392-381 yoye 4 o)leubd 17 693 1396 a5 ()30 SuilSo w3y Almo

9y el dolisle ==
== -
y . z 4
330 Sl cuikigo
mme.modares.ac.ir (JT'.-/_“.‘{:;JZ;,

Jbw 04> b b g <Ky ood Jra¥ d90om0 Oldl Jow  Satwgs T- Sl 5 6T
(g8 T

W15 ol il Glabes L glaas S sl

I el oian 5 ol oISl 9358 g ady] ol S (sgpmtils -1

OIS ol i 5 e oSS 19,355 it kil -2

ebrahiminejad@iust.ac.ir 16846-13114 s, sskio o) y45 *

paSs Wlis Oleyb!

TS iy, s

1395 5115 :cél s

1395 22wl 191 5,4

1396 cuiges) 09 oo > &)

e ool b pb wled 31 L0U slalas aisS o Wl lis yu u‘:ﬂl..fl 39 owlol (i85 5,095 g 9 ) sloaasin
Sl 4y 4z g by loo d9zsa Jlgenl sl 5055 Rl Sz Sl ) a5 Cl (5l slog 055 o oy ol e
Jto (SatuogST- ool )| 2T 4 dlie ol 50 oSy 4 o Sllas ) 5 5258 JH 5 Sl 0y a2 gl L5l Bl 5l 00 )ly SIS, 2

@ 13l dgaoe ladl g, b sse ond JigS Jae bl jelate a4y el oad asslyy (SewsST Jluw 0yin g Siy b Jlisbo JogS Bl 4l
Ige 301 o sbul sla e (g9 p o ol 00 a3y (3Yg8 Ky g (o] (Bl o)l 93 9 7l 38,5 iy L) pb (il e )JL she 9
s 3 oolizal L aobl 5335 g 1y (SetossT 5 Lo uissy & bgsye sbasge JS5 5 S8 s o S8 40 b 005 plo et
Sy Jho oy b iy 5 6 00 S o (St 3T &y o StogsT s3] S8 45 (Slinl 5 Jogm Sl e 055 ol
GBIy, s il 3 4 aly sylag00 g £z 5 Slag s Ao | (Sigayla slaguily (S Ui Sl ( (SetwosST L dslone éwi:’::z

D9 4By 2B g gdaw p Jge slagielly (puyp & oad W) Jho S5 acyled 2 2500

Vibro-acoustic analysis of tire and rim finite element model coupled with fluid
acoustic cavity
Amir Karimyan, Salman Ebrahimi-Nejad”

School of Automotive Engineering, Iran University of Science and Technology, Tehran, Iran
*P.0.B. 1684613114, Tehran, Iran, ebrahiminejad@iust.ac.ir

ARTICLE INFORMATION

ABSTRACT

Original Research Paper
Received 05 December 2016
Accepted 09 March 2017
Available Online 29 April 2017

Keywords:

Tire Noise
Vibro-Acoustic Analysis
Finite Element Model
Acoustic Resonance
Spindle Forces

Vehicle vibration and noise characteristics play a major role in ride comfort. Noise of tire in contact
with the road is one of the main sources of noise in passenger cars, caused by the rolling of tire on
uneven surfaces. Excitation is done through tread structure to fluid cavity and noise and vibrations
transmission to the rims are of particular importance. In this paper, vibration analysis of coupled
acoustic model of tire, rim and fluid acoustic cavity is performed. For this purpose, a coupled numerical
finite element model is used. First, tire modeling has been addressed, taking into account the tread and
two side walls and steel wheel rim. Then modal analysis has been performed to identify the structural
and acoustic resonance frequencies and mode shapes. Then, using the harmonic environment coupled
with static and modal analyses, acoustically coupled models of tire, rim and cavity are used to calculate
the acoustic pressure of the fluid cavity and sound pressure level, and the harmonic frequency response
of the wheel hub system including the forces of wheel hub is discussed. According to the presented
model, the parameters affecting tire noise levels are discussed.
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Fig. 3 Rim geometry in SolidWorks
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Table 2 Type of materials and properties used in tire, rim and tread

Dampin Densit Poisson’ Young's
rat?o Y K /m3))/ Or;:ioo $ modulus Specifications material
9 (MPa)
0.01 1200 0.45 261 S99 gyl
0 7850 0.4 21e+5  Saspsl Ko,
0 1200 0.49 481 S9! »b

Fig. 4 Tire and rim assembly in SolidWorks
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Table 1 Geometric parameters of tire and rim

(mm) lade Salyly
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Fig. 2 Tire geometry in SolidWorks
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Table 3 Geometric, physical and acoustic properties of cavity

ol S
3.8886€e-002 (m3) Volume
0.046642 (kg) Mass
1.21 (kg m?) Mass Density
344 (m sec?) Sound Speed
2E-05 (Pa) Reference Pressure
101325 (Pa) Reference Static Pressure
0.21986 (m) Length X
0.62365 (m) Length Y
0.62365 (m) Length Z
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Fig. 13 Interface of acoustic fluid and tire and rim structure
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Table 4 Acoustic fluid characteristics

o3l el
1.2041 (kg m™) Mass Density
343.24 (m sec™) Sound Speed

2E-05 (Pa) Reference Pressure

101325 (Pa) Reference Static Pressure

3 SeosS T o 5 Sty cpli oads oS s Sidgayle 5 IUT ol
Ot Joge el S cnl sl 05 oo eoliul Jloge 5T (550 Lyl
Sy gly ailonds Jy55 14 USG" Blle «Sidsejle Jolow b i
&S ol 0uds oolawl 15 JS..’I‘;" Gl Soge e glakads gg,0 5l Jow
b ol il T soadlge 5 {f for fudTL sl 5508 o o o
fu=f=0
fu =F x6(8—0,) x 8(x —x) x et (13)
2 kS oo Sigele slaguly o) cassay JJUT (pl G Sae
il ol alax ) [10] wble 5,0 400 b 0 il o3gacme
g )b 5l lagas 5 lad 5l slaystls b S s ((SeisST
o Bl Do Sl oyl cwssar lp il GlSE
ol 00 oolizwl pb o jam 31 o 34 S 5l (SciwsS |

- A - 5 - 3 - o
2 @ eoreermoan "2 @ egreeng0ete v 82 & v s "2 @ 27
Engincering Data 3 @ ceomery Y 83 & Geomery ¥ "3 & Geamety Y o4
4 @ vodel VW4 P Modd Vo4 P Modd v 4
5 @ sewp v /sas«-u /,/sasm )
5 § solton P 5§ solton v 4 65§ souton v
17 D reais v 7 @ Reais v | 7 @ Reas V.
Sati Scal modal HarmonicResporse
- 3
:

2| @ Geomery v
Geoametry.

Fig. 14 Coupling harmonic analysis with static and modal analyses

Jose 5 (Sestiol slasallT b Saiga lo 06T 0,8 Joss 14505

External Force

Feiwl

|

Annular side
plate

Inner Shell

Outer shell

Spindle

X 7

Fig. 15 Simplified model of the tire and acoustic cavity [9]
[9] SciwsST 0,8 g 5 ool Jow 15 S8

4 o pless 17 0951396 PYRIETP R VRU VH [ VARTRNIPY

0000 0400 (m) 0000 0.400 ¢m)
—
0.200 0200

Fig. 11 Rim and tire loading and boundary conditions in modal and
static analysis

2 g Shyy (Sl 5 Jloge 50T IS8 5 (5,0 Ll o 11 JSC

b ead hsS Joe peizen 5 Sy 5 b bzl b 5T Gl
ol 0o oolaiwl 5 iy Joge Ul 1 (SswsST Jlow 0,0 9 Sy
ST Sy logs bams b Sesbid Lo 50,5 hsS b S ol sl
Sl 5T oS, Tal o b bl g 8,4 ol (o bl s
9 2B L S,y omled sla 05 3,5 il (550 lalpd eluln 26 s,
(32pSi) Isn oyim ,lid 5l b & b Ll mha o (g lid (o 8L
Kl 2R & 05 Dyge G5 i J0se 5T G 5 el
2 ke 2B )5 ol S e (Seelus gladSd noss Jols
ST 0058 kS 5) S36 a5 b i iy (Sl BT M2 s
el 0 o0l L bl e Jlage 5dUT b Sl
el 0 ool b pdb Sl wled I Ky 9 26 o wled sl
958 o8 JIs adlate oo 4 oS (ol ;5 S5 pU Sgdoe Sl oS
375 ool o Sz G5 b g wigts a5 Shaen 5l 5 sy

b asls

SegST 0 i g Koy (U pitusmas ~2-3
ST sl o 5 Ky p b i Joge 20T sl
@l ol ezmes 9 oy Jge LT 3 euld Jleel 550 Ll
3okl sl a4 Jaw cpl o 0ed ce oolawl Ko, 9 b e pdb
9 26 o (SemasS T b N5 51 Sy 9 26 2 0)lg 65Lad (5,135,L
s g0 ool Ky

b oled St Jab 5 (SetgST Jlw "13 JS8" o
Slatin uized Cwl oad sols lis Koy g pb sl b SowsST
el oo Lo 4 Jgaz 0 wled oyl

- A - B - c

2 | @ EngreerngDats ' ,— M2 & EngreerngDats  ,— M2 & EngneeringData '

B = Static Structural

Engineering Data 3 @) Geometry W 83 ) Geometry v
4 @@ model g4 @ vodel v
5 @@ setup J‘/IS @ Setup v o4
6 Solution v o 6 i Solution v o4
7@ Results v o4 7 @ Resuts v 4
Static Structural Modal

- D

-

2 W) Geometry v 4

Geometry
Fig. 12 Static environment coupled with modal environment for pre-
stress modal analysis of tire model

O Gl g 5JUT (gl Jloge Jamme b (Siliwl Jase (0,8 oS 12 JSCi

»b

! No Separation

386



3135 eadlpal Yladas 9 Yo )5 sual

SaiwwgST Jlww 0383 b »li 9 Kisp 03ubs Jag8 3930 yloll Jdw (SisngS T- abslas sl 3aUT

5l 51 eslial b 5 sgume ol Uos, b gyz iy Jloge 5lll s
Ol Sy Jsl oge IS0 gy M17 UK o (rizmed 5se ol ]
USs GulS )5 el adetie S ol o 45 sbled <l oad ool
o2 4 a8 B JSB Gl &5 pjlez g e sladge
k55 4 e Wl oo (035 cnl &5 ABL (0 Su35 Jlew 0i> iy,
b s 05 Jlw 0> (SitwgST 5 Sy (5,3l (uiliss) il
@ e Wl oo i JF10 0 (StwsST Sl 035331 L 5 £z S, 50
P9h Sy (nl Bdo g e sl b (IS5 cpl (235 alols

S Sy 5 2 sgame Glall Juo Jloge 5 UT gl (6,5 4o (sl
Gl Sy 52U ple e lp a5 [12] GhlSes 5 deze (o205 @l
et dmlio 4 "19 USE" 5 "8 USE" o ogb e oolitul cusl o
9 26 Joe sl sgazme lall go0e g, U5l sl (88 it s
ool ol Bl (028 @l b Sy Joe Jol (ornb 8

Sy bolyer pb Juo-2-4
b Sy 5 b ot Jrad i Jlogn 501 31 ol s iy sl
I cain e (Sl 0ol ooly Lii 5 Jgam j0 dgaze ladl 3,
ol 2s 00ls (ylis 20 JS" 50 55 e () Jgl 090

2 SemsS T b Jlid Slpeis 516 Jgazr 0 Jae cpl 5l eslital b
Jouz oal &5 psbplen sl 0ol (cujp S 5 06 (b sla il
wibior 5zl b Joo (W8 Jle jlid STl asie
0.3 3 a8 (8.7 PSi) Sl kS 60 olpme 4o ,Lis il oS g 5oty

0200 (m) 9200 ¢m)

0100 0100

0200m) 0200 (m)

0100 0100

0000

0200 ¢m)
0100

5
Fig. 17 The first five natural frequencies and modes of rim model

28 Joe Jol (rmb (5 2 cut (sladge JS0 17 S0

387

oW-4
Sy 9 pb Joe-1-4
olall (g, b Sy g nlb Joe Jloge 5T 51 ol bl o cnl o
5 Jgaz 50 mizmed Cawl oad ools oylis 16 JS&" o 205/65/15 5l
sl 00l oolo s b w‘a B PR

s slodge S Sl oads eols i 16 JSK&" 40 a5 jeblen
Ol o hsS 4 e Wilg oo dlie (pl a5 w0 Syop cl 3 e
Om Aol i 9h ogllal g wE el 5 oud bl
algr S lyeS alte 3l Bi> el (SiwsST 0,8 5wl slauils 3

0400 (m) 0400 (m)

0,400 ()
—
0200

0400 (m)

0000 0400 (m) 0400 (m)

0200

0000

0400 (m)

0400 (m)

0200

7 8
Fig. 16 The first eight natural frequencies and modes of tire model

26 Joe Jgl ornb (558 2ot glaoge JS5 16 JSB

0200

4 o pleids 17 0951396 D85 iR Swlle wiiie



3135 ol Olodiss § Gl S el SaiwwgST Jlww 0383 b »li 9 Kisp 03ubs Jag8 3930 yloll Jdw (SisngS T- abslas sl 3aUT

300 [
250 'y
. | I
g 200 | | IR
8 150 |
g L
= [ ® ¢ .
2 100 | E N #Experimental
=L
F ‘ B Numerical
so |
0 . . . Ly
0 2 4 6 8 10
Mode Shape

Fig. 18 Comparison of numerical results with the experimental results
of Re. [12] for the first eight frequencies tire model

i v ciy e 600
0200 0.200 o
500 F v
— 400
7 300
5 -
2 200 | 9 . :
o & Numen cal
= 100 ® Experimental
0 C o v 0 0
0 1 3 5 6
Mode Shape
L — - - - . -
92 020 Fig. 19 Comparison of numerical results with the experimental results

of Re. [12] for the first five frequencies rim model
Sy ol 8 sl g0 5 7 @S anlie 19 S

Suy 9 26 oo Jol ok (il 308 5 Jgur

Table 5 The first ten natural frequencies of the tire and rim model

Frequency [Hz] Mode
77.386 1
0.000 - 0,400 (m) 0.000 - 0.400 (m) 77811 2
80.275 3
. T . 8 ) 179.61 4
Fig. 20 The first eight natural frequencies and modes of tire and rim model
i) 5 b Je Jsl omebs peilS )5 ctn (glaoge S 20 JSid 179.81 5
b Sl ol 4 Sy 5 b Joe (el 8 s 690 213.28 6
Table 6 Frequency changes due to various inflation pressures for tire 216.45 7
and rim model 234.32 8
180 [kPa] 200 [kPa] 220 [kPa] 240 [kPa]
261psi]  [20psi] [319psi] [348psi] o ressure 252.35 9
77.151 77.238 77.325 77.411 1 254.26 10.
77.524 77.636 77.74 77.839 2
79.261 79.632 80.006 80.382 3 2 slke onl a5 09000 03938l Jow Jgl crmb S8 ke 4y 3ye
17933 17943 17954  179.64 4 wilie 5620l e Glo il yolie b anylie
179.54 179.64 179.74 179.84 5
21219 21259 212.99 213.39 6 SinsgST 0 i Joko ~3-4
215.41 215.8 216.18 216.56 7 . d Je s i . T e
rana ra196 pana Dt . b sl yguils 5 (ol iS58 (405 oty Sz Joge LT s
4.27 4, 4.31 4. R -
5 ol 38l 5 51 esliial b 5 sgame ol bsy b St o,a
25083 25139 25195 25251 9 ’ e . "| o "’17 g
el 0dlls ooly o Lis W S>>
25276 25332 25387  254.42 10 R ST T 50

4 oploits 17 0993 1396 15 w3 SilSo wdiie 388



3135 ol Olodiss § Gl S el SaiwwgST Jlww 0383 b »li 9 Kisp 03ubs Jag8 3930 yloll Jdw (SisngS T- abslas sl 3aUT

b 058 5 Sy nl Joe Jol sl (ilS 3 009 Jgur eS| Sl i 5l (gl (S8 8T g0
Table 9 First ten natural frequencies of the coupled tire, rim and fluid Table 7 First six natural frequencies of the fluid acoustic cavity model
acoustic cavity model Mode Frequency [Hz] Mode
Frequency [Hz] Mode 153576:005 1

79.473 1

80.127 2 227.43 2

84.349 3 227.43 3

189.09 4 453.49 4

190.19 5

214.11 7 676.94 6

231.25 8

231.84 9

234.49

=
o

0000 0.300 (m) 0000 0,300 (m)
— —
0150 0150

0000 0400 (m) 0000 0400 (m)
0200 0.200

0.000 0.300 (m) 0.000 0.300 (m)
—0|50:| _MSI):I
3 4
aooe ey oo S Fig. 21 The first four natural frequency of acoustic cavity model
0150 0150 . 7 . . .
SwsS T Jlew 0,85 Jol 090 S5 e ZIJS...:

a e l8le 5l oolaxul b ((8) alaily) Juw dlslre J> mls cizren
aslin o s cpl sl o osls las (8) Jgoe o alizes slo K (sl5l
S a Y il o Jed BB slas glls sgame pldl Jow @l b

Al ge Jelog Jae eess e 4y polae cpl s OS] ol

SiwgST 0 yh 5 Sy b Joro -4-4

= ——" s 390 S g grl il 8 (5051 oty gz Jloge 5T s
9 d99ome Lol (g, 5l eslitul b (SeitwsST ojd> 5 Sy ¢l oud Jyo8
S sl ccwl oals ools lis 9 Jeaz o el Hl38le 5 a5 4y
oyi= g pl g Sy oS Joe s (20 S Rl Sy Joae slaoge
b Jsed B il oszns oLt (122 JS5") (SswsST

cilizee gl K (sl 4y Jo ally bS5 8 Jguzr
Table 8 Results of Bessel relationship for various values of K

Kmn faessel (HZ) Error(%)
— — 4.18 228.16 0.3
7 8
Fig. 22 The first eight natural frequencies and mode shapes of tire, rim 8.10 443.92 21
and fluid cavity model 12.01 655.94 3.1

T i 5 Sty 26 oo Syl orel (ilS 2 St 050 JS 22 S

389 4 o lass 17 095 1396 5 o rdw Suilfo wiie



3135 erdlyal Ylodw 9 YleeasS suel

SaiwwgST Jlww 0383 b »li 9 Kisp 03ubs Jag8 3930 yloll Jdw (SisngS T- abslas sl 3aUT

s S Joe UK it anels i 4 26 8", 25 S8
ool s 3508 bl 5o (SeinsST Sl 0> 5 Sy pl Lo
s e ol 1 (Y sliwl)) 2B oye sliwly 53 (izes 5 @ b))
odguze ;3 B ok (n i Sl patie LSS )0 &S jebiles
il e sl 35,8 220 b 210 oy oilS 3

" 50 GulS 8 gy Sl 0i> g0 L2315 S rimen
38 Jloged ald conl asie JS& 50 a5 s yles Ll oo ools ylis 27
Jr oo TO Ll logas o1 Jlade g ol oo Jlow 0yi wilS 3 o035
il

0 100 300 400

Frequgggy(Hz)
Fig. 25 Variation of y-direction displaccement amplitude for coupled
tire, rim and cavity model in terms of frequency
Yosbly 5o 0yim s Sy pbead JisS Joe JS8 ss anals 25 S0
oS R e
0.0045
0004
0.0035 F
0003
0.0025 f
0.002
0.0015 f
0001 f
0.0005 f

itude(m)

Ampl

0 100 300 400

200
Frequency(Hz)
Fig. 26 Variation of z-direction displacement amplitude for coupled tire,
rim and cavity model in terms of frequency

e Z Ly (0 0,0 5 Ky o plood 35 Joe JSK s el 26 STl

IS

oo
3 3 8

Sound pressure level (dB{AJ)
3

40
30
20
10
0 L L L L L L ]
0 100 200 300 400
Frequency (Hz)

Fig. 27 Variations of sound pressure level (SPL) with frequency
a8 Ja Jlow 05 GuilS )8 canimpr Sy L2 515 loges 27 JSCB

4 o pless 17 0951396 PYRIETP R VRU VH [ VARTRNIPY

Jae b S,y a6 isle Jas Jloge ] gl "28 U2 s
wlond amlie oo b Jlw o> 5 Koy b (St L
S il Bl 51 e 55 0l gl ol i 85 sblen
W e b o> calld (5940

3 A Sl Sty 5l Siipafa 3l o S gl
o0 dplee gl .l ool ools las 24 JSa" jo Jlaw 0ja> L Sy,
SsST Sl i lall 5 oF 2 3 (D) (Sess] s Sy
@) 26 Sl IS8, 9 @) Jlw Joo )0 Sy JLid 5l nizen
O sl suls "24 JS.&';" @) o (o Cpizmad Cuwl oads ool LS
el o ols i Ky g b Sl 50 (Guole (y99) Jolee

Tire Rim
----- Tire Rim_ Cavity

Frequency(Hz)
]
=

1 3 5 7 9
Mode shape
Fig. 23 Comparison of the results of modal analysis for tire and rim
model compared with tire, rim and acoustic fluid cavity model

oy 5 Koy ol Joe b Ky sl Joe Jlose 50T quls aulie 23 JSCS

SetwsST Jlws

0000 0.300 (m) 0.000 0,400 (m)
0150 0.200

0.400 ¢m) 0300 (m)

3 4

Fig. 24 The results of coupled tire, rim and fluid cavity: 1) acoustic
fluid cavity pressure 2) weighted sound pressure level of the fluid 3) the
overall deformation of tire and rim 4) Equivalent stress on tire and rim

opé*l.ujfi)u(l J@oys&)‘fbcwdagkju@bz4ﬁ
G5 B S,y 5 b S5 U5 s B Jlew (S o 5L 315 @ Yl
Sy g 0l y0 Jolae

390



3133 el sl Ylodw 9 YlessS el

SaiwwgST Jlww 0383 b »li 9 Kisp 03ubs Jag8 3930 yloll Jdw (SisngS T- abslas sl 3aUT

i ligsy 153 b ] ol (sl 3 (Sas5 4 Ky 5 b Jose
ol 4 45 (0 221) 7 56 550 45 (gy5b 00 0Ll SxiaosST Jlows
3 et (elad 350 45 (55,0 224) B 390 (pized g sl (oo sladge
e oy ulig); U 4 S5 slauli Gl wilee
_ el sy, ol Sbe a5 atl e 5,n 227 a5 SeisS]
53 laoge 1o Er Sy S (Byb 5l ailioe 99 O e Lo (SesST
236 LuilS )5 gyl aiile dhjb 5y o Woge plas 45 355 4
b b (St T i3l Guilig; oSl glaoge ol o 5wl oo 35,0
5 U & byye Jlose mls wluly g5ds0 cnl )ls 2925 (SwsST
e 8 5T 250 a5 (5 psbar aili oo d50ie 35 Sl 03> Lol e S,
b o e bgye 050 JS5 5wl oo 5, 234 (il 8 (sl ls 22 JSA" 5o
oy pgd 390 JSB L Koy g b s end S slasge SIS I (oS S
5205 5 (@) "21 US8") abe 3e 227 LuilSp s &S
P e Gap e St )Sle (e 230) uilis, W55
"28 S 3 a5 sgise 3y x5 & oolr gl dges b,
SatasST 5l uiligs, 51 o35 e (sl sl 0 00l (L
Jie 9,393 (8 SIS @ 9055 a5 (ould (Gl e B25b
b 0ya> uilig)) 53 51 Suy g b (3 (85 alols 09 oo
G Gl Jae cpl 5lesliiul b oS cul pb pei Bas slaol,y 51 LSS
Ly Sy b onb (b s jloslinul b g (als slo gy (o)
syl 1L g coloy Jlw ojim J2Is 0 (egiae Slge (3938
Dged adlllae pgs p 1y U S, L 5 Jlw el e il
@ 9 JUS! jone (55l e 1 Wl oo Ja cnl T oolisal (rrizeen
3,90 odisl la Limgh Wlgh oo a5 ail LaXal) ooyl jo 55 0l I3

o 15 aslllae

e S 4g8 -6
M) b 25 g a
(M) b L5l glass
Mmsh cepm ¢
(MPa) azcww¥! Joue
(Hz) ,lud ollug iS58 f
(N) o9 Slesly 0 955 f
(N) (ssloo losly j0 905 f,
(N) oleds sl 0 955 f,
(N) o>ly 59,5 F
Jsleg dm b Jm
(kgm's?) s P,
() sloy £
(m o= U
P ey el Yy

kgm®) J&= p

gy dse
(Nm) ceyos Jily @
Oswle cape v

391

2315 55LaS 57 bl 50 5,5 o5 4 129 S 0 5128 JS8" o
Il oyt b S 5 46 s sgame ool Jao X (sl 53 &2 (5
el 0nd auylie [17] o)es 5 b (o2 Joo b (SeiosST
Z liwly 10 gy ok oy yidon Sl aise polal jo a5 b len
ooluél dLa.a‘ (B, 227) L_;u\w;“‘ JL..; 0 ya> u».lUg)') UMJU)B 03gdze 4O
5 S o b g B pame el absS Jas izan
Jite s isls 5 Pl sl s @l oal 5ol [L7] o fSae
o> ilgy) n 3l GBU 2 @8 Gk ol onlS JB 4 ead

2,5 oolitl  SwgST

& 5 4o -5
@l Soenl 15,093 50 g5 oS a5 wlie 5 (S Hlye 4 U g
L1 Seiwsst Jlw 5wl o8 (Jas i oslital adbga Jloy95 0
g o3be b gl L) a3k g3 5 plejen Sy 4 Sy 5 pb LSl
Je jleslazul .l jlo o5 1 glaamNe JB coonl 3l ans ylis (eSSl
et o (SeimosST Jlow oji b Sy 5 pb J3lo ad fsS
095 999 2 5 £z () sladge S8 5 (b (slauilS B anlllas
ISR CAPHCIERIEIE IR SN O IS QU A e
e 028 @l b (95 Garlas 00l &)l Joo gl aws oo ) 16 g8
ST @ bgpe @l oyls SetwgSTads> 0 0o g Jloge adg> 10 oo

80
70 | ’
‘ 1"
Z 60 f n "‘l )
E 1Ny, ' 1y
°Q 3 ) ()] 1 [)
5 50 el WA T f'u‘"'::“,l o
= | b v o Voo Yy A gt
o Py L] \ UsFy g
o 40 ' ‘||’ ¥ NV \ ' | ] ".‘l
™ ref . v} v o
@- 10 En ’ 1
R
20 .
E - Experimental
e e aaaaa Numerical
0

0 50 100 150 200 250 300 350 400
Frequency (Hz)

Fig. 28 Comparison of experimental (Ref. [17]) and numerical results

of z-component forces acting on the wheel hub
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Fig. 29 Comparison of results of the x-axis torque acting on the wheel

hub in the numerical model and experimental results [17]
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