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Summary
In this study, the effect of perforation edge profile in micro-perforated plates (MPPs) is investigated
and compared with the sharp edge case. MPPs are metal plates with small holes (perforations) that
absorb incident sound waves using the Stokes boundary layers developed inside and in the vicinity of
the perforations. The perforation diameter should be optimized so that the Stokes layers cover almost
the entire perforation thus maximizing the absorbed sound energy due to viscosity. Hence, designing
MPPs is a tuning problem. The existing analytical model for evaluating the transfer impedance of the
MPPs is based on the assumption that the edge profiles of the perforations are sharp. In other words,
the angle between the plate surface and the inner surface of the perforation is 90◦;. This case is not
very practical to achieve in mass production of MPPs, since the perforations are formed by drilling
and / or punching in manufacturing. To investigate the effect of the edge profile on the performance
of the MPP, we design samples with different edge profiles such as sharp and 45◦-chamfers on both
edges. We carry out open-end reflection coefficient measurements in a semi-anechoic room with 6
microphones. The relative error of this setup is measured to be less than 0.5% for closed-end reflection
coefficient between 100 Hz and 700 Hz in the linear regime. The measurements are also compared
with a linear numerical model. In our measurements, we observe that the edge profile can have an
effect up to 30% in resistance and 18% in reactance.

PACS no. 43.20.El, 43.58.Bh

1. Introduction

Micro-perforated plates are metal plates with low
porosity, σ = O(1%), and small perforation diameter,
dp = O(1mm). Due to the small diameter size of the
perforations, flow oscillations form a Stokes boundary
layer whose thickness, δv, is comparable with the ra-
dius of the perforation. When backed by a cavity, this
resistance effectively absorbs incident acoustic waves
in a frequency range determined by the volume of the
cavity. The parameters defining an MPP are shown in
Figure 1.

The absorption properties of the MPPs were first
investigated by Maa[5]. He assumed the neighbouring
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perforations do not affect each other due to low poros-
ity and bases his study on the impedance of a single
perforation. Maa combines Kirchhoff’s[1] analytical
model for the oscillating viscous flow in an infinitely
long capillary tube with Ingard’s[2] expressions for
end-corrections in infinitely thin orifices. Since Ingard
bases his calculations on thin Stokes layer assump-
tion, there is a discrepancy between Maa’s model and
experiment results. This discrepancy has been linked
to the perforation edge geometry[8] and different end-
correction coefficients for sharp and rounded profiles
are suggested. A recent study[9] shows that even for
the same geometry, i.e. sharp edge profile, the end-
correction coefficients vary as a function of the Shear
number, Sh, which is the ratio of the perforation ra-
dius to the Stokes layer thickness.
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Figure 1. (i) A fragment of an MPP, (ii) zooming on a
single perforation and (iii) cross-section of a single perfo-
ration with both-ends-chamfered profile. The parameters
are shown in the figure as well: perforation diameter dp,
plate thickness tp, effective plate thickness teff , chamfer
length cp, Stokes layer thickness δv and lattice parameter
a. Porosity of the plate is σ = d2pπ/(4a

2).

This study aims at investigating the effect of the
edge profile on the acoustic properties of a single
perforation by means of open end impedance mea-
surements. Instead of rounded edge profile, we use
chamfered edges for their size is easier to control in
the manufacturing process. We compare the transfer
impedance of the samples with different chamfer sizes
with the sharp edge case in the linear regime.

2. Theory

In this study, the transfer impedance of an MPP is de-
duced from reflection coefficient measurements. Under
planar wave assumption, the reflection coefficient, R,
and the impedance, Z, of a duct termination can be
related as follows:

Z(f) = ρ0c0
1 +R(f)

1−R(f)
, (1)

where ρ0 and c0 are the density and speed of sound of
air in this study; f is the frequency. The impedance
Z and the reflection coefficient R are both com-
plex quantities. R is not directly measured in the
impedance tube. It is calculated from the com-
plex pressure amplitudes using the multi-microphone
method[6].

Assuming the tube termination as the reference,
x = 0, the complex pressure amplitude at position
x is decomposed into right and left traveling waves.

p̂(f, x) = p̂+(f)e
(−̇k+x) + p̂−(f)e

(̇k−x), (2)

where, p̂ is the complex pressure amplitude, ̇ is the
imaginary number

√
−1, k is the complex wave num-

ber and subscripts ‘+’ and ‘−’ indicate the right and
left traveling waves respectively. In the absence of
steady flow, k = k+ = k−. Considering the viscother-
mal effects in the tube, k is approximated by Peters
et al.[4] as:

k =
ω

c0

[
1 +

1− ̇√
2

1

ShD

(
1 +

γ − 1

Pr0.5

)]
− ω

c0

̇

Sh2D

(
1 +

γ − 1

Pr0.5
− 1

2
γ
γ − 1

Pr

)
.

(3)

In Eq. 3, ω = 2πf is the angular frequency, γ and
Pr are respectively ratio of the specific heats and
Prandtl number. ShD = D

√
ωρ0/4µ is the Shear

number where D is the diameter of the impedance
tube, ρ0 is the density of air and µ is the dynamic
viscosity of air.

Once the wave decomposition is obtained, R(f) at
the tube termination (x = 0) is computed.

R(f) = p̂−(f)/p̂+(f). (4)

From Eq. 2, one can see that a measurement with 2
microphones could be enough to determine the com-
plex pressure amplitudes, p̂+ and p̂−, at x = 0. Yet,
increasing the number of microphones results in an
over-determined set of equations whose solution is less
sensitive to errors than the 2-microphone method [6].
For instance, for a measurement containing n fre-
quency steps, our 6-microphone impedance tube setup
produces a set of 6n equations which needs to be
solved for 2n unknowns, i.e. p̂+ and p̂− for each fre-
quency step. The supplementary information coming
from the extra microphones serves for other purposes
such as measuring the speed of sound, c0. Aurégan and
Leroux[7] introduces c0 as an additional unknown to
this set of 6n equations to solve 2n+1 unknowns. Con-
sidering that c0 is sensitive to humidity and temper-
ature, measuring it directly reduces the measurement
errors.

3. Experimental Method

The impedance tube and the complementary items of
the experiment are sketched in Figure 2.

The tube shown in Figure 2 is 1-m long and the in-
ner diameter is D = 50mm. Along the tube, there
are 6 BSWA MPA416 mirophones that are placed
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Figure 2. The schematic drawing of the experiment setup.

equidistantly. The distance between two neighbour-
ing microphones is 175 mm and their sensitivity is
about 51 mV/Pa.

We perform signal processing and data acquision
with the combination of NI PCIe-6361 X-Series DAQ
card and LabView. The sampling frequency for gen-
erated excitation signal is 20 kHz where the recording
sampling frequency is 10 kHz. For each frequency step,
we record the data for 10 seconds and trim the first
and last 2 seconds to exclude transient effects. The
recorded pressure data is transformed into the Fre-
quency domain with a Lock-in method. A separate
Matlab script has been built for this post-processing.

Since we perform reflection coefficient measure-
ments, relative calibration of the microphones is suffi-
ceint. In the calibration process, all the microphones
are placed at the same distance with respect to the
speaker and for each frequency step in the region
100Hz< f <700Hz, a calibration coefficient is mea-
sured relative to a reference microphone.

To avoid a temperature gradient inside the tube,
after each 20 frequency-steps, we wait 15 minutes for
the temperature to uniformize again.

With all of the precautions and methods employed,
in the frequency range of 100Hz< f <700Hz, the er-
ror is less than 0.5% for closed-end reflection coeffi-
cient measurements. Yet, we perform open-end mea-
surements to calculate the transfer impedance of an
MPP sample. The idea behind the open-end transfer
impedance measurement is illustrated in Figure 3.

We perform open-end measurements in a semi-
anechoic room to minimize the effect of ambiance.
Since both the open-end and sample loaded open-end
measurements are carried out in the same medium,
we expect the radiation impedance to be the same for
both of the cases. Moreover, recalling that the poros-
ity of the samples are in the order of 1%, the transfer
impedance of the samples are expected to be much
larger than the radiation impedance.

We use 3 samples whose perforation diameter, dp,
plate thikness, tp, and porosity, σ, values are identi-

Figure 3. Open-end transfer impedance measurements.
The difference between sample loaded termination
impedance, ZS , and open termination impedance, ZR,
gives the transfer impedance of the plate, Zt = ZS − ZR.

Table I. Specifications of the geometry of the samples.

Sample dp[mm] tp[mm] σ [%] cp[mm]

A 4.2± 0.01 4.0± 0.01 0.71 0
B 4.2± 0.01 4.0± 0.01 0.71 0.35± 0.01

C 4.2± 0.01 4.0± 0.01 0.71 1.00± 0.01

cal. The only difference between these samples is the
chamfer length, cp. (See Table I.)

In MPPs, the ratio of the perforation to the fluid
particle displacement defines if the response is linear
or non-linear. This ratio is known as Strouhal number
and calculated as Sr = ωdp/|ûp| [3] where the veloc-
ity is calculated as ûp = (p̂+ − p̂−)/(ρ0c0σ). Since Sr
increases with increasing frequency, we check the lin-
earity of our experiments prior to each measurement.
This is done by decreasing the amplitude of the exci-
tation gradually at the lowest frequency, i.e. 100Hz.
When two successive measurements have the same re-
flection coefficient, we continue the measurement with
increasing frequencies.

4. Results and Discussions

We checked the accuracy of our impedance tube with
a closed-end reflection coefficient measurement. The
amplitude and the phase of R are shown in Figures 4
and 5.

For the amplitude |R|, the measured data points
are randomly distributed above and below the the-
oretical value, i.e. |R| = 1.000. Yet, around 600Hz
there is a significant deviation in the accuracy of the
measurement. In general, the error of the randomly
distributed points are within a 0.5% band. This sharp
change in the reflection coefficient around 600Hz may
be due to a mechanical resonance of the impedance
tube setup. The measurement points for phase of R
are randomly distributed around 0 with deviations of
about 2× 10−3 rad, corresponding to an uncertainity
of 1mm at 100Hz.

Based on this accuracy, we carry out the open-end
transfer impedance measurements with the samples.
The normalized resistance and reactance values of the
three samples are plotted in Figures 6 and 7.
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Figure 4. The amplitude of the reflection coefficient mea-
sured for the impedance tube with a closed-end termina-
tion. Except from two data points around 600Hz, all the
measured values are within the 0.5% error band.
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Figure 5. The phase of the reflection coefficient measured
for the impedance tube with a closed-end termination. The
measured points are randomly distributed around 0, with
a scatter of 2× 10−3 rad.

We solve the linearized incompressible Navier-
Stokes equations numerically for Sample A. The de-
scription of these calculations is provided by Temiz et
al. [9]. The simulations and the experiments are com-
parable up to Sh ≈ 30 with Sh = dp

√
ωρ0/(4µ).

Although this verifies the measurement method, the
scattering behaviour of the experiment results for
Sh > 30 should be investigated further.

With chamfers, the length of the narrowest section
of the MPP, teff , reduces. This narrow section is the
part where the resistance is maximum and defined as
effective plate thickness, teff = tp − 2cp. The gradual
area change at the chamfered section of the perfora-
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Figure 6. The change in resistance of a perforation for
different chamfer lengths. The measured resistance is nor-
malized with respect to ρ0c0.

15 20 25 30 35

5.00

10.00

15.00

Sh

=
{Z

t
}/
ρ
0
c 0

Sample A
Sample B
Sample C

Num. Sim. Sample A

Figure 7. The change in reactance of a perforation for
different chamfer lengths. The measured reactance is nor-
malized with respect to ρ0c0.

tion still contributes to the resistance, but it is not
as much as the contribution from neck section. The
result of this change is observed in Figure 6. In our
measurements, the resistance of Sample C is 30% less
than that of Sample A.

The reactance of the perforation is reduced with
increasing chamfer size as well. The gradual change of
the area causes a reduction in the oscillating effective
mass. The effect of the chamfering is not as strong as
in the resistance in our experiments, but it still causes
a up to 18% for a chamfer length of cp = dp/4.2.

In Figures 6 and 7, we notice scattering of the data
for Sh ≥ 30. For the samples used, this corresponds
to f ≥ 600Hz. Some precautions have been taken to
evade this effect, such as carrying out the measure-
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ments in the semi-anechoic chamber, trying different
loudspeakers, using various lengths of sample holders,
increasing the stiffness of the supporting frame of the
impedance tube, etc. Yet, this scattering is still ob-
served in the measurements. This is an aspect of the
study which should be improved.

5. Conclusions

We have carried out open-end reflection coefficient
measurements in the linear regime to determine the
transfer impedance of a single perforation. The focus
of this study is the effect of edge profiles with 45°-
chamfers. We have measured the change in transfer
impedance in samples with different chamfer sizes.

The most noticeable observation of this study is
that the chamfered edge profile leads to a significant
decrease in both resistance and reactance of a perfora-
tion. For instance, compared to the sharp-edge profile,
both-ends-chamfered profile with a chamfer length of
cp = dp/4.2 reduces the resistance and the reactance
up to 30% and 18% respectively.

Even though this study has been carried out us-
ing samples with chamfered-edge profiles, the change
in the transfer impedance indicates the importance
of the edge profile effect on MPPs. Therefore, these
effects should be modeled accurately in calculations.
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