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# # 6072189523 : MAJOR PETROCHEMISTRY AND POLYMER SCIENCE

KEYWORD:  Slot Chamfer Brakepad shape FEM
Sirapath Yeamdee : EFFECTS OF SLOT AND CHAMFER SHAPE OF BRAKE PAD
ON BRAKE SQUEAL. Advisor: Assoc. Prof. Thiti Bovornratanaraks Co-advisor:
Assoc. Prof. CHANAT RATANASUMAWONG

Brake squeal has been worrying problem for car makers and brake
manufacturers. Brake pad shape has one of important role in brake squeal reduction.
The objective of this research is to study effects of slot and chamfer shape of brake
pad on brake squeal through Mode Coupling mechanism in frequency range of 2,000
- 11,000 Hz. The predicted natural frequencies and mode shape of brake pad and
rotor model calculated by the FEM are compared with impact hammer testing to
validate model. Mode Coupling mechanism between brake pad and rotor is
analyzed to predict brake squeal. The results show that brake pad and rotor have
chances to occur brake squeal in frequency range of 2,800 — 3,000 Hz and 8,100 —
8,300 Hz. For avoiding mode coupling, brake pads were modified by slotting and
chamfering. The present result found that the modified shape N3 SC+N3 and RC+N3
cause the natural frequencies to furthest decrease, they affect to reduce brake
squeal in frequency range of 2,800 — 3,000 Hz. In frequency range of 8,100 — 8,300
Hz, there are no modified pad that can reduce brake squeal occurrence. To get
reliable, the predicted results must be verified through braking performance test
with dynamometer to ensure the accuracy results. The verified results show that the
brake squeal prediction from FE results agree with results from dynamometer test

in Commercial shape.
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Spectral contents of brake noise and vibration problem

JUT 2.6 Uslanvaadeafiifinduainnisiusn taguuanugieninud (8]

2.3.1 Groan noise
Wudeaniindulutieninudan Ussua 10 89 100 18509 lneinnunaln Stick-
Slip @UAATUIINAITIUTALAZNITEUVDILWANTU [5]
2.3.2 Moan noise
< = a a ,éf 1 a0 1 acfs § @ a a a ) qy 1
Wudesiiiadulugisanudainin 500 B5ag 1Wuldesiiinainnisaduvestudiu
szuuUTnhardsrhundsnunsiuiulugiussgvseniiwessasud lngdiulvgjasiiny

Tutanstulisaeudfinnungigs [5]



12

2.3.3 Judder noise
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Low frequency brake <500 Hz Low frequency, Suspension
noise: Groan, moan, broadband components,
shudder, graunch, clunk structure-borne brake assembly
noise
Low Frequency Squeal 1 -5kHz Low frequency, Brake
tonal, airborne noise | assembly
High Frequency Squeal > 5 kHz High frequency, Brake rotor
tonal, airborne noise | and pads
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2.4.1 Stick-Slip
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ANINNTIUTUFIANIUIALTENINENFURERARLUTNAUIWUINVULIUTN UAZIULUTNANES
yumEnILIaudmarliiansdunntu vienaidntenilafe Wednsnsiuindu
Aafiusniinnisaulaaladng uiidlefinsandnsuiinusaduaniunduiiangauiinlifan
= % £ = a i U a X vu 0o g Vva & o &
wsndnsloaldenduiafanisviluasduiadulaauyi il uidesvesnisiusniuan
[12] Tnwdiulveinaln Stick-Slip agyiliiAndesninanuian Ao 1@es Moan uay Groan Welu

yvzianalniifenavilmasdesaiaiala

v

SUN 2.7 (n) anwaugvesssuuiinduniunaln Stick-Slip [8] (¥) s nsegnineaduUseans

ANUEEANIUAUAINSIVBINTALUAIULUSA [12]

2.4.2 Sprag-Slip
Usngnisaindesainfuiliosnanduwisladuniavilavesmiifaniusn wazanu
windidusudsamugeannauriliinisasguvesiadiusnuaranuusnidely wdiindu

a = = o § Yo al' ] a & O X i = &
LL?Q‘UWVITP]LLﬁQLQ@UWWIWQﬁ@LUﬁﬂugUﬁWQﬂuLﬂ@LUUﬂqiﬁusUu Iﬂﬂﬂ']LLﬁQLﬁEJﬂVl']uu&']ﬂJ']iﬂ

gl
1-tanf

InanuedRaniusn uaz O AoyunTeyinsenIeaIuuInAUmusuLAaniusn fansagly

° o al' - o a £ = ¢ a 13 o A
ﬂ’mlulm’]ﬂ Ff = I@IEJ‘V] Hq AB AFNUTZANIUTUFIANIUIAY L ADANUINUNYTD

'
P

a a 1Y ! P a VoA _ 1
3U7 2.8 MnnseBueiinam usudeanuarildunniigesiodle 6 - tan™' (o) [12]
d

Y
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rigid rod pivoted

O fLato brake pad contact patch
L —
/ \\
[0\, F \‘I S |
~— 1
7 r//' \I
S _—
moving rigid plane N

(n) ()

JUN 2.8 (n) anwarvesssuuinTununaln Sprag-Slip (v) dnuaeUadseUUUINTLANTY

munaln Sprag-Slip [5]

2.4.3 Mode Coupling

U51nNN15UMEAAAATUNIIINANBULNITAUAIN 9 VOIRANUTN LAZINULUIN NT0
dulsenaudu q vasusniinTuneuiuluguisvesnsdumilouniu (coupling modes) @

wAINalNTAUEITULTINTY [12]

Bending mode
of brake pad

A

Out-of-plane mode
of brake rotor

g‘dﬁ 2.9 é’ﬂwmzmstﬁmﬂifmgmsﬁ Mode Coupling [12]
2.4.4 Hammering

U31ngn1saliinunainauliasinanove iUl senIeRaniusn LasaIuLusn

]
=

WewunannisldauvesusniineliAmdudunsifidnvauzuds wumwlansignuauasly
Aaniusn WolurININLNINTENUAUIIULUTN 93BLNEAATUILUTARGINSUNINTENUAY
a ¢ a & o v a U aa o = P ) Y]
fanusNaNATIlmARNTEUNLANwUL UMY AANEAUNITANEIINIE [12]
\degLusnamiaanuisaintulaanratenatn felunsaznalnildnuaznisiiawaydy
Auilafiuana1eiu naln Stick-Slip wag Sprag-Slip 1unalaifeatesiuArdulssdnsany
W@uaniusyuingdiusnkazauusn wazdiulugnalnisasstagyilamAndssnianinu i
wnnInsiiadssiieudaedwaiana ludiuvesnaln Hammering W Wunalnfivinls

Andesaaalivesas iesanlunalniildsunauaniiuivesiandusnuazanuusn
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nasnaunsiuliual waznalnfisnuideilaula Aie naln Mode Coupling sdiulvey
wanalnfiilunalniviliiAsdeausnaniauasiieatoiuzusnaueIiusNLagauLUsn

Tnensa

2.5 Uaselun1sandeausnania

o a

FFdmsunisands L deusnaealivatgisaienu 35n15US UL UABUlASIES19U09RN

I~ ad 4{ d‘d a a a [ 7RY) 1 1 a d!
wsnluisuilanivseansnmuazdonldiuegraunsuarglugnainnssunisudnusn &
an ) a % v Y ) A ' = ) a
’Jﬁﬂﬁﬂi‘uL‘UaEJuIﬂNﬂiNN’]L‘Uiﬂ‘Ui%ﬂ@UWwﬂ’]i‘Ui‘ULU@EJUE‘UTNVI?@“UU’]@ WagIdny
WNeva9iudIUUsENaUTRIsEUUSA Belunindunisiinudnualinuszuu Tnenislawey

B (pad shim) WWudn3snilafianansatisandesusnaniald dauansluzun 2.10

| Parametric studies on squeal reduction methods |

| Material modifications | | Pad shim | | Geometrical modifications I
1. Rotor Disc Modification Pad Modification
2. Friction material 1. No. of vanes 1. Slots
3. Caliper 2. Hat thickness 2. Chamfer
4. Anchor bracket 3. Neck thickness 3. Friction material
4. Neck height thickness
5. Drilled rotor 4. Back plate
6. Solid rotor thickness
7. Hat asymmetric
\4

I Reduction of squeal I

SUN 2.10 Yadedamasianisanlonianisifinidgausnaiaia [6]

(%
a |

nsUsuasuTanudiuvaszuuiusnidunsiauvseusulssnaaufvesian Tae

9

v ¢ G a a

nswasurnlugdavesderd wonsiasurinvesan denisidsuriavesTanduisadey
I¥lugnamnIsueIueuAnIegnaInnIsiiusn laalaniznsiaunianlineulandiugly
FOUTTNANUNLALTOUUS

nsUsuABLFUS TS s vIndIuUsENBUSEUULUSA 5usniTuiBnnsuSuuganay
WAUI9ULUSN 19U MSIUABLANUVLNIYEIIIULUTA ANLUVLIYBIMAINITY Wagn13HTeq
uiwsn Wudu FBaesfianmsaanidssiusnamiannszuuiusnld fe nsufuuseguss
vesiniuIn lnensrisosuazuindresiniusn msuiuasuanumnvesiiusn iy

WAz NISUSUUREUAINLRUIYDILEULAAN [6]
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I Y

nuIfeiiaulainuinisinges (slot) kagn15U1a€ne (chamfer) 1893101599 MUNEIRY
Aae3deaguy Wulssnundaiusnifisseginiey Msaadesusnaniadainliieanis
USuiasususisvesiiusnivingy

a

[ ) a d‘ ] [ = an = 1 val 1
ﬂ'ﬁf}ﬂi@\‘]L‘U‘L!']ﬁﬂ’ﬁl,ﬂaEJ‘L!LL‘LJﬁQE‘LJi’NGU@ﬂ?ﬂ@LLiﬂLﬁH@WWUUﬁ‘VIUQ I@‘EJN']IMSJ“UENGIJUWW

@i vl an Magui 1 maiisesinasie Tanusudenniuly 2 dnvug fAe

1. MsHIsesa1nsalasullasnudsssuYIRveianls 1lo991nnIIHITeY
willouriunisuusiageaniduiiudng Jednvazdinanazdieliaimiuudunss
(Stiffness) vasrtusNAanaaz iTiRuInInsdesUlAdeTY

2. Ms15eeYILsEUIE Hu 11 uid warauiou

-

A15#1594 (slot)

n15Unad19 (chamfer)

JUT 2.11 Uansdnuaien1siisesiarn1su1ntig [13]

N15U1A019ABNTAANTOUIAUTIMLN VR TAAUT HAEANIY éﬁ’ag‘dﬁ 2.11 mMsUndne
A11130A7UANNTFUNATENINNVRUVBITARUIILAIAMUAUMULUI AL SSaunTnTaeY
fosffumaiindessuniu ilessnnisuindegnitanduiiodnwamuauganieaimasih
vosdnwagiuiutidivsn il duladunioesiungnneadlufesiuiien
wdiliTanusndeanuinisdnuselledndiaiavedsnalitunudemiodade msd
FunudswedadvtuiinavhlviAndes fufumstindradselfiiusnaunumsduia

YOI NUINAUITULUTNLALNITNTE YV TIAUUURINTN IADE 198 L@NaN1N BT Y [13]
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2.6 ANUdSIIUYIALATFUIIeNTTE

AMUDSIINYIR Ap ANAlUNITUNIMTRAUYeInNge1eBaTy WaTnguulaTunss

'
= = =l

n3evi Favzdlmnudlunisdumusssunfianizfiivesinguu wu Jetundsliun Weisesn

WSINAN ANUDRTIT NI IULADAINUDSTTUTIRYDITIT AT

[ = a1 a

Tnguilsazdannudsssuviuinueauliaunsodulaviefidinluetud dsanud

555UvRAMINYI TN TUS T eAN v NMTAUALANANTY LWUNMSLNIsYadLEULTeN

=)

ANDAMTS WWonazdigusanisduguwuunila dusiinausilunisdu audizuin

Yuee fauanlugui 2.12 Wenhasdanvauzgusanisduiisansniniy Jednvazgsienis

dumiausuwuuvils 138031 JUT19N158U (Mode Shape) [14]

% Mode shapes
| |

| | Half-sine

| -t - | I l

Q) ()

JUT 2.12 (n) Weniignusansgyhannnisimigveshau (1) 5Us1en1sdu (Mode shape) w4

A d‘ 1 Ql' 1 d!
LYDNNAIAINUDAINAUG [15]

2.7 #uUAN1eNavaEn
deowaznsduaziiteuvasszuuiusnilulgmindudou Jaferdesiuiagusudeaviu
LAZN1TBNIUUTEUULUIN {Rdevangviudaenisiasidnlang Anssuuazladeiionddmanie

a « Y = = VYo ° Y ax 3 ¢
NILARALAYILLAE NITAUAC LN UV DITEUULUIN R]Ql@%?ﬂ’]iﬁ]’laaﬂizuuLUiﬂMEJ’JﬁI‘V\IlHGILE] LHUR
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! 1 [ Qi o b4 = a a o & ¥ a v va
wiagelsinunisiiagdnaesseuuiusnlvimileussunnign Judusesdinisteudoyaaudn
199 Tanusnduaniuldediegnieuaslndifesduiiusnase audAfagusaduaniug

Jnduseslouaslulusunsy fie Alugdavesdan (Young’s modulus) Alugdausaidau

[y |

(shear modulus) kag ANBATIAIUVBIUIEBY (Poisson’s ratio) AIUUAITIAATLALANTAIUYIEY

= a °

auUAnenawmanlvesianiediaudfey [16]
autfnenavesian Ae audivesdanlunisneuauewiansmanaiiuIngein nanee
ilailn1szuse (Force) 1nseiiian avtinussinunigluilovesian dmnnianliawnsadiiu

A o Y a = [ A (v oA =2
Vl’]ﬂLLiﬁVliﬂﬂi%‘Vl"lbLfﬂ ﬂﬁ]%Lﬂ@ﬂ’ﬁLﬁUg‘U EbFININT NI LLG]ﬂ‘ViﬂVL@I PNUUATNUIUBDNAN

¥
=]

ANENNTUNITIUNULSINNINTEITazSEnd “Arruudinssvesian (Strength of

Materials)”

2.7.1  ANULASHALTaLEY
& a Ao v A =~ o w Py = o oA 'Y}
Juenueseaniale WeilkssnunssviTanlanvas Juunsafasousing dawand

Tuguin 2.13 Amanuesenasviivarueniuaeuludeninug1ibu [17] daunisi (2-4)

b=ty
S g (2-4)
Lo
oy € Aa AuAsERANYUYRYIAN
lg Ao mwsngevnevesian
Ly fo PuemBuduesia
Iy
Fe— > F

JUN 2.13 anvaizvesianiliinnnunIen
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a A a X ] E Y] o P ° P ~
mmmiawLﬂmuiwmasLmumamuma@mLLa@ﬂugUw 2.14 @aunsamuldlaannaunisi
(2-5) uay (2-6)

IMNAUNITN (2-8) EUITORAAIANULASUATUAANILAY Z bPAIFUNITN (2-5)

Lr—1Lg
g, =L (2-5)
lo
WazANULATEATURANIILAY X Wag y AU (2-40)
df—do

" s x
>

(Y]

JUN 2.14 Jaqiinnia3enlufianiawny x y uae z

272 ANMULATYALRRY
Juarueseanldiunsaiiusinsgiinfianwagiuusadou () dagui 2.15 a1
a 1 U U 1 dl d‘ dl ! 1 ! U dl
ANAASERAEIINTUaRIIEINvetTEBE AR U IUAD T BY I TENINgTEUNY [17] Aeaunish

(2-7)

=2 (2.7)
y - h -

e A9 AULPSEALERU (tanf ~ O nsdiyudnunngs)
y 99
a fo szuzfadeunly (Displacment)

h A8 SYeLrIsEnINNTLUIU

a

6 fo yuiwdeuly
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T
| —
hlle
- —>
T

[y

JUN 2.15 Yaqnianuiaseniden

LA ERTIAIUVOIAINULATYALUTANIILAY X 38 Y AUAINULATEAIUAANITLAY Z LS8N0

“ansauvaItiwe (Poisson’s ratio)” auisaruinlaannaunisn (2-8)
V /== (2-8)

2.7.3  Alugasvasds (Young” Modulus, E)

Anlugdavesdimiaitunit “lugdaBaneu (Elastic Modulua)”\Jumuensefuainy
udaunsavestan (Stiffness) Alugdavesdianmsamldan Addavesdasinisivasunlas
YBIAMULAUADAIULATERN NTONLAIINANTUYDINTIMANUFUNUSTENINAULAULAE
ANMATEA [17]

TudaauaneyUseinm ﬂ'ma@é’amaqﬁqﬁuﬁﬁWﬂﬂﬁﬁszé’ummﬁmmwﬁq Ao Januadu

wazfinuaudRdulumunguesga (Hook’s law) dadunisi (2-9)

E =

o
= (2-9)
€

g E fo alugdavesds Swhedu Tadusemsauns (N/m?) vieUraana

o #o Aenueu Jvhedu dadudenisiauns (N/m?) vseurara

A 1 a a 1
£ fo AAuAsen Ll
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2.7.4 Alugdsusaday (Shear Modulus, &)

nngfalugaavesndImaszl (Modulus of Rigidity) He1usnsrdiusenitemnuau
\dou (Shear Stress) fiapuiATeadou (Shear Strain) lugdausadoulunisludiuin
dunsuinanuudanssvesian Jaugdawsadouiiiluniseluienisnevaussvesianidse

= = o a v Y A o o= =
AuAsEaeu Januuuueulalelnstnaglvinisnevauesidneiu Wedn Ay visenaaauly
a a ) ! Y] 2 = o v v )
fAneieneiu Alugdausudeudsduinlaninaunis (2-10) wavausanilaainainudu

YINIINAIUFUNUS TLNINANULAULADUNUANUASEALIDY [17]

T
G\S 5 (2-10)
Y
g G fie Anlugdavesds Iniielu Tidusenisiauns (N/m?) wieliana
A ! Y oA a ! [ a o ! 2 =
T fo AAnuAuEeu Indielu didusenisiauns (Nm?) vielrana
Y Ao Amennueieaidou Lifiviag
Laranasamleanaunis (2-11)
= (2-11)
2(1+v)

[
Y

Tanguanevia sunagsdn waz Tandue duiluianlelenseln (sotropic) s il

way 1 X o a A v LY 2 & £ =
AavanURAlivuiuAane wifddanuisusean Taglanizdaguan Nilassasadudule vle
Tnssadeludnuasiientu Wunalinueaud@nissuuswesiaguuiuduiianig fe 1Uudan
woulelanseUn (Anisotropic) Aragratru tduloarsueu winsuwssauuundule (lu

wwvuuiukuEule) duazdannuudaniann (lugdavedag)

2.8  audAnenavasiaqusudeaniudiiusn
WasnndrudsenaudaniusnifeanisAnwiluanuidedinmue 3 diufie Januss
oAU WHUUWAN Lazanuush uHuwandulaiunanmansdasouuaganuusnyinun
< 1 o Yo & Qy - o a . 1 [y a
Pnmannas Mliiaguesisaeswuiiluianuuulelelnstn (sotropic) ludiuiagusaden
muiivhauaindaauinnds 10 sdaduiu inlitagusadeanuduiaguausuusouloly

In5Un (Anisotropic)


https://th.wikipedia.org/wiki/%E0%B9%80%E0%B8%8B%E0%B8%A3%E0%B8%B2%E0%B8%A1%E0%B8%B4%E0%B8%81
https://th.wikipedia.org/w/index.php?title=%E0%B9%84%E0%B8%AD%E0%B9%82%E0%B8%8B%E0%B8%97%E0%B8%A3%E0%B8%AD%E0%B8%9B%E0%B8%B4%E0%B8%81&action=edit&redlink=1
https://th.wikipedia.org/w/index.php?title=%E0%B9%81%E0%B8%AD%E0%B8%99%E0%B9%84%E0%B8%AD%E0%B9%82%E0%B8%8B%E0%B8%97%E0%B8%A3%E0%B8%AD%E0%B8%9B%E0%B8%B4%E0%B8%81&action=edit&redlink=1
https://en.wikipedia.org/wiki/anisotropy
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o/

2.8.1 aquuuuau‘laisﬂmﬂﬂ (Anisotropic material)
TanuuuueulelelnsUnaglifissunlafivilouty vhlviflandinisnienwiiunnsng
fuluusazszuny audditalivestanianuuandsfulufianieeineg audfivardamnse
Juantfnenienmmsenianauainisilni, anuduussiamsenisganiuueas audd
yanavesanUszianiansomldanaunisuing 2-12) Ty ¢ Huiauudounss

V99Ian (Stiffness)

(01 (€1
o £
0; €1 " Cie 8;
3 s=F xS . (2-12)
123 ~ v V23
T32 = = V31
\T1,/ \Y12/

1naun1s (2-12) dAluaaadasy (independent elastic constants) 391UU 21 A7
TumuEIRUSUDIAMIULAULAZAULATEN DINFUNITTNAUIZHUIAANLGDUTUIUTERIN
mduLAzIATEn AILEURaIn (Normal Stresses) laitaauvildmuiasemindulu
fiannedue) fesannavesdnsidiutiees widwihliiiaanuaseausuiowiesand
Sviswadeunaziu mufudeulifiosadsmuaseaiouvingy widiasannueions
2NAY

TudanuuuseulelelnsUn msmiuduseninenmsidesUeuuiaduiunisideguunse
Fougnadrstuainarundusaanlunngfienns SsUsngnisainadesuuuudaduions
@ouMAnnanufudaduliiauduusadouaunsnegluguvesnisdeuiuiureuss

Wouuazitudu wagldanunsanudsingnisaiiiluianuuulelelnstnla

[

2.8.2 'JaG]ILLUU’e)aIaI‘Vl‘ﬁJn (Orthotropic material)

[
wa =2 1

2 7anNUaNURTUB Y AUANUNFANIVDILNUNANTIAIRINTINUKALNY L LAIUTEUY

9 Y

yuansuiu InemiluiaguanieasuieidulossissuiuresianiuuanunnsaussuIuwny

o))

[
I a [ [

wazdndutanuuueslalnsln gadnvesivaussuivanuinsiisaninfianisesianva

= 1 ] a a ' & a O = v v
faudleeniluazisuneslansln uiuasenginssuvesiuimileunuianuuuweuloly

£
Y s

WisUn Gedaniidiansidavgudass 9 Aruuvsndanuudawnsauinanstiluaunis (2-13)
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r0'1 } _Cll CZl C31 0 0 0 T ( 81 \
o) Ciz Cp C32 O 0 0 &2
o3 | _|Ciz C3 C33 0 0 0 €3

{ Tys P = 0 0 0 C. 0 o |* $ Vas ; (2-13)
132 0 0 0 0 Css O Y31

22 Lo 00 0 00 0 Gl 12/

siiuiniaiaqueulelglnslnuazeslalnsln dfuusdassiilinsuareguaiae

2 U

Mo lngAnmalaunsnmlannnIsnIsmaedeukazaINNITALIN WiansadeuTaniiy

Wiwnzauwasiielildnanisageuiigndes widsdnduiingdemsuindniusnvseTand

v = Ay & & o
RRINSANYIReTululanUseanla

29 uideiiiisades

Amit Wwag Prasad [18] Wﬁﬂmﬁﬂwmzmﬁm?iauuﬂaagﬂiwwam%’uLmﬂ 1nuns
WasuAmuudannsa (Stiffness) vosusiuimdnasuiuin faguil 2.16 ileflazmunuides
wsnawalalaenisasawuudassliludediuud feldsunsy SolidWorks waziUseuiieu
mamsﬁwmaé’w%%msi’mmsmauauaammﬁmaﬁaq (Frequency Response Function,
FRF) SeuanisAnwmuinnisanlonianisiiaidosusnaima awnsavildlaenisidouainud

ST AVSIMNULIANLABNTISNAIAIINRDINATS (Stiffness) 1o3Tan

JUT 2.16 (n) WwiaNASuLUIN (1) weluwianifinnsifinAn uudaunsa [18]
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Nouby [6] lafin1sfinudnuarvainisinsesfiinasenisiindes Inednvasysesi
Ainwdl 2 dnwaly An NMSHNTEIATINANRLUTA (Single centre slot) WAYNITHITBILUULEY
yuBs (Single diagonal slot) fauanslugud 2.17 TasmsAnwsiunisdrass seSlailud
walud wazdinsSsuiisunanisvaassadaiunisdiaes Jaan1sfnwinuiinisnises
p3snadamaliaunmaindssiinuiiganannnniinisisesuudunueam Sniads
finsAnwidnwazn1sUindly 2 anvay A n15UIAT1900N0 4 Tadlunsiay 8 daalng
ANAIRU é’]’mamﬂu'gﬂﬁ 2.18 Fananisinwanuin mﬁmm%’wﬁmaﬁammﬁmL?iaqﬁmm?iqq
dlesmnnisduazidioulunuinuung (Out-of plane) waznuinnisuindseeni 8 fiadiuns

o a « A v ! Y a a
UIUIUNTNALFSITUNIUNUBLNINNITUINVIN 4 UARLUAS

(n) (@) (@)

$UA 217 (n) fwusndssiu (@) dsesnsenans (Center Slot) (a) H13eaidss (Diagonal Slot)

anwalrFUIINSHTesnAnulag Nouby [6]

Chamfer

SUT 2.18 dnwaizmsuindsdfidnunlag Nouby [6]
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wana Nl Nouby felavinisAneanuwagnisnisesuarnsuIngesdLusnLiioan

a8 aa v e & o  aa Tl ] 1%
LEYINAVMELUSN [19] H‘Uﬁ']\‘w\nL'Uﬁﬂ'V]ﬂﬂ'l‘fﬂL'Uu’lﬁﬂﬂ/mﬂ'ﬁm'ﬁaﬂ 2 999 LazN15U1nvIeLLUU

q

[

Yy 2 §revesian fagud 2.19 Fsfuusfidnuiinanesuusiedu fe Anlugdaves
WHULAAN AIAINVUIVBILHULIAN AU T19n15Und19909389 YuIanIsHITes Seee
5eWI9909 2 $04 uazyNvesTes 2 so4 IngliAslwludedmudlunsiuneleniave e
winturazusn dslusunsuiild fe Tsunsu ABAQUS waziilesannsulsiifiesnsinuni
Mmaﬁmﬂs%qaaﬂLLuumimaaaé’wl,mﬁm%qaﬁa%uqqLLazIUiLLﬂiu MINITAB Tun13
Jinszsinan1snnanssandie ludiuvedlusunsy ABAQUS tulsin Complex eigenvalue
unlFlunisimsizimnuatosvodesiiinty (Brake stability) Tun1sdnwidauusnls
nsfinndedesingn 6 Yade Taefnwvidierhnsnsesiudsivanas Famanisnaasdain
M581A0IMUI MmUY HUTENLAYTUIATessBelinason AR s antuEe
Anwludiuians Fasdunsfnwduusivdelnvasiden wasAnweuduiussenine
wUsdana1n wuin Uedeiidanadensiiaidesnniigade anmnirsvesnisuiatisvesian
warAuduRLSTEnIneuTe 2 fudsfidmadenisinides Ao Anuninsvenistindag
VBITANIUTTHLMNITENINNTDY 2 589 UATHNVDITRY 2 TRINUTLYLUNTENINTB 2 509

/
/

Slots Width ' //
| | ?\‘/ Slots Angle

T ———.

Slots distance

Chamfer

! o 1

JUT 2.19 sUsesdnuaiznsiisesiazunadeidinulag Nouby [19]
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Lui wazany [20] Anwnavesnisuintisvesianiuidesiiintu IagvitnsAnyinae
Flludedudwarldluswnsy ABAQUS Tun1531a9952uuLusnwazvinunesdeanagsinay

Husnffinendl 2 dnwae Ae AusnliaIunsEnseseUn1slag AUAILUIATINIUNNS

¥

UNAT19UUVUIUAIEVUIA 21 TaAUAST N1999R59NaN9 VIR 19dIUUULALAIUAIIRSINAS

v a v

vo37an ugudad Awanslugy 2.20 Favrsarudnaulalunis@neife 5,000 - 16,000

9 Y

¢ U U

WBSRT An15AIUANANENUSEANT LS LALANIULINAY 0.4, mumsﬂmuﬁmwm%a 2.5

SiRguApIWY tazauaulunisiusn 200 Aweale laglyd Complex eigenvalue Tunns
MuglnuanudNaziadulun1siiaEss Faan1smaassnul Iuaauaiiiliiindes
(Unstable mode) ag#1 6.335, 10.105, 12.085, 13.300, 15.848 flaidind Fanudnseiunis

NAdeUITIAILATIlaUlLTmeT wardaniiiunsHTeuazs Ut ikl dulunisiindes

PANUDFINA1IANA

jif

' [ 1

JUN 2.20 sUsednuaien1sisewan1suIatieandinelag Lui wazansy [20]

anvhefiuauiseres Chun Lin [4] finldiins@inungusisesausn duusn
wazAaUllasuuUa1ee MdnanensiiadeausnanIangils s‘z’iumié’ﬁﬂmgﬂiwwaaﬁw
Wwanvlanue 17 sUuuy Ae fusnitlisiunisindesuazdindnadugusiedids (Baseline)
uaziiuIniifeantsAnuiifinnsrisesuasUiadnadn 16 UL Aada BPM 1 4 BPM 16
Ingldsmsinludieduuduulusunsy ABAQUS uasluSeuliigunanisinuemenisnagaey
ARSI TNTAVDITUINIFE (Modal Test) uaznisiruauiunnasuuutaiadlaunly
fwef ilodinsgidsamaiiiniu Ssan1sAnymuiinisihsesmsanans (Centre Slot)
fie 5U519 BPM 5 #a3Ufl 2.21 uaznsinges 2 seadeadimnduadne 3 mdeu (Trigonal
Slot) e §U319 BPM 9 BPM 11 Wag BPM 12 7isinssngosvium 70 esen fauansluguil 2.22
fUszavsnmipdmsunsimuivienisusulseguimwesinusnifieannisiindesusna

bAIA
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JUT 2.21 BPM 5 fiusndigneinsesnsanatsvunng 3 uu. uasUindemsaduym 55 a3

Y

U a L4

AUNINUINILUTA VB9 Chun Lin [4]

JUN 2.22 (n) BPM 9 HLusniignEiged 2 $9uu1e 3 aul. 1Beadmniuvigm 70 aea &

Y

T2EYNNUUINANENLUTA 30 1. (V) BPM 11 HLUINTIQNHITE 2 T093UIM 3 13, L1DBS
WUy 70 9967 T8EENNINKUINANAIUTN 35 Wi, (A) BPM 12 fAusniignEnges
2 999UU19 4 1y, BB mnAuYingu 70 831 H528¥191NRUINANELUTN 30 1Y, veY

Chun Lin [4]

I
Y

NYeyakar UITe U luundyin linsuinsiiadeausnanIaLind U

wanenaln lnenalnfidmadenisifadssusnaimanasiieidesiuiusvesiiusninenss

¥
av a

fa naln Mode Coupling Fudunalnihunldfarsanlusuidel Ineladenaunsadiean

TonnalunisiAsdsausnaialanivatethsssedu waztadenilsnaddedaulanasfne

Y

Ao JUTIMIHITeaN15UIATe BNTIINEIINMUITENRNYIFUI 190U dNYlENITH

Y

$99aEN15UINUNABANAAUADNNSAALESUSNALAIA TINANITIVENUIINITHITDILASNNS

Undsarunsatisanlenianisiiadesiusnainlale laglusinsudiulngneuideldae
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TUswNSY ABAQUS Fadimnuanunsalunismiuisiuaugnintuswnsy SolidWorks 1947113398
M v o PR a o v \ ] 6 v °
Ulodunly Wesainlusunsy ABAQUS dadududeursudiags waldiianlunisAiuin

ADUVIUN
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uni 3

A9N15ANHUIIUIY

NSANIHATEIIUTINSHTBIMA TR BN USNInTEnUsBideUINaIa &
RININELNIATIERLAEATIIERULENANARLES WUINALAIAYDITUINRNUINAIAUNE]
Lumsinsesarnsuindielag wasiiveinuinisaaudasgusivesdusnlvilonianis
a a d‘ d‘ v 1 v U d‘ (-7 Va a d‘
Andesusnainiaiianas Wesananudeinsvengugnamludagiuilidesnisiagudesd
ARYINNITIUINLAZNINNIAGAAINNTTUAABINITTNITADUAUBIAUADINTITH NioUTIN1T
ng1e1NantaINAnlud1uraIakazAuulunIsHEALaEN1INAFR UUTEANS AINEILUT N

Y- ac A Y o W w | ) o 9 ° ) ]
ApiRAGenIENandedindinanlauiniign Ingnisadrawuudtaesdiusnaielsinsy
Solidworks tfia931nTutagiuaruaiuisavetusunsuinsenlivseansnnuas Ay
wiiuggatu Aiunuideidsueendu 4 dulngl fie 1) Msasuuudiaediusnuas
MULUTNAIAU WTDUTIMIUADULUUTIABIAIIDLANE (Impact hammer testing) 2) N13ANY
ANUADAATDINUTENIINAINASTTUYIAYR I L UTNReAUNdtldinunsinuUasgusie Ay
ANNATTIUVIAVDINULUTA 3) NITHAUILAZANKUAITUIVBINLUIN Liloanlen1anIsiin
\deausnamavrasdiiusnaiglusinsy SolidWorks 4) n1snsivaeuuazduduaugnaad
YDINANITYIUNY LANITNAABUUSEENTAINAITEITIIUTIVD IR USNUULATBINAGDU

Usednsnn wieolauludiwes (Dynamometer)

3.1 Aseslauazaunsainldlunside

3.1.1  Ausnasdungeliniuniseinsaswaznisuindng

duusnaldidudunulunisfnwinazwauirdududiiusn 39nUSEn Asuwia

U

dumaiuuuual1994) Iin gudnuazdndnniieusndunuaue vessemelng Aansly

[

JUT 3.1 Ausnilsznaume 2 daunang Ao uiuwian uazTanusadenvnu Jauruuvind

ANUVUIUIEIN 5.5 fadluins wagdagusadeamuiianumundszann 10 dadlins
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JUN 3.1 dwusnasdundalisinunssinseawasU1ndnewessnain

USEN PoULAA DULMSTULULA(1994) 311

3.1.2  AMUUSATIINANURNUSNNUNUNANE

Y

AMuusn D uswnulunisAneiuduaiuiusn nUSEn AaLLA duwnasuTy
wua(1994) 911 Aeansluguin 3.2 Feauusniiidunugudnansssana 300 fadwns

) ! 9 Y 1o v A
LLﬁ%LUUEum%@ﬂUNWLUiﬂWLGQﬂNW

JUT 3.2 91UUSNURIUSEN Aeuuiia ulmasiuduwwua(1994) $11n

3.1.3  TUSHNSUABNNLABIEINSUNITDNLUUNIIAINTTULAZANTIATIZUAIUD
a Yy = ad a -3
sssuvIRRQesEaudTNelnlue fud

TUsunsunldlunsfinwinasimungusiadiusn Inensadrsuudiaes 3 &6 49

aunsnainuuaesliialiouiurunuase anidiaunsariunennudssTuRkaE U
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Tunsdumeszisuisnislwluedwud Aaunsadwsizitasynuionalsosnauwaugl Wun

[

YaUSULATULTRDBIUI9N1TANUIAINTSY FalUSLNSUNLTIUNNSIFET Ap SolidWorks whay

A0819RUNUMIATIEAIELUIUNTY SolidWorks wanslugun 3.3

7

JUT 3.3 Mg NNS1IUgNaAINAETTHYIRLAL JUT9NTAUTBHUTN

mglusunsy SolidWorks

3.1.4 psevinAlugdavasdawuudaniileiia (Ultrasonic Young’s Modulus)
1d a 1 [ v o [ Qy ¥ a 1 . [
LUULﬂiaqmﬂaaUﬂqiﬂﬂaa‘U@ﬂEJQ?H‘WTUﬂqimﬂa@U%UQWUNWLUﬁﬂﬁﬁﬂ U IETEKIGU
LUsuNnsy version 1.2 483U Industrial Measurement Systems Inc. Asuanslugun 3.4

e ruarlugiavesdvatiuuiaesiusnignassiulusinsy SolidwWorks

DYNAMIC MODULUS
TESTING MACHINE

JUN 3.4 wnsesinAnlugdavesdaiiuudansileia $u iETEK

YOIUTWN Industrial Measurement Systems Inc.
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3.1.5  yaduiindeyaideuazadnuduaziiiouvasenuun

= ¥ ]

\n3esduiindoyaldvanazmnuduaziiieuvess usud (Compact Vehicle Data
Acquisition Systern) t¥ulsiiaa 38025 ¥89UTEM LINK ENGINEERING fawandlugudl 3.5 7
annsoldifueiesdiolunsiauwaznadeu Wioidetudueueusdudfyg wWu fuusn 9y
wsn sy ﬁﬂﬁ’j&é’aaflmsaﬁuﬁﬂ%’agaﬁuq WU ASisosudvnzedouil wsanawiuusn
uazdouadug Mdndudmivgnamnssueeud infestufindeyaldeanasmuduasiiiou

tusznausmegunsalidndunan anue 4 3u

JUN 3.5 iasestuiintoyaidednagnisduagiiouvasusum LINK ENGINEERING

1) wA3eeindnsusenisduasiiiou (Accelerometer) 1WulA309TndNS LTINS
AUALLTOUVTOITUINUTHA Piezoelectric Charge Accelerometer Type 4393
YBIUTN Bruel & Kjaer Aauanslusui 3.6 i indnssanisauasiiouves

[

A

JUT 3.6 1AT04INgNTITINSHUARITIOY Type 4393

YIUTHN Bruel & Kjaer
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2) awsunalunaniwas (Strain Gage Load Cells)
Wuamsunanldianasniazusanismdeuiusn Tdamsunaluina1515-106-

03A ¥83U3EY PCB PIEZOTRONICS uansluguil 3.7

U7 3.7 awsuinalvanieadlaing 1515-106-03A

YD9USEN PCB PIEZOTRONICS

3)  fhuwdasdnygu (Transducer)
Wugunsallwialdudasdgrandanasiniaindnsnsenisduriu
dyaralnindrgiaiestuiindesuaznsduasifiouveteiueud Judud

wlasdyaau Type 26478 vo9UIEw Bruel & Kjaer ﬁummlugﬂﬁ 3.8

JUN 3.8 MuUasdiysyns Type 2647B USHW Bruel & Kjaer
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4)  peudmsulueetuauy
ARUA IS UANIZTUINUTVUIATIADUMANTUIAYTEN 10 TadwnT W1min
Uszanad 3 n5U Fadurasusem Aauniie umasiutulLua(1994) 31dn M9

wamslugui 3.9

SUN 3.9 ADUAMSUAIETUINUVD

U

SN Aouuia ButmasuduLua(1994) 317
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Tun1sA iU ANEINAYDINITNITOILALNNSUIATIVDIRLUTNRDNSLAALAE

LWINELAIA LAENNTASIMBUUINEBIRLUSNBALINUUTNA8IUTLNTY SolidWorks Usenaunie

YUADUNINUA 10 VUMDY AINULINLAAIAIUAN

HURIIURDUNISTIAY

s ~
5 . _—
1. MFASUUUTIADIUHINAEN
TaRUsAABAMIL LAZIIAUIN
\ /
A
s ~
2. msfimuanadiusvesianusidenmu
uAELHUWEN (Mating)
\ y,
e - ~
3. st viuaRudnURvesunu
4_ ______________________________________________
(Define Material Properties) i
\ J i
I
i
s ‘ ~ |
o - ° I
4. msfvuadoulvvsurvsnuuTaey !
I
(Define Boundary Conditions) !
. J/ |
|
i
h 4 !
) i
[ 5. msa¥an3afildlunsding (Meshing) |
|
|
|
|
i
) ™ — i
6. NNSYNNYRAANUDSSSUTR 7. MIMIUADULUUDABDIAALUSA I
|
|
. . UAZATIULUSA [
uazgUsamsdwhelusunsy SolidWorks !
4 |
|
|
|
|
|
i
3 |
B uflaunaann TailndAeaiu i

TUADUR 6 Uaz 7

TndiAgaiu (ensfulaifiu 5%)

[ 8. MIANEINTEUN D UTEVI R USNAIA LU UTN ]

[ 9. ﬂ?‘iﬁjﬁuuﬂLLEzﬁﬂLLﬂﬁﬂgﬂ‘?NaﬁmiﬂL‘WE]Eﬂi’aﬂ?ﬁﬂT?Lﬁmaﬁﬂm‘iﬂﬁm?}ﬁ ]

[ 10. msdudumansyhinemeesaslaniuiives ]




36

3.2.1  msaduuudiaswiumin Jagusadenniu uazauiun
nsAnwuAfeludureuiidunmsaduuuassinundifulazauusnidien
wwuaesiluAnuidelonidlumsindeuasiaudauasguiiniusnidoanlonianis
Andedlutumaudely
Tunsafauuuiaesiniusnuasauusniudniuegedeiiuuusansdesiinnu
wiuduarlndifesiuiuauatanniian wielildnadnivesnsduindigniosarannn
illFenlunirgramnssuldednedivssdniam duluduifaiauuaediionn
uargUTeTsasBendequiiouuiunuaie SeiusnfieuifedAnviduusnessn
nsvUy Bifo FORD Ju RANGER msasnsdudiuuuusaesiniusnusenausae 2 d1u fe usiu
man wazfanusadenniu fuanslugui 3.10 uag 3.1 @AY LarnTNALUUTIADS

NUIUIN Aauandlugun 3.12

JUT 3.10 LUUTIADUHUMENTBIAIUTN
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A ° Y} = v
E‘UV] 3.11 LLU'U"U']aEN'JaﬂLLﬁQ LEIYANIUNILUIN

JUN 3.12 wUUT1R8I LN

o ¥ v ¢ o = 1 < .
3.2.2 NIININUAAMUANNUSVDIIEALIILALANTULAS IR ULAAN (Mating)

= 1

UDNIINNIAMUAANANURVDITANILLNANDN1TAIUINRATAITUUUUEIVDIHATNS
wi miﬁ’mummmé’fuﬁuﬁ‘%aeﬁmmLﬁanzﬂaU%uﬁ’swm6] a¥retuduuvusansd
wen fduddaiiensilinasnsilalisenedesiunsnadeuiuiuiuase Tnonisada
wuusaesLuINAIRIsENaUMY 2 daufie uuwin way Tanusadeaniu Ssluanandu
9399 2 dniiusznuintu fuiulunisadauuusiaesnausnIsiesiinne 2 daunlseau

ARNUAIBATNNS

[ [ o
A a a Y

®  Coincident Mate g WUR¥UIUTA 2 FuignidenazeglusyuuimeIiuy

. A [J 9-/-«-:94} a 14 : :.’/ : = 6 ! (Y
L4 Concentric AB ﬂﬁimwumﬂlwwumiﬂwawmmm 2 szjum;@quaﬂmﬁamu

3.23  msivunAuaNURva¥UU (Define Material Properties)

'
1Y 1 a 1

n1snmuaRuatRvekuuIaesaiiusnLazauusninuddgyetedwionis

o

ATIUINAANSIaEANLIUEVRINaaNS LHasnauanTAvesTaniiunumdidglunis

o

A NMsivuaRuanURvesLumanLasauusniiautugeutsaninleieuiuns
nvuanaudRvesiagusudsnniu lesanTagussdeaniugninluaindanaivaeviia

enlunisimusdmauaudfielilanadnsniianuuiuduaglndlfssivinauass lu

1
va v va o 1

NuTeifITedldinimass uiverimuar1nuan TR LasNIUAUNAENSAIENIT

1 al

NAABUAIAIINDTITSUTIRVDILUUIIADINUTUIIURILUTNDTI DIUINAITNNIAUAT AN

WILNZEN ANANNDEITUTIRNAUILAINIUSHNSUAEEANLNALASINUAINLARINN1TNARBITS
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*  manmungaauURvaeiLAEN
v Ao o ' < Y o 2 o a
anmiuvuluanveIdlUsNYINIINWENdaaee (Alloy Steel) uiin SS
faiuietmuanuaudiuiurinvaauuudiaesdulsunsuidu Aloy Steel 3alu
TUsunsudiansusuvesnuautfaniegliuas daandlunisnedl 3.1 wazinuee

a v oo I .
LuRWIERLUU Isotropic

a wa ! <
$13719% 3.1 AFNUAVBILNULAGN

ARIAUUR WEIULAN e
o/ I3 [ a

¢G5l Wiandaasy ¥ia SS
Anudavgulunds, E 210 GPa
ansrdruveslawes, v 0.28

Tupdausaueuy, G 78.9 GPa
AUAUILUY, P 7700 kg/m’

o  msimuaAuaNURveslEAuIIFsANIURILUA
n1stvueRuantRvesiagustdoaniuveawuudiasslulusunsuiuiniy

a a = v Y = [ a I (Y] .
LIDINYINASUAITUYULDU L'L!E)\‘iﬁ]’]ﬂ')ﬁﬂLL?QLﬁU@IV]"IUL‘UU’JﬁQUiSﬂE]U (Comp05|te)

=) 1

Pnvaneianuuiu Bnsdadeaugvesdaniinasionisiviuanaauiivesdan vl

9

[y =

anfanadRluans e imnafiuansnaiu
Tngandnuaenszuiunstuguidu (Preforming) Wiousiusinssuiunistugy
$ou (Hot-Pressing) 1uawsliianusadoavudnusniduiuy Orthotropic Tuns
Avuanuautivesfagusndeaniuidnlusesinaaudandulugdavosan
vangafiamaguiy wiidosaniedesiaalugdavessuuudanileda fu ETEK
Y93U3H Industrial Measurement Systems Inc. 7innausem aeuwia Sumodiudu

a 1%

wua(1994) 3in Tdueguu ddedrdnludiuredlusunsuitliauisaindiniiy

gangulugaavesianlaluvaiegianie dnnaiinniiauialngniinumuivesn
windslianunsaindiaudangulugaaluiianisiuld dsunisiadianudanguy

lugdadeanunsadnldiamglufiamainu Z witdy Asgui 3.13 dueiaugangu

'
o a ¥

ugdasuaulufiamany X wazunu Y 3sldanainnisAaiiaunisluniaun

A

n.1 geArmnudangulugdavesiny X uazunu Y IAUszanainfu [16, 21] us
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ABNINBLALINIZEUNTINITAIWINABNITAIINUAAIANEANEULNY X Lag Y
Uszunad 10 winveawny Z tWuansudu LLasﬁwmsU%’Uguﬁﬂﬂamiamﬁﬂamgﬂ
WalAIAINDETIUYIAVB I UUTIADINUTUNUT A INALABIAY 21NUINTFIUNT
a N a v . F YR
AIUANAMNINYDIRAUINTINIIRAAIMNTTULALIIUITETBS Saw Chun Lin [4] L
P ' a ~ VoA oA °
Weauuliasiiu 5% ieanuudiniovawuuiand
ATAIUNUIRUUYBITAALTUFEANIUAIUINIINAATNIAI UYL WUy
AMANUINT N.2 IAgN13HI TaRUIAFLANIUUUATRITIMALUTIIRNTIINAUNU AL
NuNNIUTWNTY SolidWorks
duA1ensarastwas A uAulUSENSUTRL A 0.28 1Hp99INYeINNA
= = 6= ' ' v
YouAsesiiouargunsnidsliannsanieils
nsiuaalugdansa@euisuauldaingnsnisAruialunaianuan
n.3 Felunuidedimualialugaawsadouluunu XY YZ way XZ I
Weanntugasnisanadiludemsuadnsidiuvestdweduudasfieniy uazan
ansdmvastheesluwsasienisgnivuatadanvinduauasusululusunsy @

AvanURUAUYDTIARLIdEnNIY Lanslun1sei 3.2

3 or z-axis

M1517 3.2 ArauanURsuRuYeaguILduaY

AMENUR Yaausudeaniy vy
el elGIGH

Annudavegulugaauny X, Ey 13.1 GPa
AANuEangulaaaunu Y, E, 13.1 GPa

Amnugangulandaunu z, E, 1.31 GPa
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ansrdruvaslwannu XY, Viy 0.28 -
ansrdruvasUwannu YZ, vy, 0.28 -
9n3189UVIUIYBINU XZ, V., 0.28 -
Tapdsusalauunu XY, Gy 3.52 GPa
lugasusadouunu YZ, Gy, 3.52 GPa
TapaausaReuunu Xz, Gy, 3.52 GPa
AUAUILLUY, P 2518.37 kg/m’

mﬂﬁ?uﬁwmﬂmamm?{ﬁiim’laLngﬂéwmﬁ"ummc’hLmﬂmm‘?umauﬁ 3.2.6
FeFBuuitTTue fnsiedt 3.2 atuieuiisurwazmugeuLuUs oAy
Fupoudt 3.2.7 Fsmeedt 3.3 anduinisufuguanaudangulugdalufiamany
X thag Y ?Ifqmﬁﬂ%’uguﬁﬂu 2 fmnaiifumsmudeummnuisssumalulnunnig
&UUUU Bending lngldgnslunisusuguaiunianuan n.4 JUATIANALETITUTIR
yoauvusassiusniutuuaidulnunnisduuuy Bending flanlndiAssfuuin
ﬁqw’%aﬁﬁ%ﬁmwﬂmﬁu 5% gauanslumsned 3.4 mﬂﬁ?u%ﬁwmsﬂ%’uguhm
n138uLUY Torsion Fenisuiugualugiausndouits 3 fianavirfuniugaslu
A1ANUIN N.4 mﬁauﬁ"umsﬂ%’uguiwmma@mu Bending aufiA1A1A11d
sysumATeILIUTIARIUINAUTuaslndRssfumniigaviedandeauulsl
A 5 wWoesidud duandlunsedt 3.5 faluasldrauautfvesfaqusadonnui

wingauwaglnalAs I UTLUITWINTgR Aauanslunsnei 3.6

A1519% 3.3 AIANDSTTUTIRLazANANUTELULIINASIEAIE LAY

I‘Vlllﬂ NANISYINUIY  NaNISNAEU % ﬁfmmmﬁmwu
1°* Bending (0,2) 1743.4 1575 +10.7
1°* Torsion (1,1) 2790.4 2850 -2.10
2" Bending (0,3) 3619.4 3350 +8.04

3" Bending (0,4) 5516.8 5300 +4.10
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M1TNA 3.4 AIAIURSITUVIRUAEA1AULTEAUVUIINNITUTUIUAIAIY Eangu

lugaaludiemns X uag Y (Ey = 9.00 GPa, E), = 9.00 GPa)

I‘W&Iﬂ Nﬁﬂ’]’i‘ﬁ’]‘u’]ﬂ NaN1INAEdU % f’]"lﬂ’)’]SJL‘ijENLUu
1°* Bending (0,2) 1569.3 1575 -0.36
1°* Torsion (1,1) 2773.6 2850 -2.68
2" Bending (0,3) 3377.5 3350 +0.82
3" Bending (0,4) 5297.3 5300 -0.05

M15N7 3.5 A1ANUDsTIHNALaEAIAUTELUUIINNSUTUTUAIAIY Bavguy

lugdaludienie X waz Y (By = 9.00 GPa, E), = 9.00 GPa, G = 3.80 GPa)

Tnun HAMSIUNY  WANISNAREY % A1Af1NLDBauY

1°* Bending (0,2) 1571.8 1575 -0.20

1% Torsion (1,1) 2830.6 2850 -0.68

2" Bending (0,3) 33922 3350 +1.46

34 Bending (0,4) 5321.9 5300 +0.41
31971 3.6 ApaanTRvesTaqusudEamY

AMENURA e GLIENELTR w9

¢Gl SIGHY

Audaveulugdaunu X, E, 9.00 GPa

AranuBangulugaaunu Y, E, 9.00 GPa

Audavgulugdauny z, E, 1.31 GPa

ansrdruvaslgannu XY, Viy 0.28 -

ansrdruvasUwannu YZ, Vy, 0.28 -

9n3187UVDIUIVBINU XZ, V,, 0.28 -

Tupdnvausaaauinu XY, Gy 3.80 GPa

lugasvesussdaunnu Yz, G, 3.80 GPa

Tupasvausulaunnu Xz, Gy, 3.80 GPa

AUAUILLUY, P 2518.37 ke/m’
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e nsMmUARuANTRYBIANUUIA
Hesnniagildiauusnilumdnudeniun airupesuduresiandu
Isotropic wazivunydavesiagiulusunsudy Grey Cast Iron anUuIevinisusu
JuANANEAgUlARARAT AUIUIHUUYRITEAR NMTIATNTLILILYEI TaR ML
ngasluntanuln 0.2 lngnisinanuusniydaminuumdanagmusunnsves
ULUINNIUTUNTY FaN5UTUAAUE avgulugdau1Inn1sUTugu 3 Tnuausn
a aay v 4 (% a ¥
YINaANDTTTUIANLIAIINTUSUSHTARSIAuNanIsnaaauaTelaeldgnsly

[

AARUIN N.4 laA1AMaNTRY09TANIIUUINAINITINN 3.7 UaTNATDIAIIUD

'
o =

sysunAnlaaInn1sUTugu 3 nuausnvesian nileulvveulwnuuudase (Free-

free boundary condition) fauanslumIs1eN 3.8

M15°9% 3.7 ApauanURvesTanaIwUIN

AMHNUR MULUIN aveld
Yo \aNYae
Anudaveulugasd, E 127 GPa
ansndruvestwey, v 0.28
Tupdnvausauloy, G 79.0 GPa
AUNUILUY, P 7200 Ke/m’

M399 3.8 ANAUDETTUMARAAIAINTEAUNAINNTUTUUANAY Bavigu

lugda (E = 127 GPa)

T NANISYINUNY  NANITNAGDU % Fhﬂ’mlll,‘dﬂx‘lwu
2ND 1290.9 1300.2 -0.72%
3ND 2921.1 2950.3 -0.99%

4ND 4626.7 4600.3 +0.57%
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3.2.4  nmsmuuaeulvveuluavasiuuiIngaas (Define Boundary Conditions)
° a [ | ° = v = Py

nsnmuaeulaveuiualunisseyiwuuitassilissesnisanwiieulanis
nuegals dmsunsfnwianudsssu ke FUIINITAUYRIMUUTIABIHLUTNAIAUIY
lafimsmuuntoulvveulwnnis@ny (Free-free boundary conditions ) tiieeantuauide
&y = v Ao g ya a o  a o = ! = P
Useansfnwdadeiinlvilentanisiinidesamianiinaindiusniiisssd1afen e
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15 Bending Mode 2™ Bending Mode 3 Bending Mode

U7 3.20 suvslunsfinnsivingmnsisensdunagsiumnislunmsimgvesfaiusni
fisusamsduludnuaie 17 Bending Mode, 2™ Bending Mode uag 3™ Bending

Mode

dl o I a 5 U v L2 ! Q.II o 1
EU‘V] 3.21 smunislunsfnfsiingnsusensaulazaumislunisag

Yospausnidzusnsduludnuae 1 Torsion Mode

(%
U v v v

1NJUN 3.20 uar 3.21 AULUUINITAARIFITATATIIINITAUVBIHLUTNAI

v v v '

Azilagaignu 2 JULUU Ao AUNUIN1TANAIAITASNT L Iv0I5US 19N dY



49
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Probe line
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1.0

Mode Shape Comparison

Normalized Amplitude of Pad

T

4ND Rotor vs 2™ Bending Brake Pad
T

Normalized Amplitude of Pad

Amplitude of Rotor

JUN 3.25 N3N sEouiiuiuYeenIsausenIemausniuauLUsn
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INNIUININ

T
500 1000

Positions of Rotor (mm)
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Amplitude of Rotor
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4. Unn919m59 U199 595U
FINAUNITD SC + N3 AUKITDY 3 584
PR Anuluwma N3
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. iUl A23d , .
TuANISaUY .. 3U39n156dU (Mode shape)
(Nodal line) (+F30%)
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2" bending (0,3) 3,392.2 .' ~
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2™ torsion (1,2) 5,748.0 -‘
In-plane 4 7,200.2 “ ‘
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3" torsion (1,3) 8,981.8 - *
Mode 15 . 10,364 - ~
Mode 16 (2,3) 10,636 - ‘
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A , .
%Y . 5U379715¢du (Mode Shape)
(\83n)
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2ND
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3ND
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4,646.1
4ND
4,651.7
6,415.0
5ND
6,419.7 |
8,230.8
6ND
8,235.4
10,080
TND
10,083
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Nyl AUD JUT1N"5eU )
S% U51n9n138d Mode Coupling
(Hz.) (Mode Shape)
HLUSA 3Dt - e e
1° torsion 2,831 ‘ 3
(1,1)
1 £ 8
ULUTA 2980 5 I
3ND 2981 — -
Positions of Rotor (mm)
¥V Mode Shape Comparison
N’] L‘Uiﬂ AND Rotor vs 1‘; Bending Brake Pad
2" bending | 3392 ~
(0,3) 2 g
2 £ £
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BLUSA b e
3% torsion | 8982 * B n
(1,3) £
3 £ itk ¢
g i 5
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R
6ND 8235 ' =
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HLUSA e s O
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‘5 | 5
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E | €
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New brake pad 10 mm.

m 8981.8 Hz

Rotor

Used 3-4 mm.

5 mm. used brake pad

e s ———t

7848.9 Hz

3 mm. used brake pad

e sl p——— | 7524.9 Hz
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589 — N1 (¥) #{15096159 2 589 = N2 (A) 615999159 3 589 — N3

NHANTYNUNANASI TN ALAZ U NS AUYR I LUIATIHIUNSHNT 8 4R 5
WU AINAsITHIAYEINIIRALYAITUSIENUTA N1 N2 wag N3 duwildudeusnadly
Tvaa 1% bending f1s Mode 17 uagANNAGEIIHTIAYBINTAALYAIFUTI N3 azsnTignlu
nnalvaanis tneidssdidunuisssumfaintesluun faus Mode 7 7 fo Tuun 1°
bending audsluua 17 Tnelulnuadt 1 81 6 Lildvhunfansan dWesananudiiduanlsd
Ay 0 185ndvselaifinisdu fauanslupisedl 4.4 Wumaaanssiisuiiouansd
ssanTRfuguesnsduiudnusndadiu (Baseline) Insdunaniaivdsundadldinaiud
5ITUIAVDINTAALUALFUIIE N2 Tulnunnisdu 27 bending Faudunsiinses 2 sessening
Tnuansdululyun 2 bending fuwanslusuil 4.3 ilfanufisssuralulnuedideusiias
019110 Ae 19.3% \eifisuifunisdaudasgusnauuy N1 Aidowiies 0.8% andusnds

AU AaEnIlum1sI9n 4.5

JUT 4.3 M3insed 2 Teaniegseninalnuavedinuanisdu 2™ bending
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Wea1sanlviun 3 bending wag 2™ torsion ¥8INTAAKUAIFUTIUUU N2 WU
Tuluua 3" bending iA1udssINYIRLINATMUA 2" torsion LHBIAINNITHITOIUY N2
lunssusialnuaven1sdu 3 bending waf Auanslugun 4.4 orvdwmalinisiiouras

d' a & vy A o o "
ﬂ'ﬂ']llﬂﬁiillsﬁ']ﬁﬂlﬂﬂllﬂuLa@u1@u@ﬁ|LN@LV]EJUﬂUﬂ']ﬁNWi@QLLUU N1

JUT 4.4 M3i1504 2 Tesfiegseninalnuavedinunnsdu 3 bending

ofiansangusamissiseaiuy N1 way N3 ffiasdautases N1 $asne wuin Tu
Tnun 3™ bending waz 2™ torsion hil#finsadudrduvasaudsssugfumiioutu N2 8n
famsfanlasguiauuy N2 silfaudsssumanisdululuue torsion doushasnnni
M3H1soUY N1 Ssorafunalinfnnsadudduauiisssusivesiuun 3 bending wax
2" torsion lumswisesuy N2 la

dlofiansanlulnuanisdu In-plane wag 4™ bending Tun1srgosuuy N2 way N3
dloWeuiuiusndeiu Tnuensdu 4P bending 989 N2 wag N3 dnudsssuvfdeu
fasaudininlnunnséu In-plane F9919a3uldnsrseauy N2 Mduniseinses 2 Ses
szwinalvuavedlvuanisdu 4 bending woRdaguUTl 4.5 enadswaliadudsssuvAlden

ANA9IDE19UN LaMBUAUNISHITDIMUU N1

JUT 4.5 M3insed 2 Tesfiagseninalnuavedinunnsdu 4 bending

AaiueasuliinnsisestsiounudsTIUIAvEsH U ANaY Tnen1sHiTes
WUU N3 015680 UU8IANUASTTUYIAUINTIER LHN1THNITRIUTAIMUAYEINTAUND AT
Tiann13180U09IAUDSITUTIRVBINLUIN wazn1361389hUU N2 Fadunisnisedsening

nuan1sdululuunnisdu 2™ bending wag 4™ bending Juszansainlunisideualiud
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§5UVR WAIAININNININITHITOIUU N1 DNTIIE9TI8La0UAINUDTIIUYIA LU IAUANTAULUY
torsion launnIndleieuiun1sensaeuy N1 3sdanalininudsssuvnfvaslnun 2
torsion AnIllatsuiuluun 3 bending waglnun 4™ bending LABUANRAIAUAINTINIT

dululvn In-plane Tun1suisoanuu N2 tag N3

MINT 4.4 HAAUDEITUYIRKAL FUINNTAUVBIHIUINTHIUNITHITOIN TS

ANUASIILTIR (B5n)
Ty
Baseline N1 N2 N3
1" bending 1,571.8 1,350.6 1,286.1 1,158.9
1% torsion 2,830.6 2,650.4 2,614.8 2,455.0
2" bending 3,392.2 3,364.1 2,738.5 2,728.3
3" bending 5,321.9 5,038.8 5,234.9 4,873.8
2" torsion 5,748.0 5,681.9 5,137.4 5,106.9
In-plane 7,200.0 7,170.4 7,091.1 7,075.1
4™ bending 7,652.9 7,557.9 6,989.5 6,966.8
3" torsion 8,981.8 8,635.7 8,459.1 8,133.1
Mode 15 10,364 9,934.9 9,342.2 8,793.8
Mode 16 10,636 10,593 10,390 10,343
Mode 17 11,461 11,343 11,227 11,135

AN5197 4.5 ANUDASIIUTIAMUAIUKUAIUD LU NI UNITHNITOINSIASUNURIUSN AU

(Baseline)
ANAAsTSUTRTAT UL AN USNeady (%)
JEPENS

Baseline N1 N2 N3
1% bending 1,571.8 -14.1 -18.2 -26.3
1% torsion 2,830.6 -6.4 -7.6 -13.3
2" bending 3,392.2 0.8 -19.3 -19.6
3'9 bending 5,321.9 -5.3 -1.6 -8.4
2" torsion 5,748.0 1.1 -10.6 -11.2
In-plane 7,200.0 -0.4 -1.5 -1.7




4" bending 7,652.9 -1.2 -8.7 9.0
3" torsion 8,981.8 3.9 -5.8 9.4
Mode 15 10,364 4.1 9.9 -15.2
Mode 16 10,636 0.4 2.3 2.8
Mode 17 11,461 -1.0 2.0 2.8
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woanudulaluanugnaesuazauwiug1velusunsy Solidworks g33e3levin

nMIMuABULUUIIAeEnAss lnensihduauiiusnaseihunsyuiunsiisenuguse N1

N2 tag N3 LatuINIUEsuUAI8IoNISHAE AUTUADUN 3.2.7 FINANISNIUFBUKUUIIEDY

4 35Ul wanalumnsnedl 4.6 WUIT HANINIUFBULUUIIABIVDINIUINTIHIUNITRITBS

A59919 3 BuU Tu 4 Wueusn deanudasuuanduauasslaniu 5 wWeosigus daduldanu

WnsgIuiimue deiuiuuiaesiusniilianudnsetslunisdnyinisanuUasgusien

LWSNLBARLBNANTSIARALERLUSNELAIA

NUUIWINNITIATIENLDNELUNISNALASLUTNALAIAVDIRLUSNTINIUNNSHIT DRSS

M4 3 LUy TegnsSeuiieunusTsuYIALas JUI 19N SEUYe I UUTIABIHLUTNA U

wsn Feagiansaunlonalunisiiadesusnaimaaiiintuniunaln Mode Coupling lunsel

N1uay 3 ﬁummﬂugﬂﬁ 4.6 ey 4.8 MIUAINU

ATNT 4.6 NANITYIUADULUUTIDY 41‘1/13J®LL§H6U§NBQ\II’1LU§ﬂEU§IN N1 N2 uag N3

N1 N2 N3
Tuine % % %
FEM | Exp. FEM | Exp. FEM | Exp.
dev dev dev
1°" bending 1,351 | 1,350 | +0.04 | 1,286 | 1,250 | +2.89 | 1,159 | 1,125 | +3.01
1°! torsion 2,650 | 2,675 | -0.92 | 2,615 | 2,600 | +0.57 | 2,455 | 2,475 | -0.81
Zmibendkg 3,364 | 3,325 | +1.18 | 2,739 | 2,725 | +0.50 | 2,728 | 2,675 | +1.99
?dbendmg 5,039 | 5,075 | -0.71 |- - - 4,874 | 4,875 | -0.02
2" torsion | - - - 5,137 | 5,175 | -0.73 | - - -




asSeuiisuautisssuvRvasdiusniviug 1% torsion

i 91uUSNINUA 3ND (2980, 2981 L85ad)
0%

[y

['ag

8 -5%

=

= -5.0%

= 2,831 Hz B Base

z
<= -10% m Nl
&

g 11.1% W N2
5 2,650 Hz -12.2% N3
" 15% 2,615 Hz

&

&

2

-17.6%
-20% 2,455 Hz

JUN 4.6 nsiSuiisuanudsTsuRvedusnnguriTensely

Tpmn 1% torsion U 1uUsnTnam 3ND (NS6IA 1)

Rotor

Q

New brake pad 10 mm.

—CEEENE,, 25306 Hz

2979.8 Hz

5 mm. used brake pad

weET et
2336.8 Hz

3 mm. used brake pad
PR e T 2214.7 Hz

PN ! a a v a = v aa
E‘U‘V] 4.7 ANAIUATITUVIRVDINUUINYVAAAY LUDAIUNUNUDINNUTNANAINTUN 1
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91N3UN 4.6 WisllIeuiisuaiudsssuydvesiiusnasiululuuanisduiuy 1%
torsion fuauLusnluluvue 3ND Nillenainidssusnamdagelunsdli 1 wudnaud
535UYRVOINNUINBYAINIIAMNNDATITUYIAVEIRWUIAUTEN 5 WosiHud T9199284
Weanausnlisnme Wesnlethluldiuasadiusnaggnuseneusiudiiuauiusn
LazgANAMIBLIIRUIINAIEUWES Fea1aviliatudvesdnusnlulvuniaeluaueiaiia
U51n9n1581 Mode Coupling wazdnariliAndeausnaimialugissnvoanisldnu ud
a % = P | % a a o
Woldauluszeenils AMUNUIYDENLUSNIZAnAY ANaliANLDSISUTIRYRIRUSNanasky
me Fevhbilendlunisifiadeausnaimaanasluiie daanslusuin 4.7 5Us1anisEnses
WUU N3 @nansaideuanudsssusadusnlauiniign ngagaininauwsnissuia 17.6
Wosiud diun1siIasnuy N1 was N2 anansadeuanunsssunalulnuadlalnaseeaiy
1PgaINTOLEDUAUDSIIUIRAININULUINUTENI 11.1 1Az 12.2 Wosidud mudisu

aetue1vasuladnlunsalnisiin Mode Coupling NHvusnisUs1enIsdunuy 1%
torsion fAUAULUTAIMNA 3ND JUSMAITHITOWUY N3 @13150180UANATITUY IRV
WInbamasInige Feonatigantonianisiinideausnainlalugiannuduseuin 2,800
P as ¢ ' < To & A a a P s ' ¢
049 3,000 8509 ag19lsAmueallINTUNAINLDFITUY IRV UTNILAININDIULUSADY 17

¢ & € ' ° | ' ] o v ° = ~ a av A |

Wesiaun weasanailusiy sndunssinisanviiudulumniideausgaelulusuiam

WeRsanlemalumsiinidesusnainlaainnsdlil 3 fie UsNTEUTRIHLUIA
lyian 3" torsion war§Us19N1IAUTDIIIWUIAINA 6ND FelunsaiininudsssusAvedii
LUINAsUaINIuLsn ibilenalunisiiadeausnaimalugissnvenisldauilenia
PoulawWisuiunsain 1 wiaziilonafadesuindu Wekunsivauldlussesnia Ao e
AUt UsNanaslulszum 3-4 Tadwns As vlienudsssuvfanasluuszun
700 L85a513aUTEU 9% Faldaruluaususnmasiies 3 Jadunsvinlianudsssue
anadluuszanm 18% fanandlugun 4.1 deenisaamaiinideiusnamialunsalil anud
5ITUYIAVBINNUINALTOYAINTIIWUTN A1NFUN 4.8 WU Hbusn3UsIe NT wag N2 4
AUDEIINALUIMLA 3 torsion @endnanuusn IREVIINIMUIN 4.9 way 2.7 Wesidu
MUY damalin1sdnuuagusne N1 wag N2 onavilvillentaiisdesusnaiaialy

v A ~ = a ' ~ 2 v a o A v
JEElINVBINTIENU HesandiauRsITNFgINIRUUTALIE LN TeY Bnnaileldey
IWszgenilsndalilomaiindeausnaniaigied Jefiiiieadnusngusne N3 ieansdiiednd
AUDFITUTIALUTUUATANNINRIUUSN VI IEIU150928aALaN1ENSAMELUINALAIA M
er-:’l} o/ | a a v | ;l’ ° [ = ¢ @ & | 6’5

NSAle wimNADsTINAYRIRIUINFUIIE N3 T dnndnanuiusniiies 1.2 Wesidus wintu

Fegdanay s lan1aluni1snaLEsUINALAIA UYL NVBINISIIAANEAUNT N 1 wnu



10%

5%

0%

AMUDFSTUIRARININITLLUSD

%

-5%

= = o a o rd .
N33 UMBUAMUNSTINYIRVB I L‘Uiﬂiﬁllﬂ 3™ torsion

a4 <,

Aiu nuusnlvue 6ND (8231, 8235 183A%)

8,982 Hz
9.1%

8,636 Hz
4.9%

8,459 Hz W Base
2.7%

m N

-1.2%
8,133 Hz

JUN 4.8 MIUTeUBUANNDETTUNRVBIRLUINNGUNN TR el

Tuus 3™ torsion AU AULUSNEANA 6ND (NS 3)
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Aeiuenvazuledn lunisanlentanisiiadeausnaimalunsaif 3 fie Inuanisdu

YoIRNUIN 3 torsion v AWUIAIMLNA 6ND lpgnisanudassusarusnludnuae N1 N2

wae N3 delufiuszansnnuinnaiazanlonianisinaasalusieainudussuia 8,200 ta

WoengUTe N1 uag N2 aziilenaifiadesludisanunidnidutdisusnvesnisldnunay

waanntdanuliudisseenis wissne N3 asillonaiadedduyisanudiliamediusnues

ASIYIUWINTY

= a o & ~ & I aAa a a d'
MNNTUNTLNALFYILUTNALAIANT 2 NTUU Eﬂﬁqfﬁ/lllﬂigﬂmﬁﬂqwmﬁqmqﬁﬂaﬂiaﬂqa

a = v PN = 1 1 ! P
ﬂ?iLﬂ@Lﬁ?NLUiﬂﬁLﬂ’JﬁlﬂN?ﬂVﬁjfﬂ A EUiW\‘lﬂ']iN’?i@\‘iLLU‘U N3 ifesannaiunsaanlanialunis

ALESEAIAMNSAN 1 F9azinnTulug9AudUsEUNM 2,800-3,000 18599 @rulunsaiin 3

Fadumsiadedutuanudvszuia 8,200 85ad deldfdnusngusidlanduszangam

d' a o | Al v
ll']ﬂW@WaqmqiﬂaﬂI@ﬂqﬁﬂqﬁLﬂmLaEJQ LU?ﬂﬂLﬂ'ﬂﬁIu%?Qﬂ'ﬂuﬂuvLﬂ
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4.2.2  HANFMUILAMNASTINVIRLAZIUIIMTTUYRHILUIAIRN TS

Tuidelavdumsiwszinanuisssumfnas Jusnisduvesdiusniungun 2

Fulunswsendesuuiniuan lnelinsdaudasgusns 4 dnvae Awandlugun 4.9

(n) ()

D2
(m)

D3 D4

JUT 4.9 mMssiauUasgusernusnlungui 2 Ao Kseades el 4 gUuUU (n) d1seudein
1 40 BIAAUKLITIU - D1 (1) N1F09LABVINYL 45 BIMAULITIU - D2 (A) H18R89YI

11 50 D4ANAUKLITIU - D3 () W38y 50 99A asaturivlaea D3 - D4

1NA1599 4.7 uay 4.8 ziiuinsdaudassusediusnuuuiiendes il
anudsssumBdouiias sz nsinsesiliEusnaunsadaseliing unnisinsenss
annsaliinusndnselidiondn Selianudsssusfdeusiasuinniinisdaulas
sUSsuUURNSeades mMsifiuyudmiumssiseadsaain 40 45 uaz 50 ssm dlaifuunliu
MLdeuANRsTIYIRTeIEIUTNeE Y warNanIsEeurLAsISUTRYRInIsaa Ul

NSH19049113US9 D4 dianlndlAgaiunisiiseauuy D3

d' d‘ a ! Y] 4 A I ! a
#1957 4.7 Naﬂ'ﬂmﬂﬁiill“lﬂfﬂLLﬁSEU'ﬁNﬂ’ﬁﬂu“US\TNWL‘UiﬂVINWUﬂ'ﬁN'ﬁﬁNLQEN

AAASTTUNR (FSad)
Tun
Baseline D1 D2 D3 D4
1%t bending 1,571.8 1,433.6 1,415.0 1,397.4 1,399.9
1% torsion 2,830.6 2,596.7 2,603.3 2,614.2 2,612.6
2nd bending 3,392.2 3,278.3 3,291.7 3,310.9 3,308.4




3" bending 5,321.9 5,220.3 5,195.1 5,159.8 5,166.6
2" torsion 5,748.0 5,615.7 5,637.6 5,657.2 5,655.6
In-plane 7,200.0 7,138.3 7,126.4 7,131.1 7,130.0
4" bending 7,652.9 7,470.0 7,465.4 7,476.4 7,475.9
3" torsion 8,981.8 8,515.5 8,507.4 8,521.5 8,520.9
Mode 15 10,364 9,696.1 9,924.6 10,049 10,039
Mode 16 10,636 10,261 10,285 10,335 10,327
Mode 17 11,461 11,326 11,361 11,364 11,367
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AN519% 4.8 ANUDFITUBIRNUALULUAIVDIHNUTNARIUNISHITDUREIAIUN UL USNHIAY

(Baseline)

I ANRsTSURTIUAs UL aI N LUS s (%)

e Baseline D1 D2 D3 D4
1 bending 1,571.8 8.8 -10.0 -11.1 -10.9
1*" torsion 2,830.6 8.3 -8.0 7.6 7.7
2" bending | 3,392.2 3.4 3.0 2.4 2.5
3'9 bending 5,321.9 -1.9 2.4 3.0 2.9
2" torsion 5,748.0 2.3 -1.9 1.6 1.6
In-plane 7,200.0 -0.9 -1.0 -1.0 -1.0
4" bending 7,652.9 2.4 2.5 2.3 2.3
3" torsion 8,981.8 5.2 5.3 5.1 5.1
Mode 15 10,364 -6.4 4.2 3.0 3.1
Mode 16 10,636 3.5 3.3 2.8 2.9
Mode 17 11,461 1.2 0.9 0.8 0.8

LWI9ALAIIEMBNALUNITAALESUSNELATE tAgNTITHUSIUMBUAINUDSTTUTIR WAL

JUTNNTEUYRIUINAUAIWLIN Teagiansantenadlumsiindesusnaiaaannnsai 1

uwag 3 JUN 4.10 uandlenmanisiinldegaiusnainiavesdniusninsednedivun 1% torsion fiu

UUININA 3ND WU AUDETITUYIRVBINLUINFUSIA D1 D2 D3 wag DA A1n3Aud

FITUVIRVDINULUINUTZUI 12.9 12.6 12.3 Lag 12.3 Wosidu auansu %gLﬁU’jWﬂﬂi
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ankUaegUsalaenissesuuResiinsivasukUatyulunisiises danudisssuvinving
NMUUSA ARSI
Weninnsalenianisiadsausnaimalunstiil 3 daandluguin 4.11 nsanuUas
5US199e 4 dnwaugaanand vinliannudsssunfvesdiusnideusaslulvua 3 torsion
] [y} 1 d' a ¥ [ 1 & @ I3 d‘
WUl winudsTIuvIRvesduIndiataindtauuInUssana 3.3-3.5 Weosidud n1si
AIUDSIIUVIRVBIANUINGINT AT BENNINANUsIBan ety dealilanialunis
AnLdsUIAaLAIA UYL INYRINITITuaY Bnnadleldlussueniauainudsssuyifan
F1a99ulNALALINT 0AININAINDSITUVIRVDIAIY ANV LaN1ANISLAALAEILUSNALAIA
a d’{ = ¥
WnTudnle
AaiuevasUladnsiaudasgussiuuriTeuldes annsaviliaiudsssuufves
AUTNLADUATSY kD198l UTE NS NAININLBTEUAUN1HIT8995 BnTayalunITi
3994 R89UUALUIN LU AT kUl LY IN IS A0 UAINUD S TTUVIAVDINILUTNOENTALAY d1SU
lanralunisiisdeusnainiavesdinusniusiuvant dlenaiadesiusnainiagalu

05N VBINSIEUaztaltuldnallussaenile

asTeuiisuaus ssugRva U sAlNUe 1% torsion

as &

iU A1 USNINuA 3ND (2980, 2981 L§5nd)
0%

o
e
2 -5%
=
e 0% H Base
s 2,831 Hz
< m D1
= -10%
1=
e | D2
g
s m D3
_U"é -12.9% -12.6% -12.3% -12.3%
é 15% 2,597 Hz 2,603 Hz 2,614 Hz 2,613 Hz D4
&

%

-20%

a ) ) a a 4 ! 1 ! a
E‘U"Vl 4.10 ﬂ'ﬁL‘USEJ'ULV]EJUﬂ’J']ﬂJOﬁii@J‘EﬂWU@QN’]LUiﬂﬂﬁj}IN’ﬁ@QLﬁﬂﬂu

Tyin 1% torsion U a1uUsnluun 3ND (W56l 1)



U NUUIAIMUA 6ND (8231, 8235 \§4n)

10% 8,982 Hz
9.1%

5%
8,516 Hz 8,507 Hz 8,522 Hz
3.4% 3.3% 3.5%

ANUDSTIUYVIRNNEIININULUSA

%

0%

nsiSeuBuAMURS TINTIRYaIANUTNIANG 37 torsion

8,521 Hz
3.5%

Il Base
B D1
| D2

m D3
D4

JUN 4.11 msilSguiisumnudsssuyavesinusnngusseadesly

Tyin 3 torsion AU a1uLuUsAlvLe 6ND (NSEIT 3)

4.2.3  HANFUILANARSTIHVIRLAZIUIIIMSTUYsHUsNTIRIUNsUIadne
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Tuhetiiduni1sAneINaueINISUIRTI9HILUSA lnggusenfeansAnwnil 2 anwale

Fanandluguil 4.12

(n) (@)
‘ sC RC

JUN 4.12 msfaudasgusadusnlungui 3 e Uiadie deil 2 JUuuy

(M) U1n919m59 — SC (V) U1a319muwuisesl — RC

31NA15199 4.9 wag 4.10 n1saaudaszusiednusnlaenisuindie daraliadiud

s3TuIRveRIUInluuIlnuainYwleis uAudLUINA U LI N1sAnLUaI3UI 9
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Jdesainnisundrsenailinisdasenioguitnisdululuuntdug inldendu el
AufisTsumAdougaty

definnsanlenialunisiindesusnataravesiiusnlulume 1% torsion fu 91y
wsnlvium 3ND (nsdid 1) Fuandlugud 4.13 Wensindrsvhlimuisssumniideugeiu
duwalrieudsssumivesiusndilndaufsssumvesauusninndu danisuindas
AN3Use SC uay RC silianudsssumvesiusnainiiaiuiusnifies 4.5 uaz 3.6
Wosldu audidu annisdiaulasgusie SC uag RC vilmlemalunisiiaidesiusnainialy
nadiilifugedy

91n3U7 4.14 nsfaudasgusediiusn SC vilimmsssumavesdiiuintu nug
3 torsion idoushasfisadntosiniu duarmisssmivesiiuinguine RC ndies
fufusndasiu davililiannsnantoniamafindesusnaniald

Frdunsdautassuiiusnlaensindisiu viliawdsssurivesinusnuns
TnuawiiAunazidougatu dsuandrsandnusndeduifisndndesuinty dawallid

Uszdnsnnlunisanlonianisiiaidesaniaainusingnisaiil

1
av A

nan13AnEINSUIRdeE I utuneuluudSeE Tnonnsleisnisdiansde
TUsunsy SolidWorks a1a8slalanusananinavasnisiindnsiisidenisiadesuasiusnle
Hasnnnsuindrsasdimanenisdurssdnusnlufianiunuy X uaz ¥ d9ldldnisdulay
naln Mode Coupling 91n411338w09 Chun Lin [4] Nouby [6] uag Lui [20] fidns3nsze
Nan1svnuUneAalusuATE ABAQUS wazin CEA unlalunisiasignlenialunisiinudes
wsnawa sadunismnaidudoutasinuuiugunnnindaansadnszilenialunis

Andesusnainiaanmdnulaigusisiusnlagnisiintale

~ el' a ' Y] 9] A v
®1519% 4.9 Na?_’nqllﬂﬁiiiﬂﬂfﬂLLagg‘Ui'Nﬂ’]iﬂusﬂaﬂmqLcUiﬂVlN’]Uﬂ']ﬁ‘lJ']WSU'N

ANAASTTUNR (FSad)
Tnun
Baseline SC RC
1%t bending 1,571.8 1,585.5 1,585.3
1% torsion 2,830.6 2,845.5 2,873.3
ond bending 3,392.2 3,382.4 3,382.1
31d bending 5,321.9 5,301.5 5,320.7
2" torsion 5,748.0 5,761.0 5,793.1




In-plane 7,200.0 7,256.5 7,2299.4
4™ bending 7,652.9 7,752.5 7,772.0
3 torsion 8,981.8 8,943.8 8,983.0
Mode 15 10,364 10,712 10,700
Mode 16 10,636 10,424 10,401
Mode 17 11,461 11,333 11,351
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Q{' = ad A v A v = o v o v
M15°199 4.10 ANUNTITUYRNUASULUAIVDINUUIANHNIUNITUIAY I NS UNUNILUTNENAU

(Baseline)
AARsSSUTATIUABLLaI NSRS (%)
Ty

Baseline SC RC
1°" bending 1,571.8 0.9 0.9
1" torsion 2,830.6 0.5 1.5
2" bending 3,392.2 0.3 0.3
3" bending 5,321.9 0.4 0.0
2" torsion 5,748.0 0.2 0.8
In-plane 7,200.0 0.8 14
4" bending 7,652.9 13 1.6
3" torsion 8,981.8 0.4 0.0
Mode 15 10,364 3.4 0.4
Mode 16 10,636 2.0 0.6
Mode 17 11,461 -1.1 -1.0




ANUDTITUHIRTINIIINULUSA

%

asIeuiisuainudsssuvfveusninum 15 torsion

fiu anuusnlnua 3ND (2980, 2981 LESad)
0%

-32.6% . Base
-5% 4.5% 2,873 Hz -
5.0% u
2846 Hz
2,831 Hz RC

-10%

JUN 4.13 msilSguiigumnudsssunAvesrusniinunsuindisly

Tuus 1° torsion AU 1ULUSNEALA 3ND (N7 1)
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= = = a [ rd .
a5l iEl’UL“ﬂﬂ’uﬂ?qNﬂﬁiiu‘ﬁﬂﬂ'ﬂﬂﬂﬂﬁlﬁuiﬂiﬂuﬂ 3" torsion

U s 6ND (8231, 8235 |§5nd)

8,982 Hz 8,983 Hz
9.1% 8,944 Hz 9.1%

8.6%

10%

5%

ANNASITUTIRAVI9RINDILLUSN

%

0%

H Base
| SC

RC

JUN 4.14 MsiSeuifiguanudsssuynavesdiusndunisuiadisly

Tnus 3™ torsion AU AULUSNEALA 6ND (NS 3)
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4.2.4  HANFIUILANAUDSITUNALAZIUTIIMTTUYRHIUIATIRIUNTUIAT19nTe

o/ L}

AUR1999A59

nsfnwwavesnsianUasinusnluiadetd Wunisfinwnisdaulasiiusnii 2
P98 Sy fe nMHisesuarnsUIndne Welrmsuudrinisisesmssdiusednsainann
flandaiunAnwismiuiladenisuiadieis 2 suuuy fesnnandnisdaudasiiusn
w¥aufuii 2 Jade 91adsnaienmAsTIIALArFUT s st aTided R le udAdang
LﬂuLﬁaaaumagmLﬁaaﬁuwhﬁ?u INSIZNAN13YIU889N15UIA9198 501U anINaT oS
Uninsfiiiielenanmaindeausnamaldegnadniou suiehusniidesmsnuluiide

il uantaguil 4.15 uaw 4.16

JUN 4.15 msfaudasgusdusnlungui 4 e n1sindansasiuiun1ssnsenss Jail 3
JUMUU (n) N15UIAT95IAUNITHIT099SE 1 983 - SC + N1 (1) nM15Uad1esuiusnsoemse

2 599 — SC + N2 (@) N15UIR91953U A URNS89R59 3 989 — SC + N3

9109197991 4.11 uay 4.12 naveannuisssuvAvesiusnideumadlunnglvue
wazdnsaduiululuue 3" bending ffu 2" torsion YeIRNUINFUTIY SC + N2 Uaznady
Tvuafuszninglnu In-plane fu 4" bending ¥838IUINFUTIE SC + N2 wag SC + N3 &g
nsfinanisvungauiisssumAduduiiniadiunaindninavesnisiisewss uaziile
firsumaisresaufsssuravesinusniigninulasiuinusniediu fansed 4.11
ifiudn nnsdiaudasgusng SC + N3 vilvanudsssundideusiasuindian uag 1ile
WisuiisunanisiaeuvesmaiisssumAvesiusnlunguR109n3IIAMI 4.5 WU
nsideuvesAudsTINvIAvesiusnlunduiiinseanssansaldounudsssuunale

1INNI1NqUANTINITHITEIRTITINAUNITUINDI9RST wenInnInsadntaewinty 19y

WI12N5UINT 1RSI IIRUDETTUNRVBIRUT N UG T
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M5NT 4.11 HAAUDEITUNIRLAEFUTNNTIUYDINNUTNINTLNTUIAT9ATITIUAUNITHY

F0IATY
AUASTIUTIR (1B50D)
Tuin

Baseline SC + N1 SC + N2 SC + N3
1* bending 1,571.8 1,363.0 1,299.2 1,170.7
1*! torsion 2,830.6 2,663.0 2,629.6 2,468.1
2" bending 3,392.2 3,354.5 2,740.5 2,730.4
3 bending 5,321.9 5,013.5 5,238.4 4,855.7
2" torsion 5,748.0 5,689.4 5,127.9 5,115.0
In-plane 7,200.0 7,228.9 7,143.0 7,129.4
4" bending 7,652.9 7,608.1 7,042.2 7,020.2
3" torsion 8,981.8 8,604.6 8,427.6 8,106.3
Mode 15 10,364 10,100 9,528.2 8,949.7
Mode 16 10,636 10,540 10,310 10,257
Mode 17 11,461 11,221 11,098 11,008

ANS197 4.12 ANUDSTIUTIRTMUADULUAIUDINILUINTEIUNITUINUIATITILAUNITHITDS

= o Y :’19.1 .
ATANYUNUNILUTNHIAU (Baseline)

I ﬂawmﬁﬁiiu%naﬁvuﬁauuﬂaaawnﬁwuﬁﬂéﬁﬁu(9&

i Baseline SC + N1 SC + N2 SC + N3
1 bending 1,571.8 -13.3 -17.3 -25.5
1! torsion 2,830.6 5.9 7.1 -12.8
2" bending 3,392.2 1.1 -19.2 -19.5
3" bending 5,321.9 -5.8 -1.6 -8.8
2" torsion 5,748.0 -1.0 -10.8 -11.0
In-plane 7,200.0 0.4 -0.8 -1.0
4" bending 7,652.9 0.1 -8.0 8.3
3" torsion 8,981.8 4.2 6.2 9.7
Mode 15 10,364 2.5 -8.1 -13.6
Mode 16 10,636 0.9 3.1 3.6
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Mode 17 11,461 -2.1 -3.2 -4.0

Solwsgimmisssumavesiiusnlulvun 1% torsion AU amutusnlnua 3ND s
nansluguil 4.16 WUt 3U90IN5UIANIRTI5INAUANTHITRIMTINUY SC + N3 @13130
vilvianudsssumAvesdiusniuauusminiusnniian fe 17.2 Wedldu wagnmsdaulas
5U$19 SC + N2 uaz SC + N1 annsnidounnuisssumalimsesasn delnnuisssuma
YDINNUINHNIININBUINAIAY 11.8 Uag 10.6 Wesidud auddu dawaligusie SC +
N3 ansnsaanlenanisiisideausnamalunsdi 1 lfnnian

nafauasgusnslaensdnengsanisindesnserufunisiiadreiy sihlilenia
lun1sifndesusnainIaveadiusngusne SC + N1 uag SC + N2 Tulviua 37 torsion fiu
91uLUsntnNg 6ND Hloniaiinldeausnaniaainuiingnisal Mode Coupling Tutagusn
yaurldnuseiossudaileldnuluudiszoeni duandusui 4.17 iesaneudisssued
vosusnnnhaausnifisadndositusandeldeuludosauaruisssunianag
I AsIIITAvesuUINAmlsEsannsanlendlunsiinidesusnamaasls
win1sfinwUatgUTIaRUY SC + N3 dleniainideausnainialudieseugisnveenisidenu
ity LesananuBsssumivesiusnguinsdinniranufsssunfvesiiusnagidn
FeldaluBosq mnuisssumivesiniusnideusinasiaz Aes q¥190onNTILLLTN

Fefumafaulasguinlaenmstiadrensssmfunsinsesmsdlunguil Wkauudliy
Yeansideum B sTuvATesUIIMToURUNGUNTHNTBIRNTIsTTNAN Fansdiauad

'
a a =

5US19UUU SC + N3 fiUsgansamuiniigalunisidouninudsssudlvnias anvang
soudasguTsludnuvaediivssansnmlunisanlenalunisiiadesusnaimaludieaiud
2,800 f14 3,000 18509 la waazilontalunisiinidesludieminud 8,200 18599 Tuaiausn

YU I TIUNU



0%

-5%

-10%

DETTUANNNERINTTULUTN

o

-15%

% AU

-20%

AsUSEUBUANASSIHYNRTRIEUSA YA 15 torsion

as ¢

fiu U snInun 3ND (2980, 2981 LF5AD)

-5.0%

2,831 Hz W Base
W SC+ N1
-10.6% W SC+ N2
2,663 Hz -11.8%
2,630 Hz SCHE

-17.2%
2,068 Hz
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d‘ = ) = a £ a v U 1 !
E‘U‘Vl 4.16 NSUSHUMZUAINUDTITUVIRVDINILUINNNIUNITUINV IR TITINNUNITHITDIN G

Pl
]

U

Tulyn 1% torsion fu 1uLUsATHNA 3ND (NSEI 1)

10%

5%

0%

AMUDFITUTIHNMIIIINIULUSGA

%

-5%

= = = a o rd .
N15USBUWIBUANUDT TTUYIRVAIEN L‘Uiﬂiﬁllﬂ 3™ torsion

U MU InInan 6ND (8231, 8235 135nd)

8,982 Hz
9.1%

8,605 Hz
4.5%
8,428 Hz W Base
2.3% W SC+ N1
SC + N3

-1.6%
8,106 Hz

il

4.17 MIUSUA—UANLDEIIUYIRVBINUUIANIUNNTUINDTATITINAUNTHITDINSS

Tl 3 torsion fu uLUIAlvR 6ND (NSEIT 3)
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4.2.5  HANIIIUILANNDTITUVIALATIUIINTAUVIHNUIATNHIUATITUIRTI9AULUT
e NG PR REEN
Tuideilumdegavhedmiunisfnwinavensdnulaigusnavesdniusnsenis

Winldgausnaada JUswifesnsanyluiidel duwanslusun 4.18

' RC + N1
“ Commercial

JUT 4.18 msaauwdasgusisniusnlungud 5 fis n1sUindanuwuisaisiuiunisiises

RC + N2

RC + N3

739 Fadl 4 JUkUU (n) MIYIATNTINAUNITHITENTE 1989 - RC + N1 (¥) n15U1nt195
AUNN99959 2 389 — RC + N2 () N15U199195UAURITDIASTIUU Y 2 989 — Commercial

(1) NM5UNNNNTIUNUKNTDINTT 3 589 — RC + N3

MNANT 4.13 way 4.14 shlimsuinissiaudasguienisuiatemununadiiy
nsthesnse fuunlduvesmadouruisssnddusnlulufismadofuiunguiiiigos
ATIETIIA WagnguiinisUindienseriuiunisiisemss winsdoumuissauuavesdi
winlunguifanunsadeumuisssumivesinusnldtosniingunsuiatieasiriutung
rrsesmsafisadniey esnnnisindanuuuiaiviilinisideunnudssaumnfaniag
Ifosninnisindanss wasiilowSsuiisunisinsosiuu Y ves Commerdial Aunsrises
LUUSTINAAMIFUIS RC + N2 mstdeumnudsssumivessiusnlalsunnsistu nmmsrises

wuu Y onaldladananunisideuanudsssueRvesiiusn
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z:{' ::1' a ] Y] v a 19 v a
M1 19N 4.13 Naf"’nqllﬂﬁﬁiﬂﬂﬂﬂuagzﬂiqqﬂqiﬁusﬂaflmqL‘Uiﬂ‘V]N']Uﬂ’ﬁ‘lhﬂslnﬂm']llLLu’JﬁﬂﬂJi'ﬁJ

AUNTTHIIDINT
AUDSTTUTIR (B3ad)
T

Baseline RC+ N1 | RC+ N2 | Commercial | RC+ N3
1°" bending 1,571.8 1,363.0 1,299.6 1,300.3 1,171.2
1*" torsion 2,830.6 2,689.0 2,655.5 2,658.3 2,492.6
2" bending 3,392.2 3,354.0 2,742.5 2,749.0 2,731.9
3 bending 53219 5,024.4 5,241.0 5,244.3 4,866.4
2" torsion 5,748.0 5,724.4 5171.8 5,173.5 5,148.6
In-plane 7,200.0 7,271.6 7,190.2 7,194.2 7,176.1
4" bending | 7,652.9 | 7,666.1 | 7,069.0 | 7,083.8 7,048.7
3 torsion 8,981.8 8,647.3 8,466.2 8,487.8 8,145.8
Mode 15 10,364 10,126 9,545.6 9,589.3 8,980.4
Mode 16 10,636 10,476 10,278 10,270 10,208
Mode 17 11,461 11,226 11,099 11,095 11,003

AN 4.14 ANUDSITUTIRNUAURUAIVD IR USNAHIUNITUIAT AN BUISATTAIAUNNS

N1509RS L ABUNURIUTNAIRY (Baseline)

I ANAsssUTATUAsuLUasnE SR (%)

e Baseline RC+ N1 | RC+ N2 | Commercial | RC + N3
1 bending 1,571.8 -13.3 -17.3 -17.3 -25.5
1*! torsion 2,830.6 -5.0 -6.2 -6.1 -11.9
2" bending 3,392.2 -1.1 -19.2 -19.0 -19.5
3 bending 5,321.9 -5.6 -1.5 -1.5 -8.6
2" torsion 5,748.0 0.4 -10.0 -10.0 -10.4
In-plane 7,200.0 1.0 -0.1 -0.1 -0.3
4" bending | 7,652.9 0.2 7.6 7.4 7.9
3" torsion 8,981.8 -3.7 -5.7 -5.5 -9.3
Mode 15 10,364 -2.3 -7.9 -7.5 -13.4
Mode 16 10,636 -1.5 -3.4 -3.4 -4.0
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Mode 17 11,461 -2.1 -3.2 -3.2 -4.0

Solwsgimmisssumavesiiusnlulvun 1% torsion AU amutusnlnua 3ND s
wansluguil 4.19 wudn sUevesstisdsmuuuaafsiufunisinsesmssiiunliiuves
Tomansifnidssusnamamiioutunisdnudasgusislunguil 4 Aemsdudasguiranuy
RC + N3 anansovihlienudisssumnfvessiniusniuauusnisiusnniign Ae 16.4 wedldu
LAENNIAALUAITUII RC + N2 AU Commerdial flonsifaidsausnainalndidssiu dad
ANUAEITINAVOIFNUTNVIIINIMIUIAWINAY 10.9 waz 10.8 Wosidus audiu Tag
5U519 RC + N1 fAnufis55u91@nieainaiuiusn 9.8 wWesidu demaligusns RC + N3
anunsaanlonansiiadeausnamalunsdii 1 ldunniian

nsfauUasgUsslaensnesUnsiis e ialisufunsuindady §
wlifnvedlenmalumsiiaidesusnaimavesdiusniuluua 3 torsion fiu 3MuLUsAlYLA
6ND wiloufundunisuindnemsssiufunisiisomss Ao Wedauuasgusiawuu RC + N1
RC + N2 uay Commerdial fauanalusudl 4.20 flomaiaidsausnaiaiainusingnisal
Mode Coupling Tutasusnvagldrusariiosauisnislideluudisyesnis iesnnaanud
sssumIRrasiiuInunnniauuInfissdndeswindunazideldouludesauanud
s3TNTIAanasasuANIIAIEsTIITAvesa TN Amledaanansoanlenialunsiie
deausnaadaadla uin13AnLUaIgUTIUY RC + N3 filaniafiadesusnandalugig
sropusnvoamsliouminty

FatunisfauUasiensuiadanuuusaiismiunisinsesmsslunguilliua
wualuvesnsidounudsssmiAreadiusnmiloufungun1sIToensIsITIALA B NG
Unnthansasamfunisingesmss dsnsdautasgusianuu RC + N3 uUssandnmanniigalu
nsdeunrmisssuriliinas Sniinisdaulasgussludnuasddussansamlunisan
Tonalumsiinidesiusnamalugisanud 2,800 4 3,000 13504 1¢ usazilenalunisiin

WAe9lU9AUD 8,200 L8509 TurIausnuEl g uENUUiY



0%

.50@

-10%

ANUAETIUEIAAYI9INI LU

-15%

%

-20%

n15SeuiisuAMURSSTUYRURENUSAMUR 1% torsion

iU MULUSNINNA 3ND (2980, 2981 L§Snd)

-5.0% B Base
2,831 Hz
W RC + N1
-9.8% B RC + N2
-10.9% -10.8%
2,689 Hz ial
2,656 Hz 2658 Hz B Commercia
RC + N3
-16.4%
2,493 Hz
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JUT 4.19 M3iSguinguanudisssuinavesiusniidiunsiindimuwunaiisiutunis

N1309m59buluium 1° torsion AU AUUSALMLA 3ND (NSEIN 1)

10%

5%

0%

AMUASTIUIAMINEIINAIULUIA

%

-5%

nswSeuiisuanuinsssusRvasnusniuum 3 torsion

v A1ULUINIMNA 6ND (8231, 8235 1§5n%)

8,982 Hz
9.1%

8,647 Hz
0,
>-0% | Base
8,466 Hz 8,488 Hz
2.8% 3.1% W RC + N1
W RC + N2
B Commercial
RC+ N3
-1.1%
8,146 Hz

JUT 4.20 M3USgulnguauisssuinavesiiusndun1suiatem i Seiisuiuni s

sansaluluug 3 torsion AU ULUINIAUA 6ND (NN 3)
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MnngaUszasAnTiauIUsEAvEnmesdusnluSoseadss lnsnnsAnuinaves
msdiulasgUiumesituani 5 naudelemalunafndesusnaniafiinanusingnisal
Mode Coupling a13130a5Ule31 N1561389m533UI8 N3 NM15U1A9ensaTIdAiumInIseenss
SC + N3 wazn15UIn19nuEIsAlTINAUNITHITe9RTe RC + N3 fiusednsnnlunisan

Tonmalunisiiaideausnaimalugaeninud 2,800 89 3,000 8504 Launiign dawandlugun

6

4.21 dwsunisldarulugaannud 8,200 185ad 5U919 N3 SC + N3 wag RC + N3 1ilgaun

Y

A101509LARUANNATTTUVIRANINNGAIUAIN TN Aeiiudelaifigusrelaiidl

3

Y
¥
all

Y

Ussdvsnwannuefanunsativanlenialunisiiadesusnamaiingisnnuddls asens

Tugui .22

AsuSeudisuaMUBSTSUYRVRLENUSNIMUA 1% torsion

AU UUTnIuA 3ND (2980, 2981 1F3A%)
0%

5% -3.6%
N3
5.0% -4.5% 5873 Hz u

2831 Hz 2,846 Hz Wm0l

-10% | SC

-10.8% RC
-12.9% 2658 Hz ey N3

- 0,
15% 2,597 Hz

B RC + N3

-16.4%

17.6% A1.2% 5 493 Hz
-20% 2,650Hz 2,468 Hz

AU ITHYIR NI9INTULUSN

%

Bl Commercial

JUN 4.21 nswlSeuiisuanudsssunavesinusniignanudama 5 naululuue 1 torsion

fu 1uusnluus 3ND (N6l 1)



85

= P = a o rd .
A5 UMEUAINUASTIUVINYDIEN LU'iﬂI‘Iﬂilﬂ 3™ torsion

fiu 9MuUsn v 6ND (8231, 8235 LE5AD)

8,982 Hz 8944 H 8,983 Hz
0% 9.1% ’ 9.1%

_ 8.6% m Base

g

= W N3

&

[

1

& 5% 8'35if/Hz 8488 Hz ™ 0

w -7 3.1%
<5 | SC

=

g . . )

P

e
B 0% | SC + N3
1

< -1.2% e L% u

° 8,133 Hz 8106 Hzg’l% Hz B Commercial

-5%

JUN 4.22 MaUSeuiisunufsssuinivesiusniignanwaimns 5 ngululmun 3

torsion MU AULUINLAUA 6ND (NSUN 3)

4.3 A1studunNanIsinungfleasadbaulludiines

LBAUU YD N VBIRUUTIADIALHATDINTIUIEANUDTTTUV AL TUT N T

931 0uAe9iin159I9E0UNANITVNUIERINET TASNITEUTUNENITINUIEAIENITHIIVEDU

U5ANTAINYIR WU IUAMUTDILEEY AD NSNAFIUMIELATBI AU ILTLADS 1TBI91NNNS

NeAaUNIYaIN nYRITILIUNSNEINTIATImazIanluntsnaaay vinlvsndusesldnanis
P v v ° = a @ °

naaaunnIalssaulanenagaulundl druSeuisununanisyinuigannlusensy

SolidWorks @ananisnaaauinialssaulaiaenaasulunditiu Wunismeageuduiusmeian

q

a

wsndsanusianeUilesanduieriuianusadennuianideddinm wazluuidesiu

v
a v A= 1

[y 1 4' 2 1 ¥ d' ) dy [~ ay 1
Ausunauddeilfnwiegaie laggusievesdnusnidinimaasuiliduiuaugusig
Commercial AIUUIIAINITOUINANITHIUIYAIUDTITUTIRVDINWUSN b UFITDADUNTN TN
- = ~ ) Y] a a [ a a
AnwwazilSeuiisununan1snaaaunewsaglaululweshs Jawan1snaaaulssansain
o 1% = Y = X ] . ~
voaruInluduvetdsvesiagusudeaniuaauivesn 3Us1a Commercial kanslugui

4.23
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want1snagaulszansawlududesarnasadlaunladivnas

Taausadeanuylianauadn 3U319 Commercial U 2561
120

100

80

)

i . .

i ye : e

E %o ;. \"'lto. . eo, o ¢ e e,% 3 .
3

&

2 40

EH

20

0 1000 2000 3000 4000 5000 6000 7000 8000 9000 10000

AU (F504)

= a a 1% = - a s Y =
U7 4.23 wan1snaaeuUseaninmluiudesanniasedlauluivesvesTaqusudoamy
AaUwWesn1 JU319 Commercial U 2561

(%
a

Tusue 4.23 1 unu X EUaANIANDVR AL TILARTUVLLUTN UNU Y FTUAAITEIY

a o

FoafiAndy wazqadduunsmazuansiangnisalunisiusn Ao 1 9edd1 wunefls n1s
W 1 Ase Tneuaudunsudnrismnudiilenanisiadesusnaniannuanisiass
msvneaudsssuvRvesrusniielusungy SolidWorks Fefitiannudussana 2,800
fi9 3,000 15509 waz 8,100 9 8,300 15509 WoRsaHan IadeuUTyaNS AMlus 1w Ees
mninzeslaunlufiimefoziiiud fdwaunsifnidesnsiusndulngegludienimd
Uszanas 0 89 2,000 18909 Fedlng)desiiiatuludiieudidudesdiiinonnalndy
WU Stick-Slip w30 Sprag-Slip tJudiu wag 7,800 i1 9,000 185 anran TiuIelugUR
4.21 929A2708 2,800 84 3,000 15509 5U319 Commercial faudsssuAluluaivingen
PuusnUszana 10.8% Failenmaiadsausnamiatios waziliowuinsaaeuiunanis
naaounlaulufines lugui 4.23 Tugaemuiunuaylifidesintu dmsulugas
AR 8,100 T 8,300 1550 Iugﬂﬁ 4.22 an1591U1e3UI1e Commercial flannuisssuei
anmusnifies 3.1% o19nian1sallédnludeudifilenaiafeuinaaiad
routageeg wanidlowisuifeutunantmageuanieteslaulufinosarudludiedifides

MANTUIINNITUINTIWINNIN AaTue19agUlaIINaN15ALININAITAS MU UTIa0IA Y
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TUswnsy SolidWorks mugdumaulusiuidedaiuisaunluainnisailanianisiinde s

WwInawlabaUaafu

a4  wamslilusunsuiteandunulunsmagaudleialaslaulusiines
desnndedriavesmanadeudsyansaminuinluusazadsifldssozinanu 8n
fadialddrelunismaaouiigs silfnisiidelaenislélusunsy SolidWorks d1msunis
yhugaudsTsIMALazsUIensduYeadiusn suiliansolinsgilonialunisiia
Foausnaiaa aansatiansunuluduvesnaasnineinsidednamn Ssmavaaeuly
wiazafiazdeedaldireuseann 50,000 U Tngluszevinan 1 Unnslseauazinis
VAaaUUsLANS A MeaElusn Useana 150 A s?fqﬁm‘flugamﬂdw 7,500,000 U naol
Frfunsiauguineinuen Tasmsaauasinuuuuaedifiaruudusiwasgniies au
InalAeeiun1snaaeuLuINITY aunsateanelidied miunisnaaeuyseananinluaiu

= d' a Y A a
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uni 5

ajuuazdaiauauue

51  #5Unan1sivey

ndagiugnaniusnaulanasimuidseavinmeeausntuiiuvesdes muideilla

Y

o [ [ 1 P

Aadiufsanudidydandnn Feldinlusunsuiduszansamuasiduiveniulu
AAgRaNNNTINDE1e SolidWork uildlunisyineuided Tasnnslélusunsy SolidWorks
yutemuBsTTTAuarsUT9NsdY BntsAnumantsiauuardauUassUssuesiniusn
elondlunsifnidesusnaina Sevilsmsudang@nssunisduvesiiuanliegstnia
wndu esndesiialumsnageunsduvesiiusnainnisnedeuseisnisiens (Impact
Hammer Test) laiaunsaifiugusanisduresinuanld Snstansldlusunsudmsandunu
Tunsnandunuiagnsnaaeussansamluiudewomdnsasils fadunisiisnfienia
Wnlanazaiuisavauinuustaesaulinulndiuyesass azamisavilislaiuds

neAnssumnee MdudselomilazamnsailangAnssutudlaegednds

511 mswWisuifisunisdunasiussninsinusnasduiuanuusn
Mnuansisuifisunsduiesiusenitsdnusnisdutuanuusn slfanansoagy
1A Iameﬂ,umﬁﬁmLﬁmL“uaﬂmmaﬁiamaiuﬂ15Lﬁmqﬂuﬂﬁaisuaas’iflLU'iﬂﬁﬁIanﬁé"u 1%
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NSNAFIUAIUDSITTUNYIRVBIALUSA ANNINTZIU SAE J2598

(Automotive Disc Brake Pad Natural Frequency and Damping Test)

j Scope

This procedure is applicable to brake pad modes between 500 Hz. and 16 kHz. The parameters
measured with this procedure are defined as the first three natural frequencies, f (n=1, 2, 3), and the
corresponding loss factors, n.

3. Glossary and Terminology

3.1 Natural Frequency

One of the frequencies at which the pad naturally vibrates at when excited in a free-free condition.
3.2 Loss Factor

The energy loss factor, n, which is the percent critical damping divided by 50.

3.3 Damping

Generally expressed as the percentage of critical damping.

5. Measurement Requirements

e Excitation:

e A metal tipped impact hammer with force transducer is the preferred method of excitation. Other
methods of excitation such as a shaker may be used with proper care and documentation of
equivalent results.

e Response:

e Typically a microphone or an accelerometer will be used to measure response. A single point laser
vibrometer can also be used. If a transducer other than a microphone or accelerometer is used, a
comparison test shall be run to show equivalence.

e The recommended microphone is a 0.5 in free-field condenser type. The recommended
accelerometer is one with an integrated amplifier or a charge type.

e The recommended accelerometer is different for parts A and B. The specific requirements will be
defined in these sections.

e Frequency response from 500 Hz to 16 000 Hz +3 dB.

¢ Dual-channel FFT analyzer capable of calculating a frequency response function (FRF) and simple
coherence.

6. Test Configuration

The preferred measurement setup is shown in Figure 1. This configuration shows the use of a
microphone for the response measurement and an impact hammer for excitation. The same setup can be
used with an accelerometer. One may use equivalent non contacting measurements such as Laser
Doppler Vibrometer, if the results can be shown to be equivalent.

To be sure that the lower three natural frequencies and their corresponding loss factor are measured, it is
necessary to excite both torsional and bending modes. The lowest three natural frequencies may then be
selected from these results with high confidence.

Figures 2 to 4 show three suggested measurement configurations. Using all three of these combinations
of force input and response locations, one can be confident of that the lowest three natural frequencies
will be measured.
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FIGURE 1—BLOCK DIAGRAM OF A BRAKE PAD LOSS FACTOR MEASUREMENT SETUP

Measurement Impact
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FIGURE 2—BRAKE PAD NATURAL FREQUENCY AND LOSS FACTOR MEASUREMENT
CONFIGURATION NUMBER 1
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FIGURE 3—BRAKE PAD NATURAL FREQUENCY AND LOSS FACTOR MEASUREMENT
CONFIGURATION NUMBER 2
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FIGURE 4—BRAKE PAD NATURAL FREQUENCY AND LOSS FACTOR MEASUREMENT
CONFIGURATION NUMBER 3
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Z Operation

In an effort to minimize the effect of environmental conditions, the measurement should be conducted
between 18 °C and 24 °C and 30% to 80% relative humidity. Record the ambient temperature and
humidity.

Place the brake pad on a foam pad as indicated on Figure 1. For Part A any soft closed cell foam pad can
be used. For Part B, a specific foam pad must be used. Other equivalent means of simulating free-free
mounting conditions are also acceptable. Care should be taken to avoid restraining the motion of the pad
at antinodes.

Locate the microphone or accelerometer on top of the pad, as indicated on Figure 1. The gap between
the microphone and the pad should be around 5 mm. If an accelerometer is used, bond it to the pad
using Loctite adhesive

The measurement can be done with or without a brake insulator. Record the microphone/accelerometer
and hammer positions used for this test.

Connect the impact hammer to channel 1 and the microphone or accelerometer to channel 2 of the
analyzer.

Prepare the analyzer for data acquisition and analysis according to the following:

e Analyzer frequency range from 500 Hz to 16 000 Hz.

e Pretrigger delay properly set to ensure that the entire force pulse is captured.

e Trigger level adjusted such that the data acquisition system properly captures the impact and acoustic
response.

e The maximum value of frequency resolution should be 5 Hz.

« A force window shall be used for the excitation data acquisition.

e Absolutely no windowing should be required on the response channel. Should the response not decay
completely in the sampling window, the analyzer parameters must be adjusted to allow the complete
decay to be captured. This adjustment may be done by increasing the number of sample points,
adjusting the period, or the frequency range.

Record the analyzer setup.

It is important to adjust the analyzer so that the FRF between the microphone/accelerometer and the
impact hammer and the coherence function are both displayed as shown in Figure 5.

Hit the pad with the hammer a minimum of 5 times at the same location. These hits must occur preferably
on the backing plate (hitting the friction material is an option). The analyzer should be configured to
compute a linear average the results of these impacts to obtain a high quality signal. The quality of the
signal will be judged by computed coherence. Reject the measurement if the coherence is below 0.9 for
the resonant peaks. Avoid double hits. Data obtained with double hits shall be rejected. When using a
microphone, reduce the gap between the microphone and the pad if the quality of the FRF needs to be
improved.
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8. Part A: Measurement of Pad Natural Frequencies

e Response:

* Typically a microphone or an accelerometer will be used to measure response. A single point laser
vibrometer can also be used. If a transducer other than a microphone or accelerometer is used, a
comparison test shall be run to show equivalence.

e The recommended microphone is a 0.5 in free-field condenser type.

e The recommended accelerometer is one with an integrated amplifier or a charge type with a mass
of less than 1 gram.

e Operation:

« |dentify the resonance frequencies on the FRF (Figure 5).

* Repeat the measurements for configuration 2 (Figure 3) and configuration 3 (Figure 4). The user
must report the natural frequencies computed for each configuration. The reported natural
frequencies are the average of the lowest three natural frequencies found (Table 1).

e The variation expected from this measurement is natural frequency: +5% from the average.

9. Part B: Measurement of Pad Loss Factor

It is extremely difficult to measure damping consistently. In order to achieve a reasonable level of
consistency, the following steps have to be followed:

* Response:

e Select an accelerometer with a weight less than one gram. Examples of accelerometers that can
be used are: PCB 357C10 (0.45 gram), PCB 357A09 (0.6 gram), PCB 357A08 (0.14 gram),
Endevco 2222C (0.5 gram), Endevco 2250A/AM1-10 (0.4 gram), Endevco 22 (0.14 gram) or
equivalent.

¢ Foam:

e The foam rubber used to simulate the free-free conditions is GM251M (Type | or Type IA) from
Plastomer Corporation, Livonia, Ml 48150, Tel: 734-464-0700 or equivalent. The foam thickness is
50 mm.

e Operation:

« |dentify the resonance frequencies on the FRF (Figure 5).

¢ Repeat the measurements for configuration 2 (Figure 3) and configuration 3 (Figure 4). The user
must report the natural frequencies and loss factors computed for each configuration. The first
three natural frequencies are the averages of the equivalent lowest natural frequencies detected.
The loss factor for each natural frequency is the lowest computed value (Table 1).

The loss factor for each natural frequency shall be measured using the half-power or 3dB method. The
loss factor is defined by n :ATf where Af is the frequency bandwidth at 3dB below the resonant peak

and f is the resonant peak frequency (Figure 6).

Many modern analyzers will have this calculation built in as an automated function. Whether this is done
automatically by the analyzer or is done manually by the user, this calculation must be done using a
linear interpolation between discrete points in the frequency response function. If only the discrete points
of the FRF spectrum are used, significant errors in the loss factor estimate are possible.

Some analyzers have a function which gives you the damping ratio & in %, by placing the screen cursor

£ %o
on the peak. The loss factor is then defined by n = glOO = %

The measurement variation is estimated at +10% or typically +0.5% of critical damping.
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TABLE 1—SUMMARY OF NATURAL FREQUENCIES AND LOSS FACTORS
Test Date Test Conducted By
Temperature/Humidity Window used for Hammer:
Description of Test Sample Window used for Microphone / Accelerometer:
Insulator Present/Type
Vehicle Application
Analyzer Setup
Pad ID Mode 1 Mode 2 Mode 3 Notes
Nat. Freq., Hz Loss factor Nat. Freq., Hz Loss factor Nat. Freq., Hz Loss factor
Pad ID Cnnﬂguratinn 1 Conﬁguration 2 Conl‘lgurallon 3 Notes

Nat. Freq., Hz Loss factor Nat. Freq., Hz Loss factor Nat. Freq., Hz Loss factor
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APPENDIX A
MEASUREMENTS AT TEMPERATURE EXTREMES

In some instances it may be desirable to measure the damping and natural frequency for materials at
other than room temperature. Some brake material’'s dynamic response changes significantly with
temperature. Either high or low temperature measurements can be made using the procedure as outlined
here. The materials under test will have to be brought to a stable temperature and that temperature
documented. One only has to be sure that the temperature of the test does not exceed the allowable
operating range for the foam, microphone and force cell.

When measurements are made at extreme temperatures, the temperature of the test shall be noted on all
data reports.
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Friction Value—The ratio of output torgue to input torgue for a disc brake at any specific point in time
according to Equation 1.

U= 100 - MdErake

" 2:(P-Prhrashaid) Ap Tan e M
C* Value—The ratio of output torque to input torque for a drum brake at any specific point in ime according to
Equation 2.

(Eq. 1)

_ 100 - Mdg, 440

(P =Prisshold! Ap* Ter - M
Symbols and Abbreviations—The following symbols and abbreviations are used in order to perform the
calculations needed during the test

=

(Eq. 2)

u—rFriction value.[unitless]
Mdg,,e—Measured torgue. [N-m]
p—~Applied pressure. [kPa]

PThreshold—1 Nreshold pressure to be taken as 50 kPa fordisc brake, the threshold pressure for drum brakes is
determined in dependency of the brake. [kPa]

A,—Piston area. [mm?]

ry—Effective radius. [mm]

n—Efficiency 100%

u0P6—Average value of the friction values of the 1st to 6th application in 6.3.

uv120—Average value of the friction values of the applications at 2 000, 3 000 and 4 000 kPa in 6.4.3.
uvmax—~Average value of the friction values of the applications at 2 000, 3 000 and 4 000 kPain64.5.
u0P&—Average value of the friction values of the 1st to 6th application in 6.5.

uT40—Friction value of the 1st application in 6.6.

uMW2—Friction value of the 2nd application in 6.7.

u0P18—Average value of the friction values of the 1st to 18th application in 6.8.

uF1—Minimum friction value of the 1st to 15th application in 6.9.

n0P18—Average value of the friction values of the 1st to 18 application in 6.10.

uT500/ pT300—Minimumn friction value of the friction values of the temperature series in 6.12.1 and 6.12.2
n0P18—Average value of the friction values of the 1st to 18th application in 6.13.

uF2—Minimum friction value of the 1st to 15th application in 6.14.

n0P18—Average value of the friction values of the 1st to 18th application in 6.15.
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5.

5.1

5.2

5.3

5.4

5.5

5.6

5.7

5.8

5.9

Test Conditions

Inertia for the Front Axle—According to half of 75% of the gross vehicle weight if not otherwise specified.
Inertia for the Rear Axle—According to half of 25% of the gross vehicle weight if not otherwise specified.
Pressure Rise Rate—25 000 kPa/s + 5 000 kPa/s.

Sampling Rate—Minimum 50 ms for pressure and torgue.

Temperature Measurement—Position thermocouple at the friction path center radius 0.5 mm + 0.1 mm deep
in the disc outer face or drum contact face. Additional thermocouple(s) can be set in the friction material for

temperature recording purposes.

Cooling Air Conditions—For 6.9, 6.12.1, 6.12.2, and 6.14: air inlet 0%, air outlet 100%. For all other sections
cooling air speed should be 5 to 10 km/h.

Fade Sections—The fade sections are controlled by torque and temperature. The braking torgue is
determined by the vehicle weight, the braking force distribution, the rolling radius, and the specified
deceleration. (See Table 1))

TABLE 1—INITIAL TEMPERATURES FOR FADE STOPS

Initial temperature for Initial temperature for
disc brake drum brake
Stop e e
1 100 100
2 215 151
3 283 181
4 330 202
5 67 219
-] 398 232
i 423 244
8 446 254
9 465 262
10 483 270
1 498 277
12 513 284
13 526 289
14 539 295
15 550 300

The starting temperatures are calculated by Equation 3.

Tan = [ Tas=Ta )/ IN(15) < InCN) + Ty, (Eg. 3)
If initial temperatures cannot be reached in 6.12.1 and 6.12.2, then perform 80 km/h drags at a braking torgue
coresponding to 0.2 g maximum deceleration for 20 s drag time. However, only the temperatures described in
the program are to be collected for test report purposes. If initial temperatures are not reached in 6.9 and 6.14,
the temperature levels can be the final temperature of the previous stop. Wamup stops should not be
performed for these sections.

Brake disc material should be made of gray cast iron.

All specified values are recommended and can be adjusted according to the brake being tested.

109



SAE J2522 Issued JUN2003

6.

6.1

6.2 Burnish—192 snubs B0 to 30 km/ at varying pressures. (Optional 2 cycle “64 snubs™) See Table 3.

Test Procedure

TABLE 2—GREEN p CHARACTERISTIC SECTION

Green 1 Characteristic—30 snubs 80 to 30 km/h at 3 000 kPa. See Table 2.

Rear axle Rear axle
Parameter Front axle Disc brake Drum brake
Nurnber of snubs per cyele a0 a0 a0
Brake speed (km/h) a0 &0 &0
Release speed (km'h) a0 30 30
Pressure (kPa) 3000 3000 3000
Initial brake termperature (°C) =100 =100 <80
Final brake tempermatura (°C) Open Open Open

Nurnber of eycles

1

1

TABLE 3—BURNISH SECTION

Rear axle Rear axle
Parameter Front axle Disc brake Drum brake

Number of snubs per cycle a2 a2 a2

Brake speed (kmih) B0 B0 80

Release spead (km'h) a0 a0 a0

Initial brake tempermature (*C) =100 =100 =80

Final brake temperature (°C) Open Open Open
Pressure snub 1 (kPa) 1 500 1 500 1500
Pressure snub 2 (kPa) 3 000 3 000 3000
Pressure snub 3 (kPa) 1 500 1 500 1500
Pressure snub 4 (kPa) 1 800 1 800 1 800
Pressure snub 5 (kPa) 2200 2200 2200
Pressure snub & (kPa) 3 800 3800 3800
Pressure snub 7 (kPa) 1 500 1 500 1500
Pressure snub 8 (kPa) 2 500 2 500 2 600
Pressure snub 9 (kPa) 1 800 1 80O 1 800
Pressure snub 10 (kPa) 3400 3400 3400
Pressure snub 11 (kPa) 1 500 1 500 1500
Pressure snub 12 (kPa) 2 600 2 600 2 600
Pressure snub 13 (kPa) 1 500 1 500 1500
Pressure snub 14 (kPa) 2200 2200 2200
Pressure snub 15 (kPa) 3000 3000 3000
Pressure snub 16 (kPa) 4 600 4 600 4 600
Pressure snub 17 (kPa) 2 600 2 600 2 600
Pressure snub 18 (kPa) 5100 5100 5100
Pressure snub 19 (kPa) 2 200 2 200 2 200
Pressure snub 20 (kPa) 1 800 1 800 1800
Pressure snub 21 (kPa) 4 200 4 200 4 200
Pressure snub 22 (kPa) 1 500 1 500 1500
Pressure snub 23 (kPa) 1 800 1 800 1 800
Pressure snub 24 (kPa) 4 600 4 600 4 600
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TABLE 3—BURNISH SECTION (CONTINUED)

Rear axle Rear axle
Parameter Front axle Disc brake Drum brake
Pressure snub 25 (kPa) 2 500 2 500 2 600
Pressure snub 26 (kPa) 1 500 1 500 1500
Pressure snub 27 (kPa) 3 400 3 400 3400
Pressure snub 28 (kPa) 2200 2200 2200
Pressure snub 29 (kPa) 1 800 1 800 1800
Pressure snub 30 (kPa) 3000 3000 3000
Pressure snub 31 (kPa) 1 800 1 800 1800
Pressure snub 32 (kPa) 3 800 3 800 3800
Number of cycles ] ] -]

6.3 Characteristic Value 1—6 snubs 80 to 30 km/h at 3 000 kPa. See Table 4.

TABLE 4—CHARACTERISTIC VALUE 1 SECTION

Rear axle Rear axle
Parameter Front axle Disc brake Drum brake

Nurnber of stops per cycle -] i3 i3
Brake speed (km/h) a0 80 80
Release speed (km'h) a0 30 30
Pressure (kPa) 3000 3000 3000
Initial brake termperature (°C) =100 =100 <80
Final brake temperatura (°C) Open Open Open
Nurnber of eycles 1 1 1

6.4 Speed/Pressure Sensitivity Sections—Pressure sensitivity at various brake and release speeds.

6.4.1 SPEED/PRESSURE SENSITIVITY 40 km/h—8 stops 40 to 5 km/h at increasing pressures. See Table 5.

TABLE 5—SPEED/PRESSURE SENSITIVITY 40 km/h SECTION

Rear axle Rear axle
Parameter Front axle Disc brake Drum brake
Numbrer of stops per cycle 8 8 7
Brake spead (km/h) 40 40 40
Release speed (km'h) =5 =5 =5
Initial brake temperature (*C) =100 =100 <80
Final brake temperature (*C) Open Open Open
Pressure stop 1 (kPa) 1 000 1 000 2 000
Pressure stop 2 (kPa) 2 000 2000 3000
Pressure stop 3 (kPa) 3000 3000 4 000
Pressure stop 4 (kPa) 4 000 4 000 5 000
Pressure stop 5 (kPa) 5 000 5 000 & 000
Pressure stop 6 (kPa) 6 000 6 000 7 000
Pressure stop 7 (kPa) 7 000 7 000 B 000
Pressure stop 8 (kPa) 8000 8000 —
Number of cycles 1 1 1
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6.4.2

6.4.3

SPEELYPRESSURE SENSITVITY 80 km/h—8 snubs 80 to 40 km/h at increasing pressures. See Table 6.

TABLE 6—SPEED/PRESSURE SENSITIVITY 80 km/h SECTION

Rear axie Rear axle
Parameter Front axle Disc brake Drum brake

Mumber of snubs per cycle ] 8 7
Brake spead (km/h) a0 8o 8o
Release speed (km'h) 40 40 40
Initial brake termperature (°C) =100 =100 <80
Final brake tempermatura (°C) Open Open Open
Pressure snub 1 (kPa) 1 000 1 000 2 000
Pressure snub 2 (kPa) 2 000 2 000 3000
Pressure snub 3 (kPa) 3000 3000 4 000
Pressure snub 4 (kPa) 4 000 4 000 5 000
Pressure snub 5 (kPa) 5 000 5 000 6 000
Pressure snub & (kPa) 6 000 6 000 7 000
Pressure snub 7 (kPa) 7 000 7 000 8 000
Pressure snub 8 (kPa) 8000 8000 —_
Nurnber of eycles 1 1 1

SPEED/PRESSURE SENSITIVITY 120 km/h—B8 snubs 120 to 80 km/h at increasing pressures. See Table 7.

TABLE 7—SPEED/PRESSURE SENSITIVITY 120 km/h SECTION

Rear axle Rear axle

Parameter Front axle Disc brake Drum brake
Nurmnirer of snubs per cycle 8 8 7
Brake speed (km/h) 120 120 120
Release speed (km/h) a0 80 80
Initial brake temperature (*C) =100 =100 <80
Final brake temperature (<G} Open Open Open
Pressure snub 1 (kPa) 1 000 1 000 2 000
Pressure snub 2 (kPa) 2 000 2 000 3000
Pressure snub 3 (kPa) 3000 3000 4 000
Prassure snub 4 (kPa) 4 000 4 000 5 000
Pressure snub 5 (kPa) 5 000 5 000 & 000
Pressure snub & (kPa) 6 000 6 000 7 000
Pressure snub 7 (kPa) 7 000 7 000 B 000
Pressure snub 8 (kPa) 8000 8000 —
Number of cycles 1 1 1
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6.4.4

6.4.5

SPEELYPRESSURE SENSITVTY 160 km/h—8 snubs 160 to 130 km/ at increasing pressures. See Table 8.

TABLE 8—SPEED/PRESSURE SENSITIVITY 160 km/h SECTION

Rear axie Rear axle
Parameter Front axle Disc brake Drum brake

Mumber of snubs per cycle ] 8 7

Brake spead (km/h) 1680 160 160
Release speed (km'h) 130 130 130
Initial brake termperature (°C) =100 =100 = 80
Final brake tempermatura (°C) Open Open Open
Pressure snub 1 (kPa) 1 000 1 000 2 000
Pressure snub 2 (kPa) 2 000 2 000 3000
Pressure snub 3 (kPa) 3000 3000 4 000
Pressure snub 4 (kPa) 4 000 4 000 5 000
Pressure snub 5 (kPa) 5 000 5 000 6 000
Pressure snub & (kPa) 6 000 6 000 7 000
Pressure snub 7 (kPa) 7 000 7 000 8 000
Pressure snub 8 (kPa) 8000 8000 —_

Nurnber of eycles 1 1 1

SPEED/PRESSURE SENSITIVITY 200 km/h—8 snubs 200 to 170 km/h at increasing pressures. f wvehicle

maximum speed below 200 km/h use brake speed equal to vehicle top speed and release speed of 30 km/h
below vehicle top speed. See Table 9.

TABLE 9—SPEED/PRESSURE SENSITIVITY 200 km/h SECTION

Rear axle Rear axle
Parameter Front axle Disc brake Drum brake
Nurmnirer of snubs per cycle 8 8 7
Brake spead (km/h) 200 200 200
Release speed (km/h) 170 170 170
Initial brake temperature (*C) =100 =100 <80
Final brake temperature (<G} Open Open Open
Pressure snub 1 (kPa) 1 000 1 000 2 000
Pressure snub 2 (kPa) 2 000 2000 3000
Pressure snub 3 (kPa) 3000 3000 4 000
Prassure snub 4 (kPa) 4 000 4 000 5 000
Pressure snub 5 (kPa) 5 000 5 000 & 000
Pressure snub & (kPa) 6 000 6 000 7 000
Pressure snub 7 (kPa) 7 000 7 000 B 000
Pressure snub 8 (kPa) 8000 8000 —
Number of cycles 1 1 1
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6.5 Characteristic Value 2—6 snubs 80 to 30 km/h at 3 000 kPa. See Table 10.

TABLE 10—CHARACTERISTIC VALUE 2 SECTION

Rear axie Rear axle
Parameter Front axle Disc brake Drum brake
Mumber of stops per cycle -] 6 6
Brake spead (km/h) a0 8o 8o
Release speed (km'h) a0 a0 a0
Pressure (kPa) 3000 3000 3000
Initial brake tempermature (*C) =100 =100 =80
Final brake temperature (°C) Open Open Open
Number of cycles 1 1 1
6.6 Cold Application—1 stop 40 to 5 km/h at 3 000 kPa. See Table 11.
TABLE 11—COLD APPLICATION SECTION
Rear axie Rear axle
Parameter Front axle Dise brake Drum brake
Number of stops per cycle 1 1 1
Brake spead (km/h) 40 40 40
Releasa speed (km'h) =5 =5 =5
Pressure (kPa) 3000 3000 3000
Initial brake temperature (*C) =40 =40 =40
Final brake temperature (°C) Open Open Open
Number of cycles 1 1 1
6.7 Motorway Applications—1 stop and 1 snub at 0.6 g. See Table 12.
TABLE 12—MOTORWAY APPLICATIONS SECTIONS
Rear axle Rear axle
Parameter Front axle Dise brake Drum brake
Mumber of slops per cycle 2 2 2
Brake speed for stop 1 (km/h) 100 100 100
Brake speed for snub 2 (km'h) B0% of Wmax B0% of Ymax W% of Ymax
Release speed for stop 1 (km/h) =5 =5 =5
Release speed for snub 2 (kmih) 50% of Wmax 50% of Ymax 50% of VYmax
Deceleration level (g) 0.6 0.6 0.6
Initial brake temperature (*C) <50 =K0 =50
Final brake temperature (=C) Open Open Open
Mumber of cycles 1 1 1
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6.8 Characteristic Value 3—18 snubs 80 to 30 km/h at 3 000 kPa. See Table 13.

TABLE 13— CHARACTERISTIC VALUE 3 SECTION

Rear axie Rear axle
Parameter Front axle Disc brake Drum brake
Mumber of stops per cycle 18 18 18
Brake spead (km/h) a0 8o 8o
Release speed (km'h) a0 a0 a0
Pressure (kPa) 3000 3000 3000
Initial brake tempermature (*C) =100 =100 =80
Final brake temperature (°C) Open Open Open

Number of cycles

1

1

1

TABLE 14—FADE 1 SECTION

6.9 Fade 1—15 stops 100 to 5 km/h at 0.4 g and increasing initial temperatures. See Table 14.

Rear axie Rear axle
Parameter Front axle Dise brake Drum brake

Number of stops per cycle 15 15 15
Brake spead (km/h) 100 100 100
Releasa speed (km'h) =5 =5 =5
Deceleration level (g) 04 0.4 0.4
Maximum pressure (kPa) 16 000 16 000 10 000
Initial termperature 1 (=C) =100 =100 =100
Initial temperature 2 (~G) =215 =215 =151
Initial temperature 3 (=C) =283 =283 =181
Initial temperature 4 (~G) =330 =330 =202
Initial temperature 5 (*C) <367 <367 =219
Initial temperature & (~C) =398 <398 =233
Initial temperature 7 (=C) =423 =423 =244
Initial temperature 8 (~C) =446 =446 <354
Initial temperature 9 (=C) =465 =465 =262
Initial temperature 10 (*C) =483 =483 =270
Initial temperature 11 (*C) =498 =498 =277
Initial temperature 12 (~C) <513 <513 =284
Initial temperature 13 (~C) =526 =526 =289
Initial temperature 14 (~C) =R39 =539 =295
Initial temperature 15 (*C) =550 =550 =300
Final brake temperature (°C) Open Open Open

Number of cycles

1
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6.10 Recovery 1—18 snubs 80 to 30 km/h at 3 000 kPa. See Table 15.

TABLE 15—RECOVERY 1 SECTION

Rear axie Rear axle
Parameter Front axle Disc brake Drum brake

Mumber of stops per cycle 18 18 18
Brake spead (km/h) a0 8o 8o
Release speed (km'h) a0 a0 a0
Pressure (kPa) 3000 3000 3000
Initial brake tempermature (*C) =100 =100 =80
Final brake temperature (°C) Open Open Open
Number of cycles 1 1 1

6.11 Temperature/Pressure Sensitivity 100 “C/80 *C—8 snubs 80 to 30 km/h at increasing pressure. See Table

16.
TABLE 16—TEMPERATURE/PRESSURE SENSITIVITY 100 “C/80 “C SECTION
Rear axle Rear axle
Parameter Front axle Disc brake Drum brake

Nurnber of snubs per cyele -] a8 7
Brake speed (km/h) a0 80 80
Release speed (km'h) a0 30 30
Initial brake temperature (*C) =100 =100 =80
Final brake temperature (°C) Open Open Open
Pressure snub 1 (kPa) 1000 1000 2 000
Pressure snub 2 (kPa) 2 000 2 000 3000
Pressure snub 3 (kPa) 3000 3000 4 000
Pressure snub 4 (kPa) 4 000 4 D00 5 000
Pressure snub 5 (kPa) 5 000 5 000 & 000
Pressure snub & (kPa) 6 000 6 D00 7 000
Pressure snub 7 (kPa) 7 000 7 000 B 000
Pressure snub 8 (kPa) 8 000 8 000 —_
Number of cycles 1 1 1
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6.12 Temperature/Pressure Sensitivity 500 “C/300 “C sections—Temperature sensitivity at constant pressure
and pressure sensitivity at high temperature.

6.12.1 INCREASING TEMPERATURE 500 "C/300 "C—8 snubs 80 to 30 km/h at increasing temperature. See Table 17.

TABLE 17—INCREASING TEMPERATURE 500 °C/300 °C SECTION

Rear axle Rear axle
Parameter Front axle Disc brake Drum brake

Nurnber of snubs per cyele 9 9 5
Brake speed (km/h) a0 &0 &0
Release speed (km'h) a0 30 30
Pressure (kPa) 3000 3000 3000
Initial termperature 1 (=C) =100 =100 =100
Initial temperature 2 (~G) =150 =150 =150
Initial termperature 3 (=C) =200 =200 =200
Initial temperature 4 (~G) =250 =250 =250
Initial temperature 5 (=C) =300 =300 =300
Initial temperature & (~C) =350 =350 —_
Initial temperature 7 (=C) =400 =400 —
Initial temperature 8 (~G) =450 =450 —_
Initial termperature 9 (=C) =500 =500 —
Final brake temperatura (°C) Open Open Open
Numnbrer of cycles 1 1 1

6.12.2 PRESSURE LINE 500 "G/300 "C—8 snubs 80 to 30 km/h at increasing pressure. See Table 18.

TABLE 18—PRESSURE LINE 500 °C/300 °C SECTION

Rear axle Rear axle
Parameter Front axle Disc brake Drum brake
Nurmnirer of snubs per cycle 8 8 7
Brake spead (km/h) BO B0 a0
Release speed (km/h) 30 30 30
Initial brake temperature (*C) =500 =500 =300
Final brake temperature (*C) Open Open Open
Pressure snub 1 (kPa) 1000 1000 2 000
Pressure snub 2 (kPa) 2 000 2 000 3 000
Pressure snub 3 (kPa) 3000 3000 4 000
Prassure snub 4 (kPa) 4 000 4 000 5 000
Pressure snub 5 (kPa) 5 000 5 000 6 000
Pressure snub & (kPa) 6 000 & 000 7 000
Pressure snub 7 (kPa) 7 000 7 000 8 000
Pressure snub 8 (kPa) 8 000 & 000

Number of cycles 1 1 1

-11-
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6.13 Recovery 2—18 snubs 80 to 30 km/h at 3 000 kPa. See Table 19.

TABLE 19—RECOVERY 2 SECTION

Rear axie Rear axle
Parameter Front axle Disc brake Drum brake

Mumber of stops per cycle 18 18 18
Brake spead (km/h) a0 8o 8o
Release speed (km'h) a0 a0 a0
Pressure (kPa) 3000 3000 3000
Initial brake tempermature (*C) =100 =100 =80
Final brake temperature (°C) Open Open Open
Number of cycles 1 1 1

6.14 Fade 2—15 stops 100 to 5 km/h at 0.4 g and increasing initial temperatures. See Table 20.

TABLE 20—FADE 2 SECTION
Rear axie Rear axle
Parameter Front axle Dise brake Drum brake
Number of stops per cycle 15 15 15
Brake spead (km/h) 100 100 100
Releasa speed (km'h) =5 =5 =5
Deceleration level (g) 04 0.4 0.4
Maximum pressure (kPa) 16 000 16 000 10 000
Initial termperature 1 (=C) =100 =100 =100
Initial temperature 2 (~G) =215 =215 =151
Initial temperature 3 (=C) =283 =283 =181
Initial temperature 4 (~G) =330 =330 =202
Initial temperature 5 (*C) <367 <367 =219
Initial temperature & (~C) =398 <398 =233
Initial temperature 7 (=C) =423 =423 =244
Initial temperature 8 (~C) =446 =446 <354
Initial temperature 9 (=C) =465 =465 =262
Initial temperature 10 (*C) =483 =483 =270
Initial temperature 11 (*C) =498 =498 =277
Initial temperature 12 (~C) <513 <513 =284
Initial temperature 13 (~C) =526 =526 =289
Initial temperature 14 (~C) =R39 =539 =295
Initial temperature 15 (*C) =550 =550 =300
Final brake temperature (°C) Open Open Open
Number of cycles 1 1 1

-12-
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6.15 Recovery 3—18 snubs 80 to 30 km/h at 3 000 kPa. See Table 21.

TABLE 21—RECOVERY 3 SECTION

Rear axie Rear axle
Parameter Front axle Disc brake Drum brake

Mumber of stops per cycle 18 18 18
Brake spead (km/h) a0 8o 8o
Release speed (km'h) a0 a0 a0
Pressure (kPa) 3000 3000 3000
Initial brake tempermature (*C) =100 =100 =80
Final brake temperature (°C) Open Open Open
Number of cycles 1 1 1

7. Test Report—Test report graphs can be based on the ones shown on Figure B1, Figure B2, and Figure B3.
These recommended graphs might vary depending upon the test, the test purpose, or the actual laboratory

performing the test.

PREFARED BY THE SAE DYNAMOMETER TEST CODE STANDARDS SUBCOMMITTEE
OF THE SAE BRAKE COMMITTEE
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APPENDIX A

VEHICLE AND TEST PARAMETERS REQUIRED TO RUN A SAE J2522 BASED TEST

A.1 Preface—The recommended parameters shown are necessary prior to running an SAE J2522 test (see Table

Al)

TABLE A1—VEHICLE AND TEST PARAMETERS

Parameter Symbol Units Value
‘ehicle description —
e 1o test —_
Brake description —
Disc brake (Diameter x Thickness) - [mm] X
Drum brake {Diameter x Lining thickness) — [mm] X
Effective radius fan [ram]
Piston diameter - [rm]
Piston area Ay [mm?]
Threshold pressure [ian— [kPa]
Roalling radius r ]
Gross vehicle weight Gvw kgl
Test inertia | [kg m3]
Brake torque at 1.0 g deceleration Md [M-m]
Efficiensy nH [34]
‘ehicle maximum rated spead Venax [kmeh]
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APPENDIX B
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Rationale—SAE J2522 is intended as an effectiveness evaluation to assist platform designers, systems
engineers, and component suppliers assessing specific friction material characteristics when subjected
to series of different pressures, speeds, and temperatures.

Different pressures, speeds, and temperature combinations used during the test give a better
understanding of the main factors that might affect a brake material's actual performance subjected to
vehicle conditions for extended time periods.

Proper use of this recommended practice has proved useful on the European market for several friction
material manufacturers and designers. SAE J2522 is based on the structure, reasoning, and section
definition of the latest available AK Master test procedure version when generating this document.

Systematic use of this recommended practice during the development and later guality assurance
programs could be very useful for application or platform engineers. This standard complements different
test that assess mechanical, chemical, noise, wear, rotor or drum kindness, and vehicle testing. General
quality assurance initiatives like 1SC 9000, WS 9000, VDI, DIN, etc. could be part of an all-
encompassing brake design engineering program.

Also noteworthy, use of this recommended practice would minimize confusion when comparing and
performing several differing test code versions defined as an AK Master or Global Specification.

There are no minimum specifications or requirements for any section or stop on the test. Performance
levels and technical requirements depend more upon the specific application for which the brake lining is
intended and upon additional criteria that go beyond the reach of this recommended practice. Each
customer and vendor should properly define specific requirements as part of their business relationship.

Relationship of SAE Standard to ISO Standard—Not applicable.

Application—This SAE Recommended Practice defines an Inertia Dynamometer Test procedure that
assesses the effectiveness behavior of a friction material with regard to pressure, temperature and
speed for motor vehicles fitted with hydraulic brake actuation.

The main purpose of SAE J2522 is to compare friction materials under the most equal conditions
possible. To account for the cooling behavior of different test stands, the fade sections are temperature-
controlled.

Reference Section—There are no referenced publications specified herein.

Developed by the SAE Dynamometer Test Code Standards Subcommittee

Sponsored by the SAE Brake Committee
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