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Fluid Dynamics of Hypersonic Forward-Facing Cavity Flow
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Hypersonic flow over the nose of a blunt body with a forward-facing cylindrical cavity is studied. Extensive
numerical results involving a wide range of cavity depths are verified by experimental runs including a new set of
runs performed in a quiet flow supersonic tunnel at Mach 4. It is shown that freestream noise is the mechanism
that drives resonant pressure oscillations within relatively shallow cavities. Numerical results and conventional
tunnel experiments show that deeper cavities oscillate strongly without freestream noise. For shallow cavities the
sensitivity of cavity amplification, i.e., the relative strength of resonant pressure oscillations, to the characteristics of
freestream noise (frequency, amplitude, perturbation variable), cavity geometry (depth, geometric scale, lip radius),
Mach number, viscous effects, and thermal wall boundary condition is studied. There is a strong dependence of
oscillation strength on freestream noise frequency. Oscillation strength increases nearly proportionally to input
noise amplitude, increases rapidly with cavity depth, and increases with Mach number but levels off at high Mach
numbers. The pressure oscillations exhibit behavior analogous to that of a damped harmonic oscillator.

Nomenclature

a,C, = speed of sound, m/s
D = cavity diameter, cm
f = input frequency, Hz
Sopt = frequency at optimum pressure amplification, Hz
fi = primary mode frequency, Hz
G = pressure amplification at cavity base
L = cavity length or depth, cm
L* = characteristiclength, cm
M, = freestream Mach number
Proase = cavity base pressure, Pa
Pyserms = cavity base pressure rms

nean = mean cavity base pressure, Pa
P, = stagnation pressure behind normal shock, Pa
P = freestream static pressure, Pa
P ms = freestream static pressure rms
Ty = steady-flow stagnation temperature, K
Poo = freestream density, kg/m?

Introduction

HERE is recent evidence that introducing an axial cavity in the

nose region of a hypersonic vehicle (Fig. 1) could result in a
local reductionin peak heating.! Strong longitudinal pressure oscil-
lations are generated within the cavity to induce bow-shock oscil-
lations, which provide the cooling mechanism. Consequently, there
is a need to understand the fluid dynamics of hypersonic forward-
facing cavity flow.

Early experimental studies in conventional wind tunnels involv-
ing supersonic and hypersonic flows over concave nose configu-
rations indicated that the resulting flow can be steady or unsteady
depending on the Mach number and angle of attack.>3 The unsteady
flows, characterized by nonaxisymmetric and sporadic bow-shock
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behavior, generally occurred at higher Mach numbers and lower
angles of attack.

Marquart et al.* focused on the dynamics of the detached bow
shock and on acoustic resonance for models with conical nose cav-
ities and bulbous lips at M, = 10. They found that the rms levels
of the fluctuating pressure along the cavity wall increased toward
the cavity base. Huebner and Utreja’ presented a detailed descrip-
tion of the bow-shock behavior associated with a similar body at
M, =10. Although they observed a violent bow-shock instability
for one set of conditions during the test, the primary behavior was
a stable, periodically oscillating bow shock.

Numerical studies involving similar flow geometries agree that
the unsteady nature depends on particular conditions $” Bastianon’
simulated viscous Mach 3 flow over concave configurations with
various depths and found that for depths greater than 40% of the
cylindricalbodyradiusthe flow oscillatesin arepeatablemanner, but
for shallow cavities the flow becomes steady. He found that the os-
cillation wavelengthcorrespondsto four times the distance from the
cavity base to the mean bow-shock position. Yang and Antonison®
performed a numerical investigation using the Euler equations of
bow-shock behavior for conical nose cavities with different fields
of view (FOV) at M, = 6.6. They found that the strength of os-
cillatory bow-shock motion decreases as cavity FOV increases (or
cavity depth decreases). For a large FOV of 60 deg, the transients
quickly dampened out to a steady-state flow.

A jointnumericaland experimentaleffort’ at M, = 5 showed that
pressure oscillations at the cavity base are typically planar. In the
experiments, oscillation strength was found to increase with cavity
depth for shallow cavities and deep cavities but consistently exhib-
ited wild behavior for medium-depth cavities with a cavity length-
to-diameter (L /D) ratio of 0.4-0.7. Yuceil and Dolling!® found that
the bow shock typically oscillates axisymmetrically, except for the
medium-depth cases.

The objective of the present study is to examine the fluid dy-
namics of hypersonic flow about a forward-facing cavity, expand
the range of parameters studied, and provide cleaner numerical and
wind-tunnel experiments. All previous experimentaltests were con-
ductedin conventionalfacilities, which producea significantamount
of freestream noise due to acoustic radiation from the turbulent
boundary layers normally present on the tunnel walls.

Methodology

This paper presents results from a study of the fluid mechanics of
axial cavity flows. Experimental results obtained from recent work
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Fig. 1 Schematic of axial cavity in the nose region of a hypersonic
vehicle.

conducted in the Purdue Quiet Flow Ludwieg Tube (PQFLT) are
described. Similar body geometry and freestream conditions are
used in both numerical simulations and the experiments.

Computer Code

The commercial code INCA!! (licensed from Amtec Engineer-
ing) was usedforthis study. INCA is a finite volume code that utilizes
flux splitting with upwinding to capture strong shocks. Fluxes are
computed with the flux splitting of Steger and Warming.'? INCA
offers a variation of the lower-upper successive Gauss-Seidel (LU-
SGS) implicit solver to calculate unsteady flows. This algorithm
permits much larger time steps than a simple Euler step method by
performing a sufficient number of subiterations at each time step.
It is also second-orderaccurate in time and space. Only structured
grids are employed, in view of the simple geometries involved.

Numerical Assumptions

The numerical model is a hemispherically blunted cylinder con-
taining a cylindrical cavity to model the PQFLT experiments. The
numerical body diameter is 2.54 cm, and the cavity diameter D is
1.27 em. The cavity L/D is varied between 0 and 2.0. The exper-
imental cavity lip is quite sharp (~0.1-mm lip radius), and it is
numerically modeled as infinitely sharp. The Mach number is 4,
and the rms freestream noise is approximately 0.048% (see “Exper-
imental Setup”).

For all other numerical parameter studies presented herein, the
body geometry and freestream conditions are consistent with those
of recent experiments’ conducted in the University of Texas at
Austin (UT) Mach 5 blowdown facility at Pickle Research Cen-
ter (PRC). In these cases, the body diameter is 5.08 cm and the
cavity diameter (D) is 2.54 cm. The cavity L/D ratio is again var-
ied between 0 and 2.0. The cavity lip is sharp (~ 0.1-mm radius) and
is numerically modeled as either 0.1-mm radius or infinitely sharp.
The Mach number is 5, and the rms freestream noise variation is
approximately 1.15%.

Several simplifyingassumptionsare made in the simulations. The
flow is assumed axisymmetric>*!° Because of the small scale of
the flowfield (nose region), laminar flow is assumed. The freestream
Reynolds number is approximately 5.0 x 10°/cm at Mach 5 and an
order of magnitude lower at Mach 4. The actual Reynolds number
(per centimeter) is much smaller along the body surface inside the
cavity and outside the cavity near the lip because of the low-speed
flow. Because the characteristic flow lengths are less than 1 cm
and a favorable pressure gradient is present along the cavity wall,
transition is not expected to occur within regions of interest unless
the oscillations within the cavity cause the flow to trip. (There is

no experimental evidence to date that the flow within the cavity is
either laminar, transitional, or turbulent.) The wall temperature is
assumed isothermal (Ty,,;; = 300 K) unless otherwise specified. The
minimum and maximum flow temperatures in the Mach 4 and 5
simulations presented here always remain between 64 and 530 K.
Because the specific heats of air change less than 5% over this tem-
perature range, the flow is assumed to be calorically perfect.

Numerical Procedure

The unsteady pressure field solution can be obtained with a rel-
atively coarse grid near the body surface (10~2-mm surface cell
thickness—this is too coarse to determine heat transfer rates ac-
curately). Finer resolution of the boundary layer has a negligible
effect on the strength of pressure oscillations within the cavity. A
moderately fine grid, however, is needed to resolve the bow-shock
position,i.e., 80 x 80 cells. These grid parameters were determined
from a grid refinement study. The resolution of acoustic waves must
also be considered. An aeroacoustics guideline is that six to eight
cells per wavelength is required to resolve linear acoustic waves
(to minimize dispersion and dissipation).'* Because INCA is not
optimized for aeroacoustics purposes, and the waves are nonlin-
ear, this requirement may be several times higher (perhaps 40 cells
per wavelength). Each grid easily meets the latter requirement (by
a factor of 10 or more) for proper resolution of the resonant fre-
quencies of interest. Nevertheless, grid resolution checks were per-
formed.

Generally a two-zone grid with an infinitely sharp lip is imple-
mented (one zone containsonly the cavity region). Sometimes, how-
ever, a single-zone grid with a 0.1-mm lip radius lip is used to exam-
ine surface heat transfer effects.! Simulations for a representative
case(L/D =0.75, Mach 5) with both types of gridsindicate that os-
cillationstrengthis virtually unaffectedby the grid type and whether
the lip radius is O or 0.1 mm. The single-zone grids typically pro-
duce more high-frequencynumerical noise than the two-zone grids.
However, this numerical noise is of very low energy and exists at
much higher frequencies (> 100 kHz) than the resonant frequencies
(between 1 and 10 kHz).

Experimental Setup

The PQFLT is a Mach 4 impulse wind tunnel.'* A Ludwieg tube is
a long pipe with a converging-diverging nozzle on one end through
which flow exits into the test section and diffuser. The Purdue driver
is 20.7 m long and 30 cm in diameter. A smooth contraction tapers
from the driver tube to the throat, which is in turn followed by
a Mach 4 rectangular nozzle. The nozzle is polished to a smooth
surface finish throughout. Within the inviscid core flow of the nozzle
is a test rhombus of uniform quiet flow. A practical criterion for
quiet flow is that the rms of the pitot-pressure fluctuations must
be less than 0.05% of the mean pitot pressure.!”> The forward part
of the test thombus corresponds to the start of uniform supersonic
flow. The end of the test rhombus is defined by the region affected
by the turbulent spots that develop on the tunnel walls. At modest
driver pressures (less than one atmosphere), the flow in the nozzle
is laminar and rms total pressure fluctuationsare about 0.05%. This
correspondsto noise levels that are typically an order of magnitude
less than those of conventional facilities.

The Reynolds number in the test section is determined by the
stagnation, or driver tube, pressure. The run time is about 3.5 s.
The stagnation pressure drops by approximately 35%, or 1% per
100 ms, during this 3.5-s period.'® For the PQFLT data reported
here, the tunnel driver pressure and stagnation temperature were 1
atm and 293 K.

Test Model and Equipment

The nose-cone model used in the PQFLT experiments, shown in
Fig. 2, consists of a 1.905-cm-diam cylinder with a hemispherical
tip. A 0.953-cm-diamhole alongthe axis of the nose cone servedas a
forward-facing cavity. The cavity length L was varied by changing
the axial position of the steel insert. The cavity L/D ratios used
ranged from 0.0 to 1.848. A Kulite® model XCQ-062-25A pressure
transducer was mounted on the centerline of the cavity base via a
10-32 brass screw.
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Fig. 2 Sectional view of cavity model used in Mach 4 PQFLT runs.
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Primary Organ-Pipe Frequency

Oscillating pressure levels within a cavity are a dominant exper-
imental flow feature in forward-facing cavity configurations. Reso-
nant frequenciesare obtained by spectral analysis of the fluctuating
pressure measurements made in the cavity. Most of the energy of
the oscillations is contained in the primary mode frequency*® Pri-
mary frequencies (f1) can be estimated a priori from a simple linear
relation derived from the one-dimensional wave equationin classic
organ-pipetheory by consideringonly the characteristicwavelength
A and the speed of sound a inside the cavity:

fi=a/r (1

Time-accurate flow animations for cavities of modestly large di-
ameter (describedlater) indicate that pressure waves travel between
the bow shock and the base of the cavity. These pressure waves are
reflected off the base wall and inverted off the bow shock. Con-
sequently, an appropriate A is four times the distance between the
mean bow shock location and the cavity base along the centerline
(L*). Numerical steady flowfield solutions indicate that the flow
is virtually stagnant inside the cavity. Hence, the speed of sound
can be estimated assuming the gas temperature inside the cavity is
approximately the stagnation temperature 7 of the flow. Thus,

fi = ~YrRTo )

LT 4L
As seen in Fig. 3, this equation clearly provides good agreement
with primary frequencies derived from various experimental runs
and time-accurate numerical simulations. The shock standoff dis-
tances used in Eq. (2) are obtained from eitherschlieren photographs

straight line with slope of 1 represents perfect agreement between
the theoretical [Eq. (2)] and measured frequencies. The agreement
is generallybest for the deepestcavities. (L* is less ambiguous when
the cavity depth is much greater than the cavity radius.)

Mechanisms of Resonance

To study the mechanisms of resonance, we first compare numer-
ical simulation results to experimental results for the same body
configuration and freestream conditions at Mach 5. The numerical
input noise is adapted from broad-spectrum white-noise data ob-
tained from pitot stagnation pressure P,, measurements on a blunt
body in the UT Mach 5 blowdown facility. This data set is rescaled
to provide a numerical inflow noise history and retain the same rms
variation of approximately +1.15%. The numerical noise consists
of in-phase variations of static pressure and density (temperature
is held constant) and is effectively represented as one-dimensional
plane waves having negligible radial variations. Numerical simu-
lations involve more than 50 oscillations at the primary frequency.
The rms of base pressure fluctuations is estimated from the base
pressure history after the oscillations are stable, i.e., after the initial
3-10 cycles in most cases. Another set of numerical simulations
without inflow noise (steady inflow conditions) is also computed.

Input waves typically result in large stagnation pressure oscilla-
tions at the base of the cavity. The amplification G is defined as the
ratio of the output (centerline base pressure) rms amplitude to the
input (freestream) rms amplitude:

P,
G = base,rms (3)

Poo,rms
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Fig. 4 Numerical base pressure signals (Mach 5 tunnel conditions).

For example, if a cavity driven with a perturbation input rms of
£1.15% Py, and £1.15%p,, produces an outputrms of £23.0% P,
at the cavity base; this results in an amplification of 20.

The numerical results, i.e., portions of the base pressure histo-
ries, for various cavity depths at Mach 5 are shown in Fig. 4. Based
on power spectrum analysis, most of the oscillation energy is con-
tained within a small band near f. Note that the oscillationsbecome
cleaner, i.e., more sinusoidal, and stronger with increasing cavity
depth. The L/D = 3.0 case exhibits quasistatic bow-shock motion
in which the bow shock remains fixed at the mouth of the cavity dur-
ing inflow and at an upstream position during outflow and moves
abruptly between these two positions. This motionis reflected in the
shark-tooth shape of the base pressure trace.

Figure 5a illustrates how amplification grows with cavity depth
in numerical simulations and experiments at Mach 5 (Ref. 17).
When freestream noise is present, both the numerics and the ex-
periments show a gradual increase of oscillation strength with cav-
ity depth for shallow cavities (L/D <1.0). The numerical esti-
mates for shallow cavities involve some statistical uncertainty due
to the limited duration of the simulation. Because the experiments
involving medium-depth cavities (0.4 <L/D <0.7) exhibit two
modes of resonance,” the rms estimate is somewhat ambiguous and
is not included (dotted line). This behavior is strongly asymmet-
ric and cannot be directly compared with axisymmetric numerical
results.

A qualitative change in the curve occurs near L/D =1.0.
Figure 5a shows that the slope of the amplification curve increases
dramatically (L/D > 1.0) in both the experiments and numerical
simulations. However, the numerical model produces a smaller es-
timate of the oscillations that occur in the experiments. Some of the
difference may be due to numerical dissipation of the fast-moving
bow shock and strong waves within the cavity; however, a rigorous
spatial and temporal sensitivity study of the L/D =2.0 case indi-
cates the numerical solution is converged. The numerical and ex-
perimental results are quite sensitive to cavity depthnear L/D = 1,
and it is reasonable to expect that these results are very sensitive to
many other parameters.

Figure 5b illustrateshow amplification grows with cavity depth in
numerical simulationsat Mach 5 with and without freestreamnoise.
Numerical oscillations are only obtained for relatively shallow cav-
ities (L /D < 1.25) by introducing freestream noise. These results
imply that freestream noise is the mechanism that drives the oscil-
lations for relatively shallow cavities in wind tunnel experiments.
This has recently been shown experimentally by use of controlled
perturbations in Ref. 16. The implications of this are discussed in
more detail later in this section.
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The numerical results in Fig. 5b, however, also indicate that
relatively deep cavities are unstable. Specifically, the deeper cav-
ities resonate strongly without freestream noise. This behavior is
termed self-excitedresonance. For deep cavities the oscillations are
of nearly the same strength regardless of whether inflow noise is
included in the simulation.

To further validate the claim that freestream noise is the mecha-
nism that drives resonancein relatively shallow cavities, numerical
simulation results are compared with quiet freestream experimental
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Fig. 6 Amplification vs tunnel noise level and cavity depth (noise lev-
els: PRC, 1.15%; PQFLT, 0.048 %).

results obtained in the Mach 4 PQFLT. The experimental inflow
noise contains an rms variation of only about +0.048%, based on
rms pitotpressure measurements. The numerical input noise is again
adapted from Mach 5 blowdown tunnel measurements except that
it is rescaled down by a factor of 24 (from £1.15%) to obtain the
desired rms variation of +0.048%. Again, more than 50 oscillation
cycles are computed for each configuration.

Figure 6 illustrates how the amplification grows with cavity
L /D in the numerical simulations and experiments at both Mach 4
(PQFLT) and Mach 5 (PRC). The numerical and experimental re-
sults in PQFLT again show a gradual increase of oscillationstrength
with cavity depth for relativelyshallow cavities (L /D < 1.0). There
is no evidence of the two-mode (three-dimensional) behavior men-
tioned earlier for the Mach 5 experiments in any of the Mach 4
PQFLT results. Note also that the Mach 5 amplification results dis-
play a larger rate of increase with cavity depth than the Mach 4
results. Based on sensitivity results of amplification vs Mach num-
ber (discussed later), it is expected that amplification is somewhat
greater at Mach 5. However, the most important conclusion is that
these shallow cavities amplify the inflow noise level by roughly the
same amount (within a factor of 2) despite the dramatic differencein
tunnel noise levels (factor of 24). Consequently, the strength of os-
cillations for shallow cavities increases with freestream noise level.
These results further suggestthat broadband freestream tunnelnoise
is the mechanism of resonance in shallow cavities.

But what s the sensitivity of rms oscillationsto frequency content
of noise? Time-accurate simulations of Mach 5 flow over a sharp-
lip, L/ D = 0.75 nose cavity (f; = 3600 Hz) were conducted using
the nominal broadband freestream noise model and a notch filtered
freestream noise model (notched from 2400 to 4000 Hz). This filter
range was chosen based on a sensitivity study of amplification vs
input noise frequency (discussed later) to encompass most of the
frequency range to which the cavity is sensitive. Both noise mod-
els contain the same 1.15% rms variation. This cavity produces an
amplification of roughly 3.0 (200% increase) when driven by broad-
band freestream noise. However, the cavity has an amplification of
1.3 (30% increase) when driven by the notched filtered freestream
noise. These resultsdemonstratethatrelatively shallow cavitiesonly
resonate strongly if the freestream noise contains energy near the
primary mode frequency.

Sensitivity Study Overview

A sensitivity study of relatively shallow cavities (L /D < 1.25) is
conductedto understandhow differentparametersaffectthe strength
of oscillations within the cavity. In all sensitivity cases examined,
numerical resonanceis simulated by input of sinusoidal freestream
noise at a discrete frequency.

The nominal case is a medium depth cavity (L /D = 0.75) with
a sharp lip. The inflow noise peak-to-peak amplitudes of pressure
and density are £0.02P,, and £0.02p,, respectively. The mean
freestream conditions correspond to those in the Mach 5 facility.
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Fig. 7 Amplification vs driving frequency (nominal case).
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Fig. 8 Peak amplification vs driving frequency.

Note that the freestreamrms amplitudes are 1.41%. The simulation
results for the nominal case serve as a standard for comparisonto the
other cases. The parameters studied include noise frequency, noise
amplitude, noise variable type, cavity depth, cavity lip radius, Mach
number, fluid viscosity, and thermal wall condition.

Sensitivity of Amplification to Noise Frequency

Consider first the dependence of the pressure amplification (G),
defined in Eq. (3), on the input perturbation frequency. Figure 7
illustrates the variation of amplification with input frequency f for
the nominal case (L /D = 0.75 at Mach 5). There is a strong depen-
dence of the amplification on the input frequency. The amplification
is maximum when the driving frequencyhas a particular value ( f,p).
This optimum frequency is slightly less (8%) than the primary fre-
quency from Eq. (2). The amplification also drops rapidly (rolls off )
with changes in the driving frequency, similarly to the behavior of
a damped harmonic oscillator.

Figure 8 shows the dependence of amplification on input fre-
quency for three cavity depths (L/D = 0.25,0.75, and 1.25) near
the amplification peaks. These peaks become higher and sharper as
the cavity depth (and amplification) is increased. The increase of
normalized amplification rolloff [dG /d( f/f,p)| with amplification
is also consistent with a damped harmonic oscillator.

Sensitivity of Amplification to Noise Amplitude

Consider the dependence of amplification on noise level, i.e.,
input perturbationamplitude. Several simulationsare performed for
the nominal L /D = 0.75 case at each noise amplitude level using
differentfrequenciesto isolate f,,. In each case, the same frequency
(3400 £ 100 Hz) is identified as this optimum frequency, i.e., foy
is independentof the noise amplitude.

Figure 9 shows the variation of amplification and mean bow-
shock speed (averaged over one oscillation cycle) with noise rms
level at the optimum frequency. The pressure levels within a given
cavity increase nearly proportionally with inflow noise rms until
the strength of pressure oscillations begins to plateau or saturate,
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i.e., amplification stays nearly constant until saturation occurs at
a noise rms level of approximately 1-2%. These results confirm
those describedearlierin which amplificationis shown to beroughly
independent of broadband noise amplitude.

The same trend is evident for the variation of mean bow-shock
speed with noise amplitude, i.e., mean bow-shock speed increases
proportionally to inflow noise rms. Based on the two illustrated
relationships,one may deduce that basewall pressureamplitude also
increases proportionally to mean bow-shock speed (and bow-shock
oscillation amplitude). This relationshipimplies a stiffness because
as the bow-shock oscillation amplitude grows, so does the basewall
pressure amplitude.

Sensitivity of Amplification to Noise Variable

Next considerthe sensitivity of amplificationto the specific choice
of noise variable, that is, whether the noise is isothermal, isobaric,
or incompressible. As described earlier, the nominal case includes
sinusoidal perturbationsin pressure and density (isothermal noise).
Figure 10 shows the base pressurehistory (starting from steady flow)
for the nominal case at the primary mode frequency (3600 Hz). Base
pressure historiesare also plotted using two other noise models: iso-
baric (perturbationsin temperature and density) and incompressible
(perturbationsin pressure and temperature). Both the isothermal and
isobaric noise models produce the same amplification (but 180 deg
out of phase). Incompressible noise, however, results in negligible
oscillations. These trends may be confirmed analytically for small
perturbations using normal-shock relations.'®

Sensitivity of Amplification to Cavity Geometry

Consider the sensitivity of pressure amplification to cavity ge-
ometry. Specifically, the sensitivities to cavity depth and cavity lip
radius have been studied numerically. Typically, four separate simu-
lations are performed for each geometry using different frequencies
to obtain fo.
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Figure 11 illustrates optimum amplification and mean bow-shock
speed relative to the body for four sharp lip cavities with different
cavity lengths (other geometry features held constant). A sinusoidal
noise amplitude of £0.5%, rather than +2%, is used in these sim-
ulations to prevent saturation of pressure oscillation levels. Both
amplification and mean bow-shock speed increase monotonically
and almost exponentially with cavity length over the entire L/D
range.

The effect of geometric scale is studied by comparing the
pressure-time history for the nominal L /D = 0.75 case at a driving
frequency of 3300 Hz with a half-scale versionatadriving frequency
of 6600 Hz. The resulting pressure-time histories (normalized by
frequency) and amplifications (both not shown) are virtually identi-
cal, indicating dynamic similarity (no sensitivity to scale). Dynamic
similarity is expected because boundary layers and viscous dissipa-
tion forces appear to be quite small in these two cases. Of course,
boundary-layereffects may be significant at smaller scales.

Pressureoscillationsare modestly sensitiveto lip geometry for the
range of lip radii from 0.1 to 1.0 mm. Experimental results obtained
at Mach 5 concluded that flow dynamics near the cavity base are
not substantially affected by changes in the lip shape.” Numerical
simulationsusing a sinusoidalperturbationat Mach 5 indicate weak
tomodestsensitivityof the amplification parameterto small changes
in lip radius. The amplification for L /D = 0.25 and 0.75 increases
approximately 5 and 25%, respectively, as the lip radius is varied
between 0.1 and 1.0 mm.

Sensitivity of Amplification to Mach Number

Consider next the effect of Mach number on pressure amplifica-
tion. Numerical simulations are performed using the geometrically
nominal L /D = 0.75 case but at different Mach numbers. In each
simulation, adiabatic wall conditions are implemented and the flow
is assumed calorically perfect. Three or four separate simulations
are performed for each Mach number using different frequenciesto
isolate fop.

Figure 12 shows the variation of amplification with input fre-
quency for Mach 2, 3, 5, 7, and 9. The results indicate that
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Fig. 13 Pressure contours (arrows indicate flow direction): L/D = 0.75, Mach 5, 5% sinusoid.

amplification increases rapidly with Mach number for low Mach
numbers but begins to level off at hypersonic speeds.

Sensitivity of Amplification to Viscous Effects

The effect of fluid viscosity was studied by comparing the base
pressure history for the nominal L/D =0.75 case with the same
case, but including an inviscid fluid constraint, i.e., viscosity = 0.
The inviscid solution was virtually identical (not shown) to the nom-
inal viscous solution indicating that the primary dissipation mech-
anism is not a viscous phenomenon in these cases.

Sensitivity of Amplification to Thermal Constraint

Simulation results indicate that the thermal wall constraint, i.e.,
isothermal wall vs adiabatic wall, has a weak effect on amplification
for cases that involve a small temperature potential, i.e., the wall
temperature is close to the stagnation temperature. For example, the
nominal L/D = 0.75 case (T = 370 K) with an isothermal wall at
300 K shows a reduction in the amplification of less than 2% if an
adiabatic wall is used instead.

However, if the temperature potential is large, amplification is
significantly reduced. Simulation results for the nominal geometric
configuration at Mach 9 with isothermal wall (300 K) and adiabatic
wall conditions showed a 30% reduction in amplification in the
isothermal wall case. Perhaps the large radial temperature gradients
within the cavity cause the resonant frequency to become a strong
function of radial position, and this ambiguity leads to significantly
reduced amplification.

Overview of Cavity Fluid Dynamics

As described earlier, inflow noise drives oscillations within shal-
low cavities; without noise the cavities do not oscillate. Time-
accurate flow animations show the fluid-dynamic mechanism by
which resonance is achieved. Consider a nose-cavity flow simula-
tion involving a sinusoidal model of inflow noise. During one half
cycle, the freestream stagnation pressure is larger than the mean
value. This positive freestream perturbation results in a larger inflow
momentum (and stagnation pressure) reaching the cavity mouth.
This relatively large momentum encourages cavity inflow (and in-
creases the pressure gradient within the cavity). During cavity in-
flow, the bow shock is moving downstream, toward the cavity mouth
(Fig. 13a). Similarly, negative freestream perturbations result in a
smaller inflow momentum (and stagnation pressure) reaching the
mouth. This relatively small momentum encourages cavity outflow
(and decreases the pressure gradient within the cavity). During cav-
ity outflow, the bow shock is moving upstream, away from the cavity
mouth (Fig. 13b). Cavity flow reversals occur after each half cycle.
These observations indicate how freestream flow momentum (or
stagnation pressure) perturbations could be the driving force behind
the oscillations.

During startup, i.e., the first several cycles, both the strength of the
pressure oscillations inside the cavity and the bow-shock oscillations

grow with each input cycle. The basewall pressure oscillations and
bow-shock oscillations are nearly in phase. Eventually, a pseudo-
steady-state variation of pressure is reached.

The response of the cavity to inflow noise is analogous to that
of a damped harmonic oscillator (see also Ref. 16). An attempt to
emulate cavity behavior with a spring—mass—damper model based
on physical principles has been presented in Ref. 18. An enhanced
version of this spring-mass—damper model will be presented in a
future publication.

Summary

The agreement shown between computations and experiments
implies that freestream noise in a small bandwidth of frequencies
near the primary mode is the mechanism that drives resonant pres-
sure oscillations within shallow forward-facing cavities. On the
other hand, numerical simulations indicate that deep cavities are
unstable and will oscillate without freestream noise, i.e., undergo

* self-excited resonant oscillations. Most of the energy of the oscil-

lations is contained in the primary mode, which can be estimated a
priori.

A parametric study of shallow cavities established the sensitivity
of amplification (gain) to noise frequency, noise amplitude, noise
variable type, cavity depth, cavity lip radius, geometric scale, Mach
number, and viscous and thermal wall conditions. The response of
shallow cavities to inflow noise is analogous to that of a damped
harmonic oscillator. '
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