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Preface

Rectangular cavities exposed to alr flowing across the opening
respond by generating pressure fluctuations at levels and frequencies that
are perceived as nolse, Certein conditions of flow velocity and cavity
g20metry can create rescnant responses at discrete frequencies (tones)
inside the cavity., Tnese tones can produce sound pressure level
amplitudes which can adversely affect the integrity of the structure
conatining the cavity. 1In this study, I investigated the response
characteristics of several rectangular cavities at various flow velocitiles
and the effectivenees of certain cavity modifications intended to
suppr+ss the level of the cavity response.

I would like to express my appreciation to my advisor, Dr. M, E,
Franke, who guided me in selecting and limiting the variables considered
in this study and for the discussions which clarifled the fundamental
concepts involved in this study. I would like to thank Capt. D. L, Carr
of AFFDL for his assistance concerning the operation of the equipment
used on this project and for his advice concerning ihe utilization of
the final machine plots. I also want to thank Mr. S. M. Bower of AFFDL
for his work in converting magnetic ‘ape data into the plots needed for
this study and for his assistance in identifying anomalles in the data
and discussing potential sources of ai..malles in the results.

I want to thank Mr, J. T. Flahive and Mr, W, W. Baker for their
assistance with the labvorstory equipment. I also want to thank Mr, M, V¥,

Wolfe for his guidance and for the work performed in the AFIT shop.

Michael F, Marquardt
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Abstract

An experimental study was conductea to determine the characteristics
of thev pressure oscillations in a small two-dimenslonal cavlty exposed to
tangential air flow. Various cavity configuratlon changes, involving
the shape of the leading and tralling edge, were investigated to determine
the relative capability to suppress the resonance in the cavity response.

Five airflow Mach numbers (0.5, 0.6, 1.0, 1.3, 1,5) were used to
investigate the Mach-response reiationship. Two cavity lengths were
considered (2 und 4 1/4 inches). The depth of the cavities was kept
constant at one inch.

Fluctuating pressure recordings and schlieren photographs were made
nf each test, A narrow band analysis of the recordings prodﬁced plots
of amplitude vs frequency. These were used to compare the cavity
responses,

A 150 ramp inclined into the cavity at the leadling edge produced the
most significant suppression in the short cavity (L/D = 2). In the long
cavity (L/D = 4 1/4) this ramp augmented the cavity response. Increasing
the angle of a trailing edge ramp (up to 450) was found to have increasing

suppression effects, particularly for the short cavity.
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AN EXPERIMENTAL INVESTIGATION OF
PRESSURE OSCILLATIONS IN TWO-
DIMENSIONAL OFEN CAVITIES

I. Introduction

Background

High-speed alr flow over surfaces with open cavities can produce
intense discrete-frequency (tonal) pressure fluctuations. Under certain
conditions, these tone pressure levels can reach such magnitude that
nearby structure and instrumentation might be damaged. Pressure
oscillations in aircraft weapon bays can affect the timing of weapon
release and the initial trajectory of the store. Aircrew comfort and
performance can also be affected.

Karamcheti (Ref 1) performed one of the first experimental
studies of flow-induced -.illations in 1955. Discrete-frequency
noise was detected in the cavity. Karamcheti noted that acoustic
intensitles were higher when the boundary layer upstream of the cavity
was laminar rather than turbulent, Other investigators conducted
extensive research which identified many other variables. Their work
was directed toward an understanding of the mechanisms involved (Rzf 2;
Ref 3; Ref 4), The investigations led to a better understanding of the
mechanisms and to several semi-empirical schemes that predict the
resonant oscillation frequencies with satisfactory accuracy. However,
the understanding of the problem has not yet advanced so that detailed

design criterla are avallable for cavities or mechanisms which suppress

1
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cavity pressure oscillations, Thus each new cavity design must be tested

<. for its response,

Cbjective i

The purpose of this investigation is to measure the pressure oscil-
lations in a small scale two-dimensional rectangular cavity and to

determine the relative effectiveness of cavity configurations designed

to suppress the nscillations,

et s ek i

Scope 1

The cavities considered in this study are represented by two-
dimensional cutouts, Fig. 1, with length-to-depth (L/D) ratios of 2

and & i/h. The effect of flow over iwo closely spaced cavitles, one

immediately behind the other, with L/D = 2 for each cavity, is also in-

1 vestigated. Six different cavity trailing edge shapes (ramps at differ-
| ent angles) and two leading edge shapes are investigated to determine the
effect on osclllation suppression. Mach number effect is considered by
using three differert convergent-divergent nozzles designed to glve

Mach numbers of 1.2, 1.4, and 1.6, Higher Mach numbers with shock-free

flow In the test sectlion are not possible due to the maximur continuous

pressure 1limit of the air supply. Subsonic flow effects, at approximately

e e

M= 0,5and 0,6, are also considered.

Schlieren photographs are used to visualize the shear layer over
i the cavity and any disturbances in the flow above the cavity. The flow

Mach number at the cavity 1s determined by measuring, on the photographs,

the Mach angle, 1, at the leading edge of the cavity and converting this

to Mach number through the relation :inp = 1/M.
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Dynanic pressure measurements of the cavity oscillations are
obtalned by transducers mounted in the plexiglass sideplates of the
apparatus. A naxrow band (20 Hz) analysis of the reccrded signals
vesults in a plot of dynamic pressure amplitude as a function of
frequency of the cavity oscillatlons, This analysis is performed by

the Air Force Flight Dynamics Laboratory.
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II. Discussicn of Cavity Flow

Physical Mechanisms

Investigators using water table simulation of supersonic airflow
over open cavities have ldentified the primary mechanisms of osclllatlons
in cavities, Heller and Bliss (Ref 5) give a thorough discussion of the
mechanisms involved. Flow over a cavity separates at the sharp leading
edge., The shear layer which forms between the flow and eddying cavity
fluid grows thicker in the downstream directlon, The shear layer grows
by entraining fluid from the flow outside and the fluld inside the cavity.
If the shear layer remains steady, a fluid circulation occurs within
the cavity. Fluid entrained into the shear layer is replaced by a
portion of the fluid i.. tie shear layer which turns inwerd at the shear
layer stagnation points on the cavity trailing edge (Ref 5:7-10).

Unsteady pressure oscillations in cavities have been assoclated
with unsteady motion of the shear layer. Study of water table simu-
lations (Ref 5; Ref 6; Ref 7) indicated that unsteady shear layer motion
causes periodic mass addition and expulsion at the cuvity tralling edge.
Motion pilcture analysis revealed the internal process. When the rear
attacliment point of the shear layer moves into the cavity, a small
amount of fluid is added to the cavity. This fluid addition creates
a pressure wave which moves through the cavity toward the leading edge
from which it will be reflected. A forward moving wave tralls an
oblique shock into the free stream flow. Thls wave will cross at least
one wave moving toward the trailing edge. Each veflected wave inside
the cavity causes the shear layer to bulge outward so that when the wave

reachas the rear face of the cavity a small amount of fluld is ejected

i
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and the process repeats, Thus, a feedback mechanism is at work: the
unsteady shsar layer creates compression waves which ia turn modulate
the ehser layer. Vortex shedding from the leading edge has been noted. ;
This action is considered to be a manifestation of the oscillation ’
process, but not essentia). to the mechanism. In subsonic flow the shear
layer tends to roll up into discrete vortices. This process seems to
provide ar amplitude-linmiting mechunism (Ref 5:19),

By convertion, a cavity exposed to external flow is called open or
closed depending on the behavior of the shear layer. The shear layer
may either span the cavity or enter the cavity and attach to the cavity

floor (Ref 8). 1In open cavities the shear layer spans the opening and

reattaches to the trailing edge. Figure 2 depicts the open cavity,
Closed cavities, shown in Fig. 3, are those in which the shear layer
enters the cavity and reflects off the bottom. The closed cavity is

nct investigated in this study,

Oscillation Suppression

It has been found that the oscillatir 1 amplitudes can be reduced
by stabllizing the shear layer or by preventing the trailing edge mass
addition process or by doing both (Ref 5; Ref 7). Internal baffles and
devices have had little effect (Ref 5:143-145), Spoilers installed up-
stream of the cavity tended to stabilize the shear layer and reduce
oscillations (Ref 51146-154), In large scale wind iunnel tests (Ref 5),
trailing edge designs which reduced the fluid ingestion and stabilized
the shear layer attachment point tended to give the best results. A
rear-slanting ramp cut into the top rf the aft end generally gave the

most consistent suppression. A ramp angle of 45 degrees seemed to be

é




best. Ths rear ramp with a small thick airfoil above it seemed to
control the mass injection, but its effectiveness tended to depend on
location and Mach number (Ref 5:1164).

Small scale teats confirmed the general effectiveness of a rear

ramp (at 15 degrees) to suppress cavity oscillations (Ref 7). addition-

s A et Lot -

! ally, it was found that a ramp (at 15 degrees) cut into the leading edge
of the cavity reduced oscillation intensities when the flow separated
near the leading edge of the ramp. However, under certain conditions of

Mach number and geometry, the flow did not separate from tne ramp and

B oscillations were magnified (Ref 10).
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ITI. Expzcimental Equirment

The experimental equipment used in the stuly consisted of the test

section assexbly and the air supply systew.

Teast Section Assembly

Tho test section assembly, shown in Fig. 4, consisted of a two-
dimen-‘onal convergent-divergent nozele and the atteched cavity model
sandwiched between two picces of 3/4 inch thick clear plexiglass, Paper
gasket material was glued to the nozezle pieces and to the cavity models
to provide an air-tight seal. Additionally, a rubber O-ring was in-
stalled in a groove machined into the aluminum base-plate. This reduced
air leaskasge at the base of the assembly. The assembly was mounted on a
calming chamber,

"wree sets of two-dimensional nozglee, constructed from 5/16 inch
aluminum, were fabricated in ihe Air Force Institute of Technolegy Shop.
The shapes of the divergent porticns of the nogrles {throat to exit) ware
determined by a computer program written by Major C. G. Stc berg of the
Aero-Mechanicel Lspariment, AFIT. This progran “sed isentropic relation-
ships and the method of characteristiiLs. The desired Mach numlers, 1.6,
1.4, and 1,2, were na-t of il ‘nrut parameters used by the program. The
recults of the program for the iteratlon step sige used were nozegle design
Mach numbers of 1.61, 1,39, and 1.20.

The convergent section shapes of the nogsle sections were determined
according to a method suggested by Professor H. &. Larseii of the Aerospace
Design Center, AFIT, The surfaces of the two pleces forming each nozgzle

converged from parallel at the inlet to parallel at the nozzle throat

in a smooth curve. The radius of curvature of the surface changed
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Fig. 4, Photograph of Test Section Assembly
with Nozzle and Caviiy Components.
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continuously from inlet to ‘hroat and the inflesction point of the surface
curve was located at the mid-point between the inlet and throat, This
surface introduced only small disturbancea to the a‘xflow as 1¢
approached the nogsle throat.

At the suggestion of Major Stolberg, the nosele design included
a static ressurs hole in each nozzle block at the nogele exit. Theae
pressurs taps were used to set the norele exit static pressure equal
to atmospheric preasure by controlling the total pressure in the calming
chambar. Thus for each nozzle ard cavity configuration the air flow at
the nosele exit reached the desired, and repeatadle, Mach number and
complete expansion. Achievement of complete expansion of the flow in
the nozgzle was necessary to eliminate any affect that flow expansion or
contraction might have on the response of the cavity.

The cavity pieces were conatructed of $/16 inch thick aluminum,

All cavities had a depth of one inch., The cavity tralling edge pleces,
vhen installed, created cavity lengths of 2 and 4 1/4 inches. The cavity
loading edge was located 2 inches downstream irom the ncezele exit.

T™he cavity configurations tested were those tested by Carr (Ref 7)
and other cavities which consisted of variocus tralling edge shapes,
These shapes consisted of r: aps at several different angles relative to
the cavity bottom. The following is a list of the leading and trailing

edge shapes for the cavities tested:

Leading Bdge Tralling Edge
straight (no ramp) ight (no ramp)
t:s. in. ramp txg 1 in, remp

25 1 in. ramp
35 1 in. ramp
b5 o 1 in, ramp
45°, 1/2 1n, ramp




A series of louble cavities, sach with 1/D = 2, were created by instal-
lation of a 1/4 inch wide divider in the L/D = 4 1/4 cavities. All of
the Ueiling edge shapes were not included in the investigations of
double cavities. Representations of the cavity configurations tws‘ed are
given ia Figs. S through 8.

The treil'ng edge shapes of greatsest interest were the two with
45 degree ranps. This raap angle had been fcund (Ref S) to create the
greatest suppression of pressure oscillations in cavities (considering
only various trailing edge configurations). The 1/2 inch ramp at 45
degrees was investigated as well as the various one inch rampa because
the one inch 45 degree ramp modified the cavity to such an extent that
the effective L/D, based on total vo’ume, increased by 1/8 in the case
of thoe L/D = 2 cavity,

Holes 3/8 inch in diameter were drilled and tapped in one plece of
plexiglass so that microphones could be mounted facing the cavity side.
The locations of these hol.s are shown in Fig. 9 and described 1in
Tabdble T.

Air Supply System

The compressed air system consisted of a compressor that was capable
of producing 100 psi. However, the msximum continuous pressure was reg-
ulated to a lower level for sach set of nosztle dlocks, A filter was in-
stalled at the base of the calming chaabe”. to which the test assembly
wvas attached, to remove particles anmd 01l which might scratch the plexi-
glass. This filter caused a pressure drop of approximately 10 psi but
did not have an adverse affect on any parameters of the experiment., The
mass flow rate was sufficlient to achleve sonic flow at the throat of each

nossle.
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Fig. 6. Double Cavity (Tandem) Configurations,
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TABLE I.

Microphone Positions in Cavitles (a)

Distance.- of microphones downstream from cavity leading edge are given
in non-dimensional terms, X/L. (b)

Cavity L/D Microphone Number Microphone Position, X/L
(Single Cavities)
2 (c) 1 0.25
2 0.50
h,25 1 0.12
2 0.24
3 0.50
4 0.76

(Double Cavity: Front)

2 1 0.25
0.5

(Double Cavity: Rear)
2 4 0.50

Notes: (a) Vertical position of all microphones is 3/8 inch from
cavity bottom. Configurations are shown in Fig. 9.

() Center-line value; microphone sensor diameter is 0.25 inch.

(¢c) Microphone number three is exposed to cavity trailing edge
due to hole sigze although its centerline is beyond the
trailing edge.
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IV. Experimental Procedures

The microphones were calitratedl before mounting them in the
plexiglass pa_nel. Each was mounted in an adapter which fitted in the
driver cavity of a piston phone. The piston phone driver produced a
250 He signal at a nominal 124 dB sound pressure level. The signals of
each microphone were recorded and later computer analyzed. The resulting
amplitude vs frequency plots were compared to the known values to ensure
that the equipment was functioning properly and that the correct pro-
cedures were being used. ‘

To run a particular test, the desired cavity configuration and
noggle were fitted into the test section assembly. Using the appropriate
fitting block constructed in the AFIT shop, the correct nozgle align-
ment (throat and exit dimensions) was set and all the assembly bolts
were tightened, The assembly was bolted to the top of the calming
chamber, The air flow was turned on and the delivery pressure was mod-
ulated until the nozzle exit static pressure was stabllized at atmos-
pheric pressure as measured on a mercury manometer. When the system was !
stable, a one minute tape recording was made of the signals generated by ‘
the microphones. While the recording was being made, a schlieren photo-
graph of the flow field in and above the cavity was made. !

Cavity fluctuating pressure was sensed by four Model 376 Dynamic
Pressure Transducers produced by Bolt, Beranek, and Newman, Inc. This
information was recorded on an Ampex tape recorder at 30 in./sec. The
frequency ranze capability of the recorder was 0-10 kHz, The recordings
were processed through a Hewlett-Packard 5451B Fourier Analyzer ai the
Air Force Flight Dynamics Laboratory. The data were analyzed using 20

Hertz btendwidths to produce plots of sound pressure level amplitude

19
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versus frequency for each microphone in the cavity.

A schlleren optical system with a spark lamp with a spark duration
of 1/6 microsecond was used to obtain still photographs of each test,
Figure 10 is a schematic of the schlieren arrangement, The photographs

were used to determine the Mach number of the flow over the cavity by

measuring the Mach wave angle u at the cavity leading edge and converting
this to Mach number by the relation M = 1/(sin u). This value was used

Ko Ala A s A mkn - e hm A M ha e hah s mn

r . in the equations which predicted the frequencies of the possible
# E response modes of the cavity.

1 l\ During data collection using the M = 1,20 nozzle, it was determined 1
that subsonic flow could be achieved and stabilized by opening a bleed
valve on the air delivery system upstream of the test apparatus. This

reduced the mass flow through the nozgle to a value below the amount

required to achleve sonic flow at the nozzle throat, It was necessary
to 1nstall an orfice meter in the air delivery pipe to determine the

rate of flow, This data was used to compute the flow velocity at the

nozzle exit. Data were collected at two subsonic flow conditions; one
was the slowest velocity the apparatus would produce and the other was

a higher setting (a particular pipe static pressure reading) at which a

E different cavity response could be audibly discerned.
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V. Results and Discussion

Test Conditions

The three supersonic nozzles were designed assuming ideal flow wid
ignoring the boundary layer growth through the nozgle. Although the
nosgle area ratio could be set to establish the design Mach number, it
was expected that the actual conditions would differ. Talle II lists
the nozzle Mach numbers which were computed using the pressure data
recorded for each run. Additionally, the flow Mach numbers determined
from the wave angles at the cavity are listed,

It was found that the three noggles produced Mach numbers at the
cavity of approximately 1.5, 1.3, 1.0, 0.6, and 0.5. The subsonic values
are based upon the assumptlon of a constant-pressure diffusion process
downstream of the nozzle. Thus the Mach number and velocity decrease,

The values chosen result from trurcation of the nozwle values.

Resonant Frequencies

The resonant frequencies of the response of a cavity are identified
by the dimensionless Strouhal number, S = f1/U,
Rossiter proposed the following empirical formula for the Strouhal

number s

L m-0,2
s - &~ T 1)

where m is a positive integer and represents the frequency mode number.
The model Rossiter used assumed the cavity temperature to be equal to
the free stream static temperature (Ref 9:34).

Heller et al determined that the temperature in the cavity was

closer to the free stream stagnation temperature (recovery factor closer

22
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TABLE II

¥ach and Reynolds Numbers Pertaining to the Test Assembly

Noggzle Design Measured Nogzezle Cavity Reynolds
Mach Nr Mach Nr Mach Nr Nr (a)

1.61 1.58(b) 1.5(c) b.65 x 10°
1.39 1.36(v) 1.3(c) 3.30 x 166
1.20 1.06(b) 1.0(c) 2,32 x 166
- - 0068(d) 0-6(6) 1-53 X 106
— - 0159(d) 005(9) 1.16 X 106

Notes: (a) Based on leng.h from nozzle throat to cavity leading edge

and isentroplc values of density and velocity.

(b) Ratio of exit static pressure (atmospheric) to total
pressure (in calming chamber) was used to enter table
in NACA Report 1135 to find nozzle exit Mach number for
each run, Mean values listed.

(c) Based on Mach wave angles.

(d) Result cf iteration procedure to compute a nozzle weight
flow which was compared to the previously computed weight
flow based on orifice meter data. Mean values listed,

(e) Estimate based on constant pressure diffusion (deceleration)

process downstream of nozegle,

23
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to one than gero). They proposed a modified Rossiter formula for the

Strouhal number which 1o

s*'-&- m-o'zs
U M
(1+.2M‘?)1/2

+1.75 ()

This foimula was shown to provide better correlation of the dis-
crete-frequency response of the cavity primarily for Mach numbers above
0.5 (Ref 9135). The formula does not predict that a response frequency 4
will exist., ‘The formula was considerad to bs .most applicadle to
shallow cavitles, where L/D is 4 or greater, and the accuracy was
estimated to be + 10 per cent (Ref 9:196),

The resonant frequencies and corresponding Strouhal numbers present
in the cavities in this study are shown along with the expected results
according to Eq(2), in Tables III and IV, The Strouhal numbers for this
study are shown in Figs, 11 and 12 with previous data and the Rossiter

formias.

Mach Number Effect on Fluctuating Pressure Levels

Plots of resomant frequency fluc*uating prassure amplitudes against
Mach number are given in Figs. 13 through 19, The data represent the
paximum levels found on pertinent plots of amplitude vs frequency.

Figure 13 shows the maximum Sound Pressure Level (SPL) measured by any
microphone in any mode in the L/D = 2 cavities. For each cavity shape
(L/D = 2) for which data were collected ut all Mach numbers, the maximum
levels occur for sonic velocity over the cavity and dxop off with
increasing or decreasing Mach numbers. This is representative of results
presented by Heller et al (Ref 5196, 105-116) where the relative maximum

occurred at transonic speeds (generally M = 1.2). Figure 14 shows that
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the maximum lsvels for the L/D = 4 1 /4 cavities occur at M« 1,3, Al-
though the data are not as orderly as in Fig, 13, there appears to be a
trend for the level to decrease as the flow velocity increases above

the transonic,

Suppreasion $ffectiveness on Fluctuating Fressure Levels

The relativy suppression effectiveness of ramps on the leading and
trailing edge of the cavities is represented in Fig. 13 and Fig. 14,

L/D = 2 Cavities. In Fig. 13 the various trailing edge ramps are

shown to lower the resonant levels relative to the straight trailing
edge, For thc straight leading edge, the 1/2 inch, 45°, rear ramp
Jrovides cuppression up to 6 dB and the 250. 1 inch, remp produces a

14 4B suppression relativs to the rectangular cavity. For the two Mach
mmbers tested, the 45°, 1 inch, ramp suppressed resonance up to 26 4B,
The leading edge ramp showed suppression effects generally between
those of the 25° anm h5° 1 inch rear ramps.

The relative effectiveness of the one inch trailing edge ramps to
suppress the resonant cavity response followed the pattern predicted by
previous investigations (Ref 5, Ref 7). Increasing the ramp angle
increased the suppression in the cavity. The 1/2 inch, b5°, ramp
created significantly less oscillation suppression than all the one inch
long ramps except the 15° ramp, Since the intended purpose of the
tralling edge ramps was to prevent the mass-exchange process, the short
ramp vas apparently not able to stabilize the stagnation point of the
shear layer. This presumed inability is most likely due to the size of
the ramp relative to the thickness of the shear layer at that point. In

thes schlieren photographs, the shear layer thickness is approximateiy
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TAHLE III

Resonant Frequency Data for the L/D = 2 Rectangular Cavity

rpr——r

n f,exp S,exp £,Bq(2) S*,Bq(2)  Difference
in %X
0.5 1 ——-- - 1122 0. eeee
2 1725 0.5 257% 0.78 -33.3
9 3668 1.11 4059 1,23 -9.8
b 23 1.64 S5hls 1.68 -2,
5 7nu3 2.16 6996 2.12 +1.9
0.6 1 830 0.21 1248 0.32 -4
2 2053 .53 2925 0.?75 -29.3
3 4064 1,04 4602 1.18 11,9
4 6237 1.60 6279 1.61 ~0.6
L] 8303 2.113 7956 2.04 +u .4
1.0 i 2100 0.3 1730 0.28 +21 .4
2 4253 0.69 Lo79 0.66 +4.5
3 6383 1,03 6365 1.03 0.0
b 8425 1.36 8Nk 1.4 -3.5
1.3 1 2208 0.29 1980 0.26 +11.5
2 a1y 0.58 Léhs 0.61 4.9
3 7208 0.95 7309 0.96 -1.0
b 9l 52 1.24 Q398 1.30 4.6
1.5 1 ——— ——— 2111 0.2% ———-
2 5221 0.62 4896 0.58 +6.9
3 8372 0.99 77 0.92 +7.6
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TABLE IV

Resonant Fregquency Data for the L/D = 4,25 Rectangular Cavity

| n f,exp S, exp £,Eq(2) S*,Eq(2) Differance
in%
0.5 1 789 0.5 528 0.% +50.0
2 147 0.95 1211 0.78 +21.8
3 2199 1.42 1910 1.23 +15.4
0.6 1 856 C b7 587 0.32 +46,9
2 1711 .93 1376 0.75 +24.0
3 2718 1,48 2166 1.18 +25.4
» b W28 1.87 2955 1,61 +16,1
{ 5 s 56 2.43 37U 2.0 +19.1
1,0 1 707 0.24 814 0.28 14,3
| 2 a7 0.75 1919 0.66 +113.6
| ; 2832 0.97 2995 1.03 -5.8
L 339 1.18 4101 1.41 -16.3
1.3 1 757 0.2 932 0.26 19,2
2 2289 0.64 2186 0.61 +.9
3 3809 1,06 0 0.96 +10.4
i Lsh2 1.27 iv6 58 1.30 -2.3
| 1.5 1 799 0.20 993 0.25 -20.0
| 2 2527 0.59 2304 0.58 +1.7
3 3856 0.97 3655 0.92 +5.4
A 4673 1.18 4966 1.25 5.6
5 6283 1.58 6317 1.59 -6.3
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the mlicrophones were swamped; the trme amplitude may
be greater, :

(2) Data pertains to unswamped microphones; plots for swamped
microphones were not generated.
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the size of the projected vertical dimension of the ramp. The relative
sizes and the vertical oscillations of the shear layer are probably the
Princlpal reasons the stagnation point was not stable and the suppression
effectiveness was reduced.

L/D =4 1/4 Cavities. The results of tests on the L/D = & 1/4

cavities are shown in Fig. 14. 1In many cases the SPL exceeded the upper
1limpit of the microphones, Results involving swamped microphones can
only be discusseu qualitatively, The response of ail the cavities with

. the leading edge ramps swamped al least one of the microphones in each

test. In general, the leading edge ramp had an amplifying effect on

the L/D = 4 1/ cavity response. The effects of the trailing edge ramps
are not consistent. At a Mach number of 1.5 the 25° ramp demonstrated

a 14 43 redvction, the 1&50, 1/2 inch, remr a 7 dB reduction, but the

450, 1 inch, ramp raised the response by 1 dB., At the Mach number of

1.3 the levels differ only by 1 dB. At sonic velocity the trailing edge
ramps raised the response of the cavity by 2 or 3 dB above the rectangular
cavity response. At the subsonic corﬂitions the relative effects re-
versed again; at the Mach number of 0.5 the rectangulaxr cavity produced
the greatest response by 2 to 4 4B,

Certain characteristics of the flow acro: 5 ‘' . ilies with a
leading edge ramp were evident in the schlieren photographs. In all cases
the flow remained attached at the forward end of the ramp, i. e., the
flow turned down 15° and followed the ranp., However, in all cases the
flow separated after traversing 1/4 to 1/3 of the ramp length., The
shear layer which developed at the separation point appeared to be several
times thicker than a shear layer at a straight leading edge. The shear

layer may also have been more unstadle than a shear layer initiated at

32
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the straight leading edge. This can not be conclusively determined from
the photographs. One or more of the shear layer characteristics probably
contributed to the - :plification phenomena associated with the leading
edge ramp: shear layer lower in the cavity, thicker, and probably more
turbulent or unstable.

Modes of Fluctuating Pressure Levels

More complete plots of the maximum sound pressure levels in the
cavities are presented in Figs., 15 through 19, Each spectra plot of SFL
versus frequency was used to give a mode-1 and a mode-2 data point on the
appropriate figure. In the 2 inch cavity the mode-1 response did not exist
at Mach number 1,5, but it was the significant mode at lower velocities
(Fig. 15, 16, 17). These two features are contrary to recent larze-scale
wind tunnel test results (Ref 5:196). An additiona: feature of the plots
is that microphone number one generally sensed greater levels than
number two; although, the background nolse levels were generally hlgher
on microphone number two. Larger scaie tests produced an opposite trend
(Ref 9:172), 1.e., maximum and background levels were greater near the
cavity trailing edge.

Because the maximum levels in thls study usually occurred on micro-
phone number 1, the upper and lower values of microphone number 1 data
for the 4 1/4 inch cavity were connected in Fig., 18 to represent the
differences of SPL between duplicate test runs of a cavity shape. The
method used to analyze the microphone signals can introduce a three 4B
variation in the plotted maximum SFL, This variation would depend on
the position of the frequency of the pure tone within the 20 Hz bandwidth
used to analyze it. Only mode-1 data is plotted in Fig. 19, Higher mode
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tones and higher frequency tones not associated with modes of resonance
were present on the plots. Their levels were lower than the mcde-1 levels

by as much as 20 dB,

Narrow-band Spectra of Fluctuating Pressure Levels

L/D = 2 Cavities., Representative plots of sound pressure levels in

the short cavities are presented in Figs. 20 through 25, Figure 20 and

Fig. 21 show the response of the short rectangular cavity at each of the

- five test conditions. At sonic velocity the plot indicates there are more

tones 1n the cavity response than at other velocities. Not all of the
tones can be assoclated with modes. The difference between the maximum
tone levels and the background levels of the sonic and supersonic velocity
plots are similar. The second tone of the sonic velocity spectra has the
maximum level. This tone has been identified as the mode-1 response since
its frequency is closer to the mode-1 frequency predicted by the modified
Rossiter formula. On this basis, the results of this investigation
differ from that of Heller (Ref 5) where the mode-2 has the maximum
amplitudes. Another general characteristic evidert in Fig, 20 is that
the troadband levels are greater by up to 10 dB on microphone number 2
plots. Thus the troadband levels are apparently greater in the trailing
edge region than in the leading edge region. This is consistent with
the findings of Heller (Ref 5:101). According to the plots in Fig. 21,
a decreasing subsonic Mach number caused the discrete frequency levels to
reduce in conjunction with the btroadband reductions.

Figures 22, 23, and 24 show the effects of the selected trailing
edge ramps on the cavity spectra. The effects on the maximum sound

pressure levels were discussed previously. 1In general the ramps reduced
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discrete frequency and broadband levels, One significant exception is
the effect of the 25° ramp at M= 1,5 (C in Fig. 22), Microphone Nr 1
detected a mode-4 response which did not exist in the rectangular

cavity. Similarly the 450. 1 inch, ramp magnified the mode-3 response

|
!

relative to the troadband level (see Fig. 24) and also apparently caused
a mode-4 response to develop.
The effect of the leading edge ramp is shown in Flg. 25. The ramp

ke . ar e e e

eliminated all discrete frequency responses and generally raised the

e h .

broadband levels, Thus the leading edge ramp was much more successful

ks

at reducling the cavity resonance than the trailing edge ramps.

Tandem L/D = 2 Cavities. It was determined that the front cavity

pressure fluctuations were similar to those in the single cavity with

identical configuration and flow conditlons. In some cases the SPL

P

plots were exact duplicates. Minor differences did appear at some flow
corditions, For example, at M = 1.0, the front cavity response did not

contaln the lower level modes which were found for the single cavity.

It was found that the rear cavity responded in a manner similar to the i
front regardless of the shape of the tralling edge. For example, ]
in the configuration with a front rectangular cavity and a rear cavity h

with a tralling edge rump, the spectra of the rear cavity is nearly

identical to that of the front cavity and does not exhibit any similarity ]

to the response of the single cavity with the same shape. Thus the shape

of the tralling edge has almost no suppression effect on tandem cavity
) response. The suppression effectiveness of the leading edge ramp on
the tandem cavity response was simllar to its effect on the single cavity

response. These results are similar to thrse reported vy Carr {(Ref 7).

L/D =4 1/4 Cavities. The spectra of the 4 1/4 inch long

:
Lux i Sk . o -
VY — e etaa L .




rectangular cavity are presented in Figs, 26 through 30. At M = 1,5 the
3 plots consist of two dominant modes and several less predominant modes

and other tones. As the flow Mach number is decreased, the mode-1 and

mode-2 discrete frequencies become more significant and the higher mode

tones degenerate to troadband noise. ;
The ef: . .z the 45°, 1/2 inch, trailling edge ramp was to raise

the level of the mode-1 frequency and reduce the high frequency tones

for the supersonic flows. The subsonlc spectra were exactly like

the spectra for the rectangular cavity. The l+5°, 1 inch, rear ramp had

a similar, though more powerful, effect, More energy was concentrated

in the mode-1 tone and the peaks at higher frequencies are nearly
completely eliminated except for low level harmonics of the mode-1
tone. The harmonics on the plots indicate that the mode-1 level had ?
i -t probably reached the microphone 1imit., The leading edge ramps caused }ﬂ
the levels in the cavity to increase beyond the upper limits of the

transducers. For this reason, the true spectra and maximum levels are

unkrown for the cavity with leading edge ramp and higher Mach numbers.
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VI. Conclusions

It wvas found that the 1elation of Mach number of the flow to the
cavity rescnant levels fit a previously determined pattern: maximum
levels occur at transonic flow velocities. Certain details such as which
response mode was dominant were found to be inconsistent with prior tests.

For the short cavity, the relative effectiveness of the trailing
edge ramps to suppress resonant oscillations was consistent with previous
work. Increasing the ramp angle improved the suppression. The 1/2 inch
rump at 45° a1d not produce significant suppression compared to the
1 Anch ramps., The leading edge ramp was found to be the most effective
means to reduce the discrete frequency resonance in the short cavity.

The response of tandem cavities was found to be controlled by the
first cavity, Trailing edge ramps used in the second cavity had
negligitle effects. The leading edge ramp had an effect in both cavities
similar to that on the short single cavity response.

The long cavity response was characterized by several primary mode
frequencies, The trailing edge ramps tended to reduce the level of
higher mode tones while concentrating more energy in the primary modes.
The ramps did not reduce the maximum dynamic levels at all Mach
numbers, The leading edge ramp was found to augment rather than suppress

the response of the long cavity.
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