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On self-excited vibrations
due to sliding friction between moving bodies
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* Motivation, considered class of systems
« a general formulation

e example: rotating Timoshenko annulus
« Conclusion




I Motivation

vehicle brakes

band saws grinding tools

usually:

 particular application
—> structural models
 specific formulation
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- results generally valid?
- further effects?

- parameters

-

Abstract system

o

generic formulation for

» systems of continua

* relative motion

« sliding friction contacts
 spatially fixed contact zo
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I System Description ﬁ(“'
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Normal contact
< )
P d ~

V< - *
» Lagrange Multipliers: * Penalty formulation:
Jdeal bodies* - kinematic constraint ,contact layer* = contact stiffness
\ J
Hamilton‘s Principle (for open systems)
t
/{6L+5W;‘;p—5ﬂc+5wpc}dt=0 L=T-U
: ,’ \

normal contact tangential contact
sliding friction
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I Spatial frame, linearized system ﬁ(“'
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Spatial description

final
configuration

intermediate

reference configuration

system border

« Eulerian coordinates of intermediate configuration x = x (X, t)
e rigid body motion relates x =X + vt

« small vibrations about transport motion - Linearization 7; = rp; + W;

0 =; Q/ 517 (M,-[ié‘,;] + P;[w;] + Q; [z?iz-]) dv+€ {0llc}—-A {JWP%—A {oWop}

RV
|l

Pi = D; + vrijGij linearized contact contributions
Qi = Ki +vrijNij + vrijvraCiy,
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| Contact SAT
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Kinematics

i
surface normal é(N) \

gap vector \

G =7 =7 = (Frj =) + (0 — )

normal distance

g](\'i[j) _ é(]f,) .g»(z'j) _ g( J) + Ag](\z]]) Ag](\i,]) _ é‘(]\? Ag*(zj)
b9 — &9 670
friction direction  €p = Uper/|Uret| =
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| Contact ST
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[O Z f Jw, M,[‘w,] + P[] + Qs[wi] dvﬁA {6Wr,}— A{JWnp}] w
&

Normal contact

orc
ol = 8—59N da = [ —p(gn)dgn da
rcY9n I'c
ollg ~ — j/ OgN (pO - '](v'CAg]‘v) da ap
agN
A {(51_[(]} / kC(SgNAgN da
59N:5§’5N AgNng-Ag

A{5H0} — /F('ij) kc ((5.55]\[)(_’]\7 Ag) da
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| Contact QAT
[o -3 [ (Ml + Pufis) + @) dota {fmc]l—A {oWr, ] —A{JWM}] ’

i=1 g£

Friction {lgi) _ _{1(73’) — UpNER

We = _/r“j) (07 — 073] - ppN€F da = _/r 0g - ppneEr da
C

(45)
C

Linearization, p =const

~Afowe= [ o7 ([1on] Ak + [uEr] Apx ) da
C
3 L Az 1 L T 0wy 1 0w
AeF N Urel OAvrel B Urel,0 [Ag i VTja—X a Tza—X]
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I Contact

KIT

N
[ 0 =Z f dai;- (Mi [W] + P;d:] + Qi[ﬁfi]) dv+A {6llc ll—A {6Wr,]

i=1 g£
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Friction [...]

orientation of friction vector

contact pressure

L ( [HDN ., [UDN T 0w + 0w
- [ o (] pae [0 5
/P(z'j)g( Vel 10 g+ Vyel O(VTJ 0x Vi 0x
C
— [ g (Rilag o+ Ralin
1‘183)
damping stiffness
R1=R{ Ro # Ry
R1 >0
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I Contact contributions ﬁ(“‘
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[O Z /.5‘!11; M;[‘wz] + Pt[wt] + Qz[wt]) dvtA {mC}_A {JWI‘G] _A{JWN?}]

i=1 g£

A{llc} — A{oWr,.}

N /( 3)59 ( [kc(gN & 5N)}OA§ <«<— normal contact frictional contact
r /
MPN} Az [upzv] T 0w, 1 0w Lo q>
Vo —V — |ukc (e € Ag) da
—|_|:/U7“el g—l_ Vrel ( Ty Ox T Ox ) [,u C( Fr® N)]O g

(" : " : . )
-=> normal contact e« stiffness = friction  damping and ,stiffness”

e symmetric, e damping: symmetric,

pos. semidefinite positive semidefinite
grows with 1/v
o stiffness: non-symmetric )

e : .
parameters 1, ko, PN, Urel, L' ] no discretization
\ e no structural model
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I Example: rotating Timoshenko ring g(“'
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a E,G,I, A, 0)
Z

rotating circular Timoshenko beam
friction pads as Winkler foundation
Eulerian description

simple model for brake squeal

data: xk=5/6, R=0.12m, h = 0.0lm, b = 0.1m, g = 7/8,
cp =8-10%Pa/m, h, = 0.02m, k, = 5-10'° Pa/m,
E =2.1-10"Pa, v = 0.33, o = 7800kg/m?

/:nzc /69’-(...+;tko(é’p®é}v)e§') da \

(ij)r.gj) "

0gr (kpAgN)
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I Stability of steady-state AT

0= Zf 8- (MuliBi] + Pilii] + Qulii]) do+A {STLo}—A {§Wrg}—A {§Wap}
s—lq

A{ollc} — A{6Wr,}

~ 0
discretization & . .
- / 0 (kc (Ex @ Ex) AT + * AT+ u%ZAg + ik (€r ® ) Ag) da

(i) "~ © P—X /

Mg + (QG +Dg + EE° Rl) d+ (Ks + koK + pkchRs)q = 0 ]

Q

damped gyroscopic circulatory system

W N\

e rlutter-type 'nstab"'ty , Gyroscopic influence
b\ —G=0
i
S un's'tabie'
:
05F - - Ny
stable
O0 Oi2 0j4 0j6 Oi8 1

wl-]
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| stability of trivial solution AT
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Influence of R; and G

1 [U/min]

M+ (  +Ds ) a+ (K + pkohRs) q = 0

M + ( + Dﬁ%m) q+ (K + pkohRs) q = 0

®» friction contribution to damping
important at low relative speeds

/
KPo

MG + (QG n DS+?R1) d+ (K + pkchRs)q = 0

B gyroscopic terms have significant effect

\r Theorem of Thomsoné&Tait does not apply to circulatory systems! o 052 of4 - 058 j
n
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I Contact stiffness

Mg + (QG + DS+“£0 Rl) q+ (K + pkohRs) q

10"

A 1012

10"

&£
10

\ 10°
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10°

Constitutive contact model
 Greenwood&Williamson
e surface statistics

— short pad

—— long pad

[ ko(o) ~ Po% ]
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(Sherif: Investigation on effect of surface topography...on squeal generation, Wear, 2004 )
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I Conclusion AT
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/Abstract problem

» generic form of perturbation equations
» physical meaning of the contributions

e no discretization / no structural model

\ » systematic way to formulate contributions j

Example: moving Timoshenko-Ring

* rotating timoshenko-ring

« strong influence of transport motion and
Jriction damping*

 contact stiffness shows strong influence
\ - microcmechanics of contact need to be considered /

\

[ Thank you for your attention!

v

(T3 ]- =) Universitit Karlsruhe (TH)
14 | Hartmut Hetzler | On self-excited vibrations due to sliding friction ... \? Research University - founded 1825



IT

Karlgruha Institute of Tachnology

- ™) Universitil Karlsruhe (TH)
15 | Hartmut Hetzler | On self-excited vibrations due to sliding friction ... Research University - founded 1825





