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Computation of Cavity Flows with Suppression
Using Jet Blowing
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A computational investigation of a compressible cavity � ow was conducted. Blowing was implemented
to suppress the large pressure oscillations characteristic of cavity � ows. The cavity length-to-depth ratio
was 4.33, and the freestream Mach number was 1.75. A two-dimensional, time-accurate Navier ­ Stokes
scheme was used to simulate the � ow. A small jet placed within the cavity just below the front lip was
used to force the shear layer with different amplitudes and frequencies. This control technique was
successful in reducing the amplitude of the oscillations. Furthermore, the effectiveness of the control was
found to depend upon the jet frequency, amplitude, phase angle, and duty cycle. Autocorrelation analysis
showed that the jet decreased the size of the structures in the shear layer. Cross-correlation analysis
showed that the timing of events within the cavity were unaffected by the jet blowing.

Introduction

C AVITY � ows occur in a variety of situations where an
ori� ce is exposed to moving � uid. Under certain condi-

tions, intense, unsteady acoustic oscillations are produced
within the cavity. These oscillations can be severe enough to
damage stores in an exposed weapons bay.1 Other problems
associated with cavity � ows are excessive noise from the
wheel wells2 and an increase in aerodynamic excrescence
drag.3 The severity of the problems associated with cavity
� ows has motivated many computational and experimental
studies. These studies have been directed toward improving
our understanding of the nature of cavity � ows and means to
control cavity � ows.

There are two basic types of cavity � ow, depending upon
the cavity length-to-depth (L/D) ratio. For L /D ratios greater
than 10, the � ow is termed a closed cavity � ow and is quite
steady. In the applications described earlier, the L /D ratio is
less than 10; in this case the � ow is termed an open cavity
� ow and is unsteady. This � ow unsteadiness arises because of
the coupling of instabilities in the shear layer and acoustic
disturbances within the cavity4 (Fig. 1). The Kelvin ­ Helm-
holtz-type instabilities originate near the upstream separation
point of the shear layer. These instabilities or vortices grow as
they are convected downstream in the shear layer. At the
downstream cavity wall, acoustic disturbances are generated
as a result of the impingement of the vortices on the wall.
These disturbances radiate throughout the cavity, and at the
receptivity site on the upstream cavity wall they produce ad-
ditional instabilities in the shear layer. A feedback loop is thus
formed by the shear layer’s instabilities and the cavity’s acous-
tic disturbances. Furthermore, the interaction of the distur-
bances and the shear layer produces large vertical displace-
ments of the shear layer as it bridges the cavity opening; these
displacements result in a mass and momentum exchange,
which is most marked at the cavity downstream wall. These
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aforementioned phenomena produce the undesirable cavity
� ow oscillations that are encountered in the practical appli-
cations.

A number of different methods have been developed to sup-
press the cavity oscillations. One class of suppression tech-
niques used is passive control. In this approach, the cavity is
modi� ed in some way, usually with mounted devices. Some
examples of these are spoilers5,6 and trailing-edge slants5,7 that
modify the shear layer, and cowls5 that interrupt the mass
transfer above the cavity downstream wall. Passive pneumatic
control, whereby the pressure difference in the cavity is ex-
ploited to transport � uid along the cavity � oor, has been ex-
amined by Chokani and Kim.8 Passive control methods have
been found to be inexpensive, simple, and at certain � ow con-
ditions, very effective in suppressing the cavity oscillations.
However, since the passive control uses permanent devices,
the performance of the cavity at off-design or in time-varying
conditions may actually be worse than the performance of a
cavity without passive control.

Active control methods, on the other hand, can continuously
change to adapt to different � ow conditions. Vakili et al.9 in-
jected � uid upstream of the cavity to modify the shear layer.
The cavity dynamics were signi� cantly altered, and a 27 dB
decrease in the peak pressure amplitude was measured. Sarno
and Franke10 conducted experiments using a small fence or a
small jet at the upstream cavity wall. They found that a pulsing
jet could be used to decrease the peak pressure amplitude by
up to 8 dB. These studies were useful in that the feasibility of
an active control method was demonstrated. However, in the
absence of detailed measurements, it is dif� cult to discern the
nature of the control mechanism. The advent of high-perfor-
mance computer hardware, miniaturized actuators and sensors,
and microelectromechanical systems has renewed interest in
active � ow systems. The previous high-cost, heavy weight, and
unreliability are no longer pacing factors in the implementation
of active control systems. The potential does exist for the im-
proved control of cavity oscillations under a wide range of
conditions. The primary objective of the present work is to
demonstrate the capability of state-of-the-art computational
� uid dynamics methods to simulate blowing control of a com-
pressible, unsteady, separated � ow that then could be imple-
mented in an active control system.

The approach taken in the present work was to perform
time-accurate Navier­ Stokes simulations of the compressible
� ow past a cavity with and without blowing control. The two-
dimensional Navier­ Stokes code developed by Morgenstern
and Chokani11 was used for this purpose. This code has pre-
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Fig. 1 Open cavity � ow.

Fig. 2 Schematic � gure of jet placement within the cavity.

Table 1 Comparison of computational and experimental cavity
resonant frequencies with the Rossiter formula predictions

Mode Present work Vakili et al.9 Rossiter, Eq. (1)

First 719 (12%) 830 (29%) 640
Second 1496 (2.1%) 1592 (6.5%) 1494
Third 2259 (23.8%) 2540 (8.1%) 2348

Fig. 3 Computational grid for the cavity, L /D = 4.33.

Fig. 4 Comparison of grid re� nement spectra with Rossiter for-
mula prediction.

viously been shown to accurately capture the unsteady char-
acteristics of cavity � ows. Turbulence closure was accom-
plished through the use of an algebraic eddy viscosity model.
The same turbulence model was used for the computations
with and without blowing control. The turbulence model in-
adequacies in the prediction of the effects of the � ne-scale
turbulence are limited to the components of the frequency
spectra at values much higher than those associated with the
cavity � ow’s unsteadiness. Thus, in the present work, where
the focus is on the effectiveness of the control technique, the
simple turbulence model is deemed adequate. The computa-
tionally ef� cient code is thus used to conduct detailed para-
metric studies of the active control of compressible cavity
� ows.

The blowing control used in this study consisted of a small
steady or pulsing jet placed within the cavity below the front
lip (Fig. 2). The present study examines the following issues:
what are the effects of the jet on the cavity � ow dynamics,
and how effective is this technique in attenuating the oscilla-
tions? In the next section, the numerical code and the spectral
analysis techniques are described. Some details of the cavity
dynamics are then presented in the Results and Discussion
section. The spectral analysis for the baseline case without
blowing, for the steady blowing jets, and for the pulsing jets
are also presented. Finally, the conclusions concerning the ef-
fectiveness of the blowing control using the jet are presented.

Numerical Techniques
Unsteady, two-dimensional calculations of the cavity � ow-

� elds were conducted using the implicit, Navier­ Stokes solver
developed by Morgenstern and Chokani.11 The code is used to
solve the unsteady, compressible, turbulent � ows on � nite vol-
ume grids. The Baldwin ­ Lomax turbulence model, modi� ed
for cavity � ows, is used to model the effects of � ne-scale tur-
bulence.12 An implicit algorithm based on the lower-upper,
symmetric-Gauss­ Seidel (LU ­ SGS) scheme with a Newton
subiteration procedure is used to perform the time-accurate
calculations of the unsteady � ows. The Newton subiteration
procedure is employed to eliminate the linearization and fac-

torization errors of the basic LU ­ SGS scheme. The implicit
algorithm yields results that are temporally and spatially ac-
curate to the second order. A multiblock approach is used in
the calculations to ef� ciently utilize the computer memory.
East13 and Rizzetta14 have shown that the cavity � ow phenom-
ena are largely two dimensional in character. Thus, in the pres-
ent work, a two-dimensional study is conducted.

The implementation of the jet boundary conditions are de-
scribed in detail in Ref. 15, but a few salient features are pre-
sented here. The jet is placed just beneath the upstream cavity
wall lip (Fig. 2). The jet opening is 0.045D, and its top is
located 0.018D below the lip. The three parameters speci� ed
for the jet are 1) injection angle f, 2) total pressure Pt, and 3)
total temperature Tt. For the pulsing jets, a phase angle u, peak-
to-peak amplitude, and pulsing frequency f of the total pressure
are also speci� ed. For all cases presented here, u = 45 deg and
Tt = 298 K. The jet was choked for all of the cases examined;
therefore, the jet exit pressure and temperature are calculated
using the isentropic relations. The jet exit velocity is then cal-
culated using the jet exit temperature. A uniform velocity, pres-
sure, and temperature pro� le is assumed across the jet opening.
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Table 2 Summary of test cases examineda

Case
Pt,
kPa

m· ,
kg/s Duty cycle

f,
Hz

u,
deg

1 213 0.021 Steady —— ——
2 450 0.044 Steady —— ——
3 213 0.010 Square 711 0
4 213 0.010 Square 711 180
5 213 0.021 Sinusoidb 711 0
6 213 0.021 Sinusoidb 500 180
7 450 0.044 Sinusoidb 500 0
8 450 0.044 Sinusoidb 500 180
9 450 0.044 Sinusoidb 1000 0

10 55.5 0.035 Steady, distributed upstream blowing
a
M` = 1.75, Re = 5.58 3 107/m. bPeak-to-peak amplitude is 94.5 kPa.

Fig. 5 Comparison of the pressure ­ time histories with and with-
out blowing control at the front and back lip locations.

These calculated exit values are used to determine the ghost
cell values for the � nite volume mesh.

Spectra of the cavity pressures were obtained using the max-
imum entropy method (MEM) for spectral estimation.12,16 In
comparison to the more traditional fast Fourier transform ap-
proach, the MEM makes no assumptions about the data, nor
are the data arti� cially manipulated. However, the MEM yields
a power spectrum density estimate given as

P Dtm
S( f ) = 2m

1 2 a exp(22p j fnDt)mnU O U
n=1

where Pm is the output power associated with the (m 1 1)
length predictor ­ error � lter; amn are the � lter coef� cients; and
Dt is the time interval of the equally spaced data samples. This
MEM spectrum is integrated over the frequency bandwidth to
obtain the power spectrum (a reference pressure of 2 3 102 5

Pa is used to normalize the cavity pressures).
The semiempirical formula, developed by Rossiter,6 and

modi� ed by Heller and Bliss5 for compressible � ows, was used
to predict the cavity resonant frequencies. The modi� ed for-
mula is

U m 2 a`
f = (1)m

L M 1`
1

2 kv1 1 [(g 2 1)/2]MÏ `

where g is the ratio of speci� c heats; M` and U` are the free-
stream Mach number and � ow speed, respectively; and fm is
the resonant frequency corresponding to the mth mode. Heller
and Bliss5 determined from their experiments that the constants
a and kv are 0.25 and 0.57, respectively. Heller et al.17 esti-
mated that for cavities with a L /D ratio of 4 or more, the dif-
ference between the Rossiter formula and experiments should
be within 610%.

Results and Discussion
For purposes of comparison, the present study was con-

ducted using the same test conditions Vakili et al.9 used in their
upstream blowing experiments. The freestream Mach number
was 1.75, stagnation pressure 310 kPa, and unit Reynolds
number 5.58 3 107/m. The total temperature was 256 K and
an adiabatic wall is assumed. The computational grid for the
cavity with L/D ratio of 4.33 used in this study is shown in
Fig. 3. In the streamwise and streamwise-normal (X 3 Y ) di-
rections, this grid contained 70 3 40 and 145 3 50 points in
the cavity and freestream regions, respectively. The points
were clustered along the walls and the expected shear-layer
region between the cavity and the freestream to resolve the
free shear layer and the boundary layer. The boundary layer
upstream of the cavity contained 22 streamwise-normal points.
A grid re� nement study was conducted to ensure that the re-

sults were independent of the grid dimensions. For all four
grids examined (50 3 40 and 125 3 50, 60 3 40 and 135 3
50, 70 3 40 and 145 3 50, and 80 3 40 and 155 3 50), the
spectra calculated using the MEM basically show the same
spectral characteristics (Fig. 4). The vertical lines represent the
modi� ed Rossiter formula predictions. In the insert � gure, the
� lled symbol shows the location of the data sampling point.
In all the spectral analysis, 50 averages of data records each
containing 174 points were used. The resultant spectral reso-
lution was 19.4 Hz.

Table 1 compares the spectral frequencies of the computa-
tion, the baseline experiment of Vakili et al.,9 and the Rossiter
formula, Eq. (1). The values in parentheses are the percent
difference compared with the Rossiter prediction. Only the � rst
three modes are shown. The computational data are within the
difference Heller et al.17 estimated. The experimental data of
Vakili et al.9 also compare well, with the exception of the � rst
mode.

The mass � ow rates m· and description of the different
blowing control test cases examined in this study are given in
Table 2. A typical run on a Cray Y-MP supercomputer required
approximately 4 CPU hours.

Cavity Dynamics

Pressure­ time traces at the front and back lip locations of
the cavity illustrate features of the cavity dynamics. Figure 5
compares the pressure­ time traces of the cavity without con-
trol (baseline case) and a representative case with control (case
9). The cavity without control shows very regular � ow oscil-
lations with a large pressure variation between the two loca-
tions. With control, the amplitudes are reduced, the oscillations
are irregular, and the pressure­ time traces at the front lip lo-
cation show little variation.
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Fig. 6 Baseline cavity Mach number contours. Time = a) 34.9,
b) 35.0, and c) 35.1 ms. Fig. 7 Cavity Mach number contours with blowing control (case

9). Time = a) 35.0, b) 35.1, and c) 35.2 ms.

Figures 6 and 7 show a series of instantaneous Mach con-
tours of the cavity � ow� eld for the baseline case and for the
pulsing jet control case (case 9). The � rst snapshots of the
series are chosen when the pressure at the back lip location is
a maximum. Since the baseline case is so regular, one cycle
is divided equally into three time intervals; this same interval
is also used for the control cases. Figures 6a ­ 6c illustrate the
unsteadiness of the cavity � ow for the baseline case. In Figure
6a, � uid is seen leaving the cavity near the back wall. The
movement of a small disturbance in the shear layer near the
front wall can be traced through the time series. This distur-
bance grows in amplitude as it progresses downstream (Figs.

6b and 6c). For the blowing control case (Fig. 7), blowing has
suppressed the cavity oscillations.

Steady Blowing

Two steady blowing cases, cases 1 and 2, with total reservoir
pressures of 213 and 450 kPa, respectively, were examined.
The jet reservoir pressures yield jet mass � ow rates comparable
to those used in the Sarno and Franke10 experiment. Power
spectra of the steady blowing cases are compared to the base-
line case in Fig. 8. The blowing causes a frequency shift at
the � rst mode by 4% for the low-blowing jet case and 26%
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Fig. 8 Comparison of the cavity pressure power spectra using
different blowing amplitudes for steady blowing control: cases 1
and 2.

Fig. 9 Comparison of the cavity pressure power spectra using
steady, square, and sinusoidal duty cycles: cases 1, 3, and 5.

Fig. 10 Comparison of the cavity pressure power spectra at the
back lip location using different pulsing frequencies: cases 7 and 9.

Fig. 11 Comparison of the cavity pressure power spectra at the
front lip location using different pulsing frequencies: cases 7 and 9.

for the high-blowing jet case. The larger blowing rate produced
the greatest reduction in amplitude across the entire spectrum.
The lower blowing rate, however, shows reductions in the am-
plitude of the second mode, while increasing the amplitudes
of the � rst and third modes.

Pulsing Blowing

Two duty cycles were used for the pulsing blowing: a pulsed
square wave, or an on ­ off type action valve and a sinusoidal,
continuous blowing jet. A forcing frequency of 711 Hz, the
frequency of the baseline’s � rst resonant mode at the front lip,
was used. Figure 9 shows the power spectra of the two pulsed
blowing jets, cases 3 and 5, compared to the steady blowing
jet, case 1. The baseline case with no blowing is also shown
for comparison. The pulsed square wave blowing jet (case 3)
shows an increase in amplitude for the third mode and a sig-
ni� cant reduction in the second mode. The sinusoidal duty
cycle (case 5) does not increase the amplitude at the third
mode unlike the square duty cycle and the steady blowing jet
cases. Pulsing is seen to be more effective in suppressing the
second mode compared to the steady jet.

The effects of sinusoidal pulsing at frequencies other than a
resonant frequency are shown in Fig. 10. Frequencies 500 and
1000 Hz, cases 7 and 9, respectively, were chosen since they
differ from the baseline cavity resonant mode frequencies and
have low amplitudes in the baseline spectrum. Pulsing the jet

at 1000 Hz is more effective at reducing the amplitude of the
third mode. The amplitude reductions at the � rst and second
modes are approximately the same. For both the 500- and
1000-Hz cases, there was no increase in amplitude at the puls-
ing frequencies. Spectra obtained from data sampled at the top
corner of the cavity front wall are shown in Fig. 11 for the
500- and 1000-Hz cases. For both cases, the frequencies are
considerably damped out at the front wall. Even though there
is no clear evidence of the oscillations at the front wall for the
1000-Hz jet (Fig. 5), by the time the � uid in the shear layer
has convected to the back wall, measurable oscillations have
developed.

Figure 12 shows the effect of the pulsing jet pressure am-
plitude for the 500-Hz sinusoidal wave, cases 6 and 8. The
steady-blowing jet cases (cases 1 and 2) are also shown for
comparison. The higher pressure jet (case 8) was more effec-
tive at reducing the amplitude at all of the modes; whereas the
lower pressure jet (case 6) reduces the spectral amplitudes at
all but the third mode. It was previously observed that the
pulsing jet was more effective than the steady blowing jet in
suppressing the second mode. However, for the � rst mode, the
low-amplitude pulsing jet is more effective than the low-am-
plitude steady jet. For the third mode, the pulsing high-ampli-
tude jet is more effective than the steady blowing jet.

Figure 13 summarizes the spectral amplitude reduction in
decibels between the control cases and the baseline case. For
each case, the decibel reduction is shown for the � rst, second,
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Fig. 12 Comparison of the cavity pressure power spectra using
different amplitude pulsing jets: cases 1, 2, 6, and 8.

Fig. 13 Summary of cavity pressure reduction in decibels for the
� rst three modes by different control methods.

Fig. 15 Cross-correlation coef� cient between front and back lip
locations: cases 1, 3, 5, and 6.

Fig. 14 Normalized autocorrelation at the back lip location:
cases 1, 2, 6, 7, and 9.

and third modes. These cases are compared to a computational
simulation of the upstream blowing experiment of Vakili et
al.,9 case 10. In the experiment, a large porous plate was lo-
cated upstream of the cavity. This simulation modeled the low-
density hole con� guration (plate 8 in Ref. 9), with the inter-
mediate blowing rate of 0.035 kg/s. As can be seen, the
amplitude reductions using the small jet are comparable to the
measured reductions of case 10 and are accomplished with
comparable mass � ow rates (Table 2). For the lower amplitude
blowing cases (Pt = 213 kPa), the effect of the four jet param-
eters (phase, duty cycle, pulsing, and pulsing frequency) on
the most intense resonance at the second mode can be sum-
marized as follows. The second mode suppression is most ef-
fective at f = 0 deg compared with f = 180 deg. The square
duty cycle yields more bene� cial reductions in the second
mode amplitude than the sinusoidal duty cycle; however, the
sinusoidal duty cycle has a less adverse effect on the � rst and
third modes. With the exception of the square duty cycle, f =
180-deg case, the pulsing jet is seen to be more effective in
the second mode suppression than the steady amplitude jet. No
clear evidence of the pulsing jet’s frequency is seen at this
low-amplitude blowing. At the higher amplitude blowing (Pt

= 450 kPa), pulsing the blowing jet is seen to be effective in
suppression of all three observed resonant modes. For both the
steady and pulsing jet it is seen that the suppression is more
effective at the higher blowing amplitude.

Autocorrelation Analysis

Autocorrelation analysis was conducted to examine the ef-
fect of blowing on the length scales of the shear-layer insta-
bilities. Figure 14 shows the autocorrelation coef� cient taken
at the back lip location for cases 1, 2, 6, 7, and 9. The auto-
correlation function rolls off more quickly for all cases shown,
except for the low-amplitude, steady blowing, case 1. This
rolloff is indicative of the smaller scales in the shear layer. The
high-amplitude blowing is more effective in reducing the
length scales than the low-amplitude blowing cases. This re-
duction in length scales correlates with the reduction of pres-
sure amplitude shown in Fig. 13.

Cross-Correlation Analysis

Cross-correlation analysis was used to assess the effect of
the jet blowing on the timing of the cyclic disturbances within
the cavity. As described by Heller and Bliss,5 these distur-
bances consist of vortices that are shed at the front cavity lip
and are then convected downstream, and pressure waves that
arise from the impingement of the vortices at the cavity rear
wall and are then propagated upstream. In the normalized
cross-correlation plot, the peak amplitudes are indicative of the
correlated events between the two measured stations. Figure
15 shows the normalized cross-correlation coef� cient between
the front lip station and back lip station for several low-am-
plitude blowing cases. The convection velocities may be cal-
culated using the linear distance between the two measurement
stations divided by the time lag t. From this analysis, the peak
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at 0.2 ms is spurious and has no physical meaning. The true
time lag for a disturbance convected from the front lip to the
back lip is the peak at 0.83 ms; this corresponds to a speed
46% of the freestream speed. The time lag of the upstream
propagating wave is 20.51 ms, which corresponds to a wave
traveling at the speed of sound based on the cavity stagnation
temperature. The cross-correlation amplitude for all of the
cases shown has been slightly reduced, with the sinusoidal
case, case 5, having the weakest correlation for both upstream
and downstream propagating waves. The blowing, however,
does not have a signi� cant effect on the time lags.

Conclusions
The feasibility of using jet blowing to reduce the pressure

oscillations in a compressible cavity � ow has been examined
using two-dimensional, time-accurate Navier ­ Stokes simula-
tions. A small jet, placed within the cavity just below the front
lip, was used to force the cavity shear layer. The forcing was
found to be effective in reducing the large pressure oscilla-
tions, which are characteristic of open cavities. The effective-
ness of the suppression was found to strongly depend on the
amplitude and frequency of the jet and weakly depend on the
phase angle and duty cycle of the jet. Autocorrelation analysis
shows that the size of the vortical structures in the shear layer
are reduced, and this may explain the reduction in the pressure
amplitude of the oscillations. However, the cross-correlation
analyses suggests that the timing of events within the cavity
are unaffected by the jet blowing.
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