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1.0 INTRODUCTION

Unsteady flow fields in and near an open cavity excited by an external flow parallel to
the plane of the opening have been studied for at least a hundred years — literally. An historical
perspective was provided by Covert (Ref. 1), who cited works by Strouhal, Rayleigh, and
Kohlrausch in the late nineteenth century. By the 1950s, Krishnamurty and Roshko were
studying acoustic radiation from cavities for NACA (Refs. 2 and 3, respectively), and in
the early 1960s, Plumblee, Gibson, and Lassiter at Lockheed-Georgia performed both
theoretical and experimental studies of cavity flow, including a deep cavity of length-to-depth
ratio (L/D) of only 0.8 (Ref. 4). In 1964, J. E. Rossiter, reporting to the Aeronautical Research
Council in the United Kingdom, produced what is still the most widely used method for
estimating the frequencies of pressure oscillation to be expected in a cavity flow field (Ref.
5). Later in the 1960s and early 1970s, East (Ref. 6), Heller, Holmes, and Bliss (Ref. 7),
and Smith and Shaw (Ref. 8), among many others, performed experiments of flow over a
cavity and the associated induced pressure oscillations, building on Rossiter’s earlier work.
In 1973, Bilani and Covert (Ref. 9) suggested that the oscillations in the cavity were associated
with vortex roll-up and the concomitant instability in the shear layer, a thought that drew
concurrence by Tam and Block at NASA (Ref. 10). Experiments have continued into the
1980s, with Clark, Bartel, and McAvoy, and Kaufman and Maciulaitus for the USAF Wright
Aeronautical Laboratories examining actual cavities in aircraft (Refs. 11, 12, and 13). Work
at NASA has continued also, with the examination of cavity flow fields in rectangular cavities
of various L/D at subsonic, transonic, and supersonic speeds {Blair, Stallings, Wilcox, and
Plentovich, Refs. 14, 15, and 16).

The works cited, as well as the many others not mentioned, may be sorted into three
categories: experimental investigations, acoustic solutions, and Navier-Stokes solutions.
(Extensive bibliographies are available in Refs. 7 and 12.) One of the more comprehensive
and practical experimental studies has been a recent test program at the Arnold Engineering
Development Center (AEDC) by Dix (Ref. 17). Data obtained in the program have been
used to verify Navier-Stokes solutions and to help develop simpler, semi-empirical methods.
Recently, with the availability of large and fast computing machines, the analytical approach
to cavity flow-field prediction has moved beyond approximations to fluid dynamic phenomena
through the use of fundamental equations and empirical constants to full, time-accurate,
Navier-Stokes solutions. Several investigators have published solutions, including Om, Baysal,
Rizzetta, Suhs, and Dougherty (Refs. 18 through 23). However, computer time on the order
of 100 cpu-hr of a multiple-cpu, parallel-processing, Class VI computer was required. However,
an encouraging trend has been demonstrated by Suhs at AEDC (Ref. 21) in showing that
it is possible to estimate mean pressure distributions and rms pressure distributions in a cavity
with time-accurate Navier-Stokes solutions in about 20 cpu-hr by applying a thin-layer viscosity
approximation (restricting viscous effects to a thin layer near the cavity boundaries), and
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assuming symmetry about the longitudinal center, or XZ, plane of the cavity. However, since
a computed spectrum was not included, the results cannot be used to estimate the dynamic
forces acting on the structure of the cavity. Simpler acoustic theories have been applied in
an attempt to predict the spectrum, but these can only be used to predict the natural frequencies
based on the dimensions of the cavity, and not the magnitude of the peak pressures that
occur at these frequencies. A fresh atterpt has been made, therefore, to examine the
fundamental fluid dynamic phenomena involved, with the intent of developing a means of
predicting at least a first-order estimate of both the frequency and amplitude of the tones
occurring in a cavity.

Data to support the prediction study was acquired during the recent test program by Dix
{mentioned previously) involving a simple flat plate and cavity model. (The test program
has been documented in an AEDC Technical Report, and is summarized in Appendix A.)
The database includes surface pressure measurements acting on the plate/cavity model recorded
using both conventional static-pressure instrumentation and fluctuating-pressure transducers.

2.0 DEVELOPMENT OF A CAVITY ACOUSTIC MODEL
2.1 IMPLICATIONS OF TEST DATA

Before proceeding with development of a math model of cavity acoustics, it is important
to examine some typical plate/cavity surface pressures from the tests. Surface pressure profiles
measured along the centerline of the three cavities (L/D values of 4.5, 9.0, and 14.4) are
illustrated in Fig. 1 for a range of Mach numbers from subsonic to high transonic. Conventional
static-pressure measuring techniques were used, but the recorded pressures were decidedly
unsteady. (The profiles illustrated in Fig. 1 are actually mean profiles calculated from 6 to
12 repeated data points. The statistical standard deviation of the repeated pressure
measurements is also illustrated in Fig. 1.) At all conditions, the standard deviation of the
repeated measurements exceeded the uncertainty interval for the surface pressure measurements
{See Table A-2 in Appendix A) over much of the length of the deeper cavity (L/D = 4.5),
over some of the length of the transitional cavity (L/D = 9.0), and over almost none of
the length of the shallow cavity (L/D = 14.4). The measured surface pressures in the
. transitional and deep cavities were clearly unsteady. Furthermore, the flow over the deeper
cavity (L/D = 4.5) did not expand into the cavity at any Mach number (Fig. 1a), whereas
the flow over the most shallow cavity (L7D = 14.4) expanded into the cavity at all Mach
numbers (Fig. 1c). Flow over the L/D = 9.0 cavity expanded into the cavity at subsonic
conditions, but did not for Mach numbers of 1.50 and higher (Fig. 1b). Behavior of this
type has led to the widely used designations ‘‘open cavity’’ (L/D < 9), “‘transitional cavity”
(9 < L/D < 13), and ““closed cavity’’ (13 < L/D), according to a model offered by Stallings
and Wilcox (Ref. 15), and illustrated in Fig. 2.
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Considering the mean pressure profiles illustrated in Fig. 1 to represent essentially root-
mean-square (rms) values, it is clear that the maximum rms pressures occurred in the stagnation
region at the downstream wall, regardless of cavity L/D. This observation is important in
the development of the analytical method presented here.

2.2 THEORETICAL MODEL

A sinfple mathematical model of cavity acoustics can be developed by considering the
amplitudes of pressure fluctuations in a cavity to be attributable to an interaction of fluid
dynamic and fundamental acoustic phenomena. First, it is asserted that the turbulent mixing
zone that separates the ordered flow outside a cavity from the disordered atmosphere inside
a cavity generates a continuous spectrum of acoustic waves that are, in turn, responsible
for the pressure fluctuations detected in the cavity. The acoustic waves may be considered
to act like relay switches that trigger much stronger pulses in the form of vortices that begin
to roll up in the mixing zone as the flow passes over the leading edge of the cavity. Although
the acoustic amplitudes may vary with frequency, the strengths of the created vortices are
equal, as determined by the constant vorticity at the edge of the cavity.

Second, a variable damping term is proposed for inclusion in the frequency response
equation for the cavity. The value of the damping term is stated as an empirical function
of the relative magnitude of the frequencies of the fundamental acoustic modes of the cavity
and the *‘edgetones’’ that are generated as the flow separates at a cavity edge. Minimum
damping is expected to occur when an edgetone frequency is equal to one of the three
fundamental acoustic frequencies, producing a maximum pressure amplitude at the edgetone
frequency. ,

Finally, as stated in Section 2.1, the maximum rms pressure in a cavity occurs at the
downstream wall where the turbulent mixing zone impinges, leading to an assertion that the
maximum rms pressure is related to the maximum rms pressure in the turbulent mixing zone.
Therefore, a method is offered for estimating the maximum rms pressure that would eccur
at the detected frequencies.

2.3 FUNDAMENTAL EQUATIONS

A theoretical approach to predicting the fluctuating flow field in a cavity must include
mathematical models of the following quantities:

1. acoustic resonant frequencies,
2. edgetone frequencies,
3. pressure on downstream wall of cavity as a function of time,
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4. frequency response,

5. damping phenomena,

6. maximum rms pressure in the turbulent mixing zone, and
7. spectra reference pressure,

The mathematical models will be discussed in sequence in the following sections.
2.3.1 Acoustic Resonant Frequencies .

Some typical SPL spectra for three cavities are illustrated in Figs. 3, 4, and 5. Of particular
interest are the values of the tones that are detected at the location of transducer K18. (The
output of transducer K18, located as illustrated in Fig. A-4, is used throughout as a criterion,
since that location was in the region of highest acoustic levels in the cavity, and was never
covered by the adjustable floor.) Also marked in Figs. 3 through 5 are the natural, or
fundamental, acoustic modes for the cavity. The fundaméntal acoustic modes may be likened
to Helmholtz resonances, but the analogy is not perfect since the cavity is not a totally enclosed
volume with only a small aperture to the surrounding environment. Another possible analogy
is that of a classical closed organ pipe, (which, by definition, is physically closed on just
one end). In this classical model, the closed end is a displacement node; but again the analogy
to a cavity is weak, since the cavity is closed on both ends. It is asserted that the best analogy
is that of the open organ pipe, for which each end is a pressure node, i.c., the pressure
amplitude at each end is a maximum. Then, proceeding from the fundamental relationship
for wave motion,

and assuming the cavity responds like an open organ pipe, the frequencies of the fundamental
acoustic modes for the length L, and width, W, are

a
f, = —t
L= 9L
and
"
for = —
YT ow

Calculation of the fundamental depth mode is more difficult, since the top of the cavity is
open, like the classical closed organ pipe. The equation selected was developed by Bauer
for a tube (See Appendix B),
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(In this instance, the parameter + represents the ratio of specific heats for a gas. In other
equations, y represents Rossiter’s phase constant, as in Section 2.3.2.) It must be emphasized
that the equations cited here apply only to simple rectangular cavities. A more elaborate
acoustic analysis must be made for cavities of more complex geometry.

In Ref. 5, Rossiter presents a simple theory for estimating the frequencies of the edgetones
that are produced by the shedding of vortices at the upstream edge of the cavity. It is important
to note that the tones detected in the cavity experiments do not occur at the fundamental
acoustic modes, but primarily at the edgetone frequencies (Figs. 3 through 5). Unfortunately,
Rossiter does not offer a method for predicting the magnitudes of the pressure pulses occurring
at the edgetone frequencies.

]

2.3.2 Edgetone Frequencies

The most widely used equation for estimating the*éeidgetone frequencies was developed
by Rossiter (Ref. 5),

-}
L M. a_'” + L
a $d
wherem = 1, 2, 3, ... = the frequency mode number of the edgetone.

Rossiter introduced two empirical parameters in his original formula, v and ¢4, which
were shown to apply almost universally to a wide range of cavities of L/D < 10 and with
thin initial boundary layers. These two empirical parameters will be discussed separately.

2.3.2.1 Phase Constant, v

Rossiter identified the parameter v as a phase constani between vortex shedding and
acoustic wave response in the cavity. (Rossiter’s model of cavity acoustic generation is
illustrated in Fig. 6.) By averaging results over the entire range of Mach number used in his
experiments, and assuming that the parameter ¢y = 0.57, he suggested that the phase
constant was approximately 0.25 of one vortex wave length for a cavity of L/D = 4.0. Other
values of y were offered by Rossiter as representing the best choices for the cavities of specific
L/D ratio that were included in his investigatidn. The values are illustrated as discrete data
points in Fig. 7, to which both linear and second-order curves were fit. Unfortunately, neither
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curve fit is satisfactory. Although the same values of v couid be predicted for two of the
cavities used in the test program, viz. the L/D = 4.5 and the L/D = 9.0 cavities, extrapolation
to L/D = 14.4 was ambiguous. In fact, extrapolation to L/D = 14.4 is not appropriate,
since no sharp tones occur in that cavity (Fig. 5), yet no mathematical limitation exists to
prevent extrapolation.

Edgetone modal frequency predictions for the cavities used in the recent test program
were made using the modified Rossiter equation with values of y of 0.28 and 0.56 for the
L/D = 4.5 and L/D = 9.0 cavities, respectively, consistent with either of the curves fit to
the data illustrated in Fig. 7. Predicted and measured frequencies are listed in Table 1 and
are illustrated in Figs. 8 and 9. Agreement between predicted and measured values was good
for the first three edgetone modes over the range of Rossiter’s experiments, viz., 0.40 <
M, < 1.20, and L/D ratios of less than 10. However, for modes 4 and 5, and at Mach
numbers above 1.20, the modal frequencies did not occur at the predicted frequencies. No
modes could be detected in the L/D = 14.4 cavity; hence, no predictions were made.

Only the longitudinal edgetone frequencies in the cavity are considered in Rossiter’s
equation; hence, the equation can properly be applied only to cavities with leading edge at
zero angle of yaw with respect to the direction of the external flow. Better generality of an
analytical method would result from consideration of lateral and vertical, or depth, modes.

A study was made of the phase parameter v by Dobson (Ref. 24), proceeding from a
suspicion that - might be some function of mode number and Mach number. Adjusted values
for 4 were identified that provide better frequency predictions (Appendix C). It is important
to recall, however, that all the values of y considered here are valid for an assurned value
of the parameter ¢35 = 0.57, which is in turn valid only for thin initial boundary layers.

2.3.2.2 Average Vortex Velocity Parameter, ¢,

The other parameter, ¢4, was defined by Rossiter to be the ratio of the average vortex
velocity in passing over the cavity to the free-stream velocity. Rossiter selected an empirical
value of ¢4 = 0.57 for thin initial boundary layers, but decreasing as the approaching
boundary-layer thickness increased. Although a value of 0.57 has often been accepted, East
(Ref. 6), identified a range of values for ¢4 of from 0.35 to 0.65. Later, Heller, Holmes,
and Covert (Ref. 7) also accepted 0.57, and Smith and Shaw (Ref. 8) subsequently concurred.

The effect of an initial boundary layer is included here by asserting that the vortices move
at the dividing streamline velocity. Hence, the constant ¢4 becomes the ratio of the dividing
streamline velocity to the free-stream velocity. (The theoretical value of ¢4 for no initial
boundary layer in an incompressible flow is 0.6163, which compares favorably with Rossiter’s

10
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value of 0.57.) A rigorous approach could be taken to calculate ¢4, such as the method
presented by Bauer in Refs. 25 and 26; however, a semi-empirical equation is used here,
beginning with the theoretical incompressible value, and extending to other Mach numbers
by fitting Bauer’s data,

0.8
g = (0.6163 + 0.0178 M) (l -e "p)

where W =0 %, a turbulent mixing position parameter (Ref. 26),

and o = the similarity parameter for turbulent mixing, after Bauer (Refs. 27 and 28).
2.3.2.3 Mixing Considerations: Mass Injection

A general model of the approaching flow and the subsequent turbulent mixing that occurs
would include the possible injection of fluid into the stream. In fact, fluid injection into
the boundary layer upstream of the cavity has been reported by Vakili and Gauthier to be
effective in reducing the amplitude of pressure oscillations in the cavity (Ref. 29). First, for
the case of no injection, the similarity parameter for tarbulent mixing, is defined as a, and
values of g are assumed to be a function of free-stream Mach number (Ref. . 28),

Mw <1, 09=3Mg + 12

,]

1 <My <4, op=58My + 47
Me >4, op=239

1A

If fluid is injected into the cavity, then the mixing is treated as a case of two-stream mixing,
and the similarity parameter can be determined from the following equation:

1 + ¢
SNTESY

h :
wnerc 4 < vb
c-_vm|

The velocity of the injected fluid, or bleed-in fluid, Vy, can be determined if it is assumed
that the bleed-in fluid is injected uniformly over the upstream wall of the cavity at a density

based on the free-stream static pressure and total temperature.

If the bleed flow is injected upstream of the cavity and uniformly over the width of the
cavity, then it is assumed that all of the injected fluid remains in the boundary layer, thereby

i
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increasing the thickness. If it is further assumed that the velocity profile of the boundary
layer is unchanged by fluid injection, thgn from conservation of mass, the boundary-layer
thickness is predicted by

& =08 + T
WR YV, (l -3 )
where 8o = the initial boundary-layer thickness and for no injection,
and —%= the ratio of displacement thickness to total thickness.

The quantity 8°/8 is estimated with empirical equations selected to represent the
theoretical results presented by Tucker in Ref. 30 for a 1/7-power velocity profile shape.
The equations are listed here for the subsonic and supersenic regimes:

for 'y
Mg =< 1 —‘;— = 0.0328 M, + 0.1250
i
and for
My > 1 Z — 0.0840 M, + 0.0738

2.3.3 Wall Pressure

Pressure acting on the downstream wall of the cavity is modeled as the sum of 512 forcing-
function sine waves of frequencies equal to the first 512 edgetones, and with (possibly) 512
different amplitudes. The model is consistent with the 512 sets of Fourier coefficients
determined from the fast Fourier transform (FFT) technique applied in analyzing the
experimental data (Appendix A),

512
Pwall = E

a, sin (wy t)
Pref n=1

12
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where a, = the amplitude coefficient of each sine wave, and is simply a special case -
of the frequency-response equation to be developed in the following two
. sections,
Wy = 2 Tfe
and Ps = the vortex pressure strength, assumed to be the same for all frequencies.

Note that the equation is not exactly a Fourier series, since the difference in consecutive
frequencies is not equal to the fundamental frequency because of the phase parameter, ),
in Rossiter’s equation.

2.3.4 Frequency Response

It is important to note that in the experimental spectra of the database, the minimum
amplitudes are about the same for both low and high frequencies (Figs. 8 and 9). Cavity
frequency response is, therefore, very unlike mechanical systems, for which amplitudes decrease
continuously at frequencies greater than the natural frequencies. Such response is, however,
very similar to the frequency response characteristic derived by Bauer for unsteady flow in
a tube (Appendix B). The general equation for a response coefficient that was applied to

a cavity is =y
N2 2 - (2
14+ (L] + a2 L\*";“-\{a/’
]l;\ fe f, -3 )
'\jj-_ f 212 f 2
1 - =) +4a|-—
_ where f = forcing frequency,
f. = edgetone frequency,
and d = effective damping ratio.

Note: The effective damping ratio, d, is especially important as a new concept that is introduced
at this point. The fundamental property sought for the damping function is that amplitudes
at frequencies other than edgetones should be damped, whereas amplitudes at frequencies
approaching the edgetones should be progressively less damped, thereby producing a spectrum
of the pressure at a cavity wall.

The response coefficient, R, can be interpreted as a ratio of the amplitude at a frequency
to the amplitude at the forcing frequency. For example, if a single forcing frequency is imposed
on the cavity, then the equation for the response coefficient, R,, would be the equation for
each coefficient in the wall pressure equation. Various single forcing frequencies could be

13
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used to calculate the theoretical spectra of the wall pressure, but here the actual wall pressure
is assumed to result from a continuous spectrum of forcing frequencies. Hence, the forcing
frequency, f, in the response coefficient equation is, in sequence, each edgetone frequency
(f = f.). Consequently, the coefficients, a,, in the equation for the wall pressure (Section

2.3.3) become a function of only the effective damping ratio, dy,
1+

an = Ry (fo) = —

dll

wheren = 1,2, 3, ..., 512
2.3.5 Damping Phenomena

When the preceding equations are used to calculate a spectrum of pressures acting on
the downstream wall of a cavity, it is clear that the relative magnitudes of the pressure peaks
in the spectrum are determined by the damping ratio, d,. If the cavity were very deep, with
L/D < < 1.0 (i.e. like a tube), then the damping ratio would be determined by viscous effects,
and would be given by the following equation, which tan be derived from the material in

Appendix B: i
8885, LWDa, 1,—
"

dy =
P, (L W)?

where y and a, are the fluid viscosity and sonic speed, respectively, based on the total
temperature. (In this instance, the parameter vy represents the ratio of specific heats for a
gas. In other equations, y represents Rossiter’s phase constant, as in Section 2.3.2.) However,
applying the d, equation to a relatively shallow cavity provides an unrealistically small
damping ratio (when compared to experimental data). Furthermore, since the expression for
d, is not a function of frequency, all pressure peaks in the spectrum are calculated as equal,
which is generally not true (cf. Figs. 1 through 3). Consequently, it is postulated that another
type of damping exists, which is believed to be that predicted by acoustic theories.

As defined here, acoustic ““wave damping’’ is attributable to the mutual interaction of
the various acoustic waves, with an ultimate loss of energy out the opening of the cavity.
It is assurned to be a simple function of the ratio of edgetone frequency to fundamental acoustic
frequency. After iteration — assuming a relationship, calculating a spectrum, and comparing
with spectra in the database — the following relation was defined for wave damping:

f, \? f, | £
=1_ [ _ & _ £
oot -] -
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Finally, the equation for damping ratio is assumed to be an empirically determined
combination of viscous and wave contributions that is unique for each mode and Mach
number: .

m = 1,-d = dy edw (0.006617 My, + 0.0003734)
m = 2,d = dy edw (0.01284 M,, — 0.005529)
> m = 3,d = d, edw (0.006617 M, + 0.0003734)
m = 4,d = d, e (2.837 M, — 1.691)"
m = 5,d = dy e (2.845 M, - 1.7047}
M= 6,d = dyee(0.996 Mo — 0.595)
~ .

In each case, if the value calculated is d < 0, then the damping ratio is set equal to the
viscous term, i.c., if d < 0, then d = d,.

Note: The equations and constants listed here were selected to provide the best match of
predictions and available experimental data at M, = 0.60 and M, = 0.95, and are therefore
strictly appropriate only for M, = 0.95.

It is not certain that acoustic theory can be used Lo predict the wave damping, since the
coupling of acoustic and fluid mechanic phenomena are not addressed in acoustic theory.

The necessary coupling probably can be represented only with complete Navier-Stokes
equations.

2.3.6 Maximum rms Wall Pressure

It is clear from the centerline pressure distributions recorded during the experiments that
the maximum pressures in the cavity occur on the downstreamn wall near the opening of the
cavity, where the turbulent mixing zone impinges (Fig. 1). An equation for estimating the
rms pressure in a turbulent mixing zone can be derived from Bernoulli’s equation,

dP + gudu =0

It is proposed that the rates of change of pressure, dP, and velocity, du, be treated as
fluctuations attributable to turbulence. Then the rms of Bernoulli’s equation is

Pims = E u Urms
where the quantities g and u represent the mean values of density and velocity at the wall,

respectively.
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The turbulent kinetic energy is

u2

ms
™KE = T3
so that
Prms = EE V2 TKE

It is common to assume that a linear relationship exists between the Reynolds shear and the
turbulent kinetic energy, so that the shear force may be defined as

Fg = a; ¢ e

with a corresponding friction coefficient of

G = S+
Qw

Substituting in the Py, equation for 7xg in terms of C; produces

P, = i 22 9=Cr
a

This equation has been applied successfully to a boundary layer, and is assumed to apply
to a turbulent mixing zone as well. Note that the values of g, u, and C; for a turbulent
mixing zone must be evaluated along the dividing streamline. Recalling that the free-stream
Crocco number is defined from the energy equation as

]
Q= ——e
® 2CPT|_

then the equation for the rms pressure in a turbulent mixing zone becomes

Prms 2%\[ (1 -CHG
Qe a1 [1 — (Cw 60¥]

A method presented by Bauer in Ref. 25 is used to determine the friction coefficient, Cj,
along the dividing streamline. It is asserted that the momentum of the entrained mass flow
must equal the total shear force along the dividing streamline. The equation for C; for the
case of no initial boundary layer is

16
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cf=2L‘_£2al_Id_
o

where 14 represents the normalized momentum of the entrained mass flow, and can be
determined from curves fit to the theoretical values offered by Bauer in Ref. 25. The curve
fits are

for M, = 0.5, Ig = 0.15
and

for Me > 05, Iy = 0.0338 My, + 0.15

Provision for a nonzero initial boundary layer can be made by applying the experimental
result that the value of C;in a fully developed mixing zone is an order of magnitude greater
than C; in a corresponding boundary layer. An appropriate correction factor can be posed
in terms of 1, the mixing position parameter determined by Bauer in Ref. 27. Hence, C;
for a nonzero initial boundary layer can be calculateq from

_ 2
¢ =24 f) I 09e5m +0.0)

2.3.7 Spectra Reference Pressure

The absolute level of the pressure spectrum is determined by the strength of the vortices
produced by the acoustic waves generated in the turbulent mixing zone. The reference pressure,
P,r, is defined to be the strength of the vortices, and is assumed to be the same for all
frequencies. Since the overall rms pressure is determined by turbulent mixing (Section 2.3.6),
then the reference pressure is

Prer =

n=1\ 2
3.0 COMPARISON OF PREDICTIONS WITH DATA
3.1 THE CAP CODE

Equations comprising the model described previously were compiled into a code named
the Cavity Acoustic Prediction Code (CAP Code). Only approximately 200 lines of BASIC®
code were needed for installation on a personal computer of modest capacity and calculation
speed. Run times of 10 sec or less were routine. (A listing of the code is not included, since

17
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the equations are simple algebraic and exponential expressions, and potential users will need
to write code using commands unique to the selected computer.)

3.2 RESULTS — NO MASS INJECTION
3.2.1 Effect of Cavity L/D Ratio

CAP Code predictions of spectra of sound pressure level (SPL) in the frequency range
of 0 to 5,000 Hz are compared with experimental data in Figs. 10and 11. Although the damping
terms were optimized for the range M, =< 0.95, predictions for the L/D = 4.5 cavity are
illustrated in Fig. 10 for a range of Mach numbers from 0.6 to 5.0. It is clear that spectra
predicted using the CAP Code model are in good agreement with the experimental data for
subsonic and transonic Mach numbers, i.e., the conditions for which the damping function
was optimized. Frequencies of the detected tones are predicted very well. Although tonal
amplitudes are not in perfect agreement with data in all cases, the overall rms pressure,
illustrated as Overall Sound Pressure Level (OASPL), is in good agreement at the optimum
subsonic and transonic conditions.

Predictions and data for a cavity of L/D = 9.0 are illustrated in Fig.11. Because of the
transitional nature of the aeroacoustic flow field in the L/D = 9.0 cavity (Appendix A),
there are no detected tones at M, = 0.60 and only very weak tones at any Mach number.
When tones are detectable, the frequencies are predicted well, using the Rossiter equation
that is built into the CAP Code. Note that the predicted overall rms is in good agreement
with data at all Mach numbers, despite the inaccuracies of the CAP Code spectral peak
amplitudes.

The failure of the CAP Code to predict accurately the spectral amplitudes may be attributed
to an inaccurate damping ratio, d. (The damping ratio serves to limit amplitudes at frequencies
between the edgetone frequencies through the f/f, terms of the response coefficient, R;.)
As yet, there is no explicit theoretical basis for combining the postulated viscous- and wave-
damping contributions to create an effective damping ratio. The effective damping ratios
described in Section 2.3.5 are purely empirical for each mode and Mach number.

Since the data were recorded at several different values of total pressure, the use of spectral,
or logarithmic, graphs can be misleading. An alternate method of presenting the data is through
the parameter Ppys/qe. The overall sound pressure level (OASPL) is illustrated in both ways
in Fig. 12 for the L/D = 4.5 cavity, and in Fig. 13 for the L/D = 9.0 cavity. Although
the OASPL predicted using the CAP Code seems in good agreement with the data, more
serious discrepancies appear when the rms pressure is normalized by free-stream dynamic
pressure. At the present stage of code development, the only explanation that can be offered
is the empirical nature of ‘the turbulent mixing similarity parameter, o
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3.2.2 Effect of Cavity Size

Two sizes of cavity were used, providing a limited opportunity to investigate cavity size
effects. The basic cavity model was 18 by 4 by 4 in. (Fig. A-1), but by using the U-block
insert, a half-size cavity of 9 by 2 by 2 in. was created (Fig. A-2). Two comparisons of CAP
Code and test data were possible, one with the U-block installed with the open end downstream,
and one with the U-block installed with the open end upstream. In the former case, it was
possible to use the same transducer, K18, as a criterion, just as for the full-size 18-in. cavity,
but the approaching boundary layer was thicker than for the 18-in. cavity. In the latter case,
the approaching boundary layer was the same as for the full-size 18-in. cavity, but the K18
transducer was covered, forcing the use of transducer K12 (which was partially covered by
the U-block) as a criterion. Not surprisingly, predictions and measured spectra for the half-
size cavity were in only fair agreement (Figs. 14 and 15).

The different boundary layer and transducer are probable reasons for the poor agreement.
With the open end of the U-block downstream, estimates of the boundary layer were made
on the basis of a turbulent, 1/7t-power velocity profile. The predicted frequencies were
shifted, probably, because of the lack of knowledge of the approaching boundary layer and
the corresponding uncertainty of the correct value of the turbulent mixing parameter, »,
(Section 2.3.2.2). In the case of the open end upstream, for which transducer K12 was used,
both the frequencies and the overall amplitudes were in better agreement, since the approaching
boundary layer was the same as for the full-size cavity. (Amplitude agreement may be
fortuitous, however, since it is known that amplitudes vary with location in the cavity, especially
between sites at the bottom and top of the downstream wall. Differences of 3 or 4 dB have
been measured, Ref. 17).

3.2.3 Boundary-Layer Influence

As implied in Section 3.2.1, the degree of correlation between CAP Code predictions
and data is strongly dependent on the initial boundary layer (at the upstream edge of the
cavity). A further indication is illustrated by the two CAP Code curves of Figs. 12 and 13.
One curve was predicted on the assumption of a zero boundary-layer height, whereas for
the other, a boundary-layer height based on experimental values was assumed. Only a few
measurements of the boundary layer were made during the experiments, and then only at
the supersonic Mach numbers 2.50, 3.51, and 5.04, and with a trip grit applied near the leading
edge of the plate (Appendix A). On the basis of these data, a turbulent boundary layer was
assumed, with a 1/7th-power velocity profile. Estimates of boundary-layer height for subsonic
approach flows were made by beginning with the SWIM code (Ref. 31), then applying
adjustments to match data by Tucker (Ref. 30). The final values are illustrated in Fig. 16.
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It is clear from Figs. 12 and 13 and from the conditions contributing to the results illustrated
in Figs. 14 and 15 that the approaching boundary-layer characteristics exert a strong influence
on the CAP Code predictions. In fact, most schemes for alleviating or suppressing cavity
acoustics involve interacting with the approaching flow (e.g., spoilers). In the CAP Code,
the influence is exerted primarily through the model assumed for the turbulent mixing position
parameter, n, (Section 2.3.2.2).

3.3 RESULTS — WITH MASS INJECTION

Another technique of acoustic suppression involves the injection of fluid, either into the
boundary layer upstream of the cavity, or directly into the cavity, or through any of various
other injection schemes. The intent is to interact with the turbulent mixing zone, stabilizing
it or deflecting it away from impact with the downstream wall. One such technique, by Vakili
and Gauthier at the UTSI, is described in Ref. 29. Fluid mass is injected through a pattern
of holes in the plate upstream of the cavity, altering the approaching boundary layer and
reducing the OASPL. A secondary effect is to change the frequency of vortex separation
from the cavity edge, so that the edgetones become different from the natural frequencies
of the cavity.

A prediction of the upstream injection case was made using the CAP Code. Although
vakili and Gauthier did not present a spectrum for comparison, it was possible to calculate
an overall SPL with the effect of mass injection included. The results were gratifying in that
the trend was matched, as illustrated in Fig. 17, despite having little information concerning
boundary-layer profile or temperature of the injected mass flow.

4.0 CONCLUDING REMARKS

An analytical technique was developed to provide predictions of both the frequency and
amplitude, i.e. the spectra, of acoustic tones in smooth-surfaced, rectangular cavities exposed
to a grazing external flow. Equations were compiled in a small code (designated the Cavity
Acoustic Prediction Code, or CAP Code), intended to produce solutions in less than 15 sec
on a personal computer of modest capability. An existing empirical technique of predicting
the edgetone frequencies of a rectangular cavity, the modified Rossiter equation, was used
for predictions of the frequencies of tones in a cavity. Amplitudes were predicted by considering
the flow passing over the cavity to be a single-stream turbulent mixing zone, with the maximum
wall pressure defined as a function of the rms kinetic energy in the turbulent mixing zone
along the dividing streamline. Characteristics of the approaching boundary layer were included
through the use of the turbulent mixing similarity parameter. An empirical damping concept
was developed as a function of the ratio of a specific frequency to the edgetone frequencies.
Comparisons of CAP Code predictions with a large database were made, with the following
observations:
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1. Good correlation was noted between predictions and data for SPL spectra and
overall SPL in a2 moderately deep cavity (L/D = 4.5) at M, < 1.50, Correlation
with spectral data was weak in the supersonic regime, since the empirical damping
constants that were used were selected for optimum agreement in the transonic
regime. Similar results were noted for a transitional cavity of L/D = 9.0.

2. Apparent effects of cavity size on the accuracy of CAP Code amplitude predictions
were noted, but the few data points available for comparison prevented establishing
limits on the use of the CAP Code for scaling results. Controlled experiments
should be completed in which approaching boundary layer is scaled to the cavity
length — probably through momentum thickness. Future investigations should
include documentation of the characteristics of the approaching boundary layer.

3. It was also possible to use the CAP Cade to predict spectra and overall SPL for
a case of mass-injection into the approaching boundary layer, Again, good
correlation of the overall SPL was observed with the limited data available.

4. Although the fundamental concepts seem valid, additional study is needed to refine
the damping terms in the code. The strong dependence of the CAP Code on
knowledge of the approaching boundary-layer profile suggests that additional
boundary-layer data should be obtained. Additional data are also needed for
further validation and extension to cases of mass-injection into the cavity proper,
to cavities of different scale, and to complex cavities, such as nonrectangular
cavities and cavities with mechanical spoilers.
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Figure 8. Typical cavity pressure spectra and Rossiter edgetones, L/D = 4.5,
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Figure 9. Typical cavity pressure spectra and Rossiter edgetones, L/D = 9.0.
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Figure 11. Comparison of CAP Code predicted spectra and data, L/D = 9.0.
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Table 1. Predicted and Measured Edgetone Frequencies

I/D =45
Moo Source m=1,Hz m=2Hz m=3,Hz m=4Hz m=S5 Hz
0.60 Predictdon’ 137 LYY 5i8 708 898
Data 137 352 547 752 967
0.95 Prediction 185 441 698 954 1,211
Data 186 4569 732 1,016 1,318
1.20 Predictian 210 502 794 1,087 1,379
Data 225 518 830 1,025 1,338
1.50 Prediction 230 549 869 1,188 1,507
Data 244 . 586 938 1,152 1,318
200 Prediction 254 608 961 1,314 1,668
. Daia 303 664 1,064 1,436 1,797
LD =9.0
Mee Source m=1L,Hz m=2Hz m=3Hz m=4Hz m=5Hz
0.60 Prediction 84 214 464 655 845
Data . 313 -— 762 —
095 Prediction 113 369 626 883 1,139
Data - 400 684 986 1,270
1.20 Prediction 129 421 713 1,005 1,297
Data —_— 439 762 1,104 1,396
1.50 Prediction 141 460 719 1,099 1418
Data — 498 859 1,230 1,592
2.00 Prediction 155 500 362 1,216 1,569
Data — - 625 1,016 1,455

* Dash entries indicate that data values could not be resolved from wideband noise.,

58



AEDC-TR-91-17
APPENDIX A
SUMMARY OF EXPERIMENTS
1.0 PLATE/CAVITY MODEL

Data used in the development of the CAP Code were recorded during experiments with
a wind tunnel model consisting of a simple rectangular cavity with an opening 4 in. wide
by 18 in. long (streamwise) built into a flat plate 16 in. wide by 47-in. long (Fig. A-1). Along
the longitudinal edges of the flat plate, tip plates were installed to add stiffness and reduce
three-dimensional flow over the surface of the plate. Tip plates used during the tests at transonic
conditions were 2 in. high (Fig. A-1a), and 6-in. high for the tests at supersonic conditions
(Fig. A-1b). The additional height allowed installation of two 3-in.-diam portholes of Schlieren-
quality optical glass for observations of unsteady flow-field characteristics inside the cavity.

The cavity floor could be installed at any of several discrete depths between 0 and 4 in.
Only 1.25-, 2-, and 4-in. depths were used during the tests, providing cavities of length-to-
depth ratios (L/D) of 14.4, 9.0, and 4.5, respectively (Figs. A-1a and A-1b). A limited quantity
of data was recorded with a block inserted in the cavity in the shape of the letter *‘U** (Fig.
A-2). The dimensions of the cavity were halved with the block in place, i.e. to length by
width by depth dimensions of 9 by 2 by 2 in. The open end of the “U’’ could be faced either
up- or downstream.

2.0 INSTRUMENTATION AND BOUNDARY-LAYER RAKE

Static pressure on the plate and cavity model surfaces could be measured at 95 locations:
26 on the flat plate, and 69 on the walls and floor of the cavity (Fig. A-3). Pressures were
sensed using electronically scanned pressure (ESP) modules, rated at S psi maximumn differential
(psid), mounted on the backside of the flat plate. A near-vacuum was used as the reference.
For verification purposes, one channel on each transducer module was connected to a known
pressure source of 2 psia. The temperature of each pressure transducer module was monitored
to provide a means of correcting for temperature-induced zero shift. Module temperatures
were controlled within + 1°F during the tests at supersonic conditions by water cooling.

Fluctuating pressures were measured with Kulite® differential transducers at up to 45
locations: 7 on the flat plate, and 38 on the walls and floor of the cavity (Fig. A4). Each
transducer was rated at +35 psi, with a maximum allowable differential pressure three times
the nominal rating of 15 psi. Each reference pressure port was vented to the static pressure
in the instrument housing on the backside of the flat plate, which was approximately equal
to free-stream static pressure (P,). Up to 64 channels of transducer signals could be

59



AEDC-TR-91-17

simultaneously sampled, converted from analog to digital form, filtered, and recorded on
a magnetic hard disk using a MASSCOMP® minicomputer as a process controller and data
analyzer. Transducer signals were scanned at a rate of 10,000 samples/sec, producing a data
flow of approximately 1 MB/sec. Because of data-storage limitations, only approximately
30 data points could be stored on the disk, after which data were transferred to 2 magnetic
tape. After the test, data tapes were transported to a large mainframe computer for final
fast-Fourier-transform (FFT) analysis.

Other instruments were also attached to the plate/cavity model (Fig. A-5). Angle of attack
of the generic cavity model was measured with a gravity-sensing angular position indicator
(Schaevitz® ). Two single-axis accelerometers were used to provide a measurement of the
plate/cavity model vibrations. One was mounted on the backside of the flat plate just upstream
of the cavity to sense vertical acceleration in the Z direction. The other was mounted on
the backside of the downstream bulkhead of the cavity to sense axial acceleration in the X
direction. At a location 1-in. aft of the sharp leading edge of the plate, a Y4-in. wide strip
of No. 60 size grit was applied to promote laminar-to-turbulent transition of the boundary
layer. Five hot-film constant-temperature anemometers were installed along the flat plate
upstream of the cavity to determine the laminar/turbulent state of the boundary layer. Four
Chromel® -Alumel® thermocouples were mounted on the backside of the model to monitor
plate and cavity surface temperatures.

Throughout the tests at supersonic conditions, Schlieren photographs of the cavity flow
field were recorded for ail configurations and test conditions at selected model attitudes.
Black and white and color Schlieren high-speed movies (4,000 frames/sec) were also recorded
for selected test conditions.

During blockage evaluation for the tests at supersonic conditions, the thickness of the
boundary layer approaching the cavity was determined using a survey rake, consisting of
10 pitot tubes aligned vertically to 0.3 in. above the surface of the plate (Fig. A-6).

3.0 FLOW CONDITIONS AND DATA ACQUISITION

Data were recorded at Mach numbers in the range from 0.60 to 2.00 during the transonic
tests, and from 2.00 to 5.04 during the supersonic tests. A nominal unit Reynolds number
of 3 x 106/ft was selected, but since the transonic tests were done at a constant P, of 1,200
psfa, unit Reynolds number varied from 1.9 to 3.0 x 106, The selected value of 3 x 106
was maintained during the supersonic tests. Some data were recorded at Re = 1 X 106 and
2 x 105/ft. Nominal values of the flow conditions are listed in Table A-1.
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The wind tunnel tests were controlled to a large degree by various microprocessors. Flow
conditions and model attitudes were set and maintained according to a programmed sequence,
with signals being transmitted from a process controller to a data acquisition system to initiate
the data recording cycle. During the transonic tests, all static pressure orifices were scanned
at a rate of 20,000 samples/sec at intervals of 0.01 sec; but during the supersonic tests, static
pressures and rake pressures were averages of 10 samples taken over a time span of 1 sec.
The fluctuating pressure recording and analysis cycle was initiated during the tests by a signal
transmitted from the tunnel data acquisition system to the MASSCOMP system. The recording
process continued for 25 sec (15 sec for file management and 10 sec of actual data acquisition),
during which time the tunnel control and data systems were prevented from taking any action.
After data were recorded, a signal was transmitted by the MASSCOMP system to release
the tunnel control system for appropriate test condition changes.

4.0 DATA CORRECTIONS AND MEASUREMENT UNCERTAINTIES

During the tests at transonic conditions, Mach number in the free stream was maintained
within +0.010 of the specified value, with a calculated uncertainty of +0.003. Mach number
in the supersonic free stream was maintained within +0.016 of the selected value.

Quality of the experimental data was estimated by considering the effects of both systematic
and random errors. Statistical confidence intervals of + 2 standard deviations, i.e., assured
to include 95 percent of the measured values, were estimated from (1) the calibrations of
the instruments used to sense the pressure and temperature of the airflow; and (2) the
repeatability and uniformity of the free-stream flow during calibration of the wind tunnel.
By using a Taylor series method of error propagation (Ref. A-1), the values of these intervals
were combined to determine the 95-percent confidence intervals of the conventional static
pressure coefficients that are listed in Table A-2. The uncertainty of the aeroacoustic data
was estimated to be x1 db for all conditions.

The Schaevitz absolute angle indicator attached to the underside of the flat plate (Fig.
A-5) was used to set angle of attack of the generic cavily model. Consequently, corrections
for the angular displacement of the generic cavity model attributable to the primary sting
support deflections were unnecessary, The confidence interval for angle of attack of the
plate/cavity model was +0.10 deg.

5.0 DATA REDUCTION
All transducer outputs were sampled simultaneously 10,000 times/sec for 5 or more sec

during a typical data point, producing approximately 50,000 pressure measurements for each
transducer, which were transformed into power speciral density (PSD) graphs in the frequency
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domain using conventional fast Fourier transform (FFT) techniques. The set of pressure-
time samples for each data channel was partitioned into subsets, or ensembles, of 1,024 samples
each. Consequently, the bandwidth of the transformed data was 10,000/1,024, or
approximately 9.76 Hz. Spectra from 25 ensembles were averaged to obtain the final PSD
spectrum. Spectra extended over the range 0 to 5,000 Hz to be consistent with the sampling
rate. All spectral data presented herein have been calculated with the Hanning data-tapering
“window.”’

In the frequency domain, sound pressure level (SPL) is often more convenient. Therefore,
acoustic spectra are presented in the conventional SPL format, using the familiar

SPL = 20 log( Poms )
Pres

(The reference pressure, Prr was the international threshold of audibility, i.e. 2 Pascals, or
approximately 2.9 x 10~ psi.) However, since the wind tunnel results were recorded at
various values of total pressure (hence, different dynamic pressure, q.), comparison of
overall rms data recorded at various Mach numbers and total pressures is more appropriate
using the parameter P,ms/Qe vather than SPL as the dependent variable. Therefore, in cases
where clarification would result, data are illustrated using both techniques.
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[ PBY P90
Ot Opaz
Y
-15.00 Xe0 18.00 471.00
Planform View of Flat Plata

a. Location of pressure orlfices on the flat plate
Figure A-3. Pressure orifice locations.
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Upstream Wall Downstream Wall
01 : 0 2 03

314 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 3
--9--6—-0-—-8 -0 -0 O -8 O -0---0--0-0--0-0-@--0 -0

44 0 46 047 O 48 049 050 StQ 52
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Floor of Cavity

Y
-  Flow
1:
X
. W
080 O 81 0 a2 Q83 084
075 078 0 77 Q78 o7
070 on O 72 073 Q74

B A e 7

Right Side Wall

b. Location of pressure orifices in the cavity
Figure A-3. Continued.
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Pressure Orifice Locations

Y Y z
Ot wese o Mol ywi W | orfa Medd Ml v  Meds
1 09 005 -18 -090 -D 34 180 10 O 0 -3.75
2 90 0S0 -18 -090 -D 35 180 10 O 0  -295
3 171 095 -1.8 -090 -D 36 80 10 O 0 -215
37 180 10 0 0 -1.35
4 -110 -0611 O 0 0
s .70 -038 O o 5 38 180 1.0 0 0  -055
6 =30 -0167 0 0 0 39 187 1039 0 0 0
7 .21 -0117 0 0 0 40 192 1.067 © 0 0
8 -12 -0067 0 0 0 4 201 1117 0 0 0
$ -03 -0017 0 0 0 42 .21 -0.117 09 045 0
10 0 0 0 0 -095 a3 .03 -0017 09 045 0
:; : : : : ;?: a4 01 0006 09 045 -D
45 09 0050 09 045 -D
13 01 0006 O 0 -D 46 36 020 09 045 -D
14 09 0050 0 0 -D a7 63 0350 09 045 .-D
15 18 0100 0 0 -D . 48 90 0500 09 045 -D
16 27 0150 0 0 -D 49 117 0650 09 045  -D
17 36 0200 O 0 -D 50 144 0800 09 045  -D
18 45 0250 O 0 -D 51 171 0950 09 045 -D
19 54 0300 O 0 - 52 179 0994 09 045 D
20 63 0350 O 0 -D
21 72 0400 0 o o 53 187 1039 09 045 0
2 81 0450 O 0 -D 54 .24 -0.117 18 0390 0
23 90 0500 O 0 -D 55 .03 -0017 18 090 0
24 99 055 0 0 -D
o I O
26 117 0650 0 0 -0
27 126 0700 O 0 -D 58 01 0006 18 090 -D
28 135 0750 O 0 -D 59 09 0050 18 090 -D
29 144 0800 O 0 -D 60 36 0200 18 09  -D
30 153 0850 O 0 -D 61 63 0350 18 090 -D
31 162 0900 O 0 -D 62 90 0500 18 090 D
32 174 0950 0 0 -D 63 1.7 0650 18 090 D
33 179 0994 O 0 -D 64 144 0800 18 090  -D
65 171 0950 18 0%  -D
66 179 0994 18 090  -D

¢. Location of pressure orifices
Figure A-3. Continued.
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Pressure QOrifice Locations, Concluded

x Y 4
Onfice Model, Model, Model,
Number m.e xa ?n.e viwia m.e
&7 180 1000 19 0950 -2.15
&8 160 1000 19 0950 -0.55
69 187 1039 1.8 0900 0
70 09 0050 20 1000 -195
Fa) 45 0250 20 1.000 -195
72 90 0500 2.0 1.000 -195
73 135 0750 2.0 1000 -195
74 177 0950 2.0 1.000 -195
75 09 04050 2.0 1.000 -1.15
76 45 0250 20 1.000 -1.15
77 90 . 0500 20 1.000 -1.15
78 13.5 0750 20 1.000 -1.15
79 171 0950 20 1000 -1.15
a0 09 0050 20 1000 -0.35
a1 45 0250 240 1.000 -0.35
a2 90 0500 2.0 1.000 -0.35
a3 13.5 075 20 1.000 -035
84 171 09SO0 20 1.000 -0.35
85 1.2 0.067 23 1.150 0
86 B8 0489 23 1.150 1]
87 168 0933 23 1.150 0
88 1.2 0067 32 1600 0
a9 88 0489 32 1.600 0
90 168 0933 32 1.600 0
91 1.2 0.067 62 3.100 0
92 88 0489 6.2 3.100 0
93 18.100 1.008 0 0 0
94 20775 1.154 Q 0 0
95 21.77% 1210 Q 0 0

d. Location of pressure orifices, concluded
Figure A-3. Concluded.
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Linear Dimantions Are inches
r Leading Edge of Cavity
K1 K2 19 KA3 Kas
- - s s - — X -9 -0-8----=-
Flow K20 Kaa
Y
-15.00 Xul 18.00 47.00

Planform View of Flat Plate

a. Location of pressure transducers on the flat plate
Figure A-4, Pressure transducer locations.
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b. Location of pressure (ransducers in the cavily
Figure A-4. Continued.

7



AEDC-TR-91-17

Pressure Transducer Locations

X Y z X Y z
Tronsducar  Model,  yxy  Model. yjwya  Model, Transducer  Model, x Model, yAysz Model,
Number n. n. in. Number n. n. .
K1 -3.175 -0.176 0 0 0 K26 1.075 0.060 1.8 090 -D
K2 -0.475 -0.026 Q 0 0 K27 9175 0510 1.8 090 «D
16.9 X 1.8 0 -D
K3 0 0 +} o -1.125 K28 25 0340 %
Ka 0 Q 0 o -197% K 29 18.000 1.000 19 095 -1975
K 30 18.00 1.000 1.9 095 -0.725
K5 0275 0.015 0 0 -D 0
K& 1.075 0.060 0 0 =D K31 1075 0.060 20 100 -035
K7 1975 0.110 4] 1] =D K32 9175 0510 20 1.00 -0.35
K8 3775 0.210 0 4] D K33 : 16925 0940 20 100 -D35
K 4,67 3 D
) 1: Dl ::fz O K3¢ 2875 0160 0 0 D
K11 8l275 0.460 0 0 D K35 6475 0.360 0 0 -D
: - ) K 375 0. .
b bmoome o o b | Kk omoawonopo
10.075 0. . ) ' i
K13 0.075 0.560 0 0 o K38 11.875 0.660 0 0 =D
K14 16.025 0.890 0 0 -D
K15 16925 0.940 0 0 o K39 12.775 0.710 ¢ 0 =D
' ' i K40 13675 0760 O 0 -D
K1 17. 2 -
6 7725 0385 0 0 o K41 14.578 0.810 0 0 «D
K17 18.000 1.000 0 0 -1975 K42 15475 0.860 0 0 -D
1 1 i -0,
K18 8.000 1.000 0 0 0.725 K43 21950 1.219 0 0 0
K19 18.875 1.049 0 0 0 Ka4 23950 1331 0 0 0
K20 20275 1.126 0 0 0 K45 25950 1.442 0 0 0
K21 1075 0060 09 045 -D
K22 9175 0510 09 045 D
K23 16925 0940 (9 045 =D
K24 0 0 1.9 095 -0.725
K25 [+} 0 19 095 .1.97%

c. Pressure transducer locations
Figure A-4. Concluded.
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Linear Dimonsions Are Inches

N — Leading Edge of Cavity

A

Ty
HFG HFG HWFG HFG HFG

D-@D-@-@--C--{—>x @ ................ R

- gl
1 ]
Flow sk '
Y
-15.00 Xc0 18.00 41.00

Planform View of Flat Plate

N
%
%
‘§
2

=

NN WRDDDDDNN 8

1
Upstream Wall Downstream Wall

Figure A-5. Locations of other sensors.
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LOCATIONS OF OTHER SENSORS

X Y z
Instrument Model, x Medel vfwr Model,
Hot-Film Gages
HFG 1 -11.0 -0.722 0.25 0.125 0
HFG 2 -7.0 -0.389 0.25 0.125 0
HFG 3 -3.0 -0.167 0.25 0.125 0
HFG 4 -1.262 -0.070 0.25 0.125 0
HFG 5 -0.388 -0.022 0.25 0.125 0
Thermocouples
T1 -4.5 -0.25 -0.5 -0.25 -0.2
T2 =-0.1 -0.01 -0.5 «0.25 -2.0
T3 9.0 050 -0.5 -0.25 -(H + 0.2)
Ta 18.1 1.01 -0.5 -0.25 0
Accelerometers
A1 ' -60 -033 -05 -0.25 -0.25
A2 18.0 1.00 0.5 025 -1.0
Inclinometer, 5 -9.0 -0.50 0 0 -0.25

74

Figure A-5. Concluded.



AEDC-TR-91-17

Linear Dimensions Ara Inches

0.10
_.I r_ Tubing 1o Transducer *
* ----------------- - 4-00

Flow f
e—— 15.00 >|< 18.00 —————>

= 47.00 >

Top View {As Mounted in Wind Tunnel) of Plate/Cavity Model,
Showing Boundary-Layer Rake

0.063-diam Tubing, to Transducer
030 g 7

f |
[ 4
]
7
[
r--
E—
—-

- 6.00

Side View of Plate/Cavity Model, Showing Boundary-Layer Rake

0.032-diam Tubing, _-' r .
10 Tubes \ Tubing to Transducer

0.032 (Typ.) :Z:Z:Z:Z:I:

Detail View of Boundary-Layer Rake Installation
Figure A-6. Boundary-layer rake.
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Table A-1. Nominal Flow Conditions for the Tests

Moo Pt, psf Tty "R Voo, M/seC  goo, psf Re, URt
0.60 615 545 663 121 1.0 x 106
0.60 1,200 550 670 238 1.9 x 106
0.60 1,235 550 666 244 2.0 x 108
0.60 1,900 555 670 375 30 x 108
0.75 1,208 547 818 328 22x 108
0.80 1,200 556 871 352 2.3 x 106
0.85 1,200 547 911 376 23 x 108
0.90 1,200 547 957 403 2.4 x 106
0.95 478 542 998 169 1.0 x 108
095 980 545 1,000 343 2.0x 106
0.95 1,200 550 1,008 424 2.5 x 106
095 1,480 551 1,008 525 3.0 x 106
1.00 1,188 548 1,028 430 2.5x 108
1.05 468 545 1,089 180 1.0x 108
1.05 948 548 1,091 366 2.0x 108
1.05 1,200 550 1,095 463 25x 106
1.05 1,447 554 1,099 557 3.0 x 106
1.10 1,200 549 1,135 476 2.5x 106
1.15 1,200 551 1,178 490 2.6 x 106
120 455 544 1,208 189 1.0x 105
1.20 930 547 1,212 386 20 x 108
1.20 1,200 552 1,220 499 26x 108
1.20 1,411 552 1219 586 3.0x 108
130 1,197 555 1,297 511 2.5 x 106
140 1,208 558 1,374 520 2.5 x 108
1.50 510 558 1,448 219 1.0x 108
1.50 987 557 1,441 424 2.0 x 108
1.50 1,200 557 1,442 515 24 x 108
1.50 1,398 562 1,447 600 2.8 x 105
1.60 1,202 557 1,506 506 2.4 x 105
175 1,200 556 1,593 483 23 x 108
- 1.90 1,207 566 1,674 455 22 x 108
2.00 1,200 560 1,728 430 2.0 x 105
2,00 1,400 562 1,734 501 24 x 108
2.00 619 580 1,760 222 1.0 x 106
2.00 1,238 580 1,760 444 2.0 x 108
2,00 1,858 1270 580 1,760 665 3.0 x 106
226 2,088 580 1877 635 3.0 x 106
2.50 2,376 580 1,968 608 3.0 x 106
275 907 580 2,048 192 1.0x 108
275 1,814 580 2,048 526 2.0 x 108
275 2,635 B3 580 2,048 554 3.0 x 105
3151 . 4032 ¢8 580 2227 449 3.0 x 105
5.04 9,115 63,3 600 2,454 292 3.0 x 108

76



AEDC:TR-91-17

Table A-2. Statistical Confidence Intervals for the Static Pressure Coefficient.

Mo B, psf Goos PST £(qoo), ST Poo, psl &(Foo), psf E(CP)

0.60 615 121 +328 480 +2.78 0023
0.60 1,200 238 +548 920 +2.78 +0.012
0.60 1,235 244 + 5.62 960 +2.78 +0.012
0.60 1,900 375 +833 1,485 +2.78 10,008
0.75 1,208 328 +6.8% 825 +2.78 +0.009
0.80 1,200 352 +17.31 790 +2.78 + 0,008
0.85 1,200 376 +7.76 745 278 + 0.008
090 1,200 403 822 no +278 + 0.007
095 478 169 +4.49 265 +278 +0.016
095 980 343 1731 535 278 + 0.008
0.95 1,200 424 1+ 8.68 675 +278 + 0.007
095 1480 525 +10.5 815 +2.78 + 0.006
1.00 1,188 430 +9.05 a2s +2.78 * 0.007
1.05 468 180 1491 2315 278 +0.015
105 948 366 + 787 470 +2.78 + 0.008
1.05 1,200 463 1959 595 +2.78 + 0.006
105 1,447 557 +11.3 720 +2.78 * 0.005
1.10 1,200 476 1 10.1 560 +2.78 + 0,006
1.15 1,200 490 105 525 +2.78 + 0.006
1.20 455 189 1554 188 278 +0.015
1.20 930 186 +8.85 383 +2.78 + 0.008
1.20 1,200 499 +11.0 494 +2.78 + 0.006
1.20 1411 586 +12.6 580 + 278 +0.005
130 1,197 511 +119 434 +2.78 +0.006
140 1,208 520 +129 mn 1278 + 0.006
150 510 219 +7.34 137 1278 + 0.013
150 o087 424 +11.6 267 +2.78 + 0.007
1.50 1,200 515 + 13.7 n +2.78 + 0.006
1.50 1,398 600 +15.7 380 +2.78 + 0.005
160 1,202 506 +14.6 280 +2.78 + 0.006
1.75 1,200 483 +16.0 225 +2.78 0,006
190 1,207 455 +174 180 +2.78 1 0.006
200 1,200 430 +183 150 +2.78 + 0.007
200 1,400 501 20.9 155 +2.78 + 0.006
200 619 222 +244 8.8 + 1.87 +0011
200 1,238 444 + 488 158 + 187 +0.011
200 1,858 665 732 237 + 1.87 0011
226 2,088 643 1 8.26 181 +1.87 +0.010
250 2376 605 790 138 + 187 + 0.008
2.75 907 188 +2.88 356 +1.87 1 0.007
275 1814 383 +7.89 724 1187 + 0.007
275 2,635 554 +8.31 105 +1.87 + 0.007
3351 4,032 449 +548 521 +1.87 1 0.006
5.04 9,115 293 +6.37 16.5 +1.87 + 0.006
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APPENDIX B
UNSTEADY FLOW IN A TUBE

Originally, the analytical effort described here was undertaken to determine the dynamics
of a single-tube pressure-measuring system similar to the concept illustrated as follows:

[« ¢ -
d
e I | =
W | P
/ T MEASURING INSTRUMENT

During the development of the cavity model described in the body of this report, it was assumed
that the principles described here could be applied. The theory is based on Poiseuille's equation
for unsteady flow derived in Ref. B-1, from which follows

dzpm d Pm l Idzpo d po
—_ + + ol = W pg — +
ae T Tgy t Pm = oo v [de gy
1+ ==
Vi
where
32, RT
wp
d & (po + Pm)
2RT
wg

and the quantity v, is the volume of the tube.
The equation is linearized by assuming that the orifice pressure, po, is given by
Po=A + Bsinwt
and that

Po = Pm

78



AEDC-TR-91-17

Substituting into the previous fundamental equation produces

2

de
B o? 2 2
S [ex~ ) [(_] [ +2_)+ Jsnd-o
1 4 —=m
Vi
where
2 ¢ [
tan 6 = ; @
(ﬂ) (1 + 2"‘“)+1
w vy
The steady solution for pp, is
. . >
Pm = A + B SN B\ i@t — 8 — B)
( 2V ) sin 6
1+
Vi
where
divs
tan 8 = " w.
ﬂ) _1
w
The frequency response function is
sinf 8

R; =

2
(1 o ) sind @
Vi

Substituting the expressions for ¢ and tan 8 into the frequency response equation, and setting
= 0 (a valid assumption for cavity geometry), the equation for R, becomes

el eotal)
[ (] et )
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APPENDIX C
CAVITY ACOUSTIC RESPONSE PHASE PARAMETER, v

Acting on a suspicion that refined values might be selected for Rossiter’s cavity acoustic
phase parameter, v, a study was made of the parameter by Dobson (Ref. 24), It was thought
that ~ might be some function of mode number and Mach number. First, the modified Rossiter
equation was used with the conventional value of y of 0.25 to construct a graph of Strouhal
number as a function of free-stream Mach number, Fig. C-1. Data points from the current
experiments as well as from several other experiments (Refs. 4 and 12) were marked on the
graph. Then, at each Mach number for a selected cavity, an appropriate value of -y was selected
to predict modal frequencies that would match the measured values. The averages of the
v values over all the Mach numbers of the current study where modes could be identified
were as follows:

Cavity L/D Mode Adjusted v

0.2473
0.2281
0.1344
{Tones Too Weak)
0.4510
0.3653

4.5

9.0

L b s b B e

Using these values of v, another set of Strouhal curves was generated, and the experimental
data of Fig. C-1 were copied, forming Fig. C-2. Somewhat better correlation was provided
by the adjusted values of y than the original Rossiter values, especially for the cavity of L/D
= 9.0.

Note that the data of Plumblee et al. (Ref. 4) do not correlate well with the predictions
made using the Rossiter model and either value of y (Figs. C-1 and C-2a). As mentioned
in Section 1.0, the L/D of one of Plumblee’s cavities was 0.8, in which Plumblee asserts
that vertical modes dominate. Therefore, in treating only longitudinal modes, the Rossiter
model is incomplete.
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Rossiter Equation, Y= 0.25

A Plumbles ot al., /D = 0B (Rel. &)
0 Kaufman ot al., LD = 8.1 (Rel. 13}
® Current Deta, LD =48

2.3
L

Strouhal

Number, Mods 5
St
“» Mode 4
# Mode 3
a

—® Mode 2

@ Node 1
0 ] ] ] | | ]
0 1 2 3 4 5 [

““-
a. Deep cavitles, L/D < 5.1
2.5 Rogslter Equation, Y= 0.28

8 Keuiman &t al, LD = 9.9 {(Ref. 13)
H Current Dete, LD =80

Strouhal [
Number, . iy Mode B

St [
10 Mods 4

-M Mode 3
N g™ i
T

Mode 1
R R R N PP R R |
0 1 2 3 4 5 ]

M.,
b. Transitional cavities, 9 < L/D = 13

Figure C-1. Strouhal number correlation of detected tones and tones predicted
using Rossiter’s equation with y = 0.25.
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23 Roasiter Equation, Adjusted Y
- a A Plumbles ot al,, LD = 0.8 (Ref. 4)
O Kaulman of ol., /D o 5.1 {Ref. 13)
® Current data, LD s 45
2.0 -

Strouhal
Number,
St

No Curve Attampted -
Low-Resolution Data

® Mode 4

—® Mode 3
&

A % Mode 2

—§ Mode 1
P BN B

0 1 2 3 4 3 8

a. Deep cavities, L/D =< 5.1

Rosslter Equation, Adjusied T
8 Keulman st al., L/H = 9.0 (Rel, 13)
B Curren data, L/H = 9.0

!
2-

Strouhal
Number,

St No Curve Attlampied

for Oiher Modes -
Low-Resolution Data

b. Transitlonal cavities, 9 < L/D =< 13
Figure C-2. Strouhal number correlation of detected tones and tones predicted
using Rossiter’s equation with adjusted values of v.
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aj

A

NOMENCLATURE
Accelerometer
Speed of sound, ft/sec
Speed of sound based on free-stream total temperature, ft/sec
Constant coefficients in a Fourier transform, n = 1, 2, 3, ..., 512
Constant assumed = 0.3
Speed of sound based on free-stream static temperature, ft/sec

Friction coefficient along the dividing streamiine between the turbulent mixing
zone and the cavity, = Fy/qe

Pressure coefficient, = (P — P»)/0x

Crocco number, C%, = vi/(z ¢p TY)

Specific heat at constant pressure

Depth of the cavity, inches

Effective damping ratio

Effective damping ratio for the nth coefficient in the wall pressure equation
Wave damping coefficient

Viscous damping coefficient

Tube diameter, ft

Shear force along the dividing streamline between the turbulent mixing zone and
the cavity

Frequency, Hz
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P andp

Prms

AEDC-TR-81-17
Natural acoustic frequency of the cavity, depth mode, Hz

Edgetone frequency, Hz

Natural acoustic frequency of the cavity, length mode, Hz

Modal frequency, Hz

Natural acoustic frequency of the cavity, width mode, Hz

Hot-film gage

Momentum of mass flow entrained in the turbulent mixing zone, normalized
by vaio

Kulite® pressure transducer (accompanying digits identify a speciﬁc': transducer)
Length of the cavity, inches

Ratio of cavity length to cavity depth

Tube length, ft

Mach number in the free stream

Mode number for acoustic waves generated in the caﬁty

Mode number for vortices generated at the upstream edge of the cavity
Mass injection (bleed-in) flow rate, Ibsm/sec

Overall sound pressure level, db (overall rms pressure converted to a sound
pressure level using a reference of 2.9 x 10-? psi)

Static pressure, psfa

A reference pressure for calculation of SPL, usually the international threshold
of audibility, 2 Pa (= 2.9 % 10-? psi)

Root-mean-square of fluctuating pressure values, psi
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Py

Pm
Po

Qec

Re

R,

SPL

St

urms

=l

Total, or stagnation pressure, psfa

Pressure acting on the downstream wall of the cavity, psi

Static pressure in the free stream, psf

Static pressure in the sensing chamber of a pressure-measuring instrument, psf
Static pressure at an orifice, psf

i)ynamic pressure in the free stream, psf

Specific gas constant

Unit Reynolds number, per foot

Response function or coc.fficient

Root mean square

Sound pressure level, db (referenced to 2.9 x 102 psi) '

Strouhal nur;1ber. fL/V,

Sample variance of n repeated static pressure measurements

Static temperature, °R

Total temperature in the free stream, °R

Time, sec

Local X-direction component of fluid velocity, ft/sec

Root-mean-square value of the local X-component of fluid velocity, ft/sec
Mean value of the local X-component of fluid velocity, ft/sec

Velocity of the fluid injected into a boundary layer, ft/sec
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Velocity in the free siream, ft/sec
Volume of the sensing chamber of a pressure-measuring instrument, ft?

Volume of the tube connecting an orifice and the sensing chamber of a pressure-
measuring instrument, ft}

Width of the generic cavity, inches

Distance from the leading edge of the cavity opening in the flat plate, measured
in the X direction, inches

Distance from the longitudinal centerline of the cavity opening in the flat plate,
measured in the Y direction, inches

Displacement from the plane of the surface of the flat plate, measured in the
Z direction, inches

A parametric angle, rad

Ratio of specific heats for a gas (Sections 2.3.1 and 2.3.5)

Rossiter’s phase constant (Ref. 5)

Turbulent boundary-layer height, inches

Turbulent boundary-layer height at the leading edge of a cavity, inches
Displacement thickness of a boundary layer, inches

Half-width of a two-standard-deviation (2¢) bandwidth of values of the
independent variable that is calculated to include approximately 95 percent of
the measurements of the independent variable ¢

Viscous damping ratio

A mixing position parameter (Ref. 27)

A parametric angle, rad
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o
TKE
$c

¢

Wy

o

Wave length for acoustic waves

Wave length for vortices

Viscosity of a gas at the total temperature of the free stream

Density of a gas

Mean density of a gas with fluctuating pressure

Similarity parameter for turbulent mixing

Similarity parameter for turbulent mixing of a single stream

Turbulent kinetic energy in the mixing zone, = u /2

Ratic of mass injection (bleed-in) velocity to free-suteam velocity

Ratio of the mixing zone/cavity dividing streamline velocity to free-stream velocity

Arbitrary forcing frequency, rad/sec

The nth forcing frequency of the 512 frequencies assumed as a model of the
fluctuating wall pressure in a cavity

Undamped natural frequency, rad/sec

CAVITY AXIS SYSTEM

Origin:

At a point on the cavity opening leading edge (defined by the intersection of
two planes; the surface of the flat plate and the forward wall of the cavity),
and midway between the sides of the cavity opening.

Directions of the Axes:

X

i
Parallel to the longitudinal axis of symmetry of the generic flat plate/cavity model,
and in the plane of the opening of the cavity, positive downstream.

Perpendicular to the X and Z axes and in the plane of the opening of the cavity.

Perpendicular to the plane of the cavity opening, with the positive direction
pointing away from the cavity.
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