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The aim of this work is to investigate the sound produced by a Helmholtz resonator excited
by a boundary layer. A deep cylindrical cavity with a small rectangular opening was designed
to allow Helmholtz resonance as well as longitudinal and azimuthal acoustic modes within
the cavity to be excited by varying the wind tunnel flow speed. Experiments performed show
how lock-on between each of these three acoustic resonances and the shear layer hydrodynamic modes can been generated. The pressure measured by means of a microphone flush
mounted with the internal surface of the cavity wall is used to phase-average the planar Particle Image Velocimetry (PIV) data in the shear layer region. The acoustic energy generated is
calculated by applying the vortex sound theory developed by Powell and modified by Howe
for its application to wall bounded flows. Practically, this can be achieved by extracting the
flow velocity and vorticity the from the PIV data and by computing numerically the acoustic
particle velocity field. The acoustic sources are localised in space and quantified over an
acoustic period providing insight into the sound production of flow-excited cylindrical cavities.

1.

Introduction

Numerous engineering applications involve low Mach number flows passing over cavities.
These systems are often susceptible to resonance due to feedback between perturbations in the shear
layer and the internal pressure of the cavity. This flow-acoustic coupling leads to large unsteady
pressure fluctuations and can result in undesirable noise or structural damage. Rockwell and Naudascher1 have provided an extensive review of shear layer driven cavity flows and have categorised
them into three groups: fluid-dynamic, fluid-resonant and fluid-elastic.
Cavities whose openings are partially covered are frequently found in the transportation industry: window buffeting in cars/trains, aircraft landing gear wheel well; in musical instruments: jug
bands; and in duct applications: side branches. When these systems are exposed to a grazing flow,
two different mechanisms have been identified3,4: either periodic compressions of the volume of
fluid inside the cavity commonly called Helmholtz resonance or the excitation of a standing acousICSV18, Rio de Janeiro, Brazil, 10-14 July 2011
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tic wave in the resonator. Both of these mechanisms fall into the Rockwell and Naudascher category
of fluid-resonant self-sustaining oscillations and are the mechanisms investigated in this paper. Of
particular interest is the measurement and examination of the velocity in the shear layer region
when subject to a fluid-resonant condition which has received relatively little attention6,7,8,9.
Facilitated by the development of full field velocity measurement techniques, acoustic source
characterization has interested many researchers10,11,12,13 in the last decade. The approach is to apply
an acoustic analogy to the experimental data in order to identify the spatial distribution of the sound
sources. A comparison of the Curle15 acoustic analogy and the vortex sound theory introduced by
Powell16 and extended by Howe17, has been recently applied to estimate the cavity sound emission
by Koschatzky14. According to this study, both analogies correctly estimate the overall sound pressure level; however the vortex sound theory appears to predict better the amplitude of the tonal
component.
The present study focuses on a cylindrical Helmholtz resonator excited by a boundary layer.
The objective is to characterize the opening regions of the resonator by means of velocity and pressure measurements simultaneously recorded. By applying the vortex sound theory of Howe, the
understanding of the spatial distribution of the sound sources is seek.

2.

Experimental Setup

A schematic of the current experiment is given in Figure 1. The experiment consists of a 493
mm (H) deep cavity with an internal diameter D of 238 mm mounted on the lateral wall of a 335
mm long test section with a 125 mm square section (W). A draw-down wind tunnel with an elliptical bell-mouth inlet was used to generate a uniform flow in the test section. The diameter of the
cavity has been chosen to be as large as possible in order to accommodate azimuthal acoustics
modes at frequencies low enough to be excited by a low Mach number flow. Based on preliminary
calculations, the two first azimuthal modes are expected to have frequencies of 837 Hz and 1387Hz.
The cavity covering plate was manufactured from a 7.75 mm thick Perplex panel. A rectangular orifice with sharp (45°) chamfered leading and trailing edges was machined into the plate. The
opening has a streamwise and a spanwise dimension of L = 45 mm and 40 mm respectively and it is
centred in the spanwise direction. The position of the opening is given by ∆, the distance between
the trailing edge of the opening and the downstream edge of the cavity (Figure 1). Different covering plates were manufactured, however all the results presented in this paper are for an opening
positioned as upstream as possible: ∆ = 184 mm.

Figure 1. Schematic the experimental rig. Section taken in the central plane. Not to scale.
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The wind tunnel flow speed was measured with a Pitot tube located at the end of the test section. The Pitot tube was connected to a pressure transducer Furness Controls FCO 510. A 7 mm
diameter G.R.A.S 40PR microphone was used to measure the pressure fluctuations at the upstream
lateral of the cavity (h/H = 0.356 in Figure 1). The microphone was connected to an amplifier
model PCB Piezotronics 482A16. All the electric signals from the instruments were acquired using
a National Instrument PXI-4472B Data Acquisition Card.
The flow in the orifice region was explored with a low speed LaVision PIV system. The seeding particles of DEHS which had a typical particle size of 1 µm were produced by an LaVision
aerosol generator. A double pulsed Nd:YAG laser was used to illuminate the flow field. Images
were taken with a digital Flow Master CCD camera equipped with a 1279 × 1023 pixel CCD sensor
and a 28 mm focal length lens. The images were processed using Davis 7.2 software and the computed velocity fields were exported into Matlab for further post processing. The highest recording
rate of the PIV system available was 4 Hz: therefore to resolve the flow field in time, a phaseaveraging technique was used.

3.

Numerical Simulation of the Acoustic Modes

In order to characterize the acoustic modes of the resonator, a numerical simulation was performed. A highly efficient finite difference method originally introduced by Caruthers18 was used
for the analysis. The approach uses wave functions which are exact solutions of the governing differential equations to interpolate on the grid. The wave expansion method (WEM) code used for
this study was developed by Ruiz and Rice19 and has been examined by Bennett et al.20 for its applicability in ducts.

(a)

(b)

(c)

Figure 2. Numerical solution to a monopole excitation of the cavity and the wind tunnel test section. Three
cases: first longitudinal mode H1 (a), first azimuthal-longitudinal mode AZ1H1 (b) and third longitudinal
mode H3 (c). Frequencies: 364 Hz, 927 Hz and 1050 Hz. The microphone is indicated by a black square.

A three-dimensional mesh encompassing the wind tunnel test section and the cavity was generated, resulting in approximately 240,000 tetrahedral elements. The code solves the complex pressure in every cell of the mesh. The system was excited by a monopole source located in the geometrical center of the opening. The inlet and the outlet of the test section were modelled with radiation
boundary conditions. The response of the system as a function of frequency can be determined by
running the code in a loop over many frequencies. Good agreement has been found between the
simulation and experiments9: in particular, the frequency and the shape of the acoustic modes are
correctly predicted. The real part of the complex pressure is plotted in Figure 2 for three different
monopole frequencies.
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4.

Response of the Resonator to a Grazing Flow

The resonator was exposed to a flow of air at room temperature through the wind tunnel. An
automated velocity sweep of the tunnel was performed by controlling the centrifugal blower motor
speed with LabView. The unsteady pressure inside the cavity was measured with the flush mounted
microphone. Results are presented in Figure 3 with the superimposition of the shear layer modes
calculated according to Rossiter’s21 formula:
St =

fL
n −α
≈
.
1
U
M+

(1)

κ

where α describes the phase delay between the hydrodynamic forcing and the acoustic feedback, κ is the convection velocity of the shear layer normalized by the free stream velocity and
n∈ * is the order of the shear layer mode. For low subsonic speeds as presented here, a number of
authors8,22,23 have argued that there is no need to consider a phase delay when the convection speed
is much less than the speed of sound. Therefore α = 0 was used. A range of convection speed coefficients are to be found in the literature although often at a value of κ = 0.38 is used21. A value of κ
= 0.46 has been used here as a best fit to the measured data.

Figure 3. Acoustic response inside the cavity as a function of tunnel flow-speed. Superimposed on the plot
are the theoretical shear layer modes (SL), the WEM acoustic modes (H1, AZ1...) and the Helmholtz resonance (HR). Frequencies are given in the non-dimensional form - Helmholtz number: He = πfD .
c

For a flow speed between 5 m/s and 10 m/s a distinct tone was clearly heard in the testing
hall: according to Figure 3, this tone corresponds to Helmholtz resonance excited by the first shear
layer instability mode. The resonance frequency measured compares well with the theoretical value
of 74 Hz superimposed on Figure 3 and estimated through:

f HR =

c
2π

S
.
Vl

(2)

where c is the sound speed, V the volume of the resonator, S is the plan-view cross section of the
orifice (45 mm × 40 mm), l is the equivalent neck length8 (45 mm).
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5.

Flow Field

PIV measurements in the orifice region allow greater insight into the fluid dynamics of the shear
layer to be obtained. For specific frequencies such as those at lock on, coherent structures were
identified and found to be relatively periodic. By using the pressure signal recorded simultaneously
with the PIV images, it is possible to compute an average velocity field for a given phase of the
acoustic wave. The phase-averaging was possible only when the pressure oscillations dominated the
microphone signal: in other words, when the pressure signal can be approximated by a sinusoid. An
example of the results is given in Figure 4 where a phase-average velocity and vorticity field are
presented. For this study, the 1000 acquired images were divided in 8 different phases. Each phase
contains between 100 and 150 PIV realizations.

(a)

(b)

Figure 4. Phase-averaged velocity (a) and vorticity (b) fields on the orifice region at the phase t / T =
0.25. The free stream velocity of 46 m/s corresponds to a coupling between the first shear layer mode and the
first longitudinal acoustic mode (SL1-H1).

6.

Acoustic Power

(

)

r
r r
In the Howe15 vortex sound theory, the Coriolis density forces f c = − ρ 0 ω × V are identified
as the principal source of sound. The generation of acoustic power by the vortical field can be calculated by the following formula24:
r r r
Π = − ρ 0 ∫ (ω × v ) ⋅ u acoust dV .
(3)
V

r
r
r
where ρ 0 is the mean fluid density, v is the velocity, ω is the vorticity and u acoust is the
acoustic particle velocity. The velocity and the vorticity field can be extracted from the PIV data
and the particle velocity numerically from the WEM study. An important assumption in the development followed is that the hydrodynamic quantities (velocity and vorticity) and the acoustic field
can be computed independently.

6.1 Computation of the acoustic particle velocity
As seen in Section 3, the numerical simulation gives a complex pressure field whose amplitude depends on the monopole source intensity. In order to dimensionalize the pressure, the experimental data from the flush-mounted microphone was used. It has been assumed that the pressure
has a simple harmonic motion in time for any point in the cavity. This assumption is good for
5
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strongly resonant states. Therefore, the pressure Pacoust at any point inside the cavity (x,y,z) and at
any moment of time (t) can be expressed as:

Pacoust ( x, y, z , t ) = cst ⋅ PWEM ( x, y, z, f acoust ) ⋅ sin(2πf acoust t ) .

(4)

where, PWEM is the pressure from the numerical simulation, facoust is the frequency of the
dominant acoustic mode and cst a constant necessary to match the experimental pressure measurements. In order to retrieve the particle velocity field, the linearized Euler momentum equation was
used:
r
∂U acoust
ρ0
+ ∇Pacoust = 0 .
(5)
∂t
As an example, the pressure and the acoustic velocity fields in the orifice region are given in
Figure 5 for the first acoustic mode.

(b)

(a)

r
Figure 5. Acoustic pressure field Pacoust (a) and acoustic velocity field U acoust (b) at the orifice region calculated with the WEM simulation and dimensionalized with the experimental data. First longitudinal mode
(H1). Phases (a): t / T = 0.25 and (b): t / T = 0 .

6.2 Time-averaged acoustic power
Three free stream velocities were chosen for the study: 46 m/s, 49 m/s and 51 m/s. These velocities correspond respectively to the first shear layer mode (SL1) locked-on with the first longitudinal mode (H1), the second shear layer mode (SL2) exciting the first azimuthal-longitudinal mode
(AZ1H1) and the second shear layer mode (SL2) amplified by the third longitudinal mode H3. The
shape of these three acoustic modes is display in Figure 3. The instantaneous acoustic power was
found for 8 different phases by computing the integrand of Eq. 3. This intermediary result, even if
essential for comprehension of the sound production, is not presented here for sake of brevity.
The acoustic power generated by the vortices in the orifice region over an entire acoustic period can be obtained by averaging the computed instantaneous acoustic powers. The time-averaged
acoustic power Π produce by a free stream of 46 m/s (SL1-H1) is given in Figure 6. The pattern
calculated is a distinct source-sink pair. This corresponds to the fact that the first shear layer mode
is characterized by the generation of a single large-scale vortex over an acoustic period.
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Figure 6. Time-averaged acoustic power. 46m/s, SL1-H1.

The two cases for which the second shear layer mode is dominant are presented in Figure 7. It is
interesting to observe the degree of similarity between these two patterns: two source-sink pairs are
found above the opening. Again, the shear layer rolling up into large-scale vortices generates this
pattern: the second shear layer mode produces two vortices during an acoustic cycle. The major
difference between both cases is the sign of the source-sink pairs. It is important to say that the sign
of the computed acoustic power depends on the origin of the time axis. The determination of the
phase of each PIV realization was done with reference to the pressure measured with the microphone at the upstream wall of the cavity (Figure 1). Therefore the acoustic pressure fluctuations in
the orifice region (upstream) are in phase with the fluctuations recorded by the microphone for the
AZ1H1 case and out of phase when H3 is dominant (Figure 2 – b, c).

(a)

(b)

Figure 7. Time-averaged acoustic power. (a): 49m/s, SL2-AZ1H1. (b): 51m/s, SL2-H3
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