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I Engineering Problem AT
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Disc brakes (still) squeal !

ﬁ
system of elastic continua ]

moving (some of them)

contacts (closed) »
sliding friction

Hamilton‘s Principle

t t
5/{L—nc}dt+f{5wpg+5wpc} =0 |rp-T-v
0 1 0 X

| \
normal contact tangential contact

sliding friction
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I Discretisation ﬂ(“'
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analogously:
beams, plates, ...

ex.: moving string, fixed boundaries @

Discretization - moving continua (with spatially fixed boundaries)
- description in an Eulerian frame

Transport motion

ansatzz  P;(x,t) = ®;(x)q;(t) , pi(x,t) = P;(x)q;(t) ...

t
H's P: / {6L + oWy + 6Wp,, — 6llc} dt =0
0 ] L

discretization

5qT{Mé:1 +[G +D]q +£1} = 5qT{f(q, q. t)} — dWr, — 6ll¢

t t t
I I I

transport motion sliding friction normal contact
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| sliding friction

/ (6L + W, — 6T H{6Wp, } dt =
0

5WI‘C :A TgR : 5gT dA
c\——/

| —’R — qzrel
e.g. Coulomb | et

T orientiation €r = €R(Uyer)
value T = uony ——— oy from contact-law

virt. displacement 0gr = 0p; — 0p; — contact kinematics

o - positions- and velocities
0Wre = 0Wre (1, Pi; Ui, 0n) | depending on  _ coefficient of friction

- contact law
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I Normal contact / contact discretization Q(“'
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/{6L + 6Wy + 0l - 6Wp,} dt = 0 Wre = 0Wre (p, i, Ui, ON)
0

Lagrange-multipliers I =/ Angda sy STlc = 6ANgda+/ Andgda

e I'c I'c

=> usually: discretization Ay &~ Ay 9N = gn s> DAE

- In simple cases

g=10 — - .
by ansatz functions 5; =0 = "5ng) =0 5WI(‘E} =0 r(*L)(ﬁa q,q)

. 1 _ '
Regularization (Penalty) Il = 5/ vpgda ) Sl = 6qT{/ H,e-p(-?}T(-‘:)da} q
FC| I'e

It t 15
penalty parameter 51—[(0 ) _ 5qT’YPKP q | Kp =K}

S\’\YP ~ contact stiffness" — 7 —
N\ on =vpgn  |OWro = 0Wr, (1 a9, 7P)

~ vpOq
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I Linearized equations of motion ST
5qT{Mq +[G+Dla+ KQ} = 5qT{f (9,9, t)} —[0Wr ] + dllc e

constraints by ansatz functions

S —0 5 = D (10, l

Mg + (G + D]q + Kq =f(q,q,t) + fr(z,q,9)

Mg + [G + D HuPgr|gq+ [K HpQr|q = f(q,q,t)

Regularization (Penalty)

1

Mg + [G + D +HpypPr| g+ [K HypKp +|nypQx a = £(q,q, 1)
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I Model of a disc brake ﬂ(“'

rotating Kirchhoff - plate Q ﬁ% )
compressible pads \

normal contact kinematically

detailled contact kinematics  §gp 7% O h L v

W = /r o &n - Sgr dA ) jQ
| »
| T

A

- > dgT

e omitting negligible parts ( Q% < 1...)

soh p1 = pcph
Mg+ <QG + dpD + plEDR) q+(K+p1N)gq=20 load parameter

matrices: M, D, Dp, K - symmetric G, N - skew-symmetric
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| brake model (simplified) AT

\Q
Mg+ (K+piN)q=0

n[l (e, =7.3e+009, h=0.01)

0 0.2 0.4 0.6 0.8 1

3091 Hz C j ) ) -
I : ! ! eigenfrequencies

i i I o
i ; i 0
i i i - 0.1
e s e

T T

. [3086 HZ]

stable I instable

e complex eigenvectors

. . . Perat . .
« different eigenfrequencies , * on eigenfrequencies

* real eigenvectors
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I Brake model (complete) AT
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[ {cp = 7.3e+009 | h=0.01)
0 0;2 0;4 | 0, U;B '!

« Thomson-Tait-Chetayev does not 3100} - f
apply for circulatory systems |

Ap~0.15

specific effects in circulatory systems with -
damping / gyroscopic contributions
(,Ziegler's Paradox®)

stability assessment must account for

- transport motion G 0 1 > 3 1 4 5 Py 7
- damping + consistent fritcion linearization D + Dp Py = lh’“p £, [Fal x10°
| N
. soh _
Mg+ (QG + dD + Pl%DH) qG+(K+piN)g=10 stability border
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I Modelling and stability assessment AT
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wl-] (cp =7.3e+009 , h=0.01)

600 0.2 0.4/ 0.6 0.8 1
L~
. . 50
motion of disc friction (vel.) friction (pos.) % g
= L~
E : : z¥r-stable [ unstable
I © 20}
Mi+( | dD ) a+(K +p1N)yq =0 . :
: 1 0
. . 1 2 3 4 5 6 7
1 1 p,=nhh E_[Pal <107
E E Een 02 l:l.-t/ 0.6 0.8 1
| ! 2 g
- E sgh ) g‘"" %
Mq—l_ ! dD + leDR q+(K +p1N) q= 0 E:ﬂ stable ; unstable
| gzn
10 :E
: & i 2 :3' 4 5 &8 i
' . =uhh_E_[Pal -
1 il (e, =7.3e+009 , h=0.01)
: h 600 0.2 < 0.4 0.6 0.8 1
. S0 ) :
Mi+(92G +dD +p1°2'Dp) 4+ (K + p1N) g = 0 e
4 2 2
I \ i ] gso ‘<\//I
] complete friction £, stable X unstable
transport motion + linearization 0 |
. : LSS
must be considered T 2 s 4 5 6 1
p,=nhh E_[Pal X 10
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| Brake model ST
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h
M+ (QG +d,D + pl%DR> G+E +p1N)g=0

u[-] (cp = 7.3e+009 , h=0.01)

0 0.2 0.4 0.6 0.8 1
Ny Ny 60 —— —— —
//
g
/
/ = - | unstable |-
,, '€ 40} =
/ —
p =
) = 30
/ ©
/ N
/ £ i i
\ g 20p tbl
60 1/min &8 km/h o ik — Ny = 1kN
1 2 3 4 5 6 7
P, =H hfhp Ep [Pa] x 10
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I Stability assessment in practice

FE discretization

* nonlinear deformations, V
linearization

 spatial friction,

- M+ [G +

a

IT
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D]g+ [K+N]q=0

consistent friction linearization «
(position and velocity level)

User:
» damping and transport motion often

neglected (Thomson-Tait does not apply !) %

Software:
often only solves eigenvalue problems

[MX2 + DA+ (K+N)|r=0
— (& not considered | &
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0.2 0.4

ml) (e, =7.3+009, h=0.01)
0.6 0.8 1

g‘b

Drehzahl [1/min]

—
=

3 & S 8

not detected

stab. border

\éwithout G (FEM)

=]

EEEE

4

& & [

B, =H nllhp En [Pa] 10

Universitét Karlsruhe (TH)
Research University - founded 1825



I Modeling contacts in practice

often: regularization (penalty) to enforce contact

physical interpretation: _
stiffness of the contact layer : EEWM

e Oden-Martins — model o)y = Co(gN)m

ON
. . Contac
» exponential model ¢ = pOeAgN , source: prsaut |
Abaqus-Manual ;
e etc.
. . . (I|near) Exponential pressure-overclosure relationship + p
linearisation contact stiffness Y P
Clearance - = ql) O\.rarclnsure: gN
Ma + ([K + vpKp] +q =0
.hard contact’ % limit case ,hard contact” not
TP — OO .
sensible !
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| Stability border

,Soft contact” (exponential) | on = pge?IN

Md + ([K+7pKp] +upNp)a=0  4p=10x

Ny Ny

Q 1100} X
1000k \,\ unstable worn

= 800} 4
£ , ~ Yp+

— Ny=5-102 N= '99f ' S t
0 - A+

— Nog=1-103 N 8%
— No=5-103 N  200f
400¢ new pad
pg =const s00b
i VAR 3 )
0.2 0.4 06 08 1 from:  Sherif: Investigation on effect of surface
Y| topography...on squeal generation, Wear, 2004

t TN
,hard contact” Mg + (K + p,cth)q =0 Y
Y
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| Conclusion AT

moving continua with frictional contacts

: | 0p1
» contact modeling Ny
e contribution due to friction 52/@
» generic form of linearized equations K
application: model of a disc brake 0
* stability assessment \

* influence of transport motion
e assessment in practice
e relevance of a constitutive model for the normal contact
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