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CrenaH NMpokonosn4y TUMOLLEHKO
1878 - 1972

A grand native of Ukraine, the father of
modern engineering mechanics.

- His portrait, as the only one, has displayed
with reverence in my workroom for 20
years.

- He was a giant for mathematical modelling
of strength problems in mechanical
engineering.

Encouragement:

- Let’s not be afraid to use MATHEMATICS
for solution of our actual problems.

- And it is not inevitable to look up only to
commercial FEM software.
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The last three parts of the lecture is above all from

J. Voldtich: Brakes, thermal and thermoelastic analysis. In: Hetnarski R. (Ed.), Encyclopedia of
Thermal Stresses, Vol 1, pp 486-497, Springer Dordrecht, Heidelberg, New York, London 2014



FACULTY OF MECHANICAL
> ENGINEERING

Motivation and introduction

OF WEST BOHEMIA

Motivation

@ The springtime 2002 — the chief of undercarriage development department of Skoda Auto,
Ing. J. Nepomucky CSc., came to with a problem concerning ,hot judder” (hot vibration) in disk
brakes.

e Nobody of the whole concern Volkswagen AG knew a real cause of the phenomenon and any
way how to eliminate it. It was a reason to deal with breaks.

(Volkswagen Group =), Volkswagen, Skoda Auto, Audi, Porsche, SEAT, ...)

® Problems with hot judder and brake fading appeared even in the German car factory

Volkswagen AG.
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A mechanical friction brake is a technical device that serves to slow or stop a
moving body, or for keeping it at rest.

The main components of the friction brakes are friction elements.

In braking, a rotating body or system of bodies are in contact with fixed friction

elements.

Intermittent
contact

The brakes are classified\
with respect to the
arrangement of the
brake elements.

Disk brake
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Examples of disk brakes

http://en.wikipedia.org/wiki/Disc_brake Mercedes Benz AMG carbon ceramic brake
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Aircraft brakes Multidisk brakes
The energy dissipated by the disk brake ?%J
when stopping a passenger car weighting [
1,500 kg from a speed of 100 km/h e
makes 0.15 MJ. = N\

Each 10-disk brake of a Boeing 777 — -
passenger aircraft must be capable of ‘
absorbing up to 144 M.

out of the book by
Breuer, Bill 2008

Why passenger aircrafts are not able to
take off immediately after their landing?

Hot brakes are one of the main reason.

sl W

I

.




FACULTY OF MECHANICAL

° e ° ) ’ ENGINEERING
Motivation and introduction

Leopard 2 during all-out braking operation.

OF WEST BOHEMIA

Schematic view of the 1100kW transmission HSWL 354
for heavy tracked vehicles weighing more than 60 tons.

Red lines label brakes.
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Some problems with brakes

Thermal stability
Fading — generally a drop of braking power and braking eefect at high temperatures

Formation of bubbles due to evaporation — the brake fluid reaching boiling
temperature at the hottest point in the brake caliper

Brake disk deflection — inadequate thermal stability may result from a geometric
error

Brake noise
- very difficult to forecast by way of calculation methods

Wear
Corrosion, material degradation

Cracks

Brake judder

- hot judder is induced by thermoelastic instability (our next lecture)
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Current vehicular disk brake

Friction value

Friction valueu

550:2C

600 °C

650 °C

Thermally stable Thermally L
critical
550 °C 60026 650 °C 700 °C 75026 800 °C

Brake disk temperature [°C]

Brake disk temperature
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Repeated stoppings test Brake system cooling
Repeated stoppings (AMS-Test) Repeated sto
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Nguyen-Tajan 2002 -disertace

sliding
direction

Cracks

Oberfléichenrisse

Anrisse

Durchrisse

netzwerkartig,

oberflichlich
zur Reibfliiche
offen

radial ver-
laufend,

tiefgehend
zur Reibfli-
che offen

radial verlaufend,

axial durchgehend
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Hot judder Hot spots appear on both sides of disk

when hot judder occurs.

g 8 8 &8 8 & 8

measured at our University of West Bohemia

A. Akay: Acoustics of friction,
J. Acoust. Soc. Am. 111 (2002), 1525-48

1,000 10,000 Hz

Prof. Barber 1969 described the frictionally excited thermoelastic instability as the
cause of the phenomenon that is of critical importance in the design of brakes and
clutches.
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Modeling of friction element contacts

From a microscopic point of view, contact with friction between two bodies 1 and 2 is a very
complex effect, which is affected by the surface roughness, composition of the materials used,

their wear, ...

We take only macroscopic physical entities into account. p

T,(x,y, 0, =T,x,y,O0, f)

q=fpV

= +
o=k gk b SrEsERERRRE S SRS A RRAARRY:
Oz Oz

T.— temperature of body i g — the heat produced by bodies friction per time
f — friction coefficient unit applied to a unit area
V —sliding velocity q; — the heat flux removed from the contact
p —normal contact pressure surface to the body i

K. — the thermal conductivity coefficient of body i
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Modeling of friction element contacts Full contact

A ]

IEiEAEAAL R AR R AR AR R Intermittent contact
-1
A, K, [k
%ZQ[I_" =2 1) ’
Al Kl k2
AK [k
Q2ZQ(1+ l 1\/72j >
A2K2 kl

K; — the thermal conductivity
coefficient of body i

k; = K/cp — the thermal diffusivity

A, — the size of the corresponding
contact area of body i
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Example

Intermittent contact
-1

A K
q,=q|1+—=—2 u
A K\ k,
-1
A K |k
—g| 1+ 2L |22
j 71 A, K, \ K,

Brakes, Thermal and Thermoelastic Analysis,
Table 1 Orientation values of parameters of some mate-
rials in use. k — thermal conductivity, K — thermal diffu-

A contemporary automobile disk brake

°® diskfrom cast iron sivity, E — elastic modulus, o — coefficient of thermal
.. . expansion, p — density
® the friction material A of pads - .
k W/ k.10 E .10 p kg/
e at least AZ/AI =7 (mK) m>/s GPa 1/K m3
Cast iron 54 12.98 125 12 7.100
Friction 5 3.57 1 10 4,000
... approximately 98% of the produced material A
heat goes into the disk !! Friction 1.2 0.52 815 3,000
material B
Composite 40 222 30 05 2,300

C/SiC
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Contact surface temperature

Analytical solution for the heated half-space - 1D problem
We receive, using Laplace transform

00 forQ(t)=Q=1
Hl::ll:sl::clel”””lHU x 6 (06 +2rlerﬁ{2rj a0 s
where |
07 - - - | ierfe(r7) = N exp(-n°) —n(1-erf(n)),

2
erf(n) = TL exp(—{z) dg the error function
T

Surface temperature

o2kt 2t
“kiz Ckper
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() 0T (z,t) 0°T(z,t)
=k , 0<z<H, t>0,
POV x) ot oz
oT(H,t oT'(0,¢
infinite band -K E’Bz ) =0, K (Z ) =0(), T(z,0)=0,
v Z
Solution by variable separation method very complicated, unsuitable formula

Z{( D™ exp(—kA>t)cos(A, )}
n’

n=1

T(z t)=Q(t)( o —Hj
’ K \2H 6) KHY

n dr

+Kﬂ Z{( 1);” cos(4,7) j exp(- k2 (1 - )20 4 }

where ﬁ/n = H and 0 (Carslaw, Jaeger 1959 - solution only for Q(t)=Q, )
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Solution by the Laplace transform

backward
o) transformation B
poneneg . 1 o [ iertd J% a= -
S—/\—/—\S‘ ] exp( a[) > \/7161' C(2\/; Tk
half-space ‘
2.kt
forQt)=Q=1 |©,(z,1) =0, + ierfe| |, z>0, t>0,
K 2.kt
20
TRy, 1 @S 4 p(B-a)ls . ] -
Sr sils Pl e Pls S A
infinite band ’

1 0!( P~ —a)ls _ 1 (e(—/ﬂa)ﬁ +e—0‘ﬁ)(1+e_2’8& +€_4'Bﬁ +)
s eﬂf_e—ﬂf s-/s

2kt & (2Hm+1)-z) . 2in+z),
forQ(t)=Q=1 |Oy(z,t) =0, + {ierfc +1erfc
Vi 0 K nz(; 2\/@ 2\/—
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Geometric interpretation

2H-z\1 4H -z

ierfe| == ierf

mc( L/kt) lerc[ 24//{;] o
n=0

A
- i outflow from the band is compensated
z ierfc( N%Z ‘erfc( 2kt j by the next member of the series

2kt 2kt

: z 24kt & _
mfc(%} O, (z,1) =0, + ‘I/{_ Z {ierfc [ZH(n ) Z] + ierfc[ 2Hn+z J}
n=0
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Time dependent heat flux

0w ol (z,t) , 8°T(z,1)
B x =k 0szsih 0
x infinite band o OT(H,1) o1(0,1) 2 0) =
K 82 O K————— 82 - Q(t)a T( aO) ®0

2.kt & —
G)[,(z,t):®0+£2{ierfc 2Hn D72 | | orpo| 2012
K ~ 2kt ok

The general solution of the problem (*) using Duhamel’s theorem

T(z,1) _[@H(zl‘—r)dQ(Tr)d2'+ >0, (z,t—7,)A0(t))

JoT St

if the function Q is smooth in the intervals (t;, T;,;) and has a jump point AQ(t) = Q*(t) - Q(T)
to the magnitude at the time points T,
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Full contact and emergency braking

oy V(t) = V,.(1-t/t,) - the sliding velocity
PV X t, - the braking time
. infinite band Q(t) = Q,.(1-t/t;) — both the contact pressure p
and friction coefficient f are considered
|z constant
approximation 2k
0,(0,t) = 0, +W—\/_\ /

T(z,1) = j ®,(z,t—1) g(” dr+ Y.0,(z,t—-7,)A0(t,)
0 T

J TSty

The first approximation of the surface temperature for emergency braking is the Fazekas
known formula (1953)

T(0,t) ~ O +2q0\/E e (12
5 E0 K\m 3tp 0<t<tp
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Intermittent contact and emergency braking
" a >l a >
[y q() X V(t) = V,.(1-t/t;) — the sliding velocity
V(1) : t, - the braking time
; both the contact pressure p and friction coefficient f are
! . considered constant
Va
The Péclet number Pe = ﬁ , Where 2a is the full length of the contact (of the pad).

The one-dimensional approximation is useful for Pe > 10.

For intermittent contact, the flux Q(t) is positive only if we consider passing a given contact point
under the friction pad having 2a in width size.

The rise AT in temperature when

10
T 781 the surface point is passing under
T, —=
5 OS2
£ < T 0 , |“||||"||H r.\
Q) = e o 1 2 3 4 AT ~ g 2Vk JAE = 2qa
= Sl |S (5] A = Y = o
S SRl : K\m K~/mtvPe
Gz (A7 ’ L1 G g
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Example — emergency braking

-
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a given point at disk surface

initial sliding velocity (which

V,=11,2 m/s
corresponds to the automobile velocity of 100 km/h)

tg=4,2s braking time

4, = 8,4 W/mm? initial heat flux

20 =112 mm length of trajectory of a given point
under the friction pad

L=780 mm trajectory of the point in full revolution
H = 26,4 mm half thickness of the disk

Pe, = 24160 Péclet number for t=0

aT ~ g 2VE mp o 292 | eaac
K\m K+/m\/Pe
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Applied Thermal Engineering 31 (2011) 10031012

Contents lists available at ScienceDirect

WARNING

Applied Thermal Engineering

ELSEVIER jeurnal homepage: www.elseviar.com/locate/apthermeng

about FEM calculations

Analysis of disc brake temperature distribution during single braking
under non-axisymmetric load posledni impact faktor 1.823

_ five-year impact faktor 2.095

Foeulty of Mechanical Exgineering, Stalvsrok Universicy of Techmology [BUTI, 45C Wigjska Streer, Flalvsrok 15-351, Poland

280 =
TI°Cl|

o TN T
|

160 II‘

120 A I‘Ill
|
&0

AT~ 80°C i (

40 -

—_—
0 05 1 15 2 25 3 ast[s] a

analytical approach AT= 118°C, i.e. they have cca 32% error by FEM calculation



FACULTY OF MECHANICAL
’ ENGINEERING

Brake thermal analysis

OF WEST BOHEMIA

Maximal contact surface temperature

T,, — bulk temperature

T, — mean surface temperature

T'nax = Tb N7 ,T\s N7 Tf N7 Tper

/ / Tf — peak surface (flash) temperature
>
@) iy Tper — amplitude of temperature field
625 perturbation (due to TEI)
2975
26.50
13.25 - .
(b) 0.00 " » . |
HOOP STRESS 1
bowing 102.16 120 - v ' -
79.47 ?
Wi 100 | “ ~ .
. 1142 O l (d) - - k
coning 27 E 80 4 \
oo+ 2 ¥
79.32 E 60 | (b)
= ;’JJJ“ :ngth and time measures, so that the
é 40 || ferent degree of complexity, and
L . /_,f o / aches and computational efforts.
0 Ll T
0 1 2 3 4
TIME [s]

Typical are different length and time measures, so that analyses show a different degree of
complexity and require different approaches and computational efforts !!
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Standard FEM models are excellent for T, and T

Thax=Tp®T; ® Tf 5 Tper

(@)

TEMPERATURE

106.00

92.75

79.50

66.25

53.00

39.75

26.50

13.25

0.00

TEMPERATURE
140.72
123.13
105.54
87.95
70.36
52.77
35.18
17.59
0.00

2D axisymmetric model

3D model with periodicity
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Thermal stress - analytical approach (for flash temperature)

1D model and the stress acting on the thin surface layer

A particular solution to the thermoelastic T and @ are functions of only one space variation z

equation in the form of a strain potential

2Gu=Vo ~

Oy =0, =

where / GJ@’ = G)’Z =0

BRI
oz°
x 0 O, = 0

qu) . Brief heating of an intensity intenzity g over a time

At brings a compressive stress of the surface z=0

— 2Ea\/_ \/—

. o.=0,~
u=\u.,u,,u,) displacement vector XX Yy
(Uu,u,) disp (1 VKN 7
T temperature field previously calculated . .
P P y The difference of normal displacements of the
a coefficient of thermal expansion surface under the pad (with a length 2a)
E —
SET shear modulus Al ~-2cq a’/ Pe

where ¢ =(1+v)a/K
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Uncoupled thermal stress

Example — emergency braking R , ,
0 V,=11,2 m/s initial sliding velocity (which
N 78 corresponds to the automobile velocity of 100 km/h)
T _T 2 4 =4,2s braking time
5 ; 2
§ Y % | ~ A S e d, = 8,4 W/mm? initial heat flux
S Sﬁ ;m“ ts] 2a =112 mm length of trajectory of a given point
‘ ‘ under the friction pad
_— — i ll\'r » L=780 mm trajectory of the point in full revolution
t[s(] | H=26,4 mm half thickness of the disk

120 Pe, = 24160 Péclet number for t=0

100 |l|”” I |
& (@) Wk 2

| a
g Mk \ Z AT =~ 2Vk VAL = 9% 63,2°C
2 (b) K\m K+/mV/Pe
o
E 40
m Jr
= 20 — — 2Fx
(c) Oy =0y, R — gNAt | -126,4 MPa
e —— (1-)KVx

(a)
(b)
(c)
(d)

TIM
point at contac{E glsjrface
point 1.5 mm under surface

AL_lZz—chaz/Pe 06/.1m in the

point in the half thickness position of the disk fiI‘St revolution

mean surface temperature
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Standard FEM models

TEMPERATURE
140.72
123.13
105.54
87.95
70.36
52.77
35.18
17.59
0.00

(a) TEMPERATURE

106.00
92.75
78.50
66.25
53.00
38.75
26.50
13.25
(b)

0.00

VON MISES
118.00
103.25

88.50

HOOP STRESS

bowing 102.16
¥ 79.47
— 56.79
34.10
11.42
-11.27
-33.95
i -56.64
-79.32

coning
angle
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Coupled thermal analysis

o7, 8T oT. oT,
+V — (K S)+ (
ot Oox 8x Ox "oz

where V,=V(t),V;=0

c, P,

+ boundary conditions and temperature contact with the friction heating

The Galerkin FE discretization method is unstable, owing to the Pe > 2.

This difficulty can be removed using Petrov-Galerkin method.

An implementation of P-G method is, for example, in software ABAQUS.



FACULTY OF MECHANICAL
ENGINEERING

Coupled thermal and distortion analysis &

OF WEST BOHEMIA

Example
Results obtained by my in-house software

STRESS o, (a) TEMPERATURE
2288 I — 53,63
22.88 93.63

-17.38 66.88

-37.50 53.50
-57.63 (b) 40.13
-77.75 26.75
-97.88 13.38
-118.00 0.00

FEM mesh
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Example — A brake fading problem

Disk with an inconvenient

Standard disk surface processing
289 °C
154.5 °C |
-tr::lﬂ::ahture T s ML f\\
sl - —
“ s

sT.8
2g.8
[
H
0.5 1.5 2.5 3.5 2.5
TIHE
Von Hlass
12500
1050000
s3.15000
n.25000
Rt
I he surlace f

compressive stress -
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Hot judder and hot spots

— 9 - @
e ] 4
perturbace 2o

Prof. J.R. Barber described the frictionally excited thermoelastic instability as cause
of ,hot judder” a , hot spots” at a high sliding velocity:

J.R. Barber: Thermoelastic instabilities in the sliding of conforming solids, Proc. Roy. Soc. A 312
(1969), 381-394.

the mutual coupling

thermal deformation — contact pressure — frictional heat generation — thermal deformation
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Thank You very much



