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Abstract: To give full play to the advantages of perforated plate backed by porous materials in low and
medium frequency noise absorption, this study uses Jol@tsmmpouxAllard method with the finite
element model to describe the acousti@racteristics of this amposite structure. The effects of
structural parameters of perforated plate and characteristic parameters of melamine foam on sounc
absorption coefficient were systematically investigated by numerical simulation. Practical dempos
were prepared to veryf the reliability of the numerical simulation method. The simulation and
experimental data in this study are helpful to promote the design of porous mpefa@iated plate
structure for noise control in life.
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1. Introduction

Noise is an important interference factor in life and work. In order to solve noise pollution problem,
great efforts have been put into the research of various sounghtidasonaterials and methods. this
regard, porousound absorbing materials, resohaound absorbing structures and composite structure
have been widely used due to their outstanding advantages in sound ab$biption

Many porous materials have Imegtudied for acoustic absorptiench arganic fiberg4-7] (wool,
guartz, hemp, etc.), inorganic fibers (glass wool, metal fibers, etc.), polymer foam, metal foam anc
composite foams. The excellent soundaspson effect of porous acotis materials is mainly derived
from the effective dissipation of acoustic energy, which includes the synergistic effect of various
mechanisms. It can be briefly summarized as two partd wiscoelastic frame damping and cas
inertial and thermal dampin[8,9]. For the first partsound waves cause vibrations in the porous
structure, and friction between solid moleculeésr the second part, frictidmetween air medium and
porous material wall is caused due to the viscosity of air mepi0inHowever, the sound absorption
ability of porous structures is poor for medium and low frequencies below 2000 Hz, due to low
frequencies cause more structural vibration than air frickortunately, the resonant sound absorbers
possess a high abstign coefficient of sound waves near the resonant frequency, which has great
advantages in absorbing low frequency noise. However, resonant sound absorbers usually have t
disadvantage of neow sound absorption bandwidth. Therefore, composite matecatpased of
porous materials and the resonant sound absorbers with specially designed structure is desirably nee
to realize broadband sound absorption. Nevertheless, adequate thicknesspples structure makes
the combined composites difficult to dgsito achieve excellent sound absorption performance.

The microstructure of porous materials is the main factor to influence acoustic properties of porou:
materials. Building appropriate moddb simulate the microstructure can help to design or préwict t
acoustic properties of porous materials. Through the analypi®pégation and dissipation process of
sound waves in porous materials, teensphenomenological modgl1-13] (like JohnsorChampoux
Allard (JCA) model) containing basic acoustic parameasgpsopose to characterizemind absorption
properties of the porous materiaPeriodic Unit cells (PUC's) and the Finite Element Method (FEM)
have become the effective methods to study the relationship between microstructure and macroscopic
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acoustic prperties. K.Gao et a[14] proposed the method of measuring and simulating the micro
structure characterizan and homgenization of acoustic polyurethane foam, and established two
PUC's modet fully open and partially open Kelvin units with thin filato represent foam. And they

[15] also studied the relationship between the microstructure of foamed plastics and the macroscop
acoustic properties using a PUC's model, revealing that the relationship depends on the nacroscop
boundary onditions. Ju et a[9] used crystal clusters formed by the Kelvin unit model to simulate foam
structure, they adjusted t hecellowals andomly, addexplorede o
the relationship between polyurethane foam's openness and sound absorption properties. Sor
simplified PUC's model is also used for research, hoping to reduce the difficulty of modeling when
meeting the requirements lika j16i 18]. People also study and design some novel composite and
periodic structures to realize the controllability of noise absorp1i@21).

PUCG6s about perforated plates have been pro
Rostand et a[22] proposed an expression that can properly explain the hole interaction andifoaom
distribution effect byPUC's and FEM. It is found that under low sound field excitation, the interaction
effect between holes is closely related to the hole spacing and distribution. Wan@&}t @ded the
homogeneous physical velocity porous meePM) model to describe the acoustic characteristics of
porous plates. The finite element method can effectively study the distribution and mechanism o
acoustic energy dissipation resonant absorbefhe energy loss is mainly distributed at the interface
abrupt change, i.e. the empty e84, 25]. In order to improve the sound absorption performance, the
back cavity of the sound abser is specially deghed. J. Carbajo et 4R6] separated the back cavity
with a micro perforated plate to improve the effective sound absorption bandwidth cfrifbeted
plate. Gaiet al.[27] introduced the tshaped structure after the micro perforated plate cavity to divide
the caity, and studied the sound absorption characteristics of-Bteaped split cavity structure MPP.

Kim et al. [28] constructed a perforated plate with multiple hole sizes éma four hole sizes) and
composed a back cavity segmented by porous matevialg. et al.[29] designed a sound absorbers
with a microperforated panel backed by an array of paraiehnged swgavities at differentlepths.

Li et al. [30] combined porous materials, mieperforated panel and extended tubes, the sound
absorption performance of low and middleguency is improved.

In this paper, the composite soualsorbing structure with porous materials filled in the cavity
behind the perforated plate is designed. Thigef element model of composite structure is established
for numerical simulation. The ef€ts of characteristic parameters of porous materials and the structural
parameters of perforated plate of the composite structure on the sound absorption pezxfammanc
systematically explored. Moreover, practical composites absorbers combing melaarmearal
perforated plates are prepared to verify the simulated results. The simulation and experimental data
this study can provide reference for the design of pmsite structure to achieve excellent sound
absorption performance for the noise control.

2.Materials and methods
2.1. Acoustic model and methodology
2.11. Semiempirical equivalent fluid model

As a classical fivgparameter serrempiricalequivalent fluid model, the Johns@hampouxAllard
(JCA) model is adopted in this stufd7-29]. The efective density ( &and effective volume modulus
K ( ejpressed by the model are as follows:
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wheredi s p o pis (@erttalytortudditysi s f | ow r e s i \gib\iswosity gharactgristic V C L
Il engt h ,(TCh hw) is themal characteristic lengthw is the angular frequege Nyr is Prandtl
numberk is the heat capacity ratio of alr,is the viscosity of airpois the ambient pressune, is the
air density.

Positive incidence characteristic impedadgand wavenumbet can be expressed as follows:

(4)

(5)
where} ( ¥ ) a n dgetrgnmeguati@ns (&) and (2).

Considering that porous materials are backed by rigid walls and the acoustic wave is inciden
vertically, the sound absorption coefficigntlbf materials can be obtained by the surface impedance
method:

z, o
Z,=—i——cotg|k,L |
ey (6)

R

(7)

whereZ, is normal incidence specific surface impedangks air sound velocity, s is material thickness,
Zegis characteristic impedancandkeqis wave number.

2.1.2.Finite element model of composite structure

The finite element model of perforated platecked by melamine foam is established. Periodicity
and symmetry of composite structures are used to reduce the calculation dfigunet.1 shows a
guarter of the finite element model. The model is compostalin The top part is the perfect matching
layer (PML), the second part is the sound field, the third part is perforated plate, and the bottom part i
melamine foam. The visethermal acoustifrequency domain module is used in the perforated part,
and he pressure acoustirequency domain moduls used both in the air domain and melamine foam
domain.
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2.1.3. Influencing parameters of perforated plate

The control variable method is used to study theu@rfting parameter of perforated plate. ther
melamine foam part, tHhew-density melamine foartLDMF) with the thickness of 30 mm is set. The
corresponding basic acoustic parameters are listed in Table 1.

The perforation distribution of the perforatiphate is shown in Figure 2. The perforatisrevenly
distributed. The perforation rat8) (can be calculated from equation (8):

@
LL, ®)

wherea is radius Lx andLy are center distance, aig =L, .

=

Table 1.Basic acoustic parameters of lalgnsity melamine foarfLDMF)
and highdensity melamine foam (HDMF)

3 lkg/m? U/Pa-s/m? Wb s/um s iim

LDMF 7.59 0.997 7478 1 139.3 164.8

HDMF 14.7 0.992 24400 1 34.9 107.3
LJL If

_______ the perforat

OOOQ ’ FiguSeh2matic
QOO

2.1.4. Influencingparameter parameters design of melamine foam

Five basic acoustic characteristics of plmeous material are used in the JCA model and the control
variable method is employed for discussion. Two kinds of perforated plates, the one with advantages |
low frequency sound absorption (calleegperforatedplates) with parameters= 0.05,a = 2 mm,tp =
10 mm, and the other one with advantages in medium frequency sound absorption (gaidéardded
plates) with parametets= 0.15,a= 1 mm,tp = 5 mmare designed in this study.

3. Results and discussian
3.1. Simulation analysis of perforated te structural parameters on acoustic performance

Simulation analysisn this paper is based on COMSOL Multiphysid® study the effect of
perforation ratei of perforated plate on the acoustic performance of the composite, six perforation rates
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are desiged under two kinds of apertui@=< 1 and 2 mm, respectively) with the thickness of perforated
plate fixed as 5 mm. The data are listed in Table 2 calcufaben equation (8). Figure 3 shows the
influence ofti on the sound absorption coefficient of tlmnposite. The curve profiles exhibit similar
spectral characteristics with two aperture sizes. The lower the perforation rate is, the sharper the sou
absoption coefficient curve becomes. Moreover, at the lower the perforation rate, the peak value get:
higher and the resonance peak is closer to the low frequency. The sound absorption coefficient equal
or greater than 0.98 is regarded as complete soundadlos. Notably, when in the casesiof 0.05,a
=1,f=710 Hz andch = 2,f = 630~710 Hz, the maximum sound absorption coefficient is 0.99 and 0.98
respectively, which indicates that the absorbers can achieve complete sound abSdrptererage

sourd absorption coefficient is used to &iate the sound absorption performance in the corresponding
frequency band. The average sound absorption coefficient of low frequency (180~500 Hz) and middl
frequency (500~2000 Hz) was representetll asnd Uy, respetively. As can be seen from Figure 3c

and 3d, the] value decreases whereas thevalue increases both at two different aperture sizes with
the increase of perforation rate. This suggests that the adsorption performance is related to perforati
rate. h addition, with the same perforatioate, thel). value with a=2 mm is higher than that with a=1
mm, while theUy value has the inverse trend, demonstrating that the pore size of the perforated plate
can affect the absorption performance of the composite.

Table 2. The parameters afandLx(Ly) in the two case add =1 and 2 mm
calcuyalted frormmequation (8§

(@a=1mm u 0.05 0.10 0.15 0.20 0.25 0.30
Lx=Ly/mm 7.93 5.60 4.58 3.96 3.54 3.24
(b)a=2 mm U 0.05 0.10 0.15 0.20 0.25 0.30
Lx=Ly/mm 15.85 11.21 9.15 7.93 7.09 6.47
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The influence of pore size on teeund absorption coefficient is further explored. Six pore sizes are
designed at two perforation rates with the thickness of perforated plate fixed as 5 mm. The d&ta are li
in Table 3 calculated frorequation (8).As shown in Figure 4, the sound alg@n curve becomes
narrow and sharp and the spectra peak moves towards the low frequency with the increased size
apertureln Figure 4a, the maximum sound adsorption coefficienafol0.5, 1, 2, 3 mm is 0.99, 0.98,
0.99, 0.99, respectively, revealitigat complete sound absorption can be reached for the composite.
However, with further bigger pore siza € 4.00 and 5.00 mm}he maximum sound absorption is
degenerated (0.97 and 0.95, respectivéty¥igure 4b, the maximum acoustic absorption coeffit
successively increases from 0.87, 0#88) @90to 0.95 with the increase of aperture from 1 to 5 mm.
However, the maximm acoustic absorption coefficient is 0.89 watkr 0.50 mm. The effect of pore
size on the average sound absorption coeffi@geldw and medium frequencies is also summariged
can be seen from Figure 4c and #te U increases with the increase afrp size at both perforation
rates, and the increase is more obvious when the perforation rate is lowéks Tbereases with ¢éh
increase of aperture, and the decrease is more obvious when the perforation rate is lower. So we ¢
determine that lower pfaration rate and larger aperture are favorable for low frequency sound

absorption, while higher perforation rate and smallertapeare favorable for medium frequency sound
absorption.

Tabldlehe& par aamentdey) si of t h et=t wloa ficda sOe 105f
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o _ mm . . . . . .
(a)li=0.05 al 0.50 1.00 2.00 3.00 4.00 5.00
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o _ mm . . . . . .
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The thickness of perforatgdate is an important factor affecting the sound absorption performance
of the composite. Six kinds of perforated plate thicknesses are selected under the combination ¢
different perforation rate and apere with data listed in Table Zhe simulation rsults are shown in
Figure 5. As the thickness of the perforated plate increases, the curve becomes sharp, the sou
absorption bandwidth becomes narrow, and the absorption peak moves to low frequerifigal8pe
the sound absorption peak locates at H2@t =8 mm, which is the boundary between low frequency
and intermediate frequency (Figure 5a). Moreover, all of the maximum sound absorption coefficients
are about 0.95, manifesting excellent soursdlinperformance of the composites. In Figure Sbstiape
of the curves changes dramatically with therease othickness. In the case Gf= 0.15a= 0.5 mm,

Figure 5b displays that the maximum sound absorption coefficient increased from 0.84wat0tB8
increase of perforated plate thickness from 2 to 17 mm, and the sound absorption peak moves from 17
to 720 Hz. This shows that whehe perforation rate is high and the aperture is small, the sound
absorption is very sensitive to the thickness.

The Figure 5¢ and 5d display that thencreases with the increase of thickness at both combination
of perforation rate and aperture, and thy decreases with the increase of thickness. We can conclude
that the perforated plate with lower perforation rate, larger aperture and larger thickness ¢called L
perforated plate) has advantages in low frequency sound absorption, while the perfatatedtipl
higher perforation rate, smaller aperture and smaller plate thickness (cgiediotated plate) has
advantages in medium frequency sound absorption.
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3.2 Simulation analysis of influencing parameters of melaminéam on acoustic performance
The traditional perforated plate theory suggests that filling the porous material in the back cavity of
the perforated plate can adjust the acoustic resistance rdimmérforated plag@1]. Filling the porous
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material meas changing the medium in the back cavity of the composite. In other words, the acoustic
waves in the back cavity change from propagating in the air to propagating in the porous material, whic
areequivalent to increasing the sound volume of the bodyy;asotthat the resonance frequency of the
perforated plate decreas@®. analyze the influence of porosity)( tortuosity (b), flow resistivity (i),
viscous characteristic length)( a ntdermal characteristic lengtg {f of melamine foam on the acoustic
performance of the composite, the corresponding experimental scheme is designed and the data are gi
in Tables 48.

Porosity refers to the percegt of air in porous materials. High porosity is an important
characteristic of porous materiads hitlgives porous materials a very large specific surface area which
is conducive to thermaliscous dissipationFigure 6 shows the effect of porosity oretkBound
absorption coefficient. With the increase of porosity, sound absorption peaks move to low frequency
under both perforated plate conditions. For thpekforated plate the maximum sound absorption
coefficient almost always reaches(Eigure 6a), ilustrating the excellent sound insulate properties.
However, for the Mperforated plate, the maximum sound absorption coefficient decreases with the
increase of porosity (Figure 6b).

The influence of porosity onéhaverage sound absorption coefficienbat ind medium frequencies
are shown in Figure 6¢ and 6d. Obviously, fepérforated plates increases and. decreases with the
increase of porosity, while both andUy increase with increasing porosity for-pérforated plate. So
for L-perforated pla, higher porosityhas advantages iow frequency sound absorption and lower
porosityhas avantages imedium frequency sound absorption. Fepktforated plate, higher porosity
has slight advantages looth low and medium frequency sound absorption.

Table 4. The parameters @f in the two case di= 0.05a=5 mm andi= 0.15a= 0.5 mm

ty/mm
(@ ti=0.05a=5mm 2 5 8 11 14 17
(b)G=0.15a=0.5mm 2 5 8 11 14 17

Table 5. Perforated plate parameters and porosity design

porosity
(ai=0.05a=2 mmt, =10 mm | 0.75 0.8 0.85 0.9 0.95 0.99
(b)i=0.15a=1 mmt; =5 mm | 0.75 0.8 0.85 0.9 0.95 0.99

Table 6. Perforated plate parameters and tortuosity design

tortuosityCh
(a)i=0.05a=2 mmt, =10 mm 1 1.05 1.1 1.15 1.2 1.25
(b)ii=0.15a =1 mmt, =5 mm 1 1.05 11 1.15 12 1.25

Table 7. Perforated plate parameters and flow restgtdesign

flow resistanc&l/Pa-s/m2

(a)i=0.05a =2 mmt, = 10 mm 5000 10000 15000 20000 25000 30000
(b)i=0.15a =1 mmt, =5 mm 5000 10000 15000 20000 25000 30000

Table 8 Perforated plate parameters and viscous characteristic length design
viscous characteristic length/um

(a)i=0.05a=2 mmt, =10 mm 20 50 100 150 200 250
(b)ii=0.15a =1 mmt, =5 mm 20 50 100 150 200 250

Porosity refers to the percentage of air in porous materials. High porosity is an important
characteristic of porousaterials, it gives porous materials a very large spesifitace area which is
conducive to thermaliscous dissipatiorf-igure 6 shows the effect of porosity on the sound absorption
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coefficient. With the increase of porosity, sound absorption peaks tadees frequency under both
perforated plate conditionsoFthe L-perforated plate the maximum sound absorption coefficient almost
always reaches (Figure 6a), illustrating the excellent sound insulate properties. However, for-the M
perforated plate, th maximum sound absorption coefficient decreases withnttrease of porosity

(Figure 6Db).

The influence of porosity on the average sound absorption coefficient at low and medium frequencie
are shown in Figure 6¢ and 6d. Obviously, fepérforated plately increases and. decreases with the
increase of porosity, while both andUy increase with increasing porosity for-pérforated plate. So
for L-perforated plate, higher porosihas advantages iow frequency sound absorption and lower
porosityhas avantages imediumfrequency sound absorption. Forpérforated plate, higher porosity
has slight advantages looth low and medium frequency sound absorption.
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Tortuosity(or tortuosity factor) is used to describe the complexity of the propagation path of sound
waves in porous materials, which is related to the microscopic geomiesriacteristics of porous
materials[13]. It can be considered as the ratio of the actual average propagation path length of soun
waves to the thickness of posomnaterials. Therefore, this value is usually greater thiigdre 7 shows
the effect of tortuosity on sound absorption coeffici€@arly, tortuosity has a relatively small effect
on sound absorption coefficient ofderforated plate with almost tharae spectra profiles (Figure 7a).

As for M-perforated plate shown in Figure 7b, sound absorption peak slightly moves to low frequency
from 1230 to 1180 Hz and the maximum sound absorption coefficient also slightly increases from 0.8:
to 0.88 with the incrase of tortuositySimilarly, the tortuosity has little influences on the average sound
absorption coefficient of low and medium fremeies with unnoticeable variation df and Uy values

for both L-perforated and Mperforated plates (Figure 7c and 7d).
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Flow resistivityis a parameter thaescribes the resistance of a gas through a porous material, which
is calculated by dividing the pressure difference per unit thickness by the linear velocity of the flow. The
simulation results are shown in Figure\8ith the increasef flow resistivity, the maximum sound
absorption coefficient of dperforated plate decreases (Figure 8a). It is worth noting that the sound
absorption coefficient increases when the frequency band below 400 Hz or above 800 Hz, implying
enhanced sound adgption performance fothe composites in the low and middle frequentie
situation is totally different for Mperforated plate. As shown in Figure 8b, as the flow resistivity
increases, the sound absorption coefficient of the whole frequency band igsethpral the maximum
sound absorption coefficient is significantly improved. When the flow resistivity is 20000 Pa-s/mz2,
complete sound absorption can be achieved at-1200 Hz. With the increase of flow resistivity, the
complete sound absorption has aevifrequency bandrigure 8c and 8d show the influence of flow
resistance on the average sound absorption coefficient of low and medium frequencies. With the increa
of flow resistance, thel andUy of L-perforated plate and ¥erforated plate increadayt theU. of L-
pefforated plate changes slightly when the flow resistance is between 20000 and 30000 Pa-s/m2. That
to say, higher flow resistance is beneficial to the improvement of sound absorption performance of th
two types of perforated plate.
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The viscous chracteridt length §) is a parameter describing the viscous effect of acoustic wave
propagation in porous materig®8,29] When fluid flows in porous materials, the viscous effect causes
the velocity gradient between fluids ane thiction between fluids and porous material walls, resulting
in viscous loss. For porous materials, viscous characteristic length is mainly related to the geometri
characteristics of the holes, which can be understood as the average size of the chaneeting the
holes. The results of simulation experiments are shown in Figure 9. Agfenfarated plates, thgin
therangeof 10 50 e m has al most no effect on thes abs
= 20 &m, t he r ecantdynmeoves wanlsetheklow §réqgency aind the corresponding
maximum absorption coefficient decreaddégure 9b shws thatthesi n t he range of 1
little effect on the sound absorption coefficient curve fep#forated plates. When tkecontinues to
decrease, the resonance peak moves to the low frequency, and the maximum sound absorpti
coefficient issignificantly improved. Whers = 20 & m, the sound absor
illustrating that complete sound absorption can be aetidvigure 9cd shows that there is no significant
effectontheresultswheni s gr eat er t-peafordedpla® ascthg decr&asdl inckease
and Uu reduce, and for Mperforated plate as the decrease botkl and Uy are improved. We can
conclude that when the length of viscous characteristic length is too high, it does not have much effec
on the resultg-or L-perforated platehe smaller length is favorable for low frequency sound absorption,
and the larger length is favorable for madifrequency sound absorption. Forgdrforated plate, the
smaller length is favorable for low and medium frequency d@lnsorption.
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