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Abstract

:

A hybrid method incorporating the simulations of noise sources with delayed detached eddy simulation (DDES) and calculations of far-field noise with the Ffowcs Williams–Hawkings (FW-H) equation is used to study the suppression technique for the aerodynamic noise of a Faiveley CX-PG pantograph. Considering that China’s Fuxing bullet trains operate at 350 km/h, the inflow velocity of 350 km/h is applied in this paper. The noise radiated from the panhead area, middle area, and bottom area at an inflow velocity of 350 km/h is distinguished. The noise intensities at the standard observer show that the noise radiated from the panhead area is the strongest, and the sound pressure level spectrum value is larger than the other two in the range above 500 Hz. The influence of applying the wavy rods and modifying the contact strip shape on the aerodynamic noise is discussed in detail. By comparing the acoustic source distribution and the far-field noise intensity, it is found that applying the wavy rods can effectively reduce the panhead noise, especially around the peak frequency. Modifying the shape of the contact strip to a hexagon can suppress the vortex shedding, leading to a lower surface pressure level. Combining the strip modification and wavy rods, the total noise intensity can be diminished by about 3.0 dB.
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1. Introduction


Aerodynamic noise and rolling noise are the two prominent noises radiating from high-speed trains [1]. The sound power of aerodynamic noise increases with flow speed U at a rate of U6–U8 [2,3], while the sound power of rolling noise increases at a rate of three power of the train speed [4]. With the increase of train speed, the proportion of aerodynamic noise in the overall noise gradually increases. When the train speed reaches or exceeds 300 km/h, aerodynamic noise will become predominant in the train noise [5]. In order to alleviate the adverse effects of high-speed train noise on the surrounding environment and passenger comfort, it is necessary to develop aerodynamic noise suppression technique.



The aerodynamic noise of high-speed trains includes a variety of noise sources, and the noise strength is related to the shape of the train and the structure of its components. In particular, the pantograph noise is a key component of the aerodynamic noise of high-speed trains [1,5,6]. Considering that the pantograph is located on the top of the train, the conventional noise barrier for the train body noise cannot effectively reduce the pantograph noise because of the low height [4]. Some studies have been carried out on the pantograph noise based on vehicle tests, wind tunnel experiments, and numerical simulations. Ikeda and Takaishi [7] studied the Aeolian tone suppression mechanism of a perforated pantograph horn and found that the Aeolian tone intensity can be reduced by the periodic holes. By applying porous materials to cover the pantograph surface, Sueki et al. [8] confirmed that the porous materials could decrease the pantograph noise. Kurita et al. [9] developed more effective shape of noise insulation plates to design low-noise pantographs, of which the noise level can be diminished by more than 2 dB. Recently, Guo et al. [10] studied three aerodynamic noise reduction measures of opening, slotting, and airfoil. The results show that the open arms and the airfoil bow head can reduce the aerodynamic noise to over 1.0 dBA.



The pantograph noise generation is mainly due to vortex shedding around the rods of the pantograph (such as the arm frame and the contact strip), which has been quite well understood [11]. Aiming to delay flow separation and weaken vortex shedding strength, some active means and passive approaches have been developed, such as introducing plasma actuator [12], adding bio-inspired serrations [13] or cables [14]. Recently, the wavy rod has attracted the attention of researchers, and a series of studies have been performed. Zhang et al. [15] studied the three-dimensional vortex characteristics behind the wavy cylinders at a subcritical Reynolds number and found that the boundary layer separation is delayed markedly with increasing wave amplitude. Bai et al. [16] investigated the influence of wavelength and wave amplitude on the capability of noise suppression. It is observed that the wavy cylinder with optimum wavelength and wave amplitude can reduce the peak value of sound pressure level up to 36.7 dB. Chen et al. [17] studied the noise control mechanisms with the wavy cylinder at different Reynolds numbers, and it was found that the boundary vorticity flux and boundary enstrophy flux are also remarkably weakened.



Basically, the previous research about the wavy rod mainly focused on the noise radiated from a cylinder. Nevertheless, the pantograph consists of many parts, which considerably complicates the composite noises. Meanwhile, the surface of the wavy rod also impacts the pantograph noise, which is insufficiently considered. In this paper, we apply the wavy rod to the pantograph and analyze the influence of the wavy surface on the pantograph noise. Additionally, the contact strip shape modification is conducted to study the suppression of the pantograph noise.



As for the organization of this paper, we first introduce the geometry of the pantograph and the grid. Then, the computational methods are described in Section 3. Next, the simulation results are presented, including the flowfield and the far-field noise. The influence of wavy rods and contact strip modification on the acoustic sources and noise are discussed. Conclusions are summarized in the final section.




2. Geometry Description


The research object is a Faiveley CX-PG pantograph, and the configuration is shown in Figure 1a. It can be classified into three areas: the panhead area, middle area, and bottom area. These three areas are identified by different colors in Figure 1a. The rods on the panhead and middle areas play an important part in generating the aerodynamic noise by inducing the separation flow and the vortex shedding. In order to study the capability of the sinusoidal wavy rod to reduce aerodynamic noise, the noise radiated from a pantograph of the wavy surface is simulated and analyzed. Figure 1b shows the configuration of the wavy rod model. The diameter of the wavy rod D is a function of the spanwise coordinate z, and it is given by


  D  z  =  D ori  − 0.1  D ori  · cos  2 π  z  5  D ori      



(1)




where    D ori   ( z )    is the diameter of the original model. According to the previous study [16], the optimum wavelength of about   5  D ori    can reduce the noise of the cylinder the most. Hence, the wavelength of   5  D ori    is applied in Equation (1). Moreover, the optimization design of the contact strip is considered to reduce the pantograph noise further. As shown in Figure 1c, the leading and trailing edges of the rectangular contact strip are modified into an equilateral triangle to weaken the vortex shedding.



The flow of 350 km/h is simulated and the freestream conditions are listed in Table 1. Figure 2 shows the computational domain used in this study. The size of the domain is   50 × 15 × 7.5   m, and the pantograph model is located laterally symmetrically at about 15 m downstream of the inlet. The boundary conditions of the computational domain are given in Table 2.



The unstructured grid applied for the current simulations is displayed in Figure 3. The pantograph surface is divided into the triangular mesh with a grid scale of (3–5) mm to capture the structure. The grid is clustered in the near pantograph surface, and the thickness of the first layer of the boundary layer is   5 ×  10  − 6     m. Figure 4 presents the distribution of   y +  , which indicates that it is close to 1, and the average value equals 0.47. The total grid number is approximately 35 million. By reducing the grid size near the pantograph, a finer grid of 43 million cells has been applied to verify grid independence.




3. Computational Methods


3.1. Delay Detached Eddy Simulation


Delayed detached eddy simulation (DDES) has been widely used in turbulence and aeroacoustic simulations [18,19,20], which is employed to compute the flowfield and the acoustic source in this paper. The current DDES simulations are based on the Realizable   k − ϵ   model, written as follows [21]:


         ∂ ρ k   ∂ t   +   ∂ ρ k  u j    ∂  x j    =  ∂  ∂  x j      μ +   μ t   σ k      ∂ k   ∂  x j     +  μ t    S  2  −   ρ   k   1.5     l DDES   − 2 ρ ε  M  t  2            ∂ ρ ε   ∂ t   +   ∂ ρ ε  u j    ∂  x j    =  ∂  ∂  x j      μ +   μ t   σ ε      ∂ ε   ∂  x j     +  C 1  ρ S ε −  C 2  ρ    ε  2   k +   ν ε           



(2)




where   M t   is the turbulent Mach number. The model constants   C 2  ,   σ k  , and   σ ε   are 1.9, 1.0, and 1.2, respectively. The quantity   C 1   is computed from


   C 1  = max  0.43 ,  η  η + 5    , η = S  k ε  , S =   2  S  i j    S  i j      



(3)







The length scale   l DDES   is defined as


   l DDES  =  l  R k ε   −  f d  max  0 ,  l  R k ε   −  l LES   ,  l  R k ε   =    k   1.5   ε  ,  l LES  =  C DDES   Δ max   



(4)




where the constant   C DDES   equals 0.61.   Δ max   is the maximum grid spacing,    Δ max  = max  (  Δ x  ,  Δ y  ,  Δ z  )   . The shielding function   f d   is given by


   f d  = 1 − tanh     20  r d    3   ,  r d  =    ν t  + ν      U  i , j    U  i , j       κ  2    d  2    , κ = 0.41  



(5)







The equations are solved using ANSYS fluent. With respect to the numerical methods, the Roe scheme is used for the convective flux, and the second-order discretization is applied for the flow equations and the turbulence transport equations. The time advancement is performed with a second-order time integration scheme. The time step   Δ t = 5 ×  10  − 5     s is used in the simulations, and 4000 time steps are calculated to obtain the acoustic source information.




3.2. Ffowcs Williams–Hawkings Equation


Considering the high computational cost of noise propagation, the far-field noise evaluation is performed using the Ffowcs Williams–Hawkings (FW-H) equation [22]. In this work, the pantograph surface is defined as the FW-H surface. Since the flow is low subsonic, the contribution of the Lighthill stress tensor is small, and the volume integral of the FW-H equation is omitted. Thus, the sound pressure at the far-field can be written as the sum of thickness term and loading term:


   p ′   x , t  = p     ′   T   x , t  + p     ′   L   x , t   



(6)




where


     4 π p     ′   T   x , t  =  ∫  f = 0          ρ a    U ˙  i   n i    r    1 −  M r    2    +    ρ a   U n    r i  r    M ˙  i    r    1 −  M r    3      τ =  τ e    d S  +  ∫  f = 0          ρ a   U n   c a    M r  −   M  2       r  2     1 −  M r    3      τ =  τ e    d S      



(7)






     4 π p     ′   L   x , t  =  ∫  f = 0           L ˙  i    r i  r     c a  r    1 −  M r    2    +    L i    r i  r  ·   r i  r    M ˙  i     c a  r    1 −  M r    3      τ =  τ e    d S  +  ∫  f = 0          L i    r i  r  ·   M r  −   M  2       r  2     1 −  M r    3    +    L i    r i  r  −  L i   M i      r  2     1 −  M r    2      τ =  τ e    d S      



(8)




The subscript a denotes the quantities of the surrounding medium. The surface   f = 0   corresponds to the source surface. r and   r i   represent the magnitude and the direction of the vector from the source surface to the observer  x , respectively. The quantities   U i  ,   M i  ,   M r  , and   L i   are given by


        U i  =  1 −  ρ  ρ a     v i  +   ρ  u i    ρ a            M i  =   v i   c a            M r  =  M i    r i  r           L i  =   p ′   δ  i j   −  σ  i j     n j  + ρ  u i   u n        



(9)







In order to take into account that the sound reflects on the ground, an additional observer is arranged in the mirror position. The sound pressure at the two observer points is calculated by Equations (6)–(8), and the obtained time-domain signals are superimposed to obtain the sound pressure with considering the ground effect.




3.3. Numerical Validation


A simulation of cylinder noise is conducted to verify the hybrid method of simulating noise by combining DDES with the FW-H equation. The diameter of the cylinder is D = 19 mm. The inflow velocity is 69.19 m/s, and the Reynolds number based on the diameter is approximately 90,000. The free-stream condition is similar to that in Refs. [19,23]. The grid is clustered in the cylinder surface, and the value of   y +   is close to 1.



Figure 5 shows the instantaneous contour of spanwise vorticity. The boundary layer separates at the lateral sides of the cylinder and generates the shear layer, which rolls up to form the vortex street structure. The vortex shedding causes unsteady force and generates aerodynamic noise. A standard observer is arranged at   ( 0 , 128 D , 0 )  . Table 3 compares the maximum value of sound pressure level   SPL  m a x    and corresponding Strouhal number   S  t p   . It indicates that the present hybrid method can simulate the noise intensity and capture the dominant frequency.





4. Results and Discussion


4.1. Flowfield and Acoustic Source of the Original Model


Turbulent eddies are an important flow structure for the noise generation. They evolve gradually along the flow direction. Figure 6 provides the instantaneous iso-surface of the Q-criterion, which is colored by the velocity magnitude. As can be seen, eddies generated by the panhead are small and they are elongated in the x direction when flowing downstream. The air flowing through the bottom area of the pantograph produces the large-scale eddies, of which the position increases as they flow downstream. The large-scale eddies merge with eddies in the wake of the middle area and the panhead area.



Figure 7 demonstrates the instantaneous contour of the pressure fluctuation, which is non-dimensionalized by the freestream pressure. The noise radiated from the panhead area of the pantograph is transparent, and the wave front is approximately circular and the directivity is nearly uniform. The middle and bottom areas also radiate out noise, but the noise amplitude is too low to be distinguishable. In the downstream of the pantograph, eddies in the wake lead to the hydrodynamic pressure fluctuations propagating downstream rather than the sound wave.



Based on the time history of the surface pressure, the dimensional power spectral density (PSD) values of the pressure time derivative can be calculated. Then, the surface pressure level (SPL) for the 1/3 octaves   f c   is provided as follows:


  SPL   f c   = 10 ·  log 10    PSD   f c     p  ref  2   ,  p ref  = 2 ×   10   − 5   Pa  



(10)




The contour of SPL on the pantograph surface at different frequencies is displayed in Figure 8. It indicates that the acoustic source of high-frequency noise is mainly concentrated in the panhead area, while the low-frequency noise is radiated from the middle and bottom areas of the pantograph. This acoustic source distribution is consistent with the eddy scales illustrated in Figure 6.




4.2. Far-Field Noise of the Original Model


In order to study the far-field noise radiated from the original model, a standard observer point is selected, and its coordinates are (0, 25, 3.5) m. The time history of the sound wave is divided into three parts, namely the noise radiated from the panhead, middle, and bottom areas. Figure 9 compares the overall sound pressure level (OASPL) of the noise radiated from different parts, and the OASPL values are 105.12 dB, 103.29 dB, 94.61 dB, and 98.87 dB, respectively. It is found that the noise intensity of the panhead area is obviously higher than the other two parts, which is consistent with the qualitative analysis based on the pressure fluctuation contour shown in Figure 7. In addition, the far-field noise is also calculated using a finer grid of 43 million cells. The OASPL value of the noise radiated from all parts is 104.99 dB, indicating that the grid independence is well satisfied.



Furthermore, the A-weighted sound pressure level spectra (A-weighted SPL) of noise radiated from different parts are presented in Figure 10. The peak frequency   f p   of the total noise is 630 Hz, and the characteristic length scale L according to Aeolian tone characteristic is


  L =   S t  U ∞    f p   =   0.2 × 350 / 3.6  630  = 0.031  m  



(11)




The value is close to the result in Ref. [24]. By comparing the contribution of different parts to the total noise, it is found that the noise radiated from the middle area is close to that of the bottom area, apart from the peak frequency of the former being lower than that of the latter. In the high-frequency range (  f >  f p   ), the spectrum value of noise radiated from the panhead area is larger than the noise radiated from the middle and bottom areas. However, the noise radiated from the panhead area is weaker than that from the other two parts in the low-frequency range (  f <  f p   ).




4.3. Influence of Wavy Rods on the Aerodynamic Noise


According to the previous research [15], the boundary layer separation of the wavy cylinder is markedly delayed and the noise intensity can be suppressed. In order to study the influence of wavy rods on the aerodynamic noise of the pantograph, the surface pressure level is firstly compared in Figure 11. Through modifying the cross bar surface, the value of the pressure time derivative is obviously decreased, as marked by an ellipse. Applying the wavy rods can also reduce the acoustic source in the middle area, but the reduction magnitude is relatively small, such as in the lower arm frame.



Next, the values of OASPL at the standard observer are quantitatively compared in Figure 12. The components of the bottom area remain the same, so the corresponding noise intensity is not displayed. As shown in Figure 12, the noise generated by the middle area of the wavy rod model is slightly weaker than that of the original model, and the difference is about 0.6 dB. Then, we focus on the noise radiated from the panhead area of the two models. The difference between the two models is 2.4 dB, and the results suggest that applying the wavy rods can diminish the panhead noise intensity. Furthermore, the change of A-weighted SPL at different frequency ranges is studied. The data in Figure 13 reveals that the panhead noise suppression is mainly concentrated around the peak frequency, from 560 Hz to 3600 Hz. Nevertheless, the noise intensity in the higher frequency range (  f >   3600 Hz) is strengthened.




4.4. Influence of Contact Strip Modification on the Aerodynamic Noise


Apart from the cross bar, the contact strip plays a key role in the panhead noise. The rectangular contact strip of the original model can induce strong vortex shedding, resulting in a high level of turbulent kinetic energy (TKE), as depicted in Figure 14. To weaken the vortex shedding, we modify the shape of the contact strip to a hexagon. The distribution of TKE reveals that the unsteady flow around the trip is suppressed. Figure 15 shows the surface pressure level of the hexagonal strip model, and it can be found that the pressure time derivative of the contact strip is decreased, which means that the sound wave generated by the contact strip is alleviated.



Then, the OASPL value at the standard observer is calculated, and Figure 16 presents the values of the original model and hexagonal strip model. The OASPL values of noise radiated from the panhead and middle areas of the hexagonal strip model are 97.77 dB and 93.95 dB, respectively, which suggests that modifying the contact strip can further decrease the panhead noise intensity up to 5.52 dB. The OASPL value of total noise is reduced from 105.12 dB to 102.18 dB accordingly. Moreover, Figure 17 compares the A-weighted SPL between the wavy rod model and the hexagonal strip model. It is evident that the noise intensity in the high-frequency range (f > 500 Hz) is all weakened, which is consistent with the surface pressure level reduction at   f c   = 2 kHz given in Figure 15. In addition, the value of A-weighted SPL at f = 315 Hz is increased slightly.





5. Conclusions


In this paper, we studied the feasibility of applying the wavy rods to reduce the aerodynamic noise of a Faiveley CX-PG pantograph based on a hybrid method. The influence of contact strip modification on aerodynamic noise was also studied. The effect of the above noise suppression techniques on the acoustic source intensity and the noise magnitude at different frequencies was explored in detail. The main conclusions drawn in this work are as follows:




	
The panhead area is a primary acoustic source, of which the noise is stronger than that of the middle and bottom areas at an inflow velocity of 350 km/h. The sound energy of the panhead noise is concentrated in the high-frequency range (f > 500 Hz).



	
Applying the wavy rods to change the cross bar surface can effectively reduce the panhead noise, especially the sound energy around the peak frequency. However, changing the arm surface has little effect on weakening the noise radiated out from the middle area.



	
Modifying the shape of the contact strip to a hexagon can suppress the vortex shedding and decrease the surface pressure level. By combining the modification of the strip shape and the application of the wavy rods, the panhead noise intensity can be diminished by 5.52 dB.








It can be concluded that applying the wavy rods and modifying the contact strip shape are effective ways to reduce the aerodynamic noise of the pantograph.
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Figure 1. Schematic diagram of the three pantograph models: (a) original model; (b) wavy rod model; (c) hexagonal strip model. 
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Figure 2. Computational domain. 
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Figure 3. Computational grid on the pantograph surface. 
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Figure 4. Distribution of   y +   on the pantograph surface. 
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Figure 5. Instantaneous contour of spanwise vorticity   ω z  . 
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Figure 6. Instantaneous snapshot of eddies extracted by the Q-criterion (  Q =  10 4   s  − 2    ) and colored by the velocity magnitude. 
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Figure 7. Instantaneous contour of the non-dimensionalized pressure fluctuation   p ′ /  p ∞  × 100   on the symmetric surface (  y = 0  ). 
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Figure 8. Contour of the surface pressure level on the pantograph surface: (a)   f c   = 2 kHz; (b)   f c   = 250 Hz. 
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Figure 9. Comparisons of overall sound pressure level between different noise parts. 
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Figure 10. A-weighted sound pressure level spectra of noise radiated from different parts of the pantograph. 
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Figure 11. Contour of the surface pressure level at   f c   = 2 kHz: (a) original model; (b) wavy rod model. 
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Figure 12. Comparison of overall sound pressure level between the original model and wavy rod model. 
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Figure 13. A-weighted sound pressure level spectra of noise radiated from the panhead of the original model and wavy rod model. 
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Figure 14. Contour of non-dimensionalized turbulent kinetic energy (TKE): (a) original model; (b) hexagonal strip model. 
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Figure 15. Contour of the surface pressure level at   f c   = 2 kHz of the hexagonal strip model. 
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Figure 16. Comparison of the overall sound pressure level between the original model and hexagonal strip model. 
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Figure 17. A-weighted sound pressure level spectra of noise radiated from the panhead of the wavy rod model and hexagonal strip model. 
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Table 1. Details of the freestream conditions.
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	   U ∞    (km/h)
	   ρ ∞    (kg/m3)
	   T ∞    (K)





	350
	1.225
	288.15
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Table 2. Boundary conditions of the computational domain.
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	Velocity Inlet
	Symmetry
	Pressure Outlet
	Wall





	Face ABCD
	Face AEHD, BFGC, CGHD
	Face EFGH
	Face ABFE
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Table 3. Comparison between the present and previous results.






Table 3. Comparison between the present and previous results.





	 
	Present
	Tan et al. [19]
	Li et al. [23]





	   SPL  m a x    
	99.61
	100.67
	98.76



	   S  t p    
	0.194
	0.201
	0.179
















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2022 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file13.jpg
375

) [l m
PIPX100 27205 05 0402 0 02 04 06 08 1
25F
£ v
5 ~
Rl
1258 ’
L L <
03 -2 -1






media/file4.png





media/file30.png
z

<

SPL B T [ TF

fe=2kHz ¢ g7 94 101 108 115 122 129 136 143 150






media/file18.png
120

o
S
O

OASPL (dB)

60

o0
-

all parts panhead muddle
aera aera

bottom
aera






media/file21.jpg
AW\





media/file26.png
original
- - - - wavy rod

10°

120

]
-
-
—

(Vdp) 1dS paysom-y

/ (Hz)





media/file27.jpg
- e
e — 4
166 ' " 166)

P

o

09





media/file3.jpg





media/file22.png
4

80 87 94 101 108 115 122 129 136 143 150 ‘
Y
X

(a) SPLfc=2kHZ

4

80 87 94 101108 115122 129 136 143 150 ‘
Y
X

(b) SPLfcszHZ






media/file19.jpg
120

® 2
g 3
T T

A-weighted SPL (dBA)
>
3

10*





media/file7.jpg
N
Y 004081216 2






media/file28.png
Z (m)

1.75 i 1.75 i
e | =

172 1721
1.69 B /.\1.69 B

g |

N |
1.66 & 1.66 B
163§ 163

1.6 I \ : : : : . . ‘ . ! : ‘ : ' l . . . J 1.6 i I J J | ] | | | | ] | | | | ] | |
—1.1 —1.05 —1 —0.95 -0.9 —1.1 —1.05 -1 —0.95 —-0.9

x (m) x (m)





media/file10.png
1.5

B AEEN

w,
5.0x10*
4.0x10*
3.0x10"
2.0x10*
1.0x10*
0.0
~1.0x10"
-2.0x10*
-3.0x10*
—4.0x10"
-5.0x10*






media/file33.jpg
L
=) ) )
3 & =3

(vep) 1dS pawsiom-y

120





media/file32.png
120

PR R R R TP PP PP B original ]
AR LR ] hexagonal strlp

~ 100

M

°

—

[al

75

<

@)

0
-
T T

60

all part panhead middle
aera aera





media/file14.png
1

3.75
B [ [
~08 -06-04-02 0 02 04 06 08

: p'lp_x100 —

25

e §
N i .
- 70 Sy
125F 1
B N. ’(’ \‘t «
i ‘,’ n - '
_ | 1 . - f k; e | i .J.‘I
03 ;) 1 1
x (m)





media/file11.jpg
020 40 60 80 100 120

V (m/s)






media/file6.png
AARIATAR
PR SN
SAAIARARIAL SR
P Yavy SRR
R S
e Ay R
e sy v R
SRR Y S
A d) X
R
5

B
7

vl

>
v,

/S
0y

X

</
Wi

2

A,
N
X
7

YAY
NINSINNNANNIN

YAY
AVAVAVANAVAVAVAVAVAVAVAVAVAVAVAVAVAN

=

AV4

e
K

SAVViSivis =
v, Ao
RN
3 TATY ATAVAVAV,Y puy
KROOROIERART
ST A LA ATAVAVLY,
R
e,
RS
o
5'5'&'5'e‘e'ﬁ"{#}%}e}év i o
(VAL S AYATaY BN,
Vo v A AL TATAATG A"
Ay, = Vo,
i 0
i

%

AVAVAY:.
AVAY

]

£
v

o
&
FEA

5
L
<7

WTAVAVAYS'"

X
0
A
=

RAZK
CANKAA

<l
:
o,
i
7
Eoo

0
K
g
Kl
a5
U
RO

X
RIS RSB
e SR i
. VAYAVAY -
5¥AY)

A
e
g
%
%
X
X
s
)

e

v
am
g

SOOI
e e ATe L VAT e,V
RN K]
RN,

5

w
s v
B
i
il
i

T
LR
7
VavAvAV
VAVATAVAVA
VvV
v

\VAVAVAVAVAVAVAY
INNNNNININN
g
A
14

5

0

%

5

AL
XX

Val

KT
£

<
s
s
]
s
<]

D ERSRRRI]
AR N
SISSINSCRSI,

a

V)
a
VAVAVLYAVA
7
s

)

15
I

i

X
x5

ooe KA
o KNI

S R R KRN IR

NSRRI R

T A TAAATATAYATe i,

5

VAV

B NN RN NIRRT
e VATA L NAATAT Iy YATAY NN 7
o RN KRN RN FSEERREN
R R R R LR LR
IR IS RIRARSSRe
A RN RSN N R ORIISINNOC RIS
KRNSO A b AT A B S S RS
KRN S SRR ISSSSSIRISISRY
A S R S NI IORISR RS
S RS A NSRRI SRR
ISSRRYSSEOORS SRR
A S
IRRISRRRSRE
SRR
KEERE

VAVAY

J<XAVAVAVAVAVAVAVAY

AVAVAV;
ST VAVAVATAYLVAYa

\VAYAV,
KX

KB

AVAVAVAVAVAVAVAY

=SS
S S
RIS Gt
SR

A
Vv
Rk
%
R
K/
A

%
1
vy

)
S

R4
%

v,
Vv,
LS00
VAV AYA
ERRRROON
RN
SRR X OO

YAV yATATAVAY,Y

OGO
S
2

% KA
Ay SRR
Vg SO vy AY
g N

)’

X
AV
X

VAVAVAYAVAVAVAYA
VAVAVAVAVAVAVAVAVS

i
"y
iva)

%
A
e
i
G
5
5
VAVAVAVAVAY

%
g Yy
Ravavg

R

i
R
RO

A
%
4
2

AVaVAVAVAVAVAVAVAVAY

X
2
4’4

XX
VAV
 AVAVAVANAVAY
Py
AAA
ot
)
2
v
S0
XXX

NSRRSE

S

Ste
SRS

AR RN
OROOERISSL RS
v" i ‘

G
)
v
Vv
o
%y
KEx
v,

S

AR

o
0

AVAYAVANAN AV A AV AN AN A AVAVAVAVAVAVAVAN).

S SSSSSSSSSSSSSSSSSISE
£
B

AL
b

o

025

%)
g
A
9
o
R

DO
Sy S

P
s
P

SoN:
Iy,
SRRNY
TR
AR
AR
W

i
2
o

X

v

= VAV Sy
Sme T o e, \
SR RO TR
SRRy R OAVAAV.ws KAy, g AValy 11y
== Ay VAV v AVAYY i
VAV Vv v e avy
X RRRRRS

JavaY

2
s
vav

S
REOIIORIR
aan

it
i

N

INNANN
V%)
VAY

5
V)
v

s

o

L

i
G
4
g
i

avay
2

%
T
i
s

TAvAvavaviy

LTATATAYa

i
1
i
1
AT
K
S
S
B
RO
iVary
0

Kl
7

4

KL
TAVAVAAVAVAY
i
s

ERARIK IO
ATATAVAVAYA

3
£
S
Ay
PO
AVAY, TaAY:

o)

pAY
%

<A

A

O
AATAY,
AvavaAvs

ROOOKX
DK
LTATIVAAAvAYARY

AARRS

v
S
aTavAY

LIy
KA
KL
KRS
AL

vAVAYAYA
kK
IL

Va¥
AVAVAY

"L

A

S0
e SRS
SN N DRI IS
OO &
AT L TAAT G AVATATS Ly AAY Ui Yay 4, vay
N KON, K AT ATV AT
SIS S X008 PR
RSOOSR RS SRS
L AR SRR X
cf R iy

Vo
YAYAY Yave Y
VAV v, ) OS2
VAR AV Vavsy s 4
T AVAVS A IAVAY BB
AVsTaUSAVAVAVAYAYAY Siravi i
LAV VAVAVAY. Sava S
Aluvﬂg:v ue'«ﬁ:?g
v

1
A KL

O Rk

SRR NN REKE

'47
¢
£

L
VAP TATATATATAAYs

>
KL
Ay
<Lt
S
L

L

s
N

vave
0

S
s
O

)
(<
Wi
YAYA)
VAVAV)
LVAVAY
VAV
A
AVAVAVAYAYAY
L
o

AVivey
BOOCS T o R
RECIRSEARHARIINL

4
STavAYa,

Z
2
A7
7Y

VAVAVAVAY

K%
s
<7

VAYAVAVAVAY.

o
avi

TATAVAVAVAY,

7AYa

vavavary
X
KT
«
AV
i

%
%
vav,
vavy
V)

D
s
V¢
VAVAVA
A0

VAVa
\
2

e

= T
TATATATATa A ATAVATAYAVAYAYATS IS G Y AVAY]
AT CRATATATAVATATATATIN |
A A O ATATAYAY Ao LAV
e A vaaTATAYATe LAATLTATAVATAT LTAVAVAVAVAYAY WAVAVATS.
R R K KGR R
0K RIS ARIA SRR
R N R SRR ISR
ORISR CASEEE
R o
N ARV AT AT AT,

7 dhay
500
raravav.s
VAVavavy

aV

vl

<]

)

£
o
o
b
5
KL

A

s
AT AT g L
AN A 3
AT A A AT ey
s AT L A Y T,
AN RNIIRIIR) SO S
4YAY RRSNCR]
2 R R SIS,
oK
o

%a)
VAVAV,
AVA%)
A

VAVAVAY
s

ERtk
e
5
K
KL
K
v
X
A
H

AVAVAVAVAVi

%
i

s
;

a8,
K5 S Vaveos:
e 5 B OEROR
ey o N VAVaY
S S e RIS
i o S O
ARSI SIS YaYay
SRRSO
s,
RN ORI
RS cmﬂ%'gﬁym‘g;' "
o SRR
SNSRI
NSRRI

YAV4
5
K
5
s

Lk

DRI
TN

X

AVAVAVLY)
o
X
H

TAVAVAY

o
KL

QRE

VAVAVAVAVAVAV,"
o
/]
f
KX
vy
vy
20y,
v
vavavz
AN
\/
TA%ava
%
5
K
o
",
)

i
AT ARETT
RSN

o
A5
KH

5

KR

..
RELR
A
2
2

avs
arah

i
%

X/

&

kf
)

FAVAVAVAVA
avs
AT A AT AL AT TATTATAT s

Z
TavaYa

BT
i
)
vas
K/
Iy
K

AR

5
K

st

T

KA
VAVAVAVAVAVAVAVAVAVAVAVAYa

s
STAVAYAVAVAVAAT

S
s

ot
/
50
700
KA
KX
avave

s
T
K

i

K
o
]

VAV,
Ag&..\
AVXQVQVQ'EX;AP
VAVAYAY, Va
OO
aey SO v

- e

1

STIANAVAVAVAVY

SO0 0
2K A, N gVAYA
RN RN SRR
ORIIRE RSN EERSE RN
RS
KRR 5
AYAYS Vi 55

VA" Ay [ AVAVAN

KDY SRS R R,

ORI SERRREED K
oA

s
AR
R
s,
P

7l
a
K
91
sy
o
sy

K

It
Ko
%,
vat5 O
ALK

t z‘f

Ay

TR

KA
)

7
o)
KL
i
KA
LR

AVAVAVAVAVA S
XK

A"
TAVAY

Yy
14
AAvYa
ATAVAAYAVAVS
0
AVAVAVY.'

N Vi
K SRS
YA AT R aAvAYASY SRR
YA AN e i S T RRRSES 5
B S FEERE
s, S NS 55
S SRRSO,
TATiss SRS
KRR SHERE SEERAERRS
avas SRR
AVAVAVAVAVAVA . - .
oo
N RVATA
RO OO AN
A AV YA VAV rAvAVaY
A aavavay
RO O
3 O

o
O
CoE

o}
XX

KRR

0

Y

SRAVAVAVAVY.
YAY

S TATANATAVAVLY)

2
i

XHROKK

\VAVAVAVAVLY)
K>
X

TAVAY
FaAvAVA

RERERAEEEARAE

o

KRR

R e
o

4

RATAVAVAVAVL!
5

2
£
5
s
5
V)
s
s

AVAVAVAVAVS

L
5
VAVAVAVAVATS".

K

Y4

0
7

K7

&

e

B OIOEXX
RO

= LXXRCOEEERS

i

2
%
<IN
7
i
%
X
5
S
KRS
o

TV AVAVAAVAVAVAYAVAVAVATAVAYAVAVAVAVAVAVAVAVACA A VATATAATS

AT ALY YA A A VA VA A VA TATA A APATAV VA A A
A A A YA A YA TATAAVATAYATAYAYAYA AL AT TATATATATATATAAATAYATA,
Vav,

KK

Y
S

Ya
v, Vv
4‘!!! % N

SIS
gvgigb
s
)

O AL LA A AT AT A ATAAT LAV tAYS

Lt
L

X
aA
<]
7
£l
o

YA

K

X
5
<]
EEREK]
v

Y
)

5

L

YORRN,
&L

XK
e
o

K

VYAV
%%
%)

KES
™
AN
AVAY
vy
-
i
K
AVAY
)
o
SRk

)

XK
/.

2\

Vavay

VAVAVA\
!
AVavaVAY

A7

"
iy
v

a

DO R RRRRRES

o

Pars.

AVaVAV;

AVAVAVL)
VAVAVAVAVAVAN
KRS

CSSSRSS,
i

v

B,
s
ATATAVAYAAT  AVAT AT AT T e Tl
IR R
BRI R IR
CAVATATATAYAYST Ly AV vV A VAVAVA S S VAVATATa)
ORI aAAT T VYA,

ﬁfé&é VAVAVA
Pt
e,

ORRIRRIII

\VAVAVAVAVAVAY,
K
1)

ALY
ATa%s

VAVAVAVAVAVAVAVAY.

PR
= AT X XL

v, s g s A A A oA AT AT R

RO R R R R RI NI

Paveavas 0N, A B A A A e AT A AT P LTATTeN S

g LN AL LVATAAY YA AT VA AN AV AN AT g Y ATAYAY Ay TATATATAY S 0101

2 ROR opgLAENIRaY KEDDORRTN T A A T e VAT ATA s ATAATE 0 1Y 0 e amaVimiris

S AYAYAV voa VAV, SIS RIS VA YAVAAT A v Y AVAT I LA VATATATATe DA KOO

AVavL ) VPR AYAVAVAYAYAYC e o NAVAYAYS s AVAVAYAYS iy N AVAYES g TATATAYE S v S aTaTAVLTLS AVAYAVAY, S5

., OO TN RTINS OO IR i

AL OO R RIS A SR AT AYAv A A S Avaavivy
RN IRIREN, A R RO OIS RRE] 4 "y
) wwal% e RPN VAT ATATA S A ATAT AT vV AATAY ) T TATA g0 R O TV, g VAVt S N ey
L AN B SRR A OO X K RIS SRR S5 AR
/N AVAVAVAVAY: R AT RTTE, v v CTATTA T o1V AT AV AT AN AV AV AVAATAVATAY Ly NiT 0| ISR 1 K ARG
- . R RS ! S5 AR TN eraTaTaT T I ERRl R
N AVAVA T RRER 5 SIS SEEREERE R R
e R R SR L5 3 | SN
R o CEREE] BEK

ARSI R REEH

AR RRE UL RECH

T





media/file15.jpg
(a) SPLen, I

j ()

=





nav.xhtml


  applsci-12-10720


  
    		
      applsci-12-10720
    


  




  





media/file16.png
y4
(b) SPLisson,
75 83 91 99 107 115123 131 139 147 155 N 115119 123 127 131 135 139 143 147 151 155

(a) SPLfc=2kHz






media/file2.png
panhead area

middle area

' bottom area

(b)

\ ‘ /

Illﬂlwquf:v; i
4\

ﬁll'('lww-l

I
—_—
—_—
=
e
—
=
—
—

(c)






media/file20.png
A-weighted SPL (dBA)

120
100 |
80 |
60 |
40 F

20

N B R B |

all parts
............ panhead arca
———— middle area
- - - - bottom area

L

| N






media/file23.jpg
120

I original
/] wavyrod

2 100 -

2

=l

=

172]

<

O gof

60 s
all parts panhead middle

aera aera





media/file5.jpg
/R BE





media/file24.png
120

R R P PP PP RO B original ]
IR ] wavyrod

~ 100

an

=

—

o

7

<

@)

o0
-
T T

60

all parts panhead middle
aera aera





media/file29.jpg
SPL&‘ZUI: Y

80 87 94 101108 115122 129 136 143 150 Ex





media/file1.jpg





media/file31.jpg
OASPL (dB)
3

%
S

60

I original
3 hexagonal strip

all part

panhead middle
aera aera






media/file25.jpg
120

>
8
T

A-weighted SPL (dBA)
%
g

o
3
T

original
===~ wavy rod

10°

f(Hz)





media/file12.png
i) [ ‘
i ¥
o /5%
'— -
o w56
= 03 2
= » =
o






media/file9.jpg
15

,
5.0x10'
4.0x10*
3.0x10'
2.0x10'
1.0x10*
0.0
~1.0x10°
-2.0x10°
-3.0x10°
—4.0x10°
.0x10°






media/file0.png





media/file8.png





media/file34.png
10°

| 1 I — | I — 1 I —\ | \‘,\ I |
i \\ s ]
i s 1
i /7 / il
7/
i /7 ]
i // ]
V4
i 77 |
77
Vi
i 1) i
P
\,\
W
\ ,v
V4 o
N 4 1=
B .m V4 ‘n 7
i i ;7 |
i W \ { i
i = N |
.w = l.l.l.l.
| S %b '.n' / _
7/
S S Lo N |
< O .l.l./l
W = .///
| 1 m I/ ]
(I '\,
1 AN
(I //_/
] | ] | ] | _/120
-} O O o
- 0% \O <r

120

(Vdp) 1dS paysom-y

/(Hz)





media/file17.jpg
120

OASPL (dB)
3

%
S

60

all parts panhead middle  bottom
aera aera aera






