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Road traffic noise
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* Vehicle noise:

= drive train noise

. . .. J-FH , INRETS
(engine, intake, exhaust, transmission) A& pr—— : N
- - fluid traffic
=>» aerodynamic noise = | horizontalroad = .
_ < road surface category R3 :
=» tyre/road noise @ 80 e
= 70l _"5
Tyre/road noise dominates 60l il
at constant speeds above I ]
20 30 40 50 70 90 120
15-25 km/h traffic speed [km/h]
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Tyre/road noise legislation
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« Directive 2001/43/EC
(80 km/h coast-by on 1SO10844 road surface)

CURRENT PROPOSED
tvre | tyvre section | limit tyre section | proposed
class | width [mm] | value width [mm]| | reduction
[dB(A)] [dB(A)]
Cla <145 72 <185 2.5-4.5 70
Cl1hb =145 <165 7. =185 <215 4.5 71
Cle =165 <185 74 =215 <245 5.5 71
C1d >185 <215 75 =245 <275 4.5 72
Cle =215 76 =275 2.5 74

1) expected to come into force in 2012
2) more realistic reference road surface
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Crossing a road surface discontinuity

 Tyre/road noise EXTERIOR to the vehicle:

- significant increase of instantaneous noise emission level
- transient noise Is perceived as highly annoying

- demand for more quiet tyres and road surfaces in urban areas
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Relevance of tire dynamics
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* |Interior vehicle noise (NVH):

B Possible noise reduction due
to the vehicle (for similar types
of cars)

B Possible noise reduction due
to the tyres (for standard tyres
of the same size)

[ Possible noise reduction due
to coupling between the tyres
and the vehicle
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The pneumatic tyre
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section width W

Sidewall

treadband
N
NN il ™ /,shoulder
Belt Wedge ‘ 2 / : ;\‘1 Nylon Overlays
- = ;;i\ Steel Belts section
' height sidewall
Body Plies i tyre air cavity
Ply Turn Up
Chafer Apex
Toe-Guard E X bead
. : s wheel rim
Typical passenger car tyre contains: diameter
« 13 different types of rubber compounds approximately 500
8 types of fillers (carbon black, silica) different
» reinforcement: steel cords, polyester, specifications
nylon, rayon
« 40 different kinds of chemicals
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Tyre/road noise — VIBRATIONAL phenomena
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reverse
impact ' impact
¥ : A ' 3

adhesion

Road texture impact Stick-slip adhesion  Stick-snap adhesion
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Pipe resonances Helmholtz resonator

Tyre/road noise — AERODYNAMICAL phenomena
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Air turbulence

Horn amplification
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Tyre/road noise
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speed frequency range
coefficient B
vibrational mechanisms 100 500 1k 2k 3k Hz
radial vibrations of tyre carcass 20-3.0
radial vibrations of tread elements 3.0-35
tangential vibrations of tread elements  3.0-5.5
stick-slip, stick-snap 3.0-5.0

aerodynamical mechanisms

air-pumping 4.0-5.0
Helmholtz resonances 0

pipe resonances 0 _

structure-borne tyre/road noise
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Tyre dynamics
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y = Ae—aazej(ﬁa?—wt)

frequency [HZz]

bending waves
: : . . —1
. FRHHHE  1ongitudinal waves | wave number i = (5 + jo m=]
ZdIANN N N e L LT R . 27
k
A longitudinal bending waves _ _
waves (60-80 m/s) circumferential

(120-180 m/s) mode number

Resonance condition:

2R = n\ [m]
or
kg =n/R [m =]
DISPERSION
n=2 CURVES 5 XIX CNIM 15-16/11/2012 Castellon

circumferential wave number k, [1/m]



Experimental modal analysis
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« Experimental analysis of the dynamic behaviour of a non-rolling
tyre.

=z E

%

E ]

8 . .

2 i High modal density (2 modes/Hz)
§ YN — higeeiatene | High damping of structural waves.
S L 7 - low excitation level
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Unloaded tyre =

m:
2

mode freq. [Hz] | & [%)

axial 47.20 1.87

torsional 74.25 6.39

(1,1) 56.98 2.14

(1,0) 91.26 4.50

(2,0) 118.55 3.26

(2,1) 89.37 2.07

(3,0) 141.97 2.78

(3,1) 171.91 2.73

(4,0) 169.96 3.01

(4,1) 222.88 3.57

(5,0) 201.79 2.41

(5,1) 252.63 4.13

(6,0) 233.75 2.82

(6,1) 279.90 3.65

(7,0) 268.96 2.98

(7,1) * *

(8,0) 306.04 3.18

(8,1) * *

1st acoustic 225.75 0.25

2nd acoustic 445.08 0.64

1st rim bending 187.22 2.12

rim pitch 189.89 0.69 2 :

rim axial 325.82 | 0.52 . 0 950 445 OB ENIN A6716/11/2012 Castellon

nd rim bending | 345.60 | 0.08 225.75 Hz; 0.25% ' O




Unloaded tyre
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« Tyre damping |[C] = a[M] + B|K]| proportional viscous damping

A more complex damping model is required.

0.05 - - - - - : 0.05 : .
oL=10.12 [1/s] ] [ (L=2.46 [1/s]
w004 %) B=49010°[s] { o 004f P=1.0810%[s] \
2 ] 2 S <
® © -
= 003} o 003
£ £ [
£ 0.02} 3 0.02F
8 S |
| =e=experimental modal analysis | - | memexperimental modal analysis ||
0.01 wmun prggortional viscous da'rXping ] 0.01 - | ==== proportional viscous dan!pmg
0 1 1 1 1 1 i 0 [ " " 1 " "
50 100 150 200 250 300 350 50 100 150 200 250 300 350
frequency [Hz] frequency [Hz]

(a) (n,0) modes (b) (mUngM 15-16/11/2012 Castellon



no spindle rotation

-/

mode freq. [Hz] | £ [%) v

axial / / (3,0) 0: 143 Hz
torsional / /

(1,1) hor. 51.85 1.97

(1,1) vert. 64.75 2.48 z

(1,0) hor. 82.15 5.42

(1,0) vert. 98.22 4.09 (3 O) 142 Hz

(2,0) 0 117.94 3.43 i

(2,0) extr. 126.74 3.18 4Ry~

(2,1) 0 102.10 2.78 _

(2,1) extr. 86.00 2.46 ——— (3,0) extr: 156 Hz
3,0) 0 142.56 2.87 ;

Em% powrey 156.03 575 Double poles of unloaded tyre split up due to non-
(3.1) 0 - _ axisymmetry of loaded tyre.

(3,1) extr. 162.36 2.78

(4,0) 0 172.66 2.89

(4,0) extr. 189.10 2.86

(4,1) 0 236.63 2.3%

(4,1) extr. 225.23 1.44 unloaded

(5,0) 0 205.11 3.10

(5,0) extr. 922.14 2.79 <D

(5,1) 0 % 2

(5,1) extr. 258.03 3.47

(6,0) 0 242.34 2.75

(6,0) extr. * *

1st acoustic hor. 219.02 0.69

1st acoustic vert. 227.35 0.43 ;

1st rim bending 183.13 2.53

o oitch 903 o {IM 18281112012 Castellon
rimm axial 326.33 0.62
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Tyre-on-tyre test setup
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e 2 identical tyres

/
©)

6 dof piezo-
electric
dynamometer

encoder

R v
e B o< w
-~

1: test yre 4: electric motor
2: driven tyre 5: cast iron block XIX CNIM 15-16/11/2012 Castellon
3: cleat 6: flexible cleat fixation

spindle bearing




Tyre-on-tyre test setup

\/\

: acoustic
g“d enclosure
angle:
10° intensity

<£be

mirror (b)
rigid mirror k .
support __= .- s N

_Ie palr];t LDV
i ;g«g«.ﬂ ,_ﬁ« 5
Measurements relative to FIXED XIX CNIM 15-16/11/2012 Castellon
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Test Methods: Drum Tests
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Rolling rig for mechanical
and acoustic comfort tests




Dynamic spindle forces
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* 5 mm semi-circular cleat; 28 km/h: 2.2 bar

40
N
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. = resonances |
= 500 2
o m |
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g 0 N 20|
o ]
- 500 540
e NS o
-1000 & 60
0 005 01 015 0.2 0 100 200 300 _ 400 500
time [s] frequency [Hz]
- 40 : ‘
—tyre on tyre
— 000 =
_ ~ —tyre on tyre £ 2 S 2
=, 500 =$ i drum 2m | ‘§ 0
> H 5! '
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time [s] frequency [Hz]
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Rolling tyre vibrations =
11 B
="
2 0.2| v 0.2
E E
g ‘ . | || g ' time-averaged
S o v MWNl ”H“ e om vibration signal
é 0.1 1 § 0.1 F
é 0.2 | E 0.2}
14 16 18 2 0 0.1 0.2 0.3
time [sec] time [sec]
E 40 5 mm seml mrcular cleat 25 13 radls E 10 5 mm seml cwcular cleat tread wbratlon
= ! ! ! ! ! o - .
0 —tread = i ——15.71 radis
E 50 = 50 iy ---------- 26.18 rad/s |
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Operational Modal Analysis

« Excitation force of rolling tyre is difficult to measure.

* Qutput-only method = Polymax method applied to auto- and
cross-power spectral density functions

 maintain phase relation between different response
measurements:

time reference
(synchronization relative to

excitation)
1000

500

o

Force -Fz [N]

-500

-1000

0 005 01 015 0.2 0G5 o7 G5 o2
time [s] time [sec]
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Operational Modal Analysis
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 Measurement aeometry

------------

40 mm {40 mm
i

50 mm’

________________________
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Rolling tyre modal parameters (2s.2radis)
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WELVER

(c) (1,0) vert. : 83.57 Hz; 5.05 % (d) (2,1) extr. : 92.39 Hz; 3.25 %
modes relative to FIXED ref. systep 15-16/11/2012 Castellon




Rolling tyre modal parameters (2s.2radis)
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(9) (3,0)0:125.46 Hz; 3.14 % (h) (3,0) extr. : 140.53 Hz; 3.57 %
modes relative to FIXED ref. systep 15-16/11/2012 Castellon




Rolling tyre modal parameters (26.2radrs)
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WELVER

270 240

300

(k) (5,0) extr. : 196.29 Hz; 2.63 % (I) 1st ac. hor. : 220.94 Hz; 1.21 %
modes relative to FIXED ref. systep 15-16/11/2012 Castellon




Rotating flexible ring

LIFLISHIAINN IHINOHIVYA

WELVER

co-rotating ref. system
X*

,  fixed ref. system
X

Coriolis acceleration
ring width b terms

Equations of motion:

3 92 92 h
D(aaég . 3;’39) (aug + 3;29)+J—%2_('1L'9

R
_ Pug) = qg

D (94 &° K (0 Thoh o 9?
R Gt — ) + i ws) + R (R s+ 25— )

+ 2o 13)
fea h(Lus 2513**& — Q%us — ROZ
+haus + p (W U3 ) RINENIM 15-16/11/2012 Castellon

J 92
2% — 5

9%u
+koug + ph( =5
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Rotating ring In ref. system <
=:
m n2(n?2 — 2 (O 4
o= 22 fut P W g us(0,1) = A, el 0+wnt
o BT (P41 (nf+wnt)
: VIS ug(0,t) = B,, ¢l nftwn
L 2n 0 9 71,2(72_.2 — 1)2Q2 .
B R N e LR N b mode shapes

natural frequencies
(n = circumferential mode number)

(1) A () A

(a) mode at (1,4 (b) mode at (),

backward forward

. i N , i s travelling travelling
-n/R 0 n/R Kk, -n/R 0 n/R Kk, wave wave

BIFURCATION effect

(El} 0 rad/s (b) 0 radfs; Gﬂ-rﬂtﬁtiﬂg XIX CNIM 15-16/11/2012 Castellon



Rotating ring Iin ref. system
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(1) 4

DOPPLER shift us (¥, t) = sin(nY + (wpr — nf2)t)

ug(W,t) = —Chpi cos(n + (wpr — nE2)t)

mode shapes

(c) Q rad/s; fixed

(a) mode at ((,,4 -N€2) (b) mode at ((,,, =N€2)
backward forward
travelling travelling
wave wave
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Rolling tyre modal parameters

 ANALYTICAL ROTATING RING: a forward and backward travelling

wave cannot interfere at a single natural frequency to form a
standing wave pattern

- at resonance: travelling wave deformation pattern

« EXPERIMENT: standing wave patterns with respect to the fixed
reference frame

- Influence of:
=» damping
=» disturbed geometrical symmetry
on rolling tyre dynamic behaviour is not yet fully understood.

XIX CNIM 15-16/11/2012 Castellon
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standing wave
resonance
pattern
------- o, N2
O O, -NE2 QT :
| > j | >
-n/R Q0 n/R kw -n/R 0 n/R kw
Q rad/s; fixed Q rad/s; fixed
LOW DAMPING HIGH DAMPING
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Influence of rolling speed

Frequency [Hz] /€ [%]

mode 0 rad/s 15.71 rad/s 26.18 rad/s
torsional 46.98 / 3.95 36.76 / 3.29 36.19 / 5.13
(1.1) Tior. 49.06 /1.38 | 45.05 / 2.46 :
(1.1) vert. 58.58 / 2.26 | 51.23 /1.00 | 50.78 / 3.25
(1,0) hor. 111.96 / 3.07 ¥ ¥
(1,0) vert 05.04 / 3.78 | 79.42 / 240 | 83.57 / 5.05
(2,0) 0 117.34 / 3.24 | 101.94 / 4.05 | 101.33 / 3.70
(2,0) extr 124.03 /2.04 | 113.13 /337 | 111.32 /3.21
(2.1) 0 100.15 / 2.72 ¥ ¥
(2.1) oxtr 85.22 / 2.36 | 88.51 /2.41 | 92.39 / 3.5
(3.0) 0 141.22 / 3.10 | 127.61 / 2.40 | 125.46 / 3.14
(3,0) extr 155.90 / 2.71 | 141.27 / 3.11 | 140.53 / 3.57
(3.1) 0 ¥ % ¥
(3.1) oxtr 167.41 / 2.50 ; ;
(4.0) 0 171.18 / 2.68 | 155.98 / 3.33 :
(4.0) extr 187.14 / 2.49 | 169.58 / 1.05 | 167.07 / 3.47
(4.1) 0 ¥ % ¥
(4.1) oxtr 227.09 / 2.16 ; ;
(5.0) 0 203.39 / 2.80 | 184.10 / 1.77 | 181.96 / 2.51
(5.0) extr 219.63 / 2.32 | 109.46 / 2.84 | 196.29 / 2.63
1st acoustic hor. | 218.99 / 0.39 | 222.56 / 0.34 | 220.94 / 1.21
Ist acoustic vert. | 226.23 / 0.31 | 228.65 / 1.02 | 228.38 / 0.28

drop In resonance
frequency as the tyre
starts to roll

(n,0) modes: -10.8 %

XIX CNIM 15-16/11/2012 Castellon
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Initial drop Iin resonance frequencies
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« Drop in resonance frequencies as the tyre starts to roll:
1) Mullins effect

N

3) Change in contact

5 — sty pressure distribution
2 STATIC ROLLING

Zzoalfavnest:"f;ﬁlect 1“ f ”] P? i ”l

2" - - —

40% -~ - RADIAL = =
1 NORMAL and LATERAL STRESSES
30%
0% i

0 IIIII-IIII--IIII--IIIImIIII ~

0.001 001 01 1 10 XIX CNIM 15-16/11/2012 Castellon
dynamic strain amplitude [%)]

»
C

[N/m?]

| E*|
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» Sound intensity distribution a1 -1

3.6 E-6
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Acoustic response
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« Exterior noise (47km/h), cleat 20x10mm

w0
o

I U T I

e ...... S T— ........ - road with cleat

0
o

" N
o O

O
o

SPL [dB - ref. 2E-5 Pa]
=N
o

w
o
I

..............................................................................

N
o

0O 200 400 600 800 1000 1200 1400 1600 1800 2000
frequency [Hz]
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Acoustic response
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* Interior noise (47km/h), cleat 20x10mm

Driver left ear microphone

100 ! ! ! ! ' ! ! ! !
= 90—'-- | | ===road with cleat ‘
% 807Y 4 M\ l ---roadwuthoutcleat 1
I o TRT R VR AU -
w O Y a 47 km/h; richel 20x10 mm
‘ 60_.|l."’. -
2 gl "~‘-~ . -
| | \ ed
o0 40+ l' i "\‘\ K - -
2 30f e L) W ..'.‘,‘\s., |4 .‘ Hor :,‘.. SRR O -
d 20 £ EEE l: Al o0 .8 ] ';y ‘ ,'.M.
0 | | 1 | | | | |
0 100 200 300 400 500 600 700 800 900 1000
frequency [Hz]

XIX CNIM 15-16/11/2012 Castellon



Tyre dynamic transfer stiffness
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« Important characteristic for structure-borne interior tyre/road

Noise.
LOG
£ 10 z | —— Fz/z
=z 96.\in : SeINE Fy/z
R : : ¢ -
o 118.9Hz 149.2HZ 189.3|‘§|Z ------ Fx/z
Sl AN 2 S T N -
= ; .
— A f
0 " ;
F.z % :
o PT :
Q I ; . of “ ' 4
‘G 104— “" -------------- ‘---,'-?of-.---h‘- ------- '-l--: -----------------
c Y w o \tad Seat
| 84.1Hz ; Mol
© 50;1Hz , : JL &S
» . o . . ¥ .
z 400.: E .":'l '-’.’ *ans® "0
B . :
E 2L &N e T .................... i
= Ll gy aust e 5 219.2Hz
> : : 5 : :
D 1 1 1 1 1
0 50 100 150 200 250 300

Frequency [HZz] XIX CNIM 15-16/11/2012 Castellon



Tyre dynamic transfer stifness
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« 205/55R16 tire without tread pattern; steel wheel
« dynamic stiffness of a tire that is rigidly clamped at the spindle

« ground vibration isolation: seismic mass (1250 kg) supported by four soft
air springs (4 x100 kKN/m)

spindle can be considered as rigidly clamped in the
frequency range of interest
10

. —
O o
I

' selsmlc mass (1 250 kg)
on flexible air springs

e\

~

acceleration transmissibility [dB]

ol = (SPINDLEzacc)/(CUBEzacc)L

20 50 100 frequgﬁ i %ﬁﬁﬁ)ls 16/1%%12 Castii3n

’ gi|mmic mass levelling and positioning
, tem wnth air springs and pneumatic
. controlwvalves




Test setup layout
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CUBE 6-DOF hydraulic shaker table provides:
=>» static preload (285 kQ)
=>» purely uniaxial dynamic random excitation at the tire contact patch

motion of the hydraulic shaker table is monitored and controlled through a
Time Waveform Replication (TWR) algorithm

N
o

ey
o O o

[dB -ref.1(m/s?)3/Hz]

, ¥ piezo- eI ctric
spmdle

Autopower acceleration (PSD)

1 00 120 r4éoqi (éﬁ% 359{’41242012 Casteﬁoon0



Operational excitation levels
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measurement of the dynamic transfer stiffness is performed in 3

frequency bands

higher excitation levels can be obtained in the individual frequency bands

;CUBE exci:tation é0-100 i—|z
- = = CUBE excitation 100-200 Hz
--------- CUBE excitation 175-235 Hz

—electrodynamic shaker excitation

frequency [Hz]

20 40 60 80 100 120 140 160 180 200 220

acc. response

i

acc. response

_/ contact patch
excitation

with CUBE

rigid
surface

it

55°

Electrodynamic shaker
(B&K 4809) excitation

b3

XIX CNIM 15-16/11/2012 Castellon



Measured dynamic transfer stiffness
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AMPLITUDE [N/m]

PHASE [rad]
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pressure
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-1

rim pitch mode: 189.3 Hz
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Questions ?
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Rolling tyre Modal Parameters (15.7 rad/s)

LIFLISHIAINN IHINOHIVYA

WELVER

(c) (1,1) vert. : 51.23 Hz; 1.99 % (d) (1,0) vert. : 79.42 Hz; 2.40 %

FlXE D reference System XIX CNIM 15-16/11/2012 Castellon



Rolling tyre Modal Parameters (15.7 rad/s)

LIFLISHIAINN IHINOHIVYA

WELVER

(9) (2,0) extr. : 113.13 Hz; 3.37 % (h) (3,0) 0 : 127.61 Hz; 2.49 %
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Rolling tyre Modal Parameters (15.7 rad/s)

LIFLISHIAINN IHINOHIVYA

WELVER

(k) (4,0) extr. : 169.58 Hz; 2.80 % () (5,0) 0 :184.10 Hz; 1.77 %

FlXE D reference System XIX CNIM 15-16/11/2012 Castellon



Rolling tyre Modal Parameters (15.7 rad/s)

LIFLISHIAINN IHINOHIVYA

WELVER

(n) 1st ac. hor. : 222.56 Hz; 0.34 %

(0) 1st ac. vert : 228.65 Hz; 1.02 %

FlXE D reference System XIX CNIM 15-16/11/2012 Castellon



