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by Rowe,17 where the independent variable employed in the ex-
trapolation process is the inverse of the number of panels along the
chord. The M = 1.2 results were obtained using 40 £ 8 and 45 £ 9
grids, and it must be pointed out that both discretizations present
the same panel aspect ratio. Although the overall agreement is very
good between all methods studied, the present calculationsare very
close to those using the integrated-downwashmodel due to Stark.7

One can also see from Table 1 that the agreement among results
remains good for M = 1.05. Because in this case 1.5 < K < 3.1,
more re® ned discretizations along the chord are employed, that is,
45 £ 6 and 60 £ 8. Here the chordwise pressure distribution is very
wavy, at least for kr = 0.3.

Final Remarks
It has been shown that the present formulation gives excellent

agreement both with analytical results (bidimensional region at the
symmetry line) and numerical results (generalizedaerodynamicco-
ef® cients) from other references. In the latter case, the authors con-
sider that the extrapolationprocess to an ª in® niteº grid is necessary
to guarantee converged values of the coef® cients.

Another importantpoint is that the generalizedsupersonicvortex-
lattice method is an extension of the method in the case of subsonic
regime. This is possible due to the use of a constantdensity doublet
distributionover the wing (and wake, if necessary).For the aerody-
namicist this is useful because this singularity is familiar and well
known.
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Nomenclature
D = cavity depth, cm
fD , fL , fW = fundamental acoustic modes based on cavity

depth, length, and width, Hz
fe,m = Rossiter’s edgetone frequency for mode m equal

to 1, 2, 3, . . . , Hz
fv = vortex shedding frequency, Hz
L = cavity dimension along the minor axis, cm
M 1 = freestream Mach number
Reh = Reynolds number based on the boundary layer

momentum thickness
Srh = Strouhal number based on momentum thickness,

fv h / U 1U 1 = freestream velocity, m/s
W = cavity dimension along the major axis, cm
h = momentum thickness of the approachingboundary

layer, mm
w = yaw, the angle between U 1 and 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 instrumentation
can be damaged, and structural failure due to resonance can occur.
Such ¯ ows are of interest in many different areas of engineering.
Landing-gear wells, surface-mounted optical instrumentation, and
bomb bays on aircraft are common examples of cavities in which
reduction of pressure ¯ uctuations, vibration, noise generation, and
sonic fatigue are of prime concern.

Supersonic cavity ¯ ow® elds contain a mixture of unsteady ¯ ow
regimes that may include unstable shear layers that shed vortices
in coherent patterns, unsteady weak shock or pressure waves, and
resident vortices oriented in the transverse direction. This inter-
action is the result of an extremely complicated ¯ ow pattern that
appears to dependon the shape of the cavity, freestreamMach num-
ber, Reynolds number, and the characteristics of the approaching
boundary layer. Many prior investigations1 ¡ 4 have been conducted
to gain insight into the underlyingphysicalbehaviorof cavity ¯ ows.
These studies, including that of Rossiter,5 have made it possible to
predict some features of the observed phenomena. Unfortunately,
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this is limited to situations where the cavity spans the ¯ ow, i.e.,
the cavity is oriented at zero yaw. Although limited information is
available for yaw angles other than 0 deg (Refs. 6±9), studies have
examined cavities at 15 and 45 deg. The goal of the present work is
to examine the effect of yaw on the frequency of oscillations in an
open cavity when placed in a supersonic ¯ ow.

Experimental Tests
To accomplish this task, a cavity model with a length to depth

ratio L/ D of 2 and an aspect ratio W / L of 11.83 was fabricated.
This model representsan opencavitycon® gurationwhen positioned
at 0-deg yaw. Figure 1 is a sketch of the cavity, which designates the
locationsof the high-speedpressure transducersused to monitor the
pressure oscillations.Pressure transducerswere mounted along the
cavity centerlineat the following locations:1) 0.27L upstreamfrom
the separation lip, 2) 0.67L along the cavity ¯ oor, and 3) 0.33L past
the aft lip of the model.

The cavity model was located in the sidewall of a 15.24 £ 16.54
cm test section. Test conditions for the present study were M 1 = 2
and Reh = 7.3 £ 104 . SeveralMach number pro® les acquiredacross
the test section and the approachingwall boundary layer were doc-
umented prior to the acquisition of cavity data. The average M 1within the test section core was estimated at 1.98 § 0.05. The cal-
culated h was nominally 1.92 mm, whereas boundary-layer thick-
ness was estimated to be 12.7 mm, thereby con® rming the assump-
tion that the test section corner boundary layers were suf® ciently
far from the cavity side wall. The worst-case velocity deviation
throughout the turbulentboundary layer was 7%. Data also showed
goodagreementwhen plotted in law of the wall coordinatesbetween
250 < y+ < 25,000 (Ref. 10).

Fig. 1 Schematic of cavity.

Fig. 2 Frequency of the dominant modes as a function of yaw angle Ã.

The sound pressure level (SPL) (in decibels) and frequency con-
tent of the upstream boundary layer were recorded to determine the
effect of the cavity on the upstream ¯ ow® eld. In case 1, the cavity
¯ oor was set such that L/ D = 2, whereas in case 2, the cavity was
eliminated. It was determined that the presence of the cavity pro-
ducedno signi® cant difference in the pressure signals received from
the upstream transducer. Inspection of the fast Fourier transforms
(FFTs) generated from the signals produced by the upstream trans-
ducer indicateda broadspectrumcontaininglow-levelnoisewithout
any dominate peaks. Integrating this signal, an SPL of 146.42 dB
was determined.Likewise, the signalobtainedfrom the cavity trans-
ducer showed a pressure oscillation at approximately 22.75 kHz.
The amplitude of this peak was almost 10 times greater than the
background noise. A comparison of the SPL determined from both
the upstream and cavity transducers showed a 15 dB difference.

Results and Discussion
Variations in the dominant cavity frequency as a function of w

(Fig. 2) have lead to the following observations. First, a dominant
pressure oscillation at 22.75 kHz was visible up to 35 deg. Within
this w range, the dominate mode remains constant to within 500 Hz.
Tracy and Plentovich6 also reported no signi® cant difference in the
frequency content of their pressure signals. Second, at w = 45 deg
there is no certain dominant mode. After several runs, it was noted
that although most tests produced a dominate peak at 7.75 kHz, the
dominant mode switched between 23 and 7.75 kHz. The authors are
not certain of the cause,but it appears that slightmisalignment in the
cavity w may havebeen responsiblefor thisvariation.Similar events
were also noted by Plentovich11 when very small changes in cavity
length to depth ratio caused the cavity ¯ ow to switch modes. Third,
a second and third mode was noted between 0 and 37.5 deg. Last,
beyond w = 45 deg, the frequencyof the dominant mode increased
from 7.75 to 12.5 kHz at 65-deg yaw. No secondary peaks, i.e.,
higher modes, were identi® ed within this range of w .

Using Rossiter’s5 empirical approach, the frequency of the cav-
ity oscillations at 0-deg yaw was evaluated. The resulting correla-
tion related the frequencyof the dominate modes (m = 1, 2, 3, . . . ,)
produced by vortex shedding within the cavity to a modi-
® ed Strouhal number. This resulted in edgetone frequencies of
fe,m = 1 = 9,916 Hz, fe,m = 2 = 23,138Hz, and fe,m = 3 = 36,360 Hz
corresponding to each mode. In addition, the fundamental frequen-
cies of the acoustic modes based on L , W , and D were also deter-
mined and found to be equal to 11.55 kHz, 986 Hz, and 23.24 kHz,
respectively.Comparisonswere also made with the vortex shedding
frequency fv determined from the Srh . The Srh for a separating
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subsonic turbulentboundary layer is typically0.021.This produced
an fv = 5.34 kHz, which is within 53.8% of Rossiter’s predicted
edgetones for the m = 1 mode.

As previously noted, an examination of the present frequency
spectra at 0-degyaw clearly indicated22.75kHz as the fundamental
mode, with secondary peaks between 120 and 350 Hz. Because the
fundamentalmode matches the acousticmode fD within 2%, it may
be suggested that the dominant oscillation was the result of a trans-
verse mode. Therefore, the transverse acoustic mode based on the
cavity depth would appear to be the mechanism producingthe pres-
sure oscillations recorded along the cavity ¯ oor and not the mode
correspondingto vortexshedding.Yet,Rossiter’s5 secondmodealso
agrees with the present measurements to within 1.7%, suggesting a
¯ uid dynamic mechanism. In addition, the second mode is in good
agreement with the computations of Tam et al.,10 who determined
this frequency numerically via an FFT of the pressure history at
the wall centerline. Their computed frequency was approximately
26 kHz. Further,a recentwork by the Ref. 12 authorsprovided ¯ ow-
® eld simulationsthat containeda pressurewave that re¯ ectedoff the
¯ oor of the cavity. This pressure wave may represent the transverse
acoustic mode.

Although a combined ¯ uid resonant ¯ ow may be the logical con-
clusion, it is suggested that the acoustic mode, which produced a
self-sustainingoscillation in spite of small geometric changes, may
be the dominant driving mechanismin the present study, at least un-
til w of 35 deg. This result is similar to the ¯ ow transition reported
by Zhang and Edwards13 in which the ¯ ow switched modes from
a transverse oscillation to a longitudinal oscillation as the cavity
length was increased. In the present study, mode switching between
35 and 45 deg was observedto produceoscillationswith frequencies
of either 23 or 3.5 kHz. Beyond 45 deg, a permanent mode switch
was observed. The resultant dominant frequency was 7.7 kHz at
45 deg, which increased linearly to 12.5 kHz at 65 deg yaw.

Summary
An investigationinto the effect of yaw angle variations in a two-

dimensionalopen cavity placed within a supersonic freestreamwas
performed. The effect of yaw angle changes on the frequency of
the dominant pressure oscillation was noted. Speci® cally, there ap-
peared to be little change in the frequency of the oscillation up to
37.5 deg. Comparison of the measured dominant mode to the fun-
damental acoustic mode based on cavity depth, i.e., the transverse
mode, were found to be in excellent agreement. This suggests that
the dominant mechanism for the present con® guration was acous-
tic in nature and not ¯ uid dynamic. However, a variation in the
secondary mode, probably ¯ uid dynamic in nature, showed an in-
creased importance as the yaw angle was increased.
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Introduction

U NSTEADY separating ¯ ows over oscillating airfoils occur in
many important engineering applications, such as airplanes,

helicopter rotors in forward ¯ ight, and turbine blades. There are
some distinct features of the unsteady separating ¯ ows (dynamic
stall) over a rapidly oscillating airfoil that draw the special atten-
tion of many scientists. These features include large amounts of
force and moment hysteresis and oscillatory pressure ¯ uctuations.
In most situations, these featuresof dynamic stall signi® cantly limit
the performance of the device.

The primary objective of the present study is to identify the most
accurate, robust, and economic turbulence model for dynamic stall
computations. However, testing all of the turbulence models avail-
able is simply impractical.Alternatively,only a few popularand rep-
resentative models are selected after surveying papers and reports
on separated ¯ ows. The Baldwin±Lomax (B±L) model1 is selected
because of its popularity as a zero-equation model. The Spalart±
Allmaras (S±A) model2 is chosen among one-equation models be-
cause of its excellent performance. Finally, the k±² model3 is se-
lected because it is the most popular two-equation model.

Numerical Methods
The governingequationsare the time-averaged,two-dimensional,

compressible thin-layer Navier±Stokes equations.These governing
equations are solved by the TURNS (Transonic Unsteady Rotor
Navier±Stokes) code.4 The inviscid convective ¯ uxes ÃE and ÃG are
differenced by the Roe’s upwind-biased ¯ ux-difference splitting
scheme.5

The time-marching integrationof the governingequationsis done
by using the lower±upper symmetric Gauss±Seidel (LU-SGS) im-
plicit scheme.6 Whereas the LU-SGS scheme is unconditionally
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