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Relationship Between Two Friction-induced
Squeal Mechanisms of Mode Coupling and
Energy Feed-in Theories
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China)

Abstract: Mode coupling theory and energy feed-in theory
are both regarded as important generation mechanisms of
friction-induced squeal, but there have been no investigations
into relationship between them so far. A two-degree-of-
freedom vibration model was established to describe the
dynamics of a kind of typical frictional system with friction
pairs of a lumped parameter mass and a rigid mass. The
conditions of mode coupling instability were derived, as well
as the relationship between mode coupling and energy feed-in,
when conditions of mode coupling were met, not met, or met
just critical. The analysis results show that energy feed-in is
dependent on mode coupling theory and cannot be regarded as

generation mechanism of friction squeal.

Key words: friction-induced squeal; generation mechanism;

mode coupling; energy feed-in

RS B 2014-09-16
HLWE . BRAARBEES (51175380)

PEBEME R BRSSPI AR S D ZHFE, B
Wikl Zha% B A R AP ERHAE, B —EHENR
TRFRY AT BT o8 W I &AL A e
A AR B TE AT Z A MM E G F B 5 AR AR
Bl s Bl A2 1 AR 50 4 S0 R AR B N 7 1) i ZE DILER.

BE HET, U5 8 1L g BE SR 7S Y L B i
B RS ESHEAER. A8 —
W BB R IR A IS DA R BRI S AR A 4 — 3L
WP AR, E AR R X S RS TT R R I
Z I8 26 R BT, iX ToBE R IR H R . AnSRBBAE AR
T L R[] BE 4 MR 7 HLA A i X RIS R KRR A
B FURAC BRI 75 & A WL, R 3 7 7 R 45
FE.
HEREFERS P ESHEAERTERERA
MwHARERZM ZHWEgm EAREHIERE
1976 4 North M R H , J54 Liles G D™ 54
FRIT W kMg &, E 8RN AR T AR A
NS 2 —D 220 SR BRI K R4 1 5
ANBEEIRSNE], M RGN AT FR, =R
FIEAH , B AT DAAR B 52 R I A BE A7 880 R 14 ) iy 0
PR TS e 1) U B — M FE S BB B A FE IS 2001
AR AL FUR R iR P R A AR R R
REBALIR T WIRA MR, HE MRS A
PR 482 7 ) BE BB o 2 T oL 00 2R 45 P 48 Mk 75 1 i)
P, Z B E SMRAT B S 51 SCRRE 31T A 5
T A4y 48 T AR sh N B8 A5 5, ZE W 3R AR AR T 54T
TEBRREERADIRMNEENITE, BERET
B—H R GRS B AR PE.

SCHRL29-30 ] 41 % HE A =il sh a8 W F 45 # A
B A T RE R IR A BB F AR S5, KM —F
Z 8] B v B AR G 48 | T DUR S e i 1 A = )
BRI RGN AR EN. (SR 2, CRE R T M
IS FIRTRE R B A TSRS BRIS Z | 8 R L

H—frE . W72, B, TAEB L, ##%, W £IW. REBTRT7 M A TR ah 5 WA 1051 5.

E-mail: tjedu_zhanglijun@ tongji. edu. cn



EioM

WAL, 5 MRS SRR R AN B ML S 2R 1563

2 TEWHE R T A X — K h RS SHE AN
AR R A R M Y B AR IR B R G, i 2 A A 2 (T
JE E Y AR sh 3l 2 RS, (RIS R 85U =
BEHRERFE . RASTERESHE MEERBIAK 2
i BE A0 75 B 2 [F] IR N TE K 2R,

1 ERiRNER
PRl 1 B R A S SCRRL 27 TR i B AL 2 4

JEBEAR BB o R, AR AR T — R YA,
F 5 A S HCA R R BRI AL R BE SR S A

1 —HHERZES
Fig.1 2DOF vibration model

EE 1 ERSBFEEROREAR 2 My BIAH
HERNB SRR m. 5 2 R a0 Mo BB & F
ke #6 B ZEARFORIAAR BEAR R Z 0] A s e fid, — 35 22 [
FETELE M MM BE & o H DME 2 148 SCRRTER B 0o s
PR REON .

B i m A B B ERE TR B SEEEK
2 Y R Gyl I WD 8 G el P O DA R Wi B
sl B E N RSB SEIMES, ER—H R
SGieEmEM S B 5 K455 3. WA EEER] Z B FF
EREARIN , 2l T EEIE /e R B EE 4 R oL TR
HIEP N AE o M o, T8 BEBE MR E SSHEE
PRI R AR L & L TR SE &y A Ry FHRFIR A
TEAN R 75 1) B S EE M BE.

SR E AV W DA

m 07|d kin ki [x — Fr

[O m} |:5;j+ [km kzj[yj: [ 0 } D

AH . by =k cosPa; TRy costas 5
k1 =k =Fk1sin a1 cOs a1 T k2SN a;cos az ;
ko =kisin’a +kysin‘a, ks s
Fr=—pksy.

x1 31 SRR SAE .y J7 TR LS.

SE SRR T=Vm/ky , KERE (=u T, 3
/?\ hW=Ttyx1 =z, 31 = ly; =] B XHEXWIJJ:E[:E K1 =

k ks e x N
émf7?U&h=mﬁH$X=h}WﬂU%

FR OB —HFRUT .
MX+KX =F (2

e[ a2 %)

K21
— 2 2
K1 =c0s” a; T r1cos” as
K12 =K =SIN @1 COS a1 T k1SN @2 COS az »

— A2 L
K92 =51N% a1 Tre18in? az Trez 3

F:[_f}f:_/wcz%

Eﬁ%é—i%%
X+AX =T &)
stora= " =]

2 BEBEIARENERH

HTHEBA RGO BEHMEF R, 4 X=VQt, HF
V R4HE R & LT 55T Q WIRHE R
w1 O ki — e —0 W
K21 K2 +
Al SRAFRRIEAE N
P =—%(1 ) i% JE G5
K A=141t + 15+ 201008 (2a1 — 2a2) — 2408

201 — 2ic116,008 20 — 2p > sin 2a1 F ke sin 2a; .

RYE 0 M0 Q. BRFRME R AT RGER 2T

e

(1) % A>0 8,00 1 0, #E—3F HEH0 0 4l i
B (HAHEIR, BB R FRRE.

(2) 4 A=08],0: F1 Qp FRR—XT Y0 4
2, BABN, i RGN E.

(3) 3 A<CO B, F10Q, FR—XF IR R HL
W REATRE , RGER — M REBRSHM—MA TR
RS ARSI A A RERLR.

LR RGNS SR EEE S
BRI REK R AEESHEE, SR
SE. A0 (6)

BT 1+wf 4k 4261 cos (2o —2az)

—2k2c08 2a1 — 2k1662¢08 2az =0, R, 2 HAL Y sin
(200 ) + msin (2a0) > 0, H p >
1+&i +x5 +2k1cos (2ar—2az)

— 2K, 0S 21 — 2K1K2COS Zas
2/62 sin 20{1 +2K1 K2 sin 20(2
P
=

I, 2R GE A BES



1564 Wl % K % % |3 R B % O EWRE
BAERZHD :m=1 kg’“1:150°’“2:30° b o~ =— LA+t
_0.2 o 23 10
_—(2_ 3)N * 19 - ’ ’ R
V3 m K —V3 Ky = 2 J— ) # 90 — % =y
GRSHEGEEBERECRME 2 fixm. diE 2 e
AT YRR R >0, 75 B RS R ARG o 0
2

asr y— — (e +a* — 6" — 2ab

4.0 a(kz _Mcz) bz _,Ulcz)

35k a(_ICn _Clz + 352) b(—lcn - 3a2 +bz)

30 - (IC11 —|—a2 —bz) Zab

231 —a(k _Mcz) bk _,wcz)

2.0

0 0.2 0.4 0.6 0.8 1.0
u

E2 ESESSEBRAUNXR
Fig.2 The relationship between mode coupling and

friction coefficient

3 *E:L,\%AZ;*%IZE 'ﬁﬁ %’%)\E’]?‘é%

[z y & y]T,:‘cﬁ(B)%%%«Iﬁj‘/\lEﬂﬁﬂ

Y = BY <)
0 0 1 0
0 0 0 1
iy :B= .
—EEP —xn (e _,UICz) 0 0
K21 Ko 0 0

HTRARGE (DR, S Y=U0t ,
U e [ &, W] LN OG T Q BRI i fe A

0 0 -1 0
| QE—B | = 0 0 0o —1 0
Kk K —pz 0 0
k21 K22 0 0
€))
Lk
w1 O ki — pcs — 0 ®

K21 tezz (0
B TR RO A, B 7] LR SRR
TEFRIER 5 LU G 514
T K 3 FELL, NSRS E
ZIA R R,
3.1 HRESHERKMER
RYPHERIE 0=+ (atbi) , H a>0,6>>0, 1]

HEERBA

—a(—kn —a®>+3%) b(—xy —3a>+6°)
c1e®cos bt + c,e“sin bt
—c1€“sin bt + c,e“ cos bt
cze “cos bt +cie ™
— ¢3¢ “sin bE +cre”

HPecrseryes Mooy HERH B B i ih 4 405

/TE.

an

sin &t

cos bt

MR QD
x() = Cie”sin (b +$1) + Coe“sin(lr + ¢,)
(12)

A G = (ki _,wcz) Vdtd, G = (kn — pxz)
ket ,sin ¢ = «/ClcTcz’ cos ¢ = «/QCZTCZ’SIH é,
=3 COSs ¢y =——t

a+d VR

y() = C[Cie“sin (bt +¢, — $3) +

Coe“sin (bt + ¢, +$3) ]
(IC11 —|—a2—bz)2—|—(2ab)2

13

:Titq:‘ :C= —
puc
sin ¢, = 2ab ,
N Gen Fa>— )7+ (2ab)?
cos B = — (11 Ta?—b)

Ven Fa>—b)*+(2ab)?

B M HEARSHEAN 2 5y FRiR3IAHE
MEBIR T RGN EER S WS EMEZEMS
/8

R AN S AR R T OB B R i ) R
BERIMBARRETT AN RE L EENEL
KR

AR 38 18 o =2, T B 1 5

A



EioM

WAL, 5 MRS SRR R AN B ML S 2R 1565

1 0 )
TN R N

y
an
BEYERI B BE N
v =Ltre 3. [ )=
K21 K N
L enz® Frny' +2nzy) A5

PRI B BE R A
E@W =T® +U@ = %(ﬁ 4 et

k2 ¥+ 260229) (16)
— YR30 A B BhRE L BB RIS RER AR fL N

ATG) = TG+7) —T@) = %C%(ez(z(ﬁrq) _

&) (asin(bt + ¢1) + beos(bt +¢))* +
C?*Casin(lt + ¢, — ¢5) + bcos(bt + ¢, —

$:))7 ] +%@z (¢ B¢tn) — g2 (—asin(&+

$,) +beos(bt + $:))% + C*(—asin(ér +
¢, + b5) + beos(bt + ¢, + $:))7 ] an

AU =UG+7) —Uw = %C% (e2utn) —

e[ (cos oy sindt +¢;) + Csin a; sin(ér +
¢ — )% 44 (cos azsin(tr +¢,) +
CSiI’laz Sil’l(bt —|— ¢1 - ¢3 ) )2 +K2 CZ Sil’l2 (bt —|—

h— )T+ L Che 7 —

e Y[ (cos a1 sin(ft +¢;) +Csin o sin(bt +
$y + b))% 4 41 (cos azsinht +¢;) +

Csin azsin{lt —+ ¢, +$5))” + 1, C*sin” (bt +
$ +63) ] (18)

AE() = AT + AU = %c% (e

e[ (asin(bt + $,) + beos(bt +$))* +
C? (asin(bt + ¢ — ¢3) + beos(br + ¢ —
$:))% + (cos e sin(& + ;) + Csin o sin(& +
$ —P))% 4 k1 (cos azsinht +¢1) +
Csina;sin(&r + ¢ — $3))” + 1, C*sin” (& +

¢1 - ¢3 ):I + %Cg (672“<t+r1) _

e ) (—asin(br +¢,) +beos(br +$,))% +
C* (—asin(bt + ¢, + $3) + beos(br + ¢, +
$3))% + (cos a1 siné +¢;) + Csin o sin& +
$r + b))% 4 41 (cos azsinht +¢,) +

Csin azsin(bt + ¢, +$3))% 4k, C?sin’ (bt +

b, + ) ] a9

é\
() = %c%[msm(bz 1)+ beos(Bt - $))E -

C’ (asin(bt + ¢ — ¢3) +beos(lr + ¢, —
$:))% + (cosar sin(ht + ¢ ) + Csin o sin(be +
¢ — b))% 441 (cos azsin(br + ) +

Csin aysin(&t + ¢ — $3))2 + 1, CPsin? (bt +
¢1 _¢3>:| (20)

g(t) = %cﬂ(— asin(bt + ) + beos(bt +$,))? +

C? (—asin(&t + ¢, +¢3) + bcos(bt + ¢, +
$:))% 4 (cos asin(bt +¢,) + Csina; sin(bt +
$o 4+ 63))% 4 k1 (cos azsin(ot + ¢;) +

Csin azsin(bt + ¢, +¢3))% + . C?sin” (&t +

¢, + ¢ ] @D
B,
p(®) = pG~+r) >0 22
q(t) = q(t—|—r1) >0
iy

AE() =(pG+ )™ + q(z + 7 )e 20T ) —
(pDe*™ +q(t)e ™) (23)
HRIEERE p(D e+ g e 2 MR, —ERFIA)
S BIAH p(De™ +q( e ap() e, [H L& T —
EWIBTR] IS, FE7E AE () = p(2) (29T — ™) >0,
XL, 0 R BSRRE &, 3 —E By BT 1a]
Ja s —A A A Py EE 3 IR sh Rl BT AR IE Th R F f
oy, X R R MRS RIRA e R B A K
FiRINAIMEE R B EEE, B =4 TR0
RIFBER PR A LS . R RTI P=H BE RIS .
WEGESE (D LUK p=0. 8, B AE 2 vl H bt
RO EESHE. WHME 2=y=0,2=y=0.5,1f
BRIABSHEAXETRE IR . BB AEEN
AL R AR, i 3 iR, BAR, — AN, k3

40r

— e -
L ;
0f --- R 5
251 i

® 20t

qm
15F
10F

5_
0 2 8 10

4 6
i ]

B3 HEESREEHNRAIRISEIEERL

Fig.3 The energy change of vibration system when

conditions of mode coupling are met
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conditions of mode coupling are met just critical
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