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Most models for predicting the acoustic response of perforated panels are based on the assumption that
there are no interactions between the holes. This paper investigates the Hole Interaction Effect (HIE) and
distribution effect on the sound absorption coefficient of perforated panels when submitted to medium
and high sound pressure levels. It is experimentally demonstrated that though the HIE is mostly an
added mass effect, the nonlinear resistance parameters depend on the separation distance between the
apertures. Analysis of the data reveals the fact that even with HIE, the nonlinear reactance dependency
with velocity is very low compared to the resistance-velocity-dependency. Two sets of four perforated
panels with hole diameters less than 2 mm with different separation distances between the holes are
built and tested. Experimental results performed with an impedance tube are compared with a classical
adapted model of HIE. The theoretical way of taking into account the HIE is by Fok’s function. The
results can be used for designing optimal perforated panels for ducts, silencers or for the automotive
industry.

1 Introduction

In various noise control applications such as ducts,
exhaust systems and aircraft, perforated panels are used
to attenuate sound. One of the advantages of such acous-
tical materials is that their frequency resonances can be
tuned depending on the goal to achieve. When the per-
forations are reduced to millimeter or submillimeter size
(the term micro-perforated panel is rather used for sub-
millimetric radius), these materials present very interes-
ting sound absorption characteristics without any addi-
tional classical absorbing material. Moreover, they are
proved to be very useful in dealing with low-frequency
noise.

A large number of models have been proposed to
model the acoustical behavior of perforated and micro-
perforated panels. One common particularity of most
of these models[1, 2, 3] is that they are only applicable
for widely separated holes (assumption of no interac-
tion between the perforations). Ingard[4] did an exten-
sive survey on the topic of resonators. In his work, he
considered the case of two apertures interacting and sho-
wed that the end-correction is highly dependent on the
hole separation. The accepted study dealing with the
HIE may be related to Fok[5]. From his work[5, 6], a
function (called the Fok’s function) was derived taking
into account the distance between apertures and the cor-
rection for the radiating impedance of interacting perfo-
rations. Later, Melling[7] reconsidered this function and
noted that the radiating impedance correction of Fok
will be in practice small for low porosity samples ; high
porosity samples will reduce the end-correction by a si-
gnificant amount. Moreover, Randeberg[8] revealed spe-
cifically that the result of applying Fok’s function as a
correction due to the hole correction is practically equi-
valent to using Ingard’s inner end correction for both

apertures of holes in a perforated panel. If the latter
studies were focused on the case of low sound intensi-
ties, there is a great need for studies dealing specifically
with HIE and distribution effects under high sound in-
tensities and the phenomena involved.

The objective of this paper is to investigate the HIE
and distribution effect on the sound absorption of per-
forated and micro-perforated panels when backed by an
air cavity under medium and high sound pressure levels.
The study is focused on the case where there is no mean
flow. As a first step, a function accounting for the hole
interactions is derived assuming that the radiation from
the aperture is spherical. Next, Ingard’s classical mo-
del is described and adapted for high sound excitation
with the use of high sound coefficients determined by a
fitting technique. The experimental setup is then des-
cribed. The measurements are carried out on two sets
of plates (one set focused on the hole interactions only
and the other focused on the distribution and the in-
teraction effects) with different separations between the
holes (from widely separated to closely separated holes).
The effect of hole interaction on the resistance and the
reactance is particularly discussed. The other important
results are summarized in the conclusion of this paper.

2 Theoretical formulations

2.1 Hole interaction function : Fok’s
function

In this study, the radiation of sound from the aper-
ture is considered to be spherical. Assuming equal ra-
diation in all directions, the wave equation in one di-



mensional spherical coordinates is written as
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where p is the sound pressure and c0 is the sound velocity
in air. Under the latter assumption, the sound wave will
expand as it travels away from a single aperture and the
wave front remains a spherical surface. At the outlet of
the aperture, the flow field can be studied in terms of
pressure, velocity or even shear. Considering the case
of 2 apertures interacting, Ingard[4] found that the end-
correction is very dependent on the holes separation and
that the interaction impedance can be determined from
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where p1,2 is the pressure exerted by hole 1 at hole 2,
U2 is the volume velocity through hole 2 and S2 is the
area of hole 2. Determining z1,2 would lead to a new
end-correction factor and therefore to a new specific im-
pedance expression. Solving equation (2) for the case of
infinitely thin plates, Fok’s work[5, 6] provides an ex-
pression for an attached conductance and for a function
of variable d/b expressed as
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where ψ(ξ) is the so-called Fok function of variable d/b.
With x1 = −1.4092 ; x2 = 0 ; x3 = +0.33818 ; x4 = 0 ;
x5 = +0.06793 ; x6 = −0.02287 ; x7 = +0.03015 ; x8 =
−0.01641, and d is the hole diameter.

It is shown from fig.6 of Ref. [7] that if d/b < 0.2,
there is no appreciable interaction effect and that if
d/b > 0.8, the attached mass is effectively zero.

2.2 Surface impedance and absorption
coefficient accounting for the holes
interactions effects

To take into account the interaction effects of
apertures, Rschevkin[6] proposed modifying the end-
correction term of the perforated panel model with the
Fok’s function. Due to flow of air through the holes
which affects the air close to the inner and outer aper-
tures, the thickness must be corrected with an additio-
nal term[1]. For circular cross-section holes, Rayleigh[9]
proposed an end correction δ for the inner and outer
aperture as follows

δ =
8d
3π
, (4)

where d is the hole diameter. Following Ingard’s work[4,
8], the specific acoustic impedance of a single aperture
taking into account the inner and outer aperture is given
by

Z1 = 4Rs(1 +
h

d
) + jωρ0(h+ δ), (5)

where h is the panel thickness, ρ0 is the density of air, ω
is the radian frequency and Rs is the surface resistance
due to the viscous dissipation in the aperture and the
surface of the panel given by

Rs =
1
2

√
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where µ is the coefficient of viscosity of air. Finally, the
total specific impedance Zp of the perforated panel with
interacting holes is given by
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where σ is the open area ratio and ψ(ξ) the Fok’s func-
tion as described in the above section. According to
Ingard[4], under high sound intensities, assuming that
the reactance dependence on velocity is negligible, the
resistance velocity-dependent expression is given by
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where Rnl is the nonlinear resistance, U is the average
incident velocity, K1 and C2 are constants that may
depend on frequency. For a single frequency and using
the Reynolds number, expression (8) can be transformed
into

Rnl = C1ReC2 , (9)

where Re is the Reynolds number, C1 and C2 are the
nonlinear resistance coefficients determined experimen-
tally. These coefficients lead to the best fit of the nonli-
near resistance curves. Their values for the samples used
for measurements are given in Table 2. The Reynolds
number is expressed as

Re =
dU

ν
, (10)

with ν the kinematic viscosity. If the perforated panel
is backed by an air cavity, the resonant system formed
has an impedance given by

Zs = Zp + Zcav, (11)

where Zcav is the air cavity impedance expressed as

Zcav = −jZ0 cot(k0Dc), (12)

Z0 being the impedance of air, k0 is the wave number
and Dc the air cavity depth. The reflection coefficient is
obtained using the formula

R =
Zs − Z0

Zs + Z0
, (13)

and the absorption coefficient is given as

α = 1− |R|2 . (14)

3 Experimental setup and results
discussion

All the measurements are performed on steel perfora-
ted panels. Each panel sample has an external diameter
of 100 mm. The mounting conditions of the samples in-
side the tube are close to a clamped condition. Pictures
of the two sets of samples used in the experiments are
shown in Figs. 1 and 2 and the samples characteristics
are given in Table 1. A schematic of the impedance
tube used for the experiments is shown in Fig. 3. It is
a rigid circular plane-wave tube with a diameter of 100



Fig. 1 – Sample pictures of group A set (for the holes
interactions effect). a) sample 1A ; b) sample 2A ;

c)sample 3A ; d) sample 4A.

Fig. 2 – Sample pictures of group B set (for the holes
distribution effect). a) sample 1B ; b) sample 2B ;

c)sample 3B ; d) sample 4B.

mm (cut-off frequency of 1.7 KHz). On the left hand
side, a JBL model compression driver is mounted as the
excitation source. This compression driver is powered
by a power amplifier. A transition piece provides the
continuity transition between the circular section of the
compression driver and the circular cross section of the
impedance tube. On the right hand side of the tube,
a soundproof plunger is used as the rigid backing wall.
The sealing for the plunger is ensured using a rubber
seal. By moving the plunger along the longitudinal axis
of the tube, it is possible to create an air cavity behind
the sample. Three 1/4′′ microphones are used to perform
the signal detection. The first two microphones (micro
1 and 2 in Fig. 3) are used to calculate the surface im-
pedance of the sample by the two-microphone standing
waves method described by Chung and Blaser[10]. The
distance between these microphones is s = 50 mm. And
the distance between microphone 2 and the sample is
about l2 = 11 mm. The third microphone (reference mi-
cro in Fig. 3) is used to monitor the level of pressure at
the sample surface. The measurements are performed
taking a single sample panel with an air cavity depth
behind and a rigid wall.

3.1 Hole interactions effects and the
nonlinear resistance

Figure 4 shows the normalized surface resistance of
group A samples as a function of the Reynolds number in

h(mm) d(mm) b(mm) σ(%)
Sample 1A 1.5 1.6 12 1.92
Sample 2A 1.5 1.6 8.0 4.25
Sample 3A 1.5 1.6 3.5 20.52
Sample 4A 1.5 1.6 2.6 35.28
Sample 1B 2.0 1.6 14.18 0.95
Sample 2B 2.0 1.6 8.0 0.95
Sample 3B 2.0 1.6 3.5 0.95
Sample 4B 2.0 1.6 2.6 0.95

Tab. 1 – Dimensions of the perforated samples.

Fig. 3 – Schematic of the impedance tube used for the
measurements.

front of the apertures. The symbols represent the expe-
rimental results whereas the lines (continuous, dashed,
dot-dashed) and dots represent the power fitting curve
as expression (9). The resulting fitting coefficients are
given in Table 2. The second coefficient C2 is found to
be around a value of 1, therefore confirming similar ob-
servations from Ref.[4, 7] where it is proved that for high
sound excitation levels, the dependency of the resistance
with the velocity is linear. The first coefficient C1 can
then be considered as the slope. It is observed in Fig. 4
that this slope decreases with the decrease of the pitch
distance b between the holes. From this result, it is clear
that for high sound excitations, this slope depends on
the hole separation. For very close holes (samples 3A and
4A for instance), this slope tends to zero. Therefore the
hole interaction effect decreases the nonlinear resistance.
A convenient explanation of this observation is that as
the pitch distance b between the holes decreases, the
shear region around each hole is shared with the shear
region around the nearby holes. Since the total shear
region is reduced with interacting holes, this causes a
reduction of the radiation resistance. The reduction of
this end correction resistance results in a reduction of
the surface resistance.

C1 C2

Sample 1A 0.241 1.05
Sample 2A 0.049 0.98
Sample 3A 0.004 0.99
Sample 4A 0.003 0.99

Tab. 2 – Curve fitting constants for the nonlinear
resistance of group A samples.



Fig. 4 – Normalized surface resistance as a function of
the Reynolds number in front of the apertures for
group A samples. Excitation frequency of 506 Hz.

3.2 Hole interactions effects and the
nonlinear reactance

Figure 5 shows the experimental results of the nor-
malized surface reactance as a function of the Reynolds
number in front of the apertures for group A samples
(for 506 Hz). As it was already noted by Melling[7], with
the increase of sound excitation levels, the reactance de-
creases. This is typical nonlinear behavior of the reac-
tance of thin plates whenever turbulence is reached (see
Ref.[4]). This decrease is caused by a transfer of part of
the kinetic energy in the sound field around the aper-
ture into turbulent motion that breaks away from the
aperture. Since this behavior is less likely for the cases
of closely separated holes (samples 3A and 4A), it is
observed that with the decrease of the pitch distance b
between the holes, the reactance decreases less. A phy-
sical meaning of this last observation would be that the
closer the holes are to each other, the less particles are
blown out from around the aperture.

Fig. 5 – Experimental results of the normalized
surface reactance as a function of the Reynolds number

in front of the apertures for group A samples.
Excitation frequency of 506 Hz.

3.3 Hole interactions effects and the ab-
sorption coefficient

Figure 6 shows the experimental and simulated re-
sults of the absorption coefficient at the resonant fre-
quency of 506 Hz for group A samples as a function
of the Reynolds number in front of the apertures. The
simulations and the experiments are in very good agree-
ment. Depending on the sample characteristics (hole
diameters and open area ratio), with the increase of
Reynolds number, the maximum absorption is shown
(Ref.[11]) to rise to a maximum value of 1 in a first
phase and then decrease in a second phase. The critical
Reynolds number is obtained at the point at which the
latter phases change. This is verified for sample 2A and
would take place beyond the Reynolds number range of
study for samples 3A and 4A. Therefore, if the pitch
distance b between the holes is optimized, the HIE can
contribute interesting absorption coefficient increase un-
der medium and high sound intensities.

Fig. 6 – Absorption coefficient at the resonance as a
function of the Reynolds number in front of the

apertures for group A samples. Excitation frequency of
506 Hz.

3.4 Experimental results of the holes
distribution effects on the absorp-
tion coefficient

Figure 7 shows the experimental results of the ab-
sorption coefficient as a function of frequency at 100 dB
and 140 dB for the group B samples. In this sample
group, the global open area ratio is 0.95% for all the
samples with different pitch distance b between the
holes. The holes are therefore not regularly distribu-
ted over the entire plate surface. It is observed that in
both cases, this distribution effect is rather much an ad-
ded mass effect since it mainly displaces the resonant
frequency. A decrease of the pitch distance b between
the holes with the same open area ratio results in shif-
ting the resonant frequency towards the low frequency
ranges.



Fig. 7 – Experimental results of the absorption
coefficient of the samples of group B as a function of

the frequency. for a) 100 dB ; b) 140 dB. Focus on the
distribution effect.

4 Conclusion

An investigation of the Hole Interaction Effects
(HIE) of air-cavity-backed perforated panels under high
and meduim sound intensity levels was carried out in
this paper. It was demonstrated experimentally that the
nonlinear resistance slope directly depends on the sepa-
ration distance between the holes. It was also demons-
trated that even with HIE, the nonlinear reactance is
even less dependent of the incident Reynolds number. It
was also seen that the interaction effect can improve the
absorption coefficient amplitude of the perforated panel
system for medium and high sound levels for optimized
distance between the holes. This interaction effect can
be used to increase the critical point after which the ab-
sorption coefficient starts to decrease with the increase
of sound intensity. With this shift of the critical point,
a certain compromise may be made between the low,
medium and high intensity absorptions results. Never-
theless, this critical point definitely depends also on the
aperture pitch distance. This study was done only for
the case of normal incident waves, and it would be in-
teresting to look into these interaction effects when sub-
mitted to bias or grazing flow under high levels of excita-
tion. Further theoretical investigations are also needed
to explain the behavior of the jet formation with the
HIE.
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