Fig. 3b. The f � 1000 mm plano-convex lens used in the

Table 2 Turbulent boundary-layer thickness at the leading
edge of the cavity

Mach number δ0∕D θ∕D Reδ0 � ρ∞U∞δ0∕μ

0.3 0.13� 0.01 0.015� 0.001 22,000
0.4 0.15� 0.02 0.018� 0.001 34,000
0.5 0.15� 0.02 0.017� 0.002 41,000
0.6 0.16� 0.02 0.019� 0.002 50,000
0.7 0.15� 0.02 0.017� 0.002 54,000

Table 3 Kulite sensor locations

Kulite model Location name x∕D y∕D z∕D
XTE190-5PSID FF (front floor) 1.5 −1.0 0
XTE190-5PSID RF (rear floor) 4.5 −1.0 0
XT190-25PSIA AW (aft wall) 6.0 −0.5 0

The coordinate system is defined in Fig. 2.

Fig. 3 Schematics of PIV setups (not to scale).
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PIV setup is changed to f � 500 mm, and the optics are adjusted to
form a thicker laser sheet with an approximate thickness of 2.5 mm.
The aforementioned cameras are used to capture the images. The
angle between the two cameras, β, is adjusted from 68 to 90 deg for
viewing the field of interest at different planes, and it should be noted
that the camera view is partially blocked by the cavity trailing edge in
the x∕D � 3 case. The cameras are moved to symmetric upstream
locations to capture the planes at x∕D � 4, 5, and 6. A Scheimpflug
mount is used on each camera to adjust the plane of focus. Nikon
AF Nikkor 28 mm f∕2.8D, 50 mm f∕1.4D lenses, and 1.4x
teleconverters are used in different cases. A 532 nmband-pass filter is
attached to each lens to remove extraneous ambient light. The
calibration is performed by traversing a 2-D grid pattern in the y–z
plane along the x direction. The laser sheet grazes the pattern at the
initial location, and a number of three calibration images are taken
with an increment of 1 mm in the x direction. To correct the potential
misalignment between the 2-D grid plane and the laser sheet, a self-
calibration [33] procedure is applied. The test section is filled with
seeding particles, and 100 image pairs are taken from two cameras
just like the regular PIV. These images are used to perform the self-
calibration in an iterative manner using the software’s built-in
function. The time difference between two pulses,Δt, is chosen such
that the particles in the external flow travel approximately 1/4 of the
laser sheet thickness. The flowfield in several y–z planes (x∕D � 0,
1, 2, 3, 4, 5, and 6) of cavity flowwith andwithout control atMach 0.6
are investigated. A minimum of 1200 image pairs are acquired for
each case.
The Stokes number is estimated to evaluate the tracking error due

to the slip velocity of particles. This number is the ratio of the particle
relaxation time τp to the characteristic flow time τf, where τp can be
calculated using the modified Stokes law [34]. For the current study,
the value of τp is approximately 0.9 μs based on the seeding fluid
properties and test conditions. For calculating τf, a characteristic
length based on the maximum velocity gradient experienced by the
particle in the flowfield is used, which is the vorticity thickness at
the leading edge. For our cases, the maximum velocity gradient is in
the shear layer for the du∕dy component. The value of τf calculated
using the characteristic length and the mean freestream velocity is
10 μs. Thus, the Stokes number is computed to be approximately 0.1.
Additionally, using the results presented by Samimy and Lele [35], it
is estimated based on the Stokes number that the particles will track
the fluid velocity with a maximum rms slip velocity of 1.5%.
The uncertainty in the PIVmeasurements is also obtained from the

LaVision software using the method of correlation statistics [36].
Thismethod estimates the uncertainty due to randomGaussian noise,
particle image size and density, and in-plane and out-of-plane
motion. Because of the large velocity gradient in the shear flow and
the out-of-plane motion [33], the uncertainty in the streamwise
velocity component is larger than the other directions. Theworst-case
scenario of the measurements in the current work is the cross-stream
plane near the cavity leading edge, where the highest uncertainties in
the mean and rms streamwise velocity are typically within the range

of 1–2%with respect to the freestream velocity usingmore than 1200
snapshots.

F. Large-Eddy Simulation

Companion numerical simulations are performed to study the 3-D
unsteady turbulent flowfield that develops over the cavity. To best
resolve the multiscale physics produced by the interaction of turbulent
cavity flow and the actuation input, LESs have been performed with
the high-fidelity compressible flow solver CharLES [37]. A second-
order finite volume discretization and a third-order Runge–Kutta time
integration scheme are used to numerically solve the Navier–Stokes
equations. The Vreman model [38] is implemented for the subgrid-
scale model in the LES. This simulation effort builds upon our
companion work [39–41] on the 2-D and 3-D analyses of flows over
rectangular cavities of L∕D � 6. The spanwise domain size of the
present 3-D simulations is of W∕D � 2 with spanwise-periodic
boundary conditions (BCs). The Reynolds number and Mach number

are set to ReD � 104 and Mach 0.6 in the numerical investigation.
The Reynolds number is chosen to be as close as possible to its
experimental value, while achieving a reasonable mesh size and
computational run time. The 3-D computational setup is shown in
Fig. 4. We use a structured mesh for the simulations. In the cavity
region of f�x; y; z�∕D ∈ �−1; 7	 × �−1; 1	 × �−1; 1	g, grids with 450 ×
190 × 128 are used for x, y, and z directions. On the x–y plane, a
nonuniform and slowly stretched mesh is adopted with the minimum
grid size near cavity surfaces having wall-normal y� � 1. Along the z
direction, 128 grid points are uniformly placed for the entire spanwise
extent. For the upstream and downstream floor meshes, x� � 15 and
y� � 1 are ensured to resolve the boundary layer and flowfields. This
mesh strategy results in approximately 14 million volume cells for the
computational domain. Inflow perturbations are introduced to model
the turbulent incoming boundary layer by adding random Fourier
modes to the inflow velocity profile given by the one-seventh power
law [42,43]. The initial boundary-layer thickness δ0∕D at the cavity
leading edge is set to 0.167. This value is slightly (less than 5%)
different from the experimental value as shown in Table 2 because the
baseline simulation was initiated before the experiments. No-slip and
adiabatic BCs are specified at the floor and cavity walls. The top and
outlet regions of the domain are specified as sponge zones [44] to damp
out all outgoing waves. The Courant–Friedrichs–Lewy number is set
to 1 for all simulations.
We present results from the simulations of the 3-D base flow and

two cases with control using steady slot jets introduced along the
leading edge of the cavity. Given our desire to capture the behavior
of the spanwise spatially periodicity of the experimental slot
configuration, we use the periodic BC over the smallest spanwise
extent that captures the essential dynamics. For the periodic BC,W∕λ
must be an integer number. This gives a wavelength of λ∕D � 2∕3
based on the domain width W∕D � 2, which closely replicates the
effective slot configuration in the experiment. Because the control
focuses on the shear layer, this difference was deemed acceptable.
The configuration of slots in numerical studies is close to the five-slot

Fig. 4 Computational configuration for open cavity flow (not to scale).
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and 25%duty cycle case (shown inTable 1) in the experiment, and the

associated parameters are listed in Table 4. The grid around the

slotted jets is further refined. Each region around the slot is finely

discretized with 50 × 80 × 50 grid points to resolve the actuator jet.

On the upstream floor, a steady velocity boundary condition of

�u; v;w� � �0; Uj; 0� is specified from the slots. A hyperbolic

tangent function is used for the blowing velocity profile to smooth

the velocity discontinuity at slot edges. The pressure and density in

the slots are prescribed as the reference values from freestream as

approximate boundary conditions. Two momentum coefficients are

considered (Cμ � 0.0146 and 0.0584), and these values are relevant

to effective control cases examined in the experiment.
Because of spanwise periodicity, the simulation can resolve

spanwise wavelengths of λw � W∕n, where n � 1; 2; : : : . In the

experimental setup, the width-to-depth ratio of the cavity is

W∕D � 3.85, which is almost twice the cavity width in the

simulations. Although the boundary layers on the wind-tunnel

sidewalls undoubtedly influence the flow, our companion study [40]

shows that the central region is approximately 2-D in the front.

Therefore, the flow characteristics near the center, far from the

sidewalls, are expected to be comparable to those in the numerical

results. In the current work, we set the simulation domain to be a

canonical configuration to understand the fundamental effects. The

fundamental flow behaviors and control mechanism discussed in the

present work are not significantly affected by the side wall, as

discussed in detail in our companion work [41]. By comparing the

features of the baseline and controlled flow, we provide further

insights into how momentum injection interacts with the flow and

ultimately attenuates the pressure fluctuations inside the cavity.

III. Results and Discussions

In this section, we discuss the insights gained from analyzing the

surface pressure fluctuations as well as density gradient and velocity

fields. Results obtained from the numerical simulations are also

provided along with the experimental results in each subsection.

A. Unsteady Surface Pressure

Fluctuating surface pressure spectra for the baseline cases are

shown in Fig. 5. An inertial range with a slope of −5∕3 in turbulent

kinetic energy spectra is well captured by the simulation (not shown

here). Rossitermode II is the dominantmode, except for theMach 0.3

case. The amplitude of fluctuating surface pressure increases from the

leading edge toward the trailing edge, and the pressure fluctuations

increase with Mach number. In the simulations, pressure data are

collected from virtual probes at the same locations as in the

experiments. A comparison of Rossiter modes obtained from

experiment and simulation at Mach 0.6 is listed in Table 5. We note

that the Rossiter modes from the experiments and simulations are in

agreement with those predicted using the empirical relation given by

Heller et al. [45]:

St � fL

U∞
� n − α

1∕κ �Ma∞∕
����������������������������������������
1� �γ − 1�Ma2∞∕2

p (5)

whereMa is the Mach number; the phase lag α is 0.38 [4]; κ is 0.65
(very close to the value of 0.66 used in [46]); and n � 0, 1, 2, : : : is
the Rossiter mode index.
The flow control experiments are conducted with various levels of

momentum injection until control saturation is reached. Reductions

of P2
rms observed on the aft wall are shown in Fig. 6, and the shaded

bands indicate the uncertainty with 95% confidence. Reductions of

fluctuating pressure exhibit very similar trends across all cases, as

observed by Ukeiley et al. [16] and Lusk et al. [18]. The control has

negligible or even adverse effects at low Cμ, but the reductions

eventually begin to occur, reaching a plateau by increasing Cμ. It is

clear that the control performance depends greatly on thewavelength
�λ, as shown in Fig. 6. In the current study, the wavelengths of

actuation covered a range from �λ � 0.396 to infinity (one slot). The
one-slot (2-D) actuation, which does not introduce 3-D perturbations

into the shear layer (except for end effects), achieves no suppression

of pressure fluctuations on the middle of the aft wall at low Mach

number (0.3) and actually increases the pressure fluctuations at

Table 4 Comparison of flow control settings between experiment and simulation for
L∕D � 6 cavity at Mach 0.6

Method Cμ W∕D
Spatial duty
cycle l∕λ, % �λ � λ∕D

Experiment 0.0147 3.85 25 0.748

Simulation 0.0146 & 0.0584 2 25 0.667

Fig. 5 Cavity baselinepressure fluctuations andRossitermodespredictions (−−) usingEq. (5)with 95%confidence uncertainty bounds.FF (−);RF (−);
AW (−).
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higher Mach numbers for the range of Cμ tested. Past studies

[18,47,48] showed that the 2-D actuation can suppress the

oscillations. This method may provide some suppression if Cμ is

increased further in the current experiments, but this is beyond the

scope of the current research because one of the present goals is to

reduce the actuator input. Suppression is also observed for the control

with the four-slot configurations, which indicates that the control
effects are not limited to z planes in line with the slot centers.

Promising flow control results are obtained with the introduced 3-D

disturbances of wavelength �λ from 0.5 to 1, at selected spatial
duty cycles.

It is interesting that control using wavelengths of �λ � 0.518 and

0.748 loses efficacy at d � 12.5 and 6.25%, respectively, over the

Mach number range from 0.5 to 0.7. This observation suggests that
there exists either a minimum slot length l∕D or a maximum gap

spacing g∕D for the actuation to interact effectively with the flow at

Mach 0.5 to 0.7. However, the control with �λ � 1.346 and d �
6.25% is still effective at Mach 0.6 and 0.7, which indicates that g∕D
is not the limitation here. Therefore, the degradation of control

performancewith �λ � 0.518 and 0.748 is due to the small l∕D rather
than the spacing between the slots. Thus, there exists a minimum

l∕D � 0.065, below which the control performance is degraded.
Among these slot configurations, actuation with �λ � 0.748 is the

most effective, achieving up to 77% reduction in the power of

pressure fluctuations for the current Mach numbers. The adverse

effects at low Cμ observed in these experiments are likely due to the

excitation of the dominant (second) Rossiter mode by the added

disturbances (see Fig. 7a). However, as the momentum injection

increases, tonal and broadband noise are both suppressed. By using

this slot configuration, a similar trend is also observed in the controlled

cases from the simulations. However, the injection with a low Cμ

increases the first Rossiter mode rather than the second one, which

could be due to the lower Reynolds number in the simulation. In

addition, the slot configuration is slightly different from the

experimental case, which can also affect the Cμ level required

to provide effective control performance. Therefore, rather than

comparing the experiments with simulations, we use LES in a

complementary fashion to gain detailed insights into the flow physics.
Noting that fluctuating surface pressure measurements in the

experiments are confined to the centerline of the cavity, the

simulation results provide a global picture of the pressure fluctuations

Prms∕q∞ inside the cavity with andwithout control in Fig. 8. For both

the baseline and controlled cases, pressure fluctuations increase

downstream. The largest fluctuations are observed in the shear layer

and on the aft wall of the cavity in the baseline case. The controlled

case with Cμ � 0.0146 shows significant reduction of pressure

fluctuations in the shear layer; however, a larger region with high

pressure fluctuations exists on the aft wall. With a higher injection

level at Cμ � 0.0584, in addition to the reduction in the shear layer,
significant suppression of pressure fluctuations is observed on the

cavity floor and aft wall. It is noteworthy that the large pressure

fluctuation region on the trailing edge is significantly reduced in both

magnitude and extent, resulting in a weaker acoustic source.
Representative snapshots of the instantaneous flowfields with and

without control from simulations are presented in Fig. 9. The

Q-criterion [49] is used to visualize the vortex cores. As seen from the

side and top views of the baseline flow, spanwise coherent vortices

roll up after the flow passes over the leading edge and convect

Table 5 Comparison of Strouhal number for
Rossiter modes at Mach 0.6

Rossiter mode Stexperiment Stsimulation St [Eq. (5)]

1 0.322 0.290 0.293
2 0.759 0.759 0.765
3 1.222 1.266 1.237
4 1.699 1.808 1.709

Fig. 6 Reduction of P2
rms observed on the aft wall as a function of Cμ, λ, and d. The dash lines indicate the cases that are investigated further using PIV.
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downstream. The vortex cores correspond to local pressure minima.

In the neighborhood of the primary spanwise vortex cores, smaller-

scale turbulent vortical structures appear. As these structures convect

downstream, the spanwise vortices lose their coherence. In the

controlled flowfield, there are three streamwise bands with the jet

shear-layer vortices introduced by the jets as shown in the top view of

Fig. 9b. As a consequence, large spanwise organized structures that

are observed near the leading edge in the baseline flow break into

smaller-scale vortices farther upstream. Moreover, shear-layer

mixing is enhanced, whereas the coherent roll-up is diminished as

shown in the side view in Fig. 9c.

B. Density Gradient

Next, let us closely examine the behavior of the shear layer
with schlieren visualization from the experiments and simulations.
Schlieren images atMach 0.6 are presented in Fig. 10 as each case has
similar flow features. Time-averaged results are calculated using 500
background subtracted snapshots. Cases with 3-D actuation using
�λ � 0.748, d � 25% injection, and 2-D (one slot) actuation are
selected and compared to determine the reason for 3-D actuation
outperforming 2-D actuation. The formation of the shear layer and
the growth of vortical structures can be observed clearly from the
instantaneous image in Fig. 10a. A region with a strong density

a)    = 0.0748 and d = 25% b)    = 0.0667 and d = 25%
Fig. 7 Surface pressure fluctuations of baseline and controlled cases using different Cμ at Mach 0.6 from experiments (left) and simulations (right).
Shaded bands indicate the uncertainty bounds with 95% confidence.

Fig. 8 Pressure fluctuations Prms∕q∞ at Mach 0.6 from LES. Flow control is performed using slot jets with �λ � 0.667 with d � 25%.

Fig. 9 Instantaneous flow visualizedwith isosurface ofQ-criterion [49] (QD2∕U2
∞ � 13.8) colored by pressure �P − P∞�∕q∞ from simulations (Mach 0.6

and ReD � 104). Left: baseline uncontrolled flow. Right: controlled flow with �λ � 0.667, d � 25%, and Cμ � 0.0584.
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gradient appears near the trailing edge where the impingement
occurs. Although it is suspected that the 3-D actuation breaks down
the large vortical structures into smaller scales, this cannot be
confirmed due to the integrating nature of schlieren. However, large-
scale structures persist using the 2-D actuation. Moreover, the 3-D
actuation weakens the gradients in the impingement region, whereas
2-D actuation has a negligible effect. Because of the integrated nature
of schlieren in the spanwise direction in the experiments, it is unclear
how 3-D actuation affects the shear layer near the front of the cavity.
Although the simulationswere performed at differentCμ levels, it can
provide planar slices in the flowfield to avoid the optical path
integration effects. Close examination of the images (Figs. 10g–10i)
of the density gradient in the y direction obtained from the numerical
simulation shows that the slot jet pushes up the shear layer over the
slot and directs the shear layer downward between the slots, which is
consistent with the PIV measurements in Lusk et al. [18]. The shear-
layer thickening effect observed near the leading edge under control
in the experiments is due to the integrating effect.

C. Velocity Fields

The velocity fields obtained from PIV measurements and
simulations can provide additional insights into the flow interaction
between the slot jets and the shear layer. The flowfields on the
z∕D � 0 plane (in line with the center of actuator) obtained from
experiments and simulations are presented in Fig. 11. From the
streamlines shown in Fig. 11a, both experimental and simulation
results show that there is a primary recirculation located in themiddle
of the cavity and two secondary smaller recirculation zones located in
the front and rear corners, respectively. These flow features are
very similar to the flowfield measured by Murray et al. [50].
With actuation, the shear layer is slightly deflected, and the three
recirculation regions persist. However, the primary recirculation
becomes larger,which induces additional reversed flow relative to the

baseline case, whereas the size of the front recirculation region is
decreased. These experimental and simulation results are reasonably
close, considering the Reynolds number difference.
Because the control objective is to achieve suppression of pressure

fluctuations with a minimal energy requirement of the actuator, the
momentum injection barely deflects the entire shear layer in the current
subsonic cavity flow,which is quite similar to the observations byLusk
et al. [18] using five-slot injection for supersonic cavity flow. The

Reynolds shear stresses (u 0v 0∕U2
∞) of the flowfields are presented in

Figs. 11c and 11d. The region with high levels of turbulence in the
cavity does not shift its location but is significantly reduced in
strength with control, which is also similar to the observations by Lusk
et al. [18] at Mach 1.4. The high level of turbulent momentum flux in
the aft part of the cavity on the center plane is greatly reduced,
as observed from the Reynolds stress contour. In addition, the
fluctuations in the impingement region are also reduced.
The flowfields from experiments and simulationswith andwithout

control on spanwise planes at different x∕D locations are provided in
Fig. 12. In the visualization from SPIV, only a portion of the plane is
accessible due to blockage of the camera view and laser sheet. In the
baseline case, the development of a spanwise variation toward the
trailing edgewas also observed in the studies byLusk et al. [18] over a
full-span cavity. In Fig. 12b, the evolution of the flow structures
introduced by the slot jets can be observed, similar to the findings by
Lusk et al. [18]. In the controlled case, forcing with a low velocity
ratio Uj;mean∕U∞ � 0.6 is introduced at the leading edge, and it is
found to lift the flow behind the slots while pushing down between
them, forming a strongwavelike structure spanning the central cavity
that persists over at least the front half of the cavity. The wavelike
structure evolves as the shear layer grows and diminishes when the
shear layer reaches the cavity trailing edge. The flowfield under the
control becomes very similar to the baseline flow by reaching
x∕D � 5.

Fig. 10 Density gradient ∂ρ∕∂y flow fields of cavity flow from experiments and simulations at Mach 0.6. Actuation using �λ � 0.667, d � 25%,
Cμ � 0.0584 is applied in the simulation controlled case.

Fig. 11 Cavity flowwith andwithout control atz∕D � 0 atMach 0.6. Flow control in experiment: �λ � 0.748, d � 25% andCμ � 0.0147. Flow control in
simulation: �λ � 0.667, d � 25%, and Cμ � 0.0584.
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In the simulated baseline flow inFig. 12c, the boundary-layer profile

remains almost uniform in the spanwise direction until x∕D ≈ 1. The
variation in the spanwise direction becomes observable at x∕D ≥ 2.
Based on the slice at x∕D � 5, the wavelength (λz � 2D) structure

dominates in the spanwise direction. This wavelength is the largest

wavelength that can fit in the current simulation domain. The

downstream flow structure in the baseline simulation is somewhat

different from the experimental results, which is presumably due to the

spanwise periodic boundary condition in the simulation versus the

effects of the sidewalls on the experimental results. Momentum

injection in the controlled simulation introduces shorter wavelength

perturbations compared to the baseline flow, and similar development

of the wavelike structures are observed as in the experiments. These

structures are the strongest in the forward portion of the cavity and

apparently decay as the flow reaches the trailing edge.

The flow structures around the central slot from the simulations are

presented inFig. 13. In the perspectiveviews, it is clear that the primary

counter-rotating flow structures evolve from the slot and then are

distorted by the crossflow, whereas the smaller horseshoe vortex from

the incident boundary layer wraps around the jet. The tails of the

horseshoe vortices are not resolved in the experimental results. The

strengths of the primary counter-rotating flow structures are related to

the momentum injection level because it is clear that they penetrate

farther and are elongated in the higherCμ case.Although the size of the

horseshoe vortex tails are proportional to the injected jet momentum,

these structures lose coherence faster in the higher-momentum case.

The normalized streamwise velocity fluctuations urms∕U∞ at

different streamwise locations x∕D � 1 and 5, from the SPIV

measurements and simulations, are presented in Fig. 14. Only

streamwise velocity fluctuations are presented, but similar features

are observedwith other quantities.As expected, low levels of velocity

fluctuations are observed in the freestream, whereas high fluctuation

levels are observed in the shear layer and inside the cavity in both the

experiments and simulations. For the baseline case, in the forward

part of the cavity, the highest level of fluctuations is in the shear layer.

As the flow convects downstream, the shear layer spreads and

deforms to show some three-dimensional flow structure due to the

influence of the sidewalls. By comparing the baseline and controlled

cases, higher velocity fluctuations in the spanwise wavelike

structures are introduced by the slot jets in the forward part of the

Fig. 12 Flowfield of �u∕U∞ at different x∕D locations. Experiment controlled case: �λ � 0.748, d � 25%, and Cμ � 0.0147; simulation controlled case:
�λ � 0.667, d � 25%, and Cμ � 0.0584. The dashed lines denote the simulation domain.

Fig. 13 Isosurface of Q-criterion [49] (QD2∕U2
∞ � 2.8) with contour of time-averaged normalized streamwise vorticity overlaid for the flow structure

near the central jet. The sliced y–z plane is at x∕D � 0.25 in the perspective view.
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cavity. In the rear part of the cavity, the velocity fluctuations are found

to be significantly reduced with control, which suggests that the

instability characteristics of the flowhave been altered and the growth

rate of disturbances is reduced. This is similar to the five-slot

controlled case (�λ � 0.506 and d � 50%) investigated by Lusk et al.
[18]. Although a smaller domain is used in the simulations with
periodic boundaries, the results generally have very similar trends in
the suppression of the velocity fluctuations.
After examining the local velocity fields, the entire velocity fields

obtained from simulations are analyzed in the spatial domain. The
time-averaged velocity data are collected in each y–z plane for spatial
Fourier analysis in the z direction. In the two simulated controlled

cases with �λ � 0.667, the wavelength with the largest amplitude
corresponds to the slot wavelength D∕λ � 1.5. Therefore, the
amplitude of the dominant nondimensional spatial frequencyD∕λ �
1.5 of time-averaged streamwise velocity is collected to generate the
contour plots as shown in Fig. 15, in which the region with a higher
contour level indicates a stronger spanwise variation induced by the
3-D actuations. Large spanwise variation appears in the shear layer
near the leading edge, especially in the front half of the cavity.
When the flow convects downstream, the 3-D effect from the
actuation weakens gradually. To quantify the streamwise length of
the influence region due to actuation, a reference contour level of 0.03
is chosen to highlight the region of influence. With the same contour
level, the controlled cases with Cμ � 0.0146 and 0.0584 have

spanwise variations up to x∕D � 3.95 and 4.75, respectively. Hence,
the 3-D effects introduced by the slot jets persist farther downstream
with increased momentum injection.

Fig. 14 Velocity fluctuations urms∕U∞ of the flowfield at different x∕D locations. Experiment controlled case: �λ � 0.748, d � 25% and Cμ � 0.0147;

simulation controlled case: �λ � 0.667, d � 25% and Cμ � 0.0584.

Fig. 15 Contours of amplitudes of spanwise spatial Discrete Fourier Transform performed on time-averaged streamwise velocity from simulations. The
dashed lines denote contour level of 0.03.

x/D
0 2 4 6
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1
Baseline (sim.)
C  = 0.0146 (sim.)

µC  = 0.0584 (sim.)
Baseline (exp.)
C  = 0.0147 (exp.)

Fig. 16 Comparison of spanwise averaged vorticity thickness from the
experiments and simulations. The error bars indicate the standard
deviation of the vorticity thickness in the spanwise direction.

Fig. 17 2-D spatial autocorrelation function centered at (0, 0) on x∕D � 5 plane. Distributions of autocorrelation coefficient across (0, 0) are projected on
the sides and compared.
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To quantitatively evaluate the impact of control on the shear-layer

growth, we use vorticity thickness

δω � U∞

�∂ �u∕∂y�max

(6)

as a local measure of the shear-layer thickness in the mean flowfield.

The preceding equation only calculates the local vorticity thickness,

and therefore the spanwise averaged vorticity thickness is used

δω;averaged �
1

�z2 − �z1

Z
�z2

�z1

δω��z� d�z (7)

where �z1 � −1.5�λ and �z2 � 1.5�λ.
The overall behavior of the spanwise-averaged vorticity thickness

obtained from both experiments and simulations is quite similar, as
shown in Fig. 16. In the baseline case, the growth rate (the slope of the
curve) of vorticity thickness is approximately linear in the front part
of the cavity (1 < x∕D < 3), which is a characteristic feature of a

Fig. 18 Contour of averaged radius of eddies located at different locations on x∕D � 5 plane. The radius is normalized by D.

a) Mach 0.5 b) Mach 0.5

c) Mach 0.6 d) Mach 0.6

e) Mach 0.7 f) Mach 0.7
Fig. 19 Control performance vs g∕δ0 for different l∕δ0. Horizontal dashed line indicates 50% suppression. Vertical dashed lines indicate the limitations
of g∕D. Left: reduction in Prms; right: reduction in dominant peak.
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cavity-free shear layer [18,50,51]. The experimental controlled cases

show little difference in the spanwise-averaged vorticity thickness

versus the baseline. However, the simulated controlled cases

encompass a larger range ofCμ than the experiments. The one with a

higher Cμ has a slightly larger vorticity thickness in the front part of

the cavity but tends toward identical values near the trailing edge.

These results are consistent with the observed growth and decay of

the wavelike structures in Fig. 15.
To assess the influence of control on the turbulence of the flow, the

integral length scale is used to characterize the eddy size in the

experiments. The 2-D unbiased spatial autocorrelation was evaluated

for the streamwise velocity fluctuations u 0 at x∕D � 5. The average
radius of an eddy located at (y0, z0) is calculated from the local

integral length scale using

Λ�r0� �
�
1

π

Z
Ru 0u 0>0.1

Ru 0u 0 �r0; dr� dr
�
1∕2

(8)

Here, Ru 0u 0 �r0; dr� is the autocorrelation coefficient defined by

Ru 0u 0 �r; dr� � hu 0�r; t� ⋅ u 0�r� dr; t�i
hu 0�r; t� ⋅ u 0�r; t�i (9)

where r0 is given by (y0, z0), and dr is given by
���������������������
dy2 � dz2

p
. The

spatial autocorrelation coefficient is estimated using all velocity

snapshots. An example contour of Ru 0u 0 for r0 � �0; 0� is shown in

Fig. 17. The extent of the highly correlated region in the baseline case

is larger than in the controlled case, which indicates that the integral

scale is reduced under the control. Corresponding one-dimensional

cuts of the autocorrelation coefficient are projected above and to the

right of the contour plot. The correlation is unity for no shift and

decays as dr increases. This analysis is repeated for multiple

reference points in the domain y∕D ∈ �−0.2; 0.2	 and z∕D ∈ �−1; 1	,

and the integral length scale, calculated from Eq. (8), at different
points is shown in Fig. 18. An average reduction of approximately
8% is observed with the control in this region.

IV. Slot Array Design Guide

Based on the preceding observations, we conclude that the
streamwise vortical structures formed by 3-D actuation required for
effective suppression need not exist over the entire cavity length; the
key interactions occur in the front half of the cavity. The induced
streamwise vortical structures from each slot grow and saturate in the
front half of the cavity by extracting energy from the shear layer and
thereby disrupt the natural cavity disturbances from growing. The
3-D actuation thus reduces the length scale of the large eddies in
the aft part of the cavity, resulting in a weaker impingement on the
trailing edge and a reduced source strength. The spatial duty cycle and
wavelength of the injection in addition to Cμ govern the effectiveness
of the streamwise vortical structures for suppression at a given Mach
number and cavity configuration. The control performance can be
written as a function of a few dimensionless parameters as

ΔP2
rms

q2∞
� F

�
Ma;

L

D
;
W

D
;
δ0
D
;Cμ; �λ; d

�
(10)

The control performance shows that all of the segmented slot jets are
generally effective for Mach 0.3 to 0.4. However, at higher Mach
numbers, there exists a range of l, beyondwhich the efficacy of control
can degrade. This indicates that the slot length l and gap spacing g are
more relevant than λ and d. Because the generation of the counter-
rotating streamwise vortical structures in the current study is due to
the interaction between the jets and the external flow, l and g can be
scaled by the incoming boundary-layer thickness δ0, which is the
characteristic length scale of the incoming flow. For a fixed cavity
geometry and a specific Mach number, Eq. (10) can be rewritten as

Fig. 20 Comparison of the evolution of �v∕U∞ along the center slot under control using different d with a fixed �λ � 0.748 at Cμ � 0.0147 and 0.0141,
respectively. Dashed lines indicate sinusoidal waves.
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ΔP2
rms

q2∞
� F

�
δ0
D
;Cμ;

l

δ0
;
g

δ0

�
(11)

Therefore, Fig. 19 (left column) provides the compiled control
performance forCμ < 0.03 andMach 0.5 to 0.7, which are grouped in

different l∕δ0 ranges over g∕δ0. It is clear that the control is less
effective (suppression of less than 50%) if l∕δ0 lies outside the range
[0.52, 2.6] (the blue and red groups). An extremely large l∕δ0 will
result in a jet with a low velocity for the same amount of momentum
injection, which then weakly interacts with the shear layer. For a small
l∕δ0, the jet spreadsmore locally (see Figs. 20b and 20d).Compared to
the best controlled case studied herewith a 25% spatial duty cycle, the
upwash and downwash effect ismore evenly distributed, which results
in improved mixing (Figs. 20a and 20c).
In addition to the limited range of effective l∕δ0, a small gap

spacing is another limitation. The slot jets with the smallest gap
spacing provide poor control performance for Mach 0.5 to 0.7.
Although not confirmed by experiments or simulations, it is
suspected that cross annihilation of opposite-sign vorticity can
occur if the gap is too small [52]. As a result, the counter-rotating
vortical structures decay rapidly, thus resulting in reduced control
effectiveness.Conversely, ifg∕δ0 is too large, the incoming boundary
layer is not significantly affected by the actuation. Therefore, the key
is to manipulate the spacing to properly introduce more spanwise
structures without cross annihilation. Besides the reduction in Prms,
the reduction in the dominant mode (second mode) is provided in
Fig. 19 (right column) in a similar manner, which shows that
the successful control also suppresses the dominant mode from
Mach 0.5 to 0.7.
Table 6 summarizes the suggested slot configuration for effective

control based on the database in the current work. At this stage, it is
unclear whether the boundary-layer thickness δ0 or the cavity depth
D is a more relevant length scale; therefore, both values are provided.
Although there are a few studies in the literature that can be used to
validate the proposed design guidelines, all involve supersonic cavity
flows [16,18,19,53]. After converting all the parameters to the same
terminology used in the current work (Tables A1–A4), the results are
compiled in Fig. 21. When the slot length is shorter than the
threshold, the control is less effective at a small amount injection
(Fig. 21a). Although microjets [19] can achieve a higher suppression
level (greater than 60%) at a higher Cμ (Fig. 21b), it is still less
effective compared to the optimal cases. The control performance of
the l∕δ0 ∈ �2.3; 4.9� (green) group only improves very slightly with
Cμ doubled, indicating saturation of the control. This also implies that
the energy cost can be significantly reduced if l∕δ0 is properly
selected. Despite the different flow conditions and cavity geometries,
the slot length agrees quite well with the design guide, whereas there

are some differences in the gap dimension, noting insufficient data for
proper assessment.
It should be noted that all of these wind-tunnel test use scaled

models, and the boundary-layer thickness δ0∕D varies from 0.1 to
0.3. However, the boundary-layer thickness on flight test aircraft is
dependent on the altitude and aircraft speed. For example, δ0∕D can
vary from 0.1 to 0.2 for a weapon bay depth of 0.5m atMach 0.71 for
an altitude range from 1.5 to 9.1 km [54]. The scaling effects of the
slot configuration thus need to be investigated further. Although the
comparisons are limited, the suggested slot length range appears to be
good as a starting point for designing slot configurations for cavities
with L∕D � 5.5 to 6.

V. Conclusions

Experiments were performed on flow over an open cavity with
L∕D � 6 from Mach 0.3 to 0.7, and companion large-eddy
simulations (LESs) were performed at Mach 0.6 to evaluate and
understand the effects of flow control using steady slot jets at the
cavity leading edge. Specifically, control performance, in terms of
the reduction of the power of surface pressure fluctuations, of 16
different slot configurations was assessed in experiments. Two
controlled cases with increased level of effectiveness were selected
for further analysis by LES.
The fluctuating surfacepressuremeasurements reveal that significant

suppression is not achieved until 3-D disturbances with sufficient
momentum are injected into the flow. The control performance
eventually saturates for high value of Cμ. The effectiveness of the

control is dependent on the dimensionless wavelength and spatial duty
cycle of the actuation. The case with 2-D, single-slot injection has the
least effective control performance due to the lack of any 3-D
disturbances being introduced into the flow. For 3-D actuation, the

control is effective for dimensionlesswavelengths �λ � λ∕D of 0.5 to 1,
at selected spatial duty cycles. Effective control cases generally reduce

P2
rms by over 70% on the cavity aft wall at the highest tested Mach

numbers (0.6 and 0.7). The simulations at a lower Reynolds number
show a reduction of pressure fluctuations in the shear layer but
enhanced pressure fluctuations on the aft wall with at Cμ � 0.0146.

However, global reduction of pressure fluctuations throughout the
entire cavity with a higher Cμ � 0.0584 is observed.

Analysis of schlieren images, along with the assistance of
simulation data, provides additional insights into the flow physics.
Downstream of the slots, the shear layer is slightly lifted near the slot
and is pushed down between the slots. It is observed that 3-D control
greatly reduces the size of spanwise vortical structures and weakens
the intensity of the impingement region. Actuation with the
single-slot configuration also slightly deflects the shear layer but
has negligible effects on large-scale vortical structures and the
impingement region.
Baseline flowfields obtained from particle image velocimetry

measurements and simulations exhibit agreement despite the
difference in the Reynolds numbers (ReD;exp � 3.3 × 105 and
ReD;sim � 1.0 × 104). By comparing streamwise velocity and
Reynolds stress hu 0v 0i, it is found that 3-D actuation reduces the

a) C  < 0.05 b) C  < 0.1

Fig. 21 Control performance vsg∕δ0 for different l∕δ0 in the literature:Ukeiley et al. [16] (circles), Lusk et al. [18] (triangles),Kreth [19] (diamonds), and
George et al. [53] (squares).

Table 6 Suggested slot configuration

Limit l∕δ0 g∕δ0 l∕D g∕D

Minimum 0.52 2.3 0.077 0.37
Maximum 2.6 4.9 0.37 0.73
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turbulence levels in the shear layer and weakens the velocity
fluctuations near the impingement region. With a relatively small
amount of momentum injection (Cμ � 0.0147 in the experiments

andCμ � 0.0584 in the simulation), the flow forms a strong spanwise

wave pattern within a short distance downstream of the leading edge
due to counter-rotating flow structures generated at the end of each
slot. Fourier analysis performed on the spanwise flowfield data
confirms the streamwise development of spanwise counter-rotating
flow structures in the flow, which grow significantly in the front half
of the cavity and decay rapidly farther downstream. As the flow
convects downstream, the spanwise wave pattern diminishes, albeit
with additional finer-scalemotion. The shear layer is greatly distorted
under 3-D actuation, but the spanwise-averaged growth rate is
only slightly reduced by control in the latter half of the cavity.
These results along with the reduction of the integral length scale of
the turbulence due to control lead to reduced levels of velocity/
pressure fluctuations near the trailing edge. As a consequence, the
strength of the acoustic source is reduced, and effective suppression
of cavity oscillations is achieved.
Design guidelines for the slot array configuration are also provided

based on the database obtained in the current work. The key
recommendation is to facilitate the formation of counter-rotating
flow structures introduced by the slot jets. The guidelines are also
compared with results in other cavities at supersonic speeds in the
literature, showing general agreement for effective control. However,
scaling of the slot array needs to be investigated further based on a
larger database including different cavity geometries and flow
conditions. The current work focused on the spatial geometry effects
on cavity flow control. In addition, a study of temporally optimized
control using pulsed injection should also be performed to potentially
further improve the performance.

Appendix:RelevantCavity FlowControl in theLiterature

Tables A1–A4 list jet configurations in the literature. Values in
bold are within the criterion.
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