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I. Introduction

HEN fluid flowing over a bounding surface encounters a

recess of significant size relative to the boundary layer, a
complex three-dimensional (3-D) flow is established inside the
recess that couples to the external flow in such a way that fluid-
acoustic resonance can occur resulting in high-amplitude acoustic
noise production, significant drag force increases, and high-
amplitude hydrodynamic loading of the inclusive airframe. Research
into these “cavity flows” dates back to over a half of a century to the
seminal work of Rossiter [1] who proposed an empirical relationship
for the prediction of resonant tones. For the interested reader, there
are a number of excellent reviews [2—4].

In the current work, supersonic flow over a high-aspect-ratio
cavity was studied with variations on the configuration of cavity
doors: 1) no doors (baseline cavity), 2) doors open and protruding
into the flow normal to the cavity opening, and 3) one door open with
one door closed. These configurations are of current interest as
modern high-speed aircraft are employing relatively long, shallow
bays for carrying weapons.

The presence of payload bay doors adds to the complexity of the
3-D flowfield in and around a cavity. Wood et al. [5] references the
flow visualization studies [6] (colored water surface flow) and [7]
(vapor-screen photography) that show the vortical flow around finite
width cavities at supersonic speeds both with and without doors. For
a basic rectangular recess, counter-rotating, streamwise vortices
stretch along the side of the cavity opening as illustrated in Fig. 1
(left). When doors are present, the vortices persist along the edges of
the doors resulting in a vertical displacement between the vortices
and the cavity opening (Fig. 1, right). This results in a change in the
impingement of the shear layer on the trailing edge of the bay that in
turn modifies the fluid/acoustic feedback process.

Here, the specific effect of the door configuration on the “efficiency”
of the fluid/acoustic coupling is examined by evaluating Rossiter’s
phase lag constant, y, using an amplitude modulation process
approach. The interpretation of the cavity flow as an amplitude
modulation process following the approach of [8,9] is presented in
Sec. II. The cavity model, instrumentation, and flow conditions are
described in Sec. III. The general spectral and spatial characteristics of
the wall-pressure dynamics are presented in Sec. IV. Finally, Delprat’s
modulation process approach [8] is applied to the pressure spectra in
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Sec. V to evaluate the effect of the door configuration on the empirical
constant y. The results provide insight into the effect that the doors
have on the cavity flow process as a whole.

II. Cavity Flow as an Amplitude Modulation Process

Using a signal analysis approach [8,9] it is suggested that fluid-
acoustic resonance induced by flow over a cavity is best described as a
process that includes nonlinear distortion and amplitude modulation.
This approach, which is conceptually supported [10-13], is quite
powerful in describing 1) relationships between tonal peaks in the
pressure spectra (Rossiter modes), 2) the presence of low-frequency
components in the process, and 3) the cause for often observed time-
depending switching between dominant modes observed [14,15].
Figure 2 illustrates the modulation process by showing the time trace
for the first three Rossiter modes from a typical cavity flow wall
pressure.

The basic form of Rossiter’s empirical relationship to predict
frequencies of cavity resonance is [1]

Uoo n—y
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where M is the Mach number, U, is the freestream velocity, L is the
cavity length, « is the shear-layer convection velocity ratio to the
freestream velocity, and y is an empirically determined constant.
Modifications to Eq. (1) have successfully improved the estimation
of f, in certain cases, such as high Mach number [16]. Here,
Rossiter’s original form is used for its broad applicability.
Historically, it is interesting that the “standard” has been to adopt
k= 0.57 and y = 0.25 while Rossiter’s original work [1] listed y
values ranging from 0.25 to 0.58. In the years since Rossiter’s
seminal work, a number of researchers have concluded that the
convection velocity ratio, k = 0.57, is a very good estimate [17-19]
leaving y as the primary unknown.

To provide a physical concept for the constant y, Rossiter [1]
suggested the model shown in Fig. 3 in which y is the vorticity
wavelength fraction, which has passed by the bay at the instant when
an acoustic wave is emitted from the aft wall. Using the illustration,
Rossiter suggested that y can be determined from the vortex spacing,
A,, vortex convection speed, c¢,, acoustic convection speed, ¢, and
cavity length, L, as

VA, =20, — L L )

a

Subsequently, Rossiter demonstrated the agreement between
Eqgs. (1) and (2) algebraically, thereby validating the empirical
relationship with the conceptual model. In this way, y is seen as a
phase lag parameter. Several authors have approached the problem in
this way by specifically addressing the edge scattering process that

In contrast, [8] suggests that y represents a frequency ratio
between the low-frequency, f,, of the amplitude modulation and the
“fundamental aeroacoustic loop frequency,” f,. This fundamental
frequency can be determined from the interval between two
“Rossiter” mode frequencies:

U, 1
fa=fn+1—fn=fm 3)
Comparing (3) to (1) yields

or,
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Fig. 1 Illustration of the effect of cavity doors on the streamwise
vorticity location relative to the cavity openning: no doors (left), and
doors open (right).
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Fig. 2 Characteristic time traces of a Mach 0.6, L/D =6 cavity
pressure signal. Signals for the first three Rossiter modes were obtained
by applying a narrow bandpass filter to the original signal [15].
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Fig. 3 TIllustration of the physical model used by Rossiter to clarify his
empirical relationship.

fn:(nfa_fb) (5)

Comparing Eqgs. (4) and (5) gives y as the frequency ratio,
f» = vf., as proposed. Applying the approach to the experimental
data requires taking the average of the frequency interval between
pairs of spectral peaks resulting in y being computed as

Test Section

Super-Sonic
Test Section

Y= (fb)mean/(fa)mean (6)

This approach has recently been applied to subsonic cavity flows
within the Mach number range of 0.2—-0.65 [22], and it was found that
y asymptotically decreased from ~0.2 to just less than 0.1 over their
Mach number range.

Unlike Rossiter’s empirical formula, Delprat’s method [8] is not
predictive. However, the application of Rossiter’s formula has
always been hampered by the unknown configuration and flow
effects on the empirical constant, y. Delprat’s method now provides a
concise method for evaluating these effects on y to gain better insight
into the cavity flow process.

III. Experimental Setup
A. Facility Description

All experimental data discussed herein were acquired in the 12 in.
Tri-Sonic Wind Tunnel facility (TSWT) at the National Center for
Physical Acoustics (NCPA) on The University of Mississippi
campus. This facility, brought online in 2006, can be operated
throughout the Mach number range from 0.3 to 1.0 and at supersonic
Mach numbers of 1.5, 2.0, 3.5, and 5.0 using fixed geometry nozzle
blocks. Test models can be positioned in either of two testing stations
as shown in Fig. 4: the upstream location located in the Mach cone of
the nozzle cart; and the supersonic test section (SSTS), which is
located at the exit of the nozzle section. The SSTS has a fixed inlet
cross section of 0.3 x 0.3 m, and its floor and ceiling can be diverged
up to 0.635 cm over its 0.6 m length. Large windows can be installed
in any or all of the SSTS side walls allowing full optical access to test
models as needed. For the current experiments, the cavity model was
installed in the ceiling of the SSTS with windows installed on the
other three walls.

The TSWT is operated as a blowdown facility with closed loop
control of the test section total pressure. The air supply comes from a
high-volume centrifugal compressor system, which charges two
85 m? supply tanks to a maximum pressure of 41 atm. The supply
tanks incorporate a thermal mass to aid in stabilizing the temperature
drop during a test run. The high-volume compressor system
incorporates two Ingersoll-Rand Centac compressors, which allows
for rapid recharging of the supply air. The low-pressure unit provides
air at 8.5 atm to a desiccant dryer that lowers the dew point to —51°C.
The air is then pressurized further to 41 atm and stored in the supply
tanks. The compressor system is isolated from the supply tanks prior
to each run. With typical run times on the order of 15 to 30 s, it is
possible to perform more than 10 test runs per hour on a continuous
basis. As a result, the overall testing time is typically dictated by
model changes rather than by supply charging.

B. Cavity Bay Model and Instrumentation

The rectangular cavity used for this study had a length of 22.86 cm
and a depth of 2.54 cm giving an aspect ratio of L/D = 9. The cavity
width was 5.08 cm. Flat panels were attached to the longitudinal
edges of the cavity opening to represent doors. In the open position,
the panels protruded into the oncoming flow to a height of one-half of

=L

Fig. 4 Nozzle cart, test section, and model support system components of the NCPA TSWT facility.
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¢) One door open (0-C)

Fig. 5 Illustration of the three door configurations examined.
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Fig. 6 Illustration of the location of the nine pressure transducers mounted along the cavity centerline.

the cavity width, or 2.54 cm. Three door configurations were tested as
shown in Fig. 5: 1) no doors, which is a typical rectangular recess in a
flat plane; 2) both doors open; and 3) only one door open. In the
analysis to follow, these are referred to as no doors (N-N), both doors
open (0O-0), and only one door open (O-C), respectively.

Test runs were completed at a freestream Mach number of 1.5 with
a total pressure of P, ~ 206.8 kPa. This resulted in a freestream
dynamic pressure Q = %yPSM 2 = 88.3 kPa where P, is the static
pressure in the test section. The specific run conditions for each
configuration are listed in Table 1. The boundary layer thickness, 8, at
the leading edge of the cavity was estimated from schlieren images to
be on the order of 1.14 cm suggesting §/D = 0.45.

Surface pressure signals were measured at nine locations along the
centerline of the cavity: eight along the floor and one on the aft wall as
shown in Fig. 6. Kulite model XCS-093-25SG transducers were used
to measure the wall pressures. In each case, the signals were digitized
at 100 kHz sample rate with a low-pass antialiasing filter set to
40 kHz. A total of 256 x 4096 samples were recorded for each
configuration.

IV. Spectral and Spatial Characteristics of the
Pressure Signals

Spectral analysis of the surface pressure signals show significant
changes in the aeroacoustics for the three door configurations tested.
With the pressure signals from the k =9 transducers denoted as
P, (1), the one-sided autospectral density was calculated as

G,p(f) = (PE(HPL(P)) ()

where ﬁk( f) = F(P(t)) denotes the 4096-point fast Fourier
transform of the pressure signal, (-) denotes ensemble averaging over
the 256 blocks, and (-)* denotes the complex conjugate. Figure 7
shows the spectra at the aft wall, a), and at two locations along the
cavity floor, b) and c). First, the spectra are highly dependent on the
spatial location of the sensor for this relatively long cavity. Second,
the O-O configuration does not exhibit the typical spectral peaks
related to Rossiter type behavior, rather, there are only broad humps
in the O-O spectra and then only at select spatial locations. Also, the

N-N and O-C configurations do show signs of fluid/acoustic type
resonance. However, for the O-C configuration, the spectral peaks
are shifted to a higher frequency and the peak amplitudes are larger
relative to the broadband level. Finally, the door configuration’s
effect on the broadband levels is spatially dependent: compared to
N-N, the broadband levels for O-C are lower for the aft wall but
higher in the upstream end of the cavity at P5.

Figure 8 shows the spatial distribution of the pressure dynamics
by plotting the surface pressure spectra for each sensor at its
corresponding location relative to the cavity length. The resulting
contour surface shows the dominant resonant tones for the N-N and
O-C configurations at their respective frequencies, but in this view,
the spatial distribution of the dynamics at these frequencies is also
evident. For example, the O-C configuration in Fig. 8c exhibits
varying numbers of peaks in the streamwise (x/L) direction for each
of the dominant tonal frequencies: the mode 2 tone at 1000 Hz has
two peaks in the streamwise direction while the mode 3 tone at
1600 Hz has three peaks in the x/L direction.

There are other interesting features that appear in the surface-
contour plots in Fig. 8. It is clear that the presence of the doors has a
significant impact on the spectra. In fact, with both doors open
(configuration O-0O), there are no resonant tones anywhere in the
cavity. However, at the lower frequencies, there is a clear dip in the
amplitudes in the middle portion of the cavity length. In contrast,
when one of the doors is closed (configuration O-C), the resonant
tones are clearly dominant throughout the cavity, even at the
upstream end. The O-C configuration also results in a broad low-
frequency hump near 250 Hz (see Fig. 7b) that is not present for the
N-N case.

V. Effect of Cavity Door Configuration

The shift in the spectral peak frequencies shows that the fluid-
acoustic feedback is modified by the door configuration; this is not
unexpected. However, a model for the modification of the feedback is
not yet known. To move toward a better understanding of the effect
that doors have on the feedback, the simple empirical model of
Rossiter is revisited using the recent amplitude modulation approach
of Delprat that was discussed in Sec. II.

Table 1 Tunnel run conditions for the three cavity configurations: O-O, both doors open;
N-N, no doors; O-C, one door open and one door closed

Run No. P, (kPa) Ty (°C) P, (kPa) QO (kPa) Mach Configuration
874 205.5 21.7 55.8 88.3 1.5 0-0
878 205.5 20.6 55.8 88.3 1.5 N-N
879 206.2 21.5 55.8 88.3 1.5 O-C
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Fig. 7 Wall-pressure spectra for three locations showing the effect of the door configuration on the dynamic pressure in the cavity.
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Fig. 8 Surface pressure spectra as a function of frequency and streamwise location for the three door configurations: no doors (N-N), doors open (O-0),
and one door open (O-C).

A. Application of Modulation Model to Current Data determined for the N-N and O-C configurations using Fig. 7a. The

The first step in applying Delprat’s method is to determine the peak frequencies for modes 2 through 5 are listed in Table 2. Given
frequencies of the spectral peaks. An automated method of the sampling rate (100 kHz) and the FFT length (4096 points), the
determining the spectral peaks was demonstrated [22], which is frequency resolution in the narrowband spectra is A, = 24.4 Hz.

useful for larger data sets. Here the spectral peaks were manually The uncertainty in f,, is then taken to be U, = A;/2 =12.2 Hz.
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Table 2 Spectral peaks from Fig. 7a, resulting mean fundamental aeroacoustic loop
frequency, (f,)means and convection speed ratio, «

Configuration N-N

Configuration O-C

n fn fn+l _fn fn fn+] _fn
2 1041 609 1195 647

3 1650¢ 600 1842¢ 619

4 2250 554 2461 627

5 2804 3088

(Fmean 588 £ 7 Hz 631+7 Hz

K 0.576 = 0.025 0.660 = 0.030

“Denotes dominant tone

Table 3 Computation of the average fundamental modulation
frequency (f)mean and the resulting ratio, y, with the aeroacoustic
loop frequency

Configuration N-N Configuration O-C

n fn n(fu)mean fh.n fn n(fa)mean fb,n
2 1041 1176 135 1195 1262 67
3 1650 1764 114 1842 1893 51
4 2250 2352 102 2461 2524 63
5 2804 2940 136 3088 3155 67
) mean 122472 62+7.2
y 0.21 £ 0.015 0.1 £0.015

Table 2 also lists the estimate for the fundamental aeroacoustic
loop frequency, f,, which was found to be 588 Hz for the N-N
configuration and 631 Hz for the O-C configuration. The uncertainty
in f,, was foundtobe U = U, / /3 = +7 Hz given that only three
values were used in the mean.

Assuming that M and U, in Eq. (3) are constant, the convection
ratio k can be determined from f,,. For the current configuration, the
cavity length is L =0.2286 +0.001 m. The measured test
conditions (see Table 1) were M = 1.5 £0.025 and 7T, =203+
0.6 K. The acoustic speed based on the static temperature in the
tunnel is ¢, =285 m/s giving a calculated freestream velocity of
U,, =428 £7 m/s. Using these in Eq. (3), the convection speed
ratio was computed as k = 0.576 = 0.025 for the N-N configuration
and « =0.660 £ 0.030 for the the O-C configuration. The
uncertainty estimates for x were computed by evaluating the
sensitivity of k to the uncertainties of the other variables in Eq. (3).
These uncertainty estimates are small compared to the increase in the
magnitude of x between configurations. This suggests that the
presence of the closed door effectively increased the shear layer
convection speed ratio.

To estimate the fundamental low-frequency of the modulation
process, Eq. (9) is rearranged to solve for f}, with f, = (f,)mean from
Table 2:

fb,n = n(fa)mean - fn (8)

Therefore, for each spectral peak n, an estimate of the modulation
frequency is obtained. Table 3 shows the results of this computation.
The overall estimation of the modulation frequency is then the
average of each f,,. Table 3 shows that (f})nem = 122 Hz for
configuration N-N and 62 Hz for configuration O-C with uncertainty
estimates of 7.2 Hz. Using Eq. (6), the frequency ratio (as Delprat
defines it) is y =0.21 for configuration N-N and 0.10 for
configuration O-C with uncertainty estimates of ¢/, = £0.015.

B. Summary of Door Configuration Effect

In summary, the application of Delprat’s method to the current data
results in k = 0.57 and y = 0.21 for the N-N configuration, whereas
for the O-C configuration it is found that x = 0.660 and y = 0.1
(Table 4). Using these values in Eq. (1) results in the estimates for the
spectral peaks that match the current spectral data to within the
resolution of the spectra (A, = 24.4 Hz).

Table 4 List of modulation frequencies and empirical constants
computed using the method of [8]

Configuration f, (Hz)  f, (Hz) K y
N-N 588+7 122+£7.2 0.576+0.025 0.21 £0.015
0-C 631+7 62+72 0.660+0.030 0.1+0.015

The modification of « and y by the door configuration suggests
that the presence of a longitudinal edge covering a lateral opening
below it has both increased the shear layer convection velocity and
decreased the “phase-lag” in a Rossiter model sense. Granting that
finite width cavities exhibit strong three-dimensionality, it still seems
relevant to interpret y in a phase-lag sense as suggested by Fig. 3.
This is due to the fact that 1) cavity shear layers possess discrete
coherent structures that regularly impinge on the trailing edge, 2) the
impingement operates through some method to generate an acoustic
wave [23-25], and 3) the acoustic wave emission can occur over a
range of times due to the finite size of the coherent structure [26].
Although Delprat’s method is suitable for computing y as a
frequency ratio, variations in y suggest significant flow modifications
that were responsible for altering the frequencies of the cavity flow
process. In the present case, this approach suggests that the
longitudinal edge of the closed door allowed the shear layer
impingement to more efficiently generate acoustic disturbances (in
the sense that the phase lag was reduced). This conclusion is
plausible for two reasons: 1) it is known that a lateral edge protruding
upstream from the aft wall would lead to the generation of “edge
tones” very efficiently [20,25,27,28], and 2) the closed half of the
cavity provides a sheltered path for acoustic waves to propagate
upstream, which should enhance the acoustic feedback path.

VI. Conclusions

The effect of the door configuration on the aeroacoustics of
supersonic flow past a cavity was examined using the amplitude
modulation approach of Delprat. Three door configurations were
tested: no doors (N-N), both doors open (O-O), and one door open
with one door closed (O-C). With both doors open and protruding
into the flow normal to the cavity opening, no resonant tones were
observed in the pressure spectra measured on either the cavity floor or
aft wall. Compared to N-N, the O-C configuration resulted in the
resonant spectral tones that were sharper (narrower), higher in
amplitude, and shifted to slightly higher frequency.

The resonant tones for the N-N and O-C configurations were
examined by following the amplitude modulation approach of
Delprat. The results indicated that the O-C configuration resulted in a
higher fundamental aeroacoustic loop frequency, f,, and a lower
modulation frequency, f;,. Using these results to compute the shear
layer convection ratio k suggested that the closed door effectively
increased the shear layer convection speed. Compared to the baseline
(N-N), the O-C configuration resulted in a lower y, which is
interpreted by Delprat as the frequency ratio, y = f,/f,. However,
following Rossiter and interpreting y as a phase lag suggests that the
closed door increased the efficiency of the fluid/acoustic coupling in
the sense that the phase lag decreased.
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