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Abstract

A theoretical model is developed to study the superior sound absorption performance
of ultralight mirco-perforated sandwich panels with double-layer hierarchical honey-
comb core. Numerical simulations are performed to validate theoretical model
predictions and explore physical mechanisms underlying the sound absorption.
Systematic parametric study is implemented to investigate the influence of specific
structural parameters on sound absorption. To maximize sound absorption, optimal
structural parameters of the hierarchical sandwich are obtained using the method of
simulated annealing. It is demonstrated that viscous dissipation of the air inside micro-
perforations and around inlet/outlet regions dominates sound absorption. Compared
to micro-perforated sandwich panels with regular honeycomb core, not only the
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proposed hierarchical construction has much improved load-bearing capacity, but also
significantly enhanced sound absorption covers a wide range of frequency.

Keywords
Sound absorption, micro-perforated sandwich panel, hierarchical honeycomb core,
structural optimization

Introduction

Hierarchical structures across several length scales are not only common in nature
but also widely applied in engineering, such as nacre shell, gecko feet, spider silk,
tendon, muscle, bone, wood, polymer, and Eiffel tower [1,2]. The macroscopic
property of such a structure is determined by its hierarchical organization and
constituent materials, and hence it is feasible to tailor specific hierarchical structure
according to actual needs. For example, nacre shell is a crossed lamellar micro-
architecture comprised of brick-like aragonite tablets and mortar-like biopolymer
interface. After subjected to external loading, tablets slide relative to each other
and the surface waviness of tablets makes the structure expand transversely, lead-
ing to interfacial strain hardening [3]. That is why the nacre shell possesses
extremely higher fracture toughness than its main constituent (aragonite) without
sacrificing strength simultaneously [4].

Inspired by the wonder achieved by nacre shell, a hierarchical honeycomb gen-
erated by replacing each vertex of a regular hexagonal honeycomb with a smaller
similar hexagon was proposed [5]. Repeated substitution of lower-level hierarchical
honeycomb nodes for smaller similar hexagons yields higher-order hierarchical
honeycomb. The in-plane stiffness of the first and second order hierarchical honey-
combs is enhanced up to 2.0 and 3.5 times higher than that of a regular honeycomb
having the same mass, respectively. Moreover, it has been demonstrated that ele-
ment buckling induced by uniaxial compressive load may lead to negative Passion
ratio of hierarchical honeycombs [6]. It has been also shown that the in-plane
collapse strength of first order hierarchical honeycomb can reach up to about
1.5 times higher than that of the regular honeycomb with the same mass [7,8].
In terms of energy absorption, the out-of-plane crashworthiness of first and second
order hierarchical honeycombs is improved separately by 81.3 and 185.7% com-
pared to regular honeycomb with identical mass [9]. In searching for optimal
hierarchical configuration, Ryvkin and Shraga revealed that the fracture toughness
of second order hierarchical honeycomb increases by 39% relative to that of
regular honeycomb [10]. Overall, hierarchical honeycombs exhibit superior load-
bearing capabilities than regular honeycombs.

The micro-perforated panel (MPP) has been envisioned as the next generation
sound absorbing materials for its durability, design-ability and low manufacturing
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cost. Usually, a MPP absorber is constructed of a thin panel perforated with
submillimeter holes and backed by an air cavity. As a result, the MPP has low
mechanical strength and should not be used for load-bearing. Besides, the half-
absorption bandwidth (the frequency range in which the sound absorption coeffi-
cient continuously exceeds 0.5) of the MPP is narrow compared with porous sound
absorbing materials [11-13]. To improve the sound absorption performance, inves-
tigators used several MPP absorbers to form a parallel absorber array [14—17] or
divided the air cavity behind the MPP into domains of different depths and shapes
[18-21]. These approaches nonetheless inevitably increase the thickness (volume)
of the system and lead to no benefit for structural strength.

In many fields such as aeronautic and aerospace engineering, multi-functional
structures with simultaneous sound absorption and load-bearing capacity receive
increasing attention, subject to further constrains of low volume and light weight.
By inserting a honeycomb core into the air cavity behind the MPP, it has been
demonstrated that not only the MPP is structurally strengthened but also the
sound absorption peak shifts to lower frequency and the half-absorption band-
width is widened [22-24]. However, the traditional honeycomb, whether hexagonal
or square, only divides the air cavity into subunits of the same volume, and the
number of sound absorption peaks is much less in the entire frequency range of
sound absorption.

In the current study, the sound absorption performance of ultralight perforated
sandwich panel with double-layer hierarchical honeycomb core is theoretically and
numerically investigated. The hierarchical honeycomb structure provides greater
mechanical support than regular honeycomb and divides the air cavity into
domains with different volumes without sacrificing volume of the entire structure.
The air in each micro-perforation and the air domain immediately behind form
different Helmholtz resonators, generating more sound absorption peaks. In gen-
eral, the pressure level of sound in the environment is low, and the deformation of
the structure caused by incident sound can be neglected. So it is reasonable to
assume that the structure is rigid and does not consume any energy of incident
sound. In addition, the sound is considered as a harmonic plane wave and
impinges perpendicularly on the surface of the structure. Based on electroacoustic
analogy, the acoustic surface impedance of the structure is first calculated, which is
then used to calculate the sound absorption coefficient. Subsequently, the influence
of relevant structural parameters on sound absorption is quantified. Finally, to
demonstrate the excellent performance of the proposed hierarchical sandwich
structure, an optimal configuration for sound absorption in a frequency range
of interest is determined using the simulated annealing algorithm.

Theoretical model

With reference to Figure 1(a), the perforated sandwich panel with height / consists
of three layers of faceplates and double layers of hierarchical honeycomb core.
The top and bottom faceplates have the same thickness #; and the thickness of the
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Honeycomb

Figure |. Schematic diagram of micro-perforated sandwich panel with: (a) double-layer hier-
archical or (e) regular honeycomb core, (b) presents the cross-section of hierarchical honey-
comb, (c) and (f) are unit cells of (a) and (b), respectively, (d) and (g) are one-half of (c) and (f),
respectively.

middle faceplate is #,. The heights of the two honeycomb layers are /&; and 5,
respectively. Let [y and /; denote the edge lengths of the original honeycomb
and the introduced smaller honeycomb (Figure 1(b)). The wall thickness of the
honeycomb 7, is uniform everywhere. To avoid the introduced structures over-
lapping with each other, the ratio of edge lengths 7 =1;/ly must satisfy:
0 <y <0.5. In the top and middle faceplates, different sub-millimeter-scale circu-
lar holes are drilled to connect the inner cavity with external domain. Let d,,;,
denote the diameter of each micro-perforation, where m (m=0, 1, 2) is the serial
number of perforation and # is used to represent the top faceplate (n=1) and the
middle faceplate (n=2).

The double-layer hierarchical structure of Figure 1(a) is periodic, it suffices to
analyze a unit cell as shown in Figure 1(c), which can be further divided into three
sub-units (Figure 1(d)). Each sub-unit is composed of two MPPs and two air cavity
layers. Because the honeycomb wall occupies a certain space, the effective area of
the MPP decreases and is equal to the cross-sectional area of each subunit
minus the cross-sectional area of the corresponding honeycomb. That is, it is the
same as the cross-sectional area of the sub-cavity.

If the edge lengths of the hierarchical honeycomb, /, and /;, are much larger
than perforation diameters, the mutual interference between the perforations and
between the perforation and honeycomb wall can be neglected. Then, the acoustic
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surface impedance of a MPP is given by the acoustic impedance of a single tube
divided by perforation ratio, as [11,12]

—1
ZMPP :jwpotn 1 — 2J; (xmn\/ _]) \/znxmn _|_].0-85(U,00dmn
m mn Xmn —j 0\ X —j mn%mn mn
p V=To X/ =) Prnd p

(1)

where j = v/—1 is the imaginary unit, e is the angular frequency, p, = 1.2 kg/m? is
the density of air, = 1.85 x 107> Pa - s is the viscosity coefficient of air, Jy and J;
are the zeroth and first order Bessel functions of the first kind, respectively, and

X = dyinr/ P /4n. Further, p, = n(dymy, /2)2 /Sm is the perforation ratio, in
which S¢' is the effective area of the MPP, given by

m

V33l —1,)° /2 = 332 (m=0)
VAW3L =) 2 (m=1,2)

Sy = (2)

The last two terms in equation (1) denote end corrections, for the sound radiates
at both ends of the perforation and part of the air moves along the MPP panel
when it flows in and out of the perforation [25,26]. For the air cavity behind the
perforations of each MPP, the acoustic impedance is

—jZycot(whs /o) (n = 2)
VANES (ZMPP 4 ZC, )cos(why /o) + jZosin(why /o) n=1) (3)

m2

0 Zocos(why /o) + j(ZMEP + Z§)sin(why [ co)

m2

where ¢y = 343m/s is the sound speed in air and Z, = p,co is the acoustic imped-
ance of air.
The acoustic surface impedance of each subunit Z,, is given by

Zm - 5m (Z%fp + Zgl) (4)

where 9, = S,/ Sf,ff is the correction factor introduced to reflect the influence of
honeycomb wall thickness on acoustic surface impedance [27,28], and S, is the
cross-sectional area of each subunit, given by

B { 3V3/2=3V3E (m=0) )

3V3E/2 (m=1,2)

According to the parallel-connection rule of acoustical theory, the total acoustic
surface impedance of the unit cell Z7 can be derived from the acoustic surface
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impedance of three subunits, as

S ©)
m=0 Zm X ST

2 . ) .
where St = Zm:O S, 18 the total cross-sectional area of the unit cell.

The sound absorption coefficient of the sandwich structure is defined as the
ratio of absorbed acoustic power to incident acoustic power, given by

e 4Re(zy) ™
[1+Re(z)]* + [Im(zs)]z

where z;, = Z7/Zy is the relative acoustic surface impedance, and Re and Im rep-
resent the real and imaginary parts of a complex, respectively.

Results and discussion

Verification of theoretical model

The theoretical analysis detailed in the previous section considers the viscosity of
air in and around perforations, but ignores the viscosity of air in the cavities and
the thermal conductivity of air in all domains. To fully characterize the sound
absorption performance of the proposed sandwich structure, numerical simula-
tions with the commercial finite element (FE) software COMSOL Multiphysics
are carried out. Due to rigidity of the structure, only air domains inside and near
the structure need to be modelled in FE analysis, as shown in Figure 2. Three cut
planes, A, B and C, are used to explore in detailed the physical mechanisms of
sound absorption, which are difficult to capture with theoretical modeling.
The uppermost air domain, modelled with the Pressure Acoustics module, is
used to apply a plane sound wave normally incident to the structure. The other
parts are modelled using the Thermoviscous Acoustics module. At the boundaries
where the air makes contact with the inner wall of structure, no-slip and isothermal
conditions are applied. The relative acoustic surface impedance of the whole struc-
ture is calculated as

zo= X — ®)

where p is the total pressure, v, is the normal velocity of air, and (-) is an operator
referring to the average on the top surface of the structure. Substituting the result
of (8) into (7) enables calculating the sound absorption coefficient of the structure.
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Figure 2. The model of numerical simulation in COMSOL Multiphysics.

Figure 3 shows the sound absorption coefficient of a micro-perforated sandwich
panel with double-layer hierarchical honeycomb core in the frequency range of 50—
3000 Hz. Relevant geometric parameters of the structure are given by Sample 1 of
Table 1. For comparison, the results obtained for a micro-perforated sandwich
panel with double-layer regular honeycomb core (Sample 2 in Table 1) are also
displayed in Figure 3. For both sandwich constructions, excellent agreement is
achieved between theoretical model predictions and numerical simulation results.
The sound absorption coefficient continuously exceeds 0.5 from 564 Hz to
2385Hz. In particular, beyond 1280 Hz, the sound absorption performance of
the hierarchical sandwich (Sample 1) is far superior to the regular sandwich
(Sample 2). In addition, the average sound absorption coefficient of the hierarchi-
cal structure is 0.474, which is 1.94 times higher than that of the regular structure.
Therefore, relative to the sandwich panel with regular honeycomb core, the pro-
posed hierarchical sandwich panel has not only enhanced mechanical properties,
but also superior broadband sound absorption capability. And this is achieved
with a total panel thickness of only 25 mm.

Perfect sound absorption (¢ = 1), meaning that the sound completely enters the
interior of the structure and no reflection occurs, requires that the real part of
relative acoustic surface impedance is equal to 1 and the imaginary part is equal to
0. In Figure 3, when the frequency of incident sound wave is 670 Hz and 1440 Hz,
the sound absorption coefficient of the hierarchical sandwich reaches 0.970 and
0.967, respectively. Correspondingly, the real and imaginary parts of the relative
acoustic surface impedance are 1.342 and —0.224 at 670 Hz, and 1.417 and 0.170 at
1440 Hz, as shown in Figure 4. At other incident acoustic frequencies, the relative
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Figure 3. Sound absorption coefficient plotted as a function of frequency for perforated
sandwich panel with double-layer hierarchical (red line and symbols) or regular (black line
and symbols) honeycomb core: comparison between theoretical model predictions and FE
simulation results.

Table |I. Geometric parameters of perforated sandwich panel with double-layer hierarchical or
regular honeycomb cores.

Sample | Sample 2 Sample 3 Lower limit Upper limit
lo/mm 6.0 6.0 5.31 5.0 12.0
r 0.4 / 0.40 0.25 0.45
I,/mm 2.4 / 2.12 / /
t,/mm 0.2 0.2 0.41 0.2 0.5
do/mm 0.7 0.7 0.64 0.2 1.0
doo/mm 0.7 0.7 0.26 0.2 1.0
dy//mm 0.5 / 0.64 0.2 1.0
dj/mm 0.5 / 0.28 0.2 1.0
dy /mm 0.4 / 0.67 0.2 1.0
dyr/mm 0.4 / 0.22 0.2 1.0
t;/mm 0.4 0.4 0.64 0.2 2.0
t,/mm 2.0 2.0 0.61 0.2 2.0
hy/mm 13.2 13.2 17.61 h-2t,-ty-h,
hy/mm 9.0 9.0 5.50 2.0 18.0

himm 25.0 25.0 25.0 25.0 25.0
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Figure 4. Relative acoustic surface impedance plotted as a function of frequency: (a) real part
and (b) imaginary part.
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Figure 5. Thermal, viscous and total dissipation power of one unit cell in hierarchical sandwich.

acoustic surface impedance of the structure is far from the perfect sound absorp-
tion condition. In contrast, for the regular sandwich, only at 570 Hz and 1170 Hz,
the relative acoustic surface impedance is close to the perfect sound absorption
condition. At other frequencies, the acoustic surface impedance of structure is
seriously mismatched with the air acoustic impedance, and most of the incident
acoustic energy is reflected back with the reflected wave.

When the sound impinges on the surface of the sandwich, part of the energy is
absorbed by the structure and then converted to heat via viscous and thermal
dissipation of the air. Figure 5 presents the thermal, viscous and total dissipation
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Figure 6. Thermal, viscous and total dissipation power at 650 Hz in three cut planes of hier-
archical sandwich.

power numerically calculated for one unit cell of the hierarchical sandwich
at different frequencies. The variation trend of sound absorption displayed in
Figure 3 is almost the same as that of total dissipation power. Thermal
dissipation is negligibly small in the whole frequency range, and most of the
sound energy is dissipated within viscous boundary layers between air and solid
surfaces. It is interesting to notice that, a variety of coiled structures have been
proposed to lengthen the propagation path of air and hence enlarge viscous dis-
sipation so as to achieve enhanced sound absorption performance at relatively low
frequencies [29,30].

Figure 6 presents the thermal, viscous and total dissipation power at 650 Hz in
the three cut planes A, B, and C of the hierarchical sandwich. When the incident
frequency is close to the resonance frequency, air oscillation in the micro-
perforations becomes increasingly intense. In the viscous boundary layer inside
each micro-perforation and the radiation region of its inlet and outlet, a large
amount of acoustic energy is constantly converted into heat. Compared with vis-
cous dissipation, thermal dissipation mainly occurs on the solid walls of the struc-
ture and its magnitude is negligibly small. The viscosity of air in and around the
micro-perforations dominates sound energy dissipation, and hence it is reasonable
to only consider this factor in theoretical analysis.

Effect of geometric parameters on sound absorption

The sound absorption performance of a micro-perforated hierarchical sandwich is
closely related to its topological configuration. Figure 7 shows the influence of top
faceplate thickness on sound absorption coefficient. The remaining geometrical
parameters are the same as Sample 1 in Table 1. As the top faceplate thickness
is reduced, multiple sound absorption peaks appear. For example, when the top
faceplate is as thin as 0.4 mm (so as to be consistent with Figure 3), five sound
absorption peaks appear at 670 Hz, 1010 Hz, 1440 Hz, 1840 Hz and 2250 Hz. As a
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Figure 7. Effects of top faceplate thickness on sound absorption coefficient of micro-perforated
hierarchical sandwich.
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result, the structure exhibits superior broadband sound absorption performance
relative to the regular honeycomb sandwich.

Figure 8 illustrates the effect of hierarchical honeycomb height on average
sound absorption coefficient from 50 Hz to 3000 Hz. Except for the thickness of
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the two honeycomb layers, other parameters are the same as Sample 1 in Table 1.
Sound absorption of the structure is seen to be more sensitive to the height of the
first honeycomb layer. When the height of the first layer falls within the range of
7.5-12.5mm and that of the second layer lies in the range of 5.0-27.5mm, the
structure exhibits relatively enhanced sound absorption performance.

The effects of middle faceplate thickness and its position (equivalently, height of
the second honeycomb layer) on the average sound absorption coefficient (from
50 Hz to 3000 Hz) of the hierarchical sandwich are displayed in Figure 9, with its
total thickness fixed at 25 mm. To this end, the height of the first honeycomb layer
varies with the thickness of the middle faceplate and its position as h=h-2t-t>-h»,
while the remaining geometrical parameters are the same as Sample 1. When the
top faceplate thickness is within the range of 1.0-3.0mm and the height of the
second honeycomb layer lies in the range of 10—14 mm, the proposed structure
exhibits relatively enhanced sound absorption performance.

Optimization of sound absorption

For maximized sound absorption performance, the topological configuration of
the hierarchical sandwich proposed in the present study, denoted here as
X =[lo,r, tw,do1, -+, da, t1, 12, 1y, 2], is optimized using the simulated annealing
algorithm [31,32]. In metallurgy, annealing refers to heat an alloy above its recrys-
tallization temperature, maintain a certain period of time for grain growth, and
then cool it down slowly, so as to achieve refined grains, less defects and enhanced
toughness. From the point of view of statistical mechanics, the slow process of

£
=

=
=

(SR S N
L= ¥ T T ¥

n

=)
= Average sound absorption coefficient

Thickness of medium faceplate/mm
-]

e o
— ln

2

4 6 8 o 12 14 16 I8

Height of second honeycomb layer /mm

Figure 9. Effects of middle faceplate thickness and its position on average sound absorption coef-
ficient (between 50 and 3000 Hz) with total thickness of the hierarchical sandwich fixed at 25 mm.
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cooling allows the material to reach a temporary minimum free energy state at
each temperature. When the material is completely cooled, the free energy is min-
imized globally. Mathematically, the method of simulated annealing describes the
annealing process that enables the free energy gradually to reach the minimum.
For the problem considered in the current study, the optimization target is set as:
maximize the average sound absorption coefficient of the sandwich structure over
a specific frequency band of interest. The optimization process is illustrated sche-
matically in Figure 10, which may be divided into the following main steps:

1. Start the simulated annealing program. Preset the control parameters of opti-
mization (initial annealing temperature 7;, final equilibrium temperature 77,
maximum number of iterations L, and cooling factor ) and the range of

Initialize the optimal solution
Averaged sound absorption coefficient @, =0
=[0,0,...,0,0]

Configuration X,

Y

Iteration times i

Current configuration X, _
Averaged sound absorption coeflicient &,

Candidate configuration X
X=X, +AX(random disturbance)

|XE [Xm-y..-mu-Xup,m__um‘:] ? }—
‘es

+\

| Averaged sound absorption coefficient & |
| g °| | - =, No r=random(0,1)
&> a,,, a> & [P exp(-(@,-a)T)>r?

Record the candidate configuration
@,,~ X,

Lapt

=a; Accept X, X,=X

———

_||‘=i+1: i<L(maximum iterntions)?l“'—

Eopi

No

T=3* T(0<f<1); T>T,?

IStop and output the final optimal cnnﬁgurs(ionl

Figure 10. Flow chart of simulated annealing algorithm for optimized average sound absorption
with hierarchical sandwich.
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structural parameters. Initialize the optimal average sound absorption coeffi-
cient and structural configuration as: &,, = 0 and X,,, = [0,0,...,0].

2. Arbitrarily give a structural configuration X, within the parameter range and
calculate the average sound absorption coefficient 2.

3. Randomly generate a set of structural parameters X. If X is within the range of
structural parameters, calculate the average sound absorption coefficient &.
Otherwise, randomly regenerate a new set of structural parameters.

4. If o > &y, temporarily consider X as the optimal configuration: &, = a,
Xopt =X

5. If & > g, accept the candidate configuration: oy = o, Xy = X, and execute the
next loop. Otherwise, accept the candidate configuration with a small probability
exp(—(ag — @)/T). This acceptance criterion allows the algorithm to accept
worse solutions with a small probability, enabling the optimization algorithm
to skip the local optimal solution and approach the global optimal solution.

6. Check whether the number of iterations i exceeds the maximum number of
iterations L. If i > L, stop the current cycle and reduce the temperature
T=pT0<p<1).

7. Check whether the temperature 7'is lower than Ty. If T' < T}, stop the program
and output the optimal configuration X,,,.

Figure 11 compares the sound absorption performance (from 50 Hz to 3000 Hz)
of the proposed hierarchical sandwich structure before and after optimization. The
control parameters of optimization are given as:(T;, Ty, L, f) = (1000, 0.1, 300,0.9),
and the upper and lower limits for each parameter are listed in Table 1. Sample 3 in

1.0

5 08}
£
o
8
_s 0.6
g _____________ ZecEan __ - -
Z 04t [564Hz-2385Hz]
k. [621Hz-2675Hz]
2
wv 0.2
—o— Before optimization
—o— After optimization
0,() Laex® . . : : :
0 500 1000 1500 2000 2500 3000
Frequency/Hz
Figure 1 1. Sound absorption coefficient (before and after optimization) plotted a function of

frequency for hierarchical sandwich with fixed total thickness of 25 mm.
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Table 1 summarizes the geometrical parameters of the obtained optimal structure. In
the range of 520 to 1530 Hz, the sound absorption performance of the sandwich
before and after optimization has its own advantages, but at other frequencies, espe-
cially after 1530 Hz, the performance of the optimized structure (Sample 3) is greatly
improved relative to Sample 1 before optimization. Besides, the half-absorption
bandwidth is significantly widened. From 621 to 2675Hz, the sound absorption
coefficient of the optimized structure continuously exceeds 0.5. Further, while the
average absorption coefficient of the original structure from 50 to 3000 Hz is only
0.474, that of the optimized structure is 0.571, an increase of 20.46%.

Conclusions

A combined theoretical and numerical study has been carried out to evaluate the
sound absorption performance of a novel ultralight micro-perforated sandwich
panel with double-layer hierarchical hexagonal honeycomb core, which also pos-
sesses excellent load-bearing capability. Theoretical model predictions match well
with full finite element simulation results. For comparison, a micro-perforated
sandwich panel with regular honeycomb core is also investigated. Systematic para-
metric study is implemented to investigate the influence of key topological param-
eters on sound absorption. To obtain optimal sandwich configuration for sound
absorption, the method of simulated annealing is employed.

It is demonstrated that the micro-perforations with different sub-millimeter diam-
eters on selected faceplates and the air cavities divided by the hierarchical honey-
comb enable multiple absorption peaks, leading to significantly widened
half-absorption bandwidth relative to the regular honeycomb sandwich.
Numerical simulations considering the thermo-viscous effects of air reveal that
when the frequency of incident sound reaches the resonance frequency, air oscilla-
tions in micro-perforations intensify, and the energy of sound is dissipated mainly
due to the viscosity of air. Both the faceplate thickness and the height of the first
layer honeycomb have important influence on sound absorption. The proposed
hierarchical honeycomb sandwich exhibits superior sound absorption in comparison
with the regular honeycomb sandwich, in addition to significantly enhanced load-
bearing capability. This ultralight sandwich configuration has great potential in
aeronautic and aerospace engineering where excellent mechanical and acoustic prop-
erties as well as light weight and small volume are simultaneously required.
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