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ABSTRACT

This report presents the results of an analvtical and experi-
mental resecarch program to (1) improve the understanding of the
physical mechanisms that control the occurrence of pressure
fluctuations in lons and shallow rectangular cavities, exposed
to hirh-speed external flow, and (2) devise and evaluate devices
tha. would either substantiallyvy reduce the amnlitude of such
pressure fluctuations, or totally suppress the occurrence of
pressurce {'luctuatlions,.

During this investliration, the understanding of the complex
interaciion of the external shear laver and the cavity Internel
fluid rediur, which constitutes the renerating mechanism of
hiyrh-intensity periodic pressure fluczuatlons, was substantlally
furthered. Both the analysis and investiration of the physical
mecaanisms were alded through extensive shallow-water flcw
simulation experiments.

Larse-scale experiments, uslng the NASA Lewls Research
Center § x 6 ft Supersonic wWind Tunnel, were cornfucted to suh-
stantiate some of the analytical predictiors and to studv in
detall the aercacoustic behavior of cavities in the length-to-
depth ratio range o 2.3 20 5.2, and the Mzacwh number range
of 0.8 tc 2.0. Detailed information was ob*alned on the
normalized levels of the first three resonant modes In the cavity

for a range of cavity length-to-depth ratlcs and freestream Mach
nurhers.

Several concerts for pressure osclllation suppressicn were
developed and evaluated irn wind tunnel experiments. The mo=t
promising concert utilizes a slanted trailing edge, which
stabliizes the free shear flow above the cavity, thus effectively
suppressing discrete-tone generation.
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SECTION 1
INTRODUCTION

Cavities and cut-outs in structural surfaces of alrcraft
that are exposed to high-speed external flow can pive rise to
intense pressure fluctuatlions. The amplitude of these fluctua-
tions can be of such magnitude that they affect the struetural
integrity of nearby aircraft components, of sensitlve instrumenta-
tion, or, at the very least, interfere with crew performance,
communication, and comfort. 1In fact, levels clese to 180 dB
at resonant frequenclies can easily occur at transonic flight
speeds.

Substantial effort has already gone into the studyv of
cavity pressure oscillations,* resulting in scme understanding
of the physical mechanisms and the complex interactiocn of the
cavity external shear layer and the cavity internal fluid
medium, which 1s responsible for the generatlion of the highly
pericdic pressure fluctuations.

In 1970, the aeroacoustic characteristics of narrow and
shallow rectangular cavities in the Mach number range from
0.8 to 3.0 were investigated by Heller, Helmes, and Covert
(1970). The main result of this study was an improvement of
an analytical exnression (first developed by J.F. Rossiter
in 1966) that relates nondimensional resonance frequencies
and freestream Mach number. However, only an upoper bound for
resonance amplitudes could be derived. At that time, the
phenomena were still understood too poorly to predict reliably
the occurrence of discrete pressure oscillatlons and their
energy distribution wilthin the cavity.

In 1972, the Y.S. Air Force conducted extensive flight
tests using an RF-LC alrcraft with a modified SUU 41 test
pod. Results became available on the aeroacoustic environ-
ment of shallow cavities in the Mach number range from 0.6 to
1.3 for realistic flight environments (Smith et al., 1974).
Tt seemed that the previously assumed upper-bcund level for
resonant modes was generally too high. Furthermore, it was
realized that each resonant mode must be considered individually

¥An Alr Force Technical Report (Heller et al., 1970) describes
previous relevant researca and provides some 50 references.
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for vredicilon purroses, sinece each mode sheows a different
level dependence onn the Treestream Mach number,

Thnis lazcxk of thorougsh physical understanding has also
hampered the develcpment and imclementation of devices that
would either substantially reduce the oscillation amplitudes,
or, ideally, suppress the occurrence of resonant oscillations
altogether.

In view of the cts, an analytical and experimental
research progsram wa tiated to (1) further imprcve the
understandings of the mechanisms that control pressure oscilla-~
tions in flcw-exnosed cavities, (Z) investifate onset and
fecedback mechanisms, and (3) devise techniaues to control the
onset/feedback mechanisms in order to ellminate the occurrence
of osclllations or to reduce thelr intensity.

Tnis report discusses the research program and its results.
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SECTION 2
PAST RESEARCH EFFORTS AND PROBLEM DEFINITION
2.1 OQverview

Cne of the flirst experimental studies Investlyating flow-
jrduced cscillations in a sirulated weapon bay environment was
- perforrmed by Xaramacheti {1958}, Discrete-Trequency acoustic
1 radiation from the cavitv was cbserved at both subsonlic and
surersonic external flow speeds. Karamachetd noted that acoustic
intensities were hlrher when the: boundary laver unstream of the
cavity was laminar.

Later studies of the urnsteady environment in and around
rectanmuliar cavities were conducted by Gibscen (1958), Inpard
and Dear. (1958}, Leupold and Raker (1959), Plumblee et al.
(19625, Quinn (1963), Fast (196€), Rossiter (19€6), Snee (1066),
White and McGresor (1970), Cover:t (1970), Heller et al. (1270),
Bilanin and Covert (1973), and Srith et af. (1974). ™he HMach
number range covered in these studies 1s 0.1 to 5.0, and the
cavities had length-to-depth ratios (L/D) between 0.12 and 10,
In eceneral, these studies showed that all but the shallowest

2.2 Excitation Mechanisms ;!

Cavities are often classified as being shallow (L/D > 1)
cr deep (L/D < 1). Covert (1970) explained this distincticn
in terms of the effect of the imapge vorticlty reauired to
satisfy the cavity's rigid wall boundary condltions. The imare i
vorticity on the flocr of a shallow cavity tends to excite ;
longitudinal modes, whereas the image vorticity in tne fore and 5
aft bulsheads of deep cavities tends to exclte depth modes. T
Using an acoustilic moncpole distribution to model the pressure A
environment in an oscillating cavity, Bilanin (1973) also '

_ found that the cavlity tends to respond in the direction of -
s rreatest dimension. T

o] ;
-3 Several physically rmetivated models have been studied 1o

- identify the mechanism of oscillation for shallow cavities.
: Tlunblee et al. (1952) hypothesized that the environnment inside
' the cavity must follow the characteristic acouwrtic response of
the cavitv (a result which, however, zvpears to hold only for
deep zavities). The mathematical problem consisted of solving
for tnhe radiation impedance of the cavityv openine. Howover,
the shear layer spanning the cavity 1s capable of sustairinrg
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vave motion, and it is likely to be unstable., Vowe (1970)

theoretically oxamined the transmission of an acoustic pulse
throursh a plane vartex sheelr and shiowed tLhat a srosslv in-
accurate description of the radiation field could result unless
thie analysls consiacrs the vortex sheet dynamics.

Experinmental results of Fararacheti (1055) and Heller et al.
1970) have cast doubt on the assumplion that the forcing
seehanisms which drive the cavity are previded by fluctusations
in the turbulent boundarv laver. Cavity oscillations are most
Intense when the boundary layver urstrear is laminar. Thickenine
he boundary laver has the effect of reducinre oscillaticon in-
Lensity {tieller, 157%). Ross i‘nr (19465 alse concurs, nointine
out that when 2 small spoiler is placed upstream of the cavity it
reduces oscillation intensities. !

e R T LR I G T PN ey

—

Oince excitatlion frequencies o© shallow cavitles Ao not
asree wWith the acoustic modal freauencies of the enclosure
investimators have sourht an excitation mechaniswm that 1s not
stronsly dependent on the detailed acoustics in the shallow
cavity., Rossiter (1966) surrested such & mcchanism based on
feedback similar 1o that used by Powell (1901) to descrite the
producticon of edmetenes. Using a shadowrran’, Rossiter observed
that preriodic density fluctuellont travel downstream over the
cavity mouth.  These fluctuaticns were assumed to be vortices

shed from the leadim- edese of the caviiv., Theée shadowrsrarhs

also show acoustic waves in ‘he cavity vwhose rrimarvy source is
near the Lrailinﬁ edye.  Assuring that the vertices were shed
wnen an accustic disturbance reached the leadinrs edre of the
cavity, and Lhat acoustic disturbances were prencerated when the
vertices reached the cavi'y's trailings edre, he was able to
aeternine a frequency relatlion at which uscillavion wmirht cccur.
Althoush this frequency relation requires two emnirically
deverrnined constants, with a sultable cheice of ceonstants a
reasonable arreerent with experimental data can be obtalned over
3 poderate Mach number ranre. Heller et a?. (1979) ‘mproved
this result by correcting the sound sneed in the cav..v.

)
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2.3 0scillation Mechanism for Shallow Cavities

"ressure oscillatinn in shallow caviities was believed to
rasult from the unstable shear layer, which spans the cavity,
beins forcibly disnlaced by disturbances that are fenerated at
or near the cavity's trailine edse These disturhances were
thourht to arise from the 1nteract10n cf the osctllating shear
layer with the trailing edpe; this constitutes a source mechanisr.
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Althouyh these disturbances should force the shear laver alongs
the entire cavity lenyrth, rodels that assumed coupline- to occur
«nly at the leading edre of the cavity have piven ;-ood rredic-
tions for allowable frequerncles c¢f osclilllatlon. Thus, the

shear laver 1s mogt sensitive to vperturbtations at the leadine
¢dye, where 1t 1s thinmest. An exnlanation Is that an acoustic
disturbance reflectiny from the forward bulkhead causes a
rressure doubling, while disturbtarnces in the external flow, If
present., are rnot reflecited, and a pressure jump across the shear
laver must be balanced by detiecting tiic ghear laver.

Recently, Bilanin and Covert (1273) analvzed a model of the
excitation mechanlism suggpested by Rossiter, In thelr meodel, the
cecwmplicated flow process at the trailinre edre of the cavitv was
modeled with an acoustic nonopole. The pressure fleld of the
monopole 1s used to drive the shear layer spannlngs the cavity,
which yilelds an eigenvalue relation for excitatlon frequency.
For shailow cavitles, the acoustic fleld In the cavity can be
adecuately represented bv a single monopole at the cavity's
trailing edge. The effect of the cavity floor was to influence
the Instabllity of the shear layer by changing both the phase
velocity (thils, iIn turn, changes the excitation frequency) and
the amplification rate of the shear layer displacement. Coupling
of the acoustic cavity with the shear iaver without considering
foreciny from the external flow limits tne validlty of the nmodel
to ¥ > 1. Analytlc results were 1in excellent apreement with
experimental data.

2.4 Onset Mechanism

Although the above feedback mechanism, as surrested by Rossiter
and modeled by Rilanin, estlmated possible excitaticen frequencies,
it dicd not predict whether, in fact, anv of these will cccur.
Selection of the excited freauency was thousht to be based on a
faln criteria; i.e., the frequency or frequencies at which a
cavity responds must correspond to the mode or modes recelving
sufficlent gain along the feedback loop.

To illustrate thls 1dea, let us suppose that for a given
meometry and cxternal veloclity the possible frequenclies of
oscillation are estimated using the above feedbaci: mndel., The
shear layer 1s then forced at the leadings edre with a periodic
vressure fluctuation with frequency corresronding to a possible
excitation frequency. The shear laver 1s displaced, and vorticlty
waves propagate aft and interact with the trailineg edye of the
cavity, which cause a pressure disturbance to be generated. lUpon
reaching the leadinm edge of the cavity, this pressure disturbance
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will have e snee phice as the foreinge procsure (the frequency
checor Is o posaible excitation rreausnev), but the arplitude
o the disturtance will not, In reneral, coual Lthe foreine
g litude. 17 the returnime rressure disturbance 1s of amaller
ol itwde than that of the tore!ne nrovaure (e-atn < 1.0), 1
auno bo o anticlpatod that this rode exnnot sustalin cocillation,
Heowever, 0 uhe returndrs disturbance 10 ¢f preater amrlitude
than the torelne (Geaty > 1.0), the ascilintion arplitude will he
; ntil nonlirenry offects have redaced the satn (e

arnditugde st owhich oocavity wiil oaeillate i thne

which the valn Is unfte:r 1.e., when the eneryy
the feedtack loor ffrom the oxternal Tlow fa=t
Tosses throwrh visceontity and radizaticon, Tt
et excitztinsn can meet this prain
ton of simultancceus discercte freauencies,

possible ®

(197¢)
in hydro i‘\n amtic

Covert
nroblern
the

anined the oscillation rhenomenon as 2
stablility. e surpested that while
carable of suppliving eneryy te the en-

external flow is

ciosure, the cavivy is carable of dlssipatinis enersy throurh
viscosity and radiatien. 77 the rate of enerry supply is less
thar: the rate a: errv can te dissirated froo the cavity,

which en
cannot cccur (raltn < 1). As the external
1ncreased, 2 point Is recached where enerry
dissiration {(.ain - 17, This
onset velocitv., Wurther increases in
1ty result In sustained cavity osclillation.
3 of the vortex sheot

i

c

flow
suprly

volocity

o”c*llalion
velok

]

1 a
erned \;} on
oxtornal
Aostabilivy a
Ol"t_"\l ST “"'.‘“(‘r"(,
model did not r
since 14 4id not

layer with the

.
-

across the cavity
s deseription of

onset. Yowever, Covert's
¢ exclitatlon frequencies for shallow cavities
adeaua‘elv rodel the interzcticon of the shear

trallineg cdre.

*In
tion
aspecis

cavity rressure coscillia-
in several important

model of

devia‘ies
1"

Jecs. 3 and 4, a nhysical
will be discussed that
from the "Rossiter Modal.
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SECTINN 3 |
PHYSICAL MECHANISMS
3.1 Introduction

11, this charter, a dotatled, but essentially cualitatvive, v

deveriyiion of steady and unsteady cavity Tlow rhenorenag is ’

rresented. This deseription provides physical Insisht thot

w?ll Lo helpful in understondine and interpretines the analvtical
rireontal resulus.  Such an undersitanding is olso x

required to appreciate the opcration of eoscillation suppression £

devices.

AT pet @ el
LUy s anrna exne

3.2 Steady-Flow Cnnsiderations

we are rrirmarily concerned with unsteady effects,

while 10 consider brlefiyv the scmewhat hypothetical

iv flow over a cavity., This fiow I1s steady conlvy

3 an overall sense, since shear layer turbulence s included
discuss!or.. Firure 1 1s a sketch c¢f a steady cavity fe

£ the flow were sunerscnic, then a steady wave structure .

eadlng and trailing edres would aiso be present.
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flcw starnates and snlits. Tart of the shear laver ontor< the ¢
cavity, andé the rest passes over the cav!‘v trallin~ eodre and
. continues downst ream as part of the downstrear bourndarv laver, %
Tn the larinar flcow cas2, the dashed line acvoss the cavity :gd
moush (see rig. 1) denotes the streamline that divides . he v
flow which enters the cavlty from that which does not. The sarme :
fluid always remains in the cavity. The fluld that is entrained
from the cavity by the shear laver over the cavity mouth is
returned to the cavity by the trailinr-edre starnavion process. t.
“he sare 1s essentiallyv true when the shear layer 1s turtulent, R
althourh there will actually be some change 1in which fluid

ow scparates at the sharp leadinys odre of the cavity,
laver rrows do'n tream., At the recar bulkhead, the

= O

ard a

e
RS

(27 I
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»

¢

R elements occupy the cavity. This exchanrse cf fluild cccurs 4
because of the turbulent diffusion across the dividing stream- *

line. ©On the average, however, the process renmains as
illustrated 1In the figure.

Tt can be concluded that this :ust be the flow confirfrura-
tion for the steady case. The shear laver always entrains
fluid; therefore, therec must alwayvs be a stapnation on the
rear bulkhead to retur: this fluid to the cavity. A similar
arrument establlshes that the entlre shear laver does not enter 3
the cavity. ®ipgure 2 illustrates this point. It 1s important 1
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TYPICAL STEADY-FLOW CONDITION.

T g i
ENTRAINMENT

——o  ENTRAINMENT

©oTYRTIK. _CSIALT TEYTTNUEN WS T THIE e - T ey X Bhaindadinasdn o difbntar - o d i

IMPOSSIS3LE STEADY-STATE FLOW

CONDITIONS.




o '\wmmm“"'—'“'—""‘w‘""""—""‘"f‘—"" =t m e T

Wit we

roant ralitale g orasn tlaw Balancee, porticalarly
: sider onct]l ot ton cuprreaston deviees, Uhe ultimate
ool seodevicens Tty e Lhe o cavity flow stendy, An
wlil be seen, this 1dea of o nass '1ow balance 15 alse Imnoriant
o cur uraerstqndgitges of the mass add:tion and rass removal

process at the tratlines edye of an oneillating cavity.

that the

g steads covity, there must alwavs he a flow recirecula-
tlon begaune of nhegr stresses acrens the cavity rocth, and
the pecessity of mans entrainment by the shear i1avey and 1ts
roturn te the cavity at the trailinge cedre.  The ranitude of
the crtrainment by the shear layer flxes the level of this
recirculation.  This entraineont also controls the location of
ithe stacsnation sorearline within the shear laver,

The presence of thic (soretimes substantinl) reecirculation
witnin the cavity affects the unsteandy pherorena. ¥low re-
circulation acts o chane the 1ovtion of waves within the
cavity 2and altors the character and the dvnariecs of the shear
laver. This recirculation flew is essentlallv a vorcex flow
contained within the cavity and bounded by 1ts side walls.

The sldoewall boundary layers provide conslderable dampine to
the recirculation flow; they cause seccondarv flows to he set up
within the recirculation vortex, vhich leads to fluld exchanre

between rejrions with high and Jow anmular merentum. This is a
Tanilliar process in viscous rotating fiow houndary lavers . Tt

15 possible, therefore, that the presence of «ide walls contri-
butes as nauch resistance to flow recirculat?con as the cavity
floor and front and rear bulkheads. Since Lhe level of flow
recirculation affects the shear =stress at the cavitv mouth,

1t can bte concluded that cavity width will affect the cavity
dray. Since the presence of flcw recirculation affects unsteady
cavity behavior, this behavior must be dependent to some extent
on cavity width.

Of course, the cavity wildth afrects the shear laver
characteristics directly in addition to influencineg flow
recirculation. Other factors that are imnportant to the shear
Yayer properties are the upstrear boundary laver thlckness,
the flow Mach nurber, and the Reynolds number,

Two requirements must be met Lo achieve a ateady cavity
low: a2 steacdy-flow solution must be pessible; and 1t nust
be stable to disturbances. To find a steady solutlon means
that the mass flow kalance requirerent must be satistied, and
that, <limultaneocusly, the shear layer nust assume a shape for
which 1t 1s ir force equilibrium everywhere: 1.e., the internal
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tatle simulation shown nere applies to superscnic
flow. 1; is believed, however, that the process 1o esgsentially -
Lhe same for subhsceric ,10“, rarticui rly as rerards -“he internal 4
2L

are.  TIn the subsonic case, the ferward traveline wave

«

wWave 84
will sui l ve supersonic relative to the external flow. The other
aspects ¢f the external wa“e system will have been chanped or wiil
e absent. Pnotorrarhs of the subscenic case in air also indicate
2 tendency for the downsiream t{ravellns shear laver disturbances
10 roil up irto vortices (see 3Sec, 6).

vuy b (\

Fisure 4 a wave diagram for the cavity derived from
thie water Labl imulation. Some cof the irregularities c¢f the
wvave motion are caused by the ontics ¢f the syvstem and the
difficulty ir. proverly lccating the wave nositions in the rerion
where they crcss. An irmnortant fezture of the diarram is the
staryered arranirerent of the nattern, which is caused hyv the
difference irn the rhase sreecs c¢f the unstream and downstream
waves. The urstrear wave {(moving toward the leading edrse)
travels faster than the downstream wave (roving toward the
trailing edee). This differernce betvween wave speeds results
‘rom the complicatved inter°c“ion of the shear layer motion and
the internal wave systen. ssentially, the shear laver anpears
"stiffer"” to the upstrean wave (supersonic reliative to the
external flow)} “han io the downstream wave (subsonic relative
tc the externzl flow). Tiiis intecraction between the cavityw
vave structure ond the shear laver will be Giscussed further
in subsequent sections.

Becsause the upstream wave 1s supersonic relative fo the

external flow, it radiates an external wave. Thus, enersyv is
radiated away, and tre upstiream wave can be exvected to decay
as it travels ferward. Similarly, since the downstreanm wave § -
produces a shear layver disturbance that Is subsonic relative 1
tc the external rlow, it can be expected to draw enersy {rom “f
tne rmean flow and amplify as it travels rearward. ‘f
:
Therefore, the wave pattern in a cavity Is a mccéal struclture @L
formed essentially from the two waves traveling in obnposite 1
directions with slightly different wavelenrtns ard snatial i
amplification rates. The spatlal envelope of both waves will £
expand towards the cavity trailing edpe. The results of the o

water tarle s'mulation correspond essentiallv to a first mode
of oscillztion, e,, onlv one waveiront of eacn Y7pe in the
ca"’y and ¢ne pressure node., KRenl cavities in air often

exnitit hirner wmodes: in fact, the second rode usuallv dominafos.
2 esze modes dre seidom seen rnaturally in the waber table experi-
mert, probavly because of hi;n danwninge,
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3.3.2 External Radiation Pattern

Frowm water table simulationr results and the Schlieren
vhotogranhs available ir the literature, 1t is pcssible to
construct a victure of the external radiation nattern of an
oscilliating cavity. This nicture 1s consistent with the
internal wave structure described abcve.

Censider a surersonic flow over a cavity. Wirure 5 shows
the expected wave patiterns at the leading and trailing edpges
of the cavity for different shear layer rositions. *hen the

shear layer is deflected downward at the trailings edpe, thre
basic waves can be expected (Wip. 5a). As described previously,
one of these waves is the unstrearn travelings wave and its
corresponding shear layer disturbance, which trails a traveling
wave intc the external flow. The second of these waves 1s a
guasi-steady "bow-wave," which is caused by the supersonlc ex-
ternal flow interacting with the relativelv blunt trailinpg-edge
repion. The third wave is an obllaue shocx that occurs when

the flow readjusts just behind the cavity trailine edre. Vhen
the shear layer is abtove the trailing edse, as when a downstream
wave 1is arriving, there seems to be no significant external
wave system (see Fig. 5b). It must be recalled that the shear
layer disturbance associated with this wave moves at a subsonic
speed relative to the external flow.

At the leading edre, the picture is simpler (Fig. 5c¢ and 4d).
As an upstream wave approaches the leading edme, the shear laver
is bent downward and there 1s an expansion wave at the edge as
well as the upstream traveling compression wave. After the
unstream wave is reflected to become a downstream traveling wave,
the external portion trails away since the downstream wave 1s
subsonic relative to the external flow. £t this time, the shear
layer 1s deflected upward and a leading-edge oblioue shock occurs.

This sequence of occurrences can be comcared with observed
radiation patterns (see 'cGregor, 1969, and Rossiter, 1966) to :
arrive at Fig. 6a, for supersconic flow. Figure 6b 1s a
similarly derived sketch at high-speed subsonic and transonic 1
external flow. 1In this case, the radiation caused bv the leadiner- 3
and trailing-edge oblique waves is absent. Although the primarv ;
contributor to the subsonic flow radiation pattern is the external
pertion of the upstream traveling wave, another wave 1is !
also seen. This wave is caused by direct externral radiation from 1
the unsteady shear layer impingement at the trailine edre. Be-
cause the flow 1s subsonic, this wave can also move upstream.
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FIG. 5. STAGES OF TRAILING-EDGE FLOW IMPINGEMENT (a and b),
AND LEADING-EDGE FLOW SEPARATION (c and d) WITHIN
OSCILLATION CYCLE.
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2.4 ‘Physical Model
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SECTION 4

g

ANALYSIS
4.1 Introduction

The physlcal mechanisrs at work 1n oscillatine cavities
have been sutflciently described so that an analytical model
for the cavity wave structure can now be considered. The first
two sectlons will discuss the formulation of the problem and
introduce the i1deas that are the basls for the simplified model.
The followling secyions will then develon the analysis In detail
and discuss the results.  The final section will analyze a
sentiempirical frequency predlcetion scheme showing length-to-
depth ratvio dependence.
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4.2 Analytical Model for Cavity Nscillation
4.2.1 General Considerations

From Sec. 3, 1t 1is clear that the cavity wave structure
can be madeled as folilows. The fluid motion within the cavity
. is poverned by the solution of the wave eaquation in a replon
v bounded by a rirfld fronrnt bulkhead and floor, with a free shear
i layer on top, and a rear btulkhead, whlch oscillates like a
‘ piston. Thils oscillatinge bullhead aporoximates the pseudopiston
effect of mass addition and removal a% the trailing edge. The
' external flow, which, to a good apnroximation, is meoverned by
o the convective wave eaquation, is on the other side of the
: shear layver, which begins at the leadinr edge. The internal
and external solutions should be jcined by arrlvine the proper
dynamic and kinematic conditlons across the shear laver. T°
the cavity leading edpe 1s a sharp corner, then the Kutta condition
should be applizd to the shear layver at this edre, which makes its
displacement equal to zero at the leading; edre. Although the
shear layer motion shculd not te constrailned at the trailing edpe,
the internal and external rerions should remain separated. The
effect of the tral!ling-edmge mass additlon @and rermoval process
1s accounted for entirely by the equivalent oscillation of the
rear bulkhead. The relationship between the shear layer displace-
ment at the trailing edge and the oscillation of the rear bulk-
Lhead 1s consldered in the pseudoplston analvsis In Appendix A,

.
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The exact shape of the oscillatinm rear bulkhead 1s unknown.
We need not assume that it rneves as a ririd wall, since 1t is
only an approxlmation to the actual trailinp-edre mass addition
and removal prcoccess. The most 1mportant feature of its motlon
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4.2.2 Real Flow Effects

tvien 1o the idenlizarion ¢f the mans additicn procens
there are other real flow effects that must be considered. e

such efiecr 1s flow recirculation In the cavity,

As menticned earlier, the reclirculaticen level derends not
aniy on the external flow Mach number and Revnelds nurher and
the cavity lenpth-te-depth ratio, btut also on the cavityv wicdth
and *he thiclness and state (laminar or turbulent) of the shear
laver., In turn, these chear laver characteristics depend nou
only con externsl flecw ccnditions, but also on the thickness and
state of the upstrearm btousdary laver. Althourh the recirculation
vrlecivies can be fairly larce, it 1 believed that their effecr
on the internal wave rotion 1s secondary. HNear the cavity Tlocer,
the recirculation fiow wlll move forward; while near the shear
lay e., vhere entrainment cccurs, the recirculation motion wili
be rearward. The net effect is probably a tiltiny of the wave-
fronts. If this effect acts on an upstrear wave that then re-
Tlects te recome a downstrear wave, the ti1l% direction will be
reversed in the (mirror imare! reflection nrocess., The effect
of recirculaticn rlow on the downsiream wave will then be to
rotate the wavefront to a more uprirht uocitiﬁﬂ. in other words,
there is & certain derree o7 cancellntlion assoctiated with the
cffect of flow recirculatlon. 7Tt secans Likelv that the etvrect

recircularion on wave motion invroduces uncertaintices

at are no reater Irﬁn those duce te the
on about the deta ¢ shape of the os
i.e., pseudeoplston due to the mass add

tasic Yack of InToriyn-
lavine rear bulknead
o1 process).
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Another concern introduced by real Tlow offects 15 the proper
trearment of rhe shea.” lTaver dvnanics. The sippriest approach is
te treat the shear laver as a2n Infinlt2ly thin vortex sheet,

t,e., an Ideaiiced velocityv discontinu tv, T this apnponch,

the Treestrear veleocitv 35 zbove the sheay laver, and there is
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nooreal Piew vetoadty An b cnvity below the shear laver.,  The

Tilutd i thie cavive ooy b oagssumed te have apnroximately the
et thereodinnastc projercien: nawmely, freestrear atatice
sure, and aontatie ternrorature egqual te the freestreanm
pition tesrerature (equal stagenntion enthalpy onn btoth
Gt he ahoer Taver) Thiic bastic aprroach is tawven In
Pocause of the InTinitely thin shear
dr 1o overestinale the strerppth of the Inter-
cras Thds overeastirmation 1s belleved
anprltiication rate for the downstrean
Jo disproportienately Iaree.  In fact, this
Jon of the downistrear wave aseens to be
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a real cavity has a Tinlte
he rear of the cavity. I¢

o turbulonr, this trhereane can be ceonsiderableg
'0“'\31 Tlow } 3 2an be oas rmuch as
e ! .ii:::— cdra.  MThe
Tor 1:: rurther Intinenczd in a2 eormlicated w
te 1he z;.‘-:‘*..z'n:i:-- l‘O‘.‘.I.-l?l?‘}.’ laver.,  Portunately, the urstreanm
o : L hicknoas 1 s3:2all conpared 1o the ultimate
o krecs In many cuvivy arvlications. Tyven with
1 lom, fowever, tho shenr laver thickness and
H L oeacily rrealcted. Te q belteved that the
I Sicvness proeduces 2 alrnificant oTfe0t on the
R erine the inermatic and dvnanic conditions
tetl Toand external solutions This effect :
would b orou~hly sisilar to 4the Inclusion of an vifective inertlia {
due 1o the shirear laver thicuness. I th?e agratial variation cof
sheoar laver thicimess iz nat Loe preat cver the wavelenrth, then )
the problien can be anaizviically i" e shear 1:{}.'er-
siructuare I roasled 2 vivrle tanner. The oanalyiienl ro-
ault Indlcure thnt the inciusion of "‘1\ " laver thickness
ellfecta {(which will reduce sheuspr laver ]if‘icat.ion rares) s
Iaoan imnortant toplio) wnich 13 woriny o'.‘ future theorelica
Investicsat Lo,
4.2.3 A Simple Analytical Model
Mmeoe the fmporrant Teatures of an anaviicnl nedel are
reviewed, It ds approrriate 1o dlscuss the o notaal sclutlieon of
the ppablern oroan ({CCO‘-“C“l;" aprrovimat e seluvion,  The external
and Internal reslons can boetlh he solved by otranatorn metheds 4
with the applicatisn of avnproveiate boundnry conditions, The
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two solutions must be matched kinematically and dynamically across
the shear layer. If the shear layer is treated as an Infinitely
rthin discontinuity, then this matching corresponds to applying

the material surface condltion and requiring equal static pres-
sures. If shear layer thilckness effects are included, thén a

more complicated matching condition must be applied. The

physical solution 1s then obtalned by lnverse transforms.

This Tormal aporeach is subject to severe mathematical
difficulties. Indeed, the effort required may rot be justifiable

- on physical grounds. Because the detalls of the tralling-edge

mass addition process cannot be determined, anv effort spent
assuring that other cavity boundary conditions are satisfied

in detall 1s wasted. Specifically, a different set of mass

flow nomencs at the rear bulkhead will change the detailled

wave structure elsewhere; hence, the strenpgth of waves reguired
to satisfy the boundary conditions will be altered. Therefore,
it 1s proposed to use a simple physically motivated solution
that satisfies only the most basic conditions and that does not
inciude the finer details. Ir fact, this 1s the onlv approach
that 1v really Jjustifiable. When the cavity problem is reduced
to its essence, only the baslc upstream and basic downstream
waves are considered. The reflection condition at the front
bulkhead will be satisfied only to the extent that the instantaneous
net mass flow induced by the waves be zero; moments of mass flow
are not required to vanish. This approach 1s consistent with the
rear bulkhead condition, where there is an oscillating net mass
flow. The Kutta conditior will be applied at the leading edge
only in the sense that tlie spatial envelope of the waves decays
exponentialiy upstream. This approach allows the problem to

be reduced to the motion of waves between a shear layer and a
boundary. The frequency of these waves 1ls real correspondalng

to an oscillating phenomenon; therefore, their wave number 1s
complex, corresponding to propagation and spatial amplification
or decay. Since only baslc waves are considered, and only one
condition (front bulkhead reflection) 1is required to relate the
wave strengths, transform fechniques are no lonyer required.

At this point, the oscillation frequency of the rear bulk-
head or pseudopisten is still undetermined. Determination of
this freqguency may come through a set of phase and ampiitude-
matching conditions, which are arrived at bv separate considera-
tion of the trailing-edge mass addition process and then the syn-
thesis of the two analyses. TFor instanze, a simple condition would
require the shear layer motion to be in phase with the oscillating
rear bulkhead. However, because of the complexity of the processes
at the trailing edge, especially In view of real flow effects, it
1s easy to believe that significant phase shifts between the shear
layer and pseudopiston may occur.
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Given thls latitude, 1t is possible to suppose, alternatively,
that within some limits the phase and/or amplitude of the mass
addition process adjusts to a condition most favored by the 1n-
ternal wave dynamics c¢f the cavityv. Thls adjustment might serve,
for instance, to acccommodate a resonance of the system. Or, as
anocther possibility, the condition might be the frequency that
gives the maximum shear layer displacement for a given pseudo-
plston displacement, thereby maximizing the energy removal from
the mean flow for a gliven level of cavity pressure oscillations.

"This last condition seems to be the correct one 1n that, in later

sections, it will be shown to glve the best agreement between the
present theory and the experimental measurements. Such conditions
are actually satisfied for a set of frequencles, given the cavity
geometry. Each frequency corresponds to a different mode of
osclllation. Experiments show that these modes often occur
simultaneously. The cavity geometry and the flow Mach number
determine which mode level domlnates; however, 1t 1s frequently
the second mode. Presumably, this dominance can be determined
theoretically. It may correspond to which mode can extract the
most mean flow energy or to which mode produces the lowest im-
pedance of the pseudopiston.

4.3 Wave Motion of a Shear Layer Above a Boundary

In this section, we dlscuss the wave motlon between a shear

layer and a boundary. The ultimate goal 1s to understand the
speed and amplification characterlstics of the type of waves
that are responsible for the cavity oscillation phenomenon.
The basic sciutions developed. here wlll eventually be super-
imposed to ~epresent the boundaries of a cavity beinp forced
by a pilston at the rear bulkhead. In this manner, the modal
structure within the cavity can be established.

Consider a shear layer and a parallel solid boundary
separated by a distance, D. Between the shear laver and the
boundary 1s an inviscid, compressilble fluld wilth a sound speed,
ag. On the other side of the shear layer 1s an inviseid,
compressible fluld moving with uniform velocity, Uw, and
having a sound speed, ax. It 1is of interest to find the re-
lation that governs the motion of small amplitude waves under
the shear layer (see Fig. 8).

The wave motlon within the cavlity 1s analyzed using the
coordinate system (I) in Fig. 8. The perturbation velocity

potential is governed by the simple wave equation in two
dimensions:
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FIG. 8. WAVES ON A SHEAR LAYER ABOVE A BOUNDARY.
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bt ¢yy ;;— 9.0 =0 . (4.1)
c
Assume solutions of the form,
¢ « eayeikxeiwt , (4.2)
where
2
a? = k% - 2— (4.3)
a2
c

A more general solutlon for fixed frequency can be constructed

iwt m iknx
¢ = e nZ% e cosha y (U.b)

where Cp represent arbitrary constants. Simlilarly, solutions
with different frequencles could be added if desired. MNotlce

that the conditlon of zero normal velocity at the boundary is . i
satisfied by using the hyperbolic function to re-express the .
y-dependence., B
The perturbatlon pressure at the shear layer is &

m 1k_x -

P =elwt p ) -1uC e " cosh ad . (4.5) g

p tl _ n=1 n A

c y=D- 3

4

The displacement of the shear layer is %
n=fvdt =f¢dt g

y=D- y y=D- : g

i }

m 1la ik x E

= olut > - —2 ce " sinha D . (4.6) §

n=1 w n n |

-
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The flow phenomena above the shear layer 1s governed by the
convective wave equation:

2 M 1 -
(1-M )<|>xx + ¢»yy -2 a. ¢p = a—5 ¢y =0 . (4.7

The coordinate system (II) in Fig, 8 1s now used. Assume
snlutions of the form

¢. < ei(kX+By) eiwt R (u‘g)
with
2
B2 = - (1-M2)k? + 2 Emwk P (4.9)
to ai

As before, these solutions can be added to achleve a more general
form,

) m ik _x+8_y)
¢ = eia)t E An e n n R (u.lo)
n=1l

where the A are arbltrary constants. The perturbation pressure
at the shear layer is now gilven by

i S i -
P ( ¢t UM¢X)
y=0+
m ik x
= et B (U kA e P, (4.11)
= o n’n

The normal velocity at the shear layer 1is

lwt f& 1knx
v o= ¢ = e i8_e . (4,12)
¥ y=0+ n=1l n

Sproctict S gt 3 g
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We can apply the boundary conditions that static pressures
match across the shear layer and that the shear layer be a
material surface. The pressure-matching condlition requires
that the two pressures found by considering the reglons above
and below the shear layer should be equated. The material
surface condition is determined by requiring that the vertlcal
veloeity in the upper region calculated from shear laver dlsplace-
ment equals that calculated directly:

v {=¢ =n. + Un . (4.13)
( y|y=0+> £ %

The first term on the right-hand side arises from unsteady shear
layer motion and the second from tilting the free stream so it
is tangent to the displaced shzar layer. The completion of the

details leads to the following disperslion relation between
frequency and wavenumber:

o .
tw?8 coshaD = == (w + U)? a sinhaD , (4.14) 1
¢
where )
a? = k? - wz ,
aC
and

62=(Mk+a—w)’—kz .
[ ]

For disturbances that originate in the vicinity of the
gchear layver and the boundary, only some of the solutions of
the dispersion rzlation will be admissible. A radiation
condition will be used to exclude solutions that represent
waves traveling inward from Infinity and sclutions that become
singular at infinity. Furthermore, the case of interest will
be tnhe determination of wavenumber k for a fixed real frequency, § .
w. This corresponds to the case of a forced system that 1s of . - ..
interest for the future application of these solutions. When
the frequency 1is real, the wavenumber will generally be complex.
Thils corresponds to waves that travel and amplify or decay :
spatially. :
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31




YT .
’ D T A 2 M - < T o g e e on
S & A IO SSRGS FLLHEG ST T e vewwe

Because of the transcendental nature of the dispersion
relatlon, there are infinltely many solutlons for a fixed
frequency. Those that are admisslble by the radiation condition
can be dlvided according to whether they travel upstream or
downstream. The main interest wiil be iIn the speed and amplifica-

: tion of waves that correspond most nearly to plane waves

B traveling between the shear layer and the boundarv. It 1s these
waves that seem to dominate 1n the oscillatlon nhenomenon of
shallow cavities.

The dispersion relation will now be re-expressed in a more
appropriate form. If we use the equatlion of state and the
definitlon of the speed of sound, and assume egual static pres-
sures prior to perturbation, we obtain

2 2
a a
o c
2= =, 4.1
; If the ratio of speciflic heats 1s the same on both sides of
3 the shear layer, then
fé 2
_i'. p a
= = (_E.) = 5%, (4.16)
Pea a,

If we assume that the static temperature below the shear layver
equals the stagnation temperature above (the appropriate
assumption for the application of this analysis to cavity

: oscillations), then

= + /1 + I%l M2, (4.17)
1 where vy = 1.4 for air.

It 1s convenlent to deflne the following nondimensional
quantities:
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= kD
(4.18)

K
T = oD and T? = K? - 8?
Q = (MK + &S)2

B

= 8D and B? = Q-K?

Using the above, the dispersion relation can be manipulated into
the following form, ‘

Q3T2%sinh?T + S“*(Q-K2?)cosh?®T = 0 (4,19)

In the process of obtaining this form, the original relation has
been squared. Although the order 1s now doubled, the amblguity
of signs for the square roots 1is no longer present and the total
number of roots 1s unchanged.

Solutions of the above form of the dispersion relation were
obtained using the computer. Analytical techniaques that were
also developed were either unsuccessful or not sufficiently
accurate over a wide enough range of the parameters to Jjustify
their further use. The general spatial configuration of roots
in the complex K plane is 1llustrated in Fig. 9. A detailed
map of ro- s, A, B, and C, 1s presented in Fig. 10, The roots
D and E fa1l on the negative real X axis; their presentation
in Fig. 10 would not be infourmative since evervthing falls on
a single line, The additional roots indicated in Fie. 9 were
computed, However, such a computation follows easily, either by
numerical methods or by assumption of large |K| in the dispersion
relation in order to achieve an analytical approximation. These
roots would be useful only if the internal wave structure of
the cavity were ©¢o be constructed in rsreater detail than 1s the

present intention, Appendix B presents all of the roots that
were computed.

The next step is to choose the waves that satisfy the
boundary conditions of the problem, so that they can be super-
imposed to (approximately) form the cavity reometrv. Then.
the detailed dynamics of the system can be Investlpgated. {Upstream
traveling waves have ReK > 0, and downstream waves have ReK < 0,
The condltlon thk disturbances do not amplifyv away from the
boundary, namely chat amplitudes are finite or zero as y » =,
requires ImB > 0. Tt 1s also necessary that the spatial envelooe
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of the waves decays upstream since superfluous upstream influence
in this simple cavity model would then be reduced. Furthermore,
this requirement 1s conslstent with the idea that the vpstreanm
wave radiates energy anc decays, whereas the downstream wave

draws energy from mean flew and amplifiles., |
tions, the roots K* (the complex conjugates) should be used.

The roots A%, B¥ and C* ure the prime candidztes for use
in a simple cavity oscillation model. Root C* 1s the only
upstream traveling wave, so it must be inc¢luded in the analyt-
1cal model. Both A* and B* are downstream waves, and it

must be determined which is the important wave in the cavity
oscillavion phenomena. If we look at the nondimenslonal phase

speed of these waves at the hlghest Mach number (see M=3 in

the table), it is apparent that root A* behaves as a pressure
wave traveling below the shear layer at nearly the speed of
sound, while root B* behaves as a convection wave on the shear
layer moving at nearly half the mean flow speed (supersonically
relative to the cavity interior when M=3). Note that as M+e

the shear layer becomes infinitely stiff, and the pressure waves
below the shear layer behave as 1f in a hard-walled enclosure
and travel at the speed of sound. Therefore, it 1s concluded
that C* is the relevant upstream wave and A* is the relevant

downstream wave,
4.4 ave Solution Synthesization

Solutions for wave motion between a shear laver and a
boundary have been found for the case of real frequency. Two
of these waves wlll be combined to approximate s cavity with
a pliston at the rear wall, as shown in Fip. 11, The wave
solutions must satisfy the following conditions:

1. They must be essentlal to the phenomenon; i.e., they
must represent the baslc physical effects and not
be needed only to provide higher order strucoure.

Both upstream and downstream waves must be used.

They must satisfy the boundary conditions at infinityv:
1.e., these waves must originate in the regsion of
the shear layer and boundary and not at infinitcy.

4. They must decay exponentially in the upstream direction.
This reduces the upstream influence in thils simple model
and, in effect, provides an apnroximate Kutta condition.

In the previcus section, 1t was found that the waves
designated as A¥ and C* gatisfy these requirements,

36
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The upstreum wave C* and the downstiream vave A% cuan be
combined to form an approximation to wave motion in an
oscillating cavity. VWith only two waves, lust ohe houndary
condition at the cavity leading edpe can be avpllied., This
boundary condition will be that the instantaneous net mass
flow through the front bulkhead 1s always zero, Because these
two waves do not have the same phase dependence with respect
to depth, their local x-componerits of velocity cannot cancel
over the entire front bulkhead, Thus, the instantaneous
moments of mass flow throurh the bulkhead will renerallv not
vanish. It 1s felt that these nonzero moments of mass {low
only change the detalls of the cavity wave structure, and they
do not produce any alteration of the basic process,

Similarly, the motion of a pilston at the cavity trailing
edge 1s defined 1In terms of the net mass flow at the rzar
bulkhead position, Araln, moments of mass flow will not
vanish. This approach i1s Jjustifled becausz the actual mass
addition process does not correspond to a rigid plston shape.

Within the cavity, the veloclity potential of thls two-wave
system 1s

(4.20)

¢ = e

iwt 1kAx 1k .x
(Ae coshaAy + Ce coshxcv) ’

where A and C are constants. The veloclty components are

lut ik, x 1k.X
= 3¢ - A ¢
u=3-=e 1k, Ae cosha,y + 1k.Ce coshanv ], (4.21)
and
36 1wt ikAx ika
vEass=e (QAAe sinhaAy + acCe sinha,y ). {4,22)
The shear layer deflection 1s derived from the vertical velocity
component:
iwt ia ik, x io ik,.x
= - _ A A C C
n '.det|y=D = e ( == e sinha,D - —= Ce sinha,D ).
(4.23)
The pressure 1s:
D lwt ikAx 1kcx
e = - = - - 2
5 o, = € ( iwle cosha,y - iuCe cosha,y ). (h.2)
38
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The front bulkhead reflection condition requires that the
instantaneous net mass flow vanlsh, namely

D Lut 1k, kg D
J'udy = e ( — ASinha,y + —= Csinhacy ‘ . (4,25)
x=0 % A %c
0 0
Thus, the relationship between the constants is

kA kc
-2 Asinha,D + — Csinha D = 0 ., (4,26)
o, A %0 C .

Similarly, the depth average of the lengthwlse velocity component
is

L jP 1wt(ikAA 1k, x 1k C  Lkgx

U = = udy = e e s!nha,D + e sinhao D).

m D 0 x=const. “AD A OlCD ¢
(4.27)

Thc depth average pressure 1is

o) D it ik, x 1k.x

o %-f 13 dy' = e (- Lok e A sinna,0 - %9% e © sinhaCD).

e 0 e x=const. A C ’
(4,28)

When the depth-averaged veloclty and pressure are evaluated at
x = L, they become the mean velocity and mean pressure on the
pseudopiston,

It is convenlent to recast these results in nondimenslonal
form. As in Sec, 4.3, let

K=kD, Sz, and T:za . (4.29)
o .
Recall that the quantlties K and T are functions of M_ and

S. Redefine the constants as

A= A A= O \
A Dac and C = Dac . (4.30)

39
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The depth-averaged Mach number of the wave-induced longitudinal
veloclty perturbation is

o)

Moo= R (4.31)
C

The nondimenslional depth-averaged pressure 1s

o X W s N ;
Y g RS ey &
'Y Rl g%

-t 1B R i L L L LSRRI

n=q . (4.33)

~ Dm N
P, = > R (4.32) -
(¢4 cr,n"
and the nondimensional shear layer displacement is defined as s
o
¢

If we eliminate one of the constants and nondimensionallze
the results, we obtailn

% - lwt 1K n 1K, 2 1K X
%, M =e = A AsinhtA (e AD _ e CD ) s - (4.38)
5 m ..LA
, R X
A iwt K - 1L, = iX,.5
p, = -e iSTA AsinhT, (ﬁL e MD _ g' e CP ), (4.35)
A A C
. and
.2 X 2 sy X
- lwt 1 KA ~ TA iKAD TC lKCD L g
n = -e T T AsinhTA ?;-— e -fg € » (4.36)
A A C

There are two other quantities of interest. The complex
acoustic impedance of the pseudopiston is gilven by

L T,
k . 1 K5 1 iKgp
»i K—‘ € - K_ e
- 7 = =2 = -8 A - ¢ - (4.37)
M N
| m (e ab _ D )
,;‘
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The complex ratio of n/M  1s also of interest, slnce 1ts phase
indlcates the relation between shear layer position at the
tralling edge and the pseudopiston motlion. The phase angle 1s
zero when the shear layer deflection becomes negative just as
the pseudopiston begins to move into the cavity. The magnitude
of thls quantity 1is the reciprocal of piston motion per unit

shear layer deflection.

mo2 L . 2 L

T, 1KE T, 1KE
- K, 0 TF°©
=78 L T y '
M (eixm- ] eu{cﬁ)

These formulas can now be used with the results of the
previous section to calculate the wave structure in oscillating

cavities.
4.5 Discussion of Results

Using the analyses of the prevlous sections, calculatlons
were carried out to predict pressure-mode shapes and other
properties of interest in shallow cavities. For mathematlcal
convenience, the calculatlons were carried out with nondimensional
frequency, S, held constant, whlle the distance from the leading
edge was varied. In thls way the mode shapes are immediately
obtained. A certaln discrete set of distances from the leading
edge corresponds to the length~to-depth ratios of cavities that
wlll osclllate freely at frequency S. When the calculation is
repeated for a different nondimensional frequency, a different
set of length-to-depth ratios will be found. Thus, the
dependence of frequency on mode number, length-to-depth ratio,
and flow conditions can be generated through this calculation
procedure. Other methods, such as fixing length-to-depth ratilo
and varying frequency, could also be used. It should be noted
here that the nondimensional frequency, S = wD/ac, 1s not the
same as S* = fL/U,, the Strouhal fregquency which 1ls often used
to dilsplay cavity oscillation results. Of course, they are

related:

S# =?2‘—T%[19)—s , (4.39)
~ 8 Y-=1 ;2
where a = 5; = ¥y1+ 5 Mw .
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A set of results was computed for the case of M, = 3.0 and
S = 1.0, Although this Mach number is reallv above the range
of greatest interest, the results are instructive for this case;
furthermore, a difficulty that occurs at lower Mach numbers is
avoided. Filgure 12 shows the magnitude of unsteady pressure
fluctuations, expressed in dB, as a function of distance from
the leading edge. The arrows denote the possible locations of
a rear bulkhead. Although no experlimental mode shane data are
available at M, = 3.0, 1t 1s encouraging that thls computed shape
bears a conslderable qualitative resemblance to mode shape
measurements at lower Mach numbers. Figures 13 gnd 14 show
the magnitude of longitudinal veloclty and shear layer displace-
ment, respectively. Since both magnitudes are only determined
to within a constant multiple, these curves should be of interest
primarily for thelr shape and relative size.

A o~ Figures 15 and 16 show the magnitude and phase of the ratio
n/Mm, which 1s the complex shear layer deflection per pseudo-
piston velocity. Here, each value of x/D 1s Interpreted as L/D,
i.e., as a candidate trailing-edge location. Similarly, Figs. 17
and 18 show the magnitude and phase of the pseudopiston impedance.
Finally, Flgs. 19 and 20 show the magnitude and phase of the
complex ratio p_/fi, which is a type of impedance based on shear
layer displacement rather than pseudopiston veloeity. These
quantities are presented as function of x/D (or L/D} at constant
frequency S. (Note that this manner of presentation differs

from the more famillar impedance vs frequency often seen in
acoustics.)

The important question arises as to how the trailing-edge

locations (L/D) can be determined from the information presented.
Experimental results show that a pressure maximum occurs near,
but not exactly at, the trailing edge; very often the pressure
maximum occurs just before the trailing edpe (see Sec. 6), Of
course, the pressure maxima correspond closely to the points of
maximum impedance. The vicinity of the pressure maxima seems to
bear no special relation to the phase of the shear layer relative
to the pseudopiston, arg /M, (see Fig, 16). It is somewhat
surprising that this phase difference 1s never zero, which would

. correspond to the intuitive kinematic relation between shear

; layer position and pseudopiston motion for an oscillating cavity.

' However, as mentioned earlier, there Js reason to exrect that

significant phase shifts are introduced by the actual mass

addition process. The one quantity that behaves in a distinct

b manner near the qualitatively expected trailing-edge locatlons

: is |A/M,|. This quantity, illustrated in Fig. 15, shows a

b series of distinct and rather narrow peaks «. 2urrlng slightly
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FIG. 15, MAGNITUDE OF THE RATIO OF SHEAR LAYER DEFLECTION
AND LONGITUDINAL VELOCITY FLUCTUATION (PSEUDO-
PISTON VELOCITY) AS FUNCTION OF DISTANCE FROM THE
LEADING EDGE.
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FIG, 16, PHASE OF THE RATIO OF SHEAR LAYER DEFLECTION AND
LONGITUDINAL VELOCITY FLUCTUATION.
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FIG. 19. MAGNITUDE OF AN IMPEDANCE BASED ON SHEAR LAYER
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LEADING EDGE.

T U O e A

-120

-150

0 m 2T amwr am
x/D

FIG. 20. PHASE OF THE IMPEDANCE SHOWN IN FIG. 19,

b7

s

e e ——




TG e e e e e

U

»ws

behind the pressure maxima. The rest of the curve 1s relatively
flat. It is believed that the maxima of |fA/M;| may represent
the proper trailing-edge locations. The arrows on Fig, 12 were
located according to this criteria. The maxima of In/ﬁ
correspond to the most mean flow addition for a given pseudo—
piston displacement. Therefore, this condltion corresponds to

a maximum removal of enerpy from the mean flow bv the trailing-
edge mass addition process for a given motion of the pseudo-
piston. If the net energy losses from other processes in the
cavity are determined essentlally by its level of activity (as
indicated by the pseudopiston motion), then these criteria provide
the most addition of energy to overcome these losses.

A somewhat different viewpolnt can bring us to the same
conclusion. From Flg,., 13, it 1is apparent that the mapgnitude
of wave-induced longltudinal velocity in the cavity is never
zero, except at the leading edge. Therefore, without the trailing-
edge mass additlon and removal process, the proper boundary
conditlon could never be satisfled at the rear bullthead. However,
1t 1s nearly satisfied in the vicinity of the velocity minima,
since 1n this locatlon the least pseudopiston motion is required
to provide the proper boundary condition. Clearly, the trailing-
edge mass addlitlon process operates most efficlently when the
maxlimum shear layer deflection is avallable for a given pseudo-
piston motion. Thus, the boundary conditign at the tralling
edge is most easily satisfied whenever In/M | 1s a maximum.

Once the criterion for picking the tralling-edge location
1s established, the oscillation frequencies for a fixed cavity
geometry can be determined. Then, it may be possible to determine
the relative strength of these modes of oscillation. It is
believed that the determination of the dominant mode 1s related
to a condition such as: which mode gilves the lowest impedance
of the pseudopliston; or which mode removes the most energy from
the mean flow; or for which mode does the mass addition process
operate most efficiently. Thls important area of research should
receive more attention in the future, particularly since the
answer has an importance which extends beyond the present problem.

The present analysls 1s less successful when the calculation

1s made for lower Mach number. This problem i1s illustrated in

Fig. 21, where the Mach number is M_ = 1.0 and 8 = 1/2. It

can be seen that only the first moda appears, and that the magnitude
of unsteady pressure increases rapidly with increasing x/D. A
similar trend 1s found when the caiculation is repeated for

Me = 1.0 and 8§ = 1.0. Although the first mode 1s predicted
successfully, none of the higher modes 1s found because the
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magnitude of pressure increases rapidly without addltional nodes.
This result contradicts the experiments where modes as hich as
the Tourth are detected. In fact, the second mode 1s often the
one with dominant pressure levels. Because this shortcoming 1s
found everywhare below about M = 2.0 for all S, an extensive
investigation was undertaken to identify the problem. During
this investigation, several alternale toundary condltions at
both leading and trailing edres were tried. The effect of in-
cluding the shear layer convection wave B* was also considered
for sevepral different boundary condltlons. For instance, when
this additional wave 1is included, the Kutta conditlon can be
applizd in addition to the reflectlon condition at the front
bulkhead. Finally, the pcssible effects of addinp some of the
other waves, and of doing the problem more formally, were
considered. No dramatic improvements over the basic model were
nade, and some results were much worse. Nor did 1t seem worth-
while to make the problem more compllicated.

Careful investigatiorn shows that the source of the problem
is that the spatial amplification rate of the downstream wave
greatly exceeds tnat of tha upstream wave over much of the Mach
number range. This fact is apparent from the basic wave solu-
tions which show that the imaginary part of K¥ exceeds that of K};
the discrepancy increases with decreasing Mach number. Not far
behind the leading edge, the exponential amplitude growth of
the downstream wave dominates so completely that pressure nodes
can no longer be formed; i1.e., the energy extracted by the down-
stream wave from the flow greatly exceeds that radlated by the
upstream wave. This fact does add theoretical support to the
observation that cavity oscillations are self-sustalning under
almost all flow conditions. However, since higher modes are
commonly observed experimentally, it must be concluded that
either the amplification rate of the shear layer is overestimated
or that the ultimate amplification of the downstream wave is
limited bv some additional process. An example of the second
possibiiity would be the nonlinearity introduced by the shear
layer rolling up into discrete vortices, which has been ohserved
at subsonic flow speeds. The present analytilcal difficulty
extends well 1lanto the supersonic flow ime where roll up is
much less likely.

It is believed, therefore, that this simple model, which
aesumes an infinisely thin shear laver, overestimates the
amplificaticn rate of the downstream wave. This difficulty
can be resolved by accounting for the finite thickness and
different flow veloclty of the shear layer. Thils effect could
be included analytically in a future research effort. The




accuracy requlred for the cavity problem does not involve
detalled theoretical flow sclutions in the shear layer repion.
Once the shear laver 1s properly accounted for, 1t 1s expected
that much hetter results could be obtalned at lower Mach numbers,
using baslcally the same analytical approach as described. If
the present hi,sh Mazh number results are any indication, thils
simple analytical approach may eventually lead to a complete and
detailed theoretical understanding of the physiles of the oscilla-
tlon phenomenon.

4.6 Frequency Prediction

In this section, the wave solutlons found in Sec. L,2 are
used as the basis for a semlempirical frequency prediction
scheme. The approach taken is similar to that of Rossiter
(1966). This discussion helps to illustrate the relatlonship
between Rossiter's assumptions and the present physlcal model.

The pressure modes in the cavity are made from the super-
position of upstream and downstream waves whose phase speeds
are different. Suppose the average distance hetween pressure
maxima 1s A.. Because of the different phase speeds and
amplificatign rates, the actual dlstances between pressure
maxima need not all be the same. Let L + & = nlps where n is
an integer and L is the cavity lensth. The cqu-ntity 8 1is an
undetermined value that accounts for the facts that the cavity
trailing edge is not actually a reflection plane (precsure maxima),
that there are phase shifts in the system, and that Ap i1s only an
average value,

If T is the oscillation period,

L+6

¢]

L+s_

+ =T (4.40)

c
Pap Pep

where the mode number n equals the number of pressure minima in
the cavity, CpAr and Cpc are the real part of the phase speed

of the downstream wave aﬁd the upstream wave, respectlvely.

= | TZ k* (h.41)
k
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Therefore,

kr
c = W . (4.42)
Pr k|2
Then,
2 2
pes [ %al ke 1*Y op )
= = n . (4.43)
kAr kCr
Defining K = kD,
2 2
IKA' lxcl 27”’1 |
= L sy (4.44)
K K =(=2)
Ar Cr DV L

Suppose the factor 6 is a fraction (positive or negative) of a
wavelength, namely & = akp. Since 1 + § = nkp, and L = nxp - 83

L+ _ n ! .
L=~ n-o ° (8.45)
Hence,
2 2
|KAI . IKCI - 2mi{n=-a) (4.46)
, .
KAr KCr L/D

where K, and K, are functions of M, and S. If W,, n, and L/D

are specifled, 'and a value of the empirical constant a Js assipned,
then the above equatlion determines S. From this, the cavity
Strouhal number, S* = fL/U,, can be determined,.

_ a(L/D)
S¥ = E (h.u7)
where & = J&+l%£ M2
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Flgure 22 shows these results plotted for a = 0.1 for
n=10, and a = 0.25 for n = 2, 3,and 4. The Rossiter formula

is also shown.

The results show the effect of length-to-depth ratio. The
predicted Strouhal numbers bepin to fall below the measured
results when M < 1.0, This problem can be traced once apalin to
the excessive amplification rate of the downstream wave, which
affects the phase speed. If the calculation is repeated by
setting the imaginary part of K equal to zero (no amplification),
then the computed frequencies fall above the measured results at
low Mach number. This fact supggests that lowering the amplifica-
tion rate will ralse the present results at low Mach number,
which then pglves better apreement with the experiment. It is
noted that there 1ls no guarantee that tiie empirical constant o
is 1ndependent of Mach number. However, substantial varlatlons
in a4 must be lntroduced to account for the discrepancy at low

Mach number.
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SECTION §
EXPERIMENTAL CONSIDERATIONS
5.1 Scope of Experimental Studies

The analytical considerations, presented in the previous
sections, provided insight into the basic physical phenomena
that ar. responsible for the occurrence of flow-induced pres-
sure osclililations in shallow cavities. In particular, 1t was
determined that the onset of pressure fluctuations depends on
the balance between energy supplled by the external flow and
energy dissipated by viscous lcsses and acoustic radiation,
so that an excess of energy drawn from the external flow
results in the onset and sustenance of oscillations and vice
versa. ;

While the oscillation onset is linked to both phase
and galn criteria, no particular onset velocity was found
to exist for shallow cavities. ilowever, a set of general
o aerodynamlic criteria was estabhlished that define a region
PEs (in terms of geometry and flow parameters) where the least
damping of shear layer wave motion occurs; thus, the oscilla-

3: tion process sustains itself. The analysis had a twofold
. purpose: (1) to determine the oscillation freauencies, the
P mode shapes, and mode levels in a resonant cavity; and (2) to
e establish criteria for stabllizing the flow in order to suppress
W the oscillation. The analysis was reasonably successful since
%? : it provided resonant frequencles as a function of geometric and
:§ aerodynamic parameters and, to some extent, the mode shapes;
i : however, because of the extreme complexlty of the flow/cavity o
i interaction, no conclusive model could be developed to predict L
5% the mode levels accurately. The analysis was successful in A
L establishing criteria for shear layer stabilization (a reauire- &
ad ment for the suppression of pressure oscillations). ;
IS E:
§§> To evaluate the analytlcal predictions and to gain practlcal A
’ information, an experimental program was initiated. One lmportant 3
pre ' purpose of this program was to verify the resonant frequency .
L & predictinons and the theoretically derived mode shapes, as well 3
Tage, as to provide reliable information on maximum levels and mode- o
ol amplitude distribution in the cavity for a variety of cavity )
g length-to-depth ratiss and freestream Mach numbers. Another 3
[ g purpose of the experlments was to verify the criteria for shear E
L3S layer stabilization and to find and optimize pgeometrlic chanses i
Rt of the basic rectangular cavitv conflguration for maximum oscilla- :
22“ tion suppression. i
~ 3
>
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- = o
88 %
i ) 5

P G ERE 02 S R




O

Ry

In order to attaln these goals, 1t was necessary to
conduct the experiments in a large flow facility primarily
to eliminate the uncertalnty usually associated with scaling.
It was also desirable to conduct the experiments over a large
Mach number range, to duplicate typical flight envelopes of
modern alrcraft. Finally, a test setup was necessary that
allowed qulck changes In cavity geometry.

The experiments were conducted in the NASA Lewls 8 x 6 ft
Transonle Wind Tunnel, which met all the above conditions.
In preparation for these large-scale experiments, however,
tests were conducted in a small-scale wall-jet flow facility
at BBN. Thils facllity allowed g quick survey of a large number
of configurations, so that some optimlzation of geometric changes
could be made prior to large-scale testing. These small-scale
tests, however, comprised only the subsonic Mach numher range.
In a supplementary effort, therefore, a water table flow visualilza-
tion apparatus was constructed that proved to be helpful in
visuallzing the unsteady phenomena 1lnside and outside the cavity
for simulated supersonic external flow. The water table tests
also served to check stablilizatlon configurations.

5.2 Experimental Techniques: Small-Scale Studies
5.2.1 Exploratory Studies: Wall-Jet Flow Facility

Subsonlc flow experiments were conducted using the test
setup shown in Pig. 23. High-pressure air is fed through an
absorptlive muffler into a converging nozzle wlth a square
opening of 3 x 3 in2?. The lower nozzle rim is flush with a
plate, which contalns a rectangular cavity 1 in. wide by 2.5 in.
deep by 8 in. long. When insert blocks are used, the geometry
can be readily changed to form cavitles of length-to-depth
ratios from 0.5 to 20, 1In all cases, however, the width 1s
constant at 1 in. The flow cemanating from the nozzle forms a
wall jet, and the flow on the pliate surface has the aerodynamic
properties of any surface flow with a slow boundary layer
growth (see Fig. 24). Along the unconstralned jet boundaries,
the shear layer grows in accordance with the free mixing process,
surrounding a potential core of low turbulence, which Iis
reminiscent of qulescent alr above a surface boundary layer. In
all experiments, care was taken that the cavityv mouth area was
well within this potential core regime, so that the free shear
layer of the wall jet would not affect the cavity pressure oscllla-
tion process. Since only cavity internal fluctuating pressures
were measured, rather than farfileld radlated acoustic pressures,
there was no danger of shear layer acocustlc refractlion to affect
the measurement data.
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Prior to exiting from the nozzle, the flow passes through
a honeycomb structure to extract any swirl and through several
mesh wire grids to minimize the turbulence 1ntensityv In the
potential core flow. Sandpaper roughness across tne exit lip
of the nozzle provldes turbulent boundary laver flow to interact
with the cavity mouth., Since it had been established in flight
tests (Smith et al., 1974) that inlet flow in aircraft bays
under most flight conditions is turbulent, most of the experi-
ments were conducted with the surface roughness at the nozzle
exlt. Exit flow speed could be varled from 0 to over 700 ft/sec.
Flow speed is monltored through a pitot-static tube in the
nozzle exlit cross section.

Cavity internal fluctuating pressures were measured with
BEN type 376 1/4 in.-dlam. plezoelectric pressure sensors
located at the leading-edge and the trailing-edge bulkheads.
Sensor signals were usually fed into a GR type 1564A 1/10-octave
band analyzer, and spectra plotted out on a GR type 1821 Graphic
Level Recorder in real time.

One 1mportant issue of the study was the evaluation of the
steady-state (dec) drag induced by the basic cavity conflguratilon
and the change in drag due to geometrlc cavity modifilications
through oscillation suppression devices., To measure dc drag,
the plate containing the cavity was supported by low friction
ball bearings that, in turn, ran on two horlzontal steel rods
(see Fig. 25). The drag forces (i.e., forces in the mean
flow direction) were transferred via a 1/4-in. diameter steel
ball to a (BBN-developed) force link, which was attached to a
heavy steel frame. A bilas force was provided through a spring
pressing against the cavity block in the downstream direction
with several times the force expected from the cavity drag.
Force transfer through a steel ball eliminated the possibility,
of any force or moment transfer, other than in the direction
of the sensitivity axis of the force link, which, of course,
coincides with the direction of flow-induced drag. The system
was calibrated by applylng a known force in the flow direction
and reading the output voltage of the force paure, after
cancelling out the bias force. The force measurement system
was perfectly linear 1n the range of measurements taken.
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Three-dimenslonal flow visuallzatlion was obtained by feeding
4 _ smoke 1Into the cavity near the floor and the leading-edge bulk-
¥ ¢ head. Short-duration flash photographs allowed visualization of
| the osclllating shear layer 1n a qualitative manner.

5.2.2 Exploratory Studies: Water Table Facility

Since the small-scale flow facllity permitted only subsonic
flow experiments, some exploratory studles were conducted in a
water table facility which allows supersonic flow simulation.

o A simple water table setup permits two-dimensional simula-
tlon of the pressure oscillation phenomenon. Silnce pressure
oscillations in shalluw and long cavities are basically two-
dimensional In character, a hlgh degree of similarity, especially
on the unsteady, or perlodlc, part of the phenomenon can be
achieved.

g MPCIeT ST R A R RO, Samd 1 2 PR, T e Y
. X ! . :

Figure 26 shows a schematic of the setup, which essentlally
involves a slightly inclined transparent glass plate supporting
the water flow. Using the optlecal system of an overhead pro-
Jector, a direct projection on a screen is posesible; the surface
waves and their motion are shown at a high contrast. Optimum

E simulation of the phenomenon 1s achieved by uslng a water depth

o of about 1/M in.; blocks defined a cavity of 2-in. depth {in

.3 the plane of the water), and variable lengths (2 in. to 8 in.).
Direct observation of the unsteady phenomena i1s possible;
however, a motion filin camera with a moderately high speed
(e.g., 54 frames per sec) sufficiently slows the phenomencn so 8
that the motion of the shear layer, the external leadlng-edge
and trailing-edge shock wave formatlion, and the cavlity internal
pressure wave (Heller et al., 1973) can be followed. The
znalysis developed in Sec. 4 of this report is essentially based
on the water table visualizatlon results.
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5.3 Experimental Techniques: Large-Scale Studies
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5.3.1 Wind Tunnel Facility

S
]

ke f
&
LR
.
5
£'.
3

L L

The NASA Lewis 8 by 6 ft Wind Wunnel is a continuous closed- A
circult flow facllity. A remotely variable nozzle contour allows o
operation in the Mach number range from about 0.8 to 2.1. Since k",
the facllity 1s an atmospheric tunnel, stagnation and/or dynamic .
pressure of the free stream 1s a functlion of the operatlonal Mach
number and cannot be changed independently of Mach number. A
plot of stagnation pressure, dynamic pressure, and unit Revnolds
number as functlon of tunnel Mach number appears in Fig. 27.

The drop in static pressure for increasing Mach number defines a
simulated altitude as shown in Fig. 28.
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5.3.2 Cavity Model

The cavity model 1s shown in Fies. 29 to 31. Cavity width
is 9 in., the length 1s 36 in.,and the floor posltion can be
remotely controlled between a depth of 16 in. and 6 in., resulting
in lenpth-to-depth ratios of 2.25 < L/D < 6.0 (Fip., 29).
Fipure 30 shows the partiallv disassembled cavity with the driving
mechanism for the rloor movement. The cavity was made entirely of
l1-in. aluminum, with Teflon strips to seal the floor asalnst the
cavity walls. Flgure 30 also shows the traverse rod, which
contains a BBN type 376 sensor, 5 in. below the cavity surface
plane. The rod could also te driven remotely to survey the
cavity internal pressure fleld. Flgure 31 shows the assembled
cavity with two extenslions, one at each of the leading~ and the
tralling-edge bulkheads. These extensions measure 6 in. long by
6 in. deep and 8.5 in. wide, which increases the total cavity
length to 48 in. However, they were not used to increase the
cavity length but to allow changes in the cavity geometry at
leading- and tralling-edge areas, such as slants or roundings,
or to accept the drive mechanism for chanpgling the angle of up-
stream canard spollers (see Sec. 7.3). Filrure 32 also shows
two remotely drivable rods near the rear end of the cavitv;
these rods support leading- or trailing-edge cowls or guidevanes
and vary the positlion of such suppression devices 1n the vertical
direction.

Herce, 1n any gpiven test, there was the possibility to vary
independeantly the position of the floor, the traverse rod, a
leading- or tralling-edge oscillatlon suppression device, ani
the canard spoillers. Figure 33 shows the cavitv model installed
in the tunnel test section. Since the test sectlon walls are
perforated, the cavity mouth area is surrounded hv a flat smooth
vlate, providing a surface for natural boundaryv laver growth., The
distance from the plate leadinr edee to the cavity leading edge is
76 in. A closeup of the installed cavity appears in Fim. 34,
which shows the traverse rod and two laterally dilsplaced pitot-
static tubes in the floor.

5 3.3 Instrumentation

Both mean-flow and unsteady-flow quantitles were measured.
Mean-Flow RQuantities

Boundary Layer Projfile. A boundary laver rake extendine
1.5 in. above the surface at the cavity leading edge, but

laterally dlsplaced, provides information on steadyv-state boundary
layer characteristics, speciflcally, velocity-profile, boundary
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layer thickness, and dilsplacement thickness. Simllar informa-
tion is obtalned from a rake dowustream of the cavity located
on the cavity centerline. Thils rake extends 13 in. above the
surface plane. Figure 35 provides detalls on i1-ake location.

Recirculation Veloeity. Qualitative information on recircula-
tion velocities 1s obtalned through two piltot-statlc tubes
attached to the cavity floor facing in the downstream direction.

Static Pressures. Several static pressure taps are provided
along the cavity floor and the forward and aft bulkhead (see
Fig. 35).

Cavity Internal Temperatures. Two thermocouples at the
locations indicated in Pig. 35 provide information on cavity
internal temperature and, hence, on cavity internal speed of =zound.

Unsteady Quantities

Fluectuating Pressures. Fluctuating-nressure levels (sound
pressure levels) are measured through 9 BBN type 376 1/U4-in.
diameter piezoelectric pressure sensors. Sensor locatlions are
shown to scale in Fig. 36, There 1s one sensor each In the
surface plane upstream and downstream of the cavity leading
and tralling edge on the centerline (Sensors 1 and 8); one
each in the forward and aft bulkhead (Sensors 2 and 7); four
in the floor, two of these in a corner position (Sensors 3
and 6); and two near the center of the floor but near opposite
side walls (Sensors 4 and 5). One sensor is imbedded in the
traverse rod (Sensor 9).

Vibration. One accelerometer 1s located at a middle loca-~
tion on the floor, cutslde of the cavity, to monitor vibration
for possible interference wilth fluctuating-pressure measure-
ments.

5.3.4 Data Acquisition and Reduction

Figure 37 shows the data acqulsitlon system, consisting of
9 BBN type 376 pressure transducers, 1 BBN type 501 accelerometer,
10 Preston 8300 XWB Amplifiers with stepwlse adjustuble 1 to
1000 gain, 10 voltage dividers, and 1 Sangamo 4700 ll-charnel
tape recorder.
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The vuitege dividers compensate for the different sensor
sensltivitles, so that the input voltage to the tape recorder
for a glven pressure level was the same for each pressure
sensor (provided the sensor signal is put through the same
amplifier gain). All recordings are made at 30-1ps tape speed;
the system frequency response ranges from 20 Hz to teyond
40,0060 Hz. The data analysls system, which is shown 1n Fig. 38,
consists of one Sangamo 4700 ll~channel tape recorder, one switch
for channel selection, and one Preston Amplifier Type 17048. The
signal can then be analyzed either in: 1/3~octave bands using
a General Radio type 1925/1926 Real Time Analvzer and tvpe 1522
Grap! ic Level Recorder; or in 10~Hz constant bandwidth using a
General Radio type 1900-A Wave Analyzer with a2 type 1521-A
Graphic Level Recorder. A Hewlett Packard type 521C frequency
counter 1s used to determine resonant frequencies accurately.
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SECTION 6
' TEST RESULTS: BASIC CAVITY

6.1 Flow Visualization

In this section, both subsonic and supersonlc flow visual-
izagtion results will be discussed. Cavity pressure oscillation
mechanisms for external subsonic and supersonlc flow are aulte
similar; hence, the subsonlic visualizatlon results can be
interpreted on the basis of the sunersonic visualization results,
; for which much more detailed information was obtained.

e g, T

Figure 39 represents a complete sequence of the water table
simulation®* for a typlcal oscillation cycle ror external super-
sonic flow of about M = 1.5, The motion pictures were edited to
show the mass Injectlon process, which starts with the shedding
of a shear layer from the leading edge (frames 1 to 7). The
separated shear layer approaches the trailing edge (frames 8 to
12), and flows over the tralling edge (frames 13 to 17). There-
! after, the shear layer "whips" down (frames 18 to 24), thus
exposing the trailing edge to the free stream, whlch causes a
3 "bow wave," i.e., a shock front, to cccur at the tralling edge 1n

: (frames 24 to 30), Simultaneously, the downward motion of the
shear layer causes a pressure wave (frame 24) to appear in the
Joint reglon of the trailing-edge bulkhead and the floor; this
pressure wave subsequently moves towards the leading edge
(frames 24 to 39), straightening out alongz its path. The pres-
sure wave also causes the shear layer abhove to bend outward into
the free stream. Thls outward bend causes a shock front to
trall along with the pressure wave in the upstream direction
(frames 26 to 40), Since this shock front travels agalnst the
free stream with the speed of the cavity Internal pressure wave
(roughly with Mach 1, the speed of sound in the cavity), the 4
effective speed against the free stream is higher than the free-
stream speed. Consequentlv, the trailing shock tront 1s inclined
more than would correspond to the rreestream Mach angle. Upon
arrival at the leading edge (frame 39), the cavity internal pres-
sure wave 1s refiected and travels downstream in the cavity
(frames L0 to 50). Once the external shock wave has arrived
at the leading edge, it separates from its oriesinator, 1.e.,, the
outward bump in the shear laver, and trails out in the freestream
medium. Since the downstream-travelins cavity internal pressure

S T T o
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¥In this sequence, flow 1s from right to left.
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FIG. 39. WATER TABLE VISUALIZATION OF OSCILLATION CYCLE UNDER
SIMULATED EXTERNAL SUPERSONIC FLOW M_ = 1.5. FLCW
FROM RIGHT TO LEFT.
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wave propagates with the cavity internal speed of sound {(roughly
Mach 1), the pressure wave speed 1s now subtracted from the
external flow speed and the "bump" in the shear laver travels
with an effectlvely subsonic speed, which ~auses no external
shockwave.® The pressure wave travels further downstream and
disslipates 1ts energy along its cavity internal path. Meanwhile,
probably around frame 50 * 5, a new downlash of the shear laver
at the tralling edme occurs, which causes a new pressure wave to
originate, whereupon the process repeats 1tself.

The above sequence shows clearly the pgenerating Drocess
for a fundamental mode. However, higher order modes can be
simulated as shown in Fig. 40 (which, again, is an excerpt
from the motlion plcture). Here, the cavityv trailing-edge bulk-
head was moved forward and backward in a piston-like manner
forcing the cavity at a hipgher frequency than the naturallyt
occurring fundamental frequency.

The generation mechanisms for supersonic and subsonic
external flow are believed to be quite similar. This bellef
1s substantiated by the experimental data that relate resonant
Strouhal numbers to freestream Mach numbers on one hand, and
resonant mode lcvels and freestream Mach numbers on the other
hand (see Secs. 6.6 and 6.8). 1In both sets of data, there is
a smooth transition from the subsonic over the transonic to
the supersonlc flow regime. The main difference lies in the
appearance of the external shear layer. In the supersonic case,
the external shear layer exhiblts a wavy, though continuous,
shape, resulting in an up-and-down motion at the tralling edge;
as described above, thls results from the forcing of the internal
pressure wave motion. In the subsonic case, the external shear
layer tends to roll up to form individual vortices. TIn the
three-dimensional visualization photograph, shown in Fig. 41,
two individual vortices convect and grow in a downstream direction.
This instantaneous picture was taken in the small-scale experi-
mental flow Tacility (see Sec. 5.2.1) for a Mach number of about
0.25. These plctures correspond aualitatively with those obtalned
by Rossiter (1966), which are reproduced here as Fig. 42,

¥The external flow speed in this simulation was about Mach 1.5;
hence, the effective speed of the shear layer bump is 1.5 - 1
= 0.5, 1.e., subsonic.

+In the water table visualization setup, only the fundamental

mode can sustaln itself.
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FIG, 40, WATER TABLE VISUALIZATION OF HIGHER QORDER MCDES IN
CAVITY,
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FIG. 42. SHADOWGRAPH VISUALIZATION OF RESONATING CAVITY
AT SUBSONIC FLOW SPEEDS. (After Rossiter, 1966.)
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As has been emphasized in Sec. 3, these vortices are not
the cause of the osciilation as assumed by Rossliter, but the
external manifestatlion of the oscillatlon process, which is a
result of cavity internal pressure wave motions.

6.2 Boundary Layer Characteristics

As shown in Flg. 27, the unit Reynolds number in the NASA
Lewis Research Center B8 x 6 ft tunnel at Mach numbers above
0.8 1s between 4.2 and 4.8 x 10%, which results in Revnolds
numbers at the cavity mouth of 26 to 30 million. These Reynolds
numbers are hipgh enough to result in fully develcped turbulent
flow at the cavity mouth,

Boundary layer profiles were measured at the sldelline ex-
tension of the cavlty mouth, and the results are shown 1n
Fig. 43, The profiles in the Mach number range of 0.8 <M _ < 1.5
coincide, showing the shape of a fully developed turbulent
boundary layer. The exponent N 1n the profile equation, W/U_
= (y/8)1/N, corresponds to 7.3. The Mach 2 velocity profile
deviates 1n shape from the lower Mach number profiles, with an
exponent N of about 10.5.

The boundary layer displacement thickness is about 0.1f5
* 0.006 in. for 0.8 < M_ < 1.5; thus, it 1s a factor of 35 to 95
times smaller then the cavity depth. Displacement thickness at

M, = 2 15 about 0.14 in. (Fig. Hhh), Correspondingly, the
boundary layer thickness is about 1.0 in. * 0.13 for 0.8 < Mo
< 1.5 and about 0.78 in. for M_ = 2. Hence, for the shallow

cavity experiments (L/D = 6), fthe ratio of cavitv depth to

boundary layer thickness (D/¢&) is 6 to 73 for the deep cavitv
experiments (L/D = 2.25), D/§ 1s 16 to 20. Thus, the boundary
layer dimensions are many times smaller than the cavity depth.

6.3 ‘Mean Pressure

Statlc pressures in the cavity were measured at six locations,
four on the floor, and one each on the forward and the aft bhulk-
head. Figure 45 presents the static pressure, P,s on the floor
at 0.1, 0.33, 0.66, and 0.9 of the cavity length, normalized
with the freestream total pressure, P,. The information Is
riven for freestream Mach numbers rangine from 0.78 to 2.0,
and broken down for three L/D ratios. There is ne obvious
depandence on the L/D ratio, but the pressure ratio at each
Mach number rises towards the tralling edge (x/L = 1). Turther-
more, the lower the Mach number, the hirsher is the pressure
ratlo.
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Flyure 46 prosents vhe o pesn-cavity flocr atatie preassured
codneed by the “recstrean sotatde proscure, and referenced to
Lhe nean=c2vity atatice pressure, as function of Moy number
Ter three 1./D ratloe. The plot contalns data from other investi-
cator:s, At subasonte Maeh nambers, there ia no strony /D
depondence, A supersonla Mach roarbers, the data fan out, so
Lttt hiecher nornuitced presaures are obrcerved for lower /D
ratics, and vice verana,

6.4 Cavity Temperature

Temj eratures were measured a! two locations on the Tleor.
Drtwoare presonted as a recovery factor r IOo(0 =T /(7 <0 ) vn
croeatrean Mach numbers in Wieo 47, The reoovgrv Pactgr ﬁeem
1o reach a1 relative wmtnirmum at sonic and slifrhtly sunersonie
ach numbers, incereasing both toward loawer and hirher Mach
nurbers,. A syvstematlce dererdence on lenrth-to-depth ratlo is
evident, no that lower L./D ratios result in lower recovery
ractors. The data, which were obtalned in the NASA Lewls
Rerearceh Center 9 x 4 £t tunnel, however, arce svatematicallv
lower than those obtained in a previous studv (Feller, 1Q70)
in the MIT Naval Supersonic Tunnel.

Heller et al. (1970) have argued that the speed of scund
in the cavity approaches the stamatlion speed of sound 1n the
freo streamn.  This was a Key postulate in modifying Rossiter's
(166 ) equation that relites resonant frequencies in the cavity
to freestream Mach nurbers, The measured data n ~ir. 47 support
this earlier conclursion; recovery factors are closer to unity
than to =zerc, as had been assumed by Rossiter.

6.5 Fluctuating-Pressure Data

6.5.1 Spectra

Forty runs were conducted; each run has a different Mach
nurber and lengthe-to=derth ratio of Lhe cavity. Since the cavity
contains nine (fluctuating) pressure sensors and one accelero-
meter, close to 400 individual data rolnts were obtained.

[P APl W

Tests were conducted at the foliowinr Mach numbers: 0.8,
0.9, 0.65, 1.0, 1.05, 1.1, 1.2, 1.5, and ?2.C., TWor most of these
Mlach numbers, dava were recorded at three /D ratios, l.e., 2.3,
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tAveraped over the four floor positions,
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TABLE I. CONVERSION FACTORS

M, Ordinate Abscissa
Correction¥ Corractiont
(dB)
0.8 184 0.00341
0.9 185 0.00307
1.0 186 0.00281
1.1 187 0.00262
1.2 187.5 0.00239
1.5 188.5 0.00202
2.0 189.5 0,00162

T o e e o, -
T T T e

Of course, the frequency scale 1s only valid for a cavity
of 3~ft length. To nondimenslonalize the frequency on a Strouhal
number basls, we must multiply the frequency absclssas by the
appropriate numbers in Table I,

As further 1llustration of the spectral energy distribution
in and near the cavity, Figs. 49 and 50 show 1/3-octave band
spectra obtained for an L/D = 2.3 cavity at varlous locations at
Mo = 0.8 and M, = 1.5, respectively. Since sensor signals on a
cavity leadlng- or trailing-edge wall, and in corners, are more
easily compared than signals from sensors halfway in the cavity,
where levels are affected by locatlon,only signals from sensors
1, 2, 3, 6, 7, and 8 (see Fig. 36) are shown.

¥ To convert ordinate levels in Fig. 49 to read 20 log (p, ./q,),
subtract the numbers in the column from the ordinate levels.

£
I
"

PP

T To convert abscissa frequencles in Fig. 49 to Strouhal
frequencies, S = fL/U_, multlply the frequencies by the
numbers in the column.
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Generally, we can conclude that spectral energy distribution
and levels are qulte uniform inside the cavity near the leading-
odre bulkhead., At subsonic speeds, acoustlc enerpy 1s radlated
upstream, so that a renerically similar spectrum, although of
lower intensity, 1s observed a short distance upstream of the
leading edse. Accustie characteriscics in the traillnp-edge
rerion are also qulte similar; however, the discrete tone levels Er
are hipher than at the leading-edge bulkhead, and broadband nolse Py
has increased significantly. Acoustic signatures, a small
distance downstream of the cavlity trailling edese, correspcnd to
those inside the cavity, but the levels are slipghtlv reduced.

The data presented in Figs. 49 and 50 can also be nondimen-
sionalized using Table I,

A more detalled plecture about the enerpy distribution be-
tween discrete tones and broadband energy is obtalned through
narrowband analysis. In Fig. 51, 10-Hz constant bandwidth
spectra spanning the 0 to 1000-Hz frequency ranpe are presented
for three L/D ratios at the leadirg- and traliling-edge reglons.
The Mach number in this test was unity. These spectra show
that near the leading edge for deep cavitles (L/D = 2.3) almost
all energy is in discrete frequency bands; in fact, the broad-
band energy (in this 10-Hz bandwldth representation) is about
46 dB down from the dominant mode-2. Tcne levels near the =
tralling edge are comparable to, or exceed, those at the leading N
edge, however, the broadband energy has significantly lncreased;
it is only 25 dB below the mode-2 peak.

For the shallower cavity (L/D = 5.5), the energy 1s somewhat
nore evenly distributed between modes; broadband energy at the
leading edge 1s only 25 dB below the mode - 2 peak. At the
trailing edge, the mode-2 peak exceeds the broadband energy level
by about 18 dB.

6.5.2 Resonant Freasquencies

As has been discussed in previous sectlons, flow-expCsed ¥
cavities resonate at discrete frequencies, which order them- H
selves along certain modes., In order to determlne resonant :
frequencies accurately, the frequencies were ccunted by
electronlc means.

Figure 52 shows nondimensional frequencles, S = me/Uw.
as function of freestream Mach number M,. here, M 45 a
resonant freguency with m = 1, 2, 3 ... denoting tge mode under
consideration, L 1s the cavlty lengtl:, and Ux 1s the freestream
veloclty. Four sets of data are contained: (1) test results
for 2.3 < L/D < 5.5 obtained at the NASA Lewis Resesrch Center
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8 x 6 't wind tunnel; (2) test results from a previous rescarch
. effort obtained for 4 < L/D < 7 4in the MIT Naval Supersonic Wind
i Tunnel (Heller et al., 1970); (3) Air Force flirht test data for
L/D = 4.0 (Smith et al., 1974); and (4) small-scale test data
obtalned in the wall-jet facility for 2.0 < L/D < 5,0, This
plot spans the Mach number range from C.22 to 3.0,

e

It 1s evident that all data points order themselves c¢losely
among, the various mode curves that were previously (Heller et al.,
1970) expressed analytically as

4,

L . F gt
o L i iy o
B T o s e R T S

S = m = n- > (601) §
U -1 1/ E-.
MA (155 . M) 2T % 1k

where a 1s an empirical constant, which 1s close to 0.25 for

L/D = 4, v 1s the ratlio of specific heats, and k_ 1s another
empirical constant tied to a disturbance convectlon speed in

the cavity shear layer and found to equal 0.57. No systematic
effect of the L/D ratlio on nondimensional frequencies is readily
discernable in the 2 < L/D < 7 range, because of experimental
scatter. Qualitatively, then, we may state that the lower L/D
ratios tend to increase the nondimensional frequency.

At Mach numbers below 0.5, the data points rise faster
(towards M = 0) than predicted by Eq. 6.1, which restricts 3
the valldity of the equation to M > 0.5, .-

Resonant frequencles up to the fifth mode and, possibly,
beyond were obgserved; however, they had dramatically different
modal intenslties, depending on both Mach number and length-to- 2
depth ratlios. Hence, whlle a resonance can only occur at E
frequencies determined by Eq. 6.1, this representation of mode
frequencies does not determine whether a resonance will, in
fact, occcur,

6.5.3 Effect of L/D Ratio on Frequencies

Since the general scatter of the large body of experimental
data does not allow an accurate evaluation of the mode frequency
dependence on the L/D ratlo, an experiment on the small-scale
wall-jet facility was initiated. In this experiment, the L/D 2
ratio was systematically varied from 0.3 to 6.67, thus encompassing B
the range from very deep to very shallow cavities. The external %

SN WO P

104




flow speed was kept constant at 245 ft/sec., Flpure 53 presents
the results in terms of Strouhal numbers vs L/D ratio,

Deep cavity nondimensional mode frequencies increase rapidly
with L/D up to L/D # 1, ¥From dimensional considerations, it is
clear that for deep cavlties the dependence of S on mode number,
Mach number, and L/D must be S « (m/M) + (L/D); 1.e., for constant
m and M, the Strouhal number 1s directly proportional to L/D. On
the other hand, as shown by Heller et al. (1970), shallow cavity
nondimensional frequencies are nearly independent of L/D,

This behavlior is quite clear in Filg. 53, For shallow
cavities (L/D > 2), the nondimensicnal resconant frequenciles
decrease as the cavlity becomes shallower. At these relatively
low Mach numbers (M = 0.22), the increase of the L/D ratio from
2 to 4 results in a 20% decrease in Strouhal number. However,
there 1s reason to believe that at higher external flow speed
the effect 1s less dramatic, and frequency varilatlons for the
important flrst three modes at transonic and supersonic flow
speeds are probably less than 5%.

6.5.4 Levels

The question of oscillation onset 1s best answered by
Figs. 54 and 55, where nondimensional resonant levels are
presented. These figures pertaln to levels that were measured
in the leading-edge bulkhead region and the trailing-edge bulk-
head reglon, respectlvely. Data are presented for modes 1, 2,
and 3 and for L/D ralios of 2.3, 4.0, and 5.1. FExperimental
results from the large-scale NASA Lewls Research Center 8 x 6 ft
tunnel tests, the Air Force flight tests, the previous MIT™ Naval
Supersonic Wind Tunnel test, and the small-scale wall-jet tests
are included. It should be emphasized that this representation
is not a plot of the overall cavity nolse level vs Mach number,
but a plot of the level of each individual mode vs Mach number.
An attempt was made to connect the data points, which, in the
leading-edge bulkhead region, corder themselves along single
curves (see Fig. 54). The uncertainty about modal levels is
much greater in the trailing-edge bulkhead data (see Fig. 55).
Here, the discrepancy between flipght test and wind tunnel test
is qulte pronounced,.

For cavities of L/D > 2, 1t can be concluded that the
oscillatlion onset 1is gradual, as exemplified in Rlg. 56.
For the speclfic case of a mode-2 resonance and an L/D of
four, this figure shows the rapid hut smooth level increase
from M = 0.2 to M = 1, reaching a relative maximum at M = 1.2




45 et

b

up

) 1 l ' T T T

Cre T

il SHALLOW -

] . L
3 + L 6 |

L/D

1
i
H

e

] o

RN AP

FIG, 53, LENGTH-TO-DEPTH RATIO DEPENDENCE OF NONDIMENSIONAL
RESONANT MODE FREQUENCIES FOR M _ = 0.22,

.

ot TN e
-I‘?.c"- L R it

]
L

|




L/0 23 4.0 L

R I o SR — — o ————

q F) ? 3 4 MODI'E ‘ T [3) L) 0 X} ¢ E3)
1
i- /‘\ ‘ ; l
"4\‘ - ™ T -‘
. Fo |
“o 2 4 MODI; 2 e EE) k) F] . s [ (3]
® LE RC 8 x 6 FOOT TUNNEL i
O MIT NAV SUP SON TUNNEL o}
O AF FLIGHT TEST .
V SMALL -SCALE MODEL TEST :g
2 b 4
é..ﬂ. /;\\ | ¢ o
" MODE 3 s
FIG, 54, COMPARISON OF MACH NUMBER DEPENDENCES OF RESONANT
MODE LEVELS: LEADING-EDGE AREA,
107

B 'fm!‘-"i‘uﬂ P

[




& o

B e

-

and decereasinge thereafter more pradually. Resonant mode behavior
for other conditions, as documented in ¥ip, 54 15 generically
quite cimilar.
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., n the follow'ne series of fipures ("iy. 57), the data
of Fips, 4 and 55 are presented agaln to allow dircct
comparlison of mode levels for various L/D ratios,

6.5.5 Mode Shapes

T LR |

Previous investirations (Smith et al., 19T7U; lleller et al.,
1970 demonstrated that the lonpitudinal ampliitiude distribution
of resonant frequencies shows great similarity to the resonant
behavlor of 1 one~dimensional oscillator resconatinge in a length-
wise direccrtion. However, the rescnant frequencies do not

) directly correspond to ideal "closed-box" lonpitudinal t'requenciles,

other than at high Mach numbers, where the external flow re-
presents a rather atiff boundary.

,'.‘_ e uitigile oate

Tne settine up of an ldeal standing wave pattern hetween the 3
fore and the aft bulkhead wall of a resonating cavity r1eauires | SN
these walls to be acoustically hard. However, this 1s not the ™
case, at least as {ar as the aft bulkhead. The high amplitude & .
oscillatory motion of the shear layver at and ncar the trailing -
edre affects the impedance of the cavity aft reclon. Thus, '
while starding wave patterns are definitely obtserved, thev do i
not colncide with a classical closed-3yace standine wave nattern. '

Using the traversing rod, the mode shapes for the first {
three modes were traced asross the cavity span from 0.3 < x/L E:
2 3.9, where x is the running length coordinate. These traces
‘ were obtalined only et M_ = 0.8 and M_ = 1.0, and for 2.3 < L/D
g < 5.9, A typleal trace appears i Fip., 58, In all cases, two
| traces, i.e., one upstream and one downstream, were obtained at

each experimental condition. The bandwidth of the trace 1s 50 Hz.
£11 mode shape traces are shown in Figps. 59 and 60,

<3 In sowme of the trace presentations, data points from the Air
3 Force flight tect (Smith et al., 1974) are included., These aata
points were obtained at M, = 0.8 for altitudes of 3000 and 20,000
< 8 fty thus, they are consldered Lo be comparable to the 10,C00-ft
= altitude simulation in the NASA Lewis facility at M, = 0.8, Those k-
P flight data points were shifted so that they colnclde with tne .
mode traces from the wind tunnel tests., The points fall within if
. a 24-dB range of the traces. It should be realized, however, !
, that. the mode traces were obtalned at a fixed distance from the
, cavity mouth plane, whereas the flight test data points were

‘,.‘
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measured on the floor, It is likely that the acoustic field
in the cavity changes 1n a vertlcal directlion, and the data at
various vertlcal positions cannot be compared directly.

Inspection of the mode shape traces for M_ = 1 allows
several general conclusions:

* While all modes exhiblt a falrly well-defined pressure
minimum, the longltudinal location of the minimum does
not correspond to the classical closed-box modal patterns.

* The pressure minimum for mode=1 is displaced from the
center of the cavityv towards the leading-edge bulkhead
for the shallow cavities. Specifically, the minima
appear at the following x/L locations.

MODE 1
L/D x/L
2.3 0.50
4.0 0.45
5.1 0.37

Thus, the shallower a cavity, the more the system deviates
from a classical one-dimensional (hard-walled) oscillator.
In all cases, the tralling-edge maximum occurs a small
distance upstream of the trailing-edge bulkhead. These
conclusions are valid at Mach numbers of 0.8 and 1,0.

+ The downstream pressure minimum for mode-2 1s displa.=>d
in the upstream direction, whlle the upstream pressure
minimum appears roughly at the location for a classical
one-dimensional oscillator (i.e., at x/L = 0.25). How-
ever, with increasing Mach number (going from 9.8 to 1.0),
the downstream minimum approaches the hard-wall oscillator
value of x/L = 0.75. Speclfically, the minima appear at
the following x/L locatlons:
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MODE 2
M L/D x/L
- node 1 node 2

ideal ideal
0.25 0.75
2.3 0.25 0.65
0.8 4,0 0.25 0.66
5.1 0.25 0.63
2.3 - 0.68
1.0 h,o - 0.70
5.1 - 0.69

Furthermore, the downstream maximum does not cccur at the
tralling-edge bulkhead but 1is displaced a short distance
upstream.

Pressure minima for mode 3 are equally displaced toward
the upstream; the displacement is more at M_ = 0.8 than at
M_ = 1.0. Again, thls indicates that the higher the
external flow speed, the more the ideal hard-wall mode
shapes are approached.

Specifically, minima appear at the following x/L locatlons:

MODE 3
IVIm L/L x/L
node 1 node 2 node 3
ideal ideal ideal
0.17 0.5 0.83
0.8 . - 0.43 0.71
5. - 0.38 0.71
1.0 4.0 - 0.43 0.78
5.1 - 0.U3 0.78
121
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Furthermore, the tratling-edi-e bulkhead pressure maxima
are displaced In the downstream direction.

* From the displacements of the pressure maxima and minima,
we can derive that the cavity acts acoustically as an
effectively shorter cavity. Oualitatively, the lower the
Mach numbel of the external flow, the more the cavitv
behavinr deviates from that of an ideal one-dimensiconal

osclllator,

* From the standing wave patterns, we can define an effective
reflection coeffliclent of the rear wall. This reflection
coefficient does not indicate 1n & physical sense a true
absorptive property of the rear bulkhead, but, rather, it
is a measure of the relative mapnltude of the pressure
maximum/minimum ratlo within each modal pattern.

The following "Reflection Coefficlents” were determined,
averaged over all I./D ratios (2.3 < L/D < 5,1):

M Mode 1 Mode 2 HMode 3
0.8 0.40 0.55% 0,50
1,0 0.28 0.74 0,40

As the reflection coefficlient rises, the trallinpg-edge walls

act harder acoustically. However, the qualitatlve nature of
this concluslen should be emphasized, and no extrapolation of
the above numbers 1s attempted at lower and higher Mach numbers.

6.5.6 Broadband Noise

Previously, it was discussed that flow-induced cavity nolse
is composed of both discrete and random (i.e., broadband)
components. It was noted that broadband nolse 1s suhstantlally
higher in the aft cavity regioun and relatively weak 1in the
leading-edge area. Thus, an avtempt was made to separate the
broadband from the discrete sound, and to find some commonallty
for all broadband spectra in the tralline-edge reglon.

There 1s some speculation in deriving the broadband portion

from a spectrum that contains both components. TFipure 61

presents a subsonic (M = 0.8) and a supersonic (M = 1.5) cavity

pressurs specirum, as measured through Sensor 7 (trailling-edge
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bulkhead). These data pertaln to the deep cavity (L/D = 2.3)
where 1t was previously determlned that only modes 1, 2, and ﬁ
appear strongly. If we dlsregard those 1/3~octave bands, which
contaln the appropriate resonance frequencies, we can easily
sketch a haystack-shaped "lower bound” spectrum that 1s attri-
butable to the nondiscrete components. All tralling-edge spectra,
encompassing the range 2.3 < L/D < 5,5 and 0.8 < M < 2.0, were
obtained in this fashion. It was found that all broadband
spectra [ expressed in terms of (20 log Ppmy/de) Vs Strouhal
number (S = fL/U_)] fall within a range of about 2.5 dB, and
that there 1s not any discernible dependence on Mach number in
this Mach number range (Fig. 63),

Broadband nolse levels in the leadlng-edge region were found
to be at least 10 dB lower than at the tralling edge. A similar
result was reported by Smith et al. (1974) in their flight test
program, '

6.5.7 Consecutive Cavities

A series of tests was conducted con two consecutive cavlities
as shown in Fig. 63. The cavitles were formed by inserting a
l1-in. thick center plate with the cavity floor in the topmost
position, i.e., 6 in. down from the cavity mouth. Hence, two
cavities, which were 17.5 in. long, 6 in. deep,and 9 in. wide,
were formed. Thus, the L/D ratio of each 1s 2.9. Sensors 3
and U4 (see Fig. 38) are now located near the leading- and
the trailling-edge bulkhead, resnectively, of the upstream cavity;
Sensors 5 and 6 are at corresponding locations in the downstream
cavity.

Experiments were conducted at Mach numbers of 0.8, 0.9, 0.95,
1.0, 1.05, 1.1, 1.2, 1.5, and 2.0. Figure 64 presents an ex-
ample of 1/3-octave band spectra at two corresponding measure-
ment locations in both cavities for subsonic (M = 0.8) and
supersonic (M = 1.5) Mach numbers. It is evident that svectra
at corresponding locations are similar, with the same relative
distribution of discrete and broadband energy.

A detailed plot of the change of nondimensiornal mode level
with freestream Mach numbers in the range 0.8 < M, < 2.0 for
the rirst three modes appears in Filg. 65, This flgure shows
the similar behavior of the upstream and downstream cavities.
Levels 1In the leading-edge area are 3 to 9 dB lower than at
the trailing edge.
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The results shown in Filg. 65 can be compared to Figs, 54
and 55, where the Mach number dependence of niode levels is
shown for the single cavity. For the double cavity, the normalized
levels seem to be somewhat lower than for the single cavity case.
The slgnificant difference between the slngle and the double
cavity experiments i1s the relative width. For the single cavity,
length-to-width ratio was U4; for the double cavity, it was about
1.9. Although the cavity oscillation phenomenon essentially
has a two-dimensional nature (as documented in the independence
of resonant frequencies from the length-to-width ratio), the
levels are apparently affected by the width, since the proximity
of the slide walls is likely to 1Influence the characteristics of
the cavity internal recirculating flow. The water table experi-
ments also indicated that consecutlve cavities osclillate strongly
in phase, largely lndependent of the width of the dividing wall.
We are uncertaln whether this finding pertalns also to the
conditions in ailr. However, the phase characteristlics of con-
secutive cavitles are lmportant in the suppression of oscillations.
Figure 65 presents motion pilcture frames from the water table
experiments for consecutive cavitles, indicating the in-phase
osclllation process.

6.5 Aerodynamic Mean Drag

Flow=induced cavity drag was measured wlth the apparatus
described in Sec. 5.2. Only data for subsonic flow speeds
were obtalned because of the limlitations of the small-scale
flow facility. The reason for these measurements was twofold:
First, no rellable data exist fcr the drag of long and shallow
cavities in flow for an approaching thin boundary layer; second,
some informatlon on the effect on drag of the oscillation
suppression devices was deslred to evaluate the drag penalty
to be expected under flight conditions.

In a typical test run, the flow speed over the plate
containing the cavity was lncreased from zero to about 600 ft/sec;
thereafter, it was reduced back to zero. 1In each test, a continuous
plot of ithe dc drag force vs the wall-jet total pressure was
obtained. A typical plot appears in Fig. 67. Since both the
drag force, D, and the total pressure, P , in the flow are roughly
proportional to U,? (up to about 600 ft/sec), a straipght-line

plot 1s obtained in a D vs P, linear-linear representation, where the

slope 1s a measure of the drag force coefflclent, Cp. Any change
in slope indicates a change in the value of CD‘
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WAT"™ TABLE VISUALIZATION OF RESONATING CONSECUTIVE

CA" " [iES UNDER SIMULATED EXTERNAL SUPERSONIC FLOW
M_ = 1.5,
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The measured drar is comnosed of that whlch is induced by
the cavity, and th.t which is due to the surrounding surface
being under the highly turbulent mixing reglon of the wall jet.
Since the cavit:y dreae force and the plate drap force add to
each other, the caviiy contributlon can be ohtalned bv sub-
tracting the plate contributlon.

Cavitlies of various length-to-depth ratios were tested
under laminar inflow condltions. Some test data were obtained
for turbhulent inflow, which was achleved by tripping the nozzle
boundary layer at the nozzle exlit.

A plet showing the drag coefficlent vs lenpth-to-depth
ratio is shown in Flg. 68. The drag coefficlent of the
cavity is defined as

D - D
CD . _total plate . (6.2)

Acavity T

Here, Dyotal is the measured drag, D,i,te 1s that portion of
the drag attributable to the surrounging glate, Acavity 1s the
mouth area of the cavity, and q, = 1/20U,* 1s the freestream
dynamic pressure. The data in Fig. €68 are valid in a speed

range from 0 < Ue < 600 ft/sec. The determining factor for the
drag coefficlent seems to be the cavity L/D ratlo, which causes
drag maximum at an L/D value of 10. Fluid dynamic considera-
ticns Indicate that the free siear layer over short deep cavitles
span the gap, resulting in a low-energy recirculating flow
pattern. On the other hand, long shallow cavities allow the

free shear flow to attach to the floor, causing onlv two weak
recirculation regions near the leading-edpge and trailing-edpe
bulkheads. Presumably, cavities,wlth a certain critical lenegth-
to-depth ratio (evidently near 10), cause two strong recirculating
regions near the leading- and the tralling-edge bulkhead with a
relatively brief attachment region in between. This flow pattern
causes high drag. OQualitative flow patterns appear in Fig. 68,

Figure 68 1is qualitative in nature; the effect of cavity

width is neglected, and the ratic of boundaryv laver to depth
has not been considered. Although the cavity mouth area (length
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times width) was found to be a rood normalizing parameter,* the
wldth-to=-length ratio may be just as impor.ant as the length-
to=depth ratio in determinins the actual cavitv drar. Yowever,
Fip. 68 could be used to obtain rough estimates of the drag

of longt shallow cavities at fairiyv low subsonic speeds for
approaching thin lamlnar boundary layers.

Some data points (open marks) in Fir. 68 pertain to
turbulent inflow. They 1Indicate that turbulent inflow causes
less cavity drap, than laminar inflow.

6.7 Wake Flow Characteristics

The flow downstream of a resonating cavity 1s highly
disturbed., As discussed previously, the shear layer above
the cavity osclllates about the cavity trailing edpe and
periodically elects fluld mass into the downstream flow fleld.
Thus, there are both mean (or averame) aad unsteadv velocity
components in the downstream flow field. The mean-velocity
proflle, which shows a velocity defilcit downstream of the
cavity, provides information about the steidy-state drap and
the wake thilckness, i.e¢., the rerlon above the cavity within
which the wake flow represents a disturbance to the mean flow.

Velocity proflles on the cavity centerline were measured
with the aft total pressure rake. TFigsure 69 shows reosults
for Me = 1 and Mo = 23 both profiles contaln data on cavities
with a lenpgth-to-depth ratio of 2.3 < L/D < 5.5, Qualitatively,
the Mach-2 flow profile indicates a much thinner disturbance }
repgion for the downstream flow. This is consistent with the i
smaller dimensions of the annroachings boundarv laver at Mach 2;
it is also consistent with the lower amnlitudes of the resonant
mode levels at Mach 2, as documented !'n Figms. 54 through 56
A free shear layer above a cavitv is known to hecome more
stable (and stiffer) with increasine supersonic Mach numbers.
Hence, we would expect the induced mean drag to decrease with
increasing Mach number.

*¥MeGregor, 1969, in his thesis on cavity drar under thick shear
layer uses the cavity mqguth area successfullv as a normalizinr
parameter into the drap dvefficlent.

wkad it

TLThe term "long" Indicates that the lensth of the cavity 1s

greater than the width, by a factor of 2 to 5.
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Smoothed velocity profiles at the leadinpg edge (forward
rake) and downstream of the trailing edge (aft rake) indicate
the growth rate of the shear layer above a (resonating) csvity
for Mach-1 flow (Fig. 70). The boundary layer thickness in-
creases roughly by a factor of 7 along the cavlty length.

By using the momentum thicknesses determined from the up-
stream and downstream boundary layer rakes, 1t is posslble to
make an estimate of that portion of the cavity drag which appears
as a momentum deficit in the boundary layer. This can only be
an estimate because the downstream rake was located only on the
cavity centerllne; therefore, no information is avallable as
to the variation of the downstream momentum thickness over the
cavity wldth. Furthermore, the downstream rake was too close
to the cavity tralling edge for the pressure in the boundary
layer to reach equilibrium; thils possibility adds another un-
certainty to the calculation. In additlon, in order to compute
the total drag, the wave drag component would also have to be
accounted for, which has not been done.

If Dy is the drag component due td> the momentum deficit
appearing in the boundary layer, we have

= 2(L cw=1
Dy = 2(50U%) (8yo=6yq) * W = SpUL(L-W)Cp (6.3)

where §yy and 6yp are the upstream and downstream momentum
thicknesses, respectively, Cp is a drag coefficient referenced
to the cavity mouth area, with L the cavity length, and W its
width.

Table II lists the drag coefflclents at transonic and
supersonic flow speeds for three L/D ratios, as derived from
the momentum thickness detriment. The ftransonic/supersonic
drag coefficlents are lower than those determined in the small-
scale experiments for subsonlic speeds. However, 1t should bhe
noted, that the wave drag component is not included.
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TABLE I

I. CAVITY-DRAG COEFFICIENTS AT
TRANSONIC/SUPERSONIC SPEEDS

M_ L/D sy (in.) Syp (in.) 2 (éMzLé”ﬂ
2.0 2.3 0.032 0.463 0.024
2,0 4.0 0.034 0.449 0.023
2.0 5.5 0.033 0.399 0.020
1.5 5.5 0.062 0.373 0.017
1.5 5.0 0.058 0.501 0.025
1.5 2.3 0.055 0.572 0.029
1.2 2.3 0.066 0.61.2 0.030
1.2 4.0 0.064 0.576 0.028
1.2 5.5 0.065 0.429 0.020
1.1 5.5 0.078 0.469 0.022
1.1 4,0 0.075 0.605 0.029
1.1 2.3 0.081 0.618 0.030
1.05 2.3 0.072 0.692 0.034
1.05 5.0 0.082 0.665 0.032
1.05 5.5 0.081 0.476 0.022

6.8 Prediction Approaches

The following methods are proposed for the prediction for
resonant mode frequencles and amplitudes within the cavity space.

6.8.1 Frequency Prediction

Resonant frequencies can be accuraftely nredicted with the

Rossiter equation as modified by Heller et al. (1970).

The

present research data, as well as flight test data reported

by Smith et al. (1974) and data from another large-scale wind
tunnel experiment conducted by Maurer {1974), show conclusively
that the modified Rossiter equation is the best avallable
expression to compute resonant frequencies in the Mach number

range 0.% < M < 3.0.




Figure 52 shows Eq. 6.1 1n a graphic form. Although a
dependence of mode frequency on length-to-depth ratio exlsts
(see Sec. 6.5.3), it is pointless to enter this complexity in
Za. 6.1, since the variation of mode frequencies for shallow
cavities (L/D > 2) 1s quite small.

6.8.2 Level Prediction: Resonant Freguencies

In Fig. 57, the levels of modes 1, 2, and 3 are presented
for the leading-edge and the tralling-edge regions, respectively,
referenced to the freestream dynamic pressure as a function of
freestream Mach number. Thils detalled information, which also
accounts for the length-to-depth ratlo, represents a substantial
improvement in the accuracy of prediction levels.

6.8.3 Level Prediction: Broadband Noise

Broadband nolse within a Mach number range of 0.8 < M, < 2.0
near the tralling edge can be predicted on the basls of Fig. 62,
where a nondimensional 1/3-oc¢tave band spectrum is presented.
Broadband nolse was found to be a weak function of the lenpgth-to-
depth ratio. Furthermore, as a rule of thumb, broadband noise
levels decrease by about 10 dB in & linear fashion towards the
leading edge.

6.8.4 Mode Shape Prediction

The complexity of mode shape prediction is documented 1in
Figs, 59 and 60. These mode shapes were obtained within the
free cavity volume rathei» than at the cavlty floor. Data cbtained
along the cavity floor by Shaw et al. (1974), which used & cavity
with a length-to-depth ratio of 4,and data by Heller et al.
(1970) are presented in Flg. 71. These data points can be
described by an empirical equation, whilich 1s developed below.

The "standing wave pattern" for each lengitudinal mode in
the cavity can be described by a cosine relationship. It is
assumed that the pressure intensities lncrease exponentially
from the leading to the tralling edge. Furthermore, 1t 1is
assumed that the physical location of the trailling-edge bulk-
head does not correspond to the acoustically effective tralling-
edge bulkhead., This assumption follows both from physical
consideratlions and from the pseudoplston analysis advanced in
Sec. b, From the data presented in Fig. 71, 1t seems that
the acoustically effective trailing-edge bulkhead is located
some dlstance upstream of the actual trailing-edge bulkhead.
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Thus, we define L¥ = nL/(m+a), where L¥ is the acoustically
effective cavity length, m is the mode number,and a is the

empirical constant in the modified Rossiter equation. The

constant is =0,25 for cavities of L/D = U4,

Thus, the mode shape in the cavlitiles should be described
in logarithmlic form as
P
*
20 log(p/a,) - 20 log(p/a.) = 20 log [e L* cos(—’—‘— cm 180)[]
L.E. L*

(6.4)

Here (p/q_) is the rms pressure normalized with the freestream

dynamic pressure; (p/q )i g. 1s the normalized rms pressure at

the leadling edge; a determines the exponential growth rate, and
x/L¥ 1s the lengthwise position in the cavity, normalized with

the acoustically effective cavity length L¥.

The agreement of the proposed anaiytical experiment with
this set of data points is considered rather good, considering
the vastly different experimental conditions. In particular,
mode-1 mode shapes as measured in the Air Force flight test
(Smith et al., 1974) are extremely well described by the proposed 3
formulation. In a logarithmic representation, levels at the nodal -

points gc to -®, In this representation, a direct exponential il
growth was assumed. i.e., the exponent a was taken as unity. in
However, it 1s possible that the actual growth rate is a function By
of Mach number and length-to-depth ratio; in mode 3, as depicted .

in Fig. 71, the growth rate seems to be slower.

It should be possible to obtain agreement of the measured
mode shapes as presented in Figs. 59 and 60 by assuming
a different growth rate a, and an appropriate value of the length-
to-depth ratio dependent quantity a. However, because of the
highly empirical nature of the ahove approach and the general
insufficlency of data, no mode shape prediction scheme is offered.

AR

142

gy

. s

SR b e S



a B IR LNV A

T URTOITO LN L W U TRED TNGEs L U E AN IR SR i e iR

SECTION 7
TEST RESULTS: OSCILLATION SUPPRESSION
7.1 Conceptual Consideration

The analytical considerations presented 1n the previous
sections suggest several potentlally successful concepts to
minimize the amplitude of cavity pressure oscillatlion or to
elimlnate che occurrence of oscillations altogether.

From our understanding of the physical mechanism of pres-

sure osclllations, any of the following methods should affect
the osclllation process:

* Introduction of vorticlty into the shear layer.
* Suppresslon of the feedback mechanlsm.

+« Forclng of the approaching shear layer at a frequency
that 1s different from the natural oscillation frequency.

» Change of the phasing of the cavlty internal pressure
wave propagation.

Implementation of these concepts requires geometric changes;
to be practical, these changes should not reduce the usable
cavity volume. Furthermore, any suppression device should be
simple and not result in an excesslve weilght or drag penalty,

Many configurations were tested in the small-scale wall-jet
and the water table facilitles before a few selected concepts
were evaluated in the large-scale tunnel.

7.2 Unsuccessful Concepts

Figure 72 presents several concepts that did not reduce
oscillatory amplitudes, or that sometimes even caused higher
levels than observed in the basic cavity. Concepts (a) through
(d) were evaluated at subsonic speeds (M < 0.5); concepts (e)
and (f) were evaluated at subsonlc and supersonic speeds (0.8
<M< 1.5).

Cavity Internal Transverse Spoilers (Fig. 72a). 1t was
thought that several transverse spoilers would interrupt the

process of shear layer oscillation at the leading edge each time

that the shear layer dives into the cavity volume. Apparently,

however, the layer assumes a new streamline above the spollers, L

and the oscillation process 1s maintained. 33
L
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A\
by
Interral Baffles (Fig. 72b). Insertion of perforated %
baffles with an open center portion was thought to interruptthe i .
process of the feedback mechanism. However, the prevention of {g S
A

wave propagation along the cavity rims does not discourage oscil-
lations.

Upstream Spoiler Cavity (Fig. 72e), Although the upstream
spoller cavity was strongly resonatlng, and, therefore, should
cause a highly disturbed wake flow into the main cavity, no
reduction in tone level was observed.

Oblique Leading- and Trailing-Edge Bulkheads (Fig. 72d).
Oblique leadling- and trailing-edge bulkheads were thought to
offset the phaslng of the infternal pressure wave reflectlion at
the leading-edge bulkhead, and/or spread the generation process
of the upstream travellng pressure wave near the trailing-edge
bulkhead over a certain time period. Thus, the oscillatory
process would be randomized, which should result 1in less pro-
nounced discrete tones. However, no reducticn in tone level
was observed.

Leading-Edge Air Entrvainment (Fig. 72e). Forced fluld
entrainment at the leading edge was thourght to counteract the
motion of the recirculating trapped vortex. However, no favorable
effect was observed, probably because only a small reglon of
recirculating flow occurred close to the leading-edge bulkhead.
This left the main flow pattern essentially unaffected.

Rounded Leading-Edge Bulkhead in Conjunction with Guidevane
(Fig. 72f). It was suspected that the guldevane over a sharp
leading-edge corner (Fig. 72e) would not permit enough fluid
flow to enter the cavity volume to counteract the recirculatinge 3
internal flow, which would, thus, discourage oscillation. There- a
fore, a more favorable flow passage in the forward section was A
constructed by rounding the leading-edge bulkhead wilth an 'Q g
essentially fliat guildevane above (Fip. 72f), This setup 3
allowed variatlion of the gap width by moving the vane 1in a
vertical direction, thus varyings the amount of fluld entrain~
ment.

With the vane in the lowest positlon, the oscillation
amplitudes were large; in fact, discrete tone levels exceeded
those of the baslc rectangular cavity. When the vane was moved
Into the freestream flow, the dlscrete Ffrequencies disappeared, X
but thez broadband noise level increased substantially; thus, ,j
the primary purpose of reduclng cavity nolse levels was defeated. :
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7.3 Successful Concepts

The successful reductions of osclllatory amplitudes were
based elther on the stabllizatlon of the shear layer, the
prevention of the pariodlc mass-exchange process, or on a
combination of both. Shear layer stabllization is achleved by
two means: elther through introduction of vorticity into the
shear layer through upstream spollers, or by provision of an
inherently stabllizing trailing-edge shape. Prevention of the
mass-exchange process 1s achleved through a detached trailing-
edge cowl.

e e LT

Figure 73 contains sketches of successful configurations,
and Flgs. 74 through 76 give the dimensional information.
These configurations are: leadlng-edge spoilers, tralling-edge
slant, leading-edge spollers together with trailling-edge slant,
and detached trailing-edge cowl.

These conflgurations were evaluated in the NASA Lewls

: 8 x 6 £t tunnel for a variety of freestream Mach numbers and
cavlity length-to-depth ratios. The setup allowed variation

ot the spoiler angle of attack over a 360° range. The spoilers
were always counter-rotated in order to maintaln symmetry of

the shed vortex wake structure. The trailing-edge cowl (basically
a thick airfoll) could be adjusted in its vertical position.

: Both the spoillers and the cowl could be adjusted during tunnel

4 operation, so that optimization of their positions was possible.
Figures 77 through 83 present the test results,

The data showing the effect of oscillation suppression devices
have been presented in 1/3-octave bands. If narrowband analysls
had been employed in the data reduction, the difference between
peak levels of uamodified cavitles and cavities with oscillation
suppression devices would have been even more pronounced.

Y

P

7.3.1 Shear Layer Stabilization

Figure 77 shows the effect of deployed spoilers on the

] sound signature near the leading edge (Sensor 3, see Fig. 36)

: at a subsonic Mach number (M = 0.9) for length~to-depth ratios

* of 2.3, 4.0 and 5.1. Optimum reduction of the dominant

mode 2 tone at 250 Hz 1s achleved for the L/D = 2.3 cavity, when

4 the spollers are at 45°, The tone level 1s reduced by 20 dB.

) For the shallower cavitles, spoller angles between 45° and 90° have
similar effects, and the tones are effectively suppressed.

Spoilers deployed at 45° reduce tone levels also at supersonic
speeds (M = 1.5), as shown in Fig. 78.
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Filgures 79 through 81 show the effect of a U45° trailing-
edge slant as measured with Sensor 3 (see Fig. 36). Substantial
tone reductions are achieved at subsonic (M = 0.8, Fig. 79),
transonic (M = 1.2, Fig. 80), and supersonic (M = 1.5, Fig.

81) speeds. However, effective tone level reduction for

the deepest cavity (L/D = 2.3) requires the addition of deployed
spollers; then, mode 2 tone levels are reduced by 5 dB (subsonic
Fig. 79a) and by 15 dB (transonic, Fig. 80a, and supersonic,
Fig. 8la).

Appendix C presents the physics and theory of flow stabiliza-
tion through a trailing-edge slant.

7.3.2 Neutralization of Mass-Exchange Process

In the absence of leading-edge spoilers, the performance of
the tralling-edge slant is improved by the addltion of a detached
cowl, as documented in Figs. 82 (M = 0.8) and 83 (M = 1.5).

This configuration has an impressive suppression potential
especially for the relatively deep cavity (L/D = 2.3), as shown
in Fig. 82 and 83, However, the position of the cowl is
critical., For example, at M = 0.8, the optimum cowl position

is 2 in. above the surface plane. In fact, an additional

15 dB were gained by moving the cowl from the zero position to
the +2-1in. position. At supersonic speed, the optimum cowl
position seemed to be about 0.5 in. below the surface plane.

The reduction of the mode-2 tone is more than 30 dB. Appendix D
discusses the physics of the flow about a detached cowl.

7.4 Consecutive Cavities

On the basis of the successful reduction potentlal of
slanted trailing edges in conjunction with upstream spoilers,
a subsonle flow experiment was conducted using the small-
scale wall-jet facility. In thilis experiment, pailrs of triangular
spoilers were employed upstream of both cavities, and both
cavity tralling-edge bulkheads were slanted.

Filgure 84 presents results, which compare 1/10-octave band
spectra on the forward cavity leading-edge bulkhead for the basilc
double cavity and the modified double cavityv for an external
flow speed of 730 ft/sec. The dominant tone amnlitude 1is re-
duced by more than 30 dB. However, the inflow into the cavitv
configuration was laminar; therefore, part of the attenuation
must be attributed to tripping the boundary layer, thus making
the inflow turbulent, which 1s an inherently quieter conaition.

Information was not obtained within the aft cavity, but
pronounced tones were not observed in these expmeriments, which
implies the effectliveness of the suppression concept.
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7.5 Drayg Induced by Suppression Devices

Using the small-scale wall-jet facility, a rectangular
(basic) cavity with length-to-depth ratioc of 2 was measured
for drag due to (1) a tralling-edge slant, (2) two inclined
triangular spoilers at angle of attack of 35°, and (3) a combina-
tion of these two measures. Figire 85 shows the drag as a
function of flow speed for the four conf.gurations under consldera-
tion, These data, which pertain to a specific confipuration,
indicate that the tralling-edge slant scarcely increases the
drag. However, spoilers which have particular dimensions and
are deployed at a particular angle of attack ralse the drag,
by about 40%; the combination of tralling-edge slant and
spollers ralse it by about 60% above that of the basic cavity.

7.6 Evaluation of Suppression Devices

The value of an osclllation amplitude reduction device 1is
measured in terms of 1ts effectiveness over a broad range of
flight regimes, its ease and simplicity of implementation into
an existing or new alrcraft design, and 1ts possible adverse
effects on aircraft performance.

7.6.1 Acoustic Effectiveness
Obviously, deeper cavities (L/D < 2) require some drastic
measures to reduce the oscillation amplitude, while shallower
cavities (L/D > 2) can be "quieted" in a fairlv simple and
stralghtforward manner. The following conclusions can be
drawn from the experimental results, which are valid for long
(L/W = U4) and shallow (2.3 < L/D < 5.1) cavities,

*+ At subsonic speeds, two slightly separated flat-plate
rectanpgular spoilers, which are twice the heipht of
the local boundary layer thickness and 1/10 as lonp as
the cavity length at a U45° angle with respect to the
freestream flow direction, effectively reduce the
dominant discrete-tone levels to the broadband nolse
level (in 1/3-octave bands) for cavitles with length-to-
depth ratlios of 2.3 < L/D < «, The trailing edge of the 4
spoller should be close to the cavity leading edse. The E
two spollers should be separated laterallv bv about one 1
third of fthe cavity wldth and placed symmetrically with
respect to the cavity centerline. (For reference, see

Fig' 77-)

At supersonic speeds, the same spoilers still cshow a :
significant, although lesser, degree of level reduction. ke
(For reference, see Flg. T0.)
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« Dramatic level decreases are achieved by a 45° slanted
tralling edge, whose projected vertical dimension
should be at least twice the vertical dimension of the
naturally grown shear layer at the location of the
tralling edge. The trallling-edge slant can protrude
above the cavity surface plane one fourth to one third
of the slant length. Although not specificallv exnlored,
this protrusion may be superior to a level termination
at the surface plane.

+ The tralling-edee slant 1s effective at subsonic (Me, = 0.8),
transonic (M = 1.2), and supersonic (Mew = 1.5) speeds
since 1t not only reduces the discrete-tone levels but
also large portions of the broadband noise. (For re-
ference, see Figs. 79, 80, and 81.)

+ For the relatively deeper cavities (L/D = 2.3), employment
of the spollers at a deployment angle between 30° and 45°
. brings further reduction in noise levels. In fact, spoilers,
in conjunction with a slanted tralling edge, represent the
best configuration explored within this investigatlion; thus
they are recommended for implementation in aircraft design.

+ In the absence of upstream spollers, the performance of
the slant can be improved by a thick inclined airfoil
(also referred to as cowl) some distance upstream of the
slanted trailing edge, so that a channel 1s formed be-
tween the surface of the slant and the lower (flat)
surface of the alrfoill. For best results, the airfoll
maximum thilckness at the quarter chord should be abnut
25 to 30% of the length. The lenpgth 1tself should be
of the same dimensions as the slant length. Thils
arrangement achieves dramatic reductions, but the critical
positvion of the airfoll Jdepends in an as yet not fullv
understood manner on the Mach number. (For reference,
see Figs. 82 and 83.)

» The combinatlion of spoilers and slanted tralling edge
also seems to be effective when employed with two
consecutlve cavities. (For reference, see ®ipg. 814,)

7.6.2 Implementation into Aircraft Design

The least space-consuming reduction device 1is the double
spoller upstream Lf the cavity leading edmge. The spoller could
be retracted for crulsing at the deplovment angle of 30° or 45°,
and only deployed when needed. Alternativelyv, the spoilers can
continuously protrude above the alrcraft surface at a 0° anple;
thls angle can then be changed to 30° or 45° when needed,
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The slianted trailing-edge cont'iguration takes more space.
However, by letting the slant extend above the surface, the
space penalty can be minimized. A substantial amount of near
trailing-edge volume would be consumed by the slart and detached-
cowl ceonfiguration.

7.6.3 Effects on Aircraft Performance

The effect on alreraft performance of any of the proposed
suppresslon devices would be minimal, since the open cavity

already represents a major generator of steady and unsteady
drag.

Although a resonant cavity does not generate more drag
than a quiescent cavity,* a stabilized flow would represent
aerodynamically a cleaner flight condlition, even 1f there was
some small 1increase in drag.

From thils viewpolnt, the slanted trailing edge represents
an optimum configuration, since 1t causes no real increase 1in
cavity drag (see Fip. 85). Even in conjunction with the
deployed spoilers, the drag increase is less, than if only the
spollers were deployed.

e e

¥This is in contrast to McGregor's (1969) findings. However, in
McGregor's experiments, the boundary layer thickness was aboutl
the same dimenslon as the cavity depth and, furthermore, re-
flecting tunnel walls were used to enhance the sound.
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This ihpinyement causes mass addition at the rear of

the cavity. A stronr, essentially plane rressurae wave 1s oro-
duced by this process and proparates forward within the caviuvy.
Since this wave 1s supersonic relative to the external flow,
a forward traveling, oblique external wave is also produced.
The internal wave reflects off the front bulkhead and returns
to the rear of the cavity. The motion of the shear layer 1s
controlled by the forcing imposed by these traveling pressure
waves over the length of the cavity mouth. The phase of the
shear layer is such that as one pressure wave reaches the
forward bulkhead and reflects, another is simultaneocusly gene-
rated at the rear. In this manner, the process sustains itself.

This explanation of the oscillation mechanism 1s somewhat
different from that proposed by previous investieators. The
process 1s generally viewed as a feedback mechanism. Shear
layer interaction with the tralling edge produces a wave that
reaches the leading edge and tripgers a disturbance in the shear
layer. This disturbance then convects downstream and ampliifies,
It may take the form of sinuous instability, vortex shedding, or
some combination. The disturbance interacts wilth the trailing
edpe to generate another upstream wave, which, arain, trigegers
the shear layer, and so on. Partlcularly severe oscillations
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are belteved to occur when the frequency of thls process matches
the natural frequency of standlng wave modes in the cavity, thus
causing a resonance to occur.

The viewpoint derived from the water table tests differs
in the following way. The upstream wave, which was generated by
the wrallinpg-edge/shear layer Iinteractlion,and the correspondlng
downstream reflected wave directly control the shear layer phase
ty pressure forcing over the length of the cavity, not Jjust by
trigrering disturbances at the leadlng edge. The shear layer
dvnarics are not primarily the result of a free instabllity, or
of ar instabllity trigegered solely at the leading edge, but they
zre a consequence of the forcing from both upstream and down-
strear traveling presasure waves within the cavity. The super-
rositicn of these upstream and downstream waves forms the
experirientally observed pressure-mode patterns in the cavity.
Srezial shear layer phenomena, such as vortex shedding, are
viewed as a manifestation of thls pressure wave forclng, rather
than as an essentlal part of the osclllation mechanlism.

8.3 Analytical Work

On the basis of the water table flow visualization experi-
ments, analytical models were developed for the wave motion iIn
the cavity and for the tralling-edge mass addition process.

“he water table results have shown that an essential
feature of the phenomena is the periodle adaition and removal
o1’ mass at the rear of the cavity. Thls 1s caused by the Ilnter-
action of the shear layer with the trailing edge. Thls mass
aadition and removal produces an effect very simllar to replacing
the rear bulkhead of the cavlity wlth ar osclllating piston.
This "pseudopiston" effect explalns why pressure modes on the
cavity do not behave as if the rear bulkhead were a hard wall.
An analytical model was developed to desciibe the pseudopiston
behavior in terms of cavity geometry and flow parameters.

A separate analysls was developed for the wave moticns in
the cavity. The cavity was modseled as having an oscillating
piston at the rear bulkhead tc account for the pseudoplston
effect. This approach also treats the interactlon of the
wave modes with the shear layer as an integral part of the
oscillation process., Solutions for upstream and downstreum
waves traveling between a shear layer and a solid boundarv are
superimposed to approximate an oscillating cavity configuration.
At high Mach numbers, this analysis predlcts pressure-mode
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shapes similar to those observed experimentally; in fact, all
the qualitative features are 1in agreement. At lower Macl num-~
bers, the theory predicts only the lowest pressure-mode shape
and falls to predict the higher modes, which the experimental
work shows are present. Thls 1nadequacy is believed to be
caused b the omlssion of the effect of shear layer thickness
in the analytical model. Tt 1is recommended that this refine-
ment be the subject of a future research program, so that an-
alytical results, whiich are valid over the entire Mach number
range, will be available.

8.4 Experimental Results

6.4.1 Basic Cavity

Small-scale and larre-scale wind tunnel experiments vielded
detalled Information on tha aeroacoustlc behavior of shallow
rectangular cavities over a length-to-depth ratio range of
2.3 < L/D < 5,1 ar.d the Mach number range of 0.2 to 2.0. The
previously derived law of the Mach number dependence of the
resonant mode frequencies was substantlated over the Mach num-
ber range, except at low subsonic Mach numbers; in this range,
resonant frequencles were observed to be higher than predlcted.
Additional research is nocessary in this area to resolve this
discrepancy.

Cavity 1nternal temperatures were mzasured. Recovery
factors were found to be closer to unity than to zero, whereby
shallow cavities exhiblted higher rccovery factors than deep
cavitles.

A weak dependence of the resonant frequencles on the
length-to-depth ratio was found for cavitles 1in the range
1.5 < L/D < 5 at subsonic [low speeds. Conclusive data at super-
sonic speeds could ncot be obtained. More research in this
area 1s necessary to incorporate the length-to-depth ratio
effect into the present prediction schemes. Detailed informa-
tion on the Mach number Jdependence of resonant mode levels for
modes 1, 2, and 3 was obtalned. Levels were observed to peak
at transonic speeds. Levels were also found to increase
generally from the leading- to the trailing-edge regilon.

Cavlity internal pressure-mode shaves were determined for
the first three modes and for the range of 2.3 < L/D < 5,1, 1In
all cases, definite amplitude minima were observed; however, they
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were qualltatively displaced in the upstream directlon. In all
cases, a pressure maxlmum appeared at the leading-~edge bulkhead
indicating that this surface acts as a "hard-reflecting wall."
In contrast, pressure amplitude maxima were observed a small
distance upstream of the trailing-edge bulkhead; this indicates

K that acoustically the trailing-edge bulkhead 1s undefined
- because of the viclent flow patterns. In this study, mode
I shapes were obtalned that differ from those observed in Air

; Force flizht tests, however, in the latter experlment, mode

- shapes were determined on the cavity floor, whlle in the former

: experlments, mode shapes were determined within the cavity volume.
Thus, dependence of mode shape on the vertlcal position in the

2avity seems to exist; thls 1ssue needs clariflication.

A nondimensional broadband spectrum was derived from the y
_ experimental data. All spectra fall wicthin a *L-dB range for 3
3 cavities with a range of 2.3 < L/D < 5,1 and in a Mach number 3
. range of 0.8 <« M_, < 2.0. However, the nondimensional peak fre-
' guency seems to be a function of the thickness of the approach-

ing boundary layer.

Experiments on consecutive geometrically identical cavi-

ties reveal that they are strongly coupled and resonate in
s phase. The Mach number dependence of mode levels [or consecutlve
Ce cavities was found to differ from that of single cavities. How-
4 ever, this may be because of the differing length-to-width ratio
of the single and the double cavity system. While resonant fre-

quencies are essentially determined by the cavity length, mode

levels seem to be affected by the relative cavity width. This
problem has not been studied and requires further research.

8.4.2 Osciilation Suppression A

Of the various ways to affect the oscillation process,
introduction of vorticity into the shear layer and the provision
of a slanted trailling-edge bulkhead were found to have a stabi-
lizing effect on the external free shear layer. Oscillation e
amplitudes can be minimlzed solely by a slanted trailinpg-edge ;
bulkhead, over a Mach numuer range of at least 0.8 to 2.0, for
cavities with length-to-depth ratios above 4, Cavities with a
length-to-depth ratio below 4 require the addition of upstream
vortex generators (spoilers), which further reduce resonant

amplitudes.

A physical explanation of the stabilizing effect of a
tralling-edge slant 1s avallable. It would be desirable to
investlgate thls concept further through extensive experimental

exploration.
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Steady-state drag increase with a slanted trailing edge 1s
minimal. The effective drag of the spoilers depends on their
size and angle of attack. 'Drag increases up to 50% above that
of the baslc rectangular cavity have been observed.

Oscillaticn amplitudes could not he reduced by the forced
entrainment of boundary layer fluld into the cavity at the
leading edge, by tllting the leading- and/or trailing-edge
‘bulkheads, by implementation of an upstream "spoiler cavity,"
or by cavity Internal transverse spollers and baffles.
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b - APPENDIX A
PSEUDOPISTON ANALYSIS

A.1 Overview

FERE S

-t
It 1s belleved that the cavity osclllatlon phenomenon is ;§& .
driver. by the pericdic injection and removal of mass at the E: -
trailing edge. This process has an effect that is simllar ‘ i

to placing a fictitious plston at the rear bulkhead. The
'3 : osclllation of this pseudopiston sets up an essentially one-
. 3 3 dimenslional wave pattern in the cavity that, in turn, forces
’ the shear layer. The deflectlion of the shear layer at the ¢
R v tralling edge is responsible for vhe periodic injection of l
"\\ . flow from the shear layer and the free stream, and for the 1
perliodle removal of mass from the cavity. Under proper *1

- ; condltions of phase and amplitude, the behavior of the pseudo-
K . piston and the dynamics of the cavity are related so that a

' self-sustalning feedback mechanism occurs, Of course, the
detalls depend on freestream conditions and cavity geometry.

The pseudoplston analysis relates the strength and phase ki
of the fictitlous piston to the phase and amplltude of the
shear layer at the tralling edge, and to the freestream flow
conditions and the cavity geometry.

5
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A.2 Analytical Model for the Pseudopiston Process &

The actual process of mass introduction and removal at
the trailing edge 1s compllicated and messy. Secticn 3.2.3 gives
a general explanation of this process; thus, it 1s sufficient to
state here that a given mass flow is introduced or extracted at
the trailing edge. The relation between this mass-flow rate and
the shear layer structure and deflection will be discussed later.
Our present concern is the pilston-like behavior of thls mass flow. S

v o
: , .

mf N The pseudopiston can be modeled in several ways: e.g., as
- . a simple mass flow model, or as a thermodynamic mmnss addition
model.

. :‘:

A.2.1 Simple Mass Flow Model

In this kinematic approach, the motion of the fictitious

= - plston is related directly to the mass flow rate. Once intro-

. : duced into the cavity, the fluld 1s assumed to have the same
thermodynamie properties as the fluld alreadv in the cavity: namely,
freestream static pressure and stagnation temperature (approxi-
mately). Hence, the fluid density 1s determincd by pc = p_/RTo.
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Then, if mass flows are equated, we obhtain

g n(t) = pCDVp(t), . (A.1)
or

- mt) \

Vp(t) Ei:T - | (A.2)

"he plston displacement 1s determined dirzotly from the
specified mass addition or removal. Steady flow assumptilons
ars used. However, no ailowance 15 made for the effect of the
unsteady e..pansion that the added flow must nndergo to achieve
the thermodynamic conditions in the cavity. Furthermore, there
is no pressure-matching condition feross the interface between
the cavity fluld and the newly added fluld, since these pressures
were assumed to be approximately equal. Thils model 1s 1llustrated

in fig. 86.
A.2.2 Thermodynamic Mass Addition Model

This more refined model accounts for the important thermo-
dynamic and dynamic effects of the mass addition process as it
relates to the behavinr of a fictitlous piston, or pseudopiston.

¥

b This process is illustrated in Fig. 87a.

&' Anotrer model, +hich 1s really equlvalent, 1s shown in

1 Fig. 87b. This nodel is based on the idea that there is a

3 steady-stote naiss addition, m_, inte the cavity, and that mass
e additior and removal are pertﬁrbations around this steady-state
E- value. The effective mass addlition or removal is given by

; he = th, - thg, where mu(t) is the actual mass addition at the

f. trailing edge; 1t 1s related to the instantaneous shear layer

X position in an unprescribed manner. For present purposes, ﬁe
) can be considered a glven function of time. Likewise, the
plston displacement can be consldered as a specified function.
] These parameters could be interrelated bv matching pressure

] ard dlsplacement across the plston and hv specifying the
relatlion between the mass flow and shear layer displacement.

The .ecervolr enthalpy 1s gilven and assumed Iindependent
¢t time. Its value may represent some average value found
in the shear layver. With this analysls, we can assume that
the enthalpy of fluid injected into the cavity 1s the free-

stream enthalpy, becaure use of a recovery factor makes a
difference of only a [ew percent. This assumption was confirmed

by temperature measurements (see Sec. 6.4).
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FIG. 86, SIMPLE MASS FLOW MOUEL.

VALVE CONTROLS MASS FLOW AS A
RESERVOR /- PRESCRIGED FUNCTION OF TiME

me(t)

CHAMBER — ~MASSLESS
PISTON

TON IS TREATED
UNCTION OF TIME

RESERVOIR
e

L_@z__;f |

g = CONSTANT, INDEPENDENT OF TIME

. 87. TWO ENUIVALENT REPRESENTATIONS OF THE THERMODYNAMIC

MASS ADDITION MODEL.




The slze of the mess addltion region, £, 15 small comnared
to the lengih of the cavity, L, which means that the time scale
for the osclllation, L/ag. 18 long compared to the time scale
for adjustment of condit2ons wlthin the mass addition region,
L/a,. 1In comparison to the time scale of osclillation, the mass
addltion region hes considerable time to adjlust to chanpes in
rressure, mass llow, etec., which are produced by the oscllla-
wion cycle, Therefore, we can assume that significant departures
from thermadynarmile egquilibrium do nrot occur in the mass additilon
rezion. Thils justifies the quasl-steady treatment of the mass
addivion repsion and the assumption of uniform properties through-
2ut the mass <ddltion chamber. Furthermore, the pressure and
gnergy chunges resulting from flow velocity 1in thils replon are
neglected, since the velocity 1s presumably small enough to make
these effects 1lnsignificant. :

The mass in the imaginary chamber 1is

%
p(t)D2(t) = p DL + [ dgoias

s
where me(ty) 1s eq el to zero. For steady flow, &, is not
necessarily the steady-state value of ¢(t). The réference
value, Pg, 13 a corstant density in the cavity corresponding
to conditlons at time, t,.

At this time hg(t) and &(t) can be considered as given
funetions of time, Therefure, the density in the chamber 1s

-ﬂt
. . m (t)at
o) =0 gyt I

This equation determines the density in terms of quantities
assumed given. The equation of state then relates pressure
and temperature:

p(t) = p(t)RT(L) ,

p e RT ’
and o} o O

P T

for steady-flow conditions.




If we neplect the effect of flow velocity in the chamber, the
energy equation is

AE = 0 + W + By, (A.6)

where AE is the change 1in internal energy, © is the heat addition
(e.g., heat transfer to or from system), W is the work done c¢n
the fluild volume in the chamber (e.r., by the piston), and Ey, 1is
the energy additlon due to mass addition,

Assuming that slgnificant heat transfer does not occur in
the chamber during an oscillation cycle, let Q = 0,

The energy equation expressed in detall 1s:
t t
E(t)-E, = - j' pDR(t)dt +‘f my(t)h dt . (A.T)

ty to

Note that E,~E(ty) and 2,=2(t_) are reference values determined
at t = t.; %hey are not necessarlliy the corresvonding steadyv-
state va?ues. Nor does the formulation esiven thus far require
that they be steady-state values. The time, t,, is chosen so
that m(t,) = 0.

The spe:ific internal energy is e(t). The temnerature is
T(t), and

F(t) = p(t)e(t)De(t) = pl( T ) » (A.8)

where K 1s a constant.

Thus ,

E(t)-Eo = pchvT(t) - pODzOcv T(to) + DK(pR-pOZO).




i i
e e = o e Snatn e

Substituting into the energy equation,

peDe T - poEODch(to) + KD(pn-pozo)

t . t \
= - [ porat +[ # (t)n at (A.10)
J e 0 '
t‘o to

Differentiating

(pD) (eyT+K) + (piD)e,T = -pDi + h n_ . (A.11)

Using the density relation, (Eq. A.3), we obtain

(pDR) = mg .

Thus,

L] t [ [ L4 a
mg (¢, T+K) + [(ponzo) + medt] e, T+ pDt=mh_ , (A.13)

ﬁ%

and

t .
ey {(poDzo)'.£ medt]T + me, T+ pDi = m (h -K) = mecpTo, (A.1H4)
o
where '1‘0 is tne freestream stagnation temperature.

Next,

£ e
m_dt
. j;o € (A.15)

p =pRT = RT .Oo_f_.*‘

LD




and, therefore,

t
pD} = KT ‘(pcﬂ.oD) %+ %{ x’nedtl .
Q

Substituting into Eq. A.l4 gives

t L ] L] L] i i t L] L]
(pomo) + ":. medt] T+ |mgcy * R(poﬂ‘oD)T + Ry fto medt]T = mecpTo s

¢
v o

from which

s T +(Y-l)-§‘]T'
(poDlo +ft x'nedt;) %
t
o

(A.18)

¢
=c - = P, R -
where R cp Cyo and vy g, s therefore, oy Y 1.
The above 1s a flrst-order ordinary differential equation
for temperature, T. The solutlon is

T = L - (Fn yT oY Lat + c) , (A19)
pO Q t me
o

where C 1s an artitrary constant. Using Eq. A.15, the pressure
1s, therefore,

p = g- Y T4 Y sz ' modt + c% =Y {A.20)
The above expression pilves the pressure in terms of 2{t) and
ﬁe(t). The second term, containing the arbitrary constant,
corresponds to an adiabatlc compression wlthout mass addlition

or removal. The constant 1is determined by the volume and

energy ol the gas beilng compressed.
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: Note that if the arbitrary constant 1s set equal to zero, E.
: and if it 1s further assumed that me 1is directly proportional ,i

to the result is

3

(A.21)

where m, is C_L, E

e

Mass conservatlon suggests

m, = p,Db => C = p.D . (a.22)

Thus, for this speclal case, we have constant pressure p = p.RT,
= po(=pg) . The flow intc the cavity 1is treated as belng quasi-
steady. Therefore, with thls mass conservation assumption, we
have the same result that would be obtalned using the simple
mass flow model for the pseudoplston. Thus, the second model
developed in this section is consistent with the first when we

make the same assumptions.

A.3 Discussion of Mass Flow, Shear Laver Deflecticn, and
Pseudopiston Motion

The analytical model for mass addition at the rear of the

cavity relates the pressure of a flectitious piston to the pilston ,é
displacement and the mass flow rate behind the piston., The 3
time-dependent mass flow rate depends on the shear layer deflec- =

tlon process at the tralling edge, The shear layer defleation

is 1tself dependent on the plston displacement. This dependence H
is determined by solving the problem of shear laver forcing by -
waves In the cavity which are generated by the piston. This E
solution involves the dynamics of the cavity as a whole, and it

is discussed in Sec. U.

From this analysis, a prescribed piston displacement, 2(t),
will determine the pressure, p(t), on the front face of the
plston and the shear layer amplitude near the tralling edpe,

np g, (t). If the mass flow relation, mg M(t)], were also known, CH
1g'would be possible to match displaceménts and pressures with =
the analytical model for the pseudopiston and determine the g
oscillatory behavior in this manner. The actual process of

mass addition at the tralling edpe is extremely complex, and
perhaps it cannot be modeled analvtically to the required accuracy.




NHevortheless, the present analysls 1s sufficlent to indicate the
coneral dependence of the mass additlon process - geometiry
and flow parametors.

In relating (L) to ngp g (1) and t(t), therc arc cssentinlly
two problems: the phase re atlon, and the functional dependence
with time. It seenms reasonable to helieve that fh (t) and n(+)
could be directly in phase with a nepatlve deflection producine
a positive mass Tlow. Furthermore, from a pseudonlston viewroint,
the mass flow causes the displacement so that we mirht expect
1o be in phase with &, Fipure 88 illustrates this craphicnlly.,

e
Vi

7 (t)

N\

FIG. 88. COMPAKISON OF THE TIME BEHAVINR OF THE SHEAR LAVER
DISPLACEMENT, THE MASS FLOW RATE, AND THE PSEUDO-
PISTON MOTION,

Althoupsh the mass addition process is compley and involves
the dynamics of a stajsnation point within an unsteady shear
laver, the assumption of an in-phase relation between n. and nmom.
seems reasonable, The relation between nm g and 2(t) gepends
on the dynamlecs of the whole cavity, and 1t is not necessary that
Nm g and 2{%) be exactlv in phase, There could he a nrhase shift
baé&édlse of the pressure-matchingm relation across the pscudopiston.
When waves are forced by a pilston in a rectangular enclosure, the
pressure and displacement at the piston are in phase and the
pressure and veloclty are out of phase, so that no net worlk lis
done. In the cavity problem, enerrv 1s radleted from and added




Lo the system, Presumnably, thls 1s manifested as a phase shifst
between pressure and veloclty that 1s imposed by Lhe effects
of shear layer motlon.

The preatest source of uncertainty, however, involves the
functional relation between m, and np Tf shear layer
deflection 1s small compared to shear ane“ thickness, then a
linear relation between mass flow and displacement 1s likely.
If displacements of the order of the shear layer thlckness are
expected, then the functlonal dependence ls more uncertain and
1s probably complicated.

The expression for pressure, determined from the previous
sectlion, 1s

p = % Y Toz"Y fﬂ.’f‘lx'rle at + c%st"Y . (r.23)

This expression 1is nonlinear in 2(t). 1If displacements of the
chamber gre small compared to itcs steady~state size, l.e.,
[x(t)=2g] / [2(t)] << 1, then the expression can be linearized,
This condltlion corresponds to shear layer displacements that are
small compared to shear layer thleckness. If, on the other hand,
shear layer dlsplacements are of the order of its thickness, the
expression for p cannot be linearized with respect to &, In

this case, an alternative for analytical purposes 1s to assume

a mass flow dependence on displacement, m[ 2(t)], which pives a
tractable functional form for the pressure in terms of displace=-
ment. Such an approach is somewhat arbitrary because 1t contains
the assumption that an extremely complex process will adjust 1ts
behavior to some s=imple form. However, it receives support
because the rest of the cavity would like to behave in a simple
modal way. An example of this approach was previcusly illustrated
by the assumption mg « 1, for the quasi-steady flow model,
Similarly, more refined forms can be assumed to give the pres-
sure in a desired functional form.

Now let us return to the possibllity of linearizing the
pressure expression when shear layer displacements are small.
Let ng g, be small and (2-25)/2 << 1. Write & = 28(1+521) and

Np g, = €Ny where € 1s the maximum of the small amplitude.
Let = p_,U_,en, where the p_,U o is the product of density

in the shear layer and a characterlistic shear layer veloclty. 3
Then,

=
3
3]
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7Y (A.24)

ol

- R —YfY-l
p=yg Tk R rhedt+C

Substituting,

p = eRYTO p_ .U n.dt + B 27Y(1 + e2.)7Y + 0Ole?l. (A.25)
523 sf sl 1 D s 1 Co )

New
Y _ el. + O[e? .
(1 + 1Y = ¥ an(1+ exp) eviety +ole®lf. veh, +0[e?] ,
and (A.26)
- p =2C Ry Tt e M f Ry =¥
D “s _532 pslusﬂ.) nydt + Cphy Tya )+ ofe*1 .
Choose the arbitrarv constant C so that (a.27)
CR A Yap wpws=>c=p Dyv (A.28)
D e ¢ R "s ° e
Therefore,
RyTO
= +
P =Pt elpr; pszUszf"zdt * pc“l)+ ole®] . (A.29)

Note that to order e the pressure changes from mass addition and
plston displacement are uncoupled and simply added. Cross terms
will appear at 0[c£2]. As mentioned before, the relation between
n, and £, results from determining the dynamics of the whole
cavity forced by a piston, which 1s an essentially separate

problem.

In practice, there is really no way to determine theoretically
L4, which 1s the spanwise size of the mass injection and mixing
region at the rear bulkhead. The product, 2.0, 1s the volume of
this region. Roughly, L= 8D, where B 1s some constant <0[1].
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For shallow
independent of overall cavity geometry and external flow

conditions,

Since

cavities, 1t 1is possible that B8 may be relatively

pc = pcRTO, let us erte

P_
Pe

P

Pe

1+ e[_Y_ (__.) U, f ndt + v, | . (A.30)

8Dn?

Assume the velccity 1n the shear layer 1s %aU_, where o ~0[1].
This should be the velocity on the dividing sfrecamline of the
shear layer near the trailling edge, i1.e., the streamline dividing
mass entrained from above and the mass entrained from below. If
the stagnatlion enthalpy 1s unchanged through the shear layer,

then

and

Therefore,

- = = }- 2= g 1
h, ngo h + 507 = e T + V2, (A.31)
T v2
A R (A.32)
TO 2Cplo
p P
S o(l—V /ZCpTO)
Pe
P. = mo
c RTO
P 1
s 1 _
P ) 1.¥2/2¢ T B 1-a2U2/8¢ T ‘ (A.34)
C ~-v°/ p o © po

1 e Tt R e
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Since a_ = /yRTO , R = 9p'cvf and Y = cp/cv, this b?coT§§:

p 1+ X2k
p82 = 2 - (> . (A.BS)
Coae (gt |
Finally,
MEV*(R'I’O
U, =Ma, =M /ART. = : (4.36)
Ve . Yol 2
1+ IE— M2
Thus,
3 1
p-p, Y~/2 (RT_) Z ’1+Y-5—:T M2
&p, = P = 2 2 Mw(%)[€n1dt * Yeﬂ,l-
T gl
(A.37)

This result gives the perturbation pressure of the pseudoplston
in terms of effective plston displacement and shear layer
displacement based on a linearization of the pressure relation
derived earlier. The linearized model implies a specific set
of assumptions about the working of the pseudoplston mechanism,
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APPENDIX
TABLES OF ROOTS

Root A

B

(to obtain A* replace i with -i everywhere)

M S =1, S = 0.5 - $ =0.1

0.1 K -10.035 + 110,000 | -5.017 + 15.000 | -1.103 + 10.958
+7 -10.010 + 110.025 | -5.005 + 15.012 | -1.100 + 10.960
*B 9.975 + 110,060 4,987 + 15.029 0.956 + 11.105
cp - 0.050 - 1 0.050 -0.050 - 10.050 | -0.052 - 10.045

0.5 K _ 2.134 + 1 1.984 | -1.170 + 10.948 | -0.319 + 10.281
T - 2.012 + 1 2.105 | -1.107 + 11.002 | -0.310 + 10.289
tB 1.862 + 1 2.251 0.886 + 11.214 0.254 + 10.322
cp - 0.251 -~ 1 0.234 | -0.258 - 10.209 | -0.177 - 10.156

1.0 K - 1.348 + 1 0.919 | -0.768 + 10.504 | -0.202 + 10.159
+T - 1.107 + 1 1.119 | -0.658 + 10.589 | -0.187 + 40.172
+B 0.677 + 1 1.487 0.341 + 10.811 0.087 + 10.200
cp - 0.506 - 1 0.345 | -0.455 - 10.299 -0.306 -~ 10.241

1.5 K - 1.142 + 1 0.587 | -0.6L42 + 10.338 | ~0.172 + 10.103
+T _ 0.807 + 1 0.831 | -0.493 + 10.441 | -0.,151 + 10.117
+B 0.181 + 1 1.228 0.052 + 10.654 | -0.023 + 10.156
cp - 0.693 - 1 0.356 | -0.610 - 10.321 -0.428 -~ 10.256

3.0 K _ 1.060 + 1 0.234 | -0.587 + 10.166 | -0.161 + 10.066
+T - 0.534 + 1 0.465 ~0.370 + 10.264 | -0.134 + 10.079
+B - 1.113 + 1 0.728 | -0.732 + 10.496 | -0.274 + 10.190
cp - 0.900 - 1 0.199 | -0.789 - 10.223 | -0.532 - 10.218

. wD ~ ac
NOTES: T = oD and T? = K?-52 where K = kD and § = z—and a = = .
Q o0
B = @D and B? = Q-K?, where Q = (MK + 88)2% .
C ® S

Cp = §R,where Cp = % is the phase speed. Thus Cp =K -

[

Dispersion Relation:

Q2T? sinh?T + S*(Q-K?) cosh?T = 0.
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Root B
(to obtain B* replace i with -i everywhere)

R

S s T L AU

AR N

BRI AT e

M $=1.0 $=0.5 S = 0.1
0.1 K -1.151 + 11.028 | -0.735 + 11.000 | -0.,131 + 10.677
T -0,934 + 11,267 | ~-0.679 + 11,082 | ~0.130 + 10.684
*B 1.246 + 11.023 1.075 + 10.724 0.681 + 10.139
cp -0.483 -~ 10.432 | ~0.239 - 10.325 | -0.028 ~ 10.142
0.5 K -0.653 + 10.728 | -0.262 + 10.640 0.011 + 10.275
+T -0,420 + 11,131 | -0.210 4+ 10.797 0.010 + 10.293
+B 0.997 + 10,732 0.735 + 10.394 0.265 + 10,045
cp -0,683 - 10.761 | -0.274 - 10.669 0.015 - 10.363
1.0 X -0.516 + 10.542 | -0.189 + 10.455 | ~0.009 + 10.187
£ -0.267 + 17.048 | -0.130 + 10.662 | -0.008 + 10.212
+B 0.793 + 10.746 0.548 + 10.455 0.161 + 10.127
Cp —0-921 - 100968 "00389 - 10-937 —0.026 bad 10.53“
1.5 K ~0.469 + 10.431 -0.175 + 10.365 -0.019 + 10.159
£T ~0,202 + 11.003 | ~0.106 + 10.603 | -0.061 + 10.188
+B 0.660 + 10.798 0.461 + 10.542 0.126 + 10,198
cp -1,156 ~ 11,062 | «0.534 ~ 11.114 | -0.074 - 10.620
3.0 K -0.438 + 10,268 | -0,176 + 10.246 | -0.022 + 10.123
+T -0,124 + 10,947 | -0.081 + 10.535 -0.017 + 10,157
£Y:) 0.445 + 10.914% 0.365 + 10.744 0.114 + 10.352
cp -1.661 - 11,016 | -0.969 - 11,344 | -0.,141 - 10.788

ey e

T o
T Al g Y




i Tt P R e

z Root C
{to obtain C~ replace i with -i everywhere)

_;é : M s =1.0 s =0.5 s = 0.1
¢ 0.1 | «x 1.183 + 10.102 | o0.921 - 0.L8lL o
. |« 0 650 + 10.185 | 0.774 0. 474 :
: B -0.246 + 10.4L4 10.705 10.461
: c, | 0-839 - 10.072 | 0.543 0.207  0.207
: 0.5 | K 1.038 + 10.240 | 0.586 + 10.187 { 0.182 + 10.057
% &7 0.500 + 10,489 | 0.378 + 10.290 | 0.156 + 10,067
: 5 | 17363 + 10,055 | -0.579 + 10.059 | -0.096 + 10.050
\ c, | 0.915 - 10,212 | 0.77h - 10.247 | 0.500 - 10.157
£ 1.0 K 1.019 + 10.205 | G.556 + 10,174 | 0.164 + 10.079
7 5 455 + 10,459 | 0.335 + 10,289 | 0.139 + 10.093
B 1857 + 10,121 | 0.959 + 10,099 | 0.222 + 10.039
c, | 0-9%3 - 10.190 | 0.813 - 10.256 | 0.459 - 10.238
; 1.5 | K 1.013 + 10.169 | 0.541 + 10.145 0.154 + 10.075
+T 541> + 10,415 | 0.303 + 10.267 | 0.128 + 10.090
+B 2 530 + 10,205 | 1.308 + 10,180 | 0.317 + 10.088
c, | ©0-980 - 10.160 | 0.859 - 10.237 | 0.525 - 10.256
3.0 | K 1.005 + 10.104 | 0.518 + 10.098 | 0.135 + 10.058 :
+T 0,323 + 10.324 | 0.235 + 10.216 | 0.103 + 10.076 '
+B 4 380 + 10.297 | 2.33% + 10.280 | 0.556 + 10.165 o3
c, | 0.985 - 10.102 0.932 - 10.176 | 0.625 - 10.269 .
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Root D
M S =1.0 S =0.% S = 0.1
lo.2 K -20.010 -10.005 -7.019
T 19,982 9.992 2.017 !
+B 119.980 19.992 12.016
cp - 0,050 - 0.050 -0,050
0.5 X - 4,050 - 2.043 -0,498
+T 3.925 : 1.981 0.4886
+B 13.92% 11.979 10.476
cp - 0.247 - 0,245 -0.201
1.0 K - 2.117 - 1,112 -0,288
+T 1.866 0.993 0.270
B 11.854 10.958 10.226
cp - 0.472 - 0.450 -0, 347
1.5 K - 1,519 - £.808 -0.,198
+T 1,143 0.635 0.171
+B 11.074 10.530 10.099
Cp - 0.658 - 0,619 -0.505
3.0 X - 0.820 - 0.417 -0.084
+T 10.572 10.276 10.054
B i0.231 i0.047 0.011
cp - 1.220 - 1,199 =-1.190
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Root E

S =

0.5

S =0.1

0.1

0.5

1.0

1.5

3.0

+ I+

QWwBxs QwAa=s

-+ 4+

+ i+

QwHax Qw3

“+

i+
=N O QwAax

el

ke

o

o]

(o]

-0.919

-1.088
-0.716

-1.397
-0.574

-1.742

-2.000
-0.428

-2.336

10
io

io.

10
10

io

10

10
10

.394
135

261

.819
.240

.866
.209

904
178

-0.456

-1.096
-0.345

-1.449
=0.277

-1.805
-0.243

~2.058
~0.210

-2.381

10.205
10.032

10.362
10.059

10.416
10.059

10.437
10.051

10,454
10.037

~0.091

-..099
~0.068

0.008
-1.471

~0.055

-1.818
-0,048

0.006
-2.083

-0.042

-2.381

10.041
10.000

10.073

©10.084
10.007

10.088

10.091
10.007
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A APPENDIX C
'AERODYNAMIC FLOW STABILIZATION THROUGH A SLANTED TRAILING EDGE

This section will present the physlical and thcoretical
basis for slanting the upper pertion of the cavity trailing-
edge bulkhead as a means of reducing pressure oscillations
in the cavity. Although thils ls & simple modification, &
considerable reduction of levels has been observed experimentally.
Slanting the edge seems to be more effectlve than other mcdifica-
tions of roughly the same slze, such as rounding the tralling
edge. By studying the reasons for the success of this modifica-
tion, we can reach a deeper understanding of the shear layer
impingement process at the tralling edge.

First, 1t 1s appropriate to recall the discussion in
Sec. 3.2 entitled Steady-Flow Coensiderations. It was argued
that the shear laver must have a stagnation polnt at the
trailing edge, and that part of the shear laver flow must be
returned to the cavity (to replenish entrailned fluid) and the
rest must go downstream with the mean flow. This view of the
steady-flow econfiguration was then used to explaln the mass
additior and removal processes at the tralling edge, when the
shear layer behaves in an unsteady manner. '

The tralling-edge stagnatlion point must lle within the
shear layer 1itself, and it 1s expected that the stagnation
streamline will be near the center of the shear layer, where
the vorticity is greatest. Therefore, 1t 1s of interest to
examlne in some detail the stagnation flow when the flow has
vorticity. The physics of this process 1s examined below in a
simplified form, The effects that have been neglected can be

expected to alter the flow detalls, but they will not affect
the conclusion.

Consider the nature of the local region around the stagna-
tion point, 1.e., a reglon of dimensions less than the shear
layer thickness, It is appropriate to assume a two-dimenslonal
incompressible flow in this reglon. Shear layer solutions,
elther laminar or turbulent, show that the shear 1s nearly
constant (constant vorticity) in the middle region of the
layer. Therefore, an irrotational stagnation-point flow and
a simple shear flow will be comblned to find the actual stream-
line pattern near the stagnation polnt. For the present case,
the stream functions can be slimply added together. Generally,
stream functions for rotational and irrotatlonal flows cannot
be simply combined, because the equatlions of motion are nonlinear




due to the presence of the convectlon terms when the flow has
vorticity. However, this simple addition can be done when
certain conditions are satisfied. The flow must be two-
dimensional, the vorticlity must be constant everywhere, ‘and
the rotational and irrotation parts must lndependently satilsfy
- the same boundary geometry. In the present case, these
-conditions are satisfied as long as the region of validity is
restricted to the immediate nelghborhood of the stagnation
point and the orlentation of the simple shear flow is correctly

chosen.

The stream function of a stagnation point in a constant
vorticity flow 1is o

V= axy + % by?, (C.1)

where the first term is the stagnation point, and the second
is the shear flow. The corresponding velocity components are

u = %g = gx + by, ) {c.2)

v==-%¥-=-ay . (c.3)

The constant a 1s related to the strength of the stagnatlion-
point flow, while the constant b 1s related to the strength

of the shear. The vorticilty 1s

U
C-_Wa-b . (C.u)

&

The streamline pattern 1s shown in Fig. 89, where the values
of the constants have been absorbed into the coordlnates.
Nevertheless, Fig. 89 gives a realistic picture of the actual
flow pattern. The important conclusion is that the effect of
shear 1s to change the direction of the stagnation streamline
(and, presumably, the centerline of the shear laver), so that ; .
the flow must impinge on the wall (cavity rear bulkhead) at an : >
oblique angle. It cannot impinge normal to the wall, as in the { k.
case of no shear, : s
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FIG. 89. STAGNATION-POINT FLOW WITH CONSTANT
VORTICITY.
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The fact that the flow impinges at an angle has a simple
physical explanation. Shear flow has & veloclty gradient;
l.e., veloclities are higher on the freestream silde of a shear
layer than on the cavity slde, As the flow impinges on a wall,
the streamlines must curve, which introduces centrifupal pres=-
sure forces, If the flow were symmetrical about the stagnation
streamline, the opposing pressures would not balance because
the velocity 1s higher on one slide. However, if the streamline
radil of curvature are made larger on the high veloclty side
and smaller on the low veloclty side, then a balance can be

achieved.

This conclusion has definite implications for the phenomena
of cavity osclllations. 1In order to suppress oscillations,
a steady flow must be physically possible. Filgure 90a deplcts
the behavior of the shear layer in a conventional cavity configura-
tion. Note that the information about the angle of the stagna-
tlon streamline near the rear bulkhead was incorporated into
Fig. 90a, slince thls must be true In B steady flow. In order
tc meet this condition, & considerable curvature of the shear
layer over the c¢avity mouth 1s required. This curvature will
cause the freeatream flow to produce static pressure variations
over the cavity mouth that cannot be balanced by the nressure
within the cavity, which 1s uniform to first aoproximation (re-

circulation velocitles are much less than the freestream velocityv).

Hence, an unsteady motlon of the shear layer will result.
Alternatively, if the shear layer ls assumed to be stralpght so
that unbalanced pressures do not occur over the cavity mouth,
the impingement angle for steady flow cannot be satisfied and
the flow in the immediate vicinity of the rear stagnation point
must be unsteadv. This type of reasoning supgmests that steadyv-
flow configurations over c¢onventional unmodified cavities are
difficult, if not impecssible, to achleve. When this basic
tendency towards unsteadiness ls combined with the ability of
cavitles to sustain a modal unsteady pressure field, which can
be coupled to shear layer motion, it 1s easy to see why the
suppression of pressure osclillations is so difficult.

When the portion of the trailing-edge bulkhead that
interacts with the shear layer 1is slanted, a steady~flow solu-
tion 1s much easier to achieve., If the slant angle 1s properly
chosen, the shear layer can remain essentially straight over
the cavity mouth and satlsfy the proper impingement angle as
well. This 1s illustrated in Fig. 90b, which represents a
physically possible steady-flow solution. However, once the
major conditions are satisfied, detalls of the real flow
structure may still preclude ever achieving a completely steady
state, However, levels of unsteadiness may still be considerably
reduced, as the experimental results indicate.

206

OOy
ey e Ty > N ——
LS Y R e st oy P 1 A i s . A
Y Sy D TR s+ o heiatm— LT AR5 M < e -
3 i s kv s Bee— e SRR
J

[ RITEL e

S

é§
k|
.
3
E
E

&

s



et

i WM U"! M

P

e g o g

Ve

STAGNATION
STREAMLINE

IMPINGEMENT

ANGLE

7/

FIG. 90a. FLOW OVER A CONVENTIONAL CAVITY (this configuration
cannot be a steady flow).
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FIG. 90b. FLOV.J OVER A CAVITY WITH A SLANTED TRAILING EDGE
(this configuration could be a steady flow).
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Revond the fact that a steady flow must be possible, the
flow nust also be stable to disturbances. fmall vertical
displacenents of the shear layer do not stronsly affect the
{mpinFement process, since the slanted edpe has constant slope.
This insensitivity should alse considerably diminish the mass
addition and removal processes that occur when the shear layer
{s deflected. The constant slope also allows the shear laver
to find its own natural vertical level alonr the slanted edpe.
This level depends in a complex manner on the pressure and
mass flow balances that must be maintained in the cavity. 1In
contrast, & rounded edme has the correct slope for steady im-
pingement at only one vertical heigpht, which may not be the
natural position for the shear layer. Furthermore, the Feometric
slope change, which 1is caused by a rounded edpre when the shear
layer is displaced vertically, 1s such that it adverselyv affects
the stablllity.

Actual analytical determination of the optimum slant angle
based on the mean-flow properties and characteristics of the
shear layer is a complicated pronlem in fluid mechanlcs., A
1 sugh order ¢f mapnitude calculatlon was rmade which shows that
the tangent of the slant anpmle 1s of order unity. Thils means
that, typically, the slant angle will be a number like U45° (as
opposed to numbers like 10° or 80°), 1In fact, the current
experiments suprest that thls number may be near U46°, at least
for subsonic speeds. The lenpth of the slanted portion must
be large enough to accept the impingement of most of the shear
layer thickness and to allow the shear layer to find its natural
vertical level. Unfortunately, this factor mayv mean a falrly
large slanted region at the tralling-edpe bulkhead, particularly
when the shear layer is turbulent. However, reductions in size
may be possible by carefully testing the specific configurations.
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PPPENDIX D
FLOW STABILIZATION THROUGH DETACHED TRAILING-EDGE COWL

?
$
A detached cowl placed a small distance upstream cf the
tralling-edge bulkhead of a rectangular cavity has a stabilizing
effect on the otherwise oscillating shear layer. To be effec-
‘tive, this cowl must have a curved surface that faces the flow.
The water table flow visualization studies reveal that a half-
cylindrical cowl stabilizes the flow under simulated supersonic
flow conditions (Fig. 91). For the tests in air, an airfclil
shape was used, as shown in Fig. 7€.

We believe that stabllization 1s achleved by accelerating
the shear layer over the curved surface; thus, an underpressure
at the slot formed between the cowl trailing edge and the cavity
bulkhead is created. This underpressure tends to suck fluid
mass out of the cavity each time the shear layer attempt: to in-
ject mass into the cavity; thus, a cauacellation =ffect 1s created.
In this manner, the effective strength of the tralling-edge mass
addition and removal process 1s greatly reduced.
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Several concepts for pressur: oscillation suppression were developed and
evaluated in wind tunnel experiments. The most promising concept utilizes a
! slanted trailing edge, which stabilizes the free shear flow above the cavity.
¢ thus effectively suppressing discrete-tone generation. :
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4.0, and either 5.1 or 5.5. Not all of these data were reduced;
however, all data, which were obtained through Sensor 3, were
reduced and are available.

: Signals from Sensor 3 were found to be close to those from
Sensor 2 (on the leading-edge bulkhead); thus, Sensor 3 signals

:ﬁfcan be considered representative for the entire cavity.internal
~ leading-edge-region. PFigure 48 shows 1/3-occtave band pressure

level spectra, obtained threugh-Semsor 3 for seven freestream
Mach nETbers and three L/D ratios. Levels are riven in dB re

.. 20uN/n**. Each spectrum is composed of several discrete
. tones and a broadband noise floor. The discrete tones corresnond

to the various mode frequencies; in general, few modes with
relatively high intenslity appear in the deep cavity, and more

modes with more evenly distributed intensity occur in the shallower

cavities. In a 1l/3-octave band representation, a discrete tone

- determines the band lcvel. Hence, direct comnalison of levels

in each spectrum for corresponding modes is possible,

Following the L/D = 2.3 column, in Wig. 48 we can pursue

- the level and frequency change of the discrete pecall at 250- to

315-Hz bands. This peak corresponds Lo & mede-2 oscillation (see
Sec. 6.7). Levels reach a relative msxlmum at transonic ™ach
numbers. With increacsing Mach numbers, the mode-1 osclllatlon

in the 160-Hz band becomes signi“icant. Clearly, most of the
encrpgy for such relatively deen covities is in the discrete

modes, For the shallower cavitles, discrete tones are lese
pronounced, and relatively more encursy is in the broadband portion.
This figure is intended to give an overview of the spectral changes
with the two mest 1lurmortant pararnelerc, 1.e., Mach number and
length-to-depth ratio. The levels would he those encountercd by

a cavity in an alreraft flyins at the Mech nunber-dependent
altitudes as shown in Mie. 28, Fach aliitude corresponds to a

certain freestream dynamic precsurc.

Since levels in the leadinpg-edre Lulkhead region are known
to scale with freestrcam dynamic pressure, a (Smith et al.,
1974; Heller et al., 1970), the ordinatc scale of the Wig. 48
spectra can be converted intg 20 log (ppmg/Qw) by subtractine
the numbers glven in Table 1 from the fluctuating-pressure
levels.
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