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Abstract — Microperforated panels (MPPs) play important roles in sound absorbing systems. The
classical Maa theory for the MPPs is modified to account for the effect of roughness on the surface
of microperforations on sound absorption. Correspondingly, the relative acoustic resistance and
relative acoustic mass of the system are determined theoretically. Full numerical simulations with
the method of finite elements are performed on the roughened MPP to validate the modified theory,
with good agreement achieved. It is demonstrated that surface roughness decreases resonant
frequency and promotes viscous dissipation, thus enhancing the sound absorbing capability of the
MPP. This work extendes Maa’s theory for the sound absorption of MPP from smooth perforations
to rough perforations. The modified theory for MPP with roughened perforations has a great

significance in sound absorption field, since it is more applicable for the realistic situations.

Copyright © EPLA, 2019

Noise control has become a pressing issue in modern so-
ciety. To solve the problem, numerous sound absorbing
materials and structures, such as open-cell cellular foams,
porous structures and fibrous rock wool [1], have been de-
veloped and widely used in architectural design, trans-
portation, mechanical engineering, and other fields. One
typical problem associated with the commonly applied
sound absorbing materials/structures is the difficulty in
adjusting the sound absorbing effect. Traditional meth-
ods [2,3] (for porous materials) including changing the
material thickness, changing the pore size and porosity
are not satisfactory for they are not flexible enough to
manipulate. To address the issue, Maa [4,5] put forward
the inspiring concept of microperforated panel (MPP) and
developed a theory to describe its acoustic performance.
The MPP structure is designed based on the classical
Helmholtz resonator. Typically, it is composed of two
parts: a thin panel having periodically arranged circular
microperforations (usually of sub-millimeter scale) and an
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air gap backed to the panel. The air gap can be consid-
ered as a resonant cavity, while the microperforations (mi-
crochannels) can be considered as mass blocks when the
MPP is active. In the presence of a propagating sound
wave, the channel surface generates viscous force and dis-
sipates sound energy. The whole system thence becomes
a spring-mass system with viscosity. The resonant fre-
quency is determined by the volume of the air gap and
the thickness of the channel, while the resonant peak is
determined by the viscous force. The MPP not only ex-
hibits good sound absorption performance, especially at
relatively low frequencies, but also is fiber free, succinct,
and robust to complex environment [6].

Although the Maa theory describes faithfully the sound
absorption effect of a MPP with smooth perforations
(MPP-S), the perforation surface often exhibits roughened
morphology due to limited processing accuracy. In such
cases, when air inside the pore oscillates to dissipate the
energy of sound, the roughened pore surface inevitably af-
fects the sound absorption performance of the MPP. Prior
work has been undertaken to reveal how a rough sur-
face influences the flow properties [7,8]. Even when the
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Fig. 1: (a) Microperforated panel (MPP) backed by air cavity
as sound absorbing structure; (b) circular cylindrical pore with
periodic axial surface roughness.

surface roughness is small, it has been demonstrated [9]
that the static flow resistivity is affected significantly by
the roughness.

In the current study, we report how the absorption effect
of a MPP with roughened perforations (MPP-R) can be
different from that of the MPP-S by changing the param-
eters dictating the roughened structure. It is anticipated
that surface roughness produces a larger absorption coef-
ficient at low frequencies due to a larger acoustic mass.
Built upon the Maa theory, a modified theory is devel-
oped to quantify the beneficial effect of surface roughness
on sound absorption. Also, relevant acoustic properties
of the MPP-R, such as relative acoustic mass and rela-
tive acoustic resistance, are calculated and compared with
those of MPP-S. A parametric study is further performed
to find out how the resonant frequency and maximum ab-
sorption coefficient change with varying roughness. The
theoretical predictions are validated against numerical re-
sults obtained with direct finite element (FE) simulations.

The MPP sound absorbing system is composed of two
parts, as shown in fig. 1(a), the MPP and the air gap,
which assemble a Helmholtz resonator. When an acous-
tic wave is incident on the system, the air inside the MPP
channel (pore) oscillates, thus inducing viscous energy dis-
sipation. Let t denote the thickness of the panel, D the
length of the air gap, d the average diameter of channel
and ¢ the porosity of the MPP. With reference to fig. 1(b),
the roughened boundary of the circular cylindrical pore is
assumed to follow an idealized sinusoidal pattern, with
amplitude e and wavelength b. Two dimensionless pa-
rameters are introduced to characterize the pore surface
roughness: relative roughness ¢ = e/d and wave number

3 = 2rd/b.
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Fig. 2: Sound absorption coefficients of MPPs with rough pores
and smooth pores: comparison between theoretical model pre-
dictions and FE simulation results, with d = 1 mm, t = 6 mm,
D =50mm, ¢ = 0.0625, ¢ = 0.1 and § = 27.

For traditional MPPs with smooth micro-pores, the
sound absorption coefficient can be calculated by the Maa
theory [4,5], as

4r
(1+7)%2+ (wm — cot(wD/c))?’

o =

(1)

where ¢ is the sound speed in air, w is the angular fre-
quency of incident acoustic wave, and r defined as the
relative acoustic resistance, is given by

22 \2xd
N I S
l +32+ 8 t]’

where p is air density and p is the dynamic viscosity of air.
In addition, m, defined as the relative acoustic mass, is

_32pt

T_Mdg (2)

t 1
1+

¢e Vo+ e
%%. Because the MPP sound absorbing

system can be considered as a Helmholtz resonator, there
exists an absorption peak (i.e., maximum sound absorp-
tion coefficient)

d
+085 | (3)

where ¢ =

4r
(1+7)*

at frequency wg that is given by

(4)

Qmax =
(5)
For MPPs having roughened microperforations (fig. 1),

the Maa theory as detailed above needs to be modified.
To this end, existing analytical solutions of low Reynolds

mwy = cot(woD/c).
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Fig. 3: Sound energy dissipation density in a rough channel: (a) cloud diagram; (b) curve graph, with d = 1mm, ¢t = 6 mm,

D = 50mm, ¢ = 0.0625, ¢ = 0.1 and 8 = 2.

number flow of fluid inside a circular pipe with sinusoidal
surface roughness are employed. According to our previ-
ous work [9], the static flow resistivity of the rough pipe is

B ?j_u{ ((1(64+>1) o 125)4)
2 5F 1 }

X
| tonp (1208
Here, the factor 32u/d? denotes the static flow resistivity
of smooth pipes, and correspondingly, the tortuosity is
e23((J5(8/2) — J2(8/2))]
2J3(8/2) ’
where € and 3 are the relative roughness and wave number
of the rough channel, respectively (fig. 1), and Ji (+) is
the modified Bessel function of the first kind and k-th
order. Once the relative resistance and relative mass of the

roughened pipe (perforation) are determined, its specific
acoustic impedance can be calculated using the model of

Pride et al. [10] as
8o qo ij 1/2 .
[14—( A ) " + o ppwit,
(8)

(0)a

(6)

(oo)a =14+

(7)

1
7 ={ v 1.3
Jwgo |4 4

with the viscous characteristic length A = /8uas, /o, the
kinematic viscosity v = p/p, j = v/—1 the imaginary unit,
(i the tortuosity and the viscous permeability gy = p/o.
Take the influence of end correction on the effective length
of channel and acoustic resistance into consideration [4],
it follows that the acoustic impedance is

o 7' 4 2ux n
¢pc  pocd ¢c
where (r',m’) are the relative acoustic resistance and

relative acoustic mass of the roughened perforation, re-
spectively. Upon replacing (r,m) in eq. (1) by (r',m’),

0.85dwj
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Fig. 4: Sound absorption of MPP-R and MPP-S with different
diameters and with ¢ = 6 mm, D = 50 mm, ¢ = 0.0625, ¢ = 0.1
and 3 = 2.

the sound absorption coefficient of the MPP-R system is
determined.

In order to validate the modified Maa model, full numer-
ical simulations with the commercial FE code COMSOL
are performed. Figure 2 compares the theoretical predic-
tions and numerical results. Geometric parameters of the
MPP-R system (fig. 1) examined are d = 1 mm, ¢t = 6 mm,
D = 50mm, ¢ = 0.0625, ¢ = 0.1 and 8 = 27w. For com-
parison, the absorption coefficient of the corresponding
MPP-S is also plotted in fig. 2 as a function of frequency.
Overall, for both MPP-R and MPP-S systems, the theo-
retical predictions match well with the numerical results,
and the presence of surface roughness on sound absorp-
tion is not negligible. Specifically, the resonant frequency
of the MPP-R is about 50 Hz lower than the MPP-S, while
the peak absorption coefficient of the former increases by
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Fig. 5: Acoustic parameters of MPPs with rough pores and smooth pores (d = 1mm, ¢

e =0.1, 8 = 2m): (a) acoustic mass; (b) acoustic resistance.
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Fig. 6: Sound absorbing properties of MPP with rough pores and smooth pores (d = 1mm, ¢t = 6 mm, D = 50 mm, ¢ = 0.0625):

(a) resonant frequency; (b) peak absorption coefficient.

20%. These two features can be understood by comparing
egs. (2), (3) and (9).

To gain a fundamental understanding for the sound ab-
sorption mechanism, the sound energy dissipation in the
rough perforation is explored in fig. 3. As shown in fig. 3,
the sound energy dissipation density varies periodically
along the channel length, due to the periodic change of the
channel diameter. Specifically, the black line in fig. 3(b)
depicts the energy dissipation density distribution and the
red line plots the diameter variation along the channel
length. The energy dissipation peak always locates at the
position with minimum diameter, where the friction be-
tween air and wall is severe. In other words, when the
sound wave propagates in the perforation channel, the
friction between air and wall relates to the local diame-
ter, by which it affects the viscous dissipation and heat
transfer loss.

The results of fig. 3 demonstrate that the decrease of the
channel diameter can enhance the friction and the energy
dissipation of the perforation channel, however, it does not
always mean that there is an improvement of the sound

absorption performance of the channel. This is because
the sound absorption performance relies on the entry en-
ergy of the sound wave and the dissipation ability (i.e.,
the friction) of the channel. The combination of the two
determines the real dissipated sound energy and the sound
absorption performance. The decrease of the channel di-
ameter will increase the dissipation ability but reduce the
entry sound energy.

To clearly reveal the influence of the channel diameter,
the sound absorption of the MPP-R and MPP-S with dif-
ferent diameters but same porosity is depicted in fig. 4. As
shown in fig. 4, for the MPP-R and MPP-S, when the per-
foration diameter is reduced from d =1 mm to d = 0.5 mm,
the sound absorption is significantly increased. This is be-
cause when reducing the perforation diameter from 1 mm
to 0.5 mm, the entry sound energy is not reduced much,
while the dissipation ability (i.e., the friction) of the perfo-
ration channels is remarkably increased, the combination
of the two effects leads to an enhanced sound absorp-
tion. However, when the perforation diameter is reduced
from d = 0.5 mm to d = 0.2 mm, the sound absorption is
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lmm, ¢ = 6mm, D = 50mm, ¢ = 0.0625): (a) influence of

relative roughness (8 = 27); (b) influence of wave number (e = 0.1).

pronouncedly decreased. This is because when reducing
the perforation diameter from 0.5 mm to 0.2 mm, most of
the incident sound is reflected and only a small part can
enter the perforation channels, although the dissipation
ability (i.e., the friction) of the perforation channels is
remarkably increased, the combination of the two effects
leads to a weakened sound absorption. Moreover, it is seen
from fig. 4 that the sound absorption of MPP-R is larger
than that of MPP-S for the d = 1 mm to d = 0.5 mm cases,
but the sound absorption of MPP-R is smaller than that
of MPP-S for the d = 0.2 mm case. For the d = 1 mm to
d = 0.5 mm cases, the roughened wall increases the dissi-
pation ability (i.e., the friction) of the perforation channels
but does not reduce the entry sound energy much, result-
ing in the sound absorption improvement of the MPP-R.
For the d = 0.2 mm case, the roughened wall increases the
dissipation ability of the perforation channels but reduces
the entry sound energy much, resulting in the sound ab-
sorption reduction of the MPP-R. Also, it is noticed that
the peak frequency of sound absorption remains the same,
since the acoustic mass (because of the fixed porosity) and
the cavity thickness remain unchanged.

Figure 5 makes a comparison of the predicted relative
acoustic resistance and relative acoustic mass between
MPP-R and MPP-S. In the presence of roughness, the
relative acoustic mass increases by ~10% in the whole
frequency range considered (fig. 5(a)), whereas the rela-
tive acoustic resistance increases by ~33% (fig. 5(b)). As
the frequency is increased, the air in the perforations os-
cillates more vigorously, implying that the inertia effect
protecting the velocity from changing (relative acoustic
mass) decreases. However, in sharp contrast, the existence
of roughness enlarges the resistance to velocity changing,
leading to a larger acoustic mass.

According to eq. (5), the relative acoustic mass is closely
related to the resonant frequency. As shown in fig. 6(a),

the resonant frequency decreases significantly with in-
creasing relative roughness and wave number. According
to eq. (4), the absorption coefficient depends upon the rel-
ative acoustic resistance, peaking when r = 1. As surface
roughness enhances viscous dissipation, the absorption co-
efficient of the MPP-R is larger than that of the MPP-S,
when all other geometrical and physical parameters re-
main unchanged. The results of fig. 6(b) reveal further
that increasing the relative roughness and/or wave num-
ber increases significantly the peak absorption coefficient.
Nonetheless, it should be pointed out that, in the extreme
case when the relative acoustic resistance of the MPP-S is
sufficiently large to ensure r = 1, surface roughness may
decrease the absorption coefficient of the system.

To better illustrate the influence of surface roughness
on the sound absorption coefficient, fig. 7 presents two
nephograms, one for the relative roughness and the other
for the wave number. The sound absorption coefficient
is depicted using different colors, ranging from light to
dark as it increases in magnitude. The results of fig. 7
show that, with increasing roughness, the resonant peak
is gradually shifted from the lower right to the upper left.
That is, in accordance with the variation trends shown in
fig. 6, a larger relative roughness and larger wave number
can both decrease the resonant frequency and increase the
absorption performance of the MPP system.

In conclusion, the classical Maa theory has been suc-
cessfully modified to account for the effect of surface
roughness on sound absorption of microperforated pan-
els (MPPs). Full numerical simulations with the method
of finite elements are performed to validate the modified
theory and good agreement is achieved. It is demon-
strated that the presence of surface roughness decreases
the resonant frequency and increases the peak absorption
coefficient of the MPP. The remarkable improvement of
low-frequency absorption with surface roughness enables
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designing MPP sound absorbing systems for targeted noise 2]
control applications.
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