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Abstract. In order to improve the sound insulation performance of the magnesium alloy dash
panel at medium and low frequency, the FE-SEA hybrid method was employed to numerically
calculate the sound transmission loss of the dash panel, which was subsequently compared with
the experimental result and eventually proved the feasibility of this numerical method.
Subsequently, through analysis on the modal contribution, the speed vibration modes at the natural
frequencies were extracted, and the key sound-transmission areas were identified. Through
combined considerations of both the vibration-isolating and the sound-absorbing characteristics,
the parallel periodic sound-package structure was proposed, whose basic theory was deduced by
reference to phononic crystals. Moreover, a reverberation box was designed and manufactured so
as to test the sound transmission loss of specimens with small sectional dimensions, such as the
periodic sound-package structure, and the reliability of the predicting method was simultaneously
verified. Additionally, manually weaving the parameters of the periodic sound-package structure
could maximally improve its sound insulation characteristic, and changing the traditional parallel
structure into the staggered and skewed laying manner could upgrade the vibration-isolating and
sound-absorbing effect. Finally, this noise-reducing scheme was applied to the magnesium alloy
dash panel, where in the medium and low frequency noise was rapidly optimized.

Keywords: magnesium alloy dash panel, FE-SEA hybrid method, periodic sound-package
structure, reverberation box, staggered and skewed laying, rapid optimization.

1. Introduction

Magnesium alloys, with small density, high specific stiffness and strength, as well as excellent
damping attenuation property, prove favorably suitable for vibration and noise reduction.
Consequently, some non-structural parts of automotives are increasingly being replaced by
light-weight magnesium alloys, with a successful application on the dash panel at present, which
serves as an isolating component between the engine and the operator cab, and the improvement
of its sound insulation performance exhibits a very important significance.

The finite element method (FEM) and the boundary element method (BEM) exhibit accurate
predictive capability at low frequency, but at high frequency, it will get too time-consuming,
difficult to solve and to predict with high accuracy due to the relatively large freedom degree and
intensive modals. The statistical energy analysis (SEA) method [1-3], which is based on the weak
coupling assumption and enormous amount of modal information, proves suitable for the high
frequency bands with intensive modals. For the acoustic problems arising in the use of the dash
panel at medium and low frequency, the FE-SEA hybrid method [4-5] was proposed to conduct
prediction and identify the key sound-transmission areas, which provided certain foundation for
the subsequent rapid optimization.

Traditional noise solutions exhibit obvious high-frequency noise reduction effect, nevertheless,
the attenuation extent of the medium and low frequency in the structure with distance proves
relatively weak, which results in difficulties for technology to fundamentally solve the noise
control problem of this frequency band. The research on the band gap theory of phononic crystal
provides a new thought for this problem, however, the study of phononic crystal is still at the basic
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research stage both at home and abroad [6-7], and its application has been poorly studied [8], in
particular, no paper is available about the solution to the noise problem of the automotive dash
panel. Based on the band gap mechanism, the periodic damping structure has been proposed
presently, which shows certain effect on vibration suppression, but the sound-absorbing
characteristic is ignored. Therein, Qian Dejin, etc. [9] put forward from the standpoint of vibration
suppression that changing the parallelism of the periodic vibration-isolating quality could improve
the vibration-isolating effect, additionally, Jinxiao Xiong, etc. [10] studied the application of the
periodic damping structure in the noise vibration isolation inside the car. Here, both the vibration
isolation and the sound absorption characteristics were taken into consideration, and the parallel
periodic sound-package structure was eventually proposed and its basic theory deduced, which
was staggered and skewed laid so as to improve the vibration isolation and sound absorption effect
on the basis of the thought above presented in paper [9], moreover, the parameters of the manually
woven periodic sound-package structure could maximally improve its sound insulation
performance, and then this noise reduction program was applied to the dash panel, wherein the
rapid optimization of the medium and low frequency noise was eventually realized.

2. Theory of periodic sound-package structure

The cross-sectional view of a two-dimensional periodic sound-package structure was shown
in Fig. 1, with the plate thickness as the z direction, wherein the white part was the basal material,
the blue was a crystal cell, and the gray was the structure of the laid square scatter, which was
perpendicular to the axis and periodically arranged in the Oxy plane. Therein, L, and L, were the
lattice constants in x and y direction, respectively; a and b were the length and width of the
scatter, respectively; and ab/(L,L,) was the duty cycle. Suppose that the thin plate deformed
uniformly in the thickness direction.

o

Fig. 1. Cross-sectional view of a two-dimensional periodic sound package sheet

¥

According to the boundary conditions of the upper and lower sheet surfaces, the stress-strain
relationship could be obtained as:
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wherein E is the elastic modulus, G is the shear modulus, p is the Poisson ratio, o;; is the stress
tensor (i,j =x,y,2), U, and u, are the displacement components in x and y direction,
respectively.

In accordance with the wave equation of elastic wave in crystals, the vibration equation of the
two-dimensional periodic sound package structure could be written as:

2 d
po =T D 2a)
t x y
) 0%u, _ doy, 00y,
ot? 0x dy

(2b)

The equation above differs from the xy modal equation [11-12] in the structure, wherein p is
the density.

When elastic wave propagates in the compound medium with periodically-varying elastic
coefficient, the coefficients of p, u, @ = E/(1 — u?) and B = Eu/(1 — u?) in the equation are
all periodic functions of the position r = (x, y). And for the periodicity, f(r) representing p(r),
wu(r), a(r) and B(r) could be expand as the form of two-dimensional Fourier series:

)= F(6) expliG 1), 3
G

wherein G is the reciprocal lattice vector of the reciprocal space.
As per Bloch theorem, for periodic structure, the solution to Eq. (3) is:

u(r,t) = exp(i(k cr— a)t))uk(r), 4)

wherein w is the angular frequency of the wave, k is the wave vector limited within Brillouin,
u, (r) is a function with the same period as p, u, @ and 8, which could also be expanded to be
Fourier series as the follow, i.e:

() = Y exp(iG’ 1) 1, (). )

Gl

Then Eq. (4) could be written as:
u(r,t) = exp(—iwt) Z exp(i(G' + k) " ruy,q (G). ©6)
G,
Substitute Eq. (3) and Eq. (6) into Eq. (2), and simplified as:

wZZp(G” =G uy, o
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wherein G” = G + G'. G' and G" refer to the first derivative and the second one of G.

Each primitive cell is composed of the color dispersive body and the basal body, whose
corresponding material parameters could be written as p,, a, and 4, pg, @g and S, respectively.
And then the Fourier series in Eq. (7) could be written as [11-13]:

(iF+f;(1—-F), G=0,
1= {(}A C PG, G0, ®

wherein F = ab/(L,L}) is the duty cycle of the color dispersive body, P(G) is the structural
function only associated with the cross-sectional shape of the color dispersive body, which could
be expressed as follows for the rectangular in Fig. 1:

2sin(G, L, /2) (2 sin(G, Ly /2))

9
GeLg GyLy ©)

p(a):p(

The summation in Eq. (7) is over all the reciprocal lattice vectors, for numerical calculation,
N reciprocal lattice vectors could be symmetrically selected around the origin in the reciprocal
space, and then Eq. (7) becomes an eigenvalue equation with 2Nx2N matrix elements. Just
arbitrarily give a wave vector k in the Brillouin zone, a series of characteristic frequency values
w? could be obtained, and the dispersion relationship between the wave vectors k and w could be
further gained, i.e. the band gap of the two-dimensional periodic sound-package structure.

3. Validity verification of the FE-SEA method
3.1. Sound transmission loss test of the dash panel

As could be seen from Fig. 2, the environment for the sound transmission loss test was
constituted by the reverberation chamber and the anechoic chamber, and the dash panel was fixed
to the window between the two chambers, as shown in Fig. 2(a), wherein chloroprene rubber was
employed to fill up the mounting clearance and silica gal to seal the holes in the dash panel so as
to prevent sound leakage, and meanwhile to make the dash panel keep a nearly free boundary
condition.

Microphones were respectively arranged in the reverberation chamber and the anechoic
chamber, and each measuring points in the latter were distributed on the envelope surface of the
dash panel, as shown in Fig. 2(b). The average sound pressures in the reverberation chamber and
the anechoic chamber were measured as Pi,cigent aNd Prransmission respectively, then the sound
transmission loss TL will be:

transmission

P s
TL = 20lg (M) + 10lg (5—> (10)
0

wherein S is the surface area of the dash panel, and S, is the area of the envelope surface in the
anechoic chamber.
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a) Incident sound field side b) Transmission sound field side
(the reverberation chamber) (the anechoic chamber)
Fig. 2. Sound transmission loss test of the dash panel

The dash panel of the automotive is located on the inner side of the engine cabin. Actually, the
mixed noise of the engine-radiated and other sounds incident to the dash panel after multiple
reflections is nearly reverberant field. As a consequence, an excitation of reverberant field was
applied to the incident side for the acoustic prediction of the magnesium alloy dash panel, which
proved much closer to the practical situation.

3.2. Sound transmission loss simulation of the dash panel

The dash panel with uniform thickness was eventually meshed into the FE subsystem model
in Fig. 3, which could automatically generate FE faces in software, and a reverberant field
excitation (DAF) was applied on one side of FE faces; moreover, during the simulation, it was
unnecessary to seal the steering column, the air conditioning vents and the wire harness hole [14]
of the dash panel, since DAF was defined on each FE face rather than in the space on the incident
side. A semi-infinite fluid field (SIF) [15] was defined on both sides of the model to receive the
transmitted acoustic energy. Moreover, the pulse decay method was utilized in order to improve
the prediction accuracy of the hybrid model, with the measured damping loss factor of the dash
panel shown in Fig. 4, which was then imported to calculate the sound transmission loss.
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Fig. 3. FE subsystem model Fig. 4. Damping loss factor of the dash panel

The sound transmission loss of the dash panel is written as the follow:

Wincident
TL =10lg——— (11)
8 Wout
The incident sound power of the entire dash panel is [16]:
i P2 ps
Wincidgent = €€oS = Tcg X ¢S = 4pgcy (12)

wherein P, and P, are the amplitude and the effective value of the sound pressure on the incident

© JVE INTERNATIONAL LTD. JOURNAL OF VIBROENGINEERING. AUGUST 2014. VOLUME 16, ISSUE 5. ISSN 1392-8716 21 53



1317. RAPID OPTIMIZATION OF THE SOUND INSULATION PERFORMANCE OF MAGNESIUM ALLOY DASH PANEL BASED ON PERIODIC SOUND-
PACKAGE STRUCTURE. ZHENG-Y IN DING, ZHI-YONG HAO

side, respectively, p, is the air density, ¢, is the sound velocity in the air, and S is the surface area
of the dash panel.

The sound power W,,,; on the transmission side is the sum of multiple SIF incident sound
powers.

Through the analysis above, the sound transmission loss in 1/3 frequency interval of both the
test and the simulation were eventually obtained, as shown in Fig. 5.
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Fig. 5. TL in 1/3 octave of both the test and the simulation

At medium and low frequency, the sound transmission loss of the dash panel is principally
affected by stiffness, damping, natural frequency and other boundary conditions. In the actual test,
there was damping rubber on its boundary, which may slightly increase the connection rigidity,
therefore it could not be simply simplified as free boundary in the simulation, instead, the number
of freedom degrees of the nodes was required to be repeatedly modified until it got a better fit to
the test. At high frequency, the modal density of the dash panel increased, mostly vibration modes
of local modals, when the sound transmission loss would be less influenced by boundary
conditions.

The results above indicated that the FE-SEA method proved feasible for the sound
transmission loss prediction of the dash panel.

4. Transmission path identification of the medium and low frequency sound of the dash
panel

The TL curve in 1/3 frequency interval could not accurately reflect the characteristic of the
dash panel at a certain frequency, for this, its equal-bandwidth TL curve was numerically
calculated out, as shown in Fig. 6.
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Fig. 6. Equal-bandwidth TL curve of the dash panel

As shown in Fig. 6, there existed 3 obvious sound-insulating troughs within the frequency
band below 500 Hz, i.e. 270 Hz, 380 Hz and 460 Hz, which respectively corresponded to the
natural frequencies of the dash panel. So as to verify which modals were associated, the modal
contribution of the dash panel was analyzed, wherein only the modals of 275 Hz, 382 Hz and
463 Hz were adopted for the TL calculation.
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And the obtained curve was compared with the overall TL curve, as shown in Fig. 7.

As can be seen from Fig. 7, the troughs at the 3 positions of the overall TL curve were just
contributed by the three order modals above. And then the velocity vibration modes at the three
order modals were extracted to identify the ‘key areas’ for sound transmission of the dash panel,
see Fig. 8.
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Fig. 7. Modal contribution rate curve of the dash panel Fig. 8. Key sound-transmission areas
of the dash panel

5. Research on periodic sound-package structure

It is impossible for the dash panel to satisfy the noise reduction requirements only depending
on its own structure, consequently, foam, fibers, sponge and other interior decorating materials
are often pasted on the surface. And a typical interior is usually composed of 4 layers, as shown
in Fig. 9, i.e. the magnesium alloy plate, the damping layer, the porous material layer and the
viscoelastic covering layer, wherein the porous material serves as the main sound-absorbing layer,
through the friction between the inside air and the structure, the sound wave would be converted
to heat and the damping vibration of the porous material, and the energy was dissipated, then the
noise insulating and reducing purpose could be eventually achieved.

Sheets with block-laying sound packages are generally used in noise control engineering,
which exhibits remarkable noise-reduction effect at high frequency, but basically brings about no
noise improvement at medium and low frequency, or even proves counterproductive, to solve this
problem, with reference to the researches on the band-gap mechanism of periodic structure and
the phononic crystal theory [17-19], the periodic sound-package structure was eventually
proposed, which could effectively reduce the noise at medium and low frequency, compensating
the deficiency of traditional sound package program.

Covering layer

Farous material layer
Damping layer

Magnesium alloy plate
Fig. 9. Composition of the sound package structure

The cross-sectional model of the periodic sound-package structure was shown in Fig. 9, so as
to study its acoustic properties, the magnesium alloy sheet with dimensions of
3 mmx460 mmx670 mm was selected as the base material, and the periodic sound-package
structure was laid upside, with the duty cycle of 40 %, and the period number of 8 and 5 in the
directions of x and y, respectively, whose composition included a 2 mm-thick damping layer, a
6 mm thick porous sound-absorbing layer and a 2 mm-thick covering layer. In the sound
insulation test, this specimen was too small to be conveniently fixed at the window of the
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reverberation chamber, for this reason, a reverberation box was eventually designed and
manufactured, which could be equivalent to a small reverberation chamber and exhibited a
favorable effect for tests of small specimens.

5.1. Design and test of the reverberation box

The reverberation box can be used in a limited space to produce free-scattered sound field, so
that the measured sound pressures of points in the sound field could be uniformly distributed. And
the reverberation box in this paper was self-designed and machined as per ISO [20] standard,
wherein a structure of double-layered steel plate was employed, with glass wool and air filled, and
the schematic diagram of the cross-sectional structure of the box wall was shown in Fig. 10.

]
Interior of the box
Fibrous glass wool Steel plate
ko
!I x
e i
|
Air layer
Exterior of the box
Fig. 10. Schematic diagram of the reverberation Fig. 11. Overall dimensions
box wall structure of the reverberation chamber

For reverberation chambers with volume smaller than 200 m?, in Eq. (13), V is the volume of
the reverberation chamber, and f is lower limit frequency for measurement of the reverberation
chamber, below which the measurement results can not be trusted [20], and that in Eq. (14) L, L,

[, are the dimensions in length, width and height of the reverberation chamber, respectively [21],
as shown in Fig. 11:

1
200\3
= b (13)
(@),
101
Lyl = 1:23: 43, (14)

Moreover, there exists the following relationship between the maximum length [, and the
volume V [21] in the reverberation box:

W=

lpax = 1.9 XV (15)

Through combination with Eq. (13), (14) and (15), the external dimensions of the reverberation
box was determined as 2.0 mx3.2 mx5.0 m. And the lower limiting frequency for the
reverberation box measurement was calculated as 300 Hz.

After the overall dimensions of the reverberation chamber were determined, the FE-SEA
hybrid method could be employed for the design, with the statistical energy subsystem shown in
Fig. 12.

The reverberant field excitation (DAF) was applied in the reverberation chamber in Fig. 12.
Face connections were defined between the steel plate and the air layer, the steel plate and the
sound-absorbing material layer as well as the air layer and the sound-absorbing material layer,
respectively. The sound insulation performance of the structure was calculated and optimized

21 56 © JVE INTERNATIONAL LTD. JOURNAL OF VIBROENGINEERING. AUGUST 2014. VOLUME 16, ISSUE 5. ISSN 1392-8716



1317. RAPID OPTIMIZATION OF THE SOUND INSULATION PERFORMANCE OF MAGNESIUM ALLOY DASH PANEL BASED ON PERIODIC SOUND-
PACKAGE STRUCTURE. ZHENG-YIN DING, ZHI-YONG HAO

through the statistical energy method, and each layer thickness of the composite reverberation
chamber structure was ultimately determined.

Since each surface of the reverberation chamber was flat, the reflected angle of the sound wave
was single. Even if all the surfaces are ideal rigid flat ones with quite small sound-absorption
coefficients, it is still difficult to guarantee favorable diffusion effects in each frequency band,
consequently, it proves indispensable to improve the diffusion effect of the reverberation chamber.

Installation of diffusers inside the reverberation chamber is widely employed to improve the
diffusion effect. Given the small size of the reverberation chamber, spherical cap surfaces with
different radiuses were fixed to the inner wall of the chamber to improve the sound field diffusion
effect inside, thus ensuring that sound waves in different frequencies could be favorably reflected
from different directions, and an equal sound energy density everywhere in the reverberation
chamber was eventually achieved.

Top face

Front

face

diffusers
Fig. 12. Statistical energy subsystem of the Fig. 13. FE subsystem of the reverberation chamber
reverberation chamber

Through simulation and optimization by the FE-SEA hybrid method, the chamber shape and
the number and installation location of the diffusers were ultimately determined. Two unit point
sound sources were applied at the opposite corners of the simulation model, and the chamber was
equipped with enclosed rigid surfaces.

The FE subsystem which was also the inner of the reverberation was shown in Fig. 13, wherein
the recessed parts were all diffusers, which were installed on three adjacent surfaces, i.e. the
bottom, the side and the front of the inner chamber. And the sizes and number of the diffusers will
be determined according to the optimization result.

The reverberation time and the sound field uniformity of the reverberation box were checked
to verify the qualification for the test.

The so-called reverberation time refers to the time required for the sound pressure level to
decrease by 60 dB from the steady state when the sound source is interrupted after reaching a
steady sound field. And the frequency series in Table 1 were tested to measure the reverberation
time of the reverberation box.

Table 1. Reverberation time of the reverberation box

Frequency / Hz | Reverberation time /s | Frequency / Hz | Reverberation time / s
200 2.15 1000 2.25
250 2.20 1250 2.15
315 2.00 1600 2.25
400 2.25 2000 2.20
500 2.15 2500 2.20
630 2.20 3150 2.15
800 2.30 4000 2.25

As could be seen from Table 1, the reverberation box had a longer reverberation time at each
frequency, which satisfied the test requirement.
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In order to verify the uniformity of the sound field distribution in the reverberation box, the
sound pressure results measured by 3 microphones in the reverberation box were compared. And
they were tested simultaneously for twice (case 1 and case 2) to avoid result contingencies, as
shown in Fig. 14.

The distributions of the sound pressure levels in the reverberation box were shown in Fig. 14,
from which we could obtain that under the same case, the sound pressure levels measured by 3
microphones differed from each other no more than 3 dB; while under different cases, the
maximum sound pressure level difference was only 4 dB, occurring below 300 Hz, which was
smaller than the lower limiting frequency of the reverberation box; moreover, the sound pressure
levels all exceeded 90 dB in the frequency band above 250 Hz, indicating that white noise of 1 Pa
was produced, and the sound field in the reverberation box was homogeneously distributed, which
proved favorably suitable for the generation of reverberation excitation. Also, the lower limiting
frequency calculated according to equations was demonstrated too conservative.

110 +

105 -
100 1
@ 95 - —e—case sensor1
S 90 | —s—case1 sensor2
% 85 | —s—case1 sensor3
—x— case2 sensor1
801 —%— case2 sensor2
75 1 —e— case2 sensor3
70 T T

100 160 250 400 630 1000 1600 2500 4000
Frequency/Hz
Fig. 14. Sound pressures measured by 3 measuring points in 1/3 octave

Place the reverberation box in the semi-anechoic chamber and fix the magnesium alloy sheet
laid with periodic sound-package structure at its window, subsequently, measure the sound
transmission loss and compare it with the simulation result by FE-SEA hybrid method, as shown
in Fig. 15.

Fig. 15 presented that the simulation and test results showed favorable consistency throughout
the whole frequency band, which demonstrated that the FE-SEA hybrid method was practically
feasible to predict the sound transmission loss of the magnesium alloy sheet laid with periodic
sound-package structure.

50 -
m
o
@ 40
(2}
S >~
< 30 A
g 20 17 Experiment
E ------- Simulation
S 10+
=
0 . . . T T T
100 500 900 1300 1700 2100 2500

Frequency/Hz
Fig. 15. Sound transmission loss comparison between the simulation and experiment

5.2. Advantages of the periodic sound-package structure

The sound transmission loss of the bared panel, big block sound package structure and periodic
sound-package structure were numerically calculated, respectively, as shown in Fig. 16.
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Bared plate

N A Big block sound package

Transmission Loss/dB
N
o

—o— Period sound package
0+ T T T T
100 500 900 1300 1700
Frequency/Hz

Fig. 16. Sound transmission loss comparison of different sound package structures

2100 2500

It was shown in Fig. 16 that the big block package structure brought about great improvement
to the peaks of the sound transmission loss corresponding to each orders of modal at high
frequency, nevertheless, it exhibited a negative effect on it within the medium and low frequency;
While in the case of equal total laying area of sound package structure, the periodic structure
improved the sound transmission loss to some extent within the medium and low band gaps, and
exhibited some effect on the vibration isolation and sound absorption in other frequency bands.

5.3. Laying duty cycle

Maintain the period numbers of the periodic sound-package structure in x and y direction
fixed, and change its duty cycle, and then observe the sound transmission loss variations, with the
results shown in Fig. 17.

As could be seen from Fig. 17, within the whole frequency band under analysis, the sound
transmission loss of the structure dramatically increased with the increasing duty cycle, since the
duty cycle changes would result in varying overall stiffness. As a consequence, for periodic sound-
package structure, appropriate increase in the duty cycle exhibits a prominent role to the radiated
noise reduction of the structure.

N
o
|

w
o
L

Duty cycle is 20%

....... Duty cycle is 30%

=
o
L

Transmission Loss/dB
N
o

—e— Duty cycle is 40%

o

100 500 900 1300 1700 2100 2500
Frequency/Hz
Fig. 17. Sound transmission loss under different duty cycles

5.4. Laying period number

Keep the duty cycle of the periodic sound-package structure to be 40 %, and the period number
in y direction to be 5, and then change the period number in x direction from 6 to 10, with the step
length of 2, as a result, the sound transmission loss of 3 cases were shown in Fig. 18.

Fig. 18 showed that as the period number in x direction increased, the sound transmission loss
of the structure exhibited non-linear variations. Concretely, when the period number in x direction
was smaller than 8, the sound transmission loss would increase with the increasing period number;
otherwise, it would decrease with the increasing period number, because the spacing of the
structure was too small to reflect the characteristics of periodic structure. Thus, in practical
applications, the period number of the structure shall be reasonably selected, so as to maximally
improve the sound insulating performance.

© JVE INTERNATIONAL LTD. JOURNAL OF VIBROENGINEERING. AUGUST 2014. VOLUME 16, ISSUE 5. ISSN 1392-8716 21 59



1317. RAPID OPTIMIZATION OF THE SOUND INSULATION PERFORMANCE OF MAGNESIUM ALLOY DASH PANEL BASED ON PERIODIC SOUND-
PACKAGE STRUCTURE. ZHENG-Y IN DING, ZHI-YONG HAO

40 -
m
o
@ 30 A
o
-
C Pl
8 4 Period number is 6 in x direction
% w0l Period number is 8 in x direction
@ ]
S ——o—Period number is 10 in x direction
0 T T T

100 500 900 1300 1700 2100 2500
Frequency/Hz

Fig. 18. Sound transmission loss under different period numbers

The studies above were all based on parallel periodic sound-package structures, and the

influence of the staggered-and-skewed laying manner on the sound transmission loss needs to be
discussed.

5.5. Staggered-and-skewed laying

The laying models of the periodic sound-package structures were shown in Fig. 19. Therein,
Laying mode 1 was consistent with the parallel structure above; Laying mode 2 entirely skewed
for a certain angle 6 on the basis of Laying mode 1; and in Laying mode 3, each structure had the
same included angle 0.5 with the traditionally vertical direction, and the included angle between
two adjacent sound package structures was 6. And then the sound transmission loss under the
three laying modes was respectively calculated out, as shown in Fig. 20.

diy I

a) Laying mode 1 b) Laying mode 2 ¢) Laying mode 3
Fig. 19. Schematic program of 3 laying modes
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Fig. 20. Sound transmission loss under 3 laying modes

As could be seen from Fig. 20, Laying mode 3 exhibited the best sound-insulating effect at
500 Hz or less, and moreover, the sound transmission loss curve under Laying mode 3 proved
gentler than those under the other two, and it was also helpful to improve the sound quality.

5.6. Laying included angle

On the basis of laying mode 3, the influence of the included angle 6 between two adjacent
structures on the sound transmission loss was discussed, with the model shown in Fig. 21, wherein
0 was changed from 0° to 30° with the step length of 10°, with the sound transmission loss
comparison under various cases shown in Fig. 22.
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Fig. 21. Schematic program of the laying included Fig. 22. Sound transmission loss under the different
angle between two adjacent structures laying included angles

As shown in Fig. 22, in the frequency bands of 100-500 Hz and 1500-2300 Hz, the sound
transmission loss generally tended to increase with the increasing laying included angle; while in
other frequency range, the variation exhibited relatively disordered. In order to deeply research
into the continuously varying trend of the sound transmission loss with the laying included angle,
the total sound transmission loss under each case was calculated from 0° to 30° with step length
of 5°, and after interpolation fitting, the varying curve of the total sound transmission loss with
the included angle was eventually shown in Fig. 23.

As could be seen from Fig. 21, when 8 = 0°-15°, the sound transmission loss generally
increased with the increasing included angle, and its maximum 28.5 dB emerged, however, certain
peaks and troughs occurred at some angles; when 8 = 15°-25°, the sound transmission loss
decreased as the included angle increased, with its minimum of 24.9 dB; and when 8 = 25°-35°,
the sound transmission loss positively correlated with the included angle. As a consequence, in
practical engineering, the declination angle of the periodic sound-package structure shall be
reasonably arranged according to the actual case, so as to maximally improve the sound insulation
performance of the entire structure.
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Fig. 23. Varying curve of the total sound transmission loss with the included angle 8

6. Rapid optimization on sound transmission loss of dash panel

The staggered and skewed periodic sound-package structure with included angle 8 = 15° was
applied to the key sound-transmission areas shown in Fig. 8, with the results shown in Fig. 24,
wherein the vibration was significantly inhibited, and the comparison between the sound
transmission loss before and after optimization was shown in Fig. 25.

As shown in Fig. 25, the transmission loss at the three sound-insulating troughs of 270 Hz,
380 Hz and 460 Hz were significantly improved, and meanwhile, those within other frequency
bands also increased by about 2 dB, moreover, the sound-insulating curve got much gentler on the
whole and the sound quality was upgraded, which verified the feasibility of the design of the
periodic sound-package structure. The FE-SEA hybrid method was employed in the modeling and
solution, whose calculation speed proved much faster than that of the structure-sound coupling
method, with the solution time ratio of 1:4, consequently, it was called ‘rapid optimization’.
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7. Conclusions

1) Based on the researches on the band gap mechanism of periodic structures and phononic
crystals, the fundamental theory of two-dimensional periodic sound packaging structure was
eventually deduced.

2) The sound-insulating prediction model of the magnesium alloy dash panel at medium and
low frequency was established through employment of the FE-SEA hybrid method, which was
then compared with the test result, verifying the feasibility of the prediction model and providing
certain guarantee for subsequent analysis.

3) Modal contribution analysis of the sound-insulating troughs was conducted, and the key
involving modals were eventually found out. Moreover, the speed vibration modes were extracted,
from which the sound transmission path of the dash panel was identified, providing a foundation
for the application of periodic sound-package structure.

4) So as to accurately and efficiently measure the sound transmission loss of plates with
periodic sound-package structure, a reverberation box was self-designed and manufactured, which
compensated for the deficiencies of reverberation chamber in small specimen tests, and meanwhile
verified the feasibility of the FE-SEA hybrid method in the sound insulation prediction of the
periodic sound-package structure.

5) Sheets laid with periodic sound package structure could generate band gaps at low frequency,
within which the sound transmission loss would be obviously higher than that of traditional sound
package program with the same area; additionally, the parameters of the laying duty cycle and the
period number, etc, would affect the sound-insulating performance of the periodic structure,
consequently, the corresponding parameters of the periodic sound-package structure could be manually
woven according to actual case, so that the sound insulation could achieve greater improvement.

6) The staggered and skewed laying mode of the periodic sound-package structure proved
superior to the parallel one in improving the sound insulation of thin plates. There exists an optimal
laying angle between two adjacent skewed structures which could maximally minimize the
radiated noise of thin plates.

7) The staggered and skewed periodic sound-package structure was applied to the magnesium
alloy dash panel, wherein the key sound-transmission areas were considerably inhibited and the
sound transmission loss at the sound insulation troughs were significantly improved, besides, the
sound transmission loss in other frequency bands were also increased by 2 dB or so, and the sound
insulation curve generally got much gentler, which demonstrated the feasibility of the design of
the periodic sound-package structure.
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