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A supersonic flow over a rectangular cavity is known to oscillate at certain predominant frequencies. The present study focuses on
the effect of the cavity length-to-depth (𝐿/𝐷) ratio on the frequency for a free-streamMach number of 1.7.The pressure oscillations
are measured by changing the 𝐿/𝐷 ratio from 0.5 to 3.0, and the power spectral density is calculated from the temporal pressure
signals for each 𝐿/𝐷 ratio. The results demonstrate that the spectral peaks for an 𝐿/𝐷 ratio of less than ∼1 and greater than ∼2 are
accounted for by the feedbackmechanisms of the transverse and longitudinal oscillations, respectively.The results also demonstrate
that the spectral peaks in the transition (1 <∼ 𝐿/𝐷 <∼ 2) are accounted for by either of the two feedback mechanisms of transverse
and longitudinal oscillations; that is, the flows under the transition regime oscillate both transversely and longitudinally.

1. Introduction

A supersonic flow over a rectangular cavity is known to
oscillate at certain predominant frequencies. Cavity-induced
pressure oscillations cause structural fatigue and sound noise.
On the other hand, such oscillations are advantageous in the
enhancement of supersonicmixing [1, 2]; that is, the injectant
is subjected to disturbances such as pressure waves or a
pulsating flow generated by a cavity-induced flow oscillation.
A linear stability analysis provides the principle in which
the growth rate of a supersonic shear-layer depends on the
frequency of the disturbance imposed on the shear layer [3].
Hence, it is important for an enhancement of the supersonic
mixing to estimate the frequency of a cavity-induced flow
oscillation.

According to Rockwell and Naudascher [4], cavities can
be classified into two types with respect to the oscillation
direction (direction of pressure-wave propagation) inside the
cavity. In general, a cavity is called a “shallow cavity” when
the flow oscillates predominantly in a longitudinal direction
and a “deep cavity” when the flow oscillates predominantly in

a transverse direction. According to Rockwell and Nau-
dascher [4], the transition between transverse and longitu-
dinal oscillations occurs at 𝐿/𝐷 ∼ 1.

The feedback mechanism of longitudinal oscillation can
be expressed as Rossiter’s model [5] or modified Rossiter’s
model [6]. Using such models, the predominant oscillation
frequencies can be estimated rather accurately for shallow
cavities, but the estimation fails for deeper cavities because
the effect of the cavity depth is not included in these models.
Based on a flow visualization, Handa et al. [7] recently
developed a model accounting for the feedback mechanism
of a transverse oscillation [8]. Their model estimates the
dominant frequencies well for deep cavities whose length-
to-depth ratios are lower than 1.0. Before the development
of their model, it had been believed for a long time that
the empirical formula of East [9] could be used to estimate
the predominant oscillation frequencies for supersonic deep-
cavity flows. However, to the best of our knowledge, East’s
formula cannot reproduce any experimental results for super-
sonic deep-cavity flows.
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Figure 1: Test duct.

When the 𝐿/𝐷 ratio is increased from a deep to shallow
cavity, a transition from a transverse oscillation into a
longitudinal oscillation should occur. However, it remains
unclear how a flow oscillates under the transition regime
because the oscillation frequencies have yet to be discussed
in detail under the transition regime; this is due to the fact
that, until the formula proposed byHanda et al., therewere no
formulae developed for estimating the oscillation frequencies
for transverse oscillations. In the present study, the pressure
oscillations are measured by changing the 𝐿/𝐷 ratio between
0.50 and 3.0. Peaks appearing in the pressure oscillation
spectra are assigned to the oscillation modes accounted for
by either of the two feedback mechanisms of transverse
and longitudinal oscillations; further, how the oscillation
frequencies change with the 𝐿/𝐷 ratio is discussed herein.

2. Experiments

Figure 1 shows the detailed structure of the test duct.Nitrogen
gas flows into the test duct through a nozzle at a Mach
number of 1.68. Detailed descriptions of the flow issuing
from the nozzle are provided elsewhere [7, 8]; on the basis
of the boundary layer thickness, the flow issuing from the
nozzle results in a boundary layer thickness of 0.73mm and a
Reynolds number of 1.03× 104.The test duct has a rectangular
cross section with a height and width of 10.5 and 28.0mm,
respectively.With awidth of 28.0mm, the cavity spans the full
width of the duct.The cavity length 𝐿 is 14.0mm, whereas the
depth𝐷 is adjustable. In the present experiments,𝐷 is varied
from 4.7 to 28.0mm, which implies that the 𝐿/𝐷 ratio varies
from 0.50 to 3.0.

The temporal variations in the pressure are measured
using semiconductor-type pressure transducers (Kulite,

XCQ-062). One transducer is mounted on the bottom wall
of the cavity, 7.0mm downstream from the front wall of
the cavity (location 𝑎 in Figure 1). The other transducer is
mounted on the lower duct wall, 6.0mm downstream of
the trailing edge (location 𝑏 in Figure 1). Both transducers
are placed in the central spanwise plane of the duct. The
temporal pressure signals are recorded using a digital
oscilloscope (IWATSU DS-9121) at a sampling rate of 500 k
samples per second for a total of 65536 samples. The power
spectral density is calculated from the temporal variation of
the pressure signal. Ten experimental runs were conducted
under the same flow conditions. A dominant peak appears
in a power spectrum for each 𝐿/𝐷 ratio. The dominant
peak frequency at location 𝑎 is identical to that at location
𝑏 for almost all 𝐿/𝐷 ratios, although several minor peaks
appearing in the spectra at location 𝑏 do not appear in the
spectra at location 𝑎. Hence, in this study, we show the
pressure oscillation spectra at only location 𝑏. Several studies
[2, 10] demonstrated that the injection just downstream of
the cavity was effective in the enhancement of supersonic
mixing. Information about the pressure oscillation at location
𝑏 might give significance to the mixing enhancement. We
confirmed that the frequencies of the dominant spectral
peaks in ten runs agreed within ±200Hz (within ±0.006 in
Strouhal number). During the experiments, the pressure in
the stagnation chamber was maintained at 101 kPa, and the
chamber was kept at atmospheric temperature (which was
monitored during each experimental run).

3. Feedback Mechanisms

In each spectrum of the pressure oscillation measured in this
study, several peaks were observed. Almost all of the peaks
originated from feedback mechanisms for the transverse [7]
and longitudinal oscillations [5, 6], although a few peaks
originated from an acoustic resonance. In the following
paragraphs, the feedback mechanisms for both oscillations
are briefly reviewed.

Rossiter [5] visualized a cavity flow using a shadowgraph
technique and found that a shear layer is generated at the
leading edge of the cavity and that a discrete vortical structure
is convected downstreamwithin the shear layer. Based on this
visualization, Rossiter developed an oscillation model for a
flow. According to this model, a pressure wave is produced
when a vortical structure impinges on the trailing edge of
the cavity, and this wave then propagates upstream inside the
cavity. When the pressure wave reaches the leading edge of
the cavity, another vortical structure is created, which is then
convected downstream to the trailing edge of the cavity. A
feedback loop is thus completed, and the pressure oscillation
is sustained. For such a feedbackmechanism,Rossiter derived
the following formula:

St =
𝑓𝐿

𝑈
∞

=
𝑛 − 𝑟

𝑀
∞
+ 1/𝑘
, (1)

where St is the Strouhal number, 𝑓 is the oscillation fre-
quency,𝑈

∞
is the free-stream velocity,𝑀

∞
is the free-stream

Machnumber, 𝑛 is the oscillationmode number, 𝑟 is the phase
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delay constant, and 𝑘 is the ratio of the convection velocity
of a vortical structure 𝑈

𝑐
to 𝑈
∞
. In the feedback mechanism

expressed by Rossiter’s model, the pressure wave propagates
longitudinally. Hence, the oscillation expressed by Rossiter’s
model is called “longitudinal oscillation.”

Equation (1) is formulated based on the assumption that
the speed of sound inside a cavity is equal to that within a
free stream. However, this assumption leads to errors at high
Mach-number flows, and to overcome such difficulty, Heller
et al. [6] assume that the speed of sound inside a cavity 𝑎cavity
is equal to that in a stagnating free stream:

𝑎cavity = 𝑎∞ (1 +
𝛾 − 1

2
𝑀
2

∞
)

1/2

, (2)

where 𝑎
∞

is the speed of sound in a free stream and 𝛾 is the
specific heat ratio. Equation (1) can then be rewritten as

St =
𝑓𝐿

𝑈
∞

=
𝑛 − 𝑟

𝑀
∞
{1 + [(𝛾 − 1) /2]𝑀2

∞
}
−1/2

+ 1/𝑘

. (3)

Note that this equation does not include the wave reflection
at the bottom wall of the cavity. The constants 𝑘 and 𝑟
were empirically determined by Rossiter to be 0.57 and 0.25,
respectively [5].

A longitudinal oscillation in supersonic shallow-cavity
flows is expressed by the modified Rossiter formula in (3).
Using this formula, the predominant frequencies can be
estimated rather accurately for shallow cavities, whereas the
estimation fails for deeper cavities because the effect of the
cavity depth is not included. Handa et al. [7] recently pro-
posed an oscillation model for estimating the predominant
frequencies of the pressure oscillation in a supersonic deep-
cavity flow:

St =
𝑛 − 𝑟 − Δ𝜙/2𝜋

(𝑀
∞
/𝛼
𝐼
) {1 + [(𝛾 − 1) /2]𝑀2

∞
}
−1/2

+ 1/𝑘

, (4)

where Δ𝜙 is expressed in detail in [7]. The pressure-wave
propagation inside a deep cavity was visualized in a time
sequence of the schlieren images captured byHanda et al. [8].
According to their visualization results, two pressure waves
play an important role in the feedback mechanism: one wave
is generated at the trailing edge of the cavity owing to the
motion of the shear layer, and the other wave is generated
as a result of the third reflection of the former wave at the
bottom of the cavity; Δ𝜙 in (4) can be calculated by modeling
these two waves. From the schlieren images, it was found
that the latter wave propagates transversely, and thus the
flow oscillation accounted for by (4) is considered to be a
“transverse oscillation.”

The constants 𝑘, 𝑟, and 𝛼
𝐼
in (4) are given as 0.76,

0.26, and 0.75, respectively. Handa et al. [7] discussed the
universality of these constants by comparing the calculation
results with the experimental results for deep cavities (𝐿/𝐷 ≤
1)measured by the other researchers, and they concluded that
the constants are useful for Mach numbers ranging between
1.5 and 2.5, for the width to depth ratio of the cavity 𝑊/𝐷
ranging between 0.36 and 2.1, and for Reynolds numbers
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Figure 2: Power spectral density of pressure oscillation for 𝐿/𝐷 =
0.70 [7].

(based on the boundary layer thickness) Re
𝑏
ranging between

9.86 × 103 and 2.16 × 105; that is, the results calculated from
(4) agreed with the experimental results to within 4%.

Acoustic waves propagating in the spanwise direction
may potentially affect the feedback mechanism. However,
the agreement between calculated and experimental results
for values of 𝑊/𝐷 ranging widely between 0.36 and 2.1
implies that the feedback mechanism may not be influenced
by acoustic waves propagating in the spanwise direction.
Incoming boundary-layer thickness may be also a dominant
factor potentially. The agreement between calculated and
experimental results for values of Re

𝑏
rangingwidely between

9.86 × 103 and 2.16 × 105 implies that incoming boundary-
layer thickness may not be a dominant factor for the feedback
mechanism.

4. Results and Discussion

Figure 2 shows the power spectrumof the pressure oscillation
measured for 𝐿/𝐷 = 0.70. This spectrum is the same as
that shown in [7]. The horizontal axis indicates the value of
St calculated based on 𝐿 and 𝑈

∞
. According to Rockwell

and Naudascher [4], the cavity for 𝐿/𝐷 = 0.70 is classified
as a deep cavity. In Figure 2, a single strong peak and
several weak peaks can be seen.The spectral peaks appearing
near the Strouhal numbers calculated from (3) (longitudinal
oscillation) and (4) (transverse oscillation) are listed in Tables
1(a) and 1(b), respectively. The corresponding peaks marked
in the spectra of Figure 2 are noted by the St labels in the
parentheses, and the dominant peak is denoted in boldface.
We found only one small spectral peak, St

4
within ±0.02 of

the Strouhal number calculated from (3) for 𝑛 = 3, and four
spectral peaks, St

2
, St
3
, St
6
, and St

7
(the dominant peak being

St
3
) within±0.02 of the Strouhal numbers calculated from (4)

for 𝑛 = 2–4. These results imply that the flow for 𝐿/𝐷 = 0.70
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Table 1: Strouhal numbers of pressure oscillations resulting from feedback mechanism for 𝐿/𝐷 = 0.70.

(a) Equation (3) (longitudinal oscillation)

𝑛 = 1 𝑛 = 2 𝑛 = 3 𝑛 = 4 𝑛 = 5

St (Cal.) 0.24 0.57 0.89 1.21 1.53
St (Exp.) — — 0.88 (St

4
) — —

(b) Equation (4) (transverse oscillation)

𝑛 = 1 𝑛 = 2 𝑛 = 2 𝑛 = 3 𝑛 = 3 𝑛 = 4 𝑛 = 4 𝑛 = 5

St (Cal.) 0.24 0.54 0.64 0.83 0.93 1.13 1.23 1.52
St (Exp.) — — 0.64 (St

2
) 0.83 (St3) — 1.15 (St

6
) 1.25 (St

7
) —

oscillates primarily by the feedbackmechanism accounted for
by the model by Handa et al. (4); that is, the flow primarily
oscillates transversely.

A few weak peaks other than those listed in the tables
were detected in the spectrum, no detailed descriptions of
which are given in [7]. One of these peaks, St

1
(=0.33), may

have resulted from the acoustic resonance. If standing waves
appear in the cavity along the longitudinal direction, the
Strouhal number is given by

St =
𝑓𝐿

𝑈
∞

=
𝑚𝑎
𝑢
𝑎
𝑑

𝑈
∞
(𝑎
𝑢
+ 𝑎
𝑑
)
, 𝑚 = 1, 2, . . . , (5)

where 𝑎
𝑢
and 𝑎

𝑑
are the speeds of the upstream and down-

stream propagating waves, respectively. The upstream and
downstream propagating waves were clearly visualized in a
time-sequence of the schlieren flow images for 𝐿/𝐷 = 0.70
[8]. By carefully tracking these waves in the images, we obtain
𝑎
𝑢
= 266m/s and 𝑎

𝑑
= 379m/s. The Strouhal number can

now be calculated from (5) as St = 0.33 for 𝑚 = 1, which
agrees with the Strouhal number of peak St

1
(=0.33). The

other peaks may result from an amplitude modulation [11].
Actually, St

8
and St

9
in Figure 2 are expressed as St

2
+ St
3

and 2St
3
(=St
3
+ St
3
), respectively. Spectral peak St

5
(=0.96)

cannot be assigned to any oscillation modes, although this
peak appears somewhat near the Strouhal number calculated
from (4) as the higher of the two modes at 𝑛 = 3 (St = 0.93).

Figure 3 shows the power spectrum of the pressure
oscillation measured for 𝐿/𝐷 = 2.8. According to Rockwell
and Naudascher [4], the cavity for 𝐿/𝐷 = 2.8 is classified
as a shallow cavity. Similar to Figure 2, a single strong peak
and two weak peaks (although detectable) can be seen.
The spectral peaks appearing within ±0.02 of the Strouhal
numbers calculated from (3) (longitudinal oscillation) are
listed in Table 2. The peaks St

1
and St

2
correspond to the

modes of 𝑛 = 1 and 2, respectively. No peaks appear
near the Strouhal numbers calculated from (4) (transverse
oscillation). These results are the same as those observed
in numerous experimental and computational studies for
supersonic shallow-cavity flows [6, 12–14]; that is, the flow for
𝐿/𝐷 = 2.8 oscillates longitudinally. The peak St

3
in Figure 3

should appear as a result of the amplitude modulation
because St

3
is expressed by 2St

2
.

Figure 4 shows the power spectrum of the pressure oscil-
lationsmeasured for 𝐿/𝐷 = 1.8.The spectral peaks appearing
within ±0.02 of the Strouhal numbers calculated from (3)

Table 2: Strouhal numbers of pressure oscillations resulting from a
feedback mechanism calculated from (3) (longitudinal oscillation)
for 𝐿/𝐷 = 2.8.

𝑛 = 1 𝑛 = 2 𝑛 = 3 𝑛 = 4

St (Cal.) 0.24 0.57 0.89 1.21
St (Exp.) 0.26 (St

1
) 0.58 (St2) — —
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Figure 3: Power spectral density of pressure oscillation for 𝐿/𝐷 =
2.8.

(longitudinal oscillation) and (4) (transverse oscillation) are
listed in Table 3. The spectral peaks in Figure 4 are assigned
not only to a longitudinal oscillation (St

2
, St
4
, St
5
, and

St
7
) but also to a transverse oscillation (St

1
and St

3
). This

finding implies that the flow for 𝐿/𝐷 = 1.8 oscillates not
only longitudinally but also transversely. The weak peak, St

6

(=1.27), might appear as a result of the amplitude modulation
because St

6
is expressed by St

7
− St
1
.

We tried to visualize the pressure waves traveling inside
the cavity of 𝐿/𝐷 = 1.8 using the schlieren technique
with a spark light source whose duration time was ∼30 ns.
However, no pressure waves appeared inside the cavity in
the instantaneous schlieren images although the waves were
clearly visualized for a deep cavity of 𝐿/𝐷 = 0.70 [8].
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Table 3: Strouhal numbers of pressure oscillations resulting from feedback mechanisms for 𝐿/𝐷 = 1.8.

(a) Equation (3) (longitudinal oscillation)

𝑛 = 1 𝑛 = 2 𝑛 = 3 𝑛 = 4 𝑛 = 5

St (Cal.) 0.24 0.57 0.89 1.21 1.53
St (Exp.) — 0.56 (St2) 0.90 (St

4
) 1.22 (St5) 1.55 (St

7
)

(b) Equation (4) (transverse oscillation)

𝑛 = 1 𝑛 = 1 𝑛 = 2 𝑛 = 2 𝑛 = 3 𝑛 = 3 𝑛 = 4 𝑛 = 5

St (Cal.) 0.17 0.28 0.51 0.62 0.84 0.96 1.18 1.52
St (Exp.) — 0.28 (St

1
) — 0.62 (St

3
) — — — —
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Figure 4: Power spectral density of pressure oscillation for 𝐿/𝐷 =
1.8.

Chandra and Chakravarthy [15] also captured instantaneous
schlieren images of Mach 1.5 flows over a rectangular cavity
of 𝐿/𝐷 = 1.5 (which is close to 𝐿/𝐷 = 1.8). Similar to
our visualization results, no pressure waves appeared inside
the cavity in their schlieren images although the waves were
visualized for a deep cavity of 𝐿/𝐷 = 0.57. Li et al. [16]
recently conducted the numerical simulations forMach 2 and
3 flows over a rectangular cavity of 𝐿/𝐷 = 2.0 (which is
close to 𝐿/𝐷 = 1.8). By calculating the divergence of velocity,
they successfully visualized the pressure waves propagating
inside the cavity. Their visualization results demonstrated
that the waves propagated not only longitudinally but also
transversely even when the cavity was not deep (𝐿/𝐷 >∼
1), which strongly supports our findings stated in the last
paragraph; that is, the flow for 𝐿/𝐷 = 1.8 oscillates not only
transversely but also longitudinally.

The Strouhal numbers of the detectable spectral peaks
are plotted against the 𝐿/𝐷 ratio in Figure 5. The Strouhal
numbers calculated from (3), (4), and (5) are also shown
by dashed, solid, and dotted lines in the figure, respectively.
The data corresponding to the spectral peaks resulting from
an amplitude modulation are not plotted in the figure. As

Equation (3) (longitudinal oscillation)
Equation (4) (transverse oscillation)
Equation (5) (acoustic resonance)
Experiments (dominant)
Experiments 
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Figure 5: Plots of Strouhal number St versus 𝐿/𝐷.

mentioned above, the oscillations accounted for by (3) and
(4) correspond to longitudinal and transverse oscillations,
respectively. As shown in Figure 5, the model by Handa
et al. (4) estimates the Strouhal numbers of the spectral
peaks (including the dominant peaks) well for 𝐿/𝐷 <∼
1 although a few peaks obey (3) (longitudinal oscillation)
or (5) (acoustic resonance), whereas the modified Rossiter’s
model (3) performs well for 𝐿/𝐷 >∼ 2. Furthermore, the
Strouhal numbers of the spectral peaks for 1 <∼ 𝐿/𝐷 <∼ 2
are estimated by either (3) or (4). These findings imply that
the transition from a transverse oscillation to a longitudinal
oscillation occurs between 𝐿/𝐷 ∼ 1 and∼ 2 and that the flows
under the transition regime oscillate both transversely and
longitudinally.

The root-mean-square value of pressure fluctuationΔ𝑝rms
is calculated and plotted against the 𝐿/𝐷 ratio as shown in
Figure 6. In the calculation ofΔ𝑝rms, the spectral components
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appearing around the natural frequency of the pressure
transducer are eliminated using the numerical filter (a peak
appears in the pressure oscillation spectra at ∼170 kHz or ∼
190 kHz because a pressure transducer has been replacedwith
a broken transducer). Larchevêque et al. [17] mentioned such
natural frequency components.They, however, demonstrated
that the pressure-oscillation spectrum obtained by the large-
eddy simulation (LES) agreed very well with that measured
by Forestier et al. [18] except the spectral components around
the natural frequency of the pressure transducer. That is why
reasonably correct values of Δ𝑝rms can be estimated by elim-
inating the components around the natural frequency. It is
found fromFigure 6 thatΔ𝑝rms is almost constant for𝐿/𝐷 <∼
2 and Δ𝑝rms increases with increase in 𝐿/𝐷 for 𝐿/𝐷 >∼ 2.
These findings imply that the pressure oscillation begins to
intensify when the transition from transverse to longitudinal
oscillation has terminated. Chandra and Chakravarthy [15]
showed plots similar to Figure 6. In their plots, the pressure
oscillation intensifies not only for shallow cavities (𝐿/𝐷 ∼
2.25) but also for deep cavities (𝐿/𝐷 ∼ 0.75). Although we
have no clear reason for the difference between their and
our results, both results imply that the pressure oscillation
intensifies when the transverse oscillation has disappeared.
It is expected that the transverse oscillation may possibly act
on the flow so that the longitudinal oscillation is suppressed
although the detailed mechanism behind the suppression
remains unclear at present.

The Strouhal numbers based on the cavity depth have also
been calculated and plotted against the 𝐿/𝐷 ratio (the results
are not shown). However, we cannot find out any specific
characteristics; that is, the Strouhal number varies with 𝐿/𝐷.
If the cavity depth was the characteristic length in the cavity-
induced flow oscillations, the Strouhal number attained a
constant value in a certain range of 𝐿/𝐷.

5. Conclusions

The pressure oscillations in gaseous flows over a rectangular
cavity at aMach number of 1.7 weremeasuredwhen changing
the cavity length-to-depth (𝐿/𝐷) ratio from 0.5 to 3.0. The
power spectral density was calculated from the temporal
pressure signal for each 𝐿/𝐷 ratio.

Almost all spectral peaks including dominant peaks for
𝐿/𝐷 <∼ 1 were accounted for by the feedback mechanism of
transverse oscillation that were recently clarified, although a
few weak peaks were accounted for by an acoustic resonance
or the feedback mechanism of longitudinal oscillation. Spec-
tral peaks for 𝐿/𝐷 >∼ 2 were accounted for by a traditional
way of thinking, that is, the feedback mechanism of longitu-
dinal oscillation (Rossiter’s model). It was determined in this
study that the transition between transverse and longitudinal
oscillations occurred between 𝐿/𝐷 ∼ 1 and ∼ 2 and that
the spectral peaks in the transition were accounted for by
either of the two feedback mechanisms of transverse and
longitudinal oscillations. It was therefore concluded that the
flows under the transition regime oscillate both transversely
and longitudinally.
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