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ABSTRACT

The effects of the spanwise extent and incoming
boundary-layer thickness on resonant tones in a Mach 0.6 cav-
ity flow with an incoming turbulent boundary layer were in-
vestigated using implicit large-eddy simulations. Flow over an
open cavity can generate self-sustained oscillations and dis-
crete cavity tones, which are major sources of aerodynamic
noise in practical systems. However, limited knowledge is
available regarding the modal amplitudes and unsteady behav-
ior of these tones. To clarify these issues, the spanwise width-
to-depth ratio, W /D, and the incoming boundary-layer thick-
ness ratio, &y/D, were varied. The results show that the behav-
ior of each Rossiter mode depends on both the spanwise extent
and the boundary-layer thickness, and that their effects differ
from mode to mode. Statistically, the pressure amplitude of the
first Rossiter mode decreases as the spanwise width increases,
which is attributed to the breakdown of spanwise-coherent
vortical structures. In addition, temporal mode switching be-
tween three Rossiter modes was observed for the first time, and
the dominant mode was found to correspond to the number
of instantaneous coherent vortical structures. These findings
demonstrate that the spanwise extent and incoming boundary-
layer thickness jointly govern both the modal amplitudes and
the unsteady behavior of resonant tones in cavity flows.

INTRODUCTION

Open cavity flow is governed by a wide range of param-
eters, including geometric parameters such as L/D and W/D,
where L and W denote the cavity length and spanwise width,
respectively, as well as flow parameters such as the Reynolds
number, Mach number, and boundary-layer properties, and it
remains challenging to clarify how these diverse parameters
affect the cavity tones. For the frequencies of cavity tones,
a predictive formula has been established through Rossiter’s
pioneering study (Rossiter (1964)) and its subsequent com-
pressibility correction (Heller et al. (1971)), as shown in the

following equation.
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In this equation, n denotes the nth Rossiter mode, 7 is the ra-
tio of specific heats, k is the convection-velocity constant (=
0.57) defined by U, = kU, and « is the phase lag (= 0.25).
These cavity tones are encountered in practical applications,
including aircraft landing-gear, and their reduction is desired.

In laminar cavity flows, the effects of the Reynolds num-
ber, Mach number, and L/D have been investigated in con-
siderable detail using bi-global instability analysis (Sun et al.
(2017)). By contrast, for turbulent cavity flows, which are
of greater practical relevance, previous studies have mainly
focused on the cavity length-to-depth (L/D) ratio and Mach
number (M.,) (Lawson & Barakos (2011); Beresh et al.
(2016)), which are central parameters in Rossiter-type discus-
sions, whereas the effects of other parameters have received
comparatively less attention. Although the incoming bound-
ary layer has long been recognized as affecting the amplitude
of cavity tones (Rossiter (1964); Ahuja & Mendoza (1995)),
it remains unclear how this effect depends on the individual
Rossiter modes.

The current understanding of the mechanism underly-
ing cavity tones can be summarized as follows. The in-
teraction between downstream-convecting shear-layer distur-
bances and upstream-propagating acoustic waves establishes
a fluid—acoustic feedback loop that generates large-scale vor-
tical structures (Yokoyama & Kato (2009)) and organizes the
resonant pressure field into spatially ordered, nearly spanwise-
coherent modal structures (Casper et al. (2018)). From the
viewpoint of flow control, it has been shown that, although
suction and blowing at the cavity leading edge have long been
known to suppress cavity tones (Rowley & Williams (2006)),
recent studies have demonstrated that unsteady spanwise-
distributed actuation is also effective (Liu er al. (2021)). This
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Figure 1. Computational schematics and parameters of this study

finding motivates a detailed examination of spanwise effects
in cavity-tone dynamics. Furthermore, three-dimensionality is
also known to arise during the transition between laminar and
turbulent states, as reported by Picella ez al. (2018).

Moreover, a salient feature is mode switching, in which
the dominant Rossiter mode varies in time; Kegerise er al.
(2004) reported its first experimental observation. However,
its underlying mechanism remains unclear, and elucidating the
physical mechanism is important.

This study focuses on cavity tonal noise at a freestream
Mach number of M., = 0.6 and aims to elucidate how the
dominant Rossiter mode and its unsteady behavior depend on
the spanwise extent of the computational domain W. We per-
formed implicit large-eddy simulations (ILES) at momentum
thickness Reynolds number Reg,— oo With 89/D = (0.3,0.5)
for spanwise extents W /D = (2,4).

METHODOLOGY

In this study, we conduct implicit large-eddy simulations
using an in-house code, which has been extensively verified.
The spatial derivative is evaluated by the sixth-order com-
pact scheme (Lele (1992)) with an eighth-order compact low-
pass filter (Lele (1992); Gaitonde & Visbal (1999)) where
the filter coefficient is set to 0.48. The time integration uses
the third-order TVD Runge—Kutta Scheme (Gottlieb & Shu
(1998)). Figure 1 shows the schematic of the cavity flow
simulation. The computational domain is partitioned into
two zones: the driver zone and the test zone. The driver
zone was used to create the turbulent boundary layer using
the rescaling-reintroduction inflow method (Urbin & Knight
(2001)). The turbulent boundary layer was generated such that
the Reynolds number based on the momentum thickness sat-
isfies Reg,=1000. Here, the subscript 0 denotes time-averaged
quantities evaluated in the driver zone at the streamwise station
that, after convection, coincides with the cavity leading edge
dashed line in Figure 1. The free stream Mach number is set
to M., = 0.6. We performed simulations by varying the span-
wise width-to-depth ratio as W /D = 2 and 4, and the incom-
ing boundary-layer thickness-to-depth ratio as &y/D = 0.3 and
0.5. In all cases, the streamwise length of the driver zone was
fixed at Ly = 22.5D (4568)) to preclude low-frequency con-
tamination (Simens et al. (2009); Morgan et al. (2011)). All
other reference lengths were scaled by the cavity depth D. The
test zone included a cavity of size (Ly,Ly,L;) = (6D, D, W).
The domain sizes were (22.5D, 38D, W) for the driver zone
and (128D, 38D, W) for the over-cavity region of the test
zone, where W denotes the spanwise extent. For the case of

Pressure

Figure 2. Iso-surfaces of the Q-criterion at Q/(Uw./8&)? =
1.5, colored by static pressure p, with the background colored
by pressure fluctuations p’, for the case of & /D = 0.3 and
W/D=2.

W /D = 2,8)/D = 0.3, the number of grid points is approxi-
mately 46 million in the driver zone and 72 million in the test
zone. For cases with a larger spanwise extent, the number of
grid points scales as a constant multiple of that in the W /D =2
case.

The grid spacing normalized by viscous length in each di-
rection, Ax™, Ay}, Az" is set to 20, 0.8, 10 in the driver zone
and the test zone. In the streamwise and wall-normal direc-
tions, the grid is stretched, whereas a uniform grid is employed
in the spanwise direction. The streamwise spacing is varied
such that Ax™ ~ 3 at the cavity leading edge and Ax* ~ 0.8
near the trailing edge. Within the cavity, the grid spacings
are bounded by Ax™ < 20 and Ay™ < 20. A sponge region
was added to prevent acoustic reflections at the computational
boundary (Mani (2012)). Periodic boundary conditions were
imposed in the spanwise direction.

RESULTS
Overview of cavity flow

Figure 2 shows iso-surfaces of the second invariant of
the instantaneous velocity-gradient tensor (Q-criterion) rep-
resenting vortical structures for the case of W/D = 2 and
6o/D = 0.3. The vortical structures are colored by static pres-
sure, and the background shows the instantaneous distribu-
tion of pressure fluctuations. As seen in figure 2, the turbu-
lent boundary layer flows into the cavity region, and the shear
layer develops as it convects downstream. The vortical struc-
tures become increasingly three-dimensional toward the trail-
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Figure 3. Span-averaged power spectral density (PSD) of
pressure fluctuations at the cavity trailing edge (x/D =
6,y/D = —0.05). The magenta vertical lines indicate the
Rossiter-mode frequencies predicted by Eq. (1). Green and or-
ange lines denote W /D = 4 and W /D = 2, respectively. Solid
and dashed lines correspond to /D = 0.3 and 0.5, respec-
tively.
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Figure 4. Root-mean-square pressure fluctuation (a) W /D =
2,60/D=050b)W/D=2,80/D=0.3(c)W/D=4,8/D=
0.5(d)W/D=4,8/D=0.3

ing edge. In this instantaneous field, a locally high-pressure
region is also observed near the cavity trailing edge. The back-
ground pressure-fluctuation field further indicates the presence
of two wavelengths of pressure fluctuations across the cavity
in the streamwise direction, which are considered to be asso-
ciated with the large-scale vortical structures. In addition, res-
onant acoustic waves radiated above from the vicinity of the
cavity trailing edge can be identified.

Statistical characteristics

To assess the presence of resonant tones, the PSD of the
span-averaged wall-pressure fluctuation along the spanwise
line on the rear wall at (x,y) = (6D,—0.05D) is shown in
figure 3. Here, the line color denotes the spanwise domain
width, while the line style indicates the incoming boundary-
layer thickness. The PSD was estimated using Welch’s method
applied to the span-averaged signal, with blocks containing
ten periods of the first Rossiter mode, 50% overlap, and av-
eraging over nine segments. The error bars represent the 95%
confidence intervals estimated from the chi-squared distribu-
tion. The magenta vertical lines represent the Rossiter fre-
quencies given by Eq. (1). From the lowest to the highest
frequency, these correspond to the first through fifth Rossiter

(a) 0.000 0.005 0.010 0.015 0.020
2

ﬁ

yID

o

x/D

Figure 5. Band-pass-filtered pressure fluctuations at first
Rossiter mode for &y/D = 0.3: (a) W/D =2, (b) W/D = 4.
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Figure 6. Band-pass-filtered pressure fluctuations at second
Rossiter mode for &y/D = 0.3: (a) W/D =2, (b) W/D = 4.

modes (St; =0.32,0.75, 1.18, 1.62, and 2.05). Figure 3 shows
that, when cases with the same spanwise width (same color)
are compared, the case with the thinner incoming boundary
layer (solid line) exhibits a larger PSD over the entire fre-
quency range. In contrast, when the effect of spanwise width
is examined for a fixed incoming boundary-layer thickness
(same line style), the PSD at the first Rossiter mode decreases
as the spanwise width increases (green), irrespective of the
boundary-layer thickness. Furthermore, when focusing on
the frequency band with the largest peak amplitude, only the
case with W/D = 2 and &)/D = 0.3 is dominated by the first
Rossiter mode, whereas the other cases are dominated by the
second Rossiter mode.

To examine the spatial extent of the acoustic field, fig-
ure 4 shows the span-averaged pl. Since the difference ap-
pears more clearly for /D = 0.3, the following discussion
focuses on this case. Similar to the dominant modes identified
in the PSD, the case in (b) (W /D =2 and &y/D = 0.3) exhibits
a qualitatively different trend from the other cases. In (b), a
dominant pressure-fluctuation region, which is considered to
be associated with the first Rossiter mode, is observed over
x/D = 4-6. In contrast, in the other cases, pressure-fluctuation
regions attributed to the second Rossiter mode are observed.
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To confirm this interpretation, the RMS fields obtained by
applying band-pass filters over Stz = [0.18,0.5] and [0.5,1.0]
are shown in figures 5 and 6, respectively. Figures 5 and
6 show standing-wave-like pressure fluctuation distributions
with one and two wavelengths, respectively. However, as
pointed out by Casper et al. (2018), these distributions may
also be interpreted as the envelope of the net travelling waves,
as discussed in more detail in the next subsection. In terms of
the amplitude, a comparison of the two figures shows a trend
consistent with that observed in figure 3 at the first Rossiter
mode; the magnitude of the pressure fluctuations is larger in
the case of W/D = 2, whereas at the second Rossiter mode,
the case of W /D = 4 exhibits a larger fluctuation level over
most of the spatial domain.

As discussed above, the dominant Rossiter mode was
found to depend on the spanwise extent not only in the spectral
sense but also in its spatial distribution. To examine how each
Rossiter mode is distributed in the spanwise direction, fig-
ure 7 shows instantaneous pressure fields on spanwise planes
at y/D = —0.5, band-pass filtered at the Rossiter-mode fre-
quencies for the cases with &y/D = 0.3. A comparison of
the first Rossiter mode between panels (a) and (c) shows a
clear difference in the spanwise organization of the pressure
structures. In the narrow-span case, W /D = 2 (a), a spanwise-
coherent pressure structure is clearly observed, whereas in the
wider-span case, W/D = 4 (c), this structure becomes dis-
rupted. By contrast, for the second Rossiter mode, both panels
(b) and (d) exhibit pressure structures that remain coherent in
the spanwise direction. These results suggest that, for the first
Rossiter mode, increasing the spanwise extent leads to a break-
down of the spanwise-coherent structure, thereby reducing the
PSD level.

To further quantify this tendency statistically, figure 8
compares the results obtained by reversing the order of span-
wise averaging and PSD estimation. The dash-dotted lines
denote the spectra obtained by first computing the PSD and
then performing spanwise averaging, whereas the solid lines
represent those obtained by first spanwise averaging the pres-
sure signal and then computing the PSD. For most cases, the
Rossiter peaks have nearly the same amplitude irrespective of
the order of these operations, suggesting that the underlying
structures are coherent across the span. In contrast, for the
first Rossiter mode in the W /D = 4 case, the PSD obtained
by first computing the spectrum and then taking the spanwise
average is larger than that obtained in the reverse order. This
indicates that, when the spanwise average is taken first, cancel-
lation occurs because of the spanwise variation of the pressure
field. Therefore, the first Rossiter mode is suggested to lose
its spanwise coherence as the spanwise computational extent
increases, which in turn leads to a reduction in the PSD level.

Unsteady characteristics

To clarify the unsteady behavior of the Rossiter modes,
figure 9 shows the time—frequency maps obtained by wavelet
transforms of the pressure data at a location (6D, —0.05D) up-
stream of the rear wall. Here, the horizontal magenta dashed
lines indicate the Rossiter frequencies predicted by Eq. (1).
First, all cases exhibit intermittent behavior, in which the
modal intensity becomes stronger and weaker over time. It
is also found that, for the narrow-span cases (W /D = 2),
the behavior changes markedly depending on the incoming
boundary-layer thickness. Defining mode switching as a
change in the dominant mode over time, the case with the thin-
ner incoming boundary layer, &y/D = 0.3, is shown to exhibit
switching among three modes, namely the first, second, and
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Figure 7. Instantaneous pressure fields on the spanwise plane
at y/D = —0.5, band-pass filtered at the Rossiter-mode fre-
quencies for the cases with &y/D = 0.3: (a) first Rossiter
mode, W/D = 2; (b) second Rossiter mode, W /D = 2; (c)
first Rossiter mode, W /D = 4; and (d) second Rossiter mode,
W/D = 4.
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Figure 8. Power spectral density (PSD) of pressure fluctua-
tions at the cavity trailing edge (x/D = 6,y/D = —0.05) for
dy/D = 0.3. The magenta vertical lines represent the Rossiter
frequencies predicted by Eq. (1). Green and orange lines
correspond to W/D =4 and W /D = 2, respectively. Solid
lines denote the PSD estimated from the span-averaged signal,
whereas dash-dotted lines denote the span-averaged PSD.
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Figure 9. Time—frequency map obtained by wavelet trans-
form at the cavity trailing edge(x/D = 6,y/D = —0.05)(a)
W /D =2,80/D=0.5(b)W/D=2,060/D=0.3(c) W/D =
4,80/D=0.5(d)W/D=4,86/D=0.3.
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Figure 10. (a) First Rossiter mode dominant, (b) second Rossiter mode dominant, and (c) third Rossiter mode dominant time instants.
Top row: Time—frequency maps obtained by wavelet analysis, while the horizontal magenta dashed lines indicate the Rossiter frequen-
cies predicted by Eq. (1). Middle row: span-averaged instantaneous fields at the times indicated by the vertical solid magenta lines in
the top row, colored by pressure fluctuation, with streamlines computed from the velocity field overlaid. Bottom row: x— diagrams of

the pressure fluctuations at y/D=6.

third Rossiter modes. In contrast, the case with the thicker
incoming boundary layer, &y/D = 0.5, exhibits mode switch-
ing between the first and second modes. On the other hand,
in both wide-span cases (W /D = 4), the second mode remains
dominant throughout the time series, and no mode switching
is observed. These results indicate that mode switching is gov-
erned by the combined effects of the spanwise computational
extent and the incoming boundary-layer thickness, rather than
by either parameter independently.

To further clarify the characteristics of the W /D = 2,
/D = 0.3 case, which exhibits switching among three
Rossiter modes, Figure 10 presents snapshots extracted at in-
stants when each mode is dominant. (a), (b), (c) correspond to
the first, second, and third Rossiter modes, respectively. For
each panel, the top row indicates the corresponding interval
in the time—frequency map obtained by wavelet transform, the
middle row shows the span-averaged instantaneous field with
streamlines computed from the velocity field and colored by
pressure fluctuation, and the bottom row presents the x— di-
agram of the pressure fluctuations at y/D = 6. Focusing on
the streamlines in the middle row, it is found that the num-
ber of vortices identified by the streamlines corresponds to the

Rossiter mode number. In addition, examination of the pres-
sure fluctuations shows that negative pressure fluctuations are
located at the vortex cores. These observations indicate that
the dominant Rossiter mode corresponds closely to the span-
averaged instantaneous vortical structure. This interpretation
is also consistent with the standing-wave-like pressure patterns
observed in the band-pass-filtered fields shown in figures 5
and 6. In these figures, the Rossiter modes appear as one-
, two-, and three-wavelength standing-wave-like structures in
the pressure field. Similarly, in the span-averaged instanta-
neous fields, the number of pressure wavelengths across the
cavity is found to correspond to the dominant Rossiter mode
number. Therefore, it is clarified that the structures shown in
figure 4 represent the dominant Rossiter mode in each case.
However, these instantaneous pressure structures are not fixed
in space, unlike a true standing wave. Instead, the correspond-
ing x—¢ diagrams indicate that they are net travelling waves
propagating downstream, as evidenced by the pressure patterns
extending from the lower left to the upper right, as indicated by
the black arrows in figure 10. This interpretation is consistent
with the argument of Casper et al. (2018), who suggested that,
although time-averaged pressure fields exhibit standing-wave-
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like structures, the instantaneous dynamics are governed by
net travelling waves whose envelope appears standing-wave-
like after temporal averaging. Furthermore, the wavelength of
the pressure fluctuations decreases from the first to the third
Rossiter mode, in accordance with the change in the domi-
nant large-scale vortical structures. At the same time, the x—¢
diagrams reveal both convective pressure disturbances propa-
gating downstream and resonant acoustic waves emitted from
the large-scale vortical structures and propagating upstream.
These results demonstrate that the dominant Rossiter mode is
closely linked not only to the large-scale vortical structures but
also to the wavelength of the resonant acoustic waves gener-
ated by them.

CONCLUDING REMARKS

In this study, implicit large-eddy simulations were per-
formed to investigate the amplitude and unsteady behavior of
tonal noise in cavity flow by varying the spanwise width and
the incoming boundary-layer thickness. The results showed
that, for the first Rossiter mode, the PSD decreases as the
spanwise width increases because the spanwise-coherent pres-
sure structures are disrupted. In contrast, for the second
Rossiter mode, the case with the wider span and thinner in-
coming boundary layer exhibits the most dominant spectral
peak. These results indicate that the combination of spanwise
width and incoming boundary-layer thickness leads to differ-
ent behaviors depending on the Rossiter mode.

To examine the unsteady behavior, a wavelet analysis
was further conducted, and, to the best of our knowledge,
the case with W/D = 2 and &/D = 0.3 is the first in which
switching among three Rossiter modes has been observed. For
/D = 0.5 and W/D = 2, switching between two modes
was observed, whereas no mode switching was observed for
W /D = 4. The result also demonstrates that the unsteady be-
havior depends on the combination of spanwise width and in-
coming boundary-layer thickness. Furthermore, in order to
clarify the mechanism of the three-mode switching, represen-
tative instances at which each mode is dominant were ex-
tracted. The spanwise-averaged pressure and vortical struc-
tures showed that the Rossiter mode number corresponds to
the number of vortices, and that negative pressure fluctuations
are located at the vortex cores. In addition, x— diagrams re-
vealed that these large-scale pressure structures are propagat-
ing waves traveling downstream and are also closely related to
the resonant acoustic waves. These findings demonstrate that
the behavior of Rossiter resonance is governed, both statisti-
cally and unsteadily, by the combined effects of the spanwise
width and the incoming boundary-layer thickness.
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