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A theoretical model is developed in the present study to predict the spectral characteristics of the sound ab-
sorption of solid panels with tapered elliptic micro-perforations backed by a rigid wall cavity. In the model, plane
wave propagation is assumed along the length of the perforation in the presence of a viscous boundary layer at

the internal wall of the perforation. End impedances are approximated using results in existing literature.
Validation is done using impedance tube measurements. It is confirmed that the present tapered elliptic perfo-
ration model can give much better agreement with experimental results than the conventional cylindrical
perforation model for all micro-perforation configurations tested. Results also suggest the importance of perfo-
ration density in controlling the variation of sound absorption of the panel absorbers upon changes in perforation

configurations.

1. Introduction

The theory of micro-perforated sound absorbing panels (MPP) was
first introduced by Maa [1,2] in the 90 s. This type of sound absorbers is
featured by the many sub-millimetre diameter perforations on a solid
panel backed by a rigid cavity. With the right configuration, the MPP
absorbers can give much better low frequency sound attenuation than
the conventional fibrous sound absorption of similar thickness [3]. As
the commonly used fibrous sound absorption materials will degenerate
gradually into tiny respirable fibres, which can suspend in air and are
hazardous to human health, the MPP absorbers have attracted great
attention of building professionals, engineers and academics in the past
few decades. Commercial MPP absorbers are now available.

The strong potential of the MPP absorbers as a next generation sound
absorber [4] has sparked off significant worldwide research effort into
its physics, applications and performance improvements. Typical ex-
amples include the parametric studies of Liu et al. [5], Bravo et al. [6]
and Sakagami et al. [7], the multilayer MPPs of Sakagami et al. [8],
Bravo et al. [9] and Cobo and Simén [10]. Wang et al. [11] investigated
the effect of the backing cavity on the performance of the MPP ab-
sorbers, while Wang and Huang [12] studied the possible improvement
of sound attenuation by coupling MPPs which are backed by cavities of
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different dimensions. There are also investigations into the use of MPP
for flow duct silencing [13,14] and in the construction of acoustic
metamaterials [15]. However, this list is by no mean exhaustive.

The perforations are assumed to be cylindrical in most of the MPP
studies. While this could be true if the perforations are created by in-
dividual drilling, this is not generally the case in practice for fast and
cost-effectiveness manufacture. Based on the results of Stinson [16],
Ning et al. [17] developed formulae for the acoustic impedance of
triangular and square un-tapered perforations. That of micro slot
perforation was also given. In recent years for light-weight applications,
MPPs can be made of acrylic (PMMA) and the perforations are produced
using the laser punching technique. The perforations are no longer cir-
cular, but elliptic.

Fig. 1 illustrates some typical examples of the finishing of laser
punched perforations. The geometry of the perforations depends on
laser punching setting (laser power W, duration of single punching t,
laser focus height from the acrylic panel front surface f;) and the
thickness of the acrylic panel h. Since the front surface of the panel re-
ceives the laser for a longer period of time, there is more acrylic material
melting on the front surface than the bottom surface. The perforations
are therefore tapered as shown in Fig. 1. Also, the perforation edges are
not sharp. A dome-like smoothed edge is usually found at the bottom
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surface of the perforation. This tends to reduce the magnitude of the exit
acoustic impedance [18]. The practical configuration of the micro-
perforation deviates very much from cylindrical. The Maa’s model
[1,2] has become much less realistic. Improvement is needed. The study
of tapered micro-perforations is very rarely found in existing literature.
Observing that the diameter of the micro-perforation is very small
compared to the wavelength of the sound to be attenuated, Herdtle et al.
[19] uses the technique of incompressible and isothermal computational
fluid dynamics to understand the transfer impedances of tapered cylin-
drical holes, but it appears that some parameters in their model are
obtained by empirical method.

To predict the MPP sound absorption performance, we analyse in the
present study the sound propagation across a short elliptic duct in the
presence of a viscous wall boundary layer in the first place. Plane waves
are assumed to propagate across the tapered elliptic duct. Experimental
measurements using the standard impedance tube method have been
carried out to validate the theoretical model, followed by a discussion on
the effects of panel thickness and the eccentricity difference between the
two sides of the perforation on the sound absorption performance of the
MPP absorbers.

2. Theoretical model for sound propagation along elliptic tubes

For a straight tube of length h (i.e. the thickness of the MPP) and
equivalent diameter much smaller than the wavelength of the sound
which propagates across it, all circumferential variations within the tube
vanish and the incompressible approximation is valid. For a small ve-
locity perturbation u, the corresponding flow equation is
ou

1 H 2
— Vp+Lv 1
ot 2, P " M

o

where p is the pressure fluctuation, u the coefficient of viscosity of the
fluid in concern, p, the fluid density and ¢ the time [20]. An elliptic cross
section with major and minor axis lengths 2a and 24 is characterized by
the focus separation 2a and two variables ¢ and 7 (Fig. 2) with

0<7<21,0<06<0,a=1/a?— fFandtanh(c,) = f/a. 2
Transforming Eq. (1) into elliptic coordinate system, one obtains
Pogr = 0z # a? (sinhza + sin’7) do? ' o2 0 2
A, Pu  Fu
~-L + + St55 3
h @ (sinh’c + sin’t) \do® ~ Ot
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where Ap is the pressure drop across the tube and u does not vary with z.
For a sinusoidal time varying u, Eq. (3) becomes

jpowazu 1 (6214 0214) _ L,Ap

C)

2t (cosh2o — cos2z) \do? ' or? 2;4h’

where j = /—1. The general solution of Eq. (4) can be obtained by the
method of separation of variables, and its particular solution is simply

A
=P )
ip,wh
The solution of Eq. (4) is, after some algebra,
i A,Ce,(0,q) +B,Se,(06,q) )(Cuce,(t,q) + Dyse,(7,q) ) +i,
=0 Jjp,wh
©
where ¢ = —jp,wa® /4y, ce, and se, the angular Mathieu functions of the

first kind of integer order n [21], Ce, and Se, the modified radial
Mathieu functions of the first kind of integer order n [21] and A, By, Cp,
and Dy, are constants to be determined. The symmetry of u requires

u(o,7) =u(o,n—1) = u(o,r+17) = u(o,2n — 1) 7)

such that u cannot have a period of 2z. The quantities with odd n order in
Eq. (6) are thus irrelevant. Parity of u must also be even and thus the
solution (Eq. (6)) can be reduced to

Ap

Jjp,wh ®

Ms

[Azn Cey, (6> q)ceZn (77 q) + anSEZn( 5 q)se2n (T’ q) ]
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n

Further, since u is symmetrical about the interfoci line (x-axis) and is
continuous and differentiable at ¢ = 0, B,, = 0. The final solution is thus

N A A
u= ;AZnC@n(O, q)cen(t, q) +jp05Jh' ©

The ‘no-slip’ wall condition in the presence of the viscous boundary
layer requires that u(s,,7) = 0,

o0 , Ap
0y = A n\Oo, n\Ts N = 10
R I (10)
Expressing cezp, in the form of a Fourier series [21],
cexn(7,q) ZA q)cos(2rt), (1

=0

© (d)

Fig. 1. Examples of elliptic perforation created by laser punching on acrylic panel. (A). h = 1.5 mm, f, = 6 mm, W = 82.5 W, t; = 100 msec;(b) h = 3 mm, f, = 6 mm,
W =82.5W, t; = 100 msec; (c) h = 1 mm, f, = 4 mm, W = 82.5 W, t; = 80 msec; (d) h = 1 mm, f, = 6 mm, W = 27.5 W, t; = 100 msec.
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Fig. 2. Elliptic co-ordinate and nomenclature.

where A(ZZ,") s are complex functions of q and with the recurrence re-
lationships of these functions (see for instance, Ref. 21), one can write,
for any integer value of r,

AT (q) = AT () (n,7,q). (12)

where f is a complex function of n, r and g. One can then obtain that

2

2
/ cesn(t,q)dr = 274 (g)and / cé (1, q)dr = n{Agf")(q)] Fa(n.q), (13)
0 0

2n

where
Faln) =2+ 3 [rln, o) P a4
=1
Then, it is straight-forward to show that
Ay, = - = as)

CeZn(O'mq)A(()zn) (CI)FZII("L»Q) jp(’wh.
The cross sectional area of the tube A is

21 0,
a ) na*
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00
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0o

16)
The mean velocity U over the elliptic tube cross section is thus
2r 6,
u= A uaz(coshZJ — cos2t)dodr, a7
00

One can show by substituting Egs. (9), (15) and (16) into Eq. (17)
that the specific acoustic impedance

: An ellipse; — - —: 7; — — — —: 0; @: foci.
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When a — p, that is when the perforation cross-section becomes very
circular, 6, — o0 and g — 0. It is shown in Fig. 3 that the predictions by
Eq. (18) agree very well with those obtained by using the formula of Maa
[1,2], though there is a negligibly small derivation of the resistance
terms. Solving Eq. (18) analytically with 6, - o and q¢ — 0 is very
tedious. Thus, only numerical calculation is adopted in the comparison.

The use of the above analytical approach to estimate the acoustic
impedance is very hard when the tube is tapered. Herdtle et al. [19] used
incompressible computational fluid dynamics in their analysis of the
tapered circular hole acoustic impedance. Empirical constants were
proposed. Though this method is in general applicable to the case of an
elliptic hole, it is not practical as there can be many combinations of «
and p, apart from the degree of tapering and h.

During the manufacturing process, the laser beam is normal to the
acrylic panel and thus the axis of the perforation is normal to the panel
as well. The cross section of the perforation varies along the length of the
tapered perforation. For simplicity, we assume both a and f vary linearly
with z:

ar — ﬂf B ﬁb
ho

a=a— zand f=f; — (19)
where the suffices f and b hereinafter denote quantities associated with
the front (z = 0) and bottom (z = h) side of the perforation respectively.
The separation between the two foci 2a, the cross-section area A and o,
are thus also functions of z.

To analyze the sound propagation along the tapered elliptic perfo-
ration, the whole perforation is divided into infinite number of thin
elliptic slices of infinitesimal width Az and plane wave propagation is
assumed within each of them. The pressure drop along each tube,
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Fig. 3. The convergence of Eq. (18) to the formula of Maa [1] when a@ — f. (a) Resistance Real(Z); (b) reactance Imag(Z). @: « = 0.4 mm, h = 2 mm (Maa [1]); Il @

= 0.3 mm, h = 1.5 mm (Maa [1]);

following Eq. (18), is
6 -1

L 2 = Ces,(0,9) n
op= Az|1—— E - 2cosh20 —— | d
P =P S sthGU/ £~ Cey (60, q)Fru(n,q) oSEeTy)
0

(20)

As h is very small when compared to the wavelength of the sound to
be attenuated, the volumetric air flow rate, Q (= Au), is constant along
the length of the perforation. The acoustic impedance of the tapered

elliptic perforation is simply Z, = Ap/Q, where
Ap_ [op
Q Q
-1
_ Cey(o,q) ( n)
0 |A — ma 2cosh2e —— |do | dz.
[‘”) {n CeZn 0-0 F2n( fI) q

2D

So far, the end impedances are not added. They will be discussed in

:a@ = 0.4 mm, h=2mm (Eq.(18)); — — — —: @ = 0.3 mm, h = 1.5 mm (Eq.(18)).

Section 3. Fig. 4 shows some comparisons between the approximation by
Eq. (21) and the finite-element computation using COMSOL. The ther-
moviscous acoustic boundary layer effect was included in the COMSOL
simulation [22]. One can observe that for the larger perforation, there
are only less than 5% difference in the prediction of reactance and
resistance respectively (Fig. 4a). As the magnitude of the resistance of
the micro-perforation is very small compared to that of its reactance, the
observed deviation of resistance does not have significant effect on the
prediction of the sound absorption coefficients of the MPPs. For the case
of smaller perforations shown in Fig. 4b, the difference between the two
predictions is in general less ~ 2%. The agreement between the two
predictions for the other perforations tested are very similar to those
presented in Fig. 4 and thus are not further discussed.

Equation (21), though considers only the viscous boundary layer at
the internal walls of the perforation, is sufficiently accurate for the
modelling the plane wave propagation in the micro-perforation. As the
COMSOL finite-element simulation result does not form a significant
part of the present study, they are not discussed further.

The discontinuities and the viscous damping at the inlet and outlet of

2.0 5 T T I (b
4 -
1.5 F
E 3T
Z
oog 1.0 |
= 2
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0000000 Py g.-.-o—.-o—o—o-i
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Fig. 4. Comparison between finite-element simulation and Eq. (21) predictions. (a) af = 0.99 mm, ff = 0.67 mm, ap = 0.73 mm, f}, = 0.43 mm, h = 2 mm. (b) ay =

0.46 mm, fr = 0.33 mm, a, = 0.46 mm, f, = 0.33 mm, h=1.5mm.
by COMSOL.

: Imag(Z,) by Eq.(21); — — — —: Real(Z) by Eq.(21); o: Imag(Z,) by COMSOL; @: Real(Z)
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the micro-perforation give rise to additional inductance and resistance
to the sound propagation (for instance, see Ingard [23]). Following
Rayleigh [20] and with reference to the experimental observation of
Ingard [23], one can approximate the additional resistance, R, at a
flanged opening as

P
R= Zld‘/Zpua)y, 22)

where P is the perimeter of the opening and Iy the dissipative length
correction. For an elliptic opening,

/2
2 _ 2
P=4a / V1 = 25in%0d6, ande — 7“’(1/ 23)

0

(for instance, see Abbott [24]). The additional pressure drop due to this
resistance at the inlet and outlet of the perforation, Ap,, is

Ap, (P, P
Ap, = Ryt +Rﬂh$3p = (Aéld:f + A[;ld,b> V2p,0p. 24)
f b

For circular inlet/outlet, l; is equal to half the inlet/outlet radius
[25]. However, the l; for corresponding elliptic case is not yet known.
For simplicity, it is taken to be half the equivalent radius in the foregoing
discussions. That is, Iy = v/afB/2.

By considering the fluid loading on the plane wave at the inlet/outlet
of the perforation and observing that ka — 0, the added mass Am and the
pressure drop due to this added mass, App,, at that opening is

Am = p Al,,=Ap,, = jop,l,u, (25)

where [, is the equivalent length end correction due to the added mass.
According to Mechel [26],

2 2
{4” 1n(1—26> —y—},0<y§0.641
L, 16 8 Y 4 (26)
p - 3m 2
f{%},o.&qul
2749y

where y = p/a. The overall acoustic impedance of a tapered elliptic
micro-perforation Zy, can be obtained by combining Egs. (20), (23) and
(24):

P, P, . Loy o,
Zip =271+ (A—f;ldf + A—Zm) V20,01 + jap, (A—f + A—b) . (27
f b f b

3. Impedance tube experiments and comparisons with
theoretical models

The experiment was carried out using an impedance tube and the
two-microphone method was used to estimate the specific acoustic im-
pedances, zypps, of the MPP absorbers. Fig. 5a and 5b show the sche-
matics and the actual physical appearance of the experimental setup
respectively. Each MPP specimen tested consisted in general of a rect-
angular array of tapered elliptic micro-perforations centred on the lon-
gitudinal axis of the impedance tube and was backed by a rigid wall
cavity of varying length L. The effective diameter of the specimen, D,
was fixed at 29 mm. There was about 1% variation in the perforation size
on each specimen tested. The specific acoustic impedance of a MPP
backed by a rigid cavity, normalized by poC, is theoretically

Zmpp =

Zup _ jeot(kL), (28)

acnl’
where n, is the number of perforations per unit area of the MPP and k =
/c if one ignores the thermoviscous boundary layer effect at the wall of
the circular cavity (for instance, see Maa [1]). The wavenumber k be-
comes complex after taking into account such effect [16]:
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Fig. 5. Setup of the impedance tube measurement. (a) Schematics; (b) physical
experimental setup.
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(29)

where Jy and J; are the Bessel functions of the first kind with order 0 and
1 respectively, y, the ratio of specific heat capacities, Pr the Prandtl
number and v the kinematic viscosity of air at laboratory condition. The
imaginary part of k results in a sharp peak in the resistance spectrum of
the MPP absorber when Re(kL) — /2. However, the sound absorption
around this frequency is very small. The sound absorption coefficient of
the MPP, oppp, is

(30)

The MPPs tested in the present study were of thickness (h) 1.5 mm, 2
mm and 3 mm. In this section, the experimental results will be compared
with those predicted by Egs. (28) and (30). The deficiency of prediction
by assuming cylindrical perforations will also be discussed. The radius of
the equivalent cylindrical perforation having the same volume as the
tapered elliptic one, r, is

h

o= %/a/}dz = \/é (@, + af, + (ar + @) (B, +5,) ] @1)

0

The formula given in Maa [1] is used to estimate the specific acoustic
impedance of the MPP absorbers with the equivalent cylindrical perfo-
rations. For each perforation size, five samples of different n, were tested
(Fig. 6). For the sake of easy reference in the foregoing discussions, the
MPP specimen tested are hereinafter coded as MxLyNnSz. M takes the
value of ‘A’ or ‘B’. It denotes the laser punching setting (See Table 1), x
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Fig. 6. The five perforation matrix configurations adopted. (a) 7 x 7 square matrix, perforation separation = 3 mm; (b) 9 x 9 square matrix, perforation separation
= 2.5 mm; (c) 81 perforations, non-uniformly separated; (c) 121 perforations in rectangular matrix, perforation separation = 2.2 mm; (e) 11 x 11 square matrix,
perforation separation = 1.5 mm. Upper row: physical appearance of specimens; lower row: schematics.

Table 1
Configurations of the MPPs tested (all length scales in mm).
Series w (W) t; (msec) fn h as Br (ﬂ/a)f ef ap P B/p ep
A 82.5 100 6 1.5 0.88 0.61 0.69 0.72 0.71 0.49 0.69 0.72
2.0 0.99 0.67 0.68 0.74 0.73 0.43 0.59 0.81
3.0 1.00 0.68 0.68 0.73 0.60 0.41 0.68 0.73
1.5 0.46 0.33 0.72 0.70 0.46 0.33 0.72 0.70
B 55.0 80 2 2.0 0.48 0.38 0.79 0.61 0.47 0.37 0.79 0.62
3.0 0.49 0.38 0.78 0.63 0.44 0.30 0.68 0.73

=10 h, y the backing cavity length L in mm, n the number of 49 (7 x 7),
81 (9 x 9) or 121 (11 x 11) which illustrates the form of the perforation
matrix as well as the number of perforations on the MPP, and z 10 times
the separation between perforations on the MPP in mm in general. If z is
not specified, the perforation separation is non-uniform. Table 1 sum-
marizes the approximated dimensions of the micro-perforations tested
in the present study.

Fig. 7 illustrates a comparison between predictions (zypp and appp by
Egs. (28) and (30) respectively) and experiment for the case of
A15L20N49S30. The estimations by assuming equivalent cylindrical
perforations are also presented. One can notice that the resistance term
is very small when compared to the reactive term. Also, the predictions
by present elliptic perforation model (Egs. (28) and (30)) are much
closer to the experimental results than those obtained by cylindrical
perforation assumption, especially at frequencies near to that of the peak
sound absorption coefficient. For an acrylic panel of thickness 1.5 mm,
the coincidence frequency is around 5000 Hz. This effect is not discussed
as it is not included in the present model.

The corresponding results of A15L50N49S30, which show the effect
of backing cavity length on zppp, are given in Fig. 8. The longitudinal
resonance within the cavity results in a dominant sharp peak on the
resistance spectrum and strong reactance magnitude around the reso-
nance frequency (Fig. 8a and 8b). However, the strong acoustic
impedance at this resonance only gives rise to weak sound absorption as
shown in Fig. 8c. Again, the present model gives very good predictions.

The lengthening of the backing cavity appears to have lower down
the magnitude and frequency of the first sound absorption peak. The
second sound absorption peak is due to the cavity which interacts with
the MPP to give the resistance in zypp near to p,c and a small absorber
reactance. This happens at a frequency just above that of the longitu-
dinal resonance. This second peak has been observed in existing

literature, for instance Wang and Huang [12], and thus is not further
discussed. Structural vibration and damping, which have not been
considered in the present study, could be the reason for the underesti-
mation of the resistance term in zypp. However, this damping effect
depends on the actual size of the MPP which varies widely in practice.
The more important task is thus to model accurately the acoustic
impedance of the perforations themselves. The structural vibration and
damping effect can be added in at a later stage before use [27]. The
predictions of the present elliptic perforation model are already within
very impressive engineering tolerance.

Fig. 9 shows the oypp for the other members of the A15L50 series.
The present predictions by Eq. (29) are still very accurate as the number
of the micro-perforation increases, though the present model does not
cater for the layout of the micro-perforations. A reduction of the
sharpness of the aypp peaks and lower peak aypp values are observed as
the number of perforations is increased from 49 to 121 for these A series
MPPs. Though the magnitude of the perforation impedance is reduced as
n,, increases (Eq. (28)), the contribution from the cavity is also affecting
the zppp and thus the aypp. One should note that the sound absorption of
MPP with very few perforations is not expected to be good and thus
there exists a n, which will result in optimal MPP sound absorption
performance for a given combination of micro-perforation geometry,
size and backing cavity length L. Eq. (28) can be used to find this optimal
m,. One can observe that the cylindrical perforation assumption does not
work well. Therefore, the corresponding estimations will not be dis-
cussed further unless when necessary. The trend of the corresponding
results of the A15L20 series are similar and thus they are not presented.

The increase in the MPP thickness h results in smaller bottom
perforation openings relative to their front counterparts when the laser
punching setting is kept unchanged, but the eccentricity of the front and
bottom perforations are still similar (Table 1). Some examples of the
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Fig. 7. Comparison between predicted specific acoustic impedances and ex-
periments for A15L20N49S30. (a) Resistance; (b) reactance; (c) aypp-
Experiment; — — — —: present elliptic model; — - —: cylindrical perfora-
tion assumption.

corresponding aypps with L = 50 mm are presented in Fig. 10. The in-
crease in h leads to higher peak oypp values. It is observed that the
present elliptic model prediction becomes less accurate when h is
increased to 3 mm. This can be anticipated as the perforation interior
could be very different from the simple assumption made in the present
study (Eq. (19)). It is expected that the thicker the MPP, the worse will
be the prediction accuracy. However, a three-millimeter-thick MPP is
already a very thick panel in practice.

The perforations of the B series MPP absorbers are in general smaller
in size, but more cylindrical and less tapered than those of the A series
absorbers. Some examples of their aypps are presented in Fig. 11. As the
perforations are more circular and less tapered, the predictions obtained
by using the present elliptic model and the formula of Maa [1] are closer
but the former is still better in giving the peak sound absorption fre-
quencies as well as the absorption magnitude across most of the fre-
quency range of the present study. Unlike the case of the A series MPP
(Fig. 10), one can notice that the appp of the B series MPP tends to
decrease with increasing h (Fig. 11e and f). However, it is reduced when
m, is increased (Fig. 11d and e).

It should be noted that the predictions by the present elliptic model
agree very well with experimental results even the model does not take
into account the effect of the dome-like edges. This tends to imply that
the smooth edges do not have significant effect on the acoustic imped-
ance of the perforations.
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Fig. 8. Comparison between predicted specific acoustic impedances and ex-
periments for A15L50N49S30. Legends: same as those of Fig. 7.

4. Effects of panel thickness and eccentricity differential

It should be noted that the effects of the MPP thickness h on the
sound absorption is not fully revealed in the previous sections as the size
and geometry of the bottom perforation opening cannot be kept un-
changed when the panel thickness is varied in the production process.
Also, it is not clear how a change of the eccentricity of the bottom
perforation while that of the front perforation and h are kept constant
would affect the sound absorption of a MPP absorber. As the control of
the elliptic perforation geometry cannot be precisely done at this
moment, the above effects are examined using the present elliptic
model.

Without loss of generality, the MPP A20L50N121S22 is chosen for
the illustration. Fig. 12a shows the spectral variation of oypp when the
panel thickness is changed to 1.5 mm and 3 mm while the geometries of
the front and bottom side opening of the perforation are kept un-
changed. Under this MPP configuration, both the peak oypp values and
the overall sound absorption increase with increasing h. This trend re-
mains the same when L is reduced to 20 mm and applies to other MPP
configurations (not shown here). The increase in h also results in
stronger perforation reactance and thus for a fixed L, the resonance of
the MPP absorber and thus the sound absorption peaks appear at lower
frequencies.

While it is expected that the increase in h will result in a higher
perforation acoustical resistance, the higher sound absorption capacity,
especially near to the peak frequencies, is due to an overall resistance (in
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Fig. 10. Effect of MPP thickness on the prediction of aypp of the A series MPP, L = 50 mm. (a) A20L50N49S30; (b) A20L50N81525; (c) A20L50N121S15; (d)

A30L50N49S30; (e) A30L50N81S25; (f) A30L50N121S15.

zumpp) closer to pc. As the resistance term in the cavity impedance is
insignificantly small except at the very narrow resonance band at higher
frequency, the first term on the right-hand-side of Eq. (28) determines
the overall resistance. The number of perforations per unit area n, thus
plays a dominant role in affecting the variation of oypp with h observed
in Fig.12a. For the case of A20L50N121S22, the resistance term in Zq,/

: Experiment; — — — —: present elliptic model.

n, is well below poc (Fig. 12b) and thus increasing h results in an increase
in aypp. One can then anticipate that this trend will be reversed for
relatively small n, where Real(Z,/n,) is already close to p,c when h =
1.5 mm. For the present example, this will happen when the n, is
reduced by a factor of ~ 6.

The effect of the perforation bottom side opening eccentricity, e, on
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Fig. 12. Effect of panel thickness on sound absorption performance of MPP absorbers. af = 0.99 mm, s = 0.67 mm, ap = 0.73 mm, ff, = 0.43 mm, L = 50 mm, 121

perforations, perforation separation = 2.2 mm. (a) aypp; (b) resistance of perforation — - —: h=1.5 mm; — — — —: h = 2 mm (A20L50N121522);

the sound absorption characteristics of the MPP absorber is illustrated in
Fig. 13a. The sound absorption capacity of the MPP absorber increases
with a more elliptic bottom side opening when h, ef, Arand A, are fixed.
The same trend is observed when ey is allowed to change in the same
manner with a constant perforation bottom side geometry and h. The
change in the eccentricities of the openings does not result in much
variation in the overall reactance of the perforation. There is therefore
no noticeable change in the sound absorption peak frequencies when L is
fixed as shown in Fig. 13a.

The change in the eccentricity does however result in significant
variation in oppp. An increase of eccentricity of either opening of the
perforation improves the sound absorption capacity of the MPP ab-
sorbers because of the increase of the MPP’s acoustic resistance towards
the specific acoustic impedance of air (Fig. 13b). Again, this trend de-
pends on 1, as explained before. The oypp variation trends of the other
MPP absorbers are basically the same as those presented in Figs. 12 and
13. They are not presented.

:h=3mm.

5. Conclusions

A theoretical model was developed in the present study to estimate
the specific acoustic impedances and the sound absorption coefficients
of micro-perforated panels with tapered elliptic perforations. This type
of perforations is commonly found on light-weight acrylic sound ab-
sorption panels where the tiny holes are produced by laser punching. In
the model, plane wave propagation was assumed along the length of the
perforation in the presence of a viscous boundary layer at the perfora-
tion internal wall surface. Structural vibration and damping were not
considered in the present study as these effects depend on the actual size
of the absorber panel, which varies widely in practical applications.

Experimental validation has been carried out using standard
impedance tube method. Diameters of the test specimen were fixed at
29 mm, while their thickness varied from 1.5 mm to 3 mm. Micro-
perforated acrylic panels with different perforation geometries, sepa-
rations and layouts were included in the validation. Comparison with
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Fig. 13. Effect of eccentricity differential on sound absorption performance of MPP absorbers. s = 0.99 mm, f}; = 0.67 mm, L = 50 mm, h = 2 mm, 121 perforations,

perforation separation = 2.2 mm. (a) aypp; (b) resistance of perforation — - —: e, = 0; — — — —: e, = 0.81 (A20L50N121S522);

the predictions by conventional cylindrical perforation model was also
presented.

Results show that the present model gives much more accurate
predictions than the conventional cylindrical perforation model, espe-
cially around the peak sound absorption frequencies for more elliptic
perforation (eccentricity ~ 0.7). The prediction error increases with
panel thickness but is still very much within engineering tolerance for a
3 mm thick panel. The predictions of the present model and the con-
ventional cylindrical perforation model are closer when the perforations
become more cylindrical and less tapered. However, the present model
still produces more accurate results, in term of both the peak sound
absorption frequencies as well as the sound absorption coefficients
within the frequency range of the present study.

The present elliptic perforation model also suggests that there exists
a critical perforation density above which the sound absorption capacity
of a MPP absorber will be improved if the panel thickness is increased
with constant perforation opening geometries. Similar observation ap-
plies when a more elliptic perforation opening is adopted.
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