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Pressure Oscillations in a Subsonic Cavity at Yaw
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An experimental investigation was undertaken to examine the effect of yaw angle on � ow oscillations that occur
in an open cavity placed within a subsonic boundary layer. A rectangular cavity with a length-to-depth ratio of
unity and a planform aspect ratio of 8.7 was placed within a thick turbulent boundary layer with a corresponding
Reynolds number based on the momentum thickness of 10:5 £ 103 . Pressure time histories were acquired at 15
separate yaw angles using microphone-type pressure transducers. The spectral character of these signals was
analyzed, and the pressure levels and dominant frequencies were determined. This study indicates that large
changes in the pressure level occur as the yaw angle is changed from 0 to 70 deg. A state of resonance was observed
at an angle of 60 deg. Relative sound pressure level calculations indicate that the energy within the cavity increased
more than seven times at this orientation. Evidence suggesting a critical angle of approximately 60 deg, as well as
mode switching from a � uid dynamic mode to a � uid acoustic mode, is also presented.

Nomenclature
a = local speed of sound within the freestream, m/s
D = depth of the cavity, along the transverse direction,

mm
E. f / = spectral energy
f = frequency, Hz
fD; fL; fW = fundamental acoustic modes based on cavity

depth, length, and width, Hz
fe;m = Rossiter’s edgetone frequency for mode m, Hz
fv = vortex shedding frequency,Hz
fx¤ ; fy¤ ; fz¤ = fundamental acoustic modes based on wind-tunnel

working section length x¤, width y¤, and height
z¤, Hz

H = boundary-layershape factor
L = length of the cavity, dimension along the minor

axis when the model is aligned with the
streamwise direction, mm

L=D = length-to-depthratio of the cavity
M1 = freestream Mach number
m = acoustic mode number used in Rossiter’s

correlation, m D 1; 2; 3; : : :
Re¤ = unit Reynolds number, m¡1

Reµ = Reynolds number based on the momentum
thickness

Srµ = Strouhal number based on the momentum
thickness, fvµ=U1

U1 = freestream velocity, m/s
W = width of the cavity, dimension along the major

axis when the model is aligned with the spanwise
direction of the working section, mm

W=L = planform aspect ratio
X = streamwise spatial coordinate, mm
Y = spanwise spatial coordinate, mm
Z = transverse spatial coordinate, mm
± = boundary-layer thickness de� ned by 99.5% of

freestream velocity, mm
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±¤ = boundary-layerdisplacement thickness, mm
µ = boundary-layermomentum thickness,mm
Ã = yaw angle, angle between U1 and the cavity

minor axis L , deg

Introduction

T HE presence of a cavity in a surface bounding a � uid � ow can
cause large pressure, velocity, and density � uctuations in its

vicinity, as well as strong propagating acoustic waves. In addition,
the drag on the surface can be altered, sensitive instrumentationcan
be damaged, and structural failure due to resonance can occur. Such
� ows are of interest in manydifferentareasof engineering.Landing-
gearwells, surface-mountedinstrumentationonaircraft,andcutouts
on marine vehicles are examples of cavities in which the reduction
of pressure � uctuations,vibration,noise, and structural fatigue is of
great interest.

Cavity � ow� elds contain a mixture of unsteady� ow regimes that
may includeunstableshear layers that shed vortices in coherentpat-
terns, pressurewaves, and resident vorticesoriented in the spanwise
direction.The shear layer location and generationof self-sustaining
oscillations depend on conditions both inside and outside the cav-
ity and, in turn, affect the internal and external � ow� elds about the
cavity. This interaction is the result of an extremely complicated
� ow pattern that appears to depend on the shape of the cavity (al-
lowing it to be classi� ed as either open, closed, or transitional),
Mach number, Reynolds number, and the turbulence characteris-
tics of the approachingboundary layer.1 Self-sustainingoscillations
that are found in cavity � ows have been grouped by Rockwell and
Naudascher2 as follows.

1)Oscillationsaregroupedas � uid dynamicwhere theyarise from
the combined effect of shear layer instability ampli� cation and the
feedback of downstream disturbances. The presence of large-scale
vortical motions in the shear layer is believed to play a major role
in this interaction.Standing acoustic waves are not involved in this
mechanism, nor is compressibilityor high Mach number required.

2) Oscillations are grouped as � uid resonant if the � ow oscilla-
tions are in� uenced by and coupled to the standing acoustic waves
within the cavity.

3) Oscillationsaregroupedas � uid elasticwhenmotionsof a solid
boundaryare coupledto the � ow oscillationscausedby nonlinearin-
teractionsbetween vortex sheddingand acousticwave phenomena.3

Both � ow-induced and acoustic oscillations due to the presence
of rectangular cavities have been studied over the years by many
investigators. Rossiter4 suggested that this phenomenon was a re-
sult of acoustic feedback. Vortices that shed periodically from the
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upstream lip of the cavity convect downstream and impinge on the
aft wall generating an acoustic wave. These acoustic disturbances
propagate upstream inside the cavity. Upon reaching the forward
lip of the cavity, these waves cause the shear layer to separate and
result in the shedding of a new vortex. In this way the vortex and
the acoustic disturbances form a feedback loop. Plumblee et al.5

proposed that the observed tones are a result of cavity resonance
and that the frequency of the tones corresponded to the maximum
acoustic response of the cavity. In their theory, the turbulent shear
layer that spans the cavity opening serves as a broadband noise
source that drives the cavity oscillations.

The feedback mechanism described by Block6 is based on the
interaction of the separated shear layer with the boundaries of the
cavity. This feedbackprocess begins with the separationof the � ow
at or near the leading edge of the cavity. As the shear layer im-
pinges on the cavity trailing edge, a disturbance wave is generated
and radiated upstream in essentially two distinct paths. One wave
(the pressure wave) travels upstream within the cavity; the second
wave, generally called the acoustic wave, travels upstream outside
the cavity and over the free shear layer. The difference in pres-
sure between the two waves causes the � ow at the cavity leading
edge to roll up, producing vortices that convect downstream. These
new vortices impinge on the cavity trailing edge and again generate
sound waves that radiate upstream, thus completing the feedback
loop. This feedback loop continuously increases the amplitude of
the disturbance waves and is responsible for � uctuating pressure
waves and high-intensity tones generated by the cavity.

Tones generated by normal mode resonance were observed for
M < 0:2, agreeing with Plumbee et al.5 However, Tam and Block7

believe that the energy that drives this mechanism is provided by
the shear layer instabilitiesand not the broadband turbulenceof the
shear layer spanning the cavity. Their measured results indicate that
the transition between the normal mode resonance mechanism and
the feedback mechanism-generated tones was a gradual process.
However, because their model neglected re� ections of the acoustic
waves at the open end of the cavity, they were unable to account
for normal mode resonances.They also assumed a two-dimensional
cavity and ignored the mean � ow inside the cavity. East8 suggested
the depth mode of not-too-shallowcavities is often excited at very
low-subsonicMach number. This was con� rmed experimentallyby
Tam and Block7 and by Ahuja and Mendoza.9

Although many prior investigations have been conducted to
gain insight into the underlying physical behavior of cavity
� ows,1;5¡8;10¡13 only a few works, including that of Rossiter,4 have
made it possible to predict some features of the observed phenom-
ena. Unfortunately, this is limited to situations where the cavity
width W spans the � ow, i.e., the cavity is oriented at 0-deg yaw.
Although limited information is available for yaw angles other than
0 deg (Refs. 14–21), these studies, except for that of Bari and
Chambers,17 examined only a single second yaw angle, either 15 or
45 deg, examined supersonic� ow, or reported time mean pressures.
Bari and Chambers examinedyaw angles from 0 to 30 deg, but their
boundary layer was laminar. Therefore, the goal of the presentwork
is to examine the effect of a range of yaw angles on � ow oscillations
in an open cavity immersed in a turbulent boundary layer.

To accomplish this task an experimental program was under-
taken using a single three-dimensional cavity. The present cavity
was fabricated with a length-to-depth ratio of unity and placed in
a fully turbulent subsonic boundary-layer � ow. This model, when
oriented along the working section span, i.e., 0 deg, represented an
opencavity.A relativelyhigh-aspect-ratiocavityenabledquasi-two-
dimensional results to be obtained at 0 deg. The following sections
providedetailson the cavitymodel and facility,as well as the results
of this experimental program.

Cavity Model
A large rectangular cavity model was constructedusing plywood

andMasonite®. The dimensionsof the cavitywere 105mm in length
L , 917 mm in width W , and 105 mm in depth D; see Fig. 1. This
provided a relatively wide cavity with a planform aspect ratio W=L
of 8.7. Further, this model was con� gured as an integral part of a
turntable that would enable the model to be precisely rotated be-
tween 0 and 90 deg in increments of 5 deg (Fig. 2). The turntable

Fig. 1 Schematic of the
rectangular cavity.

Fig. 2 Working section turntable with cavity model and measurement
lacations.

was then placed within the working section of a large, subsonic
wind tunnel. An adjustable Masonite insert, capable of providing
for different cavity depths, served as the � oor of the model. In the
present study, this insert was positioned at 105 mm below the sur-
face of the cavity, thereby providing an L=D of 1. This insert also
served to hold the cavity � oor pressure transducer. A sketch of the
cavity designating the location of the cavity pressure transducer is
provided in Fig. 1. Figure 2 shows the spatial relationship between
the cavity transducer and the upstream boundary-layer transducer,
together with the spanwise plane, where the approachingboundary
layer was documented.

Experimental Facility
The primary piece of hardware in this research program is the

Universityof Surrey’s low-speed,boundary-layerwind tunnel. This
is an open-circuit wind tunnel with a centrifugal fan positioned up-
stream of the working section. The working section of this tunnel
has dimensions of 1680 mm in height £ 1370 mm in width and
extends 9000 mm in length. Because the turntable and cavity pro-
truded above the original test section � oor, a temporary false � oor
was inserted.A shallowramp of 2.3 deg was insertedat the entrance
to the working section, just downstream from the inlet contraction,
followed by a false � oor. The false � oor served as a ground plane
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for the cavity model and was fabricated from Masonite, 3.2 mm
thick. The Masonite � oor was installed with its smooth side fac-
ing upward into the � ow and extended 7000 mm upstream of the
turntable.The additionof this false� oor reducedthe effectiveheight
of the test section by 111 mm. Similarly, the cavity side walls were
located 227 mm away from the working section side walls, thereby
positioning the cavity major axis perpendicular to the oncoming
boundary layer. This orientation is referred to as the zero yaw case,
i.e., where the effective streamwise length of the cavity is equal to
L of the machined model. The wind tunnel has a maximum speed
of 25 m/s and a unit Reynolds number Re¤ D 1:75£ 104 m¡1.

Data Acquisition Strategy
Prior to the acquisition of unsteady pressure data, detailed hot-

wire documentation of the approaching boundary layer was per-
formed.This was accomplishedbymountinga single5-¹m tungsten
hot-wireprobeassembly on a computer-controlledtraversingmech-
anism and then performing hot-wire traverses at several locations
across the working section of the wind tunnel. As a check for two
dimensionalityof the approaching� ow, � ve spanwise hot-wire tra-
verses were performed at a location 648 mm upstream from the
cavity forward wall. In addition to mean streamwise velocity and
turbulenceintensitymeasurements,a separatedata set was acquired
at a vertical position Z D 5 mm above the boundary-layer surface.
Speci� cally, for the case of 0-deg yaw, a time series 20.64 s long
was acquired at 16 kHz for the purpose of performing subsequent
spectral analysis of the boundary-layer� ow close to the wall.

Unsteady pressures were acquired simultaneously at two lo-
cations, using surface-mounted pressure transducers. As already
stated, one transducer was attached to the cavity � oor. This unit
was positionedon the centerline,approximately0.5L back from the
forward wall of the model and 458 mm away from the model side
walls. A second pressure transducer positioned on the streamwise
centerline of the tunnel, approximately 685 mm from the working
sectionsidewalls,was located578mm upstreamfrom theboundary-
layer separationpoint, i.e., the forward wall of the cavity.Both pres-
sure transducersused in the present study were an omnidirectional,
condenser microphone type. These units have a minimum signal-
to-noise ratio of 40 dB and are approximately 10 mm in diameter.
Their frequency response was � at within 0.5 dB over the frequency
range from 30 Hz to 3 kHz and within 4 dB from approximately
15 Hz to 20 kHz.

Transducer signals were sampled and analyzed using a Hewlett
Packard (HP) 3562A dynamic signal analyzer and were resolved
over the frequencyrange from 10 Hz to 10 kHz. The accuracyof the
amplitude in the frequency-responsemeasurement mode is speci-
� ed as §0:2 dB. The dynamic range of the signal analyzer is 80 dB,
i.e., the difference between the largest and smallest signals that can
be measured simultaneously. Although this unit has a maximum
frequency response of 256 kHz, the present data were sampled at
25.6 kHz over a period of 8 s. Data being examined in the present
study are based on an average of 50 records, with each record con-
sisting of 2048 samples.

The output of the signal analyzer was provided in the form of an
energy spectrum E. f /. In lieu of separately examining the E. f / of
either the cavity transducer or the upstream boundary-layer trans-
ducer, it was decided to directly process the unsteady pressure
signals within the signal analyzer. Therefore, the effect of Ã on
the unsteady pressure within the cavity is presented as a ratio of
the E. f / determined from the cavity transducer signal normalized
by E . f / of the signal simultaneously supplied by the upstream
boundary-layer transducer.

As an analyzer performance check, additional measurements
were simultaneouslyacquiredby both the HP analyzerand an exter-
nalcomputer-controlleddataacquisitionsystem.Thesedataacquisi-
tion signals were processedvia a commercial fast Fourier transform
(FFT) algorithm and compared to the analyzer output. Excellent
agreementwas notedover the rangeof valuescoveredby the present
study, thereby allowing the analyzer to be used with con� dence.

Test Conditions
The wind-tunnel freestream velocity was continually monitored

and maintained at 12:16 § 0:01 m/s for the duration of the exper-

iments. Freestream turbulent intensity measurements indicated a
nominal level of 0.28%. Surveysof the wind-tunnelworking section
indicated that the mean velocity in the test section was uniform to
within 2%. Likewise, the streamwise component of turbulent inten-
sity was also determined to be uniform to within 5%. Although the
wind tunnelis con� guredas an open-loopfacilitythat exhaustsintoa
very large laboratory,the temperaturein the workingsectioncan rise
several degrees centigradeover the course of an 8-h test. Therefore,
the static temperature in the working section was monitored with a
type T thermocouple and was used to correct the freestream veloc-
ity. The uncertaintiesin the static temperatureand the hot-wire mea-
surementswere estimated to be §0:1±C and 1.5%, respectively.The
positionalaccuracyof the hot-wireprobe traverseswas §0:004 mm.

Results
Typicalmeanvelocityand turbulentintensityboundary-layerpro-

� les, acquiredabove the Masonite � oor on the tunnel centerline,are
presented in Figs. 3a and 3b, respectively.To enable an accurate as-
sessment of the dimensionality of the approachingboundary layer,
� ve boundary-layer traverses were acquired across the span of the
working section. Each traverse was acquired at a streamwise loca-
tion 700 mm upstream from the forward face of the cavity, at 0-deg
yaw. Speci� cally, spanwise traverses were obtained at the center-
line (Y D 0) and at §200 and §400 mm from the centerline. Each
boundary-layer pro� le consisted of hot-wire measurements at 40
spatial locations. The initial position of the hot-wire probe in each
traverse was 2 mm above the Masonite � oor. To ensure adequate
spatial resolution in the Z direction, data were acquired at incre-
ments of 2 mm in the range between 2 and 20 mm, at increments of
5 mm when the probe was located between 20 and 100 mm, and at
incrementsof 10 mm for probe positionsbetween 100 and 240 mm.

Fig. 3a Upstream boundary-layer mean velocity pro� le.

Fig. 3b Upstream boundary-layer turbulent intensity pro� le.
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Fig. 4a Energy spectrum of the upstream boundary layer.

Fig. 4b Dissipation spectrum of the upstream boundary layer.

Fig. 5 Normalized boundary-layer energy spectrum with cavity
isolated.

Further, documentation of the boundary layer is presented in the
spectral data plotted in Figs. 4a and 4b. Figure 4a displays the en-
ergy spectrum taken at Z D 5 mm above the � oor, on the tunnel
centerline. Replotting the spectral data, Fig. 4b represents the dis-
sipation spectrum for the same location.

Documentationof the tunnel� owoscillationsin theabsenceof the
cavity was achieved by normalizing the boundary-layer transducer
signal with that of the cavity transducer in the absence of the

Fig. 6a Typical boundary-layer energy spectrum.

Fig. 6b Typical cavity energy spectrum.

Fig. 6c Typical normalized cavity energy spectrum.
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Table 1 Frequency and magnitudes squared of the � rst three modes

First mode Second mode Third modeYaw
angle, Frequency, Magnitude Frequency, Magnitude Frequency, Magnitude
deg Hz squared Hz squared Hz squared

0 16 18 25 14 NA NA
5 16 7 27 6 562 5
10 16 9 26 9 546 6
15 15 10 28 10 546 6
20 14 6 27 5 546 5
25 546 3 43 3 4098 2
30 546 7 16 6 NA NA
35 546 3 NA NA NA NA
40 24 4 NA NA NA NA
45 15 38 28 32 NA NA
50 16 105 27 18 NA NA
55 17 248 NA NA NA NA
60 20 787 16 244 145 158
65 1540 20 NA NA NA NA
70 1372 16 106 14 145 13

Fig. 7 Frequencies of the � rst three dominant modes as a function of
yaw.

Fig. 8 Magnitudeof the normalized pressure � uctuationsas a function
of yaw.

aerodynamic in� uences. Speci� cally, the cavity transducerwas en-
ergizedbut isolatedfrom the freestream,therebyallowing the cavity
transducerto senseonly the backgroundnoise and tunnelvibrations.
This was accomplished by sealing the cavity opening and isolating
the microphone transducer from the freestream.Figure 5 represents
a typicalnormalizedboundary-layerenergyspectrumin the absence
of the driven cavity � ow.

A typical cavity and the boundary-layer power spectra with the
cavity installed are presented in Figs. 6a and 6b. To enable a quick

Fig. 9 RSPL as a function of yaw.

assessment of the magnitude and frequency content of the pres-
sure oscillations resulting from the presence of the cavity, without
the in� uence of other tunnel oscillations, the cavity spectra were
normalized by energy spectra obtained simultaneously from the
boundary-layertransducer (Fig. 6c). The � rst three dominant peaks
of each spectra were identi� ed, and their magnitude squared and
frequency are recorded in Table 1. Note that there were several Ã
where the second and/or the third dominant modes were not appar-
ent. In this situation, NA appears in Table 1. To examine the effect
of cavity yaw, the frequencies of the pressure oscillations for the
� rst three modes vs Ã are presented in Fig. 7. In a similar manner,
Fig. 8 displays the magnitudeof the normalizedpressure � uctuation
for the � rst three dominant modes as a function of Ã . The relative
sound pressure level at each angle is presented in Fig. 9.

Discussion
The present experimental study provides an assessment of pres-

sure oscillations resulting from the presence of a rectangle cavity
immersed in a thick, subsonic, turbulent boundary layer when sub-
jected to yaw. In such an undertaking one must be concerned with
possible wind-tunnel interference that may alter the response of the
cavity. Such an interaction can be caused by an acoustic re� ection
from the opposing tunnel wall, i.e., the ceiling of the working sec-
tion. Previous work has indicated that this type of interference is
unimportant when the ratio of the distance between the opposing
surface and the cavity is greater than � ve.22 In the present study this
ratio is 15.0,and therefore,it is unlikelythat the resonantresponseof
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the cavitywould be affectedby the presenceof the wind-tunnelceil-
ing. Also, the upstream boundary layer was carefully documented
and is available as a database for future computational efforts. The
following subsections will elaborate on the various aspects of the
documentation and the resulting effects of cavity orientation.

Boundary-Layer Documentation
The acquired boundary-layer traverses were analyzed and used

to estimate the thickness of the boundary layer ±, the displacement
thickness ±¤, the momentum thickness µ , and the boundary-layer
shape factor H . Based on the centerline traverse, ±; ±¤; µ , and H
were determined to be 210 mm, 18.3 mm, 13.0 mm, and 1.41, re-
spectively. This, in turn, provided for Reµ D 10:5 £ 103 . Using the
Clauser boundary-layer technique, an estimate of the local skin-
friction coef� cient and the friction velocity were determined to be
0.0028 and 0.455 m/s. Replotting the velocity data in wall coordi-
nates (uC and yC ) and � tting the data with the law of the wall, good
agreement was found for an extremely smooth wall.

Comparison of the � ve hot-wire traverses acquired across the
span of the tunnel enabled an assessment of the two dimensionality
of the boundary layer within the test domain. Approximately 90%
of the cavity width, i.e., 800 mm, was covered by these traverses.
The average value of µ was determined to vary by less than 9%
across the span of the cavity examined.

Inspection of the energy spectra acquired within the boundary
layer 5 mm above the smooth � oor documented three distinct
regimes of turbulent motions. In the � rst region, the range of fre-
quencies occupied by the large-scale vortical structures (eddies) is
apparent from the line marked by the ¡1 slope. These motions
make the major contribution to the total kinetic energy of the tur-
bulence and are referred to as the energy-containingeddies. In the
present study, this region extends up to approximately 100 Hz. Be-
yond 200 Hz, vortical structures enter into the inertial subrange, as
indicated by the tangential line with a ¡ 5

3 slope (Fig. 4a). Within
this region, the effects of viscous dissipation are extremely small
compared to the � ux of energy transferred by inertial effects. This
region begins to fall off at approximately 600 Hz. Finally, beyond
this frequency is the dissipation region, where viscous effects dom-
inate. The vorticalmotions that provide the main contributionto the
total dissipation are roughly estimated to be identi� ed by the peak
zone evident in the dissipation spectra (Fig. 4b). From Fig. 4b, the
maximum dissipation occurs at approximately 690 Hz.

Working Section Flow Oscillations
Prior to examining pressure oscillations resulting from the pres-

ence of the cavity, � ow oscillations recorded by the upstream
boundary-layertransducerin the absenceof the cavity are presented
in Fig. 5. It is expected that any unsteadiness present in the wind-
tunnel working section, including any fan instabilities, would be
recorded by this sensor. Inspection of Fig. 5 clearly shows several
dominant peaks. The � rst and most dominant peak is located at
258.5 Hz, with a second peak located at 365.2 Hz. A third peak at
42.2 Hz is also apparent in Fig. 5. To determine the cause of this
peak, frequenciesof acousticmodes m based on the working section
length x¤, width y¤, and height z¤ were determined:

fx¤ D am=2x¤; fy¤ D am=2y¤; fz¤ D am=2z¤

Computation of these frequencies produced values of fx¤ ; fy¤ , and
fz¤ equal to 19.2, 108.1, and 126.3 Hz, respectively. Because the
computed value of the � rst and second modes of fz¤ was within
4% of the measured peaks and second mode of fx ¤ is within 9% of
the measured peak, it is assumed that these peaks were related to
a harmonic of the fundamental acoustic modes based on the height
and length of the wind-tunnel working section.

Frequency of the Cavity Oscillations
Three dominant modes were identi� ed at each of the 15 Ã ac-

quired from 0 to 70 deg. Note that the dominantmode, i.e., the mode
representing the largest amplitude, is not necessarily the � rst peak
in the measured FFTs. Typical boundary-layer and cavity spectra
at 0 deg are presented in Figs. 6a and 6b, respectively. Inspection
of these � gures clearly indicates that the largest peak is located at

approximately 11 Hz, with nearly equal magnitude in both spectra.
Other peaks of interest within the cavity are located at approxi-
mately 18, 24, 90, 600, and 1800 Hz. Although minor in nature,
the 18- and 24-Hz peaks were also observed when the cavity was
covered. However, the nominal 600- and 1800-Hz peaks can be re-
lated to cavity acoustic modes. Normalizing the cavity signal by
the upstream boundary layer (Fig. 6c), the effects in the cavity are
highlighted and the dominant modes at 16 and 24 Hz appear. Al-
though the latter is related to the fx¤ , it is believed that 16 Hz is the
frequency of vortex shedding from the cavity forward wall.

A subsonic turbulent boundary layer undergoing separation can
be related to Srµ D 0:023. If the value of µ determined from the
hot-wire traverses 648 mm upstream from the separation point is
corrected to account for the additional growth between that mea-
surement location and the point where the boundary layer actually
separatedfrom the cavity forwardwall, then the sheddingfrequency
of the vortices, fv , can be estimated.This correctionprovidesa value
of µ at the cavity separationedge of 13.7 mm. Using the momentum
thickness Strouhal number relation, the frequency was then calcu-
lated to be 20.4 Hz. Because the dominant frequencyrecorded in the
cavity at 0-deg yaw was 16 Hz, a differenceof 21%, a � uid dynamic
mechanism related to vortex shedding is suggested. Rockwell and
Naudascher2 note that, when the streamwisecavity length L is much
smaller than the acoustic wavelength, the � ow oscillations depend
on the characteristicsof the shear layer and not the acoustic modes
of the cavity.Fundamentalacousticmodes of the cavity, fD; fL , and
fW , were estimated to be 1647Hz for fD and fL and 189 Hz for fW .
This indicates that the acoustic wavelength is approximately twice
L , and based on Ref. 2, domination of shear layer characteristicsis
expected.

A semiempiricalapproach used to estimate the frequencyof cav-
ity pressure oscillationsat 0-deg yaw was presented by Rossiter4 in
1964.Rossiter’s correlation[Ref. 4, Eq. (3)] related the frequencyof
the dominant modes within the cavity produced by vortex shedding
to a modi� ed Strouhal number:

fe;m D
U1

L

m ¡ °

.1=K C M/
; m D 1; 2; 3; : : :

where ° D 0:25 and K D 0:66 are constants. Rossiter’s Eq. (3)
provides the following frequencies for the � rst three modes:
fe;m D 1 D 56:03; fe;m D 2 D 130:73, and fe;m D 3 D 205:43 Hz. How-
ever, the dominant cavity frequency recorded in the present study
at 0-deg yaw did not match those calculated using this relation-
ship. This is not totally unexpected, inasmuch as Tam and Block7

showed that Rossiter’s4 model does not work well with other stud-
ies, especially when the data are outside the Mach number range
covered by his work. In fact, calculationsperformed by Tam23 for a
two-dimensional rectangular cavity under no-� ow conditions indi-
cated that a strong acoustic mode based on cavity depth D should
exist. Under the present test conditions, the acoustic frequency of
this mode is estimated to be 506 Hz. This value is within 8% of
the measured cavity acoustic mode, whose magnitude was signi� -
cant, but only 35% of the � rst mode. Tam and Block7 also showed
that, as the Mach number decreased below 0.15, cavity tones ap-
peared to be generated by another mechanism, one supported by
Tam’s normal mode resonanceconcept and, therefore, transitioning
from vortex shedding to an acousticmechanism.Because a working
section longitudinalacousticmode alreadyexistedat 18 Hz, it is sur-
mised that this mode interactedwith the boundary layer to produce
strong vortex shedding at 16 Hz. Although this may be considered
as a � uid-resonant mechanism, based on previous classi� cations,2

it must be emphasized that the acoustic excitation was not supplied
by the cavity but by the � ow facility.

An inspection of Fig. 7 indicates that the frequency of the dom-
inant oscillation remained constant at nominally 16 Hz up to Ã D
20 deg. A similar � nding was found by Tracey and Plentovich.16 In
their study they observed no signi� cant difference in the frequency
of the pressure signal at 0 and 15 deg. At Ã D 25 deg, the frequency
of the dominant oscillation jumped to 546 Hz and was observed to
remain constantuntil 35 deg. This jump in frequencycoincideswith
a higher-order harmonic of the fundamental cavity acoustic mode
based on width, fW , thereby indicating a mode switch from � uid
dynamic to acoustic.
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Beyond this angle, the � rst mode changed between 15 and 24
Hz, indicative of either a � uid dynamic mode or a wind-tunnel
longitudinal acoustic mode. This increase in frequency from 15 Hz
at Ã D 45 deg to 20 Hz at Ã D 60 deg may at � rst be questioned,but
as the model was rotated it became aligned with a thinner bound-
ary layer. Speci� cally, if one considers the spanwise nonuniformity
reported in the boundary-layerdocumentationsection coupled with
model rotation into the region of reduced µ , an increase in the fre-
quencyof vortexsheddingis expected.This providesfurther support
for cavity oscillations based on a � uid dynamic mechanism of vor-
tex shedding.However, at 65 deg the frequencyof the measured� rst
mode increased to a maximum of 1540 Hz, which was within 2%
of the fundamental cavity acoustic modes based on either fD or fL .

In general, a relatively constant second mode at 24 § 4 Hz was
observed,approximatelyrepresentingthewind tunnel’s longitudinal
acousticmode.Exceptat Ã of 30and60deg, where the secondmode
was related to vortex shedding, the � rst mode appears to be either
cavity or working section acoustics. In addition, a third mode was
observed to reside at the 550 Hz between 5 and 20 deg. Although
not apparent at all Ã , this mode appears to be related to the third
cavity acoustic mode based on W . However, at 25-deg yaw this
mode may have transitioned to a third-order acoustic mode based
on either cavity L or D.

Magnitude of the Pressure Oscillations
Plotting the normalized magnitude of the cavity pressure oscil-

lations for all Ã (Fig. 8), the following observations were made.
First, the magnitudes of the normalized cavity pressure oscillations
represented by the � rst three dominant modes for all Ã less than
45 deg and greater than 65 deg were found to be between 2.6 and
6.1 times those recorded by the boundary-layertransducer. In addi-
tion, the magnitudes of these three modes were essentially equal to
one another for Ã less than 30 deg and Ã equal to 70 deg. Second, at
Ã between 45 and 65 deg the normalizedmagnitudesof the pressure
oscillations grew an order of magnitude.

At Ã D 60 deg a state of resonance was observed, where the
normalizedmagnitudeof the cavity oscillationsgrew to the greatest
levels. The most dominant oscillation, i.e., the � rst mode, reached
a level approximately 28 times larger than that recorded by the
upstreamtransducer.Similarly, peaks in the second and third modes
grew to levels 15 and 12 times larger than those recorded by the
boundary-layer transducer.

Relative Sound Pressure Levels
Typically, time histories of the surface pressures are used to cal-

culate sound pressure levels (SPL) within the cavity using the fol-
lowing equation:

SPL D 10 log10

. NJp2/cavity

20 £ 10¡6
.1/

where 20 £ 10¡6 Pa is a standard reference value used in acoustics
and

NJp2 D 1
F

f2

f1

.p ¡ Np/2 d f .2/

However, to determine the effect of yaw on changes in the cavity
environment related to the upstream conditions, i.e., the boundary
layer, a relative SPL (RSPL) was calculated as follows:

RSPL D 10 log10

. Jp2/cav

. Jp2/bl
.3/

Therefore, the values calculated using Eq. (3) provide direct infor-
mation on the relative change in SPL resulting from the addition of
the cavity, as well as any SPL change due to Ã . Using a sound-level
meter, a baseline sound level (decibels) in the absence of the cav-
ity was recorded. Under the present test conditions, this value was
determined to be approximately 75.5 dB.

Calculationof the RSPL enabledone to determinewhether a par-
ticular mode was ampli� ed at the expense of another or whether the
total energy containedwithin the cavity as representedby the RSPL

increased (Fig. 9). Although a particular mode may have been en-
hanced,inspectionofFig. 9 clearlyshows that theRSPL dropsbyap-
proximately3 dB up to Ã D 40 deg. Beyond this angle, the RSPL in-
creases, peakingat 39.3 dB, indicatingmore than an 11-dB increase
over the Ã D 0 deg orientation. This can be equated to an energy
increase of approximately 12.6 times. As one continues to inspect
Fig. 9 for anglesgreater than 60 deg, a dramaticdecrease in RSPL is
noted. All in all, the 60-deg model orientationappears to excite cav-
ity unsteadiness into a state of resonance. As is apparent in Fig. 8,
this addition of energy produces pressure oscillationsmore than 28
times that present in the upstream boundary layer. Nevertheless,
the mechanism responsible for this resonance appears to be quite
complex, having de� nite acoustic components, some of which have
been coupled to the shedding of the vortices within the shear layer.

Although previous researchershave felt that the shear layer span-
ning the cavity provided the energy responsible for cavity oscilla-
tions, the sourceof this energy is disputed.Plumbee el al.5 suggested
the energywas a resultof broadbandturbulence.Tam and Block7 be-
lieved the shear layer instabilitieswere the source. An inspectionof
Fig. 4b, the boundary-layerdissipationspectra, shows the region of
maximum dissipationto occurbetween 650 and 850 Hz. Within this
region, energy is directly dissipated by viscous forces. It is highly
unlikelythat suf� cient quantitiesof energyare availableto excite the
cavity in the 10–20 Hz range. Therefore, the present study offers no
support for the Plumbee et al.5 model. The Tam and Block7 hypoth-
esis of shear layer instabilityas the mechanismfor energy transfer to
the cavity appears to be more probable, in view of the availabilityof
boundary-layerenergy in the low-frequency range (Fig. 4a). Large
vorticalmotions that occupy the low-frequencyrange of the spectra
(less than 100 Hz) contain energy levels two orders of magnitude
higher than vortices in the dissipation region. Therefore, it is more
likely that some of this energy would be available for coupling to
cavityoscillations.However,becauseof the inherentacousticmodes
present in the � ow facility, it is believed that the facility is the source
of excitation that is responsible for an added degree of organization
in the large-scalemotions,within the shear layer, therebyproducing
an ef� cient couplingbetween the shear layer instabilitiesand cavity
oscillations.

In trying to understand the signi� cance of a critical Ã , the results
reported in previous studies are also reviewed. In a previous low-
speed experiment by Savory et al.18 using cavities with a planform
ratio of 2 and varying depths, it was shown that the largest time
mean drag force was experienced by the cavity at approximately
Ã D 60 deg.SPL reportedbyDisimileandOrkwis20 ;21 at supersonic
speeds indicate that a local SPL maximum, approximately 3 dB
above the background level, occurred at approximately 57.5-deg
yaw. Finally, early subsonic studies of triangular cavities by Torda
and Patel24 found cavities with an equivalent Ã D 60 deg, i.e., cav-
ities with a 60-deg apex angle, between the oncoming � ow and the
leading edge, were observed to undergo a state of resonance.How-
ever, when the apex angle of the cavity was changed to 30 deg,
i.e., an equivalent Ã D 75 deg, resonance would not occur. Results
of the present study, supported by previous research, suggest that
in addition to the present listing of critical parameters, the orien-
tation of the leading edge must be included when considering the
cavity resonance. In addition, the researchappears to suggest a crit-
ical orientation for the leading edge of a cavity. This critical angle,
approximately 60 deg, seems to be insensitive to speed and com-
pressibility effects.

Conclusion
This study examined the effect of model orientation on the un-

steady pressure within the cavity. Using a rectangular cavity with
an L=D of unity and a planform aspect ratio of 8.7, the magnitude
and frequency of cavity pressure oscillations were recorded. These
results show that the cavity undergoes mode switching from a � uid
dynamic state to a � uid acoustic state depending on the ef� ciency
of the coupling between the working section acoustic modes and
the cavity acoustic modes. A state of � uid acoustic resonance was
observed to occur at Ã D 60 deg, which may in part be related to
the orientation of the cavity leading edge, i.e., the cavity forward
wall. Under these conditions, energy within the cavity was found
to increase an order of magnitude, producing pressure oscillations
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28 times higher than that recorded by the upstream boundary-layer
transducer.
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