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Pressure Oscillations from Cavities with Ramp
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Study on supersonic flow over wall-mounted cavities with different ramp angles is carried out experimentally.
Experiments include instantaneous shadowgraph visualization and unsteady pressure measurements. In the case of
cavities with ramp angles of 90, 75, and 60 degrees, four different types of waves were observed in the supersonic flow
above the cavity. The shear layer appeared predominantly wavy in nature. The wave system observed in the case of
cavities of 90, 75 and 60 degrees is distinctly different from that in cavities of 45, 30, and 15 degrees. In the case of
cavities with higher ramp angles, high-amplitude tones were observed and the presence of an upstream-traveling
acoustic wave could be confirmed. A cavity with a ramp angle of 45 degrees was found to reduce the amplitude of
oscillations. An increase in amplitude of oscillations at various locations inside the cavity has been observed for
cavities with ramp angles of 30 and 15 degrees. This is in contrast to the cavity with a ramp angle of 45 degrees. The
reasons for this ambiguous behavior could not be ascertained. The presence of a forward-moving acoustic wave
could not be identified in the cavities with ramp angles of 45, 30, and 15 degrees. Temporal mode switching occurring
in cavities with higher ramp angles was confirmed by spectrogram studies.

Nomenclature

depth of the cavity

frequency, Hz

ratio of speed of convection of shed vortices to
freestream speed

length of the cavity

length-to-depth ratio of the cavity
freestream Mach number

mode number

root-mean-square pressure

recovery factor

freestream velocity

distance from the leading edge of the cavity
time lag in phase relation

ratio of specific heat

ramp angle with respect to horizontal
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I. Introduction

UPERSONIC flow past rectangular cavities has been studied

comprehensively over the years. The applications of such a
flowfield are in aircraft weapon bays, wheel wells, in-flight fueling
ports, and a host of other situations. It is known from earlier studies
that such flows generate self-sustained oscillations that produce
high-amplitude tones, thereby causing serious concern about the
structure of aerospace vehicles. A good amount of research work,
both experimental and numerical, has been undertaken, mainly to
understand the physics of the flowfield. It is understood that one of
the principal reasons for such a complex flowfield is the presence of a
subsonic recirculation zone inside the cavity. There are several
parameters on which the structure of the flowfield depends: a few
among them are the nature of the approaching boundary layer, Mach
number of the flow, and length/depth ratio L/D of the cavity.
Krishnamurthy [1] was the first to identify the oscillatory behavior of
the cavity flowfield for a wide range of supersonic Mach numbers.
Rossiter [2] proposed an empirical formula and explained the origin
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of self-sustained oscillations for flow ranging from low-subsonic to
transonic Mach numbers. Heller et al. [3] modified the Rosssiter
formula suitably to take supersonic flows into account. Rockwell and
Naudascher [4] described the oscillations as basically of two types:
1) fluid-dynamic and 2) fluid-resonant. It was proposed that purely
fluid-dynamic oscillations occur if the ratio of cavity length to
acoustic wavelength is very small, and purely resonant oscillation
occurs if the corresponding wavelength of the acoustic wave is of the
same order of magnitude as the characteristic length of the cavity.
Zhang and Edwards [5] observed that if the cavity L/D ratio is less
than or equal to unity, the oscillations are transverse in nature,
whereas for L/D greater than 2, the oscillations are longitudinal.
Several control techniques [6—14], both passive and active, have
been employed to control the oscillations. A few such devices imple-
mented successfully are static and oscillating fences, steady and
pulsating flow injection, flowpath modifiers at the bottom of the
cavity, and slanted trailing walls. Zhang et al. [15] showed that open
cavities with very small aft-wall angles lead to steady shear-layer
reattachment. The slanted trailing edge modifies the shear-layer
reattachment process such that pressure waves are not sent back into
the cavity. Kuo and Huang [16] investigated the effect of sloped
bottom and flowpath modifier at the bottom of the cavity on cavity
oscillation in a recirculating water channel. It was observed by them
that a negatively sloped bottom has the ability to suppress the self-
excited oscillations of cavities. Perng and Dolling [17], in their
experimental study, evaluated the effectiveness of various modif-
ications such as slotted, vented, slant, beak, and valley aft walls in
suppressing the pressure oscillations generated by high-Mach-
number flows over the cavity. Gruber et al. [18] experimentally and
computationally studied the flowfield over cavities with different aft-
wall angles and offset ratios. Their study involved flow visualization
and static pressure measurement in the vicinity of the cavity to
identify potential configuration for flame holding. The study was
limited to rectangular cavities with low aft-wall angles of 30 and
16 deg. Sun et al. [19] observed that as the cavity L/D of the cavity
decreases, oscillation frequency corresponding to maximum oscil-
lation amplitude shifts to higher values. The modes of oscillation are
greatly suppressed as the cavity aft-wall angle decreases. In contrast
to the steep aft-wall cavity, only higher-frequency modes of oscil-
lation remain in the case of the cavity with a small aft-wall angle.
The aim of the present study is to understand the behavior of
cavities with different ramp angles based on the characteristics of
oscillations they produce when a supersonic flow passes over the
cavity. It further tries to understand the influence of ramp angle on the
oscillatory behavior of the cavity. Based on the present studies, an
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attempt is made to understand the physics of the flow with achange in
the geometry of the cavity.

II. Experimental Details

All of the experiments were performed in the supersonic free-jet
facility at the Indian Institute of Technology Madras. This facility is
supplied with compressed air from three external reservoirs with a
total capacity of 36 m*> and a maximum stagnation pressure of
13.4 bar absolute. An 8-in.-diam pipeline connects the external
reservoirs with the settling chamber of the free-jet facility. The
stagnation pressure of the flow is maintained at 5.4 bar absolute, and
the stagnation temperature is the ambient temperature in the present
experiments. The outlet of the settling chamber is connected with a
circular-to-rectangular transition duct. A nozzle is attached to the
rectangular end of the transition duct.

The nozzle is calibrated using the total and static pressure readings
taken across the exit area. The estimated error in the pressure
measurements is found to be less than £1%. The calibrated Mach
number obtained at the exit of the nozzle is 1.63. The 280-mm-long
rectangular test section is of 30 mm height and 57 mm width. The test
section is made of Perspex. The cavity was accommodated along the
bottom wall of the test section, 80 mm downstream of the nozzle exit.
Figure 1 shows the schematic of the test section along with the cavity.

Six cavity models were made with a constant L/D ratio of 3, as
shown in Fig. 2, and with different ramp angles 6. Holes were drilled
along the center plane of the aluminum models to locate pressure
transducers at selected locations for the measurements of fluctuating
pressure. The cavity dimensions tested in the present study are
summarized in Table 1.

The length of the angled cavity is defined as the distance from the
leading edge to the midchord of the cavity back face, and the effective
length of the cavity is defined as the distance from the leading edge to
the trailing edge. The length and depth of the cavity models are
constant and equal to 60 and 20 mm, respectively. The width of the
cavity (W = 57 mm) spans the entire test section. The height D1 is
10 mm, which is constant for all cavity models under study.

The boundary layer is taken to grow from the nozzle throat, and the
Reynolds number of the boundary layer approaching the cavity
leading edge is calculated to be 7.46e + 07/m. The incoming test-
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Fig. 2 Schematic of the cavity model.

Table 1 Cavity dimensions

Model no. Effective length, mm Ramp angle, deg
1 60 90
2 62.68 75
3 65.77 60
4 70 45
5 77.32 30
6 97.32 15

section floor boundary layer undergoes natural transition far
upstream of the cavity leading edge and becomes turbulent well
ahead of the cavity under approximately adiabatic-wall temperature
conditions. Laser Doppler velocimetry (LDV) is used to measure
freestream velocity and the boundary-layer thickness 1 mm ahead of
the cavity leading edge. The freestream velocity inside the test
section is 484 m/s, and the thickness of the boundary layer is 6 mm.
The level of freestream turbulence is 0.62%. The two-dimensionality
of the flowfield is confirmed by LDV measurements, which have
shown that variation of freestream velocity at various spanwise
locations is less than 1% up to a distance of 20 mm on both sides of
the center plane.

Instantaneous shadowgraph technique was used to observe the
flowfields in the vicinity of the cavities. For the instantaneous
imaging, a strobe light that gives a spark for about 18 ns duration is
used as the source of illumination and is found to be sufficient to
capture most of the flow features. The instantaneous images are
acquired with a high-speed digital complementary metal-oxide semi-
conductor camera HS-3 model manufactured by Redlake, USA. The
strobe light is synchronized with the high-speed camera.

Piezoelectric pressure transducers (PCB Piezotronics, model
no. 112A22) are used to perform the fluctuating pressure measure-
ments. These transducers are flush-mounted on the cavity surface.
The transducer signal is passed through a signal conditioner and fed
to a computer through a 12-bit analog-to-digital data acquisition card
(National Instruments PCI-6024E) with a maximum sampling rate of
200 kHz. The signals from the transducers are sampled at 100 kHz
for 0.5 s, giving 50,000 samples of unsteady pressure data. These
samples are then passed through a low-pass digital filter with a cutoff
frequency of 20 kHz. The dominant frequency measured lies within
the 0 to 20 kHz range for most of the cavity configurations. In any
experiment, only two transducers have been used to acquire signals.
Multiple experimental runs with identical flow conditions have been
carried out to acquire signals from different transducer locations. The
time delay between the signals is 5 us.

Standard methods of statistical analysis have been used to obtain
various quantities of interest. The power spectral densities were
computed by segmenting each data record into 25 segments con-
taining 2048 points each, with a transform length of 4096 points. A
Hamming window with 50% overlap is used for averaging to get
reliable estimate of spectra. The frequency resolution obtained
after performing fast Fourier transform (FFT) on each segment is
24.41 Hz. The output of the FFT is used to determine the amplitude of
the dominant frequency and its amplitude. All of the experimental
test runs are repeated three times. Under identical experimental run
conditions, the variations in the dominant frequencies during the
repeated tests are within 15 Hz in the O to 15 kHz range and those
in the amplitudes of the dominant frequencies are 3%. The experi-
mental uncertainty in measuring power spectral densities is
equivalent to £6 dB. This is obtained by ensemble average of about
25 data sets with 2048 points each.

III. Results and Discussion
A. Flow Visualization
In this section, the flow features of cavities with different ramp
angles obtained from instantaneous shadowgraph visualization
are presented and discussed. Figure 3 shows the instantaneous
shadowgraph images of cavities with different ramp angles. The flow
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Fig. 3 Instantaneous shadowgraph images of the cavity with ramp
angles of a) 90 deg, b) 75 deg, c) 60 deg, d) 45 deg, e) 30 deg, and f) 15 deg.

direction is from left to right. For each cavity, two instantaneous
shadowgraph images are presented that represent all the possible
flow features observed during one cycle of cavity oscillations. The
important feature observed in the images is the existence of large
vortices in the shear layer. The vortices are produced by the shear-
layer instability, which produces flapping motion, leading to mass
entrainment and ejection at the trailing edge of the cavity. The shear
layer thus experiences a coupled motion of flapping in the transverse
direction and vortex convection in the streamwise direction. It is
observed that the flapping motion of the shear layer reduces with the
decrease in the ramp angle. The unsteady wave motion above the
cavity highlights this mechanism.

Figure 3a shows the flow visualization images of the cavity with a
ramp angle of 90 deg. Four different waves are observed from the
images, as discussed below. As the shear layer “flaps” up and down, it
generates a type 1 wave, such as the one indicated in Fig. 3a. Itis a
compression wave when the shear layer flaps up and is an expansion
wave when the shear layer flaps down. Large vortices are visible in
the shear layer over the cavity, as noted earlier. A type 2 wave is
associated with the convection of vortices in the shear layer. This
wave appears very faint in the images. Type 3 is the bow shock
observed at the trailing wall of the cavity. This is due to the interaction
of supersonic flow with the trailing edge when the shear layer dives
into the cavity at the trailing wall. Type 4 is the wave generated due to
motion of the acoustic wave inside the cavity. This wave is an imprint
of the acoustic wave in the supersonic flow and trails the acoustic
wave in the cavity through deflection of the shear layer and moves
upstream. The waves similar to those described above were also
reported by Zhuang et al. [8]. The presence of waves like the ones
observed in the cavity with aft-wall angle of 90 deg were observed in
the shadowgraph images of cavities with ramp angles of 75 and
60 deg, as indicated in Figs. 3b and 3c. The shear layer appears
extremely wavy in nature, indicating that these cavity flows undergo
strong oscillations.

Figures 3d-3f show the shadowgraph images of cavities with ramp
angles of 45, 30, and 15 deg. The images indicate the presence of a
type 1 wave. The images also indicate the absence of waves marked
as types 2—4, which were present in the case of cavities with higher
ramp angles. The shear layer is less wavy than that observed in the
earlier cavities, suggesting that these cavities are more stable.

The shadowgraph pictures serve to understand the possible effects
of the wave reflections in the pressure signals obtained at various
locations inside the cavity. The photographs show that the waves
generated at the leading edge of the cavity get reflected at the ceiling
of the test section. In the case of cavities with ramp angles of 90 to
45 deg, the leading-edge wave did not reflect into the cavity. The
leading-edge wave did reflect onto the cavity aft wall in the case of
cavities with ramp angles of 30 and 15 deg, as the effective length of
the cavity is increased due to the change in ramp angle. However,
these reflections did not have any effect on the pressure signals from
the transducers in the floor and in the fore wall of the cavities. Further
discussion on this is included in the analysis of the pressure signals of
30 and 15 deg ramp cavities in the later part of this paper.

B. Measurement of Unsteady Pressure

In Sec. IIL.B.1, the experimental results are discussed pertaining to
the cavity with a 90 deg aft-wall angle. This is referred to as the
baseline case. In the subsequent sections, results related to cavities
with 75, 60, 45, 30, and 15 deg ramp angles are presented and
discussed. The results from various cavities with different ramp
angles are compared in a few cases. Transducer A1 on the front wall
is located at 10 mm below the cavity leading edge, and transducer A5
lies 5 mm below the aft wall for the cavity configurations considered
for the study.

1. Baseline Cavity

Power spectra in the form of sound pressure level (SPL) vs
frequency for transducers positioned at different locations inside the
cavity are shown in Fig. 4. Spectra from various locations inside the
cavity have been plotted to compare their unsteadiness with respect
to each other. The plots are identified as those due to transducer at
various x/L locations. The occurrence of discrete large-magnitude
peaks corresponding to different cavity tones along with broadband
fluctuations can be clearly seen. The multiple peaks at different
frequencies are often referred to as different modes of the cavity.

One clear observation from the plot is that, irrespective of the
location of the transducer, corresponding cavity tones occur at the
same frequency, indicating global instability of the cavity flowfield.
Comparison of power spectra at different locations shows that
the SPL, in general, increases as one moves from the leading edge to
the trailing edge of the cavity. At higher frequencies the spectra
becomes broadband (or the spectral peaks become less distinct),
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Fig. 4 SPL at different locations inside the baseline cavity.

independently of the location of the transducer. On examining the
spectra at different locations individually, it is seen that highest
amplitude of modes as well as high-intensity broadband noise are
occurring at the aft wall. The high-amplitude peaks occur due to the
impingement of the turbulent shear layer and also to the intermittent
impingement of shock at the edge of the aft wall. The occurrence of
high-amplitude broadband noise is due to the interaction of large
structures in the shear layer with the trailing-edge shock. From the
leading edge to the trailing edge of the cavity, the turbulent structures
in the shear layer grow in size. On observing the front-wall spectra it
is seen that the large-amplitude peaks of magnitude equivalent to that
of the aft wall exist, but the major difference lies in the broadband
noise, which is much less than that of the aft wall. This is justifiable
because the shear layer is very thin in the upstream portion of the
cavity and the major source of disturbance in this region is the
acoustic wave. When comparison is made between transducers flush-
mounted on the floor of the cavity, that situated close to the aft wall
experiences higher SPL. This is due to the fact that during each cycle
of feedback loop there will be entrainment of shear-layer-containing
large structures into the cavity. The transducer located at the center of
the cavity floor has the lowest level of SPL.

The mode frequencies obtained through experiment are compared
with those calculated using Rossiter’s modified formula. Rossiter’s
modified formula is given as follows:

L _ (n—) n=1.2.3....

U [My/v/T+ (r/2)(y— DME] + (1/k,)

¢

The value of r is taken as 1 in the present calculation, since the error
involved in assuming that the cavity temperature is the freestream
stagnation temperature is negligible at lower Mach numbers.
Figure 5 presents variation of Strouhal number with Mach number
ranging from low subsonic to supersonic. The present data are plotted
along with subsonic and supersonic data of Bauer and Dix [20] and of
Clark et al. [21]. There is good agreement between the different sets
of data and the Rossiter modes. The slight offset in data for other
researchers in comparison with Rossiter modes is due to the fact that
values of « and k.. are different from those used by Rossiter [2]. This
shows that theory of feedback loop proposed by Rossiter is appli-
cable in the present case.

From the SPL vs frequency plot, it is observed how the acoustic
energy is distributed among different frequencies. There is no
definiteness as to whether all the modes do exist at all times or if
shifting of mode from one to the other occurs. To understand this, a
short-time Fourier transform was performed on the pressure signals
acquired from the front wall. The spectrogram of pressure signal
taken from the front-wall transducer is presented in Fig. 6. It shows
different modes that are present along with corresponding fre-
quencies and their SPL. On examining the spectrogram, it is noted
that the four modes exist and that the first mode is dominating during
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Fig. 5 Variation of Strouhal number with Mach number (Bauer and

Dix [20] and Clark et al. [21]).
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Fig. 6 Spectrogram of the front-wall pressure signal for the baseline
cavity.

the entire time for which the signal is acquired. The second mode
exists during the initial and final stages of signal acquisition and
intermittently during the rest of the times. The occurrence of the third
mode is randomly spread over the time period, whereas the fourth
mode is almost dormant.

Since multiple transducers were placed at different locations
inside the cavity, the output from which are simultaneously sampled,
calculation of cross correlation is possible. Figure 7 shows normal-
ized cross-correlation coefficients plotted against time lags for the
aft-wall transducer correlated with itself, with two transducers along
the floor and with one in the front wall of the baseline cavity. The
plots have been curtailed to study a small time separation of the first
acoustic wave traveling upstream. The long-time behavior of the
curves indicates decaying oscillations. Examining the cross corre-
lation between the front wall and trailing wall, it is seen that when
autocorrelation coefficient is maximum, the cross-correlation coef-
ficient is minimum, and vice versa, which suggests that the wave
generated at the trailing wall and the wave reflected from the front
wall are out of phase by 180 deg. The maximum cross-correlation
coefficient is 0.64, corresponding to a time lag of 0.00018 s. This is
the time taken by the wave to travel between the aft wall and the front
wall. Based on this, one can estimate the speed of the wave inside the
cavity. The speed of disturbance calculated was roughly the same as
the speed of the acoustic wave traveling between the aft and front
walls by considering fluid in the cavity to be stagnant. This is based
on the consideration that for low-supersonic Mach numbers, the
temperature of fluid inside cavity is the same as the freestream
stagnation temperature. The amplitudes of correlation coefficients on
the floor of the cavity are 0.34 and 0.43, respectively, in the upstream
direction, which are less correlated than those of the front wall. This
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Fig. 7 Normalized cross correlation of pressure signals for the baseline
cavity.

indicates that peaks in the correlation function at these locations are
not due to a traveling wave front, but could be due to vortex structures
inside the cavity.

To understand the relation between different modes occurring at
different locations inside the cavity, coherence of pressure signals
acquired from the front and aft walls was plotted as shown in Fig. 8.
On observing the plot it is noted that there exist three different
frequencies at which the value of coherence is very high and one
frequency at which the value of coherence is reasonably good. For the
other frequencies, the value of coherence is very poor. If Fig. 8 is
compared with Fig. 4, it is seen that the frequencies at which the
coherence has very high value are the same as those frequencies
where distinct peaks or the Rossiter modes exist. This shows that the
pressure signals between the front and aft walls at these frequencies
are very well correlated.

From this, it can be concluded that the phenomenon responsible
for creation of acoustic modes at one location is also responsible for
generation of similar kinds of modes at the other location. It is known
from the above discussion that high-amplitude tones are due to the
presence of an acoustic wave, which is responsible for the feedback
mechanism. A high value of coherence between signals at frequen-
cies corresponding to different modes is also a consequence of the
same phenomena. This further supports the earlier statement that
distinct modes are due to global instability of cavity flow, whereas
broadband noise (which has no correlation or poor correlation) is due
to turbulent nature of the supersonic flowfield.

2. Cavity with 75-Degree Ramp Angle

Spectra in the form of SPL vs frequency for transducers positioned
at different locations inside the cavity with a ramp angle of 75 deg are
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Fig. 8 Coherence between front- and aft-wall pressure signals for the
baseline cavity.

shown in Fig. 9. The qualitative features of the acoustic spectrum of
this cavity are the same as that of the 90 deg cavity, though they are
marginally different quantitatively. For the 75 deg cavity, the first
mode is the dominant one at all the transducer locations. This cavity
also exhibits features of global instability similar to the baseline
cavity. The highest amplitudes occur at the aft-wall location followed
by those at the front wall, as anticipated from the cavity flow
behavior. Higher amplitudes occur at the front wall compared with
x/L =0.83, whereas broadband noise is higher in x/L =0.83
compared with the front wall. This could be due to incursions of shear
layer into the cavity near the aft wall. Although overall spectral
features at different transducer locations are very much similar, the
amplitudes of modes and their existence at different locations are not
similar, because different flow mechanisms come into play from the
cavity leading edge to the trailing edge. The behavior of this cavity is
almost identical to the baseline cavity.

Figure 10 shows the spectrogram of the front-wall pressure signal.
It is seen that four modes occur, of which the first mode is the
dominant and exists throughout the time interval for which the signal
is acquired. It is also observed that the second and third modes are
occurring intermittently. It is also seen that when the second mode
dominates, the third mode is absent and weak, and vice versa,
respectively. It can be seen that there exists switching from one mode
to the other. Unlike the baseline cavity, even though the first mode is
dominant for the entire time duration, it can be noted that there exist a
good number of time periods in which switching of modes between
second and third modes occurs. In the case of the present cavity it can
be said that the acoustic energy is rather more distributed over the
three modes, unlike the baseline cavity, where most of the energy lies
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Fig. 9 SPL at different locations inside the cavity with a ramp angle
of 75 deg.
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Fig. 10 Spectrogram of the front-wall pressure signal for the cavity
with a ramp angle of 75 deg.



VIKRAMADITYA AND KURIAN 2979

with the dominant mode. This shows that the change in ramp angle
has a profound effect on acoustic energy distribution. This also
implies that oscillations tend to occur in multiple modes rather than
in a single mode. The fourth mode is dormant over the entire time
duration.

Figure 11 shows the normalized cross-correlation coefficients
between the aft wall and different locations inside the cavity. Similar
to the baseline cavity, long-time behavior of the curves indicates
decaying oscillations. Examining the cross correlation between
the front and trailing walls, it is seen that when autocorrelation
coefficient is maximum, the cross-correlation coefficient is mini-
mum, and vice versa, which suggests that the wave generated at the
trailing wall and the wave reflected from the front wall are out of
phase by 180 deg. As in the case of the baseline cavity, this indicates
that there exists a standing wave inside the cavity. On observing the
cross correlation between the front and aft walls, it is seen that the
peak value of cross correlation from the plot is 0.61, which occurs at
0.00018 s. This indicates the existence of the forward-traveling
acoustic wave between the aft and front walls in the present cavity
case also.

The values of correlation coefficient between x/L = 0.83,0.5, and
0.167 and the aft wall are 0.4, 0.28, and 0.19, respectively. It can be
concluded that in the case of the cavity with a ramp angle of 75 deg,
the oscillations are due to the presence of the forward-traveling
acoustic wave, as in the baseline cavity.

Coherence between pressure signals acquired from the front and
aft walls for the cavity with a ramp angle of 75 deg is shown in
Fig. 12. Similar to the baseline cavity, the value of coherence is very
high at those frequencies where the modes exist irrespective of
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Fig. 11 Normalized cross correlation of pressure signals for the cavity
with a ramp angle of 75 deg.

N

08

0.7

Coherence
e o
»wo o

o
-

|
Ml
4 :':“M" :hw'{gjmwmm

14

0.3

0.2

oy

00 2

=

Frequency (kHz)
Fig. 12 Coherence between front- and aft-wall pressure signals for the
cavity with a ramp angle of 75 deg.

amplitude of the modes. For other frequencies, where no modes exist,
the value of coherence is very low.

3. Cavity with 60-Degree Ramp Angle

Figure 13 shows the SPL of the pressure signal obtained from
different locations inside the cavity with a 60 deg ramp angle. Based
on the spectra of the oscillations obtained from the 60 deg cavity, it is
seen that the general features are the same as those in the cavities
discussed in the previous sections. It is observed that there is a slight
drop in amplitudes of the modes at all locations when compared with
cavities with higher ramp angles. This is due to the reduction in
strength of the acoustic wave due to the change in ramp angle, but the
amplitude of the dominant mode is more or less the same.

From Fig. 14, which shows the spectrogram of the front-wall
pressure signal, it is observed that the third mode is the dominant one
and occurs for the entire time duration for which the signal is
captured. The pattern of the other modes in the spectrogram shows
that the ramp angle influences mode switching among the different
modes.

Figure 15 shows normalized cross correlation between the aft-wall
pressure signal and pressure signals from other locations inside the
cavity. In the case of the autocorrelation, the maximum correlation
coefficient occurs at zero time delay. For other time delays, the mag-
nitude of correlation coefficient is small, indicating that the oscil-
lations have dampened considerably. It is observed that a secondary
peak in autocorrelation coefficient and the time lag of this peak
correspond to the second Rossiter mode. From Fig. 15, the cross
correlation between pressure signals at the front and aft walls has the
maximum positive value of 0.43, occurring at time 0.00018 s. This
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Fig. 13 SPL at different locations inside the cavity with a ramp angle of
60 deg.
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indicates that the forward-traveling acoustic wave does exist in the
present cavity case like the higher-ramp-angled cavities. The
amplitudes of correlation coefficients on the floor of the cavity at
x/L =0.167, 0.5, and 0.83 are 0.33, 0.47, and 0.22, respectively.

Coherence between the front-wall and aft-wall pressure signals is
shown in Fig. 16. Itis seen that the value of coherence is similar to the
baseline cavity and the cavity with a ramp angle of 75 deg. Similar to
higher-angled cavities, the value of coherence is very high at those
frequencies where the modes exist.

4. Cavity with 45-Degree Ramp Angle

Figure 17 shows the SPL of the pressure signal obtained from
different locations inside the cavity with a 45 deg ramp angle. It is
observed that there is a steep fall in amplitude of the modes at all
locations when compared with cavities with higher ramp angles. The
overall broadband noise remains more or less the same.

A spectrogram of the front-wall pressure signal is shown in
Fig. 18. It can be seen that five modes exist and that the first and third
modes occur rarely, whereas the other modes are almost dormant.

Figure 19 shows normalized cross correlation between the aft-wall
pressure signal and pressure signals from other locations inside the
cavity plotted for the entire time duration for which signals were
acquired. Asin the case of the cavities discussed so far, the maximum
correlation coefficient occurs at zero time delay, and for other time
delays, the magnitude of correlation coefficient is small, indicating
that the oscillations have dampened considerably. On observing the
cross correlation at different locations except at x/L = 0.83, it is
observed that at zero time delay, the coefficients have large negative
value. This indicates that signals are inversely correlated, which
implies that if pressure increases at the trailing wall, there is a
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Fig. 16 Coherence between front- and aft-wall pressure signals for the

cavity with a ramp angle of 60 deg.
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Fig. 18 Spectrogram of the front-wall pressure signal for the cavity
with a ramp angle of 45 deg.
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Fig. 19 Normalized cross correlation of pressure signals for the cavity
with a ramp angle of 45 deg.

decrease in pressure at the other location and vice versa. It is seen that
after a large time lag there exists positive correlation between
pressure signal from the aft wall and other locations, which is in sharp
contrast to cavities with higher ramp angles. Maximum positive cross
correlation between pressure signals at the front and aft walls is 0.15,
occurring at time 0.38 s. This shows that upstream-traveling
disturbance takes a longer time to reach the front wall. One reason-
able conclusion could be that unlike in higher-aft-wall-angled
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cavities, this disturbance is not an upstream-traveling acoustic wave
but a disturbance of some other sort. From this, it can be inferred that
the feedback mechanism responsible for the origin of self-sustaining
oscillations in higher-aft-wall-angled cavities has substantially
weakened in the case of the cavity with a 45 deg aft-wall angle.

Coherence between the front-wall and aft-wall pressure signals is
shown in Fig. 20. It is seen that the value of coherence is less in the
present case compared with cavities with higher ramp angles at the
corresponding mode frequencies. As there is no upstream-traveling
wave, the value of coherence is reduced. As mentioned earlier, one of
the prime causes of the feedback mechanism for sustaining the
oscillations is the acoustic wave. This further substantiates that
the feedback-loop mechanism has been attenuated in the case of the
cavity with a 45 deg ramp angle.

5. Cavity with 30- and 15-Degree Ramp Angles

Figures 21 and 22 show the SPL of pressure signals obtained from
different locations inside the cavity with 30 and 15 deg ramp angles,
respectively. Considering Fig. 21, it is noted that there is a sudden
increase in amplitude of modes with respect to the cavity with a ramp
angle of 45 deg. On observing the spectra of the aft-wall signal, it is
seen that two distinct modes exist; the magnitude of one mode
resembles that of cavities with a ramp angle greater than 45 deg, and
the other mode resembles that of the cavity with a45 deg ramp angle.
On examining Fig. 22, a drop in amplitude of modes at the aft-wall
location and increase in amplitude of modes at other locations with
respect to the cavity with a ramp angle of 30 deg (as seen in Fig. 21)
are observed. On observing the spectra of the aft-wall signal, it is seen
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Fig. 20 Coherence between front- and aft-wall pressure signals for the
cavity with a ramp angle of 45 deg.
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Fig. 21 SPL at different locations inside the cavity with a ramp angle of
30 deg.
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Fig. 22 SPL at different locations inside the cavity with a ramp angle of
15 deg.

that four distinct modes exist; the magnitude of the modes resembles
that of the cavity with a ramp angle greater than 45 deg. At higher
frequencies, the spectrum is broadband with no distinct peaks for
both the cavities. On examining the spectra of other locations in both
figures, it is noted that the peaks exist at frequencies ranging from
lower to higher values, although the magnitudes are smaller in the
cavity with a ramp angle of 30 deg compared with that of 15 deg.
These include modes at frequencies corresponding to those fre-
quencies at which modes exist in the spectra of the aft-wall signal
pressure signal. This means that for locations inside the cavity there
exist modes at frequencies where modes do not exist in the spectra of
the aft wall. This shows that the phenomenon causing additional
modes to exist inside the cavity has no influence on the spectra of the
aft wall. This behavior was not observed in cavities with higher ramp
angles and could be due to the periodic movement of vortices or
waves that are still to be understood inside the cavity.

A similar study was performed by the authors on cavities having
different aft-wall slopes and a length/depth ratio of 3. The schematic
of such a cavity is shown in Fig. 23. The effective lengths of these
cavities are exactly the same as those of the cavities under present
study. The spectra of the cavities with an aft-wall angle of 30 and
15 deg, respectively, are shown below. It is worthwhile if these are
compared with the present results on 30 and 15 deg ramp-angle
cavities.

The locations of transducers A1, A2, A3, and A4 shown in Fig. 24
match with the locations A1, A2, A3, and A5, respectively, in Fig. 21.
Similarly, transducers Al, A2, and A4 in Fig. 25 match with the
locations A1, A2, and AS5, respectively, in Fig. 22. Considering
locations A4 in Fig. 24 and AS in Fig. 21, it is noted that high-
amplitude modes exist at these locations. The instantaneous
shadowgraph images show that the reflected shock from the ceiling
of the test section impinges at this transducer location. It is justifiable
to conclude that the high-amplitude tones at these locations are due to
the impingement of reflected shock. On other transducer locations in
both cavities, if the reflected shock were the only source of influence,
the amplitude of oscillations at the aforementioned locations should
have been more or less the same. A major disparity in behavior of the
spectra between Figs. 21 and 24 and between Figs. 22 and 25 has
been noted. This indicates that the oscillations in Figs. 21 and 22 are
due to the cavity flowfield, independent of the wave reflections.
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Fig. 23 Schematic of the cavity model.
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Referring back to the cavity with a 30 deg ramp angle, Fig. 26
shows normalized cross correlation between the aft-wall pressure
signal and pressure signals from other locations inside the cavity
plotted for the entire time duration for which signals were acquired. It
is noted that there exists positive correlation at all locations and the aft
wall, except between x/L = 0.167 and the aft wall between time lags
0 and 0.1 s. Maximum positive cross correlation between pressure
signals at the front and aft walls is 0.15, occurring at time 0.30 s. This
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Fig. 26 Normalized cross correlation of pressure signals for the cavity
with a ramp angle of 30 deg.

shows that the disturbance takes longer time to reach the front wall,
which indicates that unlike in higher-aft-wall-angled cavities, this
disturbance is not an upstream-traveling acoustic wave.

Figure 27 shows normalized cross correlation between the aft-wall
pressure signal and pressure signals from other locations inside the
cavity plotted for the entire time duration for which signals were
acquired. On examining the autocorrelation, it is noted that the
oscillations have dampened considerably with time. On observing
the cross correlation at different locations except at x/L = 0.83, itis
observed that at zero time delay the coefficients have large negative
value. Maximum positive cross correlation between pressure signals
at the front and aft walls is 0.27, occurring at time 0.35 s. Similar to
the 30 deg ramp-angle cavity, this is indicative of the absence of an
upstream-traveling acoustic wave.

Coherence between the front-wall and aft-wall pressure signals is
shown in Figs. 28 and 29 for cavities with a ramp angle of 30 and
15 deg, respectively. It is seen that a high-to-moderate value of
coherence occurs at frequencies at which modes exist in the spectra
of the aft wall. For other frequencies the value of coherence is very
small. This means that although there exist modes at different
frequencies in the spectra of the front wall, the value of coherence at
these frequencies is small. It has high value at those frequencies
where modes exist in the spectra of aft wall. This further substantiates
that the phenomenon influencing additional modes to exist inside the
cavity has no effect on the aft-wall location, as stated earlier in
conjunction with Figs. 21 and 22.
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Fig. 27 Normalized cross correlation of pressure signals for the cavity
with a ramp angle of 15 deg.

0.9

e e
R

o
o

Coherence
=)
N

o
S

e
w

ks
[ 2 4 6 8 10 12 14 16 18 20 22 24
Frequency (kHz)
Fig. 28 Coherence between front- and aft-wall pressure signals for the
cavity with a ramp angle of 30 deg.



VIKRAMADITYA AND KURIAN

0.9

Coherence
o o o o o
ES ) (-3 ~ 0

e
w
T

0.1

=
—_
§ -

|

|
0 2 4 6 8 10 12

Fig. 29 Coherence between front- and aft-wall pressure signals for the
cavity with a ramp angle of 15 deg.

6. Comparative Study

Cavities with different ramp angles were compared at a few
locations, as shown in Fig. 30. On examining the plots, it is seen that
at a particular location, the dominant mode shifts to a higher
frequency as the ramp angle is reduced. It is observed that the cavity
with a ramp angle of 45 deg produces lower oscillations in com-
parison with all the other cavity configurations considered. Perng and
Dolling [17] carried out a similar experiment at Mach 5 using cavities
with 90, 59.8, 51.3, and 45 deg ramp angles. The present result, that
the cavity with a 45 deg ramp produces the lowest oscillations, agrees
with that in [17].

It is observed that as the ramp angle decreases, the cavity
oscillations dampen up to 45 deg; with further reduction in ramp
angle, the oscillations increase. All of the above observations were
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Fig. 31 OASPL of cavities with different ramp angles at different

locations inside the cavity: a) front wall, b) x/L = 0.163, ¢) x/L = 0.5,

and d) x/L = 0.83.

noted irrespective of location within the cavity. Itis further found that
for cavities with ramp angles of 30 and 15 deg, the modes exist even
at higher frequencies, which is not the case with cavities with higher
ramp angles.

The change in broadband spectrum can be understood better
by plotting the overall sound pressure level (OASPL) [where
OASPL = 20 log(P,y,s/20 pnPa)], which represents the total energy
under the spectra.

Figure 31 shows the OASPL of cavities with different ramp angles
at different locations inside the cavity. It is seen that the highest
OASPL occurs at the aft-wall location for the cavities under
consideration. This is due to direct impingement of the shear layer.
As the ramp angle is lowered, the OASPL decreases due to a change
in the impingement angle of the shear layer. Considering the front
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Fig. 30 SPL of cavities with different ramp angles at different locations inside the cavity: a) front wall,b) x/L = 0.163,¢)x/L = 0.5,and d) x/L = 0.83.
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wall, it is observed that as the ramp angle reduces, the OASPL
decreases. This is due to the fact that as the ramp angle is reduced, the
strength of the acoustic wave is reduced. On the floor of the cavity, the
highest OASPL occurs at x/L = 0.83 compared with the other
locations. Almost certainly, the reason for this is that the turbulent
shear layer and freestream fluid enters into the cavity at the trailing
edge. The lowest value occurs on the cavity floor near the front wall.
In general, it is noted that the baseline cavity has the highest OASPL,
whereas the cavity with a ramp angle of 45 deg has the lowest at all
locations. This is in agreement with the results of the computational
study of Soemarwoto and Kok [22] on supersonic flow over
rectangular and 45 deg ramp-angle cavities. For all cavities, the
highest OASPL occurs at the aft-wall location and the lowest occurs
atx/L =0.163.

IV. Conclusions

Supersonic flow over cavities with different ramp angles of 75, 60,
45,30, and 15 deg is studied experimentally. The study includes flow
visualization and unsteady pressure measurements. Instantaneous
shadowgraph images indicate the presence of four different types of
waves in the case of cavities with ramp angles of 90-60 deg. The
shear layer is predominantly wavy in nature, suggesting that these
cavities generate strong oscillations. In the case of cavities with ramp
angles of 45—15 deg, only the leading-edge wave could be observed.
The shear layer is found to be less wavy in contrast to their higher-
angled counterparts. Analysis of the spectra of unsteady pressure
signals shows that there is marginal drop in SPL as the ramp angle is
decreased from 90 to 60 deg. This is possibly due to the decrease in
strength of the acoustic wave as the ramp angle decreases. A steep fall
in amplitudes of oscillations is observed in the case of the cavity with
a ramp angle of 45 deg. Irrespective of the ramp angle, high-
amplitude oscillations as well as broadband noise occur at the aft
wall, presumably due to the direct impingement of the shear layer. As
the ramp angle is reduced, dominant modes shift toward higher
frequency. Temporal mode switching is seen to be clearly influenced
by the change in ramp angle for higher-angled cavities. As the angle
is reduced, multiple modes coexist, signifying that switching
between the modes is decreased. Cross-correlation plots indicate the
presence of an upstream-traveling acoustic wave inside the cavity for
cavities with ramp angles between 90 and 60 deg, whereas for the
cavity with a ramp angle of 45 deg, the presence of an acoustic wave
is not discernible. The sharp drop in amplitudes of oscillations for the
cavity with a ramp angle of 45 deg is attributed to the absence of
acoustic wave, as confirmed from the correlation plots. A spectral
plot of the cavities with ramp angles of 30 and 15 deg shows an
increase in amplitude of oscillations at locations inside the cavity,
whereas the cross-correlation plots indicate the absence of an
upstream-traveling wave. The reasons for this behavior are still to be
understood. Plots of coherence indicate good interdependence
between the phenomena occurring at the front and aft walls for
cavities with higher ramp angles. The dependence decreases as the
angle of the ramp decreases. The overall behavior of the baseline
cavity and cavities with 75 and 60 deg ramp angles is similar.
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