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Introduction

1. Reduction of tire/road noise is an important issue for EV vehicles
 Powertrain noise is eliminated for EV vehicles
* A driver becomes more sensitive to tire/road noise

2. Tire/road noise is also a key contributorto a pass-by noise

» Traffic noise level allowed in regulationsis lowered (e.g., EU, Asia)

* Developmentof a low-noisetire and pavement enhancement are required
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Frequency split in the air-cavity noise

1. The fundamental air-cavity mode 1s an acoustic resonance mode between 180 Hz and 250 Hz

2. It contributes to the increased spindle force and cabin noise due to the large net displacement

3. The frequency splitin the fundamental air-cavity mode 1s caused by a static load and Doppler shift
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Previous Study

1. The frequency split phenomenon was investigated both numerically and experimentally

2. Correlation between FE simulation and experiment was achieved for force amplification by the split phenomenon

3. Next, the relation between resultant surface vibration and the exterior noise needs to be studied
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BEM (Boundary Element Method)

1. The boundary element method 1s a numerical procedure to solve partial differential equationsrelating to
acoustical and other physical problems

2. From the transfer function between the surface boundary of a closed volume and the acoustic field at a
certain point, it is possible to calculate the sound pressure surrounding the object

Helmholtz equation in a generic domain

CPPP) = [| S p(©) + k()G JiS + 47! (P )

: 4

A discretized version for Matrix computation

Cp = Ap, + ikzyBv, + 4mP! (1)

where p and v,, denote the pressure and normal velocity at the

BEM Meshiin Human Face. BEM domain® nodes of the surface mesh and matrices 4 and B include
integrals of the kernel functions. C represents exterior solid
A inter-noise 2023 angle.
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Conversion from FEM to BEM (OpenBEM>)

1. 3D surface meshes were created by importing a FE model from Abaqus 2020, consisting of treadband, sidewall,
and rim, and the ground surface was set to be zero in the vertical direction
2. The import required manual conversion between the Abaqus format and the GMSH (Open 3D finite mesh

generator) format used in the OpenBEM code
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Conversion from FEM to BEM (OpenBEM>)

1. 3D surface meshes were created by importing a FE model from Abaqus 2020, consisting of treadband, sidewall,
and rim, and the ground surface was set to be zero in the vertical direction
2. The import required manual conversion between the Abaqus format and the GMSH (Open 3D finite mesh

generator) format used in the OpenBEM code

FE Model (Abaqus) R18 Surface Mesh (GMSH)

Simulated tires
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Simulation Procedure (1/3)

1. Previously, it was verified that the frequency split affects force amplificationnear 200 Hz at the hub

2.  Sound radiation pattern at the two split frequencies was mainly investigated
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Simulated Procedure (2/3)

1. Normalsurfacevelocities (V) in a cylindrical coordinate system were imported from simulation results in
Abaqus at a single frequency of interest (i.e., one of the acoustic cavity mode split frequencies)

2. The velocities were utilized as the input field for Eq. (1) since there was no external incident pressure (P')
A distribution of the surface pressure (P;) was found by assuming the above equation to be homogeneous
. Body nr. 1
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Surface velocity (cylindrical) x y Plot : Real{v, } [m/s]
A,_,_j inter.noise 2023 FE Model (Abaqus) R19, V=0 mph, f,=210 Hz Surface Mesh (BEM)
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imulated Procedure (3/3

1. The surface pressure(P;) was calculated from the Helmholtzequation. Then the acoustic pressure (Pr) at any
distance can be calculated, along with information about the matrices, 4, B, and C. The sound field radiated by the

tire could then be plotted as a function of radius and angle at the field points of interest
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Non-Rotating Tire : Verification

1. To verify the reliability of the BEM analysis, the simple case of a non-deformed tire placed on reflecting ground
without rotation was compared with the previous experimental results obtained by using a circular array of six,
half-inch microphones during a drop test by Choiand Bolton [7]

2. It was predicted that the sound radiation pattern for a single non-rotating tire had a quadrupole-like shape at
the vertical cavity mode resonance frequency Test (Drop, R14, Reflected)
iB : ¥ 1

: 4
' .
: .

Simulation (BEM, R18, Free and Reflected)
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Non-Rotating Tire : Verification

1. The radiation pattern from the BEM simulation was changed from dipole to quadrupole-like when the reflecting
boundary condition, image source, on the ground was applied

2. The sound radiation pattern shows a quadrupole shape where the maximum level was measured as 54 [dB],
indicating that the maximum SPL levelis in good agreement between these two results, verifying the reliability
of the BEM analysis regarding the tire’s sound radiation for the simplest case

Simulation (BEM, R18, 208 Hz, Free)

R18 SPL [dB], f,=208Hz
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150
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0 20 40
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CCCCC .GREATER TOKYO  20-23 AUGUST

30

180
60

R18

150

Simulation (BEM, R18, 208 Hz, Reflected)

SPL [dB], f0=208HZ
fTheta 90

9
R 55.09

120 . 60

1

+6.5 [dB]

0 20 40

Max=55 [dB], +6.5 [dB]
(b)

R14 SPL [dB], f,=212Hz
90
120 | ) 60
|
R 54
30 150
18Q L
8o 0 20 40
Max=54 [dB]
(c)

Test (Drop, R14, 212 Hz, Reflected)

30

60




Non-Rotating Tire : Verification

1. It 1s found that the comparison of the sound radiation map for a full circle between the BEM simulation and the
quadrupole analytical model for a tire placed on a reflecting ground where these two models are consistent with
each other as the strength of the acoustic source was tuned

SPL [dB], Reflected, f=208Hz
90

60

150 30

RI18 Q =0.8e-04 [m3/s ]

s Analytical solution

Z:O (gI'OllIld) 180 —e— Quadrupole
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4 nrq 4 ry 4 r3 4 Ty 12
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Rolling Tire : Free vs. Reflecting Ground

1. The SPL level and directivity for the R19 tire

el Mean, SPL [dB] Mean, SPL [dB]
was calculated both in free-field and reflecting conditions Free Refl
. . 0 58.0 63.2 [+5.2
to highlight the effect of reflection at the secondary split g
30 60.2 60.7 [+0.5]

2. The contribution of the reflection diminishes as the tire rolls

due to the rotation when surface velocity is more evenly distributed around the tire’s circumference

SPL [dB], f2=210HZ SPL [dB], f2=214HZ
R19
90 90
Theta 120 60 60

Theta 120
R 63.29 R 62.84

Yo

Theta 120
30 —w—free| 150 R 61.2

150 Theta 120 30 —w—free
R 50.48 —t— ref —w—refl
180 0 180 0
40 60 Z=0 (ground)
0 mph, f,= 210 Hz 30 mph, f,= 214 Hz
A inter-noise 2023 (a) Mean SPL : 30°~150° (b) 13




Rolling Tire : The effect of speed on SPL

1. The SPL level reached the maximum not at 30 mph, but at 10 mph as the strength of coupling between acoustic
mode and structural response is largely dependent on the rotation speed while the second split frequency moved
farther away at the increased speeds.

Mean SPL : 30°~150°

SPL [dB] _
50 Max. 65 [dB] 0 mph, f,=210 Hz
10 mph, f,=212 Hz

120 he 20 mph, f,= 212 Hz

—n—) 30 mpha f2= 214 Hz v
1 50 30 —0—10
—o—2()
R19 20
Q [mph] Mean, SPL [dB]
180 0 0 63.2
o0 10 63.6
20 61.5
Counterclockwise 30 60.7
rotation in Abaqus
A\ ( qus)
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Rolling Tire : Relation between SPL and Distance

1. The influence of distance on the SPL level was also investigated at Rg, 0.5Rr,and 0.3R

2. The SPL level was investigated for both free-field and reflecting ground

Free R19,V=0 mph, f, =210 Hz Reflected
. Body nr. 1 -]1“'} Body nr. 2
2.3 . ' . 25 \ . * .
2 ’ ’ 0.8 2
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0.5/ . o : ’ 102 05 |*
N v . : .. . N 1o : 0
-()3’ . . L & . Z:O | 02 0.5 N :O
n . . . Nt .
04
-1.5 |
0.6
! \
. 0.8
.
-1

2 | 0 -1
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Rolling Tire : Relation between SPL and Distance

1. A doublingeffect was clearly observed as the distance was decreased by half, with an increased level of 6~7 [dB]
similar to the expected 6 [dB]

Free R19, V=0 mph, f, = 210 Hz Retlected
SPL [dB], f2=210HZ SPL [dB], f2=210Hz
90 90
120 60 120 60
’ Theta 30 RF ——R
150 Theta 30 cla 7 ; eta
R 7;.? .\. R79.69 ——0.5"R, 150 R7218 x| R7e12 ——0.5"R,
Theta 30 .\ 0.3 RF Theta 30 | +O'3*RF
o R 66.97 R 65
0 0 180 : 0
O 20 40 60 80 0O 20 40 60 80

Z=0 (ground)
ASPL=7 [dB] Rr — 0.5Rp  ASPL=7[dB]
ASPL=6 [dB] 0.5Rr -0.3Rr  ASPL=6[dB]
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Rolling Tire : Sound Map

1. The entire sound mapping in the upper hemisphere surrounding a pair of two tires (original and image source due
to the reflecting ground) both at 0 mph and 30 mph in terms of the second split frequency

2. Asexpected, the rotational speed breaks a symmetric feature of the SPL level since a normal surface velocity
as an input variable becomes unsymmetric when the tire is in a rolling condition. However, the maximum level
remains around 65 [dB]

SPL [dB], f,=: 210 Hz, 0 mph, Relected SPL [dB], f,=: 214 Hz, 30 mph, Relected

Max. 65 [dB]
40
30
10
‘ SPL [dB], f,=: 214 Hz, 30 mph, Relected e
& 60
50
40 / \ 40
0 1\53 ] \ \ 30
0
)\ 5 20
" 0
10 0 . 10
-1
-/\ Y [m] 2 ) X[m]
0
A inter-noise 2023 (b) 30 mph 17
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Future Work

1. OBSI (On-Board Sound Intensity) testing will be implemented to demonstrate the sound radiation pattern
analyzed from the BEM analysis

2. Commercial software will also be deployed to obtain sound radiation fields in conjunction with vibrational
analysis for a rolling tire

7.4 HEXAGON

FFT
—

OBSI test (courtesy of AVEC INC.). Actran (courtesy of MSC software).

A inlret-noile 2023 18

AAAAAAAAAAAAAAAAAAAAAAAAAAAA




Conclusions

1.

7.

The previous FE simulation that was used to predict spindle force was extended here to a BEM analysis to
evaluate a tire’s sound radiationin a rolling condition at two split frequencies relating to the acoustic cavity

mode

The OpenBEM code created in Matlab was used to compute the major matrices, required in the discretized
Helmholtz equation, with surface meshes imported from the FE model integrated with a normal surface
velocity from the simulation results of Abaqus 2020

A similar quadrupole pattern and SPL level were obtained for the non-deformed tire under a static condition as
compared to previous microphone measurements obtained by droppinga tire

The influence of reflecting ground on SPL level was studied such that a doubling effect of approximately 6 [dB]
was observed in the case of reflection at zero speed as expected

The evolution of SPL at different rotation speeds up to 30 mph was analyzed where the SPL became the largest at
10 mph due to the differentstrength of the coupling between the cavity mode and adjacent tire’s natural modes;
but the maximum difference of SPL due to rotational speed does not exceed 3 [dB]

The effect of distance on the radiation pattern was found to retain a doubling effect: 6 [dB] increase as a distance
is a halved

The entire sound mapping over the hemisphere was created at two rotation speeds where rotation led to
asymmetric features in sound radiation as the tire rolls over the ground and thus the normal surface velocity

/\takes on a skewed shape

=\ inter.noise 2023 9
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