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Abstract
This paper presents an experimental study of the aeroacoustic characteristics of Helmholtz resonators. The
two-port characterization technique is applied to compute the scattering properties of the resonators from
measured pressure spectra. The onset of aeroacoustic instabilities is investigated using an acoustic power
balance based on the linear scattering matrix formulation. The influence of the grazing flow velocity on
the aeroacoustic instability onset is discussed. Additionally, the effect of the orifice dimensions is analyzed
with two different configurations. The results offer a valuable database for the validation of computational
techniques for the prediction of whistling onset in duct systems.

1 Introduction

Helmholtz resonators and perforated plates are passive acoustic devices typically used in flow duct systems
to suppress or control tonal noise propagation. Those devices are commonly integrated into many industrial
applications such as aircraft engine liners, automotive mufflers, ventilation and exhaust systems for vehicles
or buildings. To improve the acoustic performance of such products it is important to consider the potential
interaction between the aerodynamic flow and sound waves, which can lead to high levels of vibrations
and unacceptable noise emissions. Such aeroacoustic coupling phenomena have gained a marked interest
due to their relevance for many engineering applications, such as pipe networks with an open or closed
side branches [1, 2, 3, 4], T-junctions [5, 6, 7, 8] or orifice plates [9, 10, 11, 12], and cars with an open
window or sunroof [13, 14]. Several numerical and experimental studies also discuss the modeling of the
fluid-mechanics of flow-excited Helmholtz resonators [15, 16, 17, 18, 19, 20, 21, 22, 23]. Under certain
conditions, the vortical flow disturbances, generated in the detached shear layer over the orifice, can interact
with the acoustic field, resulting in an energy transfer between the flow and the acoustic oscillations. The
constructive reinforcement of the unstable vortical structures, due to the coupling with the resonator cavity
modes, can lead to aeroacoustic instabilities and whistling. As argued in [9] and [12], these phenomena
develop from a linear state and their onset can be efficiently predicted using linear aeroacoustic theory.

This paper presents an experimental study of the aeroacoustic instabilities in Helmholtz resonators under
a low Mach number grazing flow. The experiments are carried out on the open circuit aeroacoustic test
facility at KU Leuven [24, 25]. A two-port technique is applied to characterize acoustically the test objects
[26, 27, 28]. The frequency ranges for the onset of the instability phenomena are detected via an acoustic
energy analysis of the resonators scattering properties [12]. The paper is organized as follows. Section 2
discusses the theory of the two-port characterization technique and the acoustic energy criterion. Section 3
introduces the test object and the experimental set-up. In Section 4 the results are presented and discussed.
Concluding remarks are given in Section 5.
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2 Theory

2.1 Acoustic two-port modeling

A two-port model is an efficient method to characterize the acoustic properties of a duct component, mounted
between an inlet and outlet duct with rigid walls (Fig.1). It makes abstraction of the complex physics inside
the acoustic element and describes the transmission and the reflection of the propagating sound using a linear
matrix relation in frequency domain [26, 29, 28]. Analytical models of many simple duct geometries can be
found in literature [26, 30, 31], while experimental and numerical approaches are typically adopted for more
complex geometries.
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The main advantage of this formulation is the direct physical interpretation of
the matrix coefficients (figure 3.1). The diagonal terms T ± are the transmission
coefficients for the downstream and upstream propagating waves, while the
off-diagonal terms R± represent the reflection coefficients at the inlet and the
outlet.
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Figure 3.1: Scatter matrix coefficients of a passive two-port element

This chapter focuses on the characterization of a flow duct component as a
passive two-port element. Since matrix relations exist between the different
multi-port formulations [70, 96], only the scatter matrix formulation will be
considered. This chapter is structured as follows. First, an overview is given
of the existing procedures for the acoustic two-port characterization of duct
components and the plane wave decomposition methods used for this purpose. In
section 3.3, a novel iterative procedure for plane wave decomposition is presented.
This procedure is applied to a set of numerical validation cases in section 3.4
to investigate its performance under different conditions. Section 3.5 presents
an experimental validation of the proposed procedure. Finally, section 3.6
summarizes the main conclusions of this chapter.

3.2 Passive two-port characterization

The passive two-port model uses a two-by-two matrix to describe the acoustic
behavior of a flow duct component in frequency-domain. The characterization
of a component therefore requires the determination of the four coefficients of
this two-port matrix. For any known state of the system, the scatter matrix
relation (3.1) yields two linear equations with four unknown coefficients. A
second, independent state of the two-port element is therefore needed to obtain
a determined system of equations. The two-port matrix can then be computed
as:
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Figure 1: Two-port model of the acoustic element [32].

The two-port model assumes that only plane waves propagate in the ducts and all high-order modes are
evanescent. This assumption allows describing the acoustic field in a duct using only two independent
variables, such as the acoustic pressure and velocity or the complex amplitudes of the upstream and
downstream propagating wave. The linear acoustic properties of a duct component are therefore determined
by the relation between these variables at the inlet and at the outlet of the two-port element. Using the
scattering matrix formulation, the acoustic behavior at an angular velocity ω is described by a linear matrix
relation between the complex amplitudes of the downstream (p+) and upstream (p−) propagating pressure
wave at the inlet (•i) and outlet (•o) of the acoustic element:
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The scattering matrix S contains the coefficients T+, T−, R+ and R−, which represent, respectively, the
transmission and reflection coefficients for the downstream (•+) and upstream (•−) propagating waves.
Given the assumption of plane wave propagation, the validity of the model is restricted to frequencies below
the cut-off frequency of the first transversal mode.

The scattering matrix determination requires at least two independent states of the system. This can be
achieved by varying the position of the excitation [33] (two-source method), by modifying the downstream
impedance [34] (two-load method) or by a combination of both [35]. The scattering matrix is then computed
as:
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where the Roman number refers to the two independent states. The use of more than two states, using a
Moore-Penrose pseudoinverse for the matrix inversion, can improve the accuracy of the solution by
suppressing the influence of randomly distributed errors.

The complex amplitudes p± are computed by mapping the measured pressure spectra p′ at n ≥ 2 distinct
positions in the duct on the analytical expression for the acoustic pressure field [36]:
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where z is the axial position of the measurement points and the symbol •⊗ denotes the Moore-Penrose
pseudoinverse. The axial wavenumber k± is computed from the expression derived by Weng and Bake [37],
accounting the visco-thermal attenuation at the walls:

k± =
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The term k0 = ω/c0 is the wavenumber in a quiescent medium, depending on angular velocity ω and the
speed of sound c0. M0 is the steady flow Mach number, Pr the Prandtl number, ν is the kinematic viscosity,
γ is the ratio of specific heat constants and R is the hydraulic radius of the duct. The accuracy of the plane
wave decomposition is directly affected by measurement errors on these parameters. These uncertainties
can be reduced using an iterative optimization method [38, 32], which exploits the overdetermination of
equation (4) to compute better estimates of selected parameters. In this paper, the speed of sound and the
mean flow Mach number are optimized using this iterative method.

2.2 Acoustic energy criterion based on scattering matrix

Assuming the flow-acoustic interaction effects are included in the linear scattering matrix relation, the
modulation of incident acoustic waves and the potential onset of aeroacoustic instabilities can be
determined by analyzing the scattering properties of the acoustic element. A theoretical criterion for the
prediction of the fluid-driven whistling potentiality of a duct component, based on an acoustic energy
balance, has been proposed by Auregan and Starobinski [12]. This criterion is formulated in terms of
exergy wave contributions w±, which can easily be derived from the complex amplitude of the
corresponding pressure waves using a scaling factor:

w± = (1±M0) p
± (6)

Introducing the exergy wave vectors win and wout, it is possible to define the power scattering matrix S
w

according to the following relation:
wout = S

w
win. (7)
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This power scattering matrix S
w

is computed in a similar way as the scattering matrix, using equation (3)
formulated in terms of exergy waves w± instead of pressure waves p±.

The acoustic power entering (Win) and leaving (Wout) the two-port element is determined by the exergy
waves:

Win = w∗inwin Wout = w∗outwout (9)

Hence, the acoustic power Wdiss dissipated inside the element can be expressed as a function of the power
scattering matrix:

Wdiss =Win −Wout = w∗in
(
I − S∗

w
S

w

)
win (10)

where I is the identity matrix, and the superscript •∗ represents the Hermitian transpose. According to this
formula, an amplification of the incident sound power due to a flow-acoustic interaction results in a negative
Wdiss. Following the formalism proposed in [12], this power balance can be reformulated as:

Wdiss = d∗
(
I −Λ

)
d (11)

The diagonal matrix Λ contains the real and positive eigenvalues λi of the product of the power scattering
matrix with its Hermitian transpose S∗

w
S

w
. The vector d is obtained from d = V ∗ p

in
, which corresponds
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to an orthogonal change of variables defined by the matrix V which columns are the eigenvectors of S∗
w
S

w
.

As a result, the quadratic form of the dissipated power can be expressed as:

Wdiss =
∑

i

(1− λi) |di|2 =
∑

i

ξi |di|2 (12)

where ξi = 1 − λi are the so-called dissipation potentials. These potentials represent the minimum and
maximum sound power dissipated by the two-port element, considering all possible incident acoustic fields.
A positive dissipation potential indicates a net dissipation of acoustic energy inside the two-port element,
whereas a negative potential implies a net amplification of the incident power. The whistling potential can
hence be determined by considering the values of ξmin = 1−λmax. In particular, ξmin < 0 indicates that the
acoustic element can amplify the incident acoustic power, which can lead to whistling. Therefore, although
the intrinsic non-linearity of aeroacoustic instabilities, their onset can be predicted using a linear two-port
formulation and the acoustic power balance approach.

3 Experimental set-up

The experimental campaign for the analysis of the aeroacoustic instabilities in Helmholtz resonators has
been carried out on the open circuit aeroacoustic test facility at KU Leuven. The resonators are designed
considering a quasi-two-dimensional geometry shown in figure 2. It consist of a rectangular cavity with a
length lx = 40 mm, a depth ly = 55mm connected to a duct by an orifice. Two different neck geometries are
manufactured in order to study the orifice length effect. The resonator A is characterized by a neck with an
orifice length of LA = 5mm and a depth of dA = 5mm; while the resonator B has a length of LB = 10mm
with the same depth dB = 5 mm. In both cases the main duct has an height of H = 40mm. This 2D
geometry is extruded over W = 90mm in the third dimension. Figure 3 shows the test object mounted
between an inlet and an outlet duct with a rectangular cross-section of 90 by 40 mm. Each of these ducts is
equipped with 4 flush-mounted 1/4” microphones (type PCB 378C10), located respectively at 425 mm, 506
mm, 637 mm and 849 mm from the center of the orifice. An in-line loudspeaker is installed at the extremities
of the measurement ducts to provide the acoustic excitation. At the exhaust of the downstream duct, various
types of termination can be mounted to change the acoustic load. The upstream duct is connected to a
flow generating unit, consisting of a frequency-regulated roots blower and an after-cooler. Measurements
have been carried out imposing different inlet flow velocities. Besides the reference case in a quiescent
medium, three different mean flow cases are tested, imposing an inlet velocity of u0 =10m/s, 15m/s,
20m/s; corresponding respectively to a Reynolds number of Re = 2 ρ u0R/µ = 37218, Re =55868
and Re = 74646. For the resonator B an additional test cases is studied, imposing an inlet velocity of
u0 = 35m/s corresponding to a Reynolds number of Re = 130631. The temperature and the volume flow
rate are continuously monitored using a vortex-flow meter.
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Figure 2: Schematic description of the Helmholtz resonator with two different neck geometries.
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Figure 3: Test object mounted in the experimental set-up.

The two-port characterization has been carried out following a combined multiple source and multiple load
approach obtaining 4 independent dataset for each case. The data acquisition has been done using a a LMS
SCADAS III system, in combination with LMS Test.Lab rev.15. All the experiments have been performed
with a stepped sine excitation in a frequency range from 100 Hz to 1880 Hz. This upper limit corresponds to
the cut-off frequency of the first transversal mode of the duct. The frequency resolution is set to 20 Hz around
the expected resonance frequency, and to 50 Hz in the remainder of the frequency range. All autopower and
crosspower spectra are computed using Welch’s averaging technique with 60 averages and 25% overlap
[39]. In-house processing routines have been applied to the measurement data to carry out the iterative plane
decomposition, to compute the power scattering matrices and to obtain the dissipation potentials [32].

4 Discussion of results
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Figure 4: Amplitude of the power scattering matrix coefficients for the Helmholtz resonator A at different
mean flow velocities: u0 = 0m/s ( ), u0 = 10m/s ( ), u0 = 15m/s ( ), u0 = 20m/s ( ).

Figures 4 and 5 report the amplitude of the power scattering matrix coefficients for the resonator A and B.
The results for a quiescent medium and for different inlet flow velocities are presented. In quiescent fluid
conditions, both Helmholtz resonators passively act as effective sound absorbers around their resonance
frequency fres. In figure 4, the transmission coefficients show a minimum around the natural frequency of
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Figure 5: Amplitude of the power scattering matrix coefficients for the Helmholtz resonator B at different
mean flow velocities: u0 = 0m/s ( ), u0 = 10m/s ( ), u0 = 15m/s ( ), u0 = 20m/s ( ), u0 =
35m/s ( ).

the resonator fres = 690Hz, where the reflection coefficients have their maximum. In agreement with the
mechanical system analogy [27], whereby the angular resonance frequency of the resonator ωres =2πfres
is proportional to the square root of the orifice length

√
L, the natural frequency of the resonator B at zero

flow occurs at a higher frequency of about fres = 850 Hz (figure 5). The results of resonator A at the flow
velocities of u0 = 10m/s reveal an increase of a resonant peak in the reflection coefficient |R−w | above the
reference case without mean flow. This effect becomes more pronounced when the inlet velocity is increased
to u0 = 15m/s, for which |R−w | exceeds the value of 1 in the proximity of the resonance frequency. A further
increase of the flow velocity results in a decrease of the resonant peak of the reflection coefficients, with a
shift towards higher frequencies and a lower quality factor. A similar trend has already been observed in
experimental results with smaller orifice length resonators under grazing flow [40], and suggest an increased
damping caused by the flow-acoustic interaction.

For the resonator B in figure 5, the decrease of the quality factor and the shift of the resonant peak towards
higher frequencies are already observed at the inlet velocity of u0 = 15m/s. At higher flow velocities, the
resonator behavior changes appreciably. At u0 = 35m/s the mean flow effect is more pronounced, and
it leads to an increase of the power reflection property of the two-port element. According to the previous
arguments, this indicates that the resonator are not working properly as a sound absorber. In addition, for
this case, a peak shift towards higher frequencies is identified.

Figures 6 and 7 report the minimum dissipation potential, ξmin for resonators A and B, computed from the
measured power scattering matrix. The results are plotted versus the Strouhal number St = fL/uc, based
on the orifice length L and the convection velocity of vorticity across the orifice uc. The correction factor
uc/u0 = 0.45 refers to numerical and experimental studies of similar cases [16, 1, 5, 41, 42]. Given the
different orifice lengths, the Strouhal number StB for resonator B is scaled with a factor 2 with respect
to the Strouhal number StA of resonator A. For both resonators distinct frequency ranges for the onset of
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Figure 6: Acoustic power balance of the Helmholtz resonator A at different mean flow velocities. Minimum
dissipation potential at u0 = 10m/s ( ξmin), u0 = 15m/s ( ξmin), u0 = 20m/s ( ξmin).

aeroacoustic instabilities are identified for different mean flow velocities.

Figure 6 shows the minimum dissipation potential for resonator A. At the inlet velocity of u0 = 10m/s,
the minimum dissipation potential ξmin is negative in the ranges corresponding to 0.62 < StA1 < 0.69
and 1.72 < StA2 < 1.825. Increasing the grazing flow velocity to u0 = 15m/s, we observe the onset of
a whistling mode in a lower frequency region, corresponding to 0.25 < StA0 < 0.32. While, the second
whistling mode, corresponding to 0.5 < StA1 < 0.81, is centred around the first unstable region detected at
u0 = 10m/s. At the inlet velocity of u0 = 20m/s the first unstable range widens to 0.19 < StA0 < 0.35,
while the second whistling range is enlarged and shifted to higher Strouhal numbers, occurring in the region
of 0.47 < StA1 < 0.97.

A similar pattern is observed for the resonator B in figure7. At the lower velocity, u0 = 10m/s, two
whistling modes are detected, the first around StB1 = 1.822 and the second between 3.40 < StB2 <
3.60. Increasing the grazing flow velocity to u0 = 15m/s, two main whistling modes are identified, in the
frequency ranges corresponding to 0.43 < StB0 < 0.93 and 1.5 < StB1 < 1.77. At higher velocities those
ranges widen, and, in addition, the first region of instability onset is shifted to lower Strouhal number. At the
same time, the second unstable region is translated to higher Strouhal numbers: at u0 = 20m/s a negative
dissipation potential is observed in the range corresponding to 0.37 < StB0 < 0.93 and 1.48 < StB1 < 2.
For the mean flow velocity of u0 = 35m/s the potential onset of aeroacoustic instabilities is detected in the
range of 0.33 < StB0 < 0.93.

As supported by the previous results, the effects of fluid-dynamic and resonant phenomena are identified for
both resonators. The different orifice lengths influence the natural frequency of the resonators, according to
[27], and leads to a frequency shift of fres. A similar trend is also observed for the Strouhal number ranges
of aeroacoustic instability onset, confirming that the instabilities originate from the interaction between the
unstable shear layer and the Helmholtz resonance. In addition, the increased mean flow velocity results
in wider frequency ranges of aeroacoustic instability onset. Analyzing the results for both resonators, the
minimum dissipation potential shows a clear periodic pattern that require further investigations. For this
purpose, the two-port assumption seems to be restrictive, and a multi-port model [32] is required to extend
the framework to higher frequencies.
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Figure 7: Acoustic power balance of the Helmholtz resonator B at different mean flow velocities. Minimum
dissipation potential at u0 = 10m/s ( ξmin), u0 = 15m/s ( ξmin), u0 = 20m/s ( ξmin),
u0 = 35m/s ( ξmin).

5 Conclusion

In this paper, the onset of aeroacoustic instabilities in Helmholtz resonators is analyzed experimentally. A
measurement campaign has been carried out on the open circuit aeroacoustic test facility at KU Leuven,
considering two resonator geometries and various mean flow conditions. An acoustic power balance,
computed from the scattering matrix of the resonator, is used to detect the frequency ranges where
aeroacoustic instabilities could initiate, and to study the influence of grazing flow velocity and the orifice
length. For each resonator geometry and mean flow condition, several frequency ranges are detected where
the onset of aeroacoustic instabilities could take place. As also observed in numerical studies [41],
increasing the grazing flow velocity results in a stronger interaction between the unstable shear layer and
the resonance of the cavity. This interaction leads to wider frequency regions of potential aeroacoustic
instabilities and a slight shift in terms of Strouhal number. The effect of the orifice length on the onset of
aeroacoustic instabilities can be explained predominantly by its influence on the resonance frequency of the
Helmholtz resonator. The presented results are a first contribution to a valuable experimental database,
which will be used to gain a deeper understanding of the flow-acoustic phenomena in flow-excited
Helmholtz resonators. Additional measurements, extending the database to higher Strouhal numbers by
adopting a multi-port based formalism [?], are foreseen to further investigate the periodic pattern of
unstable frequency ranges.
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