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Abstract: Sound absorption performance of polyurethane foam could be improved by adding a
prepositive microperforated polymethyl methacrylate panel to form a composite sound-absorbing
structure. A theoretical sound absorption model of polyurethane foam and that of the composite
structure were constructed by the transfer matrix method based on the Johnson-Champoux-Allard
model and Maa’s theory. Acoustic parameter identification of the polyurethane foam and structural
parameter optimization of the composite structures were obtained by the cuckoo search algorithm.
The identified porosity and static flow resistivity were 0.958 and 13078 Pa-s/m? respectively, and
their accuracies were proved by the experimental validation. Sound absorption characteristics of the
composite structures were verified by finite element simulation in virtual acoustic laboratory and
validated through standing wave tube measurement in AWA6128A detector. Consistencies among
the theoretical data, simulation data, and experimental data of sound absorption coefficients of the
composite structures proved the effectiveness of the theoretical sound absorption model, cuckoo
search algorithm, and finite element simulation method. Comparisons of actual average sound
absorption coefficients of the optimal composite structure with those of the original polyurethane
foam proved the practicability of this identification and optimization method, which was propitious
to promote its practical application in noise reduction.

Keywords: polyurethane foam; microperforated polymethyl methacrylate panel; sound absorption
performance; acoustic parameter identification; structural parameter optimization; cuckoo search
algorithm; finite element simulation; standing wave tube measurement

1. Introduction

Polyurethane foam is considered a promising and prospective sound-absorbing material for its
high porosity, low density, fine transparency, mature fabrication technology, low manufacturing cost,
excellent machinability, and so on [1,2], which meets some special requirements in the fields of sound
absorption and noise reduction [3,4]. Gwon et al. [1] studied sound absorption behavior of the flexible
polyurethane foam with distinct cellular structure, the research result of which indicated that the
strong gelling catalyst could generate a high number of small cells for a better sound absorption
property. A new tung oil-based polyurethane composite foam (TOPUF) was prepared by Ji et al. [2]
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through a one-step method, and the average sound absorption coefficient of 0.518 and transmission
loss of 19.05 dB in the frequency range of 100-6300 Hz were gained with the filler content of 0.3 wt%.
Wang et al. [3] proposed and fabricated multifunctional fabric-reinforced composites (MFRCs), which
could obtain the average sound absorption coefficient of 0.7 in the 1000-4000 Hz range. The nitrile
butadiene rubber-polyurethane foam composites (NBRPFCs) with stratified structure were designed
and optimized by Jiang et al. [4], and the sandwich structure with thickness ratio 1:8:1 could achieve the
optimal average sound absorption coefficient of 0.56 in the 500-1600 Hz range. These sound absorbers
with fine sound absorption performance [1-4] prove that the polyurethane foam has huge potential in
the noise reduction, which makes it a new research hotspot in acoustics and material science.

In order to promote practical application of the polyurethane foam in the sound absorption
and noise reduction, it is essential to identify its acoustic characteristic parameters, especially the
porosity and static flow resistivity, because they are the most important factors to determine the
sound absorption performance [5-9]. Zhang et al. [5] studied sound absorption performance of the
polyurethane foam with porosity in the range from of 16.0% to 88.6%, which achieved the optimal
sound absorption coefficient of 0.66 in the low frequency range of 250-600 Hz. Magnesium hydroxide
filler was used by Sung et al. [6] to fabricate the polyurethane composite foam for improving its acoustic
property, the results of which proved that the sound absorption coefficient was improved by 70% at the
optimal open porosity of 0.63 compared with the non-filler case. Acoustic characteristic parameters of
the polyurethane/rice husk (PU-RH) composite were investigated by Wang et al. [7], which consisted
of the porosity, static flow resistance, tortuosity, and characteristic constants, the research results of
which proved that sound absorption coefficients of PU-RH composite increased at low frequency along
with a small decrease at high frequency with the addition of RH. The gradient-compressed porous
material was proposed by Yang et al. [8] to develop acoustic absorber with high—efficiency and thin
thickness, the results of which indicated that sound absorption properties could be adjusted through
changing permutations of the compressed layers with different porosity and static flow resistivity.
Su et al. [9] investigated influences of the acoustic characteristic parameters to sound absorption
properties of the multilayer composite made of glass, wool, glue, and polyurethane foam, which
indicated that influences of the outer material were more obvious than that of the inner material.
These achievements on influences of the acoustic characteristic parameters to sound absorption
performance of the polyurethane foam proved that identification and optimization were critical
procedures to develop a novel sound absorber from the polyurethane foam for practical application in
the noise reduction.

For the purpose of further improving sound absorption performance of the polyurethane foam,
the composite sound-absorbing structure was proposed, which included the polyurethane foam and
other sound-absorbing materials [10-14]. Barium titanate/nitrile butadiene rubber and polyurethane
foam were combined to form a sound absorbing material with alternating multilayered structures by
Jiang etal. [10], which gained excellent low-frequency sound absorption performances due to the organic
combination of the airflow resistivity, resonance absorption, and interface dissipation. Tiuc et al. [11]
developed new composite materials based on sawdust as reinforcing material and polyurethane
foam as a binder agent, and their sound absorption coefficients were over 0.5 in the large frequency
range. The rigid polyurethane foam and panel were combined to form the rigid foam composites by
Peng et al. [12], and excellent sound absorption was obtained when the aluminum hydroxide was
20 wt%. Statharas et al. [13] fabricated the polyurethane/poly(vinylidene fluoride)/multi-walled carbon
nanotube (PU/PVDF/MWCNT) composite foam, which could benefit the sound absorption property by
introducing the interfacial damping and local piezoelectric damping effects. Acoustic properties of the
polyurethane foam with the addition of bamboo leaves particles were investigated by Chen and Ji [14],
the results of which obtained the best sound insulation with high transmission loss around 18.9 dB over
the entire frequency range of 100-6300 Hz. Although these composite structures developed from the
original polyurethane foam achieved better sound absorption performance [10-14], their fabrication
processes were complex, which indicated that the fabrication costs were increased. Moreover, these
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composite structures were different materials for the original polyurethane foam, which meant that
improvement of the sound absorption performance required replacement of the polyurethane foam in
use, such as meeting room, cinema, theatre, and so on. The replacement not only increased the cost,
but also took more time. Therefore, the prepositive microperforated polymethyl methacrylate panel
was used to form the composite structure with polyurethane foam in this research, which indicated
that improvement of the sound absorption performance was realized by adding an appropriate thin
panel instead of replacement of the material. By this way, cost and time of the alteration could be
reduced, which was favorable to promote practical application of the proposed composite structure.
Therefore, improving and optimizing sound absorption performance of the polyurethane foam by
prepositive microperforated polymethyl methacrylate panel was conducted in this study. The sound
absorption mechanism of the polyurethane foam and that of the composite sound absorbing structure
were investigated according to their structures, and their theoretical sound absorption models were
constructed based on the Johnson-Champoux—Allard model [15-17] and Maa’s theory [18-20] by the
transfer matrix method [21-23]. Afterwards, identification of acoustic characteristic parameters of the
polyurethane foam and optimization of structural parameter of the composite structure were realized
through the cuckoo search algorithm [24-27]. Later, the composite structure was verified by the finite
element simulation method [28-31] and validated through the standing wave tube measurement [32-35].
Finally, the accuracy of identified acoustic characteristic parameters of the polyurethane foam and
effectiveness of improved sound absorption performance of the composite structure were proved.
Through the theoretical sound absorption modeling, cuckoo search identification and optimization,
finite element simulation, and standing wave tube measurement, sound absorption performances of
the investigated polyurethane foams were improved by the prepositive microperforated polymethyl
methacrylate panel and further optimized, which aimed to promote their practical application.

2. Materials and Methods
2.1. Materials and Models

2.1.1. Polyurethane Foam and Its Theoretical Sound Absorption Model

There were porous structures in the polyurethane foam, as shown in Figure 1, which could realize
sound absorption by the sticky effect and heat conduction [15-17]. When the incident sound wave
diffused in the porous structure, there existed velocity gradations among different particles, which
resulted in the relative motion between the vibrant air and skeleton structures. Sticky effect of the
air could generate the friction force and viscous resistance, which blocked motion of the particles.
The friction and viscous effects could transform the partial sound energy to the heat energy, and the
heat energy was consumed in the conduction process. By this method, the sound energy was partially
reduced and the sound absorption effect was realized.
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Figure 1. Surface morphologies of the polyurethane foam observed by scanning electron microscope.
(a) With the low magnification; (b) With the high magnification.
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According to the Johnson—-Champoux-Allard model [15-17], calculation of sound absorption
coefficient a, ¢ of the polyurethane foam was obtained by the Equation (1). For the convenience of
following the calculation of the sound absorption coefficients for the composite structures, the transfer
matrix method was utilized in this research [21-23], and that for the polyurethane foam T, was
calculated by Equation (2). In the Equation (1), Re() and Im( ) represented the real part and imaginary
part of one complex number respectively; pg was the density of the air with the room temperature and
atmospheric pressure, 1.21 kg/m?; ¢y was the acoustic velocity in the air with the room temperature and
atmospheric pressure, 340 m/s; T ¢11 and T} o1 were the two components of transfer matrix Tys for the
polyurethane foam. In Equation (2), k, s was the number of the wave in the polyurethane foam, which
was calculated by Equation (3); d, s was its thickness, which could be measured by the vernier caliper;
Z,¢ is its characteristic impedance, which could be derived by the Equation (4); j was the symbol of the

imaginary number, j = V-1 [15-17].
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In Equations (3) and (4), w was the angular frequency of the sound wave, which was gained
by Equation (5), and f was sound frequency and 7 was the circular constant; p(w) and K(w) were
complex effective density and complex effective bulk modulus of the polyurethane foam, which were
obtained by Equations (6) and (7) respectively [15-17]. In Equations (6) and (7), pp was still density
of the air with the room temperature and the atmospheric pressure, 1.21 kg/m?; o and ¢ were static
flow resistivity and porosity of the polyurethane foam respectively; y was the specific heat ratio of the
air with the room temperature and the atmospheric pressure, 1.40; Py was the static pressure of the
air with the room temperature and atmospheric pressure, 1.013x10° Pa; N,, was the Nusselt number,
4.36; P, was the Prandtl number, 0.71; j was the still symbol of the imaginary number, j = V-1 [15-17].
For a certain polyurethane foam sample with a thickness of d,, its sound absorption coefficients
in the frequency range [fmin, fmax] could be calculated by changing the value of the frequency f in
the given range. From Equations (1)—(7), it could be found that except for static flow resistivity o
and porosity ¢, the other parameters were constants or selected values in the given range. Thus,
it was feasible to identify these two acoustic characteristic parameters through measuring the actual
sound absorption coefficient a, of the polyurethane foam with the corresponding thickness d, and
corresponding frequency f.
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Relative to the porous metal, the polyurethane foam had the advantages of higher porosity and
larger static flow resistivity, which was favorable to obtain a better sound absorption performance.
However, it is generally known that the porous material was not good at absorbing the noise in the
low-frequency range, no matter the porous metal or the polyurethane foam. Therefore, the composite
sound absorbing structure was essential to improve sound absorption performance of polyurethane
foam in the low-frequency range.

2.1.2. Composite Sound Absorbing Structure and Its Theoretical Sound Absorption Model

It was well known that the microperforated panel could achieve an outstanding low-frequency
sound performance [18-20]. Thus, in order to improve low-frequency sound absorption properties of
the polyurethane foam, a prepositive microperforated polymethyl methacrylate panel was fixed in
front, which formed the composite sound-absorbing structure, and its sound absorption coefficient
could be calculated through the transfer matrix method [21-23].

The transfer matrix Typm, of the prepositive microperforated polymethyl methacrylate panel
was derived according to Maa’s theory [18-20], as shown in the Equation (8). Here, Z; was acoustic
impedance, as shown in Equation (9), and its real part and imaginary part were symbolled as R and
X respectively; j is the still symbol of the imaginary number, j = V—1. Moreover, R and X could be
calculated by Equations (10) and (11) respectively [18-20].

1 Z
Tonpma :[ 0 15 ] (8)
Zs =R+ jX 9
32upo t
R=— ﬁb (10)
t
X = =P, (11)

In Equations (10) and (11), u was the viscosity coefficient of the air with normal atmospheric
temperature, 1.506:10~> m?/s; py was still density of the air, 1.21 Kg/m3; ¢ was the perforating rate, which
could be calculated by the Equation (12); k, was the acoustic resistance constant, which was obtained by
Equation (13); w was angular frequency of the sound wave; k;; was the acoustic mass constant, which
was achieved by Equation (14) [18-20]. Moreover, in the Equations (13) and (14), k was the perforated
panel constant, which was derived by Equation (15). Furthermore, in the Equations (10)—(15), these
symbols t, d, and b represented thickness of the microperforated polymethyl methacrylate panel,
diameter of the microholes, and distance between the neighboring holes, respectively [18-20]. From
Equations (8)—(15), it could be found that the transfer matrix of the microperforated polymethyl
methacrylate panel was determined by its structural parameters of t, d, and b for a given frequency

range [fminr fmax] .

2
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According to the derived transfer matrix Ty ¢ of the polyurethane foam in Equation (2) and the
calculated transfer matrix Tyypma of the microperforated polymethyl methacrylate panel in Equation (8),
total transfer matrix Tes of the composite structure was obtained based on the transfer matrix
method [21-23], as shown in Equation (16). Moreover, similar to the calculation of sound absorption
coefficient a ¢ of the polyurethane foam through Equation (1), theoretical sound absorption coefficient
a.s of the composite structure could be calculated by Equation (17).

fe = [ ii iii ] = Toupma - Tys (16)
- = 4.Re(% L) 2 o
[1+Refset - 535)] + [im(72 25)]

2.2. Cuckoo Search Algorithm

2.2.1. Identification of Acoustic Characteristic Parameters of the Polyurethane Foam

Based on the theoretical sound absorption model of the polyurethane foam in Section 2.1.1 and
the experimental data obtained in the following measurement, identification of acoustic characteristic
parameters of the polyurethane foam was achieved by the cuckoo search algorithm [24-27], and the
calculation flow chart is shown in Figure 2. In this study, experimental data of sound absorption
coefficients of the polyurethane foam with thicknesses of 20 mm, 30 mm, 40 mm, and 50 mm were
measured and utilized in this identification process, and the detected frequency points were in the
range of 100-6000 Hz with the interval of 100 Hz, which indicated that there were 240 groups of
data (4 X 60 = 240). It could be easy to confirm that reasonable range of the porosity ¢ was (0,1)
according to its definition, as shown in Equation (18). Meanwhile, it was reported by the present
literatures [1-4,8-14] that normal possible boundary of the static flow resistivity o was [10000, 50000],
so the investigated range in this research was set to [1000, 200000], as shown in Equation (19).
Moreover, the optimization target was to achieve minimized differences between the sound absorption
coefficient of the experimental data 0(,1( frdy f) and that of the theoretical data azt( frdy f), as shown in
Equation (20). According to the constructed theoretical sound absorption model in Equations (1)-(7),
the defined constraint conditions in Equations (18) and (19), and the selected optimization target in
Equation (20), the definition of the objective function was obtained to initialize the cuckoo search,
as shown in Figure 2. Maximum discovery probability and maximum iteration number were set to give
judgment for the end of the identification process. Through randomly generating the initial solutions
(as shown in Equation (21)) and continuously updating the new generation solutions according to
levy flight (as shown in Equation (22), here B is step size, and B = O(1) is used; L(A) is the step length,
which follows Levy distribution), the superior solution was achieved in the iterative process, and the
identification of acoustic characteristic parameters of the polyurethane foam was obtained.

0<op<1 (18)

10%Pa-s-m™2 <0 <2-10°Pa-s-m™2 (19)

min(ca(f, dyf) = ce(f,dpp)) £ =100:100 : 6000,d,; =20:10:50 (20)
X = (X1, Xa, o, Xig oo, Xn), Xi = (x1,22, 0, Xy, Xm) (1)

(t+1) _ (1)
X =xY 1+ peL(n) (22)
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Constraint conditions:
0<g¢p<l1

103Pa-s-m?<0<2-10°Pa-s-m™2

{ Definition of the objective function f(X)

Optimization target min (a(.(/, dp) — a(f, du)) ]

Theoretical sound absorption model ]
Random generated n groups of solutions Xi = (x1,xz,..., %) is set of solutions,
X ={X5: X555 Xi) and m is dimension of the solution.

-[ Setup of the maximum discovery probability and the maximum iteration number]

[ Initialization of the cuckoo search }

——[ Calculation of objective value based on fitness function ]

—~[ Calculation of the objective value

-[ Achievement and record of the present optimal solution ]

-[ Keep the optimal solution in former generation ]

[ Update of next generation solution }
L[Update the other solutions according to Levy flight X,"“‘ = X,m +B D L(/U]

[ Achievement of superior solution }—'[Comparisons of each objective value with the optimal solution in former generation ]

udge whether the
superior solution is
satisfied

No

Output of the final optimal solution and optimal objective value ]

Figure 2. Calculation flow chart of cuckoo search identification algorithm for the polyurethane foam.

2.2.2. Optimization of Structural Parameters of the Composite Sound Absorbing Structure

Similar with the cuckoo search identification algorithm in Section 2.2.1, it was necessary to
determine the optimization objects, the parameters pending optimization, the constraint conditions,
and the optimization target in the cuckoo search optimization algorithm. Taking into account normal
practical application of the sound absorber, the selected optimization objects in this study were the
polyurethane foam with the thickness of 10 mm, 20 mm, 30 mm, and 40 mm respectively. Meanwhile,
the investigated frequency ranges for each polyurethane foam were 100-1000 Hz and 100-2000 Hz,
which aimed to improve low-frequency sound absorption performance of the polyurethane foam.
Moreover, taking the compressive and tensile properties into consideration, the thickness of the selected
microperforated polymethyl methacrylate panel was set as a constant of 0.3 mm, which indicated that
the parameters pending optimization were the diameter of the microholes d and distance between the
neighboring microholes b (in the equidistant linear array). Furthermore, constraint conditions for the
parameters pending optimization were summarized and shown in Equations (23) and (24), which were
set according to the normal requirement of the microperforated panel [18-20]. Finally, the optimization
target for each optimization object was to obtain the maximum average sound absorption coefficient of
the composite structure in the given frequency ranges, as shown in Equation (25). Through introducing
the constructed theoretical sound absorption model in Equations (1)-(17), the confirmed constraint
conditions in Equations (23) and (24), and the optimization target in Equation (25) into the calculation
flow chart of the cuckoo search algorithm in Figure 2, theoretical optimal structural parameters of the
composite sound-absorbing structures were achieved to improve the sound absorption performance of
the polyurethane foam in this research.

10°m <d <107°m (23)

10°m<b<2x107%m (24)
max(ﬂvemge(“cs (f))) f € [fminr fmax] (25)
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2.3. Finite Element Simulation

According to these optimal structural parameters of the composite sound-absorbing structures
obtained in Section 2.2.2, finite element simulation of the sound absorption property of the composite
structure was conducted in the virtual acoustic laboratory [28-31], and the constructed simulation
model is shown in Figure 3. The size of the standing wave tube was 60 mm X 60 mm X 300 mm, and
its front surface was treated as the acoustic source inlet for transmission of the incident sound wave.
The composite structure was installed at the back surface of the standing wave tube. Meanwhile, there
were two microphones fixed on the standing wave tube. Through giving the investigated frequency
range and detecting the sound pressures at the two microphones, the sound absorption coefficient of
the composite sound-absorbing structure for a certain frequency range was obtained.

Microphone 2

Microphone 1

Standing wave tube

Acoustic source inlet

Microperforated polymethyl
methacrylate panel

Polyurethane foam

Figure 3. Finite element simulation model for sound absorption property of the composite structure.

Finite element simulation of the microperforated polymethyl methacrylate panel was realized
through confirming the acoustic transfer relation admittance from its optimal structural parameters
and selecting the appropriate tolerance data in the built finite element simulation model, which was
loaded between the back surface of the standing wave tube and the front surface of the polyurethane
foam, as shown in Figure 3. Moreover, Finite element simulation of the investigated polyurethane
foam was conducted through determining its acoustic characteristic parameters in the finite element
model, which consisted of the fluid parameters (such as the sound velocity, mass density, specific heat
ratio, Prandtl number, dynamic viscosity, and so on), the geometric parameters (such as the static flow
resistivity, porosity, tortuosity, characteristic viscous length and thermal length, and so on), and the
elastic parameters (such as the Young’s modulus, mass density, and so on). Furthermore, the plane
wave with a certain frequency was loaded at the acoustic source inlet and treated as the incident sound
wave, and the sound-transmitting medium in the standing wave tube in Figure 3 was air. When the
incident sounds wave reached the composite sound-absorbing structure, some of them were absorbed
and the others were reflected. Through detecting the sound pressures of the incident sound wave and
those of the reflected sound wave at the two microphones in Figure 3, the sound absorption coefficient
could be calculated based on the standing wave tube method [22]. By this method, sound absorption
characteristics of the composite sound absorbing structures were simulated in this study.
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2.4. Standing Wave Tube Measurement

2.4.1. Actual Sound Absorption Coefficients of the Polyurethane Foam

The investigated polyurethane foam samples in this study were purchased from the GreenCARE
International (Guangzhou) Ltd., Guangzhou, Guangdong, China. Sound absorption coefficients «, of
the polyurethane foam were achieved by the AWA6128A detector (Hangzhou Aihua instruments Co.,
Ltd., Hangzhou, Zhejiang, China) based on the standing wave tube measurement [32-35], which acted
in accordance with the ISO 10534-1: 1996 Acoustics—Determination of sound absorption coefficient and
impedance in impedance tubes—Part 1: Method using standing wave ratio and the ISO 10534-2: 1998
Acoustics—Determination of sound absorption coefficient and impedance in impedance tubes—Part 2:
Transfer-function method [36,37]. In order to improve the accuracy of the identification and examine
the effectiveness of the identified acoustic characteristic parameters, the polyurethane foam samples
with thicknesses of 10 mm, 20 mm, 30 mm, 40 mm, 50 mm, and 60 mm were measured, and the
selected frequency range was [100 Hz, 6000 Hz] with an interval of 100 Hz. Experimental data of
sound absorption coefficients of the samples with thicknesses of 20 mm, 30 mm, 40 mm, and 50 mm
were utilized to identify the acoustic characteristic parameters, and those with thicknesses of 10 mm
and 60 mm were used to examine the effectiveness of the identification. Schematic diagram of standing
wave tube measurement of the sound absorption coefficient by the AWA6128A detector is shown
in Figure 4. The polyurethane foam sample was installed in the sample fixer and supported by
the sample holder. The incident sound wave was generated by the loudspeaker and introduced
into the standing wave tube, and its frequency was controlled by the workstation. The reflected
sound wave was received by the acoustic probe, and the detected sound signal was transferred to the
workstation by the pickup. Through moving the pulley along the slideway on the foundation support,
the peak sound level Smax and valley sound level Sy, of the reflected sound wave could be achieved.
According to the ISO 10534-1: 1996 Acoustics—Determination of sound absorption coefficient and
impedance in impedance tubes—Part 1: Method using standing wave ratio and the ISO 10534-2: 1998
Acoustics—Determination of sound absorption coefficient and impedance in impedance tubes—Part 2:
Transfer-function method [36,37], the relationship between the sound absorption coefficient @, and the
incident sound frequency f was shown in Equation (26).

max=Smin

a(f) = =210 T (26)

Smax—Smin

(1 + 10T)

Workstation

Detected polyurethane foam

—

e e—————————
o N\

EL Loudspeaker box Sample holder

[ Sample fixer

Pulley Standing wave tube

Detected|sound signal m 'E@\\ l I =

/| Acoustic probe

Slideway O O : !
| Bearing . o«
[ Foundation support Thickness of the sample

Figure 4. Schematic diagram of the standing wave tube measurement by the AWA6128A detector.
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2.4.2. Actual Sound Absorption Coefficients of the Composite Sound Absorbing Structure

According to the achieved optimal structural parameters of the composite structure, the required
microperforated polymethyl methacrylate panels were fabricated through the laser beam drilling [38,39],
and the prepared composite structures are exhibited in Figure 5. In order to distinguish different
components in the composite structure, the utilized polymethyl methacrylate was black, which was
an obvious contrast with white of the polyurethane foam, as shown in Figure 5. In fact, the color
of the polymethyl methacrylate had no effect on its sound absorption performance. Moreover, the
used polymethyl methacrylate was purchased from the Xinyue Chemical Industrial Co., Nanjing,
Jiangsu, China and of industrial grade. Judging from theoretical sound absorption mechanism of the
microperforated panel absorber [18-20], it could be found that its sound absorption performance was
determined by its geometric parameters and had little to do with its physical or chemical parameters.

(b)

(d)

(8) (h)

Figure 5. The prepared composite sound absorbing structures. (a) For the polyurethane foam with
thickness of 10 mm in the 100-1000 Hz range; (b) For the polyurethane foam with thickness of 10 mm
in the 100-2000 Hz range; (c) For the polyurethane foam with thickness of 20 mm in the 100-1000 Hz
range; (d) For the polyurethane foam with thickness of 20 mm in the 100-2000 Hz range; (e) For the
polyurethane foam with thickness of 30 mm in the 100-1000 Hz range; (f) For the polyurethane foam
with thickness of 30 mm in the 100-2000 Hz range; (g) For the polyurethane foam with thickness
of 40 mm in the 100-1000 Hz range; (h) For the polyurethane foam with thickness of 40 mm in the
100-2000 Hz range.
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Owing to the investigated frequency ranges of 100-1000 Hz and 100-2000 Hz, the diameter of the
prepared composite structures was 96 mm, which satisfied the requirement of the utilized AWA6128A
detector for standing wave tube measurement of the sound absorption coefficients [33,35]. Through
replacing the detected polyurethane foam by the prepared composite structure in Figure 4, actual
sound absorption coefficients of the composite sound-absorbing structures were tested, which could
provide experimental validation of the identification and optimization results. Moreover, in order to
decrease the accidental measuring error in the testing program, each composite structure was tested
10 times, and the final experimental data was the average value of the 10 tests [40].

3. Results and Discussion

3.1. Acoustic Characteristic Parameters of the Polyurethane Foam

Judging from the Johnson-Champoux—Allard model in the Equations (1)—(7), it could be found
that it was impossible to identify the accurate porosity ¢ and the accurate static flow resistivity o
simultaneously, because they always appeared in the form of product o¢ in Equations (6) and (7).
It indicated that so long as the product of porosity and static flow resistivity was equal, the calculated
sound absorption coefficient would be same, although the corresponding porosity and static flow
resistivity might be different. Therefore, the obtained identification result would be the product of
porosity and static flow resistivity, the evolutions of which and those of the residual error along with
the increase of the function evaluation time from 1 to 1000 are shown in Figure 6. It could be observed
that when the function evaluation time reached 115, the identified product of porosity and static flow
resistivity was steady around 12500, and the final accurate identified value was 12503 with a final
residual error of 0.021.
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Figure 6. Evolutions of the identified product of porosity and static flow resistivity and those of the
residual error along with the increase of the function evaluation times.

Nominal porosity of the utilized polyurethane foam sample was 0.97, which was provided by the
supplier of the GreenCARE International (Guangzhou) Ltd., Guangzhou, Guangdong, China, and the
static flow resistivity was not supplied. The actual porosity was tested and calculated according to
the drainage method in this research [41], and the obtained data was 0.956, which was very close to
the nominal porosity of 0.97. Meanwhile, according to the identified product 12503 of porosity and
static flow resistivity in Figure 6, it could be derived that the corresponding static flow resistivity was
13078 Pa-s/m?. At present, measurement of static flow resistivity of the polyurethane foam sample
according to the ISO 9053: 1991 Acoustics—Materials for acoustical applications—Determination of
airflow resistance was not conducted in this study, because the measuring process was complex and
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difficult to realize [42,43]. Although check of the static flow resistivity was difficult to realize through
the direct testing [42,43], the accuracy of the identification could be examined indirectly through
comparing sound absorption coefficients of the theoretical data with those of the experimental data, as
shown in Figure 7. It could be observed that for each thickness of the polyurethane foam, its theoretical
sound absorption coefficients were exactly consistent with the corresponding actual data. Meanwhile,
comparisons of the theoretical and actual sound absorption coefficients of the studied polyurethane
foams with the thicknesses of 10 mm and 60 mm were conducted respectively, which are shown in
Figure 8. Identification of the acoustic characteristic parameters was achieved through using the
experimental data of sound absorption coefficients of the polyurethane foam samples with thicknesses
of 20 mm, 30 mm, 40 mm, and 50 mm, hence it was unsurprising that the calculated theoretical data
and those experimental data were consistent in Figure 7. The further verification in Figure 8 certified
effectiveness and accuracy of the identified acoustic characteristic parameters for the polyurethane
foam with various thicknesses. However, for the polyurethane foams with thicknesses from 10 mm
to 60 mm, the corresponding actual average sound absorption coefficients in the frequency range
100-1000 Hz were 0.0866, 0.1885, 0.2689, 0.4077, 0.5239, and 0.6362 respectively, which indicated that the
achievement of the excellent low-frequency sound absorption performance required the polyurethane
foam with large thickness. Therefore, it limited practical application of the polyurethane foam in the
low-frequency noise reduction.
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Figure 7. Comparisons of theoretical and actual sound absorption coefficients of polyurethane foam.
(a) With the thickness of 20 mm; (b) With the thickness of 30 mm; (c) With the thickness of 40 mm;
(d) With the thickness of 50 mm.
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Figure 8. Further verification of theoretical and actual sound absorption coefficients of polyurethane
foam. (a) With the thickness of 10 mm; (b) With the thickness of 60 mm.

Through identification of the parameters by the cuckoo search algorithm and measurement of
the porosity through the drainage method [41], the gained porosity and static flow were 0.956 and
13078 Pa-s/m? respectively. It would achieve an excellent sound absorption performance for the porous
material with high porosity and moderate static flow resistivity, and that is why this polyurethane
foam sample was selected for the noise reduction. Through forming the composite sound-absorbing
structures, better sound absorption property could be obtained, which could promote its application.

3.2. Sound Absorption Performance of the Composite Sound Absorbing Structure

3.2.1. Optimal Structural Parameters

Optimal structural parameters of the composite sound-absorbing structures were obtained and
summarized in Table 1, and comparisons of the theoretical sound absorption coefficients without
and those with the optimization are shown in Table 2. It could be found that the sound absorption
performance of the polyurethane foam was obviously improved by the prepositive microperforated
polymethyl methacrylate panel, especially for the conditions of small thickness of the sample and low
frequency of the sound. Meanwhile, when the frequency range was 100-2000 Hz, the absolute value
and relative percentage of improvement of the theoretical average sound absorption coefficient fell
from 0.3690 and 247.76% to 0.1050 and 15.44% respectively with thickness of the polyurethane foam
increased from 10 mm to 40 mm. The major reason for this phenomenon was that sound absorption
performance of the polyurethane foam in the entire frequency range was raised when its thickness
rose, which was consistent with normal absorption property of the porous material [15-17,31,33,35].

Table 1. Theoretical optimal structural parameters of the composite sound-absorbing structures.

Microperforated Polymethyl

Investigated Polyurethane Foam Optimal Average
Frequency Methacrylate Panel Sound Absorption
Range (Hz) dpf (mm) o (Pa-s/m?) ¢ t( mm) d( mm) b (mm) Coefficient

100-1000 10 13078 0.956 0.3 0.79 12.79 0.3969
100-2000 10 13078 0.956 0.3 0.38 411 0.5179
100-1000 20 13078 0.956 0.3 0.48 6.51 0.5409
100-2000 20 13078 0.956 0.3 0.25 2.02 0.6611
100-1000 30 13078 0.956 0.3 0.39 459 0.6283
100-2000 30 13078 0.956 0.3 0.21 1.31 0.7374
100-1000 40 13078 0.956 0.3 0.36 3.71 0.6884

100-2000 40 13078 0.956 0.3 0.17 0.86 0.7849
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Table 2. Comparisons of the theoretical sound absorption coefficients before and after optimization.

Theoretical Average Sound

Thickness of Investigated - L Improvement
Original Frequency Absorption Coefficient
Polyurethane Range (Hz) Polyurethane Composite Absolute Relative
Foam (mm) Foam Structure Value Percentage

10 100-1000 0.0694 0.3969 0.3275 471.59%
10 100-2000 0.1489 0.5179 0.3690 247.76%
20 100-1000 0.1673 0.5409 0.3736 223.24%
20 100-2000 0.3422 0.6611 0.3189 93.21%
30 100-1000 0.2966 0.6283 0.3317 111.83%
30 100-2000 0.5369 0.7374 0.2005 37.35%
40 100-1000 0.4331 0.6884 0.2553 58.95%
40 100-2000 0.6799 0.7849 0.1050 15.44%

3.2.2. Comparative Analysis of Theoretical Data, Simulation Data, and Experimental Data

Comparisons of theoretical data, simulation data, and experimental data of the sound absorption
coefficients of the composite sound-absorbing structure are shown in Figures 9 and 10 respectively.
It could be observed that consistencies among the theoretical data, simulation data, and experimental
data were good, and effectiveness of the utilized cuckoo search identification/optimization algorithm,
the constructed theoretical sound absorption model, and the used finite element simulation method
were validated. Meanwhile, comparisons of theoretical data, simulation data, and experimental data
of average sound absorption coefficients of the optimal composite sound-absorbing structures are
summarized in Table 3. When the original thicknesses of the polyurethane foam were 10 mm, 20 mm,
30 mm, and 40 mm, actual average sound absorption coefficients of the composite sound-absorbing
structure for the investigated frequency range of 100-1000 Hz were 0.4015, 0.5296, 0.6184, and 0.6803
respectively, and those for the investigated frequency range of 100-2000 Hz were 0.5254, 0.6482, 0.7251,
and 0.7778 respectively, which exhibited excellent sound absorption efficiency with a smaller total
thickness of the sound absorber.
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Figure 9. Contrasts of sound absorption coefficients of composite structure for 100-1000 Hz. (a) For
polyurethane foam with thickness of 10 mm; (b) For polyurethane foam with thickness of 20 mm;
(c) For polyurethane foam with thickness of 30 mm; (d) For polyurethane foam with thickness of 40 mm.
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It could be observed that when thickness of the composite structure was 10 mm, its actual sound
absorption coefficients in the 100-500 Hz range were slightly larger than those obtained in theory and
those achieved in simulation, as shown in Figures 9a and 10a. Similar phenomenon also existed for the
composite structures with other thicknesses, which demonstrated that the theoretical and simulation
data tended to slightly underestimate the experimental data in the low-frequency range. The different
testing mechanism was the major reason. The theoretical data was derived by the transfer matrix
method, and the simulation data was achieved by the transfer function method. The experimental data
was obtained by the standing wave tube method, which was realized by measuring the peak and valley
values of the incident and reflected waves [32-35]. There existed a superposition between the incident
and reflected waves, and this superposition in the low-frequency range was more effective than that in
the high-frequency range, which resulted in the different deviations for different frequency ranges.
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Figure 10. Contrasts of sound absorption coefficients of composite structure for 100-2000 Hz. (a) For

polyurethane foam with thickness of 10 mm; (b) For polyurethane foam with thickness of 20 mm; (c) For
polyurethane foam with thickness of 30 mm; (d) For polyurethane foam with thickness of 40 mm.

It could be found from Table 3 that there existed some deviations among the average sound
absorption coefficients in theory with those in simulation and those in actual, and these deviations
increased along with the increase of thickness of the original polyurethane foam and the increase of the
investigated frequency ranges generally, which were consistent with the contrast of sound absorption
coefficients of the composite structures in Figures 9 and 10. This phenomena was generated by the
different utilized calculation methods in theory, in simulation, and in experiment [38].
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Table 3. Comparisons of theoretical data, simulation data, and experimental data of average sound
absorption coefficients of the optimal composite sound-absorbing structures.

Thickness of Original Investigated Frequency Average Sound Absorption Coefficient
Polyurethane Foam (mm) Range (Hz) In Theory In Simulation In Actual
10 100-1000 0.3969 0.3963 0.4015
10 100-2000 0.5179 0.5170 0.5254
20 100-1000 0.5409 0.5398 0.5296
20 100-2000 0.6611 0.6585 0.6482
30 100-1000 0.6283 0.6276 0.6184
30 100-2000 0.7374 0.7367 0.7251
40 100-1000 0.6884 0.6876 0.6803
40 100-2000 0.7849 0.7843 0.7778

3.2.3. Contrast with the Original Polyurethane Foam

Actual average sound absorption coefficients of the composite sound-absorbing structures were
compared with those of the polyurethane foams, and they are summarized in Table 4. It could be
observed that principles of absolute value and relative percentage of improvement of the actual average
sound absorption coefficients were consistent with those of theoretical data in Table 2. Moreover,
it could be found that for the investigated frequency range of 100-1000 Hz, the actual average sound
absorption coefficient of the composite structure consisted of the polyurethane foam with the initial
thickness of 10 mm was 0.4015, and it was close to that 0.4077 of the original polyurethane foam
with the thickness of 40 mm, which indicated that the optimal composite sound absorbing structure
could achieve the same sound absorption performance by only utilizing 1/4 of the original material
and occupancy space. Accordingly, for the investigated frequency range of 100-2000 Hz, the actual
average sound absorption coefficient of the composite structure consisted of the polyurethane foam
with the initial thickness of 30 mm, which was 0.7257, and there was a gap between it and that
0.7778 of the original polyurethane foam with the thickness of 40 mm, which agreed with the normal
principle that further improvement of the sound absorption performance in a large frequency range
was more difficult than that in a small frequency range. Furthermore, absolute value and relative
percentage of improvements of the actual average sound absorption coefficient were 0.3149 and 363.63%
respectively when the investigated frequency range was 100-1000 Hz and the initial thickness of
the polyurethane foam was 10 mm, while those were only 0.1219 and 18.59% respectively when the
investigated frequency range was 100-2000 Hz and the initial thickness of the polyurethane foam
was 40 mm, which could further prove that the improvement of the sound absorption property was
more effective when the total thickness of the sound absorber and the investigated frequency range
were small.

Table 4. Comparisons of actual average sound absorption coefficients of the optimal composite
sound-absorbing structures with those of the polyurethane foam.

Actual Average Sound

Thickness of Investigated . L. Improvement
Original Frequency Absorption Coefficient
Polyurethane Range (Hz) Polyurethane Composite Absolute Relative
Foam (mm) Foam Structure Value Percentage

10 100-1000 0.0866 0.4015 0.3149 363.63%
10 100-2000 0.1451 0.5254 0.3803 262.10%
20 100-1000 0.1885 0.5296 0.3411 180.95%
20 100-2000 0.3392 0.6482 0.3090 91.10%
30 100-1000 0.2690 0.6184 0.3494 129.89%
30 100-2000 0.5006 0.7251 0.2245 44.85%
40 100-1000 0.4077 0.6803 0.2726 66.86%

40 100-2000 0.6559 0.7778 0.1219 18.59%
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3.2.4. Comparisons with the Other Porous Materials

Similar with the polyurethane foam, porous metal was another common porous material used
in the field of sound absorption [8,17,22,27,29,33,35]. Besides common standard porous metal, some
novel sound absorbers had been proposed, such as uniform compressed porous metal [35], gradient
compressed porous metal [8,22,27], microperforated compressed porous metal panel [29], and so on.
The horizontal comparisons of the actual average sound absorption coefficient of the optimal composite
sound absorbing structure with that of other porous materials were conducted when total thickness
was 20 mm, as shown in Table 5. It could be observed that the utilized polyurethane foam could achieve
a better sound absorption performance relative to the porous metal, no matter for 100-1000 Hz or for
100-2000 Hz. The major reason for this appearance was that porosity of the polyurethane foam could
be up to 0.95 or even higher easily, and porosity of the porous metal was very difficult to exceed 0.95.
The higher porosity was favorable for viscous effect and heat conduction in the sound absorption
process. Moreover, it could be found that the proposed optimal composite structure could obtain the
best actual average sound absorption coefficients, no matter for 100-1000 Hz or for 100-2000 Hz, which
proved the practicability of this identification and optimization method.

Table 5. Comparisons of actual average sound absorption coefficient of the optimal composite
sound-absorbing structure with that of other porous materials when the total thickness was 20 mm.

The Investigated Sound Absorber Investigated Frequency Range (Hz)

100-1000 100-2000
Proposed optimal composite structure 0.5296 0.6482
Utilized original polyurethane foam 0.1885 0.3392
Standard porous metal [27] 0.1529 0.2477
Uniform compressed porous metal [27] 0.2098 0.4531
Gradient compressed porous metal [27] 0.3325 0.5412
Microperforated compressed porous metal panel [29] 0.1657 0.3403

4. Conclusions

Improving and optimizing the sound absorption performance of polyurethane foam by a
prepositive microperforated polymethyl methacrylate panel was conducted in this research. Through
theoretical sound absorption modeling, identification of the acoustic characteristic parameters,
optimization of the composite structures, finite element simulation, and standing wave tube
measurement, research achievements of this study were concluded and summarized as follows.

(1) Prepositive microperforated polymethyl methacrylate panel was utilized to form a composite
sound-absorbing structure together with the polyurethane foam, which aimed to improve the sound
absorption performances within the low-frequency range. Theoretical sound absorption model of
the investigated polyurethane foam and that of the proposed composite sound-absorbing structure
were constructed through the transfer matrix method, which supplied a theoretical basis for
identification of the acoustic characteristic parameters and optimization of the composite structure.

(2)  Acoustic characteristic parameters of the polyurethane foam were identified by the cuckoo search
algorithm based on its experimental data of sound absorption coefficients, and the obtained
porosity and static flow resistivity were 0.958 and 13078 Pa-s/m? respectively. Comparisons of
the sound absorption coefficients of the polyurethane foam with various thicknesses in theory
and those in actual proved effectiveness and accuracy of the identification method. The achieved
acoustic characteristic parameters provided a steady foundation for the improvement and
optimization of the sound absorption performance of the polyurethane foam.

(3) For the polyurethane foam with different thicknesses and the various investigated frequency
ranges, structural parameter optimization of each composite sound-absorbing structure was
realized through the cuckoo search algorithm, which aimed to achieve the maximum average
sound absorption coefficient. Sound absorption performance of the polyurethane foam was
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significantly improved by a prepositive microperforated polymethyl methacrylate panel, especially
for the conditions of small thickness of the sample and low frequency of the sound. The gained
optimal structural parameters offered guidance for the following finite element simulation and
sample preparation.

(4) Sound absorption characteristics of the composite sound-absorbing structures were verified by
finite element simulation in the virtual acoustic laboratory and validated through standing wave
tube measurement in the AWA6128A detector. Consistencies among sound absorption coefficients
of the composite structures in theory, those in simulation, and those in actual were very good,
which proved the effectiveness and accuracy of the used cuckoo search identification/optimization
algorithm, the founded theoretical sound absorption model, and the utilized finite element
simulation method.

(5) Relative to actual average sound absorption coefficients of the polyurethane foam, those of the
optimal composite sound-absorbing structure were obviously larger, and the relative percentage
of the improvement reached 363.63% when the initial thickness of the polyurethane foam was
10 mm and the investigated frequency range was 100-1000 Hz. Moreover, for the investigated
frequency range of 100-1000 Hz, the actual average sound absorption coefficient of the composite
structure which consisted of the polyurethane foam with the initial thickness of 10 mm, was
0.4015, and it was close to that 0.4077 of the original polyurethane foam with the thickness of
40 mm, which indicated that the optimal composite structure was favorable to save the utilized
material and the occupied space.

(6) When the limited total thickness was 20 mm, comparisons of the actual average sound absorption
coefficient of the optimal composite sound-absorbing structure with that of other porous medias
were conducted, such as standard porous metal, uniform compressed porous metal, gradient
compressed porous metal, and microperforated compressed porous metal panel. The proposed
composite sound-absorbing structure could obtain the best actual average sound absorption
coefficient, which proved the practicability of this identification and optimization method.

An effective and practical way to improve and optimize sound absorption performances of the
polyurethane foam by prepositive microperforated polymethyl methacrylate panel was proposed in this
study, which was propitious to promote practical applications of the formed composite sound-absorbing
structures in the fields of sound absorption and noise reduction.

Meanwhile, this study could also provide reference to identify acoustic characteristic parameters
and improve sound absorption performances of the other materials, such as the mineral wool, natural
fibers, and so on. Furthermore, by taking other environmental terms (such as the life cycle assessment,
carbon footprint, and so on) instead of the sound absorption performance as the research target and
optimization objective, this identification and optimization method could also be effective.
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