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Abstract: A heat generation problem due to friction in a pét/ brake system is studied. A linear problemasflonted

and compared with a non-linear in which thermoptsisproperties of materials are temperature-depend® examine
temperature of the pad and the disc during a siawgtka twofold braking process, axisymmetric FEtaonmodel was used.
The obtained results revel insignificant tempemtdifferences at specified axial and radial posgi@f the components
of the friction pair. It was remarked that the lewé discrepancies between the constant and thentheensitive materials

correspond with the coefficient of thermal effugivi

1. INTRODUCTION

Inherent heat generation during slipping of coritact
bodies leads to an increase in temperature onritt@f
surfaces. Over the decades analytical and numericdEls
have been developed to improve the accuracy anshtep
ability of the obtained by their means solutionsapplica-
tion to various types of brake systems (Scieszl®8)
Despite the fact that the analytical methods preédact
solutions on which numerical calculations are baaddan-
tage of the latter is noticeable in applicationcamplex
objects with finite dimensions and non-linear peshs$ (Yi
et al., 2002; Scieszka and Zolnierz, 2007; Adergtiadl.,
2011).

Parameters of braking operation such as a contast p
sure, a sliding velocity, a coefficient of frictipicooling
conditions are frequently brought to constant valaiening
to distinguish markedly an impact of chosen factéwda-
mowicz and Grzes (2011a) developed and compared axi
symmetric two-dimensional and fully three-dimensibon
models of a disc rotor during a single emergen@kibg
process. Braking operation with the constant ad wasl
linearly decreasing velocity of a vehicle was stadi
to evaluate its influence on the temperature distions
of a disc. On the basis of that FE modelling teghaei
the effects of cooling conditions during a periddboaking
with constantly rotating disc from adiabatic coratis
to the firmly forced convection (100 W/{K)) were stud-
ied in ref. (Adamowicz and Grzes, 2011b).

If the system operates markedly above a certairt tem
perature, the friction materials can vary theirrthephysi-
cal properties affecting the conditions of contaad in
consequence a non-linear problem is apparent. Nelesis
only few numerical calculations deal with the temgpere-
dependent thermophysical properties of materialappli-
cation to brake systems (Lee and Barber, 1994;e&son,
2004; Sergienko 2009).

This study aims to examine an effect of thermogiesi
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materials on the thermal behaviour of a pad/digootr
system. The corresponding temperatures are coeftont
with the values of the model which operate withieits
constant equivalents. FE 2D contact model was bssdd
on the author’s previous study (Grzes, 2010). Tiupgr-
ties of materials were adopted and approximatedidigg
methodology with the three constants (Chichinadzal.e
1979).

2. STATEMENT OF THE PROBLEM

The frictional heat generation in a disc brake dtual
is accompanied by its dissipation through the thaeawn
modes of heat transfer. The conduction absorbsggner
from the pad/disc interface by the neighbouringtgar
of the brake assembly and hub. The convection exgsa
heat from the exposed surfaces with the surroundimg-
ronment according to Newton’s law of cooling. Tygllg
disc brakes have vanes whose presence allows &ogenl
the area of convective heat transfer, however evide-
vantages of such type of a rotor emerges duringng-|
lasting processes after disconnection of the gjidindies
or during a multiple brake application (Adamowicada
Grzes, 2011b). The remaining phenomenon that iifiess
cooling of the brake is the thermal radiation. Huereits
share in total heat dissipation is frequently igmbdue to
attained maximal temperatures and the duratiomefna-
lyzed process. Thereby in this study solely coniducand
convection are taken into account.

The mechanisms of the pad operation through the cal
per during brake application vary. However it iatstl that
the amount of heat generated during friction fortaie
dimensions of a rubbing path and assumed constant u
form contact pressure remains equal. The convarted
chanical energy is assumed to be entirely usethfoheat,
whose magnitude expresses the capacity of frighiower
and in application to the rotating system has tiwing
form:



qa(t) = fra(t) po (1)

where: f — friction coefficient, aft) — angular velocity,
t — time,r — radial coordinatgy, — contact pressure.

The separation of heat between contacting bodigs ma
be proceeded in two ways. One of frequently used ap
proaches is a calculation of temperature fieldsnigans
of two individual bodies/models (a stator and @rpintro-
ducing a heat partition ratio (Grzes, 2009; 2011g ather
is a use of contact model which is employed in gtigly
(Bialecki and Wawrzonek, 2008). It is establishbdt tthe
separation of heat between the pad and the disesvdur-
ing the process satisfying two conditions of thefem
thermal contact on the corresponding friction stefa
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where: +(-) denotes value obtained at the apprtaghrd
plane z = 0 from the +(-) side of the axis OZ,
T — temperaturei, j — the pad and the disc corresponding
radial locations on the contact surfadep — the disc and
the pad, respectively, R — internal and external radius,
respectively.

Fig. 1. Schematic diagram of half of a pad/disc brake syste

Angular velocity of the rotor decreases lineariynfrthe
initial value ayto full stop according to formula:

w(t)=a6(1—tj,0ststs,

tS
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where:ts— braking time.
3. MATHEMATICAL FORMULATION

The governing equation for the heat conductionyaisl
was the parabolic heat conduction equation givethen
cylindrical coordinate system,(2):

Kgp(T
a[de(T)(’Tj+d'p( Jot,
o\ - or roor (5)
0 oT oT
+aZ(Kd,p(T)aZj = pd,pcd,p(T)E

where:z — axial coordinateK(T) — thermal conductivity,
p— densityc(T) — specific heat.

In order to determine the transient temperaturtiblis
tions in the brake components during frictionaldisig
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process both analytical and numerical techniquese we
employed. Lack of the circumferential componenttlie
above governing equation stems from the assumptian
neither non-axisymmetric thermal load acting asithen-
sity of heat flux directed into the disc and thel per the
resulting heat flow in the circumference, doesrfiea
significantly an average temperature generated het t
pad/disc interface above certain relative slidirgouity
(Peclet number Pe).

The boundary and initial conditions (Fig. 2) are fthl-
lowing:
— on the free surfaces of the pad:

Kp(T)%I = HT(r,zt)-T,],0sz<3,,0st st (6)

Kp(T)%I =HT,-T(R,.zt)],0s z< 4, 0st<t, (/)
=R,

il =0, r,sr<R,,0st<t,; (8)

azzzdp

where:h — heat transfer coefficient, — ambient tempera-
ture, To — initial temperatureg — thickness.
and the free surfaces of the disc:

T =TTt srsr, 0stst O
Zz:O
a =0,-9,<z<0,0<t<t, (10)
or r=ry

aT _ (11)
KeM7  =NL-T(R,zh] - <2<0,0stst,

r=R

Z—T =0,rysr<R,,0st<ty (12)
z

At the initial time moment” =0 the pad and disc
are heated to the same constant temperature:

T(r,z0)=T, r,<sr<R,0<z<4,, (13)

T(r,z0)=T,,ry,sr<R,,-9,<z<0. (14)

where: T, — initial temperature.
4. NUMERICAL FORMULATION

The object of this section is to develop approxenat
time-stepping procedures for axisymmetric transigov-
erning equations.

Using Galerkin’s method the following matrix form
of the Eq. (5) is formulated (Lewis et al., 2004)

[C(T)]{‘f;} HKOIT =R (15)

where: C(T)] is the heat capacity matrixK(T)] is the heat
conductivity matrix, and R} is the thermal force vector.
In order to solve the ordinary differential equati(i5)
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the direct integration method was used. Based enat:
sumption that temperaturel); and {T}..» at timet and
t+ At respectively, the following relation is specified

{Thew =17 +[(1—ﬂ){‘(’;}t +B{(:;}HJN (16)

Substituting Eq. (16) to Eg. (15) we obtain thddot
ing implicit algebraic equation

([C(T)]+ﬂAt[K( D) ]l Them =

(em]-@-pIkm]aty Ty, + (17)

+ (1_ﬁ)4"{ R + BAE Rbii 4t

where: S is the factor which ranges from 0,5 to 1

and is given to determine an integration accuraystable
scheme.

h=0 Pad

T.=T.,; q,+q,=¢q
Fig. 2. Finite element mesh of a disc brake

FE axisymmetric 2D model is shown in Fig. 2. Four

node quad type elements were used. Total numbeteef
ments of the brake model equals 3497, in which 1€I25
ments and 1536 nodes come to the disc, and 20%&pte
and 2175 nodes come to the pad.

The heating of the friction surfaces was accomplish
by means of the total intensity of heat flux diegtinto the
pad. Furthermore by using 75 ‘multi point consttsin
MPC at subsequent pairs of nodes of the frictiorfases
of the pad and the disc separation according tondbey
conditions Eqgns. (2,3) during simulated slippingnteat
took place (constraint of the temperatures). Othafaces
(edges in the FE model) were either cooled or atedl
satisfying Eqns. (6-14).

5. RESULTSAND DISCUSSION

In the study thermal finite element analysis ofthgen-
eration due to friction in a pad/disc brake systeas car-
ried out. The temperature evolutions at specifiedala
and radial positions obtained incorporating thegerature-
independent thermophysical properties of
are calculated and compared with the thermosensitiate-
rials.

5.1. Operation parameters and dimensions
of the pad/disc system

Operation parameters and dimensions of the brage ar

listed in Tab. 1. The single braking process prdseguring
3,96 s from the initial velocity of 100 km/k = 88,464
s1) to standstill with constant retardation (Talatdalalali-
far 2009). In order to develop twofold braking pees the
boundaries conditions after the disengagementebtak-
ing components obviously had to be diverse. Thal time
of the twofold braking process equallgd 40 s. The brak-
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ing schema was as follows, after the moment of $tdip
a vehicle increased velocity with constant accéiena
to the velocity of 100 km/h during 16.04 s. Thee ttycle
was repeated attaining 40 s of the total twofoldkbrg
operation. Despite the fact of change of the véjotie
heat transfer coefficient remained constant (Tgbwkich
was due to the fact of its insignificant impacttbe result-
ing temperature distributions.

Tab. 1. Operation parameters and dimensions
of the disc and the pad (Talati ardlifar, 2009)

materials

item disc pad
inner radiusr [m] 0,066 0,0765
outer radiusR [m] 0,1135 0,1135
thicknesso[m] 0,0055 0,01
initial angular velc_)lclty of the 88.464
rotor, ap [S7]
single/twofold braking time,
t[s] 3,96/40
heat transfer coefficient, 60
h [W/(m?K)]
contact pressur@, [Pa] 147 x10°
coefficient of friction,f 0,5
initial temperatureT, [°C] 20
ambient temperaturd, [°C] 20

5.2. Thermophysical properties of materials

Behaviour of the material properties under theuiafice
of temperature were derived from the measurememtged
out in ref. (Chichinadze et al., 1979). To obtaiathemati-
cal formulas of variations of the essential in that analy-
sis thermophysical properties of materials, thehméblogy
proposed in that paper was used as well. Two ofthhee
available crucial for the calculations propertiesr@vchosen
having in mind possibly the smoothest temperatemedd-
ence. Thus despite the fact that the employed Feda



programme required specific heaaind thermal conductiv-
ity K, only the latter satisfied the criterions. The &t
parameter was the thermal diffusivity whose value al-
lowed to calculate required specific heat.

Below approximate formulas for the thermal conducti
ity and the thermal diffusivity of four different aterials
used in numerical computations are listed:

- for the pad materials:

- FMK-845
K, (T) = 9.806{1.171+ 131572) (18)
1+ 732007 T

§ 10.778
k (T)=10"° -0.823+ (19)
(1) ( 1+1.487010° EI'Z)
- FMK-11
K,(T) = 9.806 4.017+ ~2282 7| 0
1+5.298M10° [T —900
k,(T) =10 ~1.146+ 17207 - @
1+2.122010° [T +100
— and for the disc:
- steel EI-696
K,(T)=0.014T +15.727 (22)
ke (T) = -1.44410°°T +5.502(107° (23)
- cast iron ChNMKh
K,(T)=-0.028T +52.727 (24)
ky(T)=10"°| 5.557+ 15'%62 ° 2 (25)
1+8.018(10°°(T +400

The presented formulas for the thermal conductiaitg
the thermal diffusivity have their equivalent atpagxi-
mately 20 °C which are shown in Tab. 2. As can &ens
the major differences between temperature-indepgnde
thermophysical properties of materials of the dieel El-
696, cast iron ChNMKh) is encountered for the tharm
conductivity K. Less distinct are the constant properties
of the pad FMK-845, FMK-11). However for the thermo
sensitive materials together with the temperathegr tval-
ues vary in a different way (Figs. 3, 4) giving pibdity
to examine such a behaviour on the temperaturésegbad
and the disc.

Tab. 2. Thermophysical properties of materials independent
of temperature (Chichinadze et al., 997

material K [W/(mK)] k[m%s | p[kg/md
El-696 16,3 492x10° 7850
ChNMKh 51 144x10°° 7100
FMK-845 24,5 104x107° 6000
FMK-11 34,3 146x10°7° 4700

Using formulas 18-25 particular properties werecaal
lated and set tabularly into the commercial firslement
based programme (MSC.SOFTWARE). The step of the
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temperature was equal 0.1 °C giving consequent§180
lines. Moreover it was established that the closedue
of the given property from the table was selectedingy
the calculations.

60 o
K [WI(mK)]

50 Cast iron ChNMKh

40

30 FMK-845

N\
\

20 4

\/
Steel EI-696

10 r T T T T 1
0 200 400 T [*Claoo
Fig. 3. Thermal conductivities of a disc and a pad versus
temperature obtained from the measurements (sotices)
and their approximations (dashed curves)
(Chichinadze et al., 1979)

T
600

1.8E-005
k [m?/s]

1.6E-005 —
1.4E-005 —|

1.2E-005 |

\ /’

8E-006 | FMK-845

BE-006 —|

Steel EI-696
4E-006 . T . T : !
0 200 400 T[*Claoo
Fig. 4. Thermal diffusivities of a disc and a pad versus
temperature obtained from the measurements (sofices)
and their approximations (dashed curves)
(Chichinadze et al., 1979)

T
600

As a result of the carried out computations evohsi
of temperature at the pad/disc interface (equaptrature
on the pad and the disc friction surfaces at sjgetifadial
positions) are shown. In Fig. 5 the temperaturelugioms
are depicted for two braking couples, for the disade
of cast iron ChNMKh and two different pad materials
FMK-845 (Fig. 5a) and FMK-11 (Fig. 5b).

As can be seen the temperatures on the friction sur
faces are smooth not revealing any periods of ¢chtamnge-
able heating and cooling which stems from the nasn
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sumptions of this study of axisymmetric heat flugtdbu-
tion and perfect contact between the pad and tke. di
Comparison of two- and three-dimensional axisymimetr
models was shown is ref. (Adamowicz and Grzes, apll
Evolutions of temperature of the thermosensitivaemals
and their temperature-independent equivalents areked
with dashed and solid lines, respectively. All fat plots
will have the same denotation. The obtained resukike
evident that during the considered single brakipgration,
variations of the thermal conductivity and therrddfusiv-
ity (Fig. 3, 4) do not allow to change firmly thertact
temperatures of the disc brake at any of the ramtiaitions.
However the highest temperature difference betwbese
two friction couplings is observable at the biggdistance
from the axis of rotatior.

500 -
T[C

400 —

300 +

0.0765 m

/N

200

100

Ctisl

r=0.1135m
™~
| T

400
300 4

200

100

0 T T T T T T ]
0 1 2 3 tls] 4
Fig. 5. Evolutions of temperature at the pad/disc interface
for different radial positions, solid curves indiea
temperature-independent thermophysical properties
whereas dashed curves thermosensitive materials:
a) disc (cast iron ChNMKh)/pad (FMK-845)
b) disc (cast iron ChNMKh)/pad (FMK-11)
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In Fig. 6 temperatures of the disc at differenthpiosi-
tions and constant radius= 0,095 m are related to the
braking time. Previous material compositions (FH).
are confronted again. The distances between idtexdrz
positions are not constant to enable clear visatdis
of the results. Since the disc is located under rewtal
coordinate axial values are plotted with minus. iObsly
it can be seen that the temperatures are lower tvéhin-
crease ofz distance. Until half of the braking tintg tem-
peratures at each location in axial direction almooéncide
(regarding thermosensitive and temperature-indegand
materials). After that time temperatures of the elod
with thermosensitive materials are slightly lowkowever,
revealing the same behaviour as materials with teoihs
properties.

400

TI°C]

300 +

200 H

100

300 4

200 +

100 —

0 ‘ T g \ g T y 1
0 1 2 3 t[s] 4

Fig. 6. Evolutions of temperature at different radial &xia

positions of a disc (r = 0.095 m), solid curvesidatk

temperature-independent thermophysical properties

whereas dashed curves thermosensitive materials:

a) disc (cast iron ChNMKh)/pad (FMK-845)

b) disc (cast iron ChNMKh)/pad (FMK-11)




Temperature evolutions at the pad/disc interfacetfe
disc made of steel EI-696 and two different pademals
(the same as in Fig. 5 and Fig. 6) are shown vdrsaling
time in Fig. 7. It may be observed that unlike Fi.
and Fig. 6 the biggest temperature differences eatnate
at about half of the braking time for both of thedpmateri-
als (Fig. 6a, b) and then decreases to equalizbeatnd
of the process.

600 —
T[*C] r=0.1135m
‘r\

500 4

~~~~~~~~

400 H

0.0765 m

300 | A

200

r=0.1135m

™

400 —

300

200

0 T T " T T i 1
0 1 2 3 t[s] 4
Fig. 7. Evolutions of temperature at the pad/disc interface
for different radial positions, solid curves indiea
temperature-independent thermophysical properties
whereas dashed curves thermosensitive materials:
a) disc (steel EI-696)/ pad (FMK-845)
b) disc (steel EI-696)/pad (FMK-11)

Fig. 8 shows the temperature evolutions at spetiie
ial locations (mean radius = 0,095 mm) whose values
correspond with Fig. 6. Spread of the subsequenpéea-
tures atz = 0, -0,0014, -0,0028, -0,0055 m is clearly bigger
than in Fig. 6 due to different material of theaditn this
case the disc made of steel EI-696 has the thecoraluc-
tivity about three times lower. Thereby the gerentaiem-
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perature is slower dissipated through conductiovingi
bigger temperature gradients. Even at the endeoptbcess
the temperature is not equal within the disc thedshboth
with the pad made of FMK-845 and FMK-11. Howeves th
highest temperature obtain during the process461.4 °C
occurs for the friction pair made of steel EI-69@K-845
(Fig. 8a). The same relationship took place for thsc
made of cast iron ChNMKh (Fig. 6).

500 -
T[°C]
400

300

200 +

400

-0.0014 m

[
| e ™

300 +

200 +

0 ‘ T g \ g T y \
0 1 2 3 t[s] 4
Fig. 8. Evolutions of temperature at selected axial pasgio
of a disc (r = 0.095 m), solid curves indicate tenapure-
independent thermophysical properties, dashed surve
thermosensitive materials: a) disc (steel EI-698)/p
(FMK-845) b) disc (steel EI-696)/pad (FMK-11)

The temperature evolutions on the contact surface
at three different distances from the axis of iotaduring
twofold braking procest = 40 s are shown in Fig. 9. The
disc made of steel EI-696 was combined with the ppade
of FMK-845 (Fig. 9a) and FMK-11 (Fig. 9b). Accordiro
the braking schema time from 0 to 3.96 s correspaadhe
braking with constant deceleration to standstillcfeed by
the disengagement of the brake components and tsineu!
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ous acceleration of the vehicle to the prior velpof 100 and the second brake application doesn’t genehatsame
km/h. Then the process was repeated which cleffidgtad behaviour of temperature regarding the case withptra-

the temperature evolutions. Unlike the single bwgkin the ture-dependent and independent material propeitiethe
analyzed cases of twofold braking the temperatdréne figure solely disc temperature are shown. The patie
model with thermosensitive materials was lower ih a jump of temperature after the coupling of the disd the
cases. The occurred phase of vehicle accelerativeals pad at timet = 20 s stems from the temperature difference
opposite situation either for FMK-845 or FMK-11. i$h between these components after their disconnection
relation loses its meaning during the second acaiide and cooling conditions (Fig. 10 a, b).

introducing some inconsistency. However for thetioin
pair steel EI-696/FMK-11 the rule that the tempearat

is higher for constant properties of materials veamained. aaoo .
T[°Cl

700

900 — 4
T[*Chy 600 -

800 —

700

600 —

500

400

300

9 F——

100 4 AN 0 5 10 15 20 25 30 35 t[s] 40
0.0765m 700 —
T[°C
0 T T T T T T T ["Cl
0 5 10 15 20 25 30 35 t[s] 40 600 |
800
T[°C]4
700 — 500
600 - 400
r=0.1135m
500 —
300
400 |
200 |
300 |
100
N o4+ 11—
100 0.0765 m 0 5 10 15 20 25 30 35 t[s]ao

0 —— Fig. 10. Evolutions of temperature at different axial pasit
0 5 10 15 20 25 30 s 1[slao (r = 0,095 m) during twofold braking process

Fig. 9. Evolutions of temperature at the pad/disc interface

during twofold braking process 6. CONCLUSIONS

Fig. 10 shows the temperature evolutions at selezxe
ial positionsz for the constant value of the radius 0,095
m. The process of the vehicle acceleration, jutrahe
braking stage results in the temperature equabmzati
(Fig. 10a, b) within the entire depth and its ferthinear
decrease evoked by the cooling according to Newttaw.
It may be observed that for both of friction paitise first

In this paper axisymmetric thermal analysis by gsir-
isymmetric FE contact model was carried out to wtad
effect of the use of thermosensitive and tempeeatur
independent thermophysical properties of mateigalshe
temperatures of the pad/disc system during singietao-
fold braking. The calculated temperatures on thetidn
surfaces as well as values at the selected axdatitms
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were confronted and compared. The obtained resewesal
that within the range of temperatures variatiomsnfr20 to
800 °C of the brake components, in spite of reddfiv
marked fluctuations of the thermophysical propertibe
use of subsequent constant values correspondid@ t€ is
validated. Both single and twofold braking confirrisat
rule. However relationship between the resultingpera-
ture values obtained during computations by meahs o
thermosensitive properties and temperature-indegrgnd
constants varies during the twofold braking. It was
served that direct relation between the thermaliséfity
and the resulting temperature is evident.
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