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MEASUREMENTS OF FARFIELD SOUND GENERATION

FROM A FLOW-EXCITED CAVITY

Patricia J. W. Block and Hanno Heller*

Langley Research Center

SUMMARY

Results of 1/3-octave-band spectral measurements of internal pressures and the external

acoustic field of a tangentially blown rectangular cavity are compared. Proposed mechanisms
for sound generation are reviewed. Spectra and directivity plots of cavity noise are presented.
Directivity plots show a slightly modified monopole pattern. Frequencies of cavity response
are calculated using existing predictions and are compared with those obtained experimentally.
The effect of modifying the upstream boundary layer on the noise is investigated and its

effectiveness was found to be a function of cavity geometry and flow velocity.

INTRODUCTION

Airframe noise, which is the noise produced by airflow over an aircraft, has been
recently recognized as the noise floor for aircraft noise reduction (refs. 1 and 2). Subse-

quently, much research effort has been aimed at identifying the noise sources on the airframe

and determining their relative contribution to the overall airframe aerodynamic noise.

In 1974, Healy (ref. 3) presented a technique for estimating the level of the overall air-

frame noise and a nondimensionalized airframe-noise spectrum for an aircraft in the cruise con-
figuration. Gibson (ref. 4) extended the applicability of this technique to larger aircraft in
the cruise configuration and further investigated the noise produced by the individual com-

ponents present in the landing configuration such as the main and front wheel wells, landing

gear, and flaps. He reports a substantial increase in perceived noise level when the aircraft

changes from the cruise to the landing configuration and concludes that the main contributors

to the noise increase were the landing-gear/wheel-well assembly and the wing/flap assembly.

A state-of-the-art review of airframe noise by Hardin (ref. 5) revealed a number of
papers concerning the production of sound by many types of aerodynamic surfaces in a flow

including cavities. A rectangular cavity is the simplest model which can be used to describe
the wheel well on an airframe. However, the majority of the papers concerning cavities were

Bolt Beranek and Newman, Inc., Boston, Massachusetts.



aimed only at understanding or reducing the large-scale internal cavity pressure oscillations

that occur in such an arrangement. The magnitude of this internal pressure field was found

to be a function of fluid velocity, cavity dimensions, and the type of boundary layer pre-

ceeding the cavity and the spectrum was shown to take on -a periodic or random character

depending on these same parameters. Although sound radiation was observed there was no

comparison of the internal pressure field with the external sound field nor directivity measure-

ments in these studies, in fact no quantitative measurement of the external sound field was
made.

It appears reasonable to assume that the internal pressure field, which has been measured

extensively (refs. 6 to 17), is related to the external sound field (ref. 8). If this relationship

is strong, the sound-producing mechanisms can be understood in terms of the models already

put forth in these references as the cause of the large pressure fluctuations inside the cavity.

Further, the application of internal pressure reducing designs could apply to noise reduction.

The intent of this paper is to investigate the effect of the change in velocity, cavity
length, and boundary-layer thickness on the farfield sound generated by a flow-excited cavity.

Predictions schemes will be reviewed and presented in light of the data obtained in this

experiment. The present work contains preliminary sound-field measurements at eight farfield
positions with respect to a simple rectangular cavity blown tangentially by a jet. It reports

the first systematic attempt to measure the amplitude, spectra, and directivity of farfield

radiated cavity noise. The external sound field is compared with internal pressure field which

was measured at one point within the cavity.

SYMBOLS

c speed of sound

D cavity depth, cm

f frequency, Hz

fm modal frequency, Hz, where m = 1, 2, . . .

ky ratio of average vortex convection velocity to the free-stream velocity .

L streamwise length of the cavity, cm

M Mach number

m mode number
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p acoustic pressure inside cavity, N/m^ (Pa)

P0 peak pressure at open end of cavity, N/m^ (Pa)

<-B acoustic radiation resistance

U convection velocity in the shear layer over the cavity, m/sec

V free-stream velocity, m/sec

W cavity width (span), cm

g( acoustic radiation reactance

X,Y,Z Cartesian coordinate axes

Q polar angle, deg

0 azimuthal angle, deg

Subscripts:

L length'

W width

EXPERIMENTAL ARRANGEMENT AND INSTRUMENTATION

Detailed description of the anechoic facility used in this experiment may be found in

reference 18. The experimental arrangement is shown in figure 1. The numbers on the

figures correspond to the location of the pressure sensors. Table I lists the angular location

of each sensor where Q and </> are the polar and azimuthal angles, respectively. The air-

flow was provided through a 7.6-cm-square nozzle mounted to a flat plate in which the
cavity was placed. The plate was long enough so that the trailing-edge noise from the plate

was not appreciable. Test velocities were 43 and 86 m/sec. The cavity was placed approx-
imately 2.5 cm from the edge of the square nozzle. The trailing edge of the cavity (see

fig. l(t>)) was at least 15 cm upstream of the expected transition region of the jet for all

configurations. The cavity configurations that were tested are listed in table II. The entire
sequence of tests was repeated with a roughness element located on the lower lip of the



nozzle as shown in figure l(a). Eight farfield microphones (sensors 2 to 9) shown in figure 1

were placed approximately 0.8 m from the leading edge of the cavity to measure radiated

sound produced by the flow-excited cavity. This distance placed the microphones in the far-

field geometrically and acoustically for frequencies above about 900 Hz. Sensors 2, 6, 7,

and 9 were located beyond the edge of the flat plate but in the same plane. Sensor .1 was

located in the center of the rearward facing wall of the cavity to measure the dynamic pres-

sure at this point inside the cavity.

The instrumentation used to obtain the data consisted of nine pressure sensors and their

power supplies, amplifiers for signal conditioning, a real-time 1/3-octave analyzer, and an x-y

plotter. Sensor 1 was a 1/4-inch piezoelectric dynamic pressure sensor with flat frequency
response from 10 Hz to 20 kHz and a linear amplitude response (1 percent) to 180 dB (re
2 X 10"^ N/irr). Sensors 2 to 9 were 1/2-inch free-field condenser microphones with

flat frequency response to 40 kHz. For each test condition (table II) on-line data were
obtained for each sensor in the form of 1/3-octave-band spectra. All pressure levels (hydro-
dynamic and acoustic) are relative to 2 X 10"^ N/m .

BACKGROUND

In order to understand better the .data obtained in this experiment it is beneficial to

review the mechanisms that have been proposed as the cause of both the random and the

large-scale pressure fluctuations inside the cavity. There are four basic types of mechanisms

or flow patterns. These source mechanisms can be classified as primary hydrodynamic or
primary acoustic. These mechanisms can be described with the help of figure 2 where the
cavity is viewed from the side and the flow is moving from left to right. The first source

type, which is purely hydrodynamic, is called the captive-vortex model and is shown in fig-

ure 2(a). Captive vortices (cellular flow) have been observed for certain values of the cavity
length-to-depth ratio (refs. 8 and 12). The oscillatory motion of this captive-vortex system

within the cavity has been considered as a cause of large-scale1 periodic pressure fluctuations
(refs. 7, 8, and 12). When the cavity dimensions did not permit cellular flow, the large-scale
steady pressure oscillations diminished and the internal pressures were random. These flow

patterns were observed in deeper cavities where the length-to-depth ratio was less than about 2.

The second type of source mechanism arises from the shear-layer oscillation which is

shown in figure 2(b). Shear-layer oscillation (similar to that occurring with edge tones and

vortex formation) is caused by the interaction of the shear layer shed by the leading edge of

the cavity with the downstream edge of the cavity. This shear layer is folded into the cavity

to form a vortex. As the vortex grows and travels down the cavity length the shear layer

moves upward. As the vortex exits from the cavity as a whole, it causes the shear layer to

bend into the cavity. After the vortex is shed, the downward position of the shear layer



caused by the mass exit forces the fluid to enter the cavity. At this point another vortex

begins to form. Smoke tunnel photographs (ref. 9) and shadowgraphs (ref. 13) show this flow

sequence clearly. The explanation and analysis originally given by Nyborg (ref. 6) for this

jet/edge interaction was extended by Spee (ref. 14) for a cavity, obtaining a relationship for. .

the frequencies of this type of shear-layer oscillation:

2vrf L
tan —- = -- (m - 1, 2, . . .) (1)

The normal displacement of the shear layer over the mouth of the cavity is similar to the
mechanism that excites a Helmholtz resonator. The resonance of the volume of air within
the cavity is also thought to enhance the sound radiation for deep cavities when excited in

this manner in the resonance region of the cavity (ref. 9).

Another mechanism causing shear-layer oscillation is that proposed by Heller and Bliss
(ref. 17) as the result of pressure measurements and a water-table visualization study. Consider
a shallow cavity under an external high-speed flow. It appears that at the cavity trailing edge

there occurs a periodic mass intake and mass efflux, caused by an oscillatory motion of the
shear layer at the trailing edge. The mass intake creates a region of overpressure in the

trailing-edge region which sends out an internal pressure front, traveling upstream within the
cavity towards the leading edge. There it reflects and travels downstream back towards the

trailing edge. This cavity internal pressure wave forces the shear layer "up," since the pressure-

wave front divides a region of overpressure and underpressure, to which the shear layer neces-
sarily has to adjust. Hence, the shear layer will bulge out into the free stream when above

a region of overpressure and cave in when above a region of underpressure. Thus, the shear
layer will assume some wavelike motion which is a result of the cavity internal pressure-wave

motion, leading to a periodic up-and-down motion at the trailing edge, which in turn creates

the overpressure necessary to sustain the process. Obviously there is a self-sustaining feedback

mechanism involved. At subsonic flow speeds, which are of interest in the context of this
paper, the shear layer will tend to roll up, forming discrete vortices. Hence, the appearance

of discrete vortices is considered in this study as a byproduct of the shear-layer motion. The
frequencies of this type motion are given by equation (2).

The third mechanism is a hydrodynamic/acoustic feedback model suggested by Rossiter
(ref. 13) and shown in figure 2(c). An interaction of the intense sound emanating from the
trailing edge with the shear layer will maintain a periodic shedding of vortices at the leading
edge. As these vortices travel downstream and impinge on or pass the trailing edge sound

is emitted. This sound travels upstream to interact with the shear layer at the leading edge,
and the process is repeated. Rossiter obtained the following empirical prediction formula

for the frequency of the periodic pressure fluctuations:



_ V m - 0.25 /• i -•> \ /->\f = r -T- (m = 1, 2, . . .) (2)
L ±- + M

kv

In reference 16, Heller, Holmes, and Covert modified Rossiter's formula in order to i
improve the frequency prediction for higher Mach numbers. However, they point out that
for Mach numbers below 0.5 his formula underpredicts the resonant frequency.

The above three models are examples of hydrodynamic resonance. The captive vortex
model is dependent on all dimensions whereas the oscillating-shear-layer and feedback models

have preferred frequency predictions based on length only. All three models have velocity
dependence. It is conceivable that under the proper conditions (dimensions and velocity) any,

all, or none of the mechanisms for oscillatory response may exist.

The fourth type of source mechanism, which is purely acoustic, is called an acoustic

resonator and is shown in figure 2(d). Broadband sound generated in the shear layer excites

the acoustic modes of the cavity. This model may have length, depth, and width modes.

The frequency of the axial-width and axial-length standing wave modes are easily calculated
from the formulas

fmW = fw and fmL = 2L (m = 1, 2, . . .) (3)

respectively. To calculate the frequencies of the depth modes however an expression for the

acoustic impedance of the open face is necessary. This approach was taken by Plumblee,

Gibson, and Lassiter (ref. 11) who treated the cavity as an acoustic enclosure with five hard

surfaces and one finite impedance surface. The expression obtained for a depth mode pressure
response is:

r-k • 27rfD\ , L , ,* f n , r^ . 2-nfD 27rfD\,L) sin —£—1 + (9C(M,W,L) sin —— - cos —£-}

where the acoustic resistance <£> and reactance C£ are functions of Mach number, width,

and length. The predicted depth modes of this expression may be seen in figure 3 where

equation (4) is plotted for all cases listed in table II. Note that the predicted spectra for
cases 1 to 7 have similar shape but when the depth is halved, as in case 8, the predicted
spectrum shows a significant change.

Recent investigations indicate that the noise produced by flow over a cavity has

several regions of hydrodynamic resonance. These regions are dependent upon the cavity



length-to-depth ratio. When proper conditions exist for any of these resonances which have

tonal characteristics, intense sound may be generated. Interaction between the hydrodynamic

and acoustic models can cause significant amplifications of the pressure disturbances. Oscil-

latory response, however, is not a necessary condition for sound generation since acoustic radi-

ation can occur when these resonances are not present but the response will be broadband

and reduced in amplitude.

PRESENTATION OF RESULTS

Internal and External Pressure Measurements

Internal and external pressure measurements were made with the experimental arrangement
described previously. The background noise, that is the noise produced by the flow over a

flat plate without the cavity, is shown in figure 4. These data were measured at the location
of sensor 4 which is directly over the front edge of the cavity.

The data taken at sensor 1 include both the dynamic fluid pressures inside the cavity
and the acoustic pressures insonifying this surface. Although it is not clear whether the

oscillating pressures measured at this location are representative of all periodic phenomena

occurring within the cavity, the periodic phenomena occurring at this surface may be related

to the external sound field.

Figure 5 shows the internal pressure spectra as measured at sensor 1 with the external

or sound spectra measured directly over the cavity at location 4 for all cases listed in table II.

Location 4 was chosen for this comparison; however, as will be shown later, the spectra of

all farfield positions were similar, producing a monopolelike pattern. The background level is

included to show the increase in noise produced by the cavity over that produced by a flat

plate. This increase is considerable. In general the farfield sound spectra closely resemble the

internal pressure spectra. Some internal pressure variations radiate sound more efficiently than

others (figs. 5(a) and 5(d)) and some do not appear to radiate at all (fig. 5(b) at the 2000-Hz

band). Several tones appear in some internal pressure spectra indicating several coexistent
periodic phenomena or modes. The dominant mode occurs in the 1000-Hz band and appears
to be the most efficient radiator. The higher frequency oscillations are much less efficient

radiators.

In figures 5(a) to 5(f), representing cases 1 to 7, the cavity depth remains constant
while the length and velocity vary. The frequency response remains a maximum in the

1000-Hz band except in figure 5(d) which will be discussed later. It therefore appears that
this source phenomenon is controlled neither by velocity nor length. Recall that the source

phenomena for equations (1) and (2) are both length and velocity dependent. When equa-

tions (3) and (4) are applied, only equation (4) seems to predict a resonance in this band as

shown in figure 3.



The effect of varying the cavity length is shown in figures 5(a) to 5(c) where the cavity

length is increasing while the depth and velocity are held constant. The maximum response

remains in the 1000-Hz band, suggesting this response is not controlled by length, however, the

amplitude decreases as the cavity length increases. The oscillatory response appearing in the
3150-Hz band shifts down in frequency to the 2000-Hz band as the length is increased,

suggesting this response is controlled by length. However, this cavity response does not appear

to radiate. A third tonal response occurs in the 4000-Hz band and does not seem to shift

as cavity length, is increased; however, the wide bandwidth of this frequency band precludes
observing a frequency shift for the purpose of further identifying this response.

In figures 5(d) to 5(h) the velocity is twice the velocity of the previous cases. The
effect of doubling the velocity can be seen by comparing figures 5(b) with 5(e)'and'S(c) with

5(f). The amplitude of the external sound field increased" from 14 to 20 dB above the cavity.
In figures 5(d) to 5(g) the cavity length is increasing yielding a length-to-depth ratio from 1
to 2. The major amplitude response begins in the 3150-Hz band (fig. 5(d)) arid shifts down

to the 1000-Hz band (fig. 5(e)) as the length increases. However, as the.length is increased

further the maximum amplitude response remains in the 1000-Hz band (fig. 5(0). It is
believed that this response is controlled-by the depth and that the response in the 3150-Hz
band in figure 5(d) is the second depth mode of that observed in. figures 5(a), (b), (c), (e),

.and (0- The second depth mode could have been excited by an amplitude, response controlled
by the cavity length in the vicinity of the .3150-Hz band for a length-to-depth ratio of 1. Fig-

ures 5(e) and 5(f) follow the same pattern as 5(b) and 5(c) in regard to the frequency shift

of the second major amplitude response from the 3150-Hz and down to, the 2000-Hz band as

the cavity length is increased. This, indicates that for a length-to-depth ratio of 1 this length-

controlled response was likely to occur in the vicinity of the second depth mode shown in

figure 3. As the length was increased from 6.35 cm to 8.9 cm in figures 5(d) and 5(e) .the

length excitation decreased in frequency and the cavity reverted to oscillating in the first depth

mode. Therefore, in case 4 it is possible that an interaction or coupling of a length-controlled

and depth-controlled phenomenon is observed, whereas in case 1, where the geometry is the

same and the velocity is halved,, this interaction or reinforcement does not occur. Operating,

in .this coupled mode, although a high level is measured inside .the cavity, it appears to be an

inefficient radiator of sound. Figure 5(f) shows that the second major amplitude response in

the 2000-Hz band, which has been associated with the cavity length, appears to radiate, how-

ever, not as efficiently as the major amplitude response associated with the cavity depth.

As the cavity, length is increased further, figure 5 (g) shows that the first depth mode
diminishes and the primary amplitude response becomes that, of .the length mode which has ,

shifted down in frequency from the 2000-Hz band to the 1600-Hz band.

In figure 5(h) the length remained the same as in figure .5(g) while the depth was halved.

The spectra became more broadband and an upward shift in frequency occurs. The pressure
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response calculated using equation (4) is shown for this case in figure 3. This predicted
response is more broadband and peaks in the 2000-Hz band near the 1600-Hz band (see

fig. 3). This is also observed experimentally in figure 5(h) indicating that the maximum

response amplitude in this case may be depth related.

Comparison of Predicted and Measured Response Frequency

Because of the lack of resolution of the 1/3-octave filter bands at the frequencies of

interest, it is not possible to determine conclusively which source mechanism or corresponding

equation is suitable for predicting the frequencies of cavity oscillation obtained in this experi-
ment. This, however, does not preclude obtaining information from a comparison of theory
and experiment. • This comparison is made to evaluate how consistent each equation is in
predicting the experimentally observed resonance frequency within the 1/3-octave bandwidth

as the velocity, length, and depth are varied. '
\

Table III lists' the peak response frequencies predicted by equations (1) to (4) for the
test conditions listed in table II. Table III is truncated in most cases above about 4000 Hz

because no response frequencies were measured above this frequency. Table IV presents a
comparison of the predicted frequencies represented by the mode numbers taken from table III
with those obtained experimentally. Column 2 of table IV contains the frequency range in

which an oscillatory cavity response was obtained. The . range of frequencies given in column 2
results from the uncertainty of exact location, of the response frequency within the 1/3-octave

band. Column 3 lists the controlling dimension for the particular mode of oscillation as

assigned and discussed previously. The internal-pressure-response frequencies (sensor 1) are used
since equations (1) to (4) are applicable to internal pressure fields only. Columns 4 to 7

list the modes of the equation that predict a major response, frequency with the range listed

in column 2. . . . .

The dominant or maximum amplitude response occurring in the 1000-Hz band was -found

experimentally to be depth related. Equation (4), which is the only equation that uses the

depth dimension in calculating, the pressure response of open cavities, predicts a . maximum

pressure response in the vicinity of 1050 Hz for cases 1 to 7. As can be seen in figures 5(a)
to 5(f) excluding 5(d), the 1000-Hz band contains the major amplitude response which was
related to the depth. For case 8, where the depth is halved, equation (4) again correctly

predicts both the shape (broadband) and maximum frequency for this case (see figs. 3 and

For each of the cases where a length-controlled response was determined, from the data,

equations (1) and (2) predict one or several possible modes for their respective phenomena.

This results from the wide filter bandwidth. The modal numbers of .equation, (1) and (2) .are
close in every case and so are the frequencies associated with those modal numbers, (see

table III); however, this is not always the case. Equation (3), which computes the frequencies



of the width and length modes of the acoustic resonator model, was found to be unsuitable

for predicting oscillation frequencies of the cavity. The first width mode was above 6000 Hz;

therefore, only the length modes of equation (3) are listed for comparison in column 6 of

table IV.

Effect of Altering the Boundary Layer

In one series of tests a rough turbulence-generating strip was placed in the constant

area section at the bottom edge of the nozzle, upstream of the plate containing the cavity

(see fig. 1). The purpose of this series was to investigate the noise-reduction merits of this

device over a range of configurations. The turbulence strip consisted of No. 40 grit particles
and was 1.27 cm wide. The effect of altering the boundary layer on the internal and
acoustic (sensor 4) pressure spectra is shown in figure 6. The internal as well as the exter-

nal pressure spectra are modified to some extent by this additional boundary-layer turbulence.

As in the previous series of cases, where the roughness element was absent, the external (or

acoustic) pressure spectra are patterned after the internal pressure spectra when the roughness

element is present..

In figures 6(a) to 6(c) the velocity is fixed at 43 m/sec and the length is increasing. t

The amount of sound reduction realized in the 1000-Hz band decreases as the length increases.

The internal oscillatory pressure responses associated with the length are more uniformly

attenuated inside the cavity as the length increases; however, at this velocity the length-mode
pressure disturbance does not appear to radiate as sound.

In figures 6(d) to 6(h) the velocity is twice that of figures 6(a) to 6(c). Figure 6(d)

indicates that the added turbulence excites a cavity response in the 1250-Hz band as also

seen in figure 6(a). This response is not predicted by equation (4) and is associated with a

length-controlled phenomenon. The second depth mode observed in the 3150-Hz band is

greatly attenuated (20 dB) by .the added turbulence.

Figures 6(e) and 6(f) show that the added turbulence is less effective in reducing the

amplitude of the depth-controlled response as the length is increased. In comparing figures 6(b)

and 6(c) with 6(e) and 6(0 it appears that at the higher velocity the amount of noise

reduction obtained is decreased, perhaps owing to the decrease of the turbulent-boundary-layer

thickness with increasing velocity.

Inside the cavity the amplitude of the length-controlled response is increased in figure 6(e)

and decreased in figure 6(f)- In figures 6(e) to 6(h) the roughness element is seen to effect
the spectra in several different ways. In figure 6(e) the roughness element appears to increase

the internal dynamic pressure, slightly reducing the radiated sound. In figures 6(f) and 6(g) "

there is a reduction in the tonal and broadband parts of the spectra outside the cavity,

respectively. Figure 6(h) represents the pressure spectra measured from a relatively shallow

cavity. The amount of noise reduction realized here is slight.
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Directivity

In figures 7(a) to 7(h) are plotted the directivity patterns in the X-Z (0 = 0°) and

Y-Z (0 = 90°) coordinate planes for all cases listed in table II, with and without the

roughness element. The open and solid symbols represent the level with and without the

roughness element, respectively. The directivity patterns in figures 7(a) to 7(f) are composed

of the amplitudes of the 1/3-octave bands in which major cavity resonances occurred. Fig-
ures 7(g) and 7(h) represent the sound pressure level from 800 Hz to 5000 Hz since the

cavity response in these configurations was more random in character. Since the measured

directivity patterns were symmetrical, the levels at locations 2 and 6 were combined and
represented at 0 = 0°, 6 - 90°. Similarly the levels at locations 3 and 5 were combined and

represented at 0 = 0°, 9 = 45°. The levels at locations 7 and 9 were combined and repre-

sented at 0 = 90°, 0 = 90°. Neither of these microphones was located in the 0 = 90°
plane as seen in figure 1. Their combined level is shown at 0 = 90° for ease of display.
To determine the directivity, shear-layer refraction and attenuation, corrections have been made

on all data as suggested in reference 19. Incidentally, according to reference 19, no corrections
are required for sensor 4. Recall that the sensor at location 4 was used in the previous
discussions. The amplitude corrections varied from 0 to 3 dB and the refraction corrections

were 10° for 43 m/sec and 20° for 86 m/sec at position 8.

Figures 7(a) to 7(c) represent the low-velocity case in which the 1000-Hz band was the
dominant response mode and only major response measured outside the cavity. The maximum

sound level occurs above the cavity and decreases to the side. In each case the roughness
element significantly reduced the sound level but its effectiveness decreased with increasing

length. The directivity is not considerably altered when the roughness element is used.

Figures 7(d) to 7(0 show the directivity of each of the radiated cavity oscillatory
responses for the higher-velocity case. The directivity remains circular with slight decrease in

the X-Y plane. As seen previously (fig. 6(d) and also in fig. 7(d)) the increased roughness

decreased the amplitude of the response in the 3150-Hz band and increased the level in the

1250-Hz band by approximately the same amount above the cavity. The maximum amplitude

in this 3150-Hz band is not found above the cavity, as seen in every other case, but rather
to the side. When the roughness element was added, the directivity pattern reverted to a
more circular pattern, the attenuation being, greatest in "the 6 = 45° direction.

The directivities for cases 7 and 8 are shown in .figures 7(g) and 7(h). Although the

spectra were more random, the directivity patterns show a similar shape to that obtained with
tonal spectra. The effect of the roughness element in reducing the noise is small and it

does not appear to alter the directivity pattern significantly.

In all above cases except that represented by case 4 the cavity had a radiation pattern

that is close to that of a simple source. This was observed in reference 7 for low velocities
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with the aid of schlieren photography. However, the author notes that at velocities approach-

ing Mach 1 the radiation pattern appears more directional.

The directivity patterns suggest that the cavity is behaving as a monopole or simple
source; however, the deviations from a circular pattern may be caused by the • presence of a

dipole oriented in the Z-axis direction.

CONCLUDING REMARKS

Several periodic phenomena, whether length or depth controlled, can simultaneously

occur in a flow-excited cavity when the length-to-depth ratio is about 1. These phenomena

raise the noise level considerably over that of flow over a flat plate. The lower-frequency

phenomena radiate more efficiently as sound. This efficiency, however, may be attributed to

the type of oscillation, namely depth controlled, rather, than the frequency .of oscillation. The

comparison of predicted and measured' response frequencies indicates that in deeper cavities
an acoustic resonator model is appropriate for predicting some of the observed peaks. The

oscillating shear-layer and feedback models provide a multitude of predicted response frequen-
cies; however, it is believed that their merit lies in the higher Mach number range. Using a

roughness element to increase the boundary-layer thickness upstream of the cavity was found

to be effective in reducing the radiated noise. As velocity and/or cavity length increased this

addition of a roughness element became less effective in reducing the radiated noise. The

effect of this device on the radiated sound spectrum varied. In one case no noise reduction
was realized, in another a change in spectral shape was achieved; however, no net reduction in

overall noise was realized. For the cavity dimensions and flow velocities reported herein, the

directivity pattern remained approximately circular or that of a combined monopole and

dipole source, except in the case where a length- and depth-controlled mode were coupled.

The roughness element did not significantly alter the directivity patterns.

Langley Research Center

National Aeronautics and Space Administration
Hampton, Va. 23665

October 15, 1975
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TABLE I.- SENSOR LOCATIONS

Sensor

1
2
3
4
5
6
7
8
9

0,
deg

Located in the cavity
90
45

0

45
90
90
45
90

0,

deg

0

0

0

180
180
45
90

135

TABLE II.- TEST CONDITIONS

Case

1
2
3
4
5
6
7
8

L,
cm

6.35
8.9

10.16
6.35
8.9 -

10.16
12.7
12.7

D,
cm

6.35

'

3.18

w,
cm

2.54

L/D

1.0
1:4

1.6
1.0
1.4
1.6
2.0
4.0

v,
m/sec

43

J
86
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TABLE III.- PREDICTED FREQUENCIES OF CAVITY OSCILLATION

Mode
number,
m

. ,.. . , . — Frequency in Hz for case —

1 2 3 4 5 6 7 8

Nyborg/Spee prediction (eq. (1))

1

2

3
4

5
6

7
8
9
10
11
12

13

290
705

1114
1520
1928
2334
2741

3148
3553
3960
4367
4773

5179

207
503
794
1085
1375

1666
1956

2246
2535
2826
3116

. 3405
3695

181
441
696
950
1205
1459
1713

1967
2221

2475

2729
2983
3237

581
1410
2227
3041
3855
4669
5482
6294
7108
7920

415
1006
1589

2'170
2751

3331
3911

4491

5071

5651

363
881
1392
1901
2410
2918
3426
3934
4442

4950

. 290
705

1114
1521
1928
2334 '••
2741

3147

•3553

3960

290

705
1 114
1 521
1 928
2 334
2 741
3 147

3 553
3 960

Rossiter/Heller prediction (eq. (2))

1

2
3
4
5
6

7

8

9

10
11
12
13
14

15

. . 16

17.
18

19

268
626
984
1342
1700
2057

2415
2773
3131
3490
3846
4204
4562
4920

. 5278
5636
6026
6386
6746

192
447

703

958
1214

1470

1725

1981

2236

2492
2.747-

3003
3259
3514

3770

4025 .

4280
4536
4792

168
391
615
839
1062
1286
1510
1733

1957

2180
.: 2404
2628
2851
3075
3299
3422

3845

3969
4193

504
1176
1847
2519
3191
3863
4534

5206
5878
6550

7276

7953
8630
9306

360
840

1320

1800

2280

2759

3239

3719

4199

4678

. 5191

5674

6157

6640

7123

... 7606

8089

315

735
1155
1575
1994
2414

2834

3254

3674

4094

; 4548
4971
5394
5817
6240
.6663 .'
7096 .
7509

252

588
924
1260
1596

1931
2267

2603
2939
3275
3638

3977

4315,
4653

4992

5330

-5669 .

6007

6346

252
588
924

1 260
1 596
1 931
2 267
2 603
2 939
3 275

3 638
3 977

.4 315

4 653

4' 992

5 330.

5 669
6 007
6 346

Acoustic resonator prediction (eq. (3), length mode)

1

2 •'

3 :

2712
5424
8136

1937
'3874
5811

1695

3390
5085

2712
5424
8136

1.937

3874
5811

1695
3390
5085

1356

2712
• 4068

1 356
2 712

4 068

Acoustic resonator prediction (eq. (3), width mode)

1 6780 6780 6780 ' 6780 •:6780 6780 6780 6 780

Plumblee, Gibson, and Lassiter prediction (eq. (4), depth mode)

1

2

3

1090
3810
6500

1050
3760
6500

1050
3760

6450

1060
3780
6500

1055
3760
6500

1052

3760
6470

1040
3750 !
6450

1 845
7 266
12 590
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(a) Captive-vortex model.

oj

(b) Shear-layer oscillation associated with equation (1).

(c) Feedback model associated with equation (2).

<$>

(d) Acoustic resonator (organ pipe) associated with equation (4).

Figure 2.- Proposed cavity noise sources.

19



1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 I I 1 1 1 1 ill I

o
o
o
s
o
o
o
co_
o
o
CO

i£.
o
o
oLO
o
o
o
•»_
o
IT)

O
Oin
CSJ

o
o
o
CSJ

o
o
10
r—I

otr>
CMt—t
o
o
o

o
o
00

o
CO
ID

o
o
—
o
o

o
in
CVI

o
o
CSJ

o
IO

LD
CSJ

N

(/D
a
a:
aa

a
UJa:

cri—
o

a>
a>to
oa.to

(D
fn

tnto
0)

CD
13
Os

O)
P

CO

m

bfl

d/d 301

20



130P

in
'o i^cr

X I

CM -

Q: 110

CQ t
O

Z
i—i

100

30

CO

cc
o_

en•—
o
o
Q
o:

i
UJ

80

- Velocity = 86 m/s

Velocity = 43 m/s

- ~ ~ 1

L_ L_ r - i

: r _ r _ r

60

50- I I I I I
500 1000 2000 4000 8000 16000
ONE-THIRD OCTflVE CENTER FREQUENCIES IN Hz

Figure 4.- Background noise recorded at location 4.

21



o

BRCKGROUND

INTERNflL PRESSURE (LOCATION 1)

PRESSUREUOCATION 4)

500 1000 2000 4000 8000 16000
ONE-THIRD OCTflVE CENTER FREQUENCIES IN \\z

(a) Case 1. V = 43 m/sec; L/D = 1.

Figure 5.- Comparison of internal and external pressure spectra.
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