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ABSTRACT

Weakly damped Helmholtz resonators (WDHRs) are res-
onant devices with their surface resistance near resonance
being substantially lower than the one of air and there-
fore the sound reflection at their resonance is out-of-phase.
They are known for their absorption to increase with in-
creasing in-neck velocities. This nonlinear effect is a con-
sequence of turbulence and jets forming at the interfaces
between the neck and the inner cavity and the exterior en-
vironment, causing increased acoustic resistance. In many
cases, the level dependence of the behavior can be par-
tially overcome by increasing the cavity or neck damp-
ing by enhanced increased level-independent resistance
of an incorporated porous material, which leads to lower
in-neck velocity magnitudes, but leads to at least partial
loss of the WDHR-specific reflection characteristics. A
WDHR with level-independent reflection characteristics
would be beneficial for narrow-band room acoustic cor-
rections such as damping of modes or their redistribution
over the spectrum. In this work, chamfering of the res-
onator neck edges is used as a strategy to obtain a weakly
damped resonator with sound pressure level independent
behavior.
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1. INTRODUCTION

Helmholtz resonators (HRs) are devices that can be used
for acoustic applications by utilizing a compressible cav-
ity with an open aperture (neck) in order to achieve sub-
wavelength resonance. A weakly damped Helmholtz res-
onator (WDHR) is a variant of an HR, having its surface
resistance near resonance substantially lower than that of
air so that the sound reflection at its resonance is out-of-
phase. Such behavior can be exploited for selective mode
damping or manipulation [1–3] or scattering [4]. WDHRs
are generally known for their characteristics being depen-
dent on the in-neck velocity, which is also part of the focus
of this contribution.

Ingard and Labate [5] studied the formation of vor-
tices and jets on perforated boards and modeled the struc-
ture by defining four distinct regimes of nonlinear behav-
ior in terms of the average particle velocity in the orifice.
In the first region, vortices start to form around the orifice
edges; in the fourth one, the turbulent jet is fully devel-
oped at least at one side of the orifice. It is worth noting
that the authors pointed out that at resonance ”nonlinear
effects become of importance for sound pressure levels
of about 65 dB for the incoming wave”. The occurrence
of nonlinear effects at this moderate sound pressure level
makes the phenomenon relevant also for room acoustics.
A few years later, Ingard [6] published his major work on
Helmholtz resonator design, covering also the non-linear
behavior. Ingard here introduced the following term for
resonator resistance using neck end correction lengths:

ρ0c0θtotal = ρc(θl + θnl) =
2Rs

r0
(t+∆l +∆nl) (1)

where ρ0c0 is the characteristic specific impedance
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of air, ρ0 the density, and c0 the speed of sound in
air. The dimensionless correction θtotal [-] accounts for
both the linear θl [-] and non-linear θnl [-] end correc-
tion effects related to the apparent neck length in terms
of losses. The surface resistance Rs is given by Rs =
0.5

√
2µρω [kg·m−1·s−1], where µ is the dynamic viscos-

ity, r0 is the neck radius, and t is the plate thickness.
∆l and ∆nl are the linear and non-linear end correction
lengths for the neck length. According to his work, the
linear end correction is given by ∆l = 2r0 = d, and the
non-linear end correction ∆nl can be expressed for suffi-
ciently thick plates using the empirical equation:

∆nl

d
= Cun

0 (2)

where C and n are parameters that might show some fre-
quency dependence and u0 [m/s] is the particle velocity
magnitude in the aperture. The work of Blackman [7],
however, reported experimental results that aligned rather
poorly with the above model. Later, Ingard and Ising [8]
further refined his findings, showing that at high pressure
levels (in the 4th regime), the resistance of the orifice is
approximately given by

R ≈ ρ0u0 (3)

Melling [9] further extended this relation by invoking
the particle velocity-dependent “orifice discharge coeffi-
cient”, CD [-], as part of the proportionality factor be-
tween R and ru0. The discharge coefficient was known
from fluid dynamics and had been studied already in a
steady-state situation with constant flow by Johansen and
Southwell [10]. While Melling [9] was mainly interested
in the highest nonlinear regime, where CD asymptotically
reaches a constant value, the earlier steady flow-focused
work of Johansen and Southwell [10] showed the potential
of this parameter to identify and describe also the remain-
ing regimes. Despite that, no model has been proposed
for these lower regimes by any of the authors mentioned
above.

More recently, the non-linear behavior in the orifice
was exploited in micro-perforated panels (MPP) and was
characterized via a non-linear impedance [11–14]. Inves-
tigations of non-linear HR behavior (or more generally,
perforated plates) are still ongoing, mainly at high sound
pressure levels [15] or for measurement applications [16].

In room acoustics-related applications, sound pres-
sure level (SPL)-dependent damping characteristics are
typically not considered or generally unwanted, since

the most common room acoustic measures rely on linear
acoustics assumptions. The objective of the current work
is to reduce nonlinearities by shifting the transition from
the first most weakly nonlinear regime to the other ones
towards higher SPL levels. This approach is followed by
chamfering the neck edges.

2. METHODS

The insight on the effect of chamfering was gained by an-
alyzing the in-neck velocity, the in-neck Reynolds num-
ber, and the incident pressure, which were extracted from
impedance tube measurements. The two-microphone
impedance tube method was used according to ISO
10534-2 [17]. In this method, the pressure reflection fac-
tor of the WDHR resonator, r, is retrieved from the trans-
fer function measured between two microphone positions,
H12 = p2

p1
, where p1 and p2 are the acoustic pressures

measured at the respective microphone positions. The sur-
face acoustic impedance was then obtained from the pres-
sure reflection coefficient via

Zs = R+ jX =
1 + r

1− r
· Z0, (4)

where R, the real part of Zs, is the surface resistance,
X is the surface reactance, and Z0 = ρ0c0 is the char-
acteristic impedance of air. The impedance tube used in
this study was a next-generation version of the one used
and validated in [18]. The tube in this study was made
out of steel and had a square cross-section. The lateral
dimensions were 102 × 102 mm2, the steel wall thick-
ness was 4 mm, and the rigid termination was 30 mm
deep. The tube corners were rounded with a radius of 4
mm. The tube frequency range, given by its geometry,
was 40 Hz to 1680 Hz. The acquisition chain consisted of
two Behringer ECM8000 microphones, a Focusrite Scar-
lett 18i20 Gen3 sound card, and a Fedora Linux-powered
mini PC running Python-based “imptube” software [18].
On the sound source side, a logarithmic sweep was played
through a t.amp S75 MKII power amplifier and a low to
medium frequency range 6.5” loudspeaker with a working
frequency range of 40 to 4500 Hz.

At first, in the analysis phase, the instantaneous sound
pressure pm,norm(f) in the tube was obtained according to
Figure 1. The input sweep yin(t) was normalized to the
full-scale range of −1 to 1, and its spectrum was used
as a reference yin,norm(f) for calculating the instantaneous
values relative to full scale ym,norm(f).
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Figure 1. Procedure for obtaining the instantaneous sound pressure from an impedance tube measurement.
The measured time sequence was first transformed to frequency domain and then divided by the ”just-clipping”
input sweep spectrum. That led to a spectrum expressing for each frequency its headroom towards clipping.
Level calibration was based on a piston calibrator measurement, its RMS level and the subtraction of the
calibrator level value (94 dB) and the recorded signal value. The latter was converted to a factor applied to the
instantaneous pressure spectrum.

ym,norm(f) =
ym(f)

yin,norm(f)
(5)

This representation yields the spectrum with respect
to the instantaneous level in the tube for each frequency
bin. These values were converted to the physical pressure
pm,norm(f) using a piston calibrator of known RMS SPL
level.

Assuming plane wave propagation normal to the test
specimen, the sound field can be decomposed into two op-
posing waves, and the homogeneous particle velocity can
be obtained as a function of the acoustic pressure at a mi-
crophone position, p(xm), and the pressure reflection fac-
tor at the specimen surface r.

u(x = 0) =
p(xm) · (1− r)

Z0 (e−jkxm + rejkxm)
(6)

The average particle velocity in the neck of a plate
perforation can be expressed as

u0 =
u(x = 0)

ϕ
(7)

where ϕ = An

A is the open plate porosity, i.e., the
ratio between the neck cross-section surface A0 and the
total specimen surface A. The velocity can be used for
calculating the in-neck Reynolds number Re:

Re =
ρ0u0L

µ
(8)

where L is the characteristic length (in this case, the
perforation diameter d), µ = 1.84 × 10−5 Pa·s is the dy-
namic viscosity of air, and u0 is the particle velocity mag-
nitude. Similarly, the in-neck displacement ξ [m] can be
obtained:

ξ =
u0(f)

iω
(9)
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Figure 2. Calculation summary for the incident pressure, in-neck particle velocity, Reynolds number and
displacement.

Similarly to the homogeneous velocity, also the inci-
dent pressure can be obtained from a plane wave reflection
measurement as

pi =
p(xm)

e−jkxm + rejkxm
. (10)

The calculation overview is shown in Figure 2.

3. RESULTS AND DISCUSSION

Two perforated plate variants were measured under differ-
ent pressure levels in the tube. Both shared most of the
geometrical parameters: the neck diameter d = 12mm,
the virtual neck spacing (the lateral dimension of the tube)
D = 102mm, the plate thickness t = 9mm, and the cav-
ity depth behind the plate dc = 200mm. The only chang-
ing parameter was the presence/absence of a 1mm deep
chamfer cut at 45° from both sides of the neck.

In the following, the quantities are presented only at
the resonance frequency obtained from the acoustic re-
actance of the most quiet measurement. In that sense, it
was the as-linear-as-possible resonant frequency obtained
through measurements. This choice was done for two rea-
sons, which appeared during the analysis: (a) At the res-
onance frequency, HRs show a rather simple behavior of
either completely in- or out-of-phase response, leading to

a pressure maximum or minimum directly in the neck. (b)
The response at the resonance frequency seems to drive
also the response in its vicinity. More precisely, a simi-
lar degree of nonlinearity is observed near the resonance,
even though the calculated in-neck velocities differ.

Figure 3 shows the normal incidence absorption co-
efficient with respect to the incident pressure level. In
both cases, the values started at about 0.5 for lower lev-
els, reach a maximum, and start to decrease again. The
decrease happens when the acoustic resistance crosses the
characteristic impedance of air. Maximum absorption is
reached for both cases at different levels, which are ap-
proximately 3.5 dB apart in incident SPL. The average
difference for 0.5 < α < 0.9 between the two cases is
∆Lp = 10.6 ± 3.2 dB. Since the analysis does not ac-
count for the resonance frequency shift at high levels, the
chamfered variant does not reach the α = 1 point.

Figure 4 puts the findings in the context of in-neck
velocity and Reynolds number. These results can be qual-
itatively compared to the previous studies. Johansen and
Southwell [10] reported for low porosity plates that the
transition between the weakly velocity-dependent regime
1 and the strongly velocity-dependent regime 4 happens
at 10 <

√
Re0 < 40, which seems to align rather well

with the presented results. For the chamfered variant,
this transition is shifted towards higher Reynolds num-
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Figure 3. Normal incidence absorption coefficient
at the resonance frequency as a function of incident
SPL level (peak). Two dynamic ranges of measure-
ments were tested for both orifice variants. In the
first one (blue and orange), there is a minor offset be-
tween the levels of approx. 0.2 dB, in the second one
0.1 dB (green and red).

bers. When comparing to Ingard and Labate [5], we need
to extrapolate their findings. At 224 Hz and for a plate
thickness of 9 mm, they located the transition between
0.5 < u0 < 2m/s. Based on their experiments and as-
sumptions, both values of this range should decrease to-
wards lower frequencies. In the present case, the transi-
tion roughly happens in the range originally assigned to
f = 224Hz.

It is important to note that it is not feasible to strictly
connect the definitions of the different regimes between
different authors, such as Ingard and Labate, Johansen, or
Melling. For Labate and Ingard, regime 4 started when the
turbulent jet appears at least on one side of the plate. In
the view of Johansen’s and Melling’s discussions, no strict
transition boundaries were mentioned, but a full turbulent
jet was assumed as the limit at which the discharge coef-
ficient stabilizes and which could be seen as the boundary
of the final regime.

4. CONCLUSIONS

The objective of this study was to extend the weakly non-
linear regime of a Helmholtz resonator reflection response

Figure 4. Normal incidence surface resistance as
a function of in-neck velocity amplitude, Reynolds
number and its square root. Two dynamic ranges of
measurements were tested for both orifice variants.
In the first one (blue and orange), input sweep level
spacing is approx. 0.2 dB, in the second one 0.1 dB
(green and red).

towards higher incident sound pressures. The effect of
neck chamfering was studied under normal incidence con-
ditions in an impedance tube. The instantaneous sound
pressure amplitude was used to calculate the in-neck ve-
locity and the Reynolds number in order to allow for a
more in-depth view of the problem. The results for the
sharp-edge variant were found to be in good qualitative
agreement with previous studies [5, 6, 10]. The cham-
fered variant showed an uplift of ∆Lp = 10.6 ± 3.2 dB
in terms of the level difference at which the transition to
more strongly non-linear regimes happens.

Future research should focus on a more parameter-
rich and in-depth description of the different non-linear
regimes as well as on the neck shape influence on them.
For the sake of comparison, steady flow measurements
should be conducted in a flow resistivity setup to further
verify the discharge coefficients obtained acoustically and
under steady flow.
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