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Physics of Resonance in a Supersonic Forward-Facing Cavity

Dale W. Ladoon,* Steven P. Schneider,” and John D. Schmisseur*
Purdue University, West Lafayette, Indiana 47907

An experimental study of a blunt nose with a forward-facing, cylindrical cavity was conducted in a Mach 4,
quiet-flow wind tunnel. The length of the cavity was varied, whereas the diameter was fixed. A fast-response
pressure transducer was located at the cavity base. Under conventional (noisy) wind-tunnel conditions, the rms
pressure fluctuations were nearly 0.4 % of the mean pressure. Under quiet-flow conditions, the rms fluctuations
were on the order of 0.04 % of the mean. A laser-perturbation system created controlled, repeatable, and localized
disturbances upstream of the bow shock. These disturbances convected with the flow, impinged on the nose, and
caused damped cavity oscillations. As the cavity length was increased, the resonant frequencies and the damping
both decreased. The small damped oscillations present under quiet-flow conditions seem to explain the low heat
transfer rates measured previously in flight. The large fluctuation levels observed in conventional wind tunnels are
an artifact of the high levels of noise present there and should not be expected under typical flight conditions.

Nomenclature

A = dimensional constant in Egs. (2) and (3)

ap = speed of sound in the cavity, based on stagnation
temperature

D = diameter of cavity

fin = primary resonant frequency, Hz

L = depth of cavity

L* = axial distance from the cavity base to the mean shock
position, L + §

L.y = value of L at which self-sustained oscillations may
begin; Eq. (4)

M = Mach number

m = exponent of curve fit to measured damping;
Eqgs. (2) and (3)

Dot = stagnation pressure in driver tube, equal to test-section
stagnation pressure

Do = mean pressure at cavity base (total pressure behind the
normal shock)

p5, = pressure fluctuations at cavity base

Ph.me = rms value of pressure fluctuations at cavity base

y = exponential damping constant [Eq. (2)], rad/s

3 = mean shock standoff distance

w1 = measured primary resonant, cavity-oscillation
frequency, rad/s

w1 = value of w; at which self-sustained oscillations may
begin [Eq. (4)], rad/s

wy, = theoretical primary resonant cavity-oscillationfrequency

[Eq. (1)], rad/s

Introduction

PTICALLY guided interceptor missiles, cruise missiles, and
self-propelled artillery that can operate in the upper super-
sonic to hypersonic range are of considerable military interest. The
combination of low altitude and high velocity imposes a severe heat
transfer environmentat the stagnationregion of the nose tip. A pro-

Received Dec. 1, 1997; revision received April 17, 1998; accepted for
publication April 21, 1998. Copyright © 1998 by the authors. Published
by the American Institute of Aeronautics and Astronautics, Inc., with
permission.

*QGraduate Research Assistant, School of Aeronautics and Astronautics;
currently Gas Turbine Aerodynamics Engineer, General Electric Company,
Power Systems, 1 River Road, Schenectady, NY 12345. Member AIAA.

 Associate Professor, School of Aeronautics and Astronautics. Senior
Member AIAA.

#Ph.D. Student, School of Aeronautics and Astronautics; currently
Aerospace Engineer, Aeronautical Sciences Division, U.S. Air Force Re-
search Laboratory, Wright-Patterson Air Force Base, OH 45433-7005.
Member AIAA.

626

posed passive heat transfer reduction mechanism is to locate a
forward-facing cavity at the nose tip.' = There is strong evidence
that the heat flux at the cavity base can be as little as 2 to 10 times
less than the stagnationpointheat flux of a conventionalconvex tip.!
The forward-facingcavity concepthas been the focus of a numberof
recent high-speed missile programs, including the hollow-nosed ac-
tive seeker program' and the hit-to-killendoatmosphericstrapdown
seeker?

The present study is concerned with blunt noses in which the
cavity is located along the body axis. The forward-facing cavity
scheme is depicted in Fig. 1. Design issues concerning forward-
facing cavities are summarized in Ref. 6.

Background

A forward-facingcavity may be regarded as aresonancetube. The
flow and heating in resonance tubes have been the subject of many
experimental investigations’~'® However, the majority of these ex-
perimentsinvolvedthe flow of a supersonicjetover a forward-facing
cavity. The flow impinging on the cavity is, therefore, likely to be
very noisy and not indicative of freestream flight conditions.

Experimental and numerical investigations have consistently
found that the forward-facing cavity resonates and that the oscil-
lations have a dominant frequency. This fundamental, or primary-
mode, frequency is approximated from resonant tube theory as

Wiy :anln :71610/2[’)k (1)
In Eq. (1), it is assumed that the flow velocity in the tube, or cavity,
is small, so that the stagnation temperature can be used to estimate
the average speed of sound.

Hopko and Strass,!! Stallings and Burbank,'? and others found
that the stagnation point heat transfer for a hemispherical concave
nose was considerablyless than that of a convex hemisphericalnose.
Smith'? and other investigatorsalso observedthat the bow shock os-
cillated at the primary-modefrequencyof the cavity. For the majority
of these wind-tunnel tests, the bow shock shape was stable. That is,
while oscillating or at steady state, the bow shock was symmetric
about the nose. When the bow shock shape was stable, the stagna-
tion point heat transfer was on the order of 20% of that of a convex
hemisphere.'! Ina few experiments,the bow shock shape was unsta-
ble.Inthesecases, schlieren photographsshowed thatthe bow shock
did not oscillate in a controlled manner and that it exhibited a char-
acteristic bulge or nonsymmetrical shape.!! The stagnation point
heat transfer increased dramatically for the unstable condition.

Marquart et al.'* and Huebner and Utreja"!> studied the bow
shock dynamics and heat transfer of a nose piece with a slightly
tapered cylindrical cavity at Mach 10. In conjunction with these
studies, Sambamurthi et al.'® performed a time-dependent, viscous,
two-dimensional calculation of the flow in the cavity. Dynamic
pressure measurements showed that the cavity resonated. Laser
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Fig. 1 Nose region of an optically guided high-speed missile with a
forward-facing cavity.

interferometry measurementsrevealed that the bow shock oscillated
at the resonant frequencies of the cavity. Because the bow shock os-
cillationswere foundto lag the base pressure oscillations, it was con-
cluded that cavity resonance drives the bow shock oscillations 13
Schlieren pictures showed that the bow shock was symmetrical
about the centerline of the nose and did not come in contact with
the nose during the stable oscillations.! However, in one experi-
ment the bow shock exhibited a violent instability,! similar to that
of the nonsymmetrical cases recorded by Stallings and Burbank.'?
Consistent with previous NACA/NASA experiments, the measured
heat flux at the cavity base for the stable oscillations was approx-
imately one-third that of the foremost part of the body or lip. The
numerical results predicted that the oscillations damped to steady
state.!

Yuceil and Dolling>!7 investigated the flow and heat transfer
abouta forward-facingcavityin the Mach 4.9 wind tunnel at the Uni-
versity of Texas (UT). The models used in their experiments were
blunt, hemispherical nose pieces with an axial cylindrical cavity
of variable depth. In general, the cavity resonated at the primary-
mode frequency,and the bow shock oscillatedin a stable, symmetric
manner about the nose. However, for intermediate cavity lengths,
0.4 < L/D < 0.7, the pressure signals switched randomly between
two modes of oscillation. The correspondingbow shock shapes were
much like those observed in the unstable cases of Stallings and
Burbank'?> and Huebner and Utreja.!

In conjunction with the UT experiments, Engblom et al.* per-
formed viscous, time-dependent, axisymmetric numerical simula-
tions of the flow and heat transferin a forward-facingcavity at Mach
5. For short to moderately long cavities, artificial freestream noise
was needed for the cavity to resonate. For very long cavities, reso-
nance was obtained without freestream noise. However, this numer-
ical result of self-sustained resonance has not been experimentally
confirmed in a low-noise environment typical of flight.

Time-dependent, inviscid, axisymmetric numerical simulations
for the flow about concave nose cavities at Mach 6.6 were made
by Yang and Antonison’ to simulate a transient condition due to
shroud removal. Three different cavity lengths, corresponding to
three different fields of view, were investigated. For the shortest
cavity considered, the pressure fluctuations at the cavity base decay
to anonoscillatorysteady state. The solutions for the longer cavities
show that the pressure fluctuations first dampen and then oscillate at
a constant, lower, amplitude. The amplitude of the oscillation was
the largest for the longest cavity. This result is similar to that of
Engblom et al.*

The measurements just cited were all conducted in conventional
facilities, where the strong acoustic forcing generated by turbulent
boundary layers on the wind-tunnel sidewalls results in freestream
noise that is much higher than that encountered in flight.'®=2! In
stark contrast, Levine?> measured the heat transfer to a forward-
facing cavity in flight. A hemispherical concave nose, or cup, was
tested over a Mach number range of 2.5-7.1. Levine?? reports that
the normalized heat flux varied from 0.03-0.09 at the center point,
or base, of the cup to 0.8-0.9 just inside the lip. These normalized
values are based on the theoretical laminar stagnation-point heat
flux for a hemispherical convex nose of the same diameter. The
total heat input integrated over the surface of the nose, including
the lip, was 0.58 times the theoretical value for a convex hemi-

spherical nose with a laminar boundary layer. The general trends
of low heat flux at the cavity base and increasing heat flux from
the cavity base to the lip are consistent with the conventional wind-
tunnel measurements. However, the magnitudes of the flight heat
flux values, particularly at and near the cavity base, are consid-
erably less than those obtained in conventional wind-tunnel tests.
For instance, the center point values measured in flight were about
one-fifth of those measured by Cooper et al.>® under stable cav-
ity flow conditions and 10 to 30 times less than those measured
in conventional wind tunnels when the flow was unstable. These
low heat-flux values were repeated in a second flight test but never
resolved.

In an effort to examine the effects of wind-tunnelnoise, Engblom
et al.** carried out experiments in the Mach 4 Purdue University
Quiet-Flow Ludwieg Tube (PQFLT). These experiments were the
first high-speed, forward-facing cavity tests to be performed in a
quiet-flow wind tunnel. Quiet-flow tunnels maintain laminar bound-
ary layers on the nozzle walls, which results in test-core noise lev-
els that are comparable to those of flight.'®!° When the freestream
noise level was small, the cavity pressure fluctuations were very
small. Consequently,the large-amplitudecavity resonanceobserved
in earlier experiments was attributed to the high characteristicnoise
levels of the wind tunnels used in those studies. The present quiet-
flow measurements corroborateand explain the flight measurements
reported by Levine.?? Because the noise level in flight is very low,
the flowfield must be nearly steady, resulting in lower heat transfer.

Experimental Apparatus
Test Facility

The present experimental study was conducted in the Mach 4
PQFLT." The PQFLT is a short-duration wind tunnel with a run
time of approximately 3.5 s. For atmospheric stagnation conditions
inthedrivertube, the correspondingunit Reynoldsnumberin the test
core is on the order of 4.5 x 10* cm~'. The stagnation pressure and
temperature decrease by approximately 35 and 10%, respectively,
during the 3.5-s run time.?

Within the inviscid core flow of the nozzle is a test rhombus of
uniform quiet flow. At atmosphere driver-tube conditions, the rms
total pressure fluctuations in the test core flow of the PQFLT are
about 0.06% (Ref. 19). These freestream noise levels are an order
of magnitude less than those in conventional facilities.

Test Model and Data Acquisition

The nose-conemodel usedin this study,showninFig. 2, consisted
of a 19.05-mm-diam cylinder with a 9.53-mm-radius tip. A 9.53-
mm-diam hole along the axis of the nose cone served as a forward-
facing cavity. The cavity length was varied by changing the position
of the insert. A dynamic pressure transducer was mounted flush
on the centerline of the cavity base. The transducer measured the
total pressure and the fluctuations in the total pressure at the cavity
base. Because the nose tip was located 21 mm downstream from the
nominal onset of uniform flow in the nozzle, the diameter of uniform
flow at the cavity nose is about 10.9 mm, which is greater than the
cavity diameter. The freestream Mach number varies from 3.90 to
4.0 over the remaining portion of the 19.05-mm-diamnose."”

The output of the dynamic pressure transducer was amplified by
a factor of 100 using a low-noise instrumentation amplifier. One
channel was then high-pass filtered at 800 Hz and fed to an addi-
tional amplifier to provide another gain of 100 on the ac portion

Cylindrical ~ Brass Screw Transducer -

Cavit; Wires
\ Y /Steel Insert

Ry - 550 I S ———
e — (
I —
Dynamic Pressure /I
Transducer
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R=9.53mm Nose Piece Steel Sting

Fig. 2 Sectional view of the forward-facing cavity model.
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Fig. 3 Optical system for generating perturbations; inset shows the
thermal spot.

of the signal. The amplified signals were acquired by an eight-bit
digital oscilloscope. For the unperturbed freestream tests, continu-
ous records were collected at a sampling frequency of 250 kHz. For
the laser-perturbation tests, segmented records of 5000 or 10,000
points were acquired at 0.1-s intervals during the 3.5-s run time
of the PQFLT. Sampling frequencies of 500 kHz and 5 MHz were
used. Each segment was triggered by a laser pulse to consistently
sample the same period with respect to a laser-generated perturba-
tion.

Laser Perturbation System

Controlled, localized, and repeatable perturbations were pro-
duced by photoionizing a small region of the air upstream of the
model bow shock using a pulsed laser.2?’ The laser beam was fo-
cused to a point approximately 22 mm upstream of the cavity inlet.
The initial disturbance, shown in the inset of Fig. 3, consists of a
plasma core surrounded by a region of nonionized air driven by the
shock wave produced during ionization. After the end of the laser
pulse, the plasma core relaxes and remains as a region of hot recom-
bined gas, referred to as the thermal spot. The thermal spot convects
with the local velocity of the flowfield and forms the portion of the
disturbance useful as a local perturbation. Hot-wire anemometer
measurements show that the thermal spot is about 5 mm in diam-
eter upon encountering the bow shock of the cavity model.?® The
peak mass-flux deficit in the heated region is roughly one-half of
the freestreammass flux, plus or minus 20-30%. Thus, the resulting
perturbationis large. Measurements with a later version of the laser
apparatus demonstrated repeatability of the perturbation amplitude
to within 2% (Ref. 27).

Experimental Results

The cavity L /D ratios used in this study ranged from 0.0 to 1.984,
and all of the experiments were conducted with the model at zero-
degree angle of attack. Unless stated otherwise, the PQFLT driver-
tube stagnation pressure and temperature were 100 =3 kPa and 298
£3 K, respectively. Furthermore, the maximum fractional errors
in the measured pressure fluctuations, the ratios of rms pressure
fluctuations to mean pressure, and the variousfrequenciesare 2.1%,
2.6%, and 3.4%, respectively. The fractional error is defined as the
error, or uncertainty, in a quantity divided by its reported value.

Measurements Under Natural Conditions
Without Laser Perturbations

With the insert flush with the nose tip, L/ D = 0.0, the ratio of rms
pressure fluctuations to stagnation pressure, p, /P, is 0.047%.
Typical traces of cavity base-pressure fluctuations for various cav-
ity lengths are shown in Fig. 4. These base-pressure fluctuations
are the result of the wind-tunnel freestream noise, as modulated
by the characteristic dynamic response of the cavity. Even when
L/D = 0.0, occasional bursts or spikes are present. These bursts
are generated by the residual noise in the wind tunnel. As the cavity
lengthis increased, the cavity begins to resonatein response to these
bursts. The intermittent forcing results in resonant periods followed
by periods of quieter flow. Thus, the oscillations decay. The initial
amplitude of these oscillations also appears to increase with cavity
length. However, the degree of cavity amplification is difficult to
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Fig. 4 Typical cavity base pressure fluctuations with no laser pertur-
bations: L/D = a) 0.0, b) 0.821, ¢) 1.200, quieter period, d) 1.200, noisy
period, e) 1.848, quieter period, and f) 1.848, noisy period. Traces in b,
d, and f offset by — 0.2 kPa.
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Fig. 5 Typical power spectra of the cavity base-pressure fluctuations
with no laser perturbations; symbols indicate primary mode and har-
monics.

determine because the initial forcing amplitude is not known and
the oscillations often superimpose.

Typical averaged power spectra are shown in Fig. 5. These data
were acquired as a continuousrecord and at a sampling frequency of
250 kHz. Because the acoustic forcing field is broadband, some en-
ergy is contained at the ringing frequency of the dynamic pressure
transducer, which is approximately 263.2 kHz. Consequently, an
aliased peak appears at 13.2 kHz in the power spectra. In general, as
the length is increased, the cavity resonates at its primary acoustical
mode. The primary mode is identified as a distinct, large-amplitude
peak in the power spectrum. The measured resonant frequency de-
creases with cavity length and agrees well with that given by Eq. (1).
A harmonic also appears for deep cavities.
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Fig. 6 Effect of freestream noise on cavity resonance for L/D = 0.571:
a) quiet flow, b) moderately quiet flow, and ¢) noisy flow. Traces a and b
offset by 0.4 and 0.6 kPa, respectively.

The observed periods of quiet flow agree with the computa-
tions by Engblom et al.,*?* which show that, in the absence of
freestreamnoise, forward-facing cavities of moderate length do not
resonate. Itis clear that the forward-facingcavity is very sensitive to
freestreamnoise. In fact, even small bursts, which are not detected at
L/D = 0.0 or with a pitot probe, are visible as significant pressure
fluctuations for deeper cavities.

Quiet flow in the PQFLT is achieved by maintaining laminar
boundary layers on the test-sectionsidewalls upstream of the model.
As the driver-tube pressure is increased, the Reynolds number in-
creases, and the location of transition on the test-section sidewall
boundary layers moves upstream. Thus, the noise level in the test
core increases as the driver-tube pressureis raised. The effect of this
increasing noise on the cavity resonanceis shown in Fig. 6. Typical
cavity base pressure fluctuations for L/D = 0.571 are shown for
three different driver-tube pressures. The trace given in Fig. 6a is
for a low driver-tube pressure where the sidewall boundary layers
are laminar upstream of the model tip. The ratio of rms cavity-base
pressure fluctuations to stagnation pressure, p, /P, is 0.038%.
The test core is quiet in this case. A very weak resonance, with a
period of about 0.7 ms, is barely visible and may just be electronic
noise. Figure 6b is a typical trace when the driver tube is at atmo-
spheric conditions. The sidewall boundary layers begin to transition
upstream of the model tip, and p; . /P> is 0.065%. Therefore, the
test core is marginally quiet. The appearance of intermittent and
low-amplitude resonant bursts is in response to acoustic radiation
from the test-section sidewall boundary layers. The trace in Fig. 6¢
is for a high driver-tube pressure, where measurements have shown
that the flow is noisy.'>? The amplitudes of the oscillations are
large, and quiet periods are not present. This is the cavity response
to the random and large-amplitudeacoustic forcing field established
by turbulentsidewall boundary layers. Note that the high-noisefluc-
tuations shown in Fig. 6¢ are still more than 10 times smaller than
those measured by Yuceil and Dolling®!” at L/D = 0.57 in the
conventional Mach 4.9 wind tunnel at UT. Because the cavity is
sensitive to freestream noise, experimental results obtained in con-
ventional noisy wind tunnels must be used with caution.

Results Using the Laser-Generated Perturbation

This section presents cavity base-pressure data that show the re-
sponse to a laser-generated hot spot produced upstream of the bow
shock. The data were digitally low-passfiltered at a cutoff frequency
of 200 kHz to remove the 263.2-kHz ringing frequency of the dy-

namic pressure transducer?®

Sample filtered segments, showing the cavity response to a laser
spot perturbationfor differentcavity lengths, are givenin Fig. 7. The
signals in Figs. 7a-7d were sampled at a rate of 5 MHz, whereas
the signals shown in Figs. 7e-7g were sampled at 500 kHz. The
peak amplitudes of the pressure fluctuations are on the order of
10% of the stagnation pressurein the cavity. Note the relatively low
noise level and the absence of any strong cavity resonancebefore the
formation of a laser spot. The peak amplitudes of the laser-generated
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Fig. 8 Averaged power spectrum of cavity base-pressure fluctuations
for various cavity depths; symbols denote primary mode and harmonics.

signals are comparable to noisy wind-tunnel data and are an order
of magnitude larger than those caused by acoustic forcing from the
PQFLT sidewalls under quiet-flow conditions.

Figure 7 shows that the pressure fluctuations for the flush nose
case, L/D = 0.0, are not periodic and the effect of the laser spot
quickly disappears. The cavity responsein the L/D = 0.272 case s
interesting in that the fluctuations appear to transition from a com-
plicated state to a more simple oscillatory pattern. For L/D values
of 0.488 and greater, the cavity clearly resonates in a nearly sinu-
soidal fashion. Moreover, these resonant signals are contained in
decaying exponential envelopes. This is characteristic of an under-
damped system. The decay time clearly increases with increasing
cavity length. For very long cavities, successive perturbations may
linearly superimpose or nonlinearinteractionmay occur. One would
expectthis to occurin noisy tunnels, where freestreamperturbations
are more frequent and of large amplitude.

Averaged power spectra showing the frequency content of the
cavity base-pressure fluctuations for L/D ratios of 1.064, 1.429,
and 1.984 are given in Fig. 8. The averaged power spectrum for a
given cavity length was obtained by ensemble averaging the power
spectral densities calculated from each data segment. In general,
35 segments were collected for each wind-tunnel test, and the only
distinguishable peaks in the spectra were observed at frequencies
less than 50 kHz.?® For L/D ratios less than 0.488, the frequency
content is largely broadband, and no clear peaks are evident. The
absenceof clear peaks is to be expected because the pressure signals
in Fig. 7 do notexhibita simple harmonicpattern for these cases. For
cavity L/D ratios of 0.488 and greater, where the cavity resonates
in an apparently one-dimensional fashion, distinct peaks appear. In
Fig. 8, the lowest peak frequency corresponds to the fundamental,
or primary, resonant frequency of the cavity. Subsequent peaks at
higher frequencies are cavity harmonics. Interestingly, the first two
harmonics for L/D = 1.064 and 1.429 are consecutive multiples
of two and three times the primary frequency, whereas the first two
harmonics for L/D = 1.984 are odd multiples of three and five
times the primary frequency.

The primary mode is clearly the dominant frequency. As the cav-
ity lengthincreases, the resonant frequenciesdecrease. This trend is
consistent with Eq. (1). Other investigatorshave also observed sim-
ilar resonant behavior in forward-facing cavities.!">* As the cavity
length is increased, the energy contained in the primary and har-
monic frequencies seems to increase relative to that of the rest of
the spectrum.

Because the resonant pressure fluctuations decay with time, it
is the damped resonant frequencies that are measured. Damped
and modulated oscillations have also been observed in other
forward-facing cavity experiments.!'!>17 A plot of the theoretical
primary-mode frequency [Eq. (1)] as a function of the measured
primary-mode frequency is given in Fig. 9. For the forward-facing
cavity, one expects the mean shock standoff distance to be greater

PQFLT, M = 4 (Laser spots)
PQFLT, M = 4 (No laser spots)
Huebner & Utreja (1993), M= 10
Engblom et al. (1895), M=4.9
Yuceil & Dolling (1895), M = 4.9
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Measured Frequency, @, X 107 (rad/sec.)

Fig. 9 Comparison of measured primary-mode frequency with theo-
retical natural frequency for different cavity-flow experiments.

than that of a spherical nose and less than that of a flat face nose.
Because the shock standoff distance was not measured in this study,
it was estimated as the arithmetic average of that given by Billig’s
correlation for sphere-cones[Eq. (5.37) in Ref. 29] and the flat-face
cylinder data given in Fig. 4.15 of Ref. 30. Figure 9 shows that
data from a wide variety of experiments collapse onto the theoret-
ical curve reasonably well. This demonstrates that Eq. (1) predicts
the primary resonant frequency of the forward-facing cavity rather
well. Note that only Huebner and Utreja"!> measured the mean
shock standoff distance.

Comparisons to Flight Data

The low base-pressure fluctuations present under quiet-tunnel
conditions combine with the obviously damped perturbed-flow
measurements to show that the fluctuations in the cavity will be
small under the low-noise conditions typical of flight. The present
measurements therefore provide an explanation for the flight data
of Levine.? The low-noise environment typically encountered in
flight results in low heat transfer levels because the freestream per-
turbations are small and the cavity oscillations are damped. The
large fluctuations, higher heat fluxes, and high optical distortion
observed in conventional wind tunnels appear to be spurious ef-
fects of the characteristically high freestream noise levels of these
facilities.

Cavity Damping and Stability

As shown in Fig. 7, the pressure signals for L /D ratios of 0.488
and greater decay exponentially. Decaying exponential envelopes
were least squares fitted to the peaks of these resonantsignals. Typ-
ical curve fit envelopes are shown in Fig. 10. Because the power
spectra show that the primary-mode frequency dominates, the ex-
ponential damping constant was expressed as

y/2 = Aow )

where the curve fit values are A = 1.0273 x 1072 and m = 3.227.
Note that A is a dimensional constant. Using this relation, one need
specify only the damped resonant frequency of the cavity to eval-
uate the damping constant. Because the resonant frequency is in-
versely proportional to the cavity length, the damping constanty /2
decreases with cavity length L. Although the decaying signals in
this study indicate that the cavity is stable, the degree of damping
decreases with increasing cavity length. This decreased damping
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Fig. 10 Typical decaying, exponential-envelope curve fit to the mea-
sured cavity-base pressure fluctuations: L/D = a) 1.064 and b) 1.429.
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Fig. 11 Variation of damping constant with measured primary mode
frequency.

suggests that for very long cavities little or no damping may be
present. The damping, or attenuation, of the cavity pressure fluctu-
ations can be attributed to viscous losses, heat conduction losses,
delays in attaining thermodynamic equilibrium, and losses associ-
ated with acoustic radiation from the mouth of the cavity.?! The
primary damping mechanism seems to be acoustic radiation from
the cavity mouth and the resulting propagation of acoustic waves in
the subsonic region between the mouth and the bow shock.?®

Consistentwith the presentexperimental findings, the cavity base-
pressure fluctuations in Yang and Antonison’s numerical simula-
tions appear to decay exponentially’ However, for short cavities
their calculations show that the fluctuations damp to a steady state,
whereas for long cavities the fluctuations first decay exponentially
and then oscillate at a constant, lower amplitude. Thus, they predict
that for long cavities an unsteady oscillatory flowfield is sustained.
Similarly, numerical simulations>* have predicted that for very
long cavities an unstable or self-sustained condition may exist in
which the cavity will resonate without the presence of freestream
noise. To date, these deep-cavity results have not been experimen-
tally confirmed in a quiet-flow facility.

Given that damping decreases with increasing cavity length,
Eq. (2) may be used to estimate the cavity length at which un-
damped oscillations or self-sustained resonance may occur for the
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Fig. 12 Comparison of free-vibration solution with measured data for
L/D =1.064.

model and conditions used in this study. For this purpose, Eq. (2)
can be written in a more convenient form as

v/2=AJo)™ 3

The experimentaldata are shown together with the curve fit [Eq. (3)]
in Fig. 11. To estimate a critical frequency at which self-sustained,
orunstable,oscillationsmay occur, Eq. (3) was linearly extrapolated
from the last data point, L/D = 1.984,to y /2 = 0. Using Eq. (1),
the corresponding cavity length-to-diameterratio L /D is

Lcrit T dy 4

—ent 70— 4
D 2leci‘it D ( )

For the data presented in this study, wicie ~ 18,177 rad/s, ay =
343 m/s, D = 9.53 mm, and § ~ 3.7 mm. From Eq. (4), the critical
cavity length-to-diameterratio L /D is approximately 2.7. Thus,
for L /D values greater than this value, the pressure oscillations
may be unstable. Further experiments are needed to confirm this
extrapolation.

Model of Cavity Response

For L /D values greater than 0.488, the cavity base pressure sig-
nals are nearly sinusoidal and are contained in a decaying exponen-
tial envelope. Furthermore, the corresponding power spectra show
that the majority of the signal energy is in the primary mode of os-
cillation. Therefore, it seems reasonable to model the cavity base-
pressure fluctuations as a second-order linear system closely anal-
ogous to a single-degree-of-freedom, spring, mass, and viscously
damped mechanical oscillator. The details of such a model are given
in Ref. 28, and a sample comparison between the resulting free-
vibration solution and the experimental data is shown in Fig. 12.
In general, the one-dimensional,free-vibrationsolution predicts the
cavity response reasonably well 28

Conclusions

Measurements of the pressure fluctuations in a forward-facing
cavity were performed in a Mach 4 quiet-flow wind tunnel.
Freestream perturbations induced resonant oscillations in the cav-
ity for L/D values greater than 0.488. The cavity was found to be
very sensitive to freestream noise. Even very weak freestream dis-
turbances that are normally too small to be detected are amplified to
measurable levels by the cavity. Amplification appears to increase
with cavity length. When the cavity resonates, the majority of the
signal energy is contained in the primary mode of the oscillation.
Harmonics are present, however, and become stronger when the
cavity length is increased.

Repeatablefreestreamdisturbanceswere generatedby alasersys-
tem. These controlled disturbances were used to determine the sta-
bility characteristicsof the cavity flow. For L/ D values greater than
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0.488, the cavity base pressure fluctuations decay exponentially,
and the amount of damping decreases as the cavity length is in-
creased. The forward-facing cavity flowfield and the bow shock are
weakly damped resonant oscillators because the oscillations decay
to a nonoscillatory steady state. Damping constants were evaluated
from the experimental data.

These quiet-tunnel measurements appear to explain the flight
data. The large fluctuations, high heat fluxes, and high optical dis-
tortion observed in conventional wind tunnels are spurious effects
of the high freestream-noiselevels present in these facilities. In the
flight data, the freestream noise was low, the cavity oscillationsmust
have thereforebeen small, and this most likely caused the lower heat
fluxes measured by Levine.
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