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ABSTRACT 
The effect of cavity depth on the aerodynamic 

excitation of the diametral acoustic modes of an 
axisymmetric shallow cavity in a duct is investiga-
ted experimentally. Numerical simulations of the 
mode shapes are also performed to investigate the 
effect of the cavity depth on the mode shapes. Three 
cavity depths and six different cavity lengths for 
each cavity depth are investigated. The 
aeroacoustic response of the cavity-pipe system is 
studied up to a Mach number of 0.4. The diametral 
acoustic modes are strongly excited for all the 
tested cases. The amplitude of excitation increases 
with the cavity depth as a result of the increase in 
the radial component of acoustic particle velocity. 
The susceptibility of different acoustic modes to 
aerodynamic excitation and the dependence of 
mode selectivity at resonance on the cavity depth is 
also discussed.  

1. INTRODUCTION 
Flow over cavities is well known to be a potential 

source of acoustic resonance excitation in numerous 
engineering applications. Flow-excited acoustic 
resonances can cause hazardous noise level, 
significant alteration of the operating conditions 
and, in some cases, can result in catastrophic failure 
due to acoustic fatigue of the cavity structure. 

Flow over cavities has been extensively 
investigated to understand the physics and 
determine the parameters controlling the 
phenomenon. It is generally accepted that the 
mechanism controlling cavity oscillation consists of 
two main components: the inherent instability of the 
cavity shear layer and an upstream feedback 
phenomenon. In this study, the feedback effect is 
provided by the acoustic resonance of a shallow 
cavity in a duct. The shear layer instability causes 
small vorticity perturbations at the cavity leading 
edge to grow rapidly as they travel downstream. As 
these amplified vorticity perturbations reach the 
cavity downstream corner, a small portion of the 
flow perturbation energy is transferred into acoustic 
energy to sustain the acoustic resonance, which, in 
turn, generates a strong vorticity fluctuation at the 

upstream separation region of the shear layer. This 
mutual interaction, which constitutes the fluid-
resonant feedback phenomenon, induces a relatively 
high level of initial perturbations in the free-shear 
layer (Rockwell & Naudascher, 1978). 

The aforementioned description of the feedback 
mechanism underlines the importance of the 
acoustic resonance in the process. The investigation 
presented in this paper focuses on the excitation of 
the trapped acoustic modes, also called the cross-
modes, of a cavity-duct system. Only few studies 
investigated the excitation of duct trapped modes by 
flow over shallow cavities. The presence of a cavity 
onto the duct wall lowers the frequencies of the 
cross-modes below the cutoff frequencies of the 
main duct. According to Kinsler et al. (2000) , these 
modes consist of transverse standing waves, which 
do not propagate down the duct, and their amplitude 
decays exponentially with the distance along the 
duct. Therefore, these modes are “locked” to the 
cavity and experience relatively low acoustic 
radiation into the duct.  

Ziada et al. (2003) have studied the excitation of 
these modes by flow over a two-dimensional 
shallow cavity mounted onto a rectangular duct. It 
was clear from the reported results that the 
transverse modes are excited by the cavity shear 
layer. Keller & Escudier (1983) have performed a 
limited number of tests on an axisymmetric cavity 
using a blow-down wind tunnel. They reported 
resonance of a diametral acoustic mode at a very 
high transonic flow speed. No details had been 
given about the flow conditions over which the 
diametral mode was excited.  

The objective of the present work is to 
investigate the effect of cavity depth on flow 
excitation of the diametral modes of an 
axisymmetric pipe-cavity system. Different cavity 
depths and lengths are tested up to a Mach number 
of 0.4. Numerical simulations are also performed to 
determine the effect of the cavity depth on the 
acoustic mode shapes. The simulation results are 
then used to explain some of the experimental 
observations, such as the dependence of excitation 
level and mode selectivity at resonance on the 
cavity depth.  



2. 
2.1 Test fa

The tests
tunnel. The
blower pow
through the
blower spee
unit. This 
velocity in 
blower max
is connecte
means of a
and facilita
parabolic ax
the test-sec
profile. 

Figure 1 
geometry. T
in diameter 
long, with 6
the two pip
axisymmetr
various d
combination
ensure that 
centre of th
cavity depth
mm), and f
ratio (L/d) a
interfaces b
leakage fro
precludes a
leakage. 

Tabl

D (mm) 
12.5 
25 
50 

 
 

Figure 1:

2.2 Instrum
The test 

EXPERIM
acility 
s are conduct
e tunnel is e
wered by 50
e wind tunne
ed using a va
setup is cap
the test secti

ximum rotati
ed to the suc
a conical dif
ate tests at
xisymmetric 
ction inlet to

 shows a sc
The test sect
clear acrylic
6.25 mm wa
pes has a l
ric internal 
dimensions 
ns to form 
the pressur

he cavity. A
hs are invest
for each dep
are tested. O
between the 
om or to th
coustic losse

e 1: Dimensi

Ratio d/D 
1/12 
2/12 
4/12 

: Schematic 

mentation 
program inc

Upstream 
pipe 

Pres
transd

MENTAL S

ted using an 
equipped wi
0 hp motor.
el is changed
ariable drivin
pable of pr
ion of aroun
ional speed. 
ction side o
ffuser to red
t high flow
contraction 

o produce u

chematic of 
tion consists 
c pipes. Each
all. The conn
larger diame
cavity. Acr
are use 

the desired 
e sensors ar

As shown in
tigated (d = 
pth, several 
-rings are us
 flanges. Th

he test secti
es that would

ions of tested

Tested  rat
2, 4, 6, 8
1, 2, 3, 4
0.5, 1, 1

drawing of t

cluded meas

sure 
ducer 

SETUP 

open loop w
ith a centrif
. The flow 
d by varying
ng speed con
roducing a f
d 150 m/s at
The test sec
f the blower

duce flow lo
w velocities

was attache
uniform velo

the test sec
of two 150 

h pipe is 450 
nection betw
eter to form
rylic flanges

in diffe
cavity size 

re located at
n Table 1, t
12.5, 25 and
length to d

sed to seal all
his prevents
ion and ther
d result from

d cavities. 

ios of L/d
8, 10, 12 
4, 5, 6 
.5, 2, 2.5, 3

the test sectio

surements of

Downstream
pipe 

wind 
fugal 

rate 
g the 
ntrol 
flow 
t the 
ction 
r by 

osses 
. A 

ed to 
ocity 

ction 
mm 
mm 

ween 
m an 
s of 
erent 

and 
t the 
three 
d 50 

depth 
l the 
s air 
reby 

m air 

 
on. 

f the 

mea
data
data
Inst
with
for 

T
stat
dow
Me
mea
bou
was

M
the 
at 
circ
tran
surf
wer
sen
pres
wer
is o
at a
reso

3
A

prov
diam
Fin
was
con
pres
mod
a ca
mm
are 
pres
hav
pha
mod
pres
For
pres
alon
ther
aco
dist
num
the 
equ

A
is th
Figu

m 

an flow velo
a acquisition
a consisted
trument card
h anti-aliasin
data acquisit

The mean fl
tic pitot t
wnstream
asurements a
an flow vel
undary layer
s used to dete
Multiple pres

instantaneou
different 

cumference 
nsducers we
face of the c
re equipped
sor to elimi
ssure signal.
re averaged o
one second lo
a frequency
olution of on

3. DIAME
A set of num
vide insigh
metral acous
ite element 
s used to con
nditions at th
ssure to simu
de shape of t
avity with d/

m long pipes 
shown in 

ssure contou
ve opposite s
ase. It is cle
des are lock
ssure decays
r all the diam
ssure occurs
ng its lengt
refore instal
ustic pressur
tribution alon
mber of the c

acoustic p
ual to the mod
An important
he distributi
ure 3 show

ocity and the
n system that

of a 16-b
d model PCI-
ng filter. Lab
tion and anal
low velocity
tube that 
the bell 

at this locati
ocity before
. A differen
ermine the d
ssure transdu
us acoustic 

physical 
of the cavi

ere flush m
avity floor. T
d with ac
inate the eff
 Spectra of 
over 40 data
ong. The tim

y of 32 kHz
ne Hertz. 

ETRAL AC
merical simul
ht into the 
stic modes of

commercia
nduct the sim
e pipe ends w
ulate open e
the first diam
/D=2/12 and

at both end
the form o

urs. The bri
signs to indic
ear from Fi
ked to the c
s exponential
metral modes
s at the cav
th. The pre
lled at thes
re varies in 
ng the cavity

complete sine
ressure ove
de number. 
t feature of t
ion of the ac

ws the vecto

e acoustic pr
t was used to
bit, 4-channe
-4452, and w
bview progra
lysis. 

y was measu
was locate

mouth 
ion provided
e the develo
ntial pressure
dynamic head
ucers were us
pressure sim
angles a

ity floor. T
mounted to 
The pressure

cceleration-co
fect of vibra
the pressure

a samples, ea
me signals w
z, yielding 

COUSTIC M
lations was c

characteris
f the pipe-ca

al package 
mulations. Th
were set to z

ends. Figure 
metral acous
d L/d = 1 atta
ds. The diam
of normaliz
ight and da
cate that the
ig. 2 that th
cavity and t
lly in the axi
s, the maxim
vity floor a

essure transd
se locations
the form of 
y circumfere
e wave cycle

er the circum

the acoustic 
coustic partic
or plot of t

ressure. The
o acquire the
el, National

was equipped
am was used

ured using a
ed directly
contraction.

d the average
oping of the
e transducer
d.  
sed to obtain

multaneously
around the
The pressure

the inside
e transducers
ompensating
ation on the
e transducers
ach of which

were sampled
a frequency

MODES 
conducted to
stic of the
avity system.
“ABAQUS”
he boundary
zero acoustic
2 shows the
tic mode for
ached to 450

metral modes
zed acoustic
ark contours
ey are out of
he diametral
the acoustic
ial direction.

mum acoustic
and midway
ducers were
s. Also, the
a sine wave

ence and the
es formed by
mference is

mode shape
cle velocity.
the acoustic

e 
e 
l 
d 
d 

a 
y 
. 
e 
e 
r 

n 
y 
e 
e 
e 
s 
g 
e 
s 
h 
d 
y 

o 
e 
. 
” 
y 
c 
e 
r 
0 
s 
c 
s 
f 
l 
c 
. 
c 
y 
e 
e 
e 
e 
y 
s 

e 
. 
c 



L 

x B

B

particle velocity over the cross section B-B shown 
in fig. 2. From the vector plot, it can be seen that the 
maximum particle velocity is at the centerline of the 
pipe and it decreases in the direction towards the 
pipe wall. In this paper, attention is focused on the 
amplitude of the acoustic particle velocity along the 
m

m

acoustic particle velocity. In the rest of the paper, 
the average amplitude of the radial acoustic particle 
velocity is used without presenting the complete 
distribution over the cavity mouth.  

4. GENERAL SYSTEM RESPONSE 
Before presenting the effect of changing the 

cavity dimensions on the system response, a typical 
system response is briefly presented. Figure 5 
shows the dominant acoustic modes as a function of 
the flow velocity for a cavity with L/d=1 and 
d/D=1/6. The data show upward and downward 
frequency jumps, from one acoustic mode to 
another, as the velocity is increased. This behaviour 
exemplifies the general trend of cavity-excited 
resonance as reported by, for example, 
Schachenmann & Rockwell (1980). In general, the 
first and second free shear layer modes (n=1,2) 
excite the first four diametral modes (r=1-4), 
alternatively. However, the third free shear layer 
mode (n=3) excites the third diametral mode 
strongly over a very narrow velocity range around 
40m/s. These results suggest that the higher order 
acoustic modes are suppressed if another lower 

Section   A-A

outh of the cavity where the shear layer is formed. 
This is because the vorticity-based contribution to 
acoustic power generation is linearly proportional to 
the acoustic particle velocity (Howe, 1975); and the 
acoustic power is produced within the region 
encompassing the cavity free shear layer. 

Figure 4 shows the radial component of the 
acoustic particle velocity amplitude over the cavity 

outh for L/d=1, 3 and 6. These particle velocity 
amplitudes correspond to a maximum acoustic 
pressure of one Pascal at the centre of the cavity 
floor. The average amplitudes of the radial acoustic 
particle velocity along the cavity mouth are 1.09, 
1.06 and 1.00 mm/s for L/d=1, 3 and 6, 
respectively. This indicates that the length of the 
cavity has no major effect on the amplitude of the 

Figure 2: The mode shape of the first diametral 
acoustic resonance in terms of pressure contours 

(d/D=2/12, L/d=1) 

Figure 3: Vector plot of the acoustic particle 
velocity amplitude of the first diametral mode 

(d/D=2/12, L/d=1) 

Figure 4: Radial component of the acoustic 
particle velocity along the cavity mouth  

Figure 5: Frequency of the dominant diametral 
acoustic modes at different velocities. (r is the 
acoustic mode number and n is the free shear 

layer mode number) 



order mode is excited by a lower order cavity shear 
layer mode. For example, between 60-70m/s, the 
third diametral acoustic mode is not excited because 
the first acoustic mode (r=1) is excited strongly by 
the first shear layer mode (n=1).  

Figure 6 shows the dimensionless acoustic 
pressure amplitude of the dominant diametral 
acoustic modes against the Strouhal number. The 
RMS amplitude of acoustic pressure is normalized 
by the dynamic head of the mean flow (1/2ρU2). 
The Strouhal number, frL/U, is based on the cavity 
length, L, the resonance mode frequency, fr, and the 
mean flow velocity, U. Figure 6 shows that the 
Strouhal number at which a particular shear layer 
mode excites various acoustic modes (r=1 to 4) is 
almost constant. The first and second cavity free 
shear layer modes (n = 1,2) have Strouhal numbers 
near 0.5 and 1, respectively. Note that the Strouhal 
number for any mode is taken as the Strouhal 
number at the maximum dimensionless pressure 
amplitude for this mode. For the purpose of 
comparison in the upcoming section, the maximum 
dimensionless pressure produced by a certain shear 
layer mode is used as an indication of the strength 
of the excitation level.  

5. EFFECT OF CAVITY DEPTH ON 
SYSTEM BEHAVIOUR 

Changes in the cavity depth (d) affect, to varying 
degrees, the main features of the system response; 
including the cavity free shear layer Strouhal 
number, the level of acoustic excitation and the 
susceptibility of various acoustic modes to 
excitation. The effect on the Strouhal number 
depends on the cavity length to depth ratio, rather 
than on the depth alone. This effect is not discussed 
here because it has been investigated in detail by 
other researchers as summarized by Rockwell & 
Naudascher (1978). The objective of the present 
work is to shed more light onto the effect of cavity 

depth on the excitation level and the mechanism of 
mode selectivity of acoustic resonance. First, the 
results showing the effect of the cavity depth on the 
excitation level are discussed. Thereafter, a 
numerical simulation study is performed to 
investigate the effect of the cavity depth on the 
acoustic mode shapes and the associated 
distributions of the acoustic particle velocity. These 
particle velocity distributions are then used to 
explain the susceptibility of different diametral 
modes to flow excitation and also to clarify the 
phenomenon of mode selectivity as observed during 
the present experiments.  

5.1 Effect of cavity depth on excitation level 
The excitation level, and consequently the 

amplitude of the acoustic pressure, is found to be 
strongly dependent on the cavity depth, or in other 
words, it depends on the cavity depth to the pipe 
diameter ratio (d/D). Figure 7 shows the maximum 
dimensionless acoustic pressure of the lowest 
diametral mode (r = 1) when excited by the first 
shear layer mode (fig. 7a) and by the second shear 
layer mode (fig. 7b). The results are given for the 
three tested cavity depths (d/D), and the cavity 
length is taken as a parameter. It is evident that the 
ratio d/D has substantial effect on the excitation 

Figure 6 : Dimensionless  pressure as a function  
of the Strouhal number (L/d=1, d/D=2/12) 

Figure 7: Maximum dimensionless acoustic 
pressure for different cavity depths to pipe 

diameter ratio a) excitation by cavity first free 
shear layer mode, b) excitation by cavity second 

free shear layer mode 

(a) 

(b) 
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5.3 Effect of cavity depth on mode selectivity 
This section addresses the phenomenon of 

diametral mode selectivity for acoustic resonance 
when the cavity depth ratio (d/D) is altered. Figures 
10(a) & (b) show the dominant acoustic modes over 
the tested flow velocity range for two cavities of 
equal length (L/D = 0.17), but different depths 
(d/D=1/12 & d/D=4/12), respectively. These 
figures, combined with fig. 5 which is for an 
equally long cavity but different depth (d/D=2/12), 
illustrate the phenomenon of susceptibility of 
different acoustic modes to excitation by various 
shear layer modes. They also illustrate the 
dependence of this phenomenon on the cavity depth 
ratio. It is noteworthy that all three cavities have the 
same length to ensure that the coincidence between 
the frequency of each shear layer mode and a 
particular acoustic mode occurs at approximately 
the same velocity. For d/D=1/12, the first diametral 
acoustic mode is not excited except over a very 
narrow velocity range. In this case, the higher order 
acoustic modes are more likely to be excited. On the 
other hand, for d/D=4/12, the lower order acoustic 
modes are the ones that are more likely to be 
excited. This indicates that for the deeper cavity 
(d/D=4/12), the lower order acoustic modes are 
more susceptible to acoustic resonance than the 
higher order modes. This trend is reversed for the 
shallower cavity (d/D=1/12).   

Recalling fig. 8 again, the simulation results 
show that in the case of the deeper cavity 
(d/D=4/12), the acoustic particle velocity amplitude 
at the cavity mouth decreases with the increase of 
the acoustic mode order. However, the acoustic 
particle velocity is higher for the higher order 
acoustic modes in the case of the smaller depth 
cavity (d/D=1/12). These results clarify partially the 
phenomenon of mode selectivity of acoustic 
resonance and its dependence on the cavity depth. 
The results also underline the effect of changes in 
the diametral acoustic mode shapes on the 
aerodynamic excitation phenomenon.  

6. CONCLUSIONS 
The effect of cavity depth on the acoustic 

resonance mechanism of an axisymmetric shallow 
cavity in a duct has been investigated 
experimentally and numerically. It is shown that the 
level of aerodynamic excitation of the acoustic 
diametral modes increases as the ratio between the 
cavity depth and the pipe diameter is increased. The 
numerical simulations have shown that increasing 
the cavity depth increases the radial particle 
velocity amplitude at the cavity mouth, which 
enhances the vorticity-based acoustic power 
generation. The susceptibility of the different 

diametral acoustic modes to flow excitation is also 
dependent on the cavity depth. Higher order 
acoustic modes are shown to become more liable to 
shear layer excitation as the cavity is made 
shallower.  
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Figure 10: Frequency of the dominant diametral 
acoustic modes  a)d/D=1/12,L/D=0.17, b) 

d/D=4/12, L/D=0/17. (r: the acoustic mode number, 
n: the free shear lyaer mode number) 

(a) 

(b)


	1. INTRODUCTION
	2. EXPERIMENTAL SETUP
	2.1 Test facility
	2.2 Instrumentation

	3. DIAMETRAL ACOUSTIC MODES
	GENERAL SYSTEM RESPONSE
	EFFECT OF CAVITY DEPTH ON SYSTEM BEHAVIOUR
	5.1 Effect of cavity depth on excitation level
	Effect of cavity depth on acoustic mode shapes and particle velocity distributions
	5.3 Effect of cavity depth on mode selectivity

	6. CONCLUSIONS
	7. REFERENCES

