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Abstract: A transient thermal analysis is developed to exan@mperature expansion in the disc and pad volurder si-

mulated operation conditions of single braking pssc This complex problem of frictional heating bagn studied using
finite element method (FEM). The Galerkin algoritivas used to discretize the parabolic heat tramsfeation for the disc
and pad. FE model of disc/pad system heating wipect to constant thermo-physical properties ¢ériads and coefficient
of friction was performed. The frictional heatinggmomena with special reference to contact conditivas investigated.
An axisymmetric model was used due to the propoalioelation between the intensity of heat fluxgeerdicular to the con-
tact surfaces and the rate of heat transfer. The telated temperature distributions in axial aadial directions are pre-
sented. Evolution of the angular velocity and tbhatact pressure during braking was assumed to hknear. Presented
transient finite element analysis facilitates tbed®ine temperature expansion in special conditafrieermal contact in axi-

symmetric model.

1. INTRODUCTION

The automotive application of the disc brakes scep-
tible to relatively high and stability of the frioh coeffi-
cient. However its value affects the temperatuse, rivhich
is firmly intensive during repetitive braking prase
or emergency, high-speed stops. It is essentigbréalict
the impact of the real geometrical set of the thisgke sys-
tem to facilitate evaluation of the heat expansigin spe-
cial operation conditions. High temperature excegdier-
mitted values may cause premature wear, brake thde,
mal judder or thermal cracks in the rotor material.

The calculation of the heat generated between tweb b
ies in sliding contact such as disc brake systesnessitates
appropriate model including contact conditions fatam
reliable outcomes. Various techniques have beerogegh
for the computation of sliding surface temperaturssa-
lytical methods of heat conduction problem are tiuahi
of the half-space or the half-plane. More accufatdinite
object, transform technique have been used, bueraus
mathematical difficulties implies simplificationa geome-
try. The finite element method among numerical hémphes
is held as the most suitable for thermal problewestiga-
tion recently.

Talati and Jalalifar (2008, 2009) proposed two ni®de
of frictional heating in automotive disc brake syst
namely macroscopic and microscopic model. In theroya
scopic model the first law of thermodynamics hagrbe
taken into account and for microscopic model vegiobar-
acteristics such as duration of braking, materiapprties,
dimensions and geometry of the brake system haea be
studied. Both disc and pad volume have been imagstil to
evaluate temperature distributions. The conductimat

transfer was investigated using finite element et alati
and Jalalifar, 2008). The same authors solved ¢waduc-
tion problem analytically using Green’s functionpapach
(2009).

For simulation cause of the experimental resulfis, fi-
nite element method is proposed as a relevant ricaher
simulation of disc/pad interface temperature edtonaby
Qi and Day (2007). Special effort is employed ie tieal
and apparent area of contact between two slidimtiglsadue
to topography of the friction surface. Authors maipe to
determine range of the affection on its performancéud-
ing temperature growth and wear presence.

Choi and Lee (2004) deal with the thermoelasticaveh
iour of disc brakes. Contact problems in disc/padrface
including heat transfer and elastic problem havenbstud-
ied. In addition, the influence of the material pedies
were analysed. Based on numerical results, theonarb
carbon materials with expected excellent charasttesi
were compared.

Heat transfer problem in the mine winder disc brake
ing FE modelling technique has been developefidigszka
and Zolnierz (2007). Temperature distributions including
thermoelastic instability phenomena were analys&itie
variety of the parameters used in the computativas
adopted from examinations comprising infrared magpi
The numerical simulation was confirmed in the ekpen-
tal investigations.

In this paper the finite element method for temhem
assessment due to frictional heating in an axisymme
arrangement of the disc brake model is developegkisti-
ble advantages of this numerical technique arertegpdy
Grzes (2009). Perfect contact conditions of thermal beha
vior of disc/pad zone have been established.
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2. STATEMENT OF THE PROBLEM

Considering physical substance of the friction ey,
the energy conversion should be noticeable as andmin
The large amount of the thermal energy are traresteénto
kinetic energy to decelerate vehicle being in nmotim the
disc brake systems two major parts may be distiiga:
rotating axisymmetric disc and immovable non-axisyen
tric pad (Fig. 1). While braking process occursaldteat
is dissipated by conduction from disc/pad interfaxadja-
cent components of brake assembly and hub andrbxece
tion to atmosphere in accordance to Newton’s lamcdm-
mon the radiation is neglected due to relatively temper-
ature and short time of the braking process.

Fig. 1. The schematic assignment of disc brake system

The procedure of the temperature distribution asses
ment utilizing finite element method, adapted in ad-
symmetric model is an efficient method which hasady
been reported in the area of frictional heatingbjpem
(Choi and Lee, 2004; Grge2009; Ramachandra Rao et al.,
1989). Grzé (2009) analyzed two types of the disc brake
assembly related to different boundary conditioreduding
evolution of contact pressure and velocity of teaigle for
validation purposes of the developed numericalrtepte.

In this paper temperature distributions in the disc
and the pad volume have been studied. Materialgutiejs
are assumed to be isotropic and independent déthpera-
ture. The real surface of contact between a brake d
and pad in operation is equal to the apparent cerfa
in the sliding contact. Perfect contact conditiémssimpli-
fication purposes were assumed.

Single disc with pad presence has been analyzdd wit
its simplification to symmetrical problem. Henceeoside
of the disc has been insulated in the FE modethEtmore
adiabatic boundary conditions are prescribed onbth-
dary of the inner radii of the disc and on the quistide
of the pad.

Excluding both thermally insulated boundaries
and the area of sliding contact where the intensityeat
flux has been established, on all remaining susfaoecon-
sider realistic heat conditions, the exchange darmtal
energy by convection to atmosphere has been implied
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It is assumed that the pressure varies with tinfectt-
nadze et al., 1979)

t

p(t) = po[l—e_tm]’ o<t<t,, Q)

where: p, is the nominal pressuré, is the growing time,
ts is the braking time.

The angular velocity corresponding to pressure (1)
equals (Yevtushenko et al., 1999)

_t
a(t):% 1—t+::'g[1_eth yOStSts, (2)

S &
where: @y is the initial angular velocitytl is the time
of braking with constant deceleration.

3. MATHEMATICAL MODEL

To evaluate the contact temperature conditionsh bot
analytical and numerical techniques have been dpeel
The starting point for the analysis of the temparafield
in the disc and pad volume is the parabolic heatlaotion
equation given in the cylindrical coordinate systefmich
is centered in the axis of disc amgoints to its thickness
(Nowacki, 1962)
0°T +16T +02T_ 10T
o> rar 0z° ky ot

2 2
9T, 10T 0T 10T, <r<R,8,<2<5t>0
o’ ror o0z k,ot " b

g Sr<R;,0<z<9,,t>0,

wherek,, is the thermal diffusivitygd, pis the thicknessyg
and Ry, are the internal and external radius of the disc
and pad respectively) = ¢ + &, The subscriptg andd
imply the pad and the disc respectively. The suibistion
of the axisymmetric arrangement of the problemdissady
been reported as a relevant foundation (6r2€09).
Two-dimensional model of disc brake is presented
in Fig. 3. The boundary and initial conditions the disc
and pad are giveas follows:

aT _ HT, -T(, 0,0l ry<r<r,, t=0, 4)
daz =44 qd(rvddyt)y l'pSI'SRd,OStSIS,
Kp% ) =-q,(r,J,.0), r,Sr<R,0<t<t, ®)
Kdal =HT,-T(R,,zt)] 0= z<9,, t20, (6)
or =R,
oT
K"E- :—r{Ta—T(rp,z,t)]’5d5255’t20' @)
Kp?TT :I’{Ta—T(Rp,Z,t)]'5d5255’t20* (8)
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9T _y. 05254, t20, 9)
or |,
9Tl _g.r,<r<R,. t20, (10)
62 z=0
ﬂ =0 I’pSI’SRp-t>Oa (11)
0z z=0
T(r,z0)=T,r,<r<R;, 0259, (12)
T(r,z0) =T, r,<r<R,, dg<2<J, (13)
where (Ling F. F., 1973)
%(nzmhﬁj:g%ypayan)prrsF%.OStsg, (14)
qp(r'z't)z:ad =@-pfp@)raft).r,sr<R,.0stst, (15)

f is the friction coefficient,p is the contact pressure,
wis the angular velocity,is the timey is the radial coordi-
nate,z is the axial coordinate.

The above cases are two-dimensional problem for tra
sient analysis. The boundary and initial conditions
are specified for disc and pad volume respectively.

4. FE FORMULATION

Understanding of overall formulation is crucial foe
solution of the considering thermal problem. In .FRy
the interface conditions of contact model are shown
In order to simulate perfect contact during brakimgcess,
two terms at the subsequent pair of nodes on tikacb
surfaces have been imposed
1) the equality of the temperature at any instaninoét

T, (0+,t)=T,(0-t) (16)
2) and the following heat balance condition at eaclthef
contact surfaces given by

Api (0+,t) + 0y (O_’t) =q(t)

The object of this section is to develop approxamat
time-stepping procedures for axisymmetric transigot
verning equations. The detailed description of the-
dimensional discretization was presented by &¢2609).

Using Galerkin’s approach the following matrix form
of the Eq. (3) is formulated (Lewis et al., 2004)

17)

[01{‘£}f K[ T ={R} (18)

where ] is the heat capacity matrixK] is the heat con-
ductivity matrix, and R} is the thermal force matrix.
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Fig. 2. Contact model for the thermal problem

In order to solve the ordinary differential equatid.8)
the direct integration method was used. Based enath
sumption that temperatureT}; and {T}.., at timet and
t+ 4t respectively, the following relation is specified

(T =(Th | 0-2) S} + 4[5} o

Substituting Eqg. (19) to Eq. (18) we obtain thédaing
implicit algebraic equation
(C1+ A0t K ] T = (CI- (- AIK1AY T,
+(1- AIMERY, + A R}
where S is the factor which ranges from 0.5 to 1 and is

given to determine an integration accuracy and letab
scheme.

(19)

(20)
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— ] el
h —~—~ [ —
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Fig. 3. FE model with boundary conditions
for the transient analysis: a) pad,ibg d

The finite element formulation of the disc brakethwi
boundary conditions is shown in Fig. 3. Disc and pam-
ponents described below were analyzed using the b
tran/MD Nastran software package (Reference Makiil
Nastran, 2008; Reference Manual MD Patran, 2008he
thermal analysis of disc brake an appropriatedietement
division is indispensable. In this study eight-nepmdratic
elements were used for the finite element analyiéis. disc
brake FE model consists of 576 elements and 19880
of disc and 663 elements and 2118 nodes of padh dfider
of elements ensure appropriate numerical accufamythe
purpose of providing perfect contact conditionswesn
each pair of nodes in the disc/pad interface, 1@®ipbint
Constraints (MPC) were used.
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To avoid inaccurate or unstable results, a propial
time step associated with spatial mesh size im@at€Ref-
erence Manual MD Nastran, 2008).

At = AX PuCy. (21)

10K,

where pis the density,c is the specific heat and
is the thermal conductivity/t is the time stepdx is the
mesh size (smallest element dimension). In thiepéiged
At =0.005s time step was used.

5. RESULTS AND DISCUSSION

In this paper thermal FE models of the disc braké w
pad presence have been investigated. Proposed HEI-mo
ing technique (Grzg 2009) was confronted with the analyt-
ical solution (Talati and Jalalifar, 2009) and FE@ao
and Lin, 2002). The simulation includes conductive
and convective terms of the real brake exert. Teaipee
distributions were predicted for the operation dtods
given in Tab. 2. Material properties adopted in d@nalysis
for FE model are specified in Tab. 1. The transgatition
was performed for the pressupe and angular velocity
of the discwevolution shown in Fig. 4.
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Fig. 4. Evolution of the pressuggand angular velocitgw
during braking

The temperature distributions in arbitrarily spiecifin-
stants of braking time are presented in Fig. 5. @teilib-
rium of the temperatures on contact surfaces at thesi-
tion of 0.006mm is noticeable in the solution. Tihensity
of heat flux entering into the disc and pad respelst ex-
cites growth of the temperature from the contaabezo
which in subsequent measures extends particulauty i
the disc volume. Temperature variations throughkibpa
duration inz coordinate are relatively smooth in the disc
area and rapid in the pad zone. The dissimilarftyhenat
dissipation between disc and pad volume in axialdioate
at the each step of the analysis are fundamerdatated
by the properties of materials adopted in this wtusd the

26

time oft=4s temperature distribution of the disc is approxi
mately equal at any position in radial directiorenipera-
ture field of the pad is constant upwards=®.010m at any
moment of presented results. The highest valubetdém-
perature obtained in the analysis occurred at sadiu
of r=0.127m at the contact surface. The results aiieveel

to be physically justifiable values.
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Fig. 5. The temperature distribution in the disc
and pad volume at specified instantisraking time

Axial temperature distributions at the radius dfZ¥m
of disc brake are presented in Fig. 6. Within thalgsis
time of t=4.274s heat was generated due to friction beha-
vior at the disc/pad interface. Therefore tempeeatn-
crease is noticeable. Over the final time step maiking
(t=3.5-4.274s) the interface temperatures can be t®en
decrease slightly. This effect corresponds inteiatety
to the intensity of heat flux, which rises with &nantil the
value of velocity and pressure product attains ééghcriti-
cal value at the particular, radial position. Thenperature
expansion is significantly affected by the therniygcal
properties of materials submitted to the thermaddlo
As it can be seen the differences in axial directiare
sufficiently high, particularly in pad zone. Theadrent
of temperatures in subsequent periods of time dusingle
braking action is an issue of transformation ofgéar
amounts of the kinetic energy into heat energyelatively
short time. In addition, temperature of the disd qrad
are affected by external convective conditions decreas-
es due to Newton’s law of cooling. This phenomenway
be intensified when the vehicle is still moving agwbling
is forced by the air flow.

Comparison of the radial temperature values attme
tact surfaces including free surface of the diséndubrak-
ing process is illustrated in Fig. 7. Maximum temgiere
rise up to 496.6°C at 0.127m of radial position 8n8i75s



of time However, it can be seen that at the extdogation
of the radius in the range of 0.001m, the tempeeataries
slightly. The impact of the intensity of heat flartering the
disc and pad respectively is noticeable above #ubal
location of 0.077m. Presented isotherms validagedtthia-
batic boundary condition at the inner radius of thisc
where the temperature value is constant during itgak
process.
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Fig. 6. Axial temperatures profiles at radius of 0.127m
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Fig. 7. Radial isotherms at the disc/pad interface

In Fig. 8 axial temperature evolution in the period
of single braking process is shown. Fundamentémifces
of the temperature expansion between two consideyeds
of the disc and pad are noticeable. Temperatutbeotlisc
in axial coordinate rises relatively rapidly in tlentire
thickness at considered radius of 0.127m, whileonitgj
of pad area remains unheated. The isotherm of ititeest
value of temperature of 490°C obtained in the asigly
outlines slight area near to the contact positibiz direc-
tion.

In Fig. 9 disc temperature at0.127m and at different
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axial positions are presented. The symmetry inl @xiardi-
nate z has been assumed. Profiles fraa®m which indi-
cates central location of the real disc to its mmaxn thick-
ness of z=0.006m are evaluated. At the initial period
of braking process maximum temperature appeardet t
disc/pad interfacez£0.006m). Tendency to convergence
of temperature at different axial positions ateéne of brak-
ing process is noticeable. It is connected witlyradient
of temperatures in disc area in subsequent stagtheof
process when the intensity of heat flux descents.

0.018 -
z[m]
0.016 -
0.014 -
0.012 4

0.010

0.008

0.006

0.004 1
25
T[Cl

0.002

0.000 T T T T
0.00 0.50 1.00 1.50 2.00 2.50 3.00 3.50

Fig. 8. Axial isotherms at radius of 0.127m
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Fig. 9. Evolution of the disc temperature
at different axial distances and atabplosition of 0.127m

In Fig. 10 the pad temperature distributions=dt.127m
in different axial positions are shown. As it caa &een
the pad temperature at the contact surfas®.006m) has
the highest value obtained during simulation preces
and gradual decay of the temperature should becatbti
at different axial positions up t=0.010m (0.004m of pad
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thickness), where temperature remains approxignatah- The influence of the convective heat transfer tehais
stant. been found relatively insignificant in the temperatdistri-
butions of considering behavior of single, emergemak-
500 Ing.
TIC) Interface position z=0.006m In view of the disc geometry aspect the resultsasho
450 - negligibly low temperature variations in the aréahe disc
1 beneath internal radius of the pad.
4007 However imposed terms of perfect contact of dist/pa
350_' interface specify special, idealized conditions leeiing
] wear and debris (third body), the behavior of cdesing
300 - phenomena characterizes nature of the heat expansio
] and facilitates predicting the magnitude of the germature
250 1 rise during braking process.
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