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RESEARCH ARTICLE

Elimination of Noise in a Ship Cabin Using
Multi-layered Acoustic Boards: An APSO and
SA Approach

Min-Chie Chiu **, Ho-Chih Cheng "

@ Department of Mechanical and Materials Engineering, Tatung University, Taiwan, ROC
P Department of Information Technology, Ling Tung University, Taiwan, ROC

Abstract

A high level of noise, combined with pure tones, is often encountered in ship's cabins, leading to severe psychological
and physiological issues for the crew. To address this problem, an indoor noise abatement solution becomes necessary
that utilizes efficient acoustic boards integrated with resonators, positioned along the inner walls of the cabin. However,
the thickness of the acoustic boards must be strictly limited due to maintenance and operational considerations. This
limitation results in insufficient sound absorption capabilities and a restricted range of tuned frequencies, as the
resonating frequency of a standard Helmholtz resonator is closely tied to its cavity. A modified Helmholtz resonator with
an internally extended resonating tube is adopted to overcome this drawback. This modification saves space while
maintaining the same tuning effect. Two types of acoustic boards are proposed in this study: acoustic board A, which
consists of a one-layered acoustical board and an extended Helmholtz type resonator, and acoustic board B, which in-
cludes a two-layered acoustical board and an extended Helmholtz type resonator. An accuracy check of the modified
Helmholtz resonator is conducted using experimental data before proceeding with the optimization of the acoustic
boards. Additionally, a sensitivity analysis is performed to evaluate the impact of the geometric parameters of the
acoustic boards. Two bionic algorithms, namely APSO (Accelerated Particle Swarm Optimization) and SA (Simulated
Annealing), are employed to achieve an optimal design. The results of optimization demonstrate that the APSO algo-
rithm slightly outperforms the SA algorithm. Furthermore, acoustic board B exhibits a wider spectrum of acoustical
attenuation compared to acoustic board A. Consequently, this study showcases the effective reduction of noise in an
enclosed machine cabin using APSO and SA, while taking into account the constraint of limited thickness.

Keywords: Multi-layer, Pure tone, Extended Helmholtz resonator, Accelerated particle swarm optimization, Simulated
annealing

1. Introduction amplitude modulation, impulsivity, frequency dis-
tribution, have serious impact over perception
[15—22] and singular noise source should be then
avoided [23].

Ships radiate sounds that can affect marine fauna
or humans, depending on the underwater or
airborne emissions. Underwater noise emissions of
ships have been largely studied in the past and ef-
fects have been widely demonstrated [24—27].
Airborne sound emitted by moving ships were
finally investigatedonly in the recent years, and it

N oise exposure prevention is important to
avoid levels that will lead to complaints [1,2],
and to health effects such as sleep disorders with
awakenings [3], learning impairment [4], hyperten-
sion ischemic heart disease [5—7], diastolic blood
pressure [8,9], reduction of working performance
[10,11], or annoyance [12—14]. Besides acoustic en-
ergy exposure, parameters related to the sound
signals like peak levels, temporal variations,
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was found to be disturbing for citizens living around
the coasts, port or canal cities [28—39]. Indoor sound
emissions have been widely investigated with
standard, or novel techs like acoustic cameras
[40—44].

Addressing the challenge of dealing with wide-
band sound combined with numerous tones within
an enclosed machine room, Chiu [45] proposed the
use of hybrid acoustic panels comprising a single-
layered sound absorber and multiple Helmholtz
resonators. However, as indicated in Chiu's
research [45], achieving the desired resonating
frequency with the standard Helmholtz resonator
still requires a substantial thickness, which signifi-
cantly reduces the available space for maintenance
and operation. To overcome this limitation and
enhance the noise reduction capabilities in a
broadband sound field, a multi-layered acoustical
board hybridized with a modified Helmholtz reso-
nator is presented. Duan et al. [46] investigated the
adoption of an internally extended resonating tube,
which effectively reduces the resonator's capacity
while maintaining a low tuned frequency.
Furthermore, Chang et al. [47—49] analyzed that
increasing the layers of acoustical board can
enhance the wideband sound absorbing coefficient.
Consequently, two types of acoustic boards are
presented in the study: acoustic board A, which
consists of a perforate front cover, an acoustical
wool, an air gap, and an extended Helmholtz type
resonator, and acoustic board B, which includes a
perforated plate, a sound absorbing material, an air
space, another perforated plate, another acoustical
wool, an air gap, and an extended type Helmholtz
resonator. These acoustic boards are employed to
address a wideband noise combined with a prom-
inent single tone. The selection of an appropriate
optimizer is crucial to achieve the optimal shape
design of the acoustic boards within a fixed thick-
ness. Over the past three decades, there has been a
growing interest in solving algorithmic problems
by drawing inspiration from natural systems in
physics and biology. Traditional gradient methods,
such as the exterior penalty function (EPFM), the
interior penalty function method (IPFM), and the
feasible direction method (FDM) [50], often face
limitations in exploring candidate solutions across
a wide database and tend to converge to local op-
tima. Therefore, various bionic algorithms,
including the genetic algorithm (GA) [47,49—51],
simulated annealing (SA) [48,52—54], and particle
swarm optimization (PSO) [45,55,56], have been
widely applied to engineering problems. In this

study, both the accelerated particle swarm optimi-
zation (APSO) and simulated annealing (SA) are
adopted to facilitate the optimization process with
fewer control parameters. These algorithms have
been found to be forceful in dealing with optimi-
zation in continuous and nonlinear problems. The
research focuses on a machine room containing a
root blower that emits a significant low-frequency
noise combined with a pure tone at 110 Hz.
Consequently, a rapid and effective method for
noise reduction is presented by optimizing the
design of a shaped hybrid acoustic board within the
constraints of limited space.

2. Mathematical background
2.1. Acoustic board A

2.1.1. Sound absorbing coefficients of acoustic board
A's dissipative part

In order to address the noise levels within a ma-
chine room that is subject to constraints (as depicted
in Fig. 1-(a)), where a low-frequency noise is com-
bined with a prominent pure tone (as detailed in
Table 1), an acoustic board configuration consisting
of a multi-layer acoustic board hybridized with an
extended Helmholtz resonator (as illustrated in
Fig. 1-(b)) is utilized. These acoustic boards are
internally installed on the four walls and the ceiling
of the machine room. To obtain the sound absorbing
coefficient using a plane wave theory, a three-
dimensional acoustic wave propagating through a
quiescent medium enclosed by rigid rectangular
partitions, shown in Fig. 2 is assumed. As shown in
Fig. 3-(a), the acoustic board A consists of two
components: a dissipative element (comprising a
perforate front cover, acoustical wool, and air gap)
and a reactive element (consisting of one extended
Helmbholtz type's resonator). Before calculating the
sound absorbing coefficients associated with the
dissipative part, the derivation of mathematical
matrix for adjacent acoustical nodes is necessary.
The related matrix expression for one-layer sound
absorber's dissipative part is derived and shown in
Appendix A. As derived in Appendix A, the form of
the acoustic pressure p and the acoustic particle
velocity u between node 0~node 1, node 1~node 2,
and node 2~node 3 are given as:

cos(wLi/¢,) jp,cosin (wLi/c,)
pl — . po
(ul ) jism (;051/00) cos(wLy/c,) (”0 )

(1a)
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Fig. 1. A noisy equipment within a space-constrained ship's machine cabin.
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89 Fig. 2. For three-dimensional acoustic wave propagating through a
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(a) Acoustic board A composed of a one-layer sound board (dissipative unit) and one

extended Helmholtz resonator (reactive unit).
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(b) Acoustic board B composed of a two-layer sound board (dissipative unit) and one

extended Helmholtz resonator (reactive unit).

Fig. 3. Two kinds of acoustic boards used in the noise abatement of a space-constrained machine room.

(2)=[6 %] (%) 19

The specific normal impedance at point 3 is
given in Eq. (2) by developing Eq. (1c)
Zy=2r+2Zn (2)

Using the formula of the specific normal
impedance and the wave number of the perforated
plate from Beranek & Ver [57] yields

_Po g q
Zn _PP 8yw (1 +2d1>

1

T (3a)
.WP, Y 1

i (1420 ) gy 6

! ppll w( 2d1> o
51=0.85(2d1)(1—1.47,/—pp1+0.47 pp’;) (3b)

Here, v is the kinematic viscosity of air, pp; is
the perforated rate of the plate, q, is the thickness of
the plate, and d, is the diameter of the plate's hole.

For normal incidence, the sound absorbing coef-
ficient of a one-layer dissipative part [58,59] is

2
Z3 - ngO

Z3 =+ PoCo (4)

Taking into account the impact of the contri-
bution by using the related ratio of area between the
dissipative unit and reactive unit, an equivalent
averaged sound absorbing coefficient per square
meter for the dissipative part can be obtained as
follows:

wd?
al(avg) (f’ppl’d17R17ql7Df17Ll) = |:0[1 (Li — 4r1> /L§:|
(5)

al(fappl,dlthLh,DflyLl) =1-

2.1.2. Acoustic board A's reactive part

The mechanism of the extended Helmholtz
Resonator (HR), a reactive unit, is depicted in Fig. 4-
(a). Assuming that the characteristic length of the
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(c) average sound absorbing coefficient for an two-layer sound board and an extended
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Fig. 4. An extended Helmholtz resonator imbedded with the acoustic board.

HR element is smaller than the acoustical wave-
length, the neck of the resonator can be treated as a
lumped mass. During the adiabatic resonating pro-
cess, the compression of the air within the resonator
can be analogized to a spring. Considering the
acoustical end correction, the factors (/1) for the end
correction with flange can be defined as [46,60]:

8d,
/1= 37 (6)

For a simplified mathematical model of the HR
element, the resonant frequency (f,) is [45,46]

= 0.849r,

SK
Ve(Ly 4+ 74)

Co

o (7)

fres =

Here, ¢, represents the speed of sound, SK denotes
the cross-sectional area of the resonating neck, Li
represents the total length of the resonating neck
(including the extended part), V. represents the
volume of the resonator, and /3 corresponds to the
end correction at the flange end.

The acoustical impedance (Zr) can be expressed as
follows:

Zr = Rres + .eres +— 8a
j 0Cren (8a)

Ve

2
PoCs

L+ 71)

_ Pl e
Lres - SK b) Cres - (8b)

where Ries, Lies, Cres and w are the acoustical resis-
tance, acoustic inertia, acoustic compliance, and
angular frequency, respectively.

According to Munjal [58], the acoustical resistance
for a resonator with radius r, (= %) at the neck is [45]

- 2]1 (2korr)
I{res. - Yo { 1 21(0 dr
ode T : ©
=Y, (zkorr) . (2k0rr) (2korr) — ...
=Y, 2.4 2426 242628
where k, (: 2) is the wave number and Y, (: pog_f()

is the characteristic impedance. The sound wave can
be regarded as a plane wave by neglecting the high
order term when k,r; < 0.5 exits.

The acoustic resistance is simplified as

Rres = Yo { }

Therefore, the acoustical impedance (Z,) is

(korr)2

2

P’

— (10)

zf:Rwy+ﬂwLms— =RR +jXX (11)

o
wCres
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The normal sound absorbing coefficient of an
extended Helmholtz resonator in Fig. 4 is

Zr - poco
Zi 4 PoCo

As illustrated in Fig. 3, the sound absorbing
coefficient for an extended Helmholtz type's reso-
nator embedded within the acoustic board A can be
expressed as follows:

aHR(f7dr7Lk7VC) =1- (12)

Zn — PoCo
Zrl + poCO
And, the equivalent averaged sound absorbing

coefficient for an extended Helmholtz type's reso-
nator is

OCHR(ﬂdththc) =1- (13)

mdy /o
aHR(avg)(fadrlaLLlavC): OHR* 2 L3 (14)

2.1.3. Overall sound absorbing Coefficient for an
acoustic board A

As shown in Fig. 4-(b), associating Eq. (4) with
(14), the overall averaged sound absorbing coeffi-
cient for the acoustic board A is

QA (avg) (RTl ,RT»,RT3,RTy,RTs5,RTg, R17, RTS)

A A
:meﬂﬁ;)/Q+%K2f/ﬁ

where RT;_dy; RT, = ppi; RT3 = Ry; RTy = qy
RTs5 = Df1/Lk1; RTg = Ly/L,; RT7 = dry; RTg = LL1/
L2, LO = 0.3, Lkl = q1+Dﬂ+L1 (15b)

(15a)

2.2. Acoustic board B

2.2.1. Sound absorbing coefficients of acoustic board
B's dissipative part

As illustrated in Fig. 3-(b), the acoustical board B
consists of two parts: a dissipative unit (comprising
two pieces of perforate plates, two layers of acous-
tical wools, and two layers of air gaps) and a reactive
unit (consisting of one extended Helmholtz type's
resonator). Similarly, the individual matrix form for
the adjacent acoustical nodes within the sound
absorber B's dissipative part is derived in Appendix
B. As given in Appendix B, the form of the acoustic

pressure p and the acoustic particle velocity u be-
tween node 3~node 4, node 4~node 5, and node
5~node 6 are given as:

cos(wLy/c,) jp,cosin (wLy/c,)
P4 ) - . (pa >
(”4 ]% cos(wLy/c,) L&

(16)

cos (kfiberZDf2> jzfiberz sin (kfiherZDfZ)

<p 5> — . k D (p4)
us) |; Sm(zfl#ﬂ) cos (kfiver2Dy2) “
‘fiber2

(17)

Po\_ |1 Zp|(ps
(u6> o |:0 1 Us (18)
The specific normal impedance at point 6 is
given in Eq. (19) by developing Eq. (18)
Zﬁ :Z5 + sz (19)

Using the formula of the specific normal
impedance and the wave number of the perforate
plate from Beranek & Ver [57] yields

Py (4. 92
sz—p 87&)<1+2d2>

P2
wp 8 ] (20a)
+i—2 /(1 +—2> +q2+0
J Pp2 [ w < Zdz 112 2
0,=0.85(2d,) (1 —1.47,/pp, +0.47 pp%) (20b)

For normal incidence, the sound absorbing
coefficient of a two-layer acouctic board (dissipative
unit) [58,59] is

aZ(fvpplvdlaRlaqlanlelapp2ad27R27q23Df27L2)
ZG — PoCo 2
Z6 + P,Co

Taking into account the area percentage be-
tween the dissipative unit and the reactive unit, an
equivalent average sound absorbing coefficient for
each square meter of the dissipative element can be
calculated as follows:

—1- (21)
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) 7d 7R ) 7D 7L Y 2
2 (avg) f PP R = |%2 Li_% Li
pp27d23R2;q27Df23L2 4

(22)

2.2.2. Acoustic board B's reactive part

The mechanism of the extended Helmholtz type's
Resonator (HR) incorporated within the acoustic
board B can be observed in Fig. 3-(b). Similarly to
the derivation in section 2.1.2, the sound absorbing
coefficient for the extended Helmholtz type's reso-
nator embedded within the acoustical board B can
be expressed as follows:

Zn — PoCo
Zrl + poCO
And, the equivalent averaged sound absorbing

coefficient for each m? of an extended Helmholtz
type's resonator within the acoustic board B is

OHR (f, di, LLlaVC) =1- (23)

mdy /o
QHR(avg) (fadrlaLLlavC): OHR* 2 L4 (24)

2.2.3. The overall sound absorbing Coefficients for an
acoustic board B
Likewise, as shown in Fig. 4-(c), the overall aver-
aged sound absorbing coefficient for the acoustic
board B is
OB(ag) (RT7, RT,, RT3, RT,,RT,,RT,,RT,,RTg,RT,,
RT;,RT;;,RT},,RT 5, RT,)

> 4>
= ay (Li _ 7T4r1) /LAZL + ‘XHR'T(ALA /Li

where RTl*:dl; RTZ* = PPv 1??[5’1< = R1,' RT4* = qu

(25a)

RTs*_dy RTe*=ppy RT* = Ry RTg* = qy
RTo* = Lio/ (Lo'L3'Lo*(1' RT12%)); RTy0* = DalLia;
RT11* = Du/Li;RTp* = Lg/L, RTy3* = dry;

RT14* = LL1/L3;LO = 03; Lkl = LO*(l- Rle*)* RTg*,
Lk2 = LO'LB'LO*(l' RT12*)* RTQ*; Ll = Lkl-Dfl-ql;
L, = Lo-Ls-Lii-q2-Dp (25b)

2.3. Sound field calculation inside a machine room

Considering a wideband noise composed of a
single tone occurred inside a machine room which
has dimensions of 15 m in width (W), 10 m in length
(L), and 4.5 m in height (H) (as shown in Fig. 1-(a)),
the acoustic board A is adopted. The acoustical
pressure level (Lpgj) at the j-th sound receiver

emitted from the i-th machine at the k-th frequency
can be expressed as follows [60,61]:

Lk (Lw(ik)  Xi, ¥i» Zi, XX}, Y15, 215, 0a -k, L, W, H)

B Qi 4
= Ly +10 log{ 47“121 + Rt (26a)
6 6
Z svaAfK(v) Z SvaAfv(k)
Rpok=—"r—— ;O =— (26b)
1— 6
XAk st

v

In case of one equipment installed within the
machine room, the acoustical pressure level (L))
at a specified receiver (xr;, yr;, zrj) at the k-th fre-
quency is given as

Lo = Lp(io (27)

The overall acoustical pressure level L) at the
receiver can be calculated by the summation of
contribution from each octave band k (k = 1 to mm).

Lory) =10 10g<210LP<">/ “’) (28)
k=1

In the case of a wideband noise hybridized with
a single tone using Acoustic Board B, following a
similar derivation as in Case I, the acoustical pres-
sure level (Lp)) at the specified receiver emitted
from one machine at the k-th frequency can be
expressed as [45,56,61,62]:

Lp(k) (Lw(k) , X1, Y1’ Z1,XIq, yI‘1 ,ZI'1, OBk, L, W, H)

Q 4

=Ly +101 29

Sha Og{ inc, TR, (29a)

6 6
> Svos k() > Svos_y
O (29b)
1— o 6
AB—k ZSV

\%

For a noisy equipment installed within the
machine room, the overall acoustical pressure level
(Lprv)) of a specified receiver RV1 (x;1, y,q, 2r1) is
given as

k=1

Logy) =10 log<210LP<k>/ 10) (30)
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2.4. Objective function

The assessment of the two cases with one noisy
equipment inside the machine room, where the
room is internally lined with two kinds of acoustical
boards within a fixed thickness of 0.3 m, is discussed
as follows:

2.4.1. Case I: One Noisy Equipment Installed within a
Machine Room Using Acoustic Board A

The allocation of the equipment installed within a
machine room, which is internally lined with
acoustic board A, is illustrated in Fig. 1-(b) and 3-(a).
Using the formulas of Egs. (15) and (26), the objec-
tive function and related ranges of the parameters
used in the optimization process can be obtained as

] RTI ) RTZ ) RT3 ) RT4 )
'\ RTs,RT,,RT,,RT

o, 4 } (31)

+
471:1‘?i Ra_x

= Lp(ik) +10 log{

2.4.2. Case II: One Equipment inside a Machine Room
Using Acoustic Board B

Likewise, In case of one piece of equipment
installed within a machine room (as shown in Fig. 1-
(b) and 3-(b)), the related objective function can be
obtained using the formulas provided in Egs. (25)
and (29).

*

RT;,RT,,RT;,RT,,RT;,RT,,RT,,RTg,
a av: * * * * *
@8]\ RT) RT,,RT},,RT,, RT,,.RT},

.4
= Lw(ik) +10 log{ Ql + } (32)

4Tcri2j Re_x

3. Model check

Before proceeding with the optimal simulations
using APSO (Accelerated Particle Swarm Optimiza-
tion) and SA (Simulated Annealing) for noise
attenuation in the machine room, it is essential to
verify the accuracy of the acoustical absorbing co-
efficients for both the one-layered sound board
(dissipative unit) and the extended Helmholtz
resonator (reactive unit). The accuracy of the one-
layered unit (consisting of the perforate front plate,
acoustical wool, and air gap) presented in Egs.
(1)—(5) has been previously confirmed to be valid in
a study [50]. Furthermore, the accuracy of the
extended Helmholtz type resonator described in
Eqs. (6)—(14) is assessed experimentally, as shown

in Fig. 5. As indicated in Fig. 5, the theoretical
resonating frequency for an extended Helmholtz
resonator is 120 Hz which is almost the same as that
of the experimental data. Therefore, the perfor-
mance curve generated from the theoretical and
experimental data demonstrates a high level of ac-
curacy and agreement. This confirms the validity of
the above mathematical model of acoustic board A.
The model, in conjunction with the numerical
method, is deemed suitable for the subsequent
shape optimization in the following section.

4, Case studies

A demonstration of noise reduction in a machine
room (with dimensions L = 10m, W = 15m, and
H = 4.5m) housing a root blower located at co-
ordinates (5, 3, 1) is presented in Fig. 1-(a). The
original acoustical power levels (L,,q)) for the root
blower are provided in Table 1. Notably, there is a
significant pure tone effect at 110 Hz with an
acoustical power level of 129 dB(A). Additionally, the
acoustical power levels for frequencies ranging from
63 Hz to 500 Hz exceed 100 dB(A). To mitigate the
low-frequency noise together with one pure tone,
two types of acoustic boards have been employed in
the machine room. Case I involves acoustic board A,
which consists of a single layer sound board (dissi-
pative element) combined with one extended
Helmholtz type resonator (reactive element), as
depicted in Fig. 3-(a). Case II utilizes acoustic board
B, which includes two layers of dissipative element
along with one extended Helmholtz type resonator,
as shown in Fig. 3-(b). Both types of acoustic boards
are installed on the four walls and ceiling of the
machine room. The thickness of the acoustic board is
limited to 0.3m due to maintenance and operational
requirements. To evaluate the noise levels within the
machine room, an inspection station located at co-
ordinates (5, 3, 1) is used to calculate the resulting
acoustical pressure level, denoted as L,grvi. Nu-
merical assessments employing APSO and SA opti-
mizers are adopted for optimal acoustical
performance within the limited space.

5. Sensitivity analysis

Before proceeding with the optimization of noise
abatement in the machine room, a sensitivity anal-
ysis of the sound absorbing coefficient at the
receiver with respect to the geometric parameters of
acoustic board A is conducted. Using Eq. (15) (26),
the impact of the sound absorbing coefficient at the
receiver under various design parameters and fre-
quencies is illustrated in Fig. 6-(a)~(f) and 7(a)~(c).
Fig. 6-(a) shows that the sound absorbing coefficient
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Fig. 5. Experiment Facility and comparison for an extended Helmholtz resonator.

at the receiver increases with an increase in q; (the
depth of the perforate plate's holes). Conversely,
Fig. 6-(b) indicates that the sound absorbing coeffi-
cient decreases as d, (the diameter of the perforated
front plate's holes) increases. Additionally, the
sound absorbing coefficient exhibits higher values
at higher frequencies due to the acoustical effects of
the dissipative part. Fig. 6-(c) demonstrates that the
absorption coefficient significantly increases with an
increase in pp; (porosity of the perforate front
plate). Similarly, Fig. 6-(d) shows that the absorption
coefficient exhibits a substantial increase when Dg
(depth of the acoustical wool) increases. Further-
more, Fig. 6-(e) indicates a slight increase in the
absorption coefficient with an increase in R; (flow
resistance of the acoustical wool). As shown in

Fig. 6-(f), the acoustical absorption coefficient in-
creases, and the tuned frequency shifts to a higher
frequency range as L, (air gap of the one-layered
acoustical board's dissipative part) increases. This is
because the depth of the resonator decreases with
an increase in L, with a fixed thickness of the
acoustical board. Consequently, the resonating fre-
quency increases, leading to an increase in the
sound absorption coefficient of the one-layered
sound board at lower frequencies due to the
increased air gap. In addition to the dissipative part,
the reactive part of the acoustical board also plays a
role.

It is observed in Fig. 7-(a) that there is no change
in the sound absorbing coefficient at the receiver
when d,; (the resonating tube's diameter) increases.
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However, in Fig. 7-(b), the absorption coefficient of
the resonator increases with an increase in L, (depth
of the resonator). Similarly, in Fig. 7-(c), the ab-
sorption coefficient of the resonator increases with
an increase in LL, (internally extended length of a
resonating tube). For acoustic board B, the impact of
the sound absorbing coefficient at the receiver
under various design parameters and frequencies is
illustrated in Fig. 8-(a)~(f), Fig. 9-(a)~(f), and
Fig. 10(a)~(c) using Eq. (25) (29). Figs. 8-(a)~(f) and
Fig. 9-(a)~(f) demonstrate that changes in the geo-
metric parameters (ql, q2, d1, d2, ppl, pp2, Df1, Df2,
R1, R2) of the first and second layers can affect the
sound absorbing coefficient of acoustic board B.
Furthermore, profiles in Fig. 8-(f) and Fig. 9-(f)
reveal that the sound absorbing coefficient can be
manipulated by changing the air gaps L; and L,.
Regarding the reactive part, Fig. 10-(a) shows that
the resonating frequency shifts to a higher

frequency range as the d,; (diameter of the reso-
nating tube) increases. Conversely, Fig. 10-(b) in-
dicates that the resonating frequency shifts to a
lower frequency range when the L3 (depth of the
resonating chamber) increases. Fig. 10-(c) suggests
that the sound absorbing coefficient exhibits mini-
mal change as the LL1 (internally extended length of
the resonating tube) varies.

As analyzed above, the geometric parameters of
the acoustical boards and resonator play an essen-
tial role in the design of the sound absorbing coef-
ficient and significantly impact the acoustical field
inside the machine room. Consequently, all the
geometric parameters of acoustic boards A and B
are considered as design parameters during the
minimization of the acoustical pressure level at the
receiver (RV;). These parameters are optimized for
desired acoustical performance and noise reduction
in the machine room.
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6. Optimization

6.1. Particle swarm optimization

Particle Swarm Optimization (PSO) is an evolu-
tionary computing technique developed by Kenney
and Eberhart in 1995 [63—65], and seen in wide-
spread applications, including optimization,
computational intelligence, and design/scheduling
[45,55,56]. Inspired by fish schools and bird flocks,
PSO operates by initializing a random population of
particles or individuals. The movement of each
particle is governed by two major components: a
stochastic component and a deterministic compo-
nent. The particles are attracted towards the posi-
tion of the current global best solution G*** as well
as their own best-known position x?**. This collec-
tive behavior guides the particles towards better
solutions. In PSO, each particle has a position vector

x; and a velocity vector v;. The new velocity vector is
determined using the following formula, combining
both the individual and global best positions:

t+1 best __

o =0l 4 ae|g —xf| + —Be ! xt| (33)
where ¢; and ¢, are two random vectors, both with a
value between 0 and 1.

The PSO algorithm typically utilizes both the
current global best solution G**** and the individual
best solution x/*! to guide the particles' movement.
However, it has been observed that the inclusion of
individual best information does not always provide
significant benefits [66]. Therefore, a simplified
version of APSO (Accelerated Particle Swarm Opti-
mization), known as the global best-only APSO, has
been proposed [67,68]. This variant relies solely on
the global best solution to accelerate the conver-
gence of the algorithm.
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ol =0l + ae, + B(G™ — xl) (34)
where ¢, is a random number between 0 and 1. The
update of the position is expressed as

t+1

=xt + ol (35)

Generally, it is sufficient for most applications
with o = 0.1 ~ 0.5 and = 0.1 ~ 0.7 [66]. The number
of particles in the APSO algorithm also plays a role
in the convergence of its iterations. The termination
criterion for the APSO algorithm typically includes a
maximum number of iterations (iter,,,,). The flow
diagram of the APSO process is illustrated in Fig. 11.

X;

6.2. Simulated annealing method [48, 52, 53, 541

Simulated Annealing (SA) is an optimization
technique that originated from physical metallurgy.

set APSO's control
pal ameters

1’[e1 ‘max

It was first introduced by Metropolis et al. [69] and
further developed by Kirkpatrick et al. [70]. The SA
algorithm draws inspiration from the slow cooling
process in metallurgy, where a material is cooled
gradually to maintain its state close to the minimal
energy configuration for a more uniform crystalline
structure. In the SA process, an initial solution is
randomly selected to start the optimization. The
algorithm aims to explore the solution space and
converge towards an optimal solution by iteratively
modifying the current solution. The process is
illustrated in Fig. 12. For each iteration, a new
random solution (X') is generated from the neigh-
borhood of the current solution (X). The neighbor-
hood is typically defined by some predefined search
operators or perturbation methods. The objective
function (or system energy) is then evaluated for
both the current solution (X) and the new solution
(X'). If the difference in the objective function

OBJ calculate fitness of particle 1
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‘ XPESI

best

updated

<>

=i+l

<>
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Fig. 11. A flow diagram of APSO algorithm.
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(AE =E (X') - E(X)) is negative (AE< 0), indicating an
improvement in the solution quality, the new solu-
tion is accepted with a transition probability (pb
(X)) of 1. In other words, the new solution is always
considered better and immediately adopted as the
current solution. However, if the difference in the
objective function is positive (AE> 0), indicating a
potential deterioration in the solution quality, the
algorithm employs a probabilistic approach to
determine whether to accept the new solution or
not. The transition probability (pb (X')) is evaluated
using the Boltzmann's factor, which considers the
temperature parameter (T) and the magnitude of
AE. The transition probability is calculated as pb
(X') = exp (-AE/T).

1,AF <0
pb(X') = exp <_C—ATF> AF>0 (36a)
AF=F(X') - F(X) (36b)

If the transition probability (pb (X')) is greater
than a randomly generated value between 0 and 1, it
signifies that the algorithm is willing to accept a new
solution even if it leads to a higher energy condition.
Conversely, the new solution will be discarded if the
transition probability is lower than the randomly
generated value. This process of perturbing the
current solution and evaluating the change in the
objective function continues until the maximum
number of iterations (itery,,) is reached. During the
SA process (as shown in Fig. 13), as the iteration
progresses, successful substitutions of the current
solution are made, allowing the algorithm to explore
the solution space. For each iteration, the tempera-
ture gradually decreases, affecting the acceptance
probability of worse solutions. This temperature
decay is achieved using a cooling schedule, which
controls the rate at which the temperature decreases.

Toew = kk % Told (37)

[new solution]

(X1

[current solution]

- [X]

_4__— [randomly elected]
. neighborhood 1is pertubed

Fig. 12. Solution select scheme in SA.

Looking at Case I, the optimization of geo-
metric design parameters for acoustic board A was
achieved by utilizing Eq. (31) in conjunction with
both the APSO and SA algorithms, considering the
space-constrained condition. The APSO and SA al-
gorithms were used to explore the solution space
and search for the optimal values of the design pa-
rameters. By iteratively updating the positions of
particles in the APSO algorithm and performing
simulated annealing steps in the SA algorithm, the
optimization process aimed to minimize the objec-
tive function defined by Eq. (31) while satisfying the
space constraints. Similarly, in Case II, the optimi-
zation of geometric design parameters for acoustic
board B was obtained using Eq. (32) in conjunction
with the APSO and SA algorithms under the space-
constrained condition. The APSO and SA algorithms
were applied to search for the optimal values of the
design parameters that minimized the objective
function defined by Eq. (32). By iteratively updating
the particle positions in APSO and performing
simulated annealing steps in SA, the algorithms
aimed to find the optimal configuration of geometric
parameters for acoustic board B, considering the
space constraints.

7. Results and discussion
7.1. Results
Various APSO parameters were considered to

achieve effective optimization, including inertial
weight factors (a, B), particle population size (p), and

Preset X=Xo,
T=To,iter, kk

Random point Xn' selected

ol

from Xn neighborhood

AF =F(X') - F(X)

Program
terminated

No Y
rand(0,1) < exp(- AF/CT)

Fig. 13. Block diagram of the SA process.
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the maximum number of iterations (itery,,,). The
following ranges were explored for these parameters:

a =(0.5, 0.6, 0.7, 0.8, 0.9, 1.0); =(0.1, 0.2, 0.3, 0.4,
0.5, 0.6, 0.7); p = (20, 30, 40, 50, 60, 70); and, itermax
=(50, 100, 500, 1000, 2000, 5000). By varying these
parameters, the optimization process explored
different combinations to find the optimal solutions
for Case I and Case II. The results of the two opti-
mizations are presented below.

7.1.1. Case 1

The distribution of acoustical pressure level (L) at
a height of 1.0 m in the machine room, prior to
adding acoustic board A, is illustrated in Fig. 14-(a).
To minimize the acoustical pressure level at the
receiver (RV1) using Eq. (31) and the predefined
range of design parameters shown in Table 2, an
optimization process was conducted. The results of
this optimization, considering various APSO control
parameter sets, are presented in Table 3. Table 3

showcases the outcomes obtained from trying
twenty-two sets of APSO parameters during the
optimization. Notably, the set of APSO control pa-
rameters (a, B, p, iteryay) = (0.6, 0.5, 30, 5000) yielded
the nearly optimal design data, with the lowest
acoustical pressure level (Lyrvy)) of 118.157 dB(A) at
the receiver, as indicated in the last entry of Table 3.

Similarly, by utilizing Eq. (31) in combination with
the SA optimizer, the optimal design of acoustic
board A was obtained, resulting in the lowest
acoustical pressure level (Lyrvy)) of 118.199 dB(A) at
the receiver. The optimized design data is presented
in Table 4. A comparison between the optimal
design data obtained from the APSO method and
the SA method, as displayed in Table 4, reveals that
the APSO method achieved slightly better acoustical
results compared to the SA method.

Fig. 14-(b) presents the distribution curves of the
acoustical pressure level (L,) at a height of 1.0 m in
the machine room by applying the optimal design
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Table 2. Parameter range of an one-layer sound board hybridized with an extended Helmholtz resonator. (acoustic board A).

Design parameters

RT; (m) RT, RTj; (rayls/m) RT, (m)

RT5 RT6 RT7 (m) RTS

[0.003, 0.015] [0.05, 0.3] [3000, 20,000]

[0.001, 0.003]

[0.3, 0.7] [0, 0.05] [0.005, 0.147] [0.2, 0.8]

Note: RT;_dy; RT, = ppy; RT3 = Ry; RTy = qu RTs = Dgy/Lyy; RTg = Ly/L,; RT; = dry; RTg = LL;/LyL, = 0.3; Ly = q1+Dg+L;.

Table 3. Optimal acoustical pressure level of a receiver (RV1) using a one extended HR and one-layer sound board at various APSO parameters (Case

I: acoustic board A).

Item  APSO parameters Design parameters OBJ; —
% B p iterms RT;(m) RT, RT, (raylsim) RT,(m) RT; RT, RT,(m) RT, LP&n -dB(A)

1 05 01 40 50 0.0033 232 15,482 0.0030 0.402 0.497  0.012 0.722  118.1766
2 06 01 40 50 0.0031 26.7 9856 0.0026 0.337 0.593 0.014 0.350  118.1638
3 07 01 40 50 0.0054 240 11,424 0.0019 0.309 0.334  0.006 0.591  118.1706
4 08 01 40 50 0.0030 21.5 14,750 0.0026 0.398 0.490 0.014 0577  118.1781
5 09 01 40 50 0.0038 25.0 7086 0.0026 0.524 0.441  0.004 0.577  118.1772
6 1.0 01 40 50 0.0036 19.6 11,520 0.0027 0.313 0313  0.012 0.340  118.1658
7 06 02 40 50 0.0033 16.9 12,057 0.003 0316 0368  0.002 0.530  118.1803
8 06 03 40 50 0.0030 243 12,074 0.003 0.318 0326  0.011 0.616  118.1607
9 06 04 40 50 0.0030 244 9425 0.003 0.326 0.301  0.007 0.702  118.1601
10 06 05 40 50 0.003 26.0 13,346 0.003 0.305 0.320  0.007 0.458  118.1596
11 06 06 40 50 0.003 251 13,273 0.003 0300 0.322  0.003 0.238  118.1599
12 06 07 40 50 0.003 22,7 4730 0.003 0.300 0.300 0.013 0360  118.1608
13 06 05 20 50 0.003 222 10,238 0.003 0509 0487 0.010 0.750  118.1764
14 06 05 30 50 0.003 289 13,455 0.003 0310  0.325  0.005 0.750  118.1583
15 06 05 50 50 0.003 19.1 10,456 0.003 0.304 0.319  0.009 0.477  118.1633
16 06 05 60 50 0.003 191 10,574 0.003 0.339 0.326  0.004 0.679  118.1648
17 06 05 70 50 0.003 24.7 12,583 0.003 0302 0331 0.007 0.436  118.1601
18 06 05 30 100 0.003 233 12,356 0.003 0.300 0.308  0.015 0309  118.1607
19 06 05 30 500 0.003 274 14,716 0.003 0.3 0.327 0.014 0.725  118.1590
20 06 05 30 1000 0.003 225 13,196 0.003 0.3 0.320  0.010 0.226  118.1614
21 06 05 30 2000 0.003 282 14,530 0.003 0.3 0.326  0.010 0.373  118.1586
22 06 05 30 5000  0.003 300 10,266 0.003 03 03 0.010 0434 118.157

data in a theoretical calculation, after incorporating
the acoustic board A. Additionally, the average
sound absorbing coefficient (o) for the optimal
acoustic board A is calculated and depicted in
Fig. 15. Furthermore, a comparison of the L,rv1)
spectrum at the receiver, both before and after the
integration of the acoustic board A, is illustrated in
Fig. 16.

7.1.2. Case I

Eq. (32), along with the specified range of design
parameters from Table 5, was utilized for the opti-
mization of acoustic board B. The minimization of
the acoustical pressure level (L,rv1)) at the receiver
(RV1) was performed using various APSO control
parameter sets, and the results are presented in

Table 6. It is observed from Table 6 that the L,ry1) at
the receiver is minimized to 118.144 dB(A) when the
APSO control parameters are set to (o, B, p, it€rmax)
= (0.6, 0.5, 30, 5000). Similarly, employing Eq. (32) in
conjunction with the SA optimizer, the optimal
design of acoustic board B achieves a receiver's
lowest L rv1) of 118.267 dB(A) as shown in Table 6.
A comparison between the L,rv1) results obtained
from APSO and SA methods indicates that the APSO
method yields a slightly better acoustic effect.

The resulting curves depicting the distribution of
L, at a 1.0 m above the ground inside the machine
room after integrating the acoustic board B is ob-
tained by utilizing the better design data and theo-
retical formula and shown in Fig. 14-(c). Additionally,
the total sound absorbing coefficient (a) for the

Table 4. Comparison of optimal acoustical pressure level (at a receiver RV1) for a one-layer sound board (equipped with an extended HR) Between the

APSO method and the SA method (Case I: acoustic board A).

Item Design parameters OBJ; —
LP(RT) -dB(A)
RT1 (m) RT2 RT3 (rayls/m) RT4 (m) RT5 RT5 RT7 (m) RTg
APSO 0.0033 30.0 10,266 0.003 0.3 03 0.010 0.434 118.1570
SA 0.0090 27.5 16,968 0.002 0.627 0.564 0.006 0.374 118.1988
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Fig. 16. Spectrum of acoustical pressure level (L,) at the receiver RV1
before and after the optimal one-layer sound board hybridized with one
extended Helmholtz resonator is added (acoustical board A).

optimized acoustic board B was evaluated and
depicted in Fig. 17. Furthermore, Fig. 16 illustrates
the comparison of Lyryi) spectra at the receiver
before and after integrating the acoustic board B. To
differentiate the sound attenuations between acous-
tic boards A and B, a comparison of their sound at-
tenuations is plotted in Fig. 18. It is observed from
Fig. 18 that the sound attenuation of acoustic board B
is broader compared to that of acoustic board A. As a
result, the optimal geometric data for acoustic board
A and acoustic board B have been calculated and
presented in Tables 7 and 8, respectively.

7.2. Discussion

The distribution of L, in Fig. 14-(a) and Fig. 14-(b)
shows clearly that the acoustical pressure profile in
Fig. 14-(a) is relatively uniform compared to that in
Fig. 14-(b). This observation indicates that the acoustic
board A efficiently reduces the reverberation
component, leaving only the direct part of the sound
energy. Additionally, Fig. 15 illustrates the precise
tuning of the overall averaged sound absorbing coef-
ficient (o) of the acoustical board A to the tone of
110 Hz. Furthermore, From Fig. 16, it demonstrates an
improvement of 15 dB in the L,rv1) at the receiver
when adding the acoustic board A. Similarly, the
profile of Fig. 14-(a) appears flatter than that of Fig. 14-
(c), implying an effective reduction of the reverbera-
tion component when using the acoustic board B.
Furthermore, Fig. 17 highlights the precise tuning of
the averaged sound absorption coefficient (o) of the
acoustic board B at the tone of 110 Hz. Moreover, as
indicated in Fig. 16, the L,rv1) at the receiver is
eliminated by 15 dB with the acoustic board B incor-
porated. Moreover, as illustrated in Fig. 18, the
acoustical attenuation of the acoustic board B is
broader compared to that of the acoustic board A.
Consequently, the overall noise abatement perfor-
mance in Case Il is superior to that of Case I.

Table 5. Parameter range of a two-layer sound board hybridized with an extended Helmholtz resonator. (acoustic board B).

Design parameters

RT* (m) RT,* RT5* (rayls/m) RT,* (m) RT5* (m) RTg* RT;* (rayls/m) RTg* (m)
[0.003, 0.015] [0.05, 0.3] [3000, 20,000] [0.001, 0.003] [0.003, 0.015] [0.05, 0.3] [3000, 20,000] [0.001, 0.003]
RTy* RT;o* RTy,* RT;o* RTy3* (m) RT4*

[0.3, 0.7] [0.3, 0.7] [0.3, 0.7] [0.3, 0.7] [0.002, 0.015] [0.2, 0.8]

Note: RTy*_dy; RT,* = ppy; RTs* = Ry; RT,* = qqy RTs*_dy; RTg* = ppy RT,* = Ry RTg* = qu RTo* = Lio/(Lo-Ls-Lo*(1- RT15%));
RTl()* = Dﬂ/Lkl; RT11* = DfllLk1;RT12* = L3/L0; RT13* = drl; RT14* = LL1/L3;L0 = 0.3, Lkl = Lo*(l- Rle*)* RTQ*; Lk2 = LO-L3-L0*(1-

RT15*)* RTo*; Ly = Lia-Da-qu; Ly = Lo-Ls-Lia-q2-De.
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Table 6. Optimal acoustical pressure level of a receiver RV1 using an one extended HR and two-layer sound board (Case II: acoustic board B).

item Design parameters OBJ, —
Lp(r) -dB(A)
APSO  RT{* (m) RT,*  RTs* (rayls/m) RT,* (m) RTs*(m)  RTg*  RT,* (rayls/m)  RTg* (m)  118.1440
0.0134 24.7 16,940 0.00280 0.0147 19.6 19,077 0.0024
RTo* RTy*  RTy* RTyp* RT5* (m)  RTye*
0.375 0.451 0.631 0.390 0.010 0.730
SA RT;* (m) RT,*  RTs* (rayls/m) RT#(m) RTs* (m)  RTg*  RT,* (rayls/m)  RTg* (m)  118.2670
0.0053 16.1 3220 0.00162 0.0135 25.9 8663 0.0028
RTo* RTy*  RTy* RTy* RTy5* (m)  RTy*
0.492 0.524 0.546 0.565 0.010 0.611
0.7 T T T T T T T T T Table 7. Optimal dimension for an one extended HR and one-layer

e
b @
) [

&=
o
=

Sound Absorption Coefficient

05

0»45 1 1 1 L 1 L 1 1 1
0 50 100 150 200 250 300 350 400 450 500

Frequency [Hz]

Fig. 17. Sound absorbing coefficient of an optimized two-layer sound
board hybridized with an extend Helmholtz resonator (acoustical board
B).
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Fig. 18. Spectrum of acoustical pressure level Lpry1) at the receiver
before and after the optimal two-layer sound board hybridized with one
extended Helmholtz resonator is added (acoustical board B).

sound board (Case I: acoustic board A).

d pp1 Rg qu L, dry LL; Dg
(m) (rayls/m)  (m) (m) (m) (m) x(m)
0.003 030 10265.6 0.003 0.009 0.0102 0.039 0.063

Table 8. Optimal dimension for an one extended HR and two-layer
sound board (Case II: acoustic board B).

d; PP1 Ry dq1 d; pp2 R, q2

(m) (rayls/m) (m) (m) (rayls/ (m)
mm)

0.0135 0.247 16940.2 0.003 0.015 0.196 19077.2 0.002

L; (m) Dg (m) L (m) L, (m) Dy (m) dy (m) LL; (m)

0.035 0.031 0.117 0.004 0.064 0.010 0.730

8. Conclusion

The study highlights the significant influence of
geometric parameters on the sound absorbing co-
efficient of acoustic boards A and B. To efficiently
reduce reverberant sound energy, two types of
acoustic boards were utilized: acoustic board A,
consisting of a single layer of dissipative element
and a modified Helmholtz resonator (a reactive
element), and acoustic board B, comprising two
layers of dissipative element and a modified
Helmholtz resonator (a reactive element). The depth
of the acoustic boards was limited to 0.3 m to meet
maintenance and operational requirements. To
address the limited length of the resonating tube
and cavity, a modified Helmholtz resonator was
employed, internally extending the resonating tube.
By employing acoustic boards A and B and utilizing
an APSO optimizer and SA to link OB]J; (case I) and
OBJ, (case II), the optimal design values were effi-
ciently and easily optimized within the constraints
of available space. Simulated results demonstrated
that the APSO method produced slightly superior
optimal solutions compared to the SA method. The
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importance of the four APSO parameters (o, B, p,
iteray) in achieving accurate solutions during APSO
optimization was highlighted in Table 3. Moreover,
Figs. 15 and 17 showcased the maximized sound
absorbing coefficient () at the desired frequencies.
Furthermore, the effectiveness of the acoustic
boards in reducing overall wideband noise at the
receiver was evaluated and presented in Tables 4
and 6, as well as Fig. 16. The results indicated that
the L,rv1) at the receiver decreased from 131 dB(A)
to 118.2 dB(A) around when acoustic boards A and B
were utilized, with a significant reduction in atten-
uation at 110 Hz. Additionally, Fig. 14-(a), 14-(b), and
14-(c) clearly illustrated the variation in the noise
distribution of L, inside the machine room at a
height of 1.0 m with the acoustical boards incorpo-
rated, demonstrating the effective elimination of the
reverberant component. Notably, Fig. 18 high-
lighted that acoustic board B provided a broader
spectrum of sound attenuation compared to acoustic
board A. In conclusion, the employed approach for
optimizing the design of shaped acoustical boards
within space limitations proved to be efficient,
straightforward, and highly effective in achieving
the desired acoustical performance.
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Appendix A. Four Pole Transfer Matrix of
Sound Absorber A's Dissipative Part

When considering a three-dimensional acoustic
wave propagating through a quiescent medium
enclosed by rigid rectangular partitions, as depicted
in Fig. 2, the governing equation for the wave can be
expressed in matrix form [47—50,71]:

0 )
(=)o

Using the separation of variables method, the
acoustical pressure p and acoustic particle velocity
u, are given as

(A1)

p(x.y,z,t)

S SR ) (1)

(A2)

_ 1 mmx nwy Cl,m‘neijkz'm'nz "
=k, ; nzzo:cos (T) cos (T) <+Cz,m,n€+jklm_nz) et

(A3)
where

Kk, + K

Zmn k(z) (A4)

Considering a plane wave at the fundamental
mode with (m = 0, n = 0), the wave will propagate if
the frequency satisfies the condition f <55. where h
represents the larger transverse dimension of the
rectangular partition. In the case of a one-dimen-
sional plane wave propagating perpendicular to a
uniform and partitioned section, Equations (A2) and
(A3) can be simplified as [47—50,71]:

p(Z, t) = (Ble*fkgz +Bze+jkgz)eiwt

B1 ; B2 . .
u(z,t)= (—e]k°z — ¢tk ) gt
PoCo PoCo

Taking the boundary conditions of node 1
(z = 0) and node 2 (z = L) into Eq. (A5) yields [47].

(Aba)

(o)1 31(5) 62
(o) = 0| (3) (a0
Rearranging Eq. (6) yields
cos(k,L)  jZ; sin(k,L)
<Z§> - jzllsin(koL) cos(k,L) <po€vlul) (A7)

As illustrated in Fig. 3-(a), the acoustical
impedance on the perforate front plate is derived
from the bottom wall, where the impedance value is
infinite. Within the sound field of the sound board
(dissipative unit), there are four nodes representing
the absorbing impedance. The one-layer dissipative
part consists of a “rigid-backing plate + L; thickness
of air + Dy thickness of acoustical wool + q
thickness of the perforate front plate.” As deduced
in Equation (A7) [47-50,71], which describes the
wave propagation in a quiescent medium denoted
by “m,” the general matrix form between node 1 and
node 2 can be expressed as follows:

cos(k,L)  jZ,sin (k,L)

Uy jzisin (knL)  cos(k,L) <”1
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Therefore, the matrix form of the acoustic
pressure p and the acoustic particle velocity u be-
tween node 0 and node 1 is given as:

cos(wLi/c,) jp,cosin (wLy/c,)
pl — . po
(ul ) ]-W cos(wLy/c,) (u)

(A9)
where ¢, and p, are air's sound speed and

density, and L, is the depth of the air.
Development of Eq. (A9) yields.

Z1 = —jp,Co cot(wLy / c,) (A10)

The matrix form of the acoustical pressure p
and acoustical particle velocity u with regard to
node 1 and node 2 is expressed as below:

cos (kriver1Ds1)  jZgiver1 SN (Kfiper1 Dr1)

" ]m(zft#fl) cos (kfiven D) "
‘fiberl

(Al1)
Developing Eq. (A11) yields

Z, [:&} _ ﬁbmzl CO'S (Kfiver1 Ds1) +Ziver1 Sint (Kgiper: Df1 )
Zysin (kgpert D1 ) +Ziper1 €08 (Kfiper1 D1 )
(A12)
Developing Eq. (A12) using the specific normal
impedance together with wave number which was
deduced from Delany & Bazley [72] yields

Zy= (Rﬁberl +jXﬁberl) .

cos (ki Dyy ) cosh (k12 Dyt ) }
1 [—jsin (knDj)sinh(kiaDpy) | ©

+J

Xﬁberl sin (kllDfl) cosh (k12Df1) :|
+Rgiper1 sinh (k12Dy1 ) cos (ki1 Dy )
Rﬁberl sin (kllDfl ) cosh (klZDf1>

_Xfiherl sinh (kqul ) cos (kn Df1)

qu Ce pr-)CS:|
Rier = PoCo 1+C 5 ;Xier =PoCo [C7| 5
fiberl = P [ 5<R1) } fiberl = P [7(1{1
(A13b)

where c;~cg are the material constants of the
porous acoustical wool, and R; is the acoustical
wool's acoustical flow resistance.

When sound flows into the perforated plate, it is
important to consider that the incident sound passes
through the holes of the perforated front plate and
immediately transmits to the porous material
located behind it. In this process, the particle ve-
locity is minimally reduced [47—50,71]. Based on the
characteristic of particle velocity's continuity, it can
be expressed as follows:

Uy =1U3 (A14)
Acoustic impedance yields
Ps=Zpuz +p2 (A15)

Combining Eq. (A14)~(A15), the transfer matrix
between point 2 and point 3 is given as

(=)-[s %)

Appendix B. Four Pole Transfer Matrix of
Sound Absorber B's Dissipative Part

(A16)

As shown in Fig. 3-(b), the acoustical impedance
on the perforate front plate is derived from the
bottom wall, where the impedance value is consid-
ered infinite. Within the sound board's sound field,
there are seven nodes representing the absorbing

|: —sinh (k12Df1) cos (k11Df1) :| ( Rfiberl ) |: cos (kllDfl) cosh (k-qul) |
E —jsin (k11Df1)Sinh (k12Df1) ]

+jsin (ki1 Df1 ) cosh (k12 D1 ) +j X fipert

=g oo ) et o (6

(Al3a)

impedance. The two-layer sound board (dissipative
part) consists of a “rigid-backing plate + L1 thick-
ness of air + Dy, thickness of the acoustic wool + q;
thickness of the perforate front plate + L2 thickness
of air + Dy, thickness of the acoustic wool + qa
thickness of the perforate front plate.” The matrix
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form between node 0~node 1, node 1~node 2, and
node 2~node 3 are the same as the derivation in
Appendix A. Referring to Equation (A8) in Appen-
dix A, the general matrix form between node 3 and
node 4 is given as:

cos(wLi/c,) jp,co sin (wLy/c,)

<53> B jM cos(wLy/c,) <Z§>

PoCo
(B1)
Development of Eq. (B1) yields
Z4 = —jpoCO COt(O)Lz /CD) (BZ)

The matrix form of the acoustic pressure p and
acoustic particle velocity u with regard to node 4 and
node 5 is expressed as below:

(%)=
<(%)

Developing Eq. (B3) yields

cos(ksiverDp2)  jZgiver Sint (KfiperzDya2)
]_sin (Kfiver2Dy2)

Zrivos cos (kiperzDy2)

(B3)

Z4.¢05(kfiper2Dy2) +jZiper2 sint (Kver2 D2 )
Zysin(kpper2Dp2) + Zfiperz €05 (Kfiper2Dy2)
(B4)
Developing Eq. (B4) using the specific normal
impedance and wave number which was deduced
from Delany & Bazley [72] yields

Ps
Zs|=— :Z’er
o[ =] ~Zpus

Zs= (Rﬁbe‘rZ +jXﬁber2) :

-2fion(i) o2 o4’

cos (k21Df2) cosh (k22Df2) :|
Z4 |: —jSi?’l (k21Df2)sinh (kzszz) +

+J

Xiiver2 sint (ka1 Dg2 ) cosh (k2 Dy )
JrRﬁ'berz sinh (kzszz) cos (k21 sz)
Rﬁberz sin (k21Df2) COSI’l (kzszz)

7Xﬁber2 sinh (kzszz) cos (k21Df2)

qu Ce pr-)CS:|
Rier = PoCo 1+C 5 ;Xier =PoCo [C7| 5
fiber2 = P [ 5<R2) } fiber2 = P {7(1{2
(B5b)

where c; to cg represent the material constants of the
porous acoustic wool. When sound flows into the
perforated plate, it is important to consider that the
incident sound passes through the holes of the
perforated plate and immediately transmits to the
porous material located behind it. In this process,
the particle velocity experiences minimal reduction
[47—50,71]. This can be attributed to the character-
istic of particle velocity's continuity, and it can be
expressed as follows:

Us =1Ug (B6)

Acoustic impedance yields

pg :Zp21/l5 + P5 (B7)

Combining Egs. (B6)~(B7), the transfer matrix
between point 5 and point 6 is given as

(f)=1o %) (%) ®)
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