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ABSTRACT

101S paper experimentaily Investigares tne noles INteraction erect on the sound ansorption coernclent o1
micro-perforated panels under high and medium sound levels. The theoretical formulations are based on
a semi-empirical approach and the use of Fok’s function to model the acoustic surface impedance. For the
high sound level regime, an empirical power law involving three coefficients is adapted. It is shown the-
oretically and experimentally that these coefficients can lead to optimized absorption performance and
particularly, a formula relating the critical Reynolds number (Reynolds number value after which the
absorption coefficient decreases with the increase of sound level) and the center-to-center distance
between the perforations is derived. It is demonstrated that the first coefficient of the nonlinear acoustic
resistance strongly depends on the separation distance between the apertures and decreases with a
decrease of this latter distance. Analysis of the data reveals the fact that even with Holes Interaction Effect
(HIE), the nonlinear reactance dependence on velocity is still very low compared to the resistance-
velocity dependence. Four perforated panels of 1.5 mm thickness with different separation distances
between the holes (from widely to closely separation) were built and tested. Experimental results per-
formed with an impedance tube are compared with the described model for HIE. To test the dependence
of the coefficients on frequency, the experiments are carried out for two different excitation frequencies
(292 Hz and 506 Hz). The results can be used for designing optimal perforated panels for ducts, silencers

and for the automotive industry.

1. Introduction

In various noise control applications such as ducts, exhaust
systems, automotive and aircraft, perforated panels are used for
sound attenuation purposes. One of the advantages of using per-
forated panels is that their resonant frequencies can be tuned
depending on the goal to be achieved. Moreover, they are proved
to be robust, easy to manufacture and reliable in hostile temper-
ature and pressure environments. When the perforations are
reduced to millimeter or sub-millimeter size (the term micro-
perforated panel is rather used for sub-millimetric radius), these
materials present very interesting sound absorption characteris-
tics without any additional classical absorbing material. They
are also proved to be very useful in dealing with low-frequency
noise.

A large number of models have been proposed for the
acoustical behavior of perforated and micro-perforated panels.

One common particularity of most of these models [1-3] is that
they are only applicable for widely separated holes (assumption
of no interaction between the perforations). However, in practical
applications, the orifices are usually closely spaced, such that the
interaction between neighboring orifices can strongly influence
the acoustic performance of perforated liners. Ingard [4] pre-
sented an extensive survey on the topic of resonators. In his work
two interacting apertures have been studied and the end correc-
tion is shown to be strongly dependent on the separation between
the holes. Very recently, Atalla and Sgard [5] derived a model for
perforated plates using an approach originally proposed for rigid
frame porous materials and applicable only for low sound levels
regimes (linear regime). Their model accounts for very weak
interaction between the apertures. The commonly accepted ap-
proach to Holes Interaction Effect (HIE) is due to Fok [6]. From
his work [6,7], a function (now called the Fok’s function) was de-
rived taking into account the center-to-center distance between
the perforations and the correction for the radiating impedance
of interacting perforations. These latter studies were focused on
the case of low sound levels also known as the linear regime. In
the nonlinear regime (case of high sound pressure levels), Ingard
and Ising [8] showed, with the help of a hot wire probe (technique



of measurement of velocity and temperature fluctuations for
investigations in turbulent flows), that at high sound pressure lev-
els, the acoustic particle velocity is increased sharply as the wave
is squeezed into the minute perforation and the flow separates at
the outlet orifice, forming a high velocity jet. During the inflow
half-cycle, the flow at the inlet of the orifice is essentially
irrotational but becomes highly rotational (in form of jetting) after
exiting from the outlet orifice. Cummings [9,10] works on a perfo-
rated plate lead to the development of a one-dimensional numer-
ical time-domain model to simulate the nonlinear resistance of
such a plate assuming no holes interaction. Later on, also assum-
ing no interaction between the apertures, Kraft [11] proposed a
model for micro-perforated panel behavior at high levels of exci-
tation taking into account the discharge coefficient. His model
was derived from measurements of single degree-of-freedom lin-
ers over a wide range of sound pressure levels. The model pro-
vided a prediction for the combined linear and nonlinear
resistance and reactance of a face sheet. The first study of perfo-
rated plates in the nonlinear regime accounting for HIE may be re-
lated to Melling [12] whose study was focused on the cases of 22%
and 7.5% porosities. He made the use of Fok’s function and derived
a model using the discharge coefficient (ratio of the actual dis-
charge divided by the ideal discharge). Moreover he noted that
in practice the radiating impedance correction of Fok will be small
for low porosity (known as the open area ratio for perforated
plates) samples; high porosity samples will reduce the end-cor-
rection by a significant amount. Under high sound pressure levels,
the information about holes interaction is implicitly contained in
the discharge coefficient values. Later, Randeberg [13] revealed
specifically that in the linear regime, the result of applying Fok’s
function as a correction due to the interaction between the holes
is practically equivalent to using Ingard’s inner end correction for
both apertures of holes in a perforated panel. By solving the Eu-
ler's equation for incompressible fluid for an orifice in a finite-
thickness partition that spans a tube, Lee et al. [14] recently ana-
lyzed numerically and experimentally a model for the acoustic
impedance of perforated plates in the presence of a flow. In their
work, the HIE was examined only on the acoustic impedance and
transmission loss of perforated baffles. They presented simula-
tions and experiments that showed reasonable agreement. Never-
theless, there is still a great need for studies dealing specifically
with HIE for perforated panels subjected to high sound pressure
levels since all the phenomena involved are not quite mastered
yet.

This paper is an extended version of a talk presented at the
10th French Congress of Acoustics in Lyon [15]. The objective of
this paper is to experimentally investigate the HIE on the sound
absorption of perforated or micro-perforated panels when backed
by an air cavity under medium and high sound pressure levels.
The study does not take into account the presence of mean flow.
Since perforated plates are proved to be useful in dealing with
low-frequency noise, the choice of two different relatively low
frequencies (292 Hz and 506 Hz) is made to test the dependence
of the nonlinear coefficients on frequency. As a first step, Fok’s
function accounting for the holes interaction is presented. Next,
Ingard’s classical model is described and adapted for high sound
pressure levels with the use of an empirical power law. In the
power law expression, two adjustable coefficients are defined to
fit the data at high sound pressure levels. The experimental setup
is then described. Very carefully controlled measurements are
carried out on samples with different separation distances be-
tween the holes (from widely separated to closely separated
holes). The effect of holes interaction on the resistance, the reac-
tance and the maximum of absorption coefficient is particularly
discussed. The results are summarized in the conclusion of this

paper.

2. Theoretical formulations
2.1. Holes interaction function: Fok’s function

In this study, the acoustic wavelengths are considered to be
much larger than the plate dimensions (thickness and hole
diameter) and the radiation of sound from an aperture is consid-
ered to be spherical. Assuming equal radiation in all directions,
the wave equation in spherical coordinates with no angle depen-
dence (see Ref. [16]) is written as

’p 20p 19p 1
o d o W
where p is the sound pressure and ¢ is the sound speed in air. Un-
der the latter assumption, spherical sound waves will travel away
from a single aperture and the wave front will remain spherical.
At the outlet of the aperture, the flow field can be studied in terms
of pressure, velocity or even shear.

Consider the case of 2 apertures of the same area (S;=5,=5)
positioned closely to each other. If the pressure field radiating from
the first aperture is denoted p; and the pressure field radiating
from the second aperture is p,, the total pressure is p; + po. The
impedance z;> due to the interaction between the apertures can
be obtained by calculating the pressure on the surface of each
opening caused by the radiation from the neighboring one and gi-
ven by Ingard [4] as
pl.ZdSZ: (2)
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where p; ; is the pressure exerted by aperture 1 at aperture 2, U, is
the particle velocity through aperture 2. Eq. (2) quantifies the end
correction due to the interaction effect [4]. In fact, Ingard [4] shows
that

Z1y = (—iw)7r? pydra, (3)

where o is the angular frequency, po is the density of air, r is the
aperture radius and 41, is the interaction end correction. Now, the
rigorous calculations of ¢ 1, for a given geometry is difficult and
cannot be done analytically in general case. For purposes of inter-
pretation, this end correction must be expressed as a function of
d/b (ratio of hole diameter d and distance b between the holes cen-
ters). The HIE that takes place out of the apertures is linked to the
propagation inside the aperture (as noticed by Ingard [4]). One
important parameter used to describe the propagation inside the
hole is the acoustic conductance (dimension of length [16]) given
for low frequencies by

_1pgo
EC - i KQ 5 (4)
where E. is the kinetic energy of the air inside the aperture, K, is the
conductance and Q is the volume velocity. From Eq. (4), one can no-
tice that K; is inversely proportional to the oscillating mass of air in-
side the aperture. Following Rayleigh’s work [16] on the attached
mass of a circular aperture, Fok [6,7] derived an expression for
the attached mass M given by

_ pOSZ pOSZ (5)

K dy

where s is the aperture area and y/ is a polynomial approximation
function (also known as Fok’s function) expressed as

Y(E) = (1 +XE+ 08 +x38 +--)7", (6)

where ¢ = VTE % with x; = —1.4092; x, = 0; x3 =+0.33818; x4, =0; x5 =
+0.06793; xg=-0.02287; x;=+0.03015; xg=-0.01641; xg9=
+0.01729; x10 = —0.01248; x;; = +0.01250; x5 = —0.00985. This latter



functioncanbeapplied totheend correctionlength.Itisworthnoticing
that Fok’s function is derived under the assumption of potential flow
conditions. Therefore, when the flow through the holeis notapotential
flow (case of high sound level regime where turbulence occurs for in-
stance), the application of Fok’s function is quite limited as would be
shown by the experimental results.

Fig. 1 presents Fok’s function as a function of d/b. One can then
observe that:

e When d/b tends to unity, the apertures are close to each other
and ¢ tends to @ ~ 0.8. Therefore, Fok’s function value tends
to infinity (see Eq. (6)) and the attached mass tends to zero
(see Eq. (5)).

e When d/b < 0.2, the apertures are widely separated from each
other, Fok’s function value tends to unity (Fig. 1) and the
attached mass is equivalent to the one of a single aperture
(the conductance being equal to the diameter [16]). In this case,

the interaction effect between the aperture is negligible.

2.2. Derivation of the surface impedance and the absorption coefficient
accounting for the holes interaction effect

To take into account the interaction effect between the apertures,
Rschevkin [7] proposed modifying the end correction term in the
model for perforated plate with the Fok’s function. Due to the flow
of air through the holes which affects the air close to the inner and
outer apertures, the thickness must be corrected with an additional
term [1]. For circular cross-section holes, Rayleigh [16] proposed an
end correction [y for the inner and outer aperture as follows

8d
=5 (7)

Following Ingard’s work [4,13], the acoustic impedance of a single
perforation accounting for the inlet and outlet end effects of the
hole is given by

h .
Zy = 4R5(1 +H> +jowpy(h+1o), (8)
where h is the panel thickness and the surface resistance R; due to
viscous dissipation inside the aperture and at the surface of the
plate is given by

1

Re =5 V20pq, 9)

where p is the dynamic viscosity of air. Finally, the normalized
impedance z; of the perforated panel accounting for interaction be-
tween the holes in the linear regime is given by
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Fig. 1. Fok’s function ¥(¢&) versus d/b (Fig. 6 of Ref. [12]).

zl:%(l+g> +ff;7”;(n+%)7 (10)

where ¢ is the open area ratio, Z, is the characteristic impedance of
air and y(¢) is the Fok’s function as described in the previous sec-
tion. As shown in Fig. 1 (so as in Fig. 6 of Ref. [12]) when d/
b < 0.2, the Fok’s function value tends to unity and Eq. (10) becomes
equivalent to Eq. (8). Therefore in this case, there is no appreciable
interaction effect. When d/b tends to unity, the Fok’s function value
tends to infinity and the imaginary part (also known as the reac-
tance) of Eq. (10) tends to zero. Therefore in this case, the attached
mass is effectively zero as explained earlier.

According to Ingard[4], under high sound pressure levels,
assuming that the reactance dependence on velocity is negligible,
the equation for the velocity dependent resistance is given by

R U\©@
fu_x, (m) , (11)

where R, is the nonlinear resistance to be added to the acoustic
impedance in the linear regime, U is the average incident velocity,
K; and G, are constants that may depend on frequency. For a single
frequency and using the Reynolds number, the normalized form of
Eq. (11) can be transformed into

rn = CiRe®, (12)

where Re is the Reynolds number, C; and C; are adjustable coefficients
defined to fit the data. Their values for the samples used for measure-
ments are given in Table 2. The Reynolds number is expressed as
du

Re = - (13)
with v the kinematic viscosity of air. As one can notice, only the real
part (resistance) of the acoustic impedance is dependent on the
incident velocity whereas the imaginary part (reactance) depen-
dence on velocity is assumed negligible. This assumption is gener-
ally considered in most models [11,12]. If the perforated panel is
backed by an air cavity, the resonant system formed has a general
normalized impedance given by

Zg =1Tn + (1 + 5)21 + Zcav, (14)

where z.,, is the normalized impedance of the air cavity and 6 is
characteristic of three regimes: the linear regime (6 = 0), the weakly
nonlinear regime (6 # 0), and a transition regime between them. It
should be noted that ¢ has no real physical interpretation as for
Re = 0, the asymptotic behavior does not hold (the values for é are
given in Table 2). The normalized impedance of the air cavity is
expressed as

Zeay = _j COt(kODc)7 (15)

ko is the wave number and D, the air cavity depth. The reflection
coefficient is obtained using the formula

_z—1

Tz 1 (16)
and the absorption coefficient is given by
o=1—|RP (17)

3. Experimental setup

All the measurements were performed on aluminum perforated
panels. Each sample has an external diameter of 100 mm. The
mounting conditions of the samples inside the tube are close to a
clamped condition. Pictures of the samples used in the experi-
ments are shown in Fig. 2 and the samples characteristics are given
in Table 1.



Fig. 2. Sample pictures.

Table 1
Dimensions of the perforated samples.
h (mm) d (mm) b (mm) ¢ (%) E=dfb
Sample 1A 1.5 1.6 12 1.92 0.13
Sample 2A 1.5 1.6 8.0 4.25 0.2
Sample 3A 1.5 1.6 35 20.52 0.45
Sample 4A 1.5 1.6 2.6 35.28 0.61
High sound Micro 2 . .
pressure speaker Rigid backing wall

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

A schematic diagram of the impedance tube set-up used for the
experiments is shown in Fig. 3. It is a rigid circular plane-wave tube
with a diameter of 100 mm (cut-off frequency of the tube is
1.7 kHz). On the left hand side, a JBL model 2450 ] compression dri-
ver is mounted as the excitation source. This compression driver is
powered by a power amplifier. When performing high sound pres-
sure measurements inside an impedance tube, it is important to
check the resulting standing wave. Depending on the frequency
excitation and the sample characteristics, the standing wave with-
in the impedance tube may contain relatively high nonlinear har-
monics. If this occurs, the linear propagation hypothesis is no
longer valid. This phenomenon was studied by Maa and Liu [17].
In our study, we made sure that the nonlinear harmonics were suf-
ficiently small so that the impedance tube method was applicable.
To insure a smooth transition between the circular section of the

compression driver (throat diameter of 49 mm) and the circular
cross section of the impedance tube, a tapered shape adaptor
was used. On the right hand side of the tube, a soundproof plunger
is used as the rigid backing wall. The sealing for the plunger is en-
sured using a rubber seal. By moving the plunger along the longi-
tudinal axis of the tube, it is possible to create an air cavity behind
the sample. With an air cavity behind the perforated plate, the par-
ticle velocity is increased inside the pores at particular frequencies.
This increase of velocity leads to a maximum of the visco-thermal
losses. The maximum of absorption is obtained when the total
reactance of the system is zero. Since each system formed by a
sample and the cavity behind has different reactance (due to differ-
ent open area ratio), to compare the results of all the samples at a
given frequency, it is necessary to make use of different air cavity
depth. The different air cavity depths considered in the measure-
ments are given in Table 2. 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 impedance of
the sample by the two-microphone standing waves method (see
Ref. [18] for more details). A phase and amplitude calibration
method is used to correct the transfer function between the mea-
surement microphones. The distance between these microphones
is s = 50 mm. The distance between microphone 2 and the sample
is about I, = 110 mm. The third microphone (reference micro in
Fig. 3) is used to monitor the level of pressure at the sample
surface.

Assuming the plane wave hypothesis, one can measure the
pressures and velocities in any section of the tube using the two-
microphone method. See for instance Dalmont [19] for more
details. The acoustic velocity on the panel surface is given by:

U 7jp_1 H cos(koli) — cos(kol)

Zo sin(kos) (18)

where [; =s + I, as in Fig. 3, H is the ratio of pressures measured on
microphones 1 and 2, kq is the wave number, p, is the pressure on
microphone 1, and [ (resp. I) is the distance from microphone 1
(resp. 2) to the sample tested.

4. Results discussion
4.1. Effects of holes interaction on nonlinear resistance

Fig. 4a and b shows the normalized surface resistance of the
samples as a function of the Reynolds number inside the apertures
for (a) excitation frequency of 292 Hz and (b) excitation frequency
of 506 Hz. The computed value of G, is very close to 1, which
confirms similar observations reported in Refs. [4,12] where it is
proved that for high sound pressure levels, the dependence of
the resistance on the velocity is linear. The first coefficient C; can
then be considered as a slope and the dependence will be similar
to Forchheimer's law for rigid porous media [21]. It is observed
in both figures (a and b) that this slope decreases with a decrease
of distance b. From these latter figures, as presented, the effect of
holes interaction is combined to the effect of porosity. The decrease
of the slope with an increase of the Reynolds numbers is then
caused both by the increase of porosity and the HIE. As was also
noticed by Melling [12], the influence of holes interaction can
not be separated from the influence of porosity. An increase of
the effect of holes interaction means a decrease of the distance
between the holes and therefore an increase of the porosity. The
effect caused only by the increase in porosity is hence difficult to
evaluate. It is shown in other papers [11,12,22] that the nonlinear
regime slope tend to be inversely proportional to the porosity
(mostly for high porosity samples). One can then clearly observe
that for high sound pressure levels, the slope depends on the holes



Table 2

Curve fitting coefficients for the nonlinear resistance of the samples. The air cavity depth is tuned so as to obtain the desired resonant frequencies of study for each sample.

G G J Air cavity depth (mm)
292 Hz 506 Hz 292 Hz 506 Hz 292 Hz 506 Hz 292 Hz 506 Hz
Sample 1A 11x 103 4x1073 0.96 1 0.99 1.91 100 38
Sample 2A 2.5 %103 23x1073 0.98 0.98 0.85 3.06 180 75
Sample 3A 103 0.8 x 103 0.98 0.99 4.09 5.96 200 142
Sample 4A - 0.7 x 1073 - 0.99 - 5.63 - 150
7 T T T T T T
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Fig. 4. Normalized surface resistance as a function of the Reynolds number inside the apertures: (a) Excitation frequency of 292 Hz; (b) Excitation frequency of 506 Hz.
Symbols are for measurements and lines for simulations. O and solid line: sample 1A (b= 12 mm); A and dashed line: sample 2A (b =08 mm); O and dashed-dotted line:

sample 3A (b =3.5 mm); ¢ and dotted line: sample 4A (b = 2.6 mm).

separation and decreases with the increase of Reynolds number in-
side the apertures due to interaction between them. A convenient
explanation of this observation is that as distance b decreases, the
shear region around each hole is shared with the shear region
around the nearby holes. The total acoustic resistance of the sys-
tem is mainly caused by the apertures resistance and the vorticities
induced resistance at the inlet and the outlet of the apertures.
Since the total shear region is reduced for interacting holes, this
causes a reduction in the radiation resistance. This results in a
reduction of the total acoustic resistance. According to Table 2,
the dependence of these nonlinear coefficients on frequency tends
to be less sensitive to a decrease of b (results carried out for 292 Hz
and 506 Hz).

4.2. Effects of holes interaction on nonlinear reactance

Fig. 5a and b shows the experimental and predictions of the
normalized surface reactance of the samples as a function of the
Reynolds number inside the apertures. For each sample tested,

the same air cavity depth is kept throughout the whole range of
Reynolds number studied. The observed changes in the reactance
are relatively very weak compared to that of the resistance. As it
was already noted by Melling [12], with the increase of sound pres-
sure levels, the reactance decreases. For both interacting and not
interacting holes, this decrease is not a consequence of Forchhei-
mer’s law but rather a transfer of part of the kinetic energy in
the sound field around the aperture into turbulent motion that
breaks away from the aperture. This is a typical nonlinear behavior
of the reactance of thin plates whenever turbulence is reached (see
Ref. [4]). Since this behavior is less likely to take place for the cases
of closely separated holes (samples 3A and 4A), it is observed that
with the decrease of b, the decrease in reactance is less significant.
Due to the high velocity of the fluid particles along the perforation
axis, a drag (squeeze) effect occurs on the particle on the outer (in-
ner) side of the baffle. This effect is reduced when the interaction
effect occurs as the region of influence is shared. Nevertheless, as
stated by Ingard [4], there is a close tie between the nonlinear
resistance and the reactance, the loss in mass reactance results in
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Fig. 5. Experimental results of the normalized surface reactance as a function of the Reynolds number inside the apertures: (a) Excitation frequency of 292 Hz; (b) Excitation
frequency of 506 Hz. Symbols are for measurements and lines for simulations. [(J and solid line: sample 1A (b =12 mm); A and dashed line: sample 2A (b =08 mm); O and
dashed-dotted line: sample 3A (b =3.5 mm); ¢ and dotted line: sample 4A (b =2.6 mm).

the increase in the resistance. The model fails to agree with the
experimental results. In particular, the decrease of reactance is
not predicted by the model. This result was expected since the
dependence of reactance on the velocity is neglected in the model.
As was first noticed by Melling [12], then later on by Peat [23,24],
the derivation of Fok’s function follows explicitely from a potential
flow analysis for the reactance only and, from a physical viewpoint,
one would not expect an identical interaction effect for resistance.
In general, the reactance effect variations result in a shift of the
resonance frequency. Thus, for these samples, with an increase of
the Reynolds number inside the perforations, the resonance
frequency is observed to shift towards the high frequency range
by about 50Hz (b=12mm), 30Hz (b=8 mm), 11 Hz (b=3.5
mm) and 6Hz (b=2.6 mm). Unlike Maa [20], most authors
[12,3,11] do not consider this shift of resonance frequency.

4.3. Effects of holes interaction on absorption coefficient peak value

Fig. 6a and b shows the experimental and predictions of the
maximum of the absorption coefficient as a function of the
Reynolds number inside the apertures. The maximum of
absorption coefficient is obtained when the imaginary part of the
normalized surface impedance equals to zero (Imag{zs}=0). The
simulations and the experimental results are in very good
agreement for both frequencies of excitation. Depending on the
sample characteristics (particularly on the hole diameters and
the open area ratio), the absorption coefficient achieves its
maximum value of 1 and then decreases with the increase of

Reynolds number (Refs. [21,22]). The critical Reynolds number is
defined as a value at which absorption coefficient attains its
maximum. These values are predicted and measured for samples
1A and 2A. The critical Reynolds numbers for samples 3A and 4A
fall outside the range achieved in experiments. If b and ¢ are
optimized, the HIE can contribute to absorption coefficient in-
crease under medium and high sound pressure levels. In the fol-
lowing section an expression for optimizing this critical Reynolds
number is derived.

4.4. Critical Reynolds number and the distance between the apertures

In this section, an expression for the critical Reynolds number
as a function of the center-to-center distance between the
perforations is derived. This expression is valid only for high sound
pressure levels regime. The presented critical Reynolds number
Rec is the value of the Reynolds number for which the maximum
absorption peak reaches its extremum. Beyond Re, the peak of
absorption (maximum of absorption with respect to frequency)
decreases with an increase of the Reynolds number. It can easily
be shown that the maximum of absorption coefficient o, is
obtained for Imag{zs} =0

= 4Real{zs} N (19)
(1+ Real{zs})
where Real{zs} is the normalized surface resistance. Under high
sound pressure levels, Real{zs} is given by Eq. (12) and a maximum
of absorption coefficient of 1 is obtained for Real{zs} = 1 that is
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Fig. 6. Maximum of absorption coefficient as a function of the Reynolds number inside the apertures: (a) Excitation frequency of 292 Hz; (b) Excitation frequency of 506 Hz.
Symbols are for measurements and lines for simulations. O and solid line: sample 1A (b= 12 mm); A and dashed line: sample 2A (b =08 mm); O and dashed-dotted line:

sample 3A (b =3.5 mm); ¢ and dotted line: sample 4A (b = 2.6 mm).

Ci(Rec)®? =1. (20)

If G, is approximately 1 as was proven earlier, then the critical Rey-
nolds number is given by

/1
Rec = C_1

As was shown in [22], where Forchheimer’s law was used to model
the nonlinear resistance, C; can be approximated as

K

¢ )
where K is a constant equal to 2.2 x 103 for the aluminum sample.
The value of K is dependent on the shape of the aperture (see Ref.
[22]). According to Everest and Pohlmann [25], for a triangular lat-
tice arrangements of the apertures, the open area ratio is given by

d2
¢ =0906_.

(21)

G = (22)

(23)

Substituting Eq. (23) into Eq. (22) and the resulting equation into
Eq. (21), one obtains

Rew — d /0.906

bV K
This is an important result for the design of optimal perforated
plates subjected to high sound pressure levels. It states that the

(24)

critical Reynolds number is directly proportional to the diameter
of the holes and inversely proportional to the distance between
the perforations. Eq. (24) is confirmed by the experimental results
for sample 1A and not for sample 2A. For sample 2A, the disagree-
ment between the data and the predictions could be attributed to
the fact that some holes were slightly tapered during the fabrication
process. For samples 3A and 4A, the critical Reynolds number values
are outside the range achieved in experiments. As stated by Tayong
et al. [22], all the parameters having an influence on the value of K
are not fully understood, both the edges shape and the type of
material seem to affect the value of K as was shown in this latter

paper.
5. Conclusion

An experimental investigation of the holes interaction effect
(HIE) of air-cavity-backed perforated plates under high and med-
ium sound levels was carried out in this paper. The study was fo-
cused on this effect on the acoustic impedance and absorption
coefficient. From the theoretical and experimental work presented,
the following results were obtained:

o The linear variation of the acoustic resistance with the Reynolds
number inside the aperture depends on the center-to-center
distance of the holes. The stronger the HIE, the more the slope
decreases. A fitting of this slope provides two adjustable coeffi-
cients suitable for modeling the system.



e The stronger the HIE, the smaller the variation of the acoustic
reactance with the Reynolds number. However, it is noticed that
this variation remains negligible compared to the acoustic resis-
tance variation.

Since the HIE modifies both the acoustic resistance and reac-
tance, it also modifies the maximum of the absorption coeffi-
cient. A critical Reynolds number, defined as the Reynolds
number value after which the maximum of absorption coeffi-
cient starts to decrease, was introduced. Both the prediction
and the experiment revealed that a decrease of the center-to-
center distance results into a shift (towards higher values) of
this critical Reynolds number.

An expression that relates the critical Reynolds number and the
center-to-center distance was derived. This expression can lead
to the design of optimal perforated plates (higher absorption
coefficient amplitude for large Reynolds number ranges).

(]
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