acta mechanica et automatica, vol.5 n0.2(2011)

PARTITION OF HEAT IN 2D FINITE ELEMENT MODEL OF A DISC BRAKE

Piotr GRZES’

"Phd student, Katedra Mechaniki i Informatyki Stoaoej, Wydziat Mechaniczny, Politechnika Biatostocka,
ul. Wiejska 45 C, 15-351 Biatystok

p.grzes@doktoranci.pb.edu.pl

Abstract: In this paper nine of formulas (theoretical anderkpental) for the heat partition ratio were emgldyto study
the temperature distributions of two different getrical types of the solid disc brake during emeoyebrake application.
A two-dimensional finite element analysis incorgorg specific values of the heat partition ratiogswcarried out.
The boundary heat flux uniformly distributed ovéietcircumference of a rubbing path to simulate libat generated
at the pad/disc interface was applied to the modlelumber of factors over the heat partition rdkiat affects the tempera-

ture fields are included and their importance s&cdssed.

1. INTRODUCTION

Frictional heating problem is an important issueirdy
operation of the brake system. When the slidinguadut
process occurs the mechanical energy is converitd i
thermal energy, chemical bonding energy and phasesit
tion energy at the interface of two mating bodNanethe-
less thermal energy is prevalent. Thus it is e&seitt de-
velop critical temperature above which various widdle
effects such as softening or sintering of materfasmature
wear, friction coefficient fluctuations or breakdowf the
system may take place (Olesiak et al., 1997; ‘4il.e2002).

Various techniques have been so far developedhtor t
calculation of maximum temperatures in sliding syss.
Analytical methods for solution of thermal problexfric-
tion during braking are limited to the contact wbtsemi-
spaces or the plane-parallel strip and semi-sp&bécli-
nadze et al., 1979; Balakin 1999; Grylytskyy, 1996ytu-
shenko and Kuciej, 2010). More accurate for thatefin
object, transform techniques have been used, buerus
mathematical difficulties implies simplificationa geome-
try. The finite element method among numerical témphes
is held as one of the most suitable for thermalbjem
investigation. Review of FEM-solutions of thermalob-
lems of friction during braking are given in aréaf Yevtu-
shenko and Grzg2010).

The calculation of temperature during braking reegii
appropriate model where sufficient number of vedalare
included to obtain reliable outcomes. One of thautrpa-
rameters for FEM-calculations of temperature in/gesd
brake system is the heat partition ratio (Perewerzand
Balakin, 1992; Evtushenko et al., 2000). The sdjmra
of heat between two sliding bodies depends prigaril the
relative velocity, the thermophysical propertiesratterials,
the interface contact length, the amount of wedbride
(third body) whose magnitude varies during the pssc
The settlement of the heat partition at the interfaf two
sliding bodies within the years was somewhat cormpled
remains in fact unsolved.

The problem of the heat partition in a three-dinizmes
FE model of a pad/disc brake system subjected to no
axisymmetric thermal load was studied in articleyefitu-
shenko and Grzg2011).

In this paper the finite element analysis of footl
heating problem in an axisymmetric arrangemenhefdisc
brake model to assess the impact of separatiootaif ieat
generated between members of sliding system waedar
out. Irresistible advantages of this numerical téghe
approach were reported within the past years. Nieotess
several disadvantages, namely partition of heanhguric-
tional heating process became apparent. This shimg
to compare the temperatures obtained with the @isgne
various formulas, both experimental and theoreficalthe
heat partition ratio. The comparison of outcomesthef
thermal finite element analysis with experimentaitad
of two different circumstances of braking actiono@ko
etal, 2009; Zhu et al.,, 2009) dimensions and ptoEs
of materials was accomplished as well.

2. FRICTION HEAT DISTRIBUTION
BETWEEN A PAD AND A DISC

The thermal energy is generated at the interfacthas
heat fluxes with the specified intensity, and & shme time
is divided into contact surfaces of two bodiesotder to
analyze thermal processes, the heat partition deimtedy
is employed, e.g. if the heat flux with the inténsif q; = )q
enters into body “1”, the intensity of heat fluxtered into
body “2” equalsy, = (1 —))g. Noticeablyq = q; + g,, where
the power of friction equalg = f\Vp, andf denotes the coef-
ficient of friction, V is the relative velocity of sliding bodies,
p is the contact pressure. The heat partition r&i;m was
introduced in 1937 by Blok (1937), who considerédirsy
of single roughness with squara X a) or circular (with
radiusa) shape and the lateral surface of cylinder (harrow
layer of contact zone) along surface of semi-spades
dimensions of contact area in comparison to whaieed-
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sions of contacting bodies were insignificant, hseathe
semi-space was considered. It was assumed thabehie
generation takes place directly on contact surfand, heat
expansion process is unidirectional perpendicaaontact
surface. The intensity of heat flux was constarth wime
and independent of spatial distribution, accordingthe
same law as the contact pressure. Dividing vijguadintact-
ing bodies, two problems of frictional heating ateained,
namely: with the surface of semi-space heating it
intensity ofq, (for roughness), and with the local surface
of semi-space heating where the intensity of haat @,
is moving. The magnitude of heat partition ratio fow
sliding velocities ¥ < 8k, /25a or Pe< 032) Blok speci-

fies as follows

y= %

= : M)
K, +K,

where:K — thermal conductivity, subscripts 1 and 2 indicat
the first and the second body, respectively.

It was concluded, that for high sliding velocities
(V > 8k,/a or Pe > 8) of the roughness, the maximum tem-
perature on the friction surface, according tortiet model,
is obtained near the edge of the roughness, ogpisilid-
ing direction. In the case of lateral surface yincler slid-
ing over the plane surface of semi-space Blok @sfinigh
velocity asV > 4(k,/a (Pe> 40). In order to find the coeffi-
cienty, Blok equates the maximum temperatures on the
contact area of roughness and semi-space. As &, réwu
following formula for the heat partition ratio ibtined:

K

L (2)
K, + 044K ,/Pe

Kl
= 0
YK K Pel6

where: Pe — Peclet number.
The cases of sliding with constant velocity of semi
infinite rod of rectangular or quadrate profile otke sur-

face of semi-space were considered by Jaeger (1942)

Unlike to Blok, Jaeger, defining compared the mean tem-
peratures on the contact surface. In case of th@frguad-
rate cross-sectiora(x a) with a thermally insulated lateral
surface, and one tip sliding with constant high espe
(Pe > 20) over the surface of semi-space, Jaegeined
the following formula to calculate heat partiticatio

125K, K,

= 3)
125K, + K,/Pe/2 K, + 056K,/Pe

O

From formula (3) it results that an increase idislj ve-
locity (the Peclet number Pe) evokes decreasg affid,
consequently, the amount of heat which heats tte Jae-
ger explains this fact by two sources of heating gemi-
space: heat generated as a result of friction,haad previ-
ously heating layers of the rod. At the same tithe, tip
of the rod is heated only by frictional heatingdasooled
by forthcoming “cooler” areas of semi-spaces. Thghér
speed of sliding there is, the more amount of hbabrbed
by the semi-space.

Jaeger also improves formula (3) for the case onfeo-
tional heat transfer with constant heat transfeffament h
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between lateral surface of rod and ambient envigsrim

y= VK
JK, + 067K ,+/Pe/ Bi

where: Bi — Biot number.

From the formula (4) it may be concluded that the i
crease of heat transfer coefficigmtleads to an increase
of the amount of heat directed into the rod.

One of typically used formulas to calculate thet -
tition ratio in braking systems is the Charron'snfola

(1943)
y= VK010 ’
VKio1e +4/K 0,0,
where:p — densityc — specific heat capacity,
The Charron's formula (5), which is recommendedsi®
for calculating the temperature of clutches ankésawhen
the coefficient of mutual overlag equals approximately
to one.
_ &
2’

(4)

®)

(6)

where: & — cover angle of pad. << 1, then correction
of Charron's formula has the form (Newcomb, 1958-59

y= ,7K1\/k>2 = I7 . (7)
I7Kl\/k>2+ KZ\/El ,7+£

In order to comply real thickness of the frictioainpd;,
which cumulate the heat generated during frictibwe, fol-
lowing formula for determination of the heat paotit ratio
was proposed by Hasselgruber (1963):

y=_ delk
dlcl\/E + d2(':2\/k>2
where the efficient depth of heatidgthe distance at which

the temperature is equal 5% of the maximum tempegat
on the contact surface) equals (Chichinadze et @64):

,d,<8,i=12, (8)

o =173/kt,, i =12 9)

If the thicknesses; of the braking elements are greater
then thicknesses of thermal layeyg9), then it is necessary
to replaced; ond, i = 1, 2 in the formula (8). Consequently,
substituting the thicknessed (9) into the formula (8),

we obtain
y=— G 55d.i=12.
K, + Ck,

Transformation of formula (8) to comply effectivatis-
rated heat of bodies volumé&, was made by Chichinadze
et al. (1979):

yo_ Vol
Viek +ViGfk,

(10)

d<d.,i=12, (11)




whereV, = Sd;, § — nominal contact area of body 1, 2.
If § > d;, then replacing in the formula (1d) on 4§ (8),
we find

y=— 554, i=12, (12)
Gk + ¢k,

where the coefficient of mutual overlap was defined

by the formula (6).

The frictional heat generation in the pad/discasis-
tem, using the solution of thermal problem of faat for
two layers with thicknesd;, i = 1, 2 on the assumption that
g =const, i = 1, 2 and the external surfaces are insulated
was studied in article (Ginzburg, 1973). From thadition
of equality of temperatures on a surface of contaetime-
dependent formula for calculation of the heat fartiratio
is obtained:

Wt) = 1K,d,6(7;) 0<t<t,. (13)
nK,d,0(z,) + K,d,6(r,)
where
6(r) —7+r +2Z( 1) C0SM) oy ()1 |
(rrn)°* (14)
7 =%,di <3,i=12

If 7, > 0.3, then the functiofi(z;)) (14) may be written
in the following form

H(r.)z}+r.,i=12 (15)
I 3 I

As above, in case wheh > g;, it is necessary in the for-
mula (13) to replace the thicknesses of frictioir pawith

appropriate effective thicknessési = 1, 2 (9).
Tab. 1. Heat patrtition ratios
Curve  Number of the formula Author
number and type of a brake
1 1) A B Blok, 1937
2 A, B Blok, 1937
3 (3)A,B Jaeger, 1942
4 4)A B Jaeger, 1942
5 (B)A,B Charron, 1943
6 (A B Newcomb, 1958-59
7 (10) A, (8) B Hasselgruber, 1963
8 (12)A,(11) B Chichinadze et al., 1979
9 (13)A, B Ginzburg, 1973

The thermal conductivity of the pad material is gidn
erably less than the thermal conductivity of thecdinate-
rial, i.e.K; << K,. For that reason, the temperature increases
on the external surface of the pad near the moofestnd-
still t, and it differs slightly from the initial period.
As a result, pad may be considered as the semitmfbody
(the semi-space), and disc — as the strip. Them filoe
formula (13) it follows
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nK,d,8(z,)

P800+ 2K

The formulas shown in this section are found byousr
ways and differ significantly from each other. Tdfere,
comparison of the results of the numerical analgbisined
with their help with appropriate experimental d&athe
actual problem.

Wt) = (16)

Ost<t,

3. STATEMENT OF THE PROBLEM

When the friction force acts on the members of érak
system being in sliding contact, the energy conears
should be considered as an essential. The work done
is converted into heat and the vehicle deceleraits the
certain rate. The disc brake system consists pilymartwo
major parts, namely: rotating axisymmetric disc and
movable non-axisymmetric pads (Fig. 1). The geeerat
thermal energy dissipated by the conduction frost/gad
interface to adjacent components of brake system, by
convection to atmosphere due to Newton's law. Olslip
the third of mode of heat transfer takes place al§ wone-
theless by virtue of relatively low temperaturesaiaed
during slipping and short time of the operationeaglected.

Fig. 1. A schematic diagram of a disc brake system

In actual thermal load of a disc is non-axisymneetri
which stems from the geometry of a pad coveringindp
path partly. Thereby, for the selected spot onctreumfer-
ence of the friction surface the temperature wiffled peri-
odically with time. Such a distribution both in dep
and circumferential direction can be obtained byamnse
of the three-dimensional model.

Despite the fact of comprehensive outcomes possible
to obtain by means of the spatial model of a ditherto
have been made calculations of transient temp@&susing
two-dimensional configurations of the same phenamen
make a case for theirs application (Talati and lifata
2009). The accuracy of such an approximation irsgea
when the Peclet number is higher for considerdubsgis-
tem. In an automotive disc brakes the Peclet nusrdlenost
always are in order of £gChichinadze et al., 1979). There-
fore, the transient heat conduction problem for thsc
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and the pad has been analysed in the axisymmeate-s
ment (uniformly distributed heat source over thébing
path of the disc), assuming boundary thermal flakng
on the lateral surfaces of a disc.

An analytical solution of one-dimensional boundary-
value problem of heat conductivity for tribosysteransist-
ing of a plane-parallel strip and semi-space, wrained by
Nosko et al. (2009). The temperature evolution aam
radius of pad contact surface was illustrated. ffictional

qd(r,t):%(l—y) foraxt) .r, <r <R,,0<tst.. (20)

where:q — intensity of the heat fluy/— heat partition ratio,
f — friction coefficientp — contact pressure.

From the formulas (19) and (20) it follows that tihe
tensities of thermal fluxes, which enter the pad #re disc
respectively, depends directly on value of the Ipeatition
ratio y. Consequently, it is essential to specify itsuafice

heating phenomenon of a brake shoe including spread on the temperature at the pad/disc interface.

of heat on its depth during hoist's emergency lmgkivas
studied by Zhu et al. (2009). The integral transfonethod
was adopted in the three-dimensional analysis.

In the proposed article two types of a real diskbrsys-
tem including disc and pad volume during singleking
action with a special respect to different heatipyan ratios
were studied. In order to validate further transimmerical
analysis, dimensions, material properties and dipgra
parameters were adopted from the experimental asiko
et al. (2009) and Zhu et al. (2009).

For the purpose of thermal analysis, it is assuthatl
the contact pressurp is constant during entire process
of braking and the angular velocity decreases tligeaith
time

w(t)zab(l—ttj, O<tst,.

(17)

where: w — angular velocity,w — initial angular velocity,
t — time,ts — braking time.

In order to calculate transient temperature distiims
in the pad and the disc, the following heat condactqua-
tion for an axisymmetric problem given in the cyliital
coordinate system was employed:

0T 19T 0°T _ 10T

T +—=—"""r <r<R,
o’ ror 0z k,ot " P
0<z<9,,t>0; (18)
0°T 10T  9°T _ 14T

+ + ==——r,<r<R,,

oZ ror 02  k, ot
0<z<g,t>0

where: T — temperaturer, z — radial, axial coordinate re-
spectively k — thermal diffusivity,r, R — internal and exter-
nal radius, respectively. The bottom indepesndd, denote
the pad and the disc, respectively.

Taking account of the symmetry of a given problem,
the insulation on mid-plane of the disc as wellttas inner
surface represented by the edge of two-dimensiomalel
was established. On the remained surfaces of thkebr
models the forced convection takes place with thestant
value of heat transfer coefficient. It is also ased that the
material properties of the pad and the disc ar&rdp
and independent of temperature.

q,(r,t)=ppraft).r, <r <R, 0<t<t,, (19)
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4. FEFORMULATION

The understanding of overall formulation (18)—(20)

is crucial for the solution of a considered thermpedblem

of friction by means of the approximate time-steygppro-
cedures for axisymmetric transient governing equati
of heat conductivity. The main idea of two-dimemsib
discretization of the boundary-value heat conditgtprob-
lem consists in the following reference (Lewis ket 2004).
Using the Galerkin’s method we write Eq. (18) i thatrix
form:

CERSRECY

where: [C] — heat capacity matrixK[] — heat conductivity
matrix, {Q} — thermal force matrix.

The solution of the first order ordinary differaitequa-
tion (21) was obtained using the Crank-Nicolson hodt
with approximation relations (Crank and Nicolso847T)

(21)

1 dar dT

Bl =(1-p0) — - , 22
Aplt e X THI=E ﬁ){ " }t+ﬂ{ m }Hm (22)
where: {T}; — temperature vector at tinte The weight
parameter 0.5 ¥ < 1 was chosen from the conditions
of achievement of necessary accuracy of integrasiod
stable scheme. Taking the relation (22) into actofnam
Eqg. (21) we obtain the system of linear algebrgica¢ions

(IC1+ AMIKIN They = (C1- A= A)IKIALTY
+(1- B)AH Q}, + BAK QY o

for determination of the temperatur@ }.,; in the time
momentt + At.

The temperature distributions in the pad and discew
analyzed using the finite element method basedrpnoge.
In the thermal analysis of disc brake an approprfatite
element division is indispensable. In this studurfnode
quadratic elements were used for the finite eleraaatysis.
In order to avoid inaccurate or unstable resultgpraper
initial time stepAt associated with spatial mesh si&r
(smallest element dimension) is essential

(23)

At = pve oo
10K , 4

(24)

where:Ax — mesh size (smallest element dimension).



5. NUMERICAL ANALYSIS

The temperature distributions of two types of d disc
brake system including disc and pad volume duringls
braking action regarding different heat partitiatias were
studied (Tab. 1).

h=0

r r
V4 _| Z ’l

Fig. 2. FE models with the boundary conditions,
a) A type, b) B Type

The FE element models with the boundary conditions
are shown in Fig. 2. In order to validate furtheansient
numerical analysis, the thermophysical materialpprtes,
dimensions and operating parameters have been eatiopt
from the experimental data of Nosko et al. (20G8g (A
type) and Zhu et al. (2009) (the B type), and aesented
in Tab. 2. In the A type the brake pad is madpatymeric
material of the type 145-40, and the brake disenéle
of cast iron of the type 15-32. The materials cilier pad
and brake disc in the B type are asbestos-freeléivh,
respectively.

The heat transfer coefficient of 100 Wt was as-
sumed. The FE model of A type of a disc brake «i®si
of 3680 elements and 3864 nodes for the disc a®dd2
elements and 13065 nodes for the pad, and the B typ
model consists of 660 elements and 732 nodes éodist
and 2000 elements and 2121 nodes for the pad. éthe t
perature evolutions on the contact surface for tymes
of disc brake employing nine of formulas for thehparti-
tion ratio were determined and compared with thpeex
mental outcomes for the A type (Nosko et al., 208%) B
type (Zhu et al.,, 2009). Conformity of numbers bEt
curves presented on the following figures to formsul
for calculation of heat partition ratio, is shownTiab. 1.

The evolution of temperature on the contact surface
of the pad and the disc are shown in Figs. 3 anéspec-
tively. The character of evolution of temperatuee the
following: with the beginning of braking the tempaire
sharply raises, reaches the maximum value and, thiie
it decreases to the minimum level in the stop tinwement.
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The change of temperature in time on the frictian s
face of the pad in A type of brake is shown in Rg.
We see, that the evolution of contact temperatafteutated
with use of Charron’s formula (5) (the curve 5) aofd
Ginzburg formula (13) (the curve 9) significantlyffelrs,
both qualitatively and quantitatively, from expeeintal
curve (Nosko et al. 2009). The curve denoted ddasgel-
gruber H., 1963) coincides with the experimentaiveu
from the initial instant of time untik = 008s, then sur-
passes the experimental values of temperaturesmbke
mum temperature reached of curve 7 eqiats304.3°C,
whereas the maximum value of temperature of theeréxp
ment equals approximatelly = 250°C, and appears earlier.
Then, it decreases considerably to standstill. Midsthe
solutions illustrated in Fig. 3a range beneath grpmtal
curve of temperature. The cooling conditions haveim-
pact on the temperature values on the averagestatlie to
comparatively large distance from the outer surfatéhe
disc. A slightly different plot of temperature eutbn
on friction surface of pad in the B type of brakebserved
in Fig. 3b.
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Fig. 3. Evolution of temperature at the mean radius
of contact surface of a pad: a) A type, b) B type
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Tab. 2. Operation and geometrical parameters

A type (Nosko et al., 2009)

B type (Zhu et al., 2009

Parameters Disc Pad Disc Pad
thermal conductivityK (W/mK) 59 0.64 53.2 0.295
specific heate (J/kgK) 500 1100 473 2530
density,o (kg/n?) 7100 2500 7866 2206
inner radiusr (M) 0.03 0.05 0.1325 0.1375
outer radiusR (m) 0.11 0.1 0.1625 0.1625
mean radius of pad,, (m) 0.075 0.15
cover angle of padg (rad) 0.384 0.167
thickness,o (m) 0.01 0.015 0.004 0.006
pressurep (Pa) 4x10° 138x10°
braking timef{; (s) 1.1 7.23
initial angular velocitya (s) 200 66.667
coefficient of friction,f 0.38 0.4
initial temperatureT, (°C) 20 20
ambient temperaturdy (°C) 20 20
time step At (s) 0.0002 0.001 0.0002 0.005
Peclet number, Pe 4136.7 3014.6
Biot number, Bi 0.00777 0.00810

a) g -

T[*Cl]

1,2,3,4,6,8
70 2348,
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20 ; ‘ ; ; : ‘ ; . . ;
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60
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20 4——m—————
o 1 2 3 4 5 6

T T 1
7 t[s] 8
Fig. 4. Evolution of temperature at the mean radius

of contact surface of a disc: a) A type, b) B type
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However, curve denoted 5 is similar to the same one
as in Fig. 3a. Previously correct temperature cutyveur-
rently provides overlapped values relating to tkigegimen-
tal data. The character of the temperature chaigydise
same as in A type (Fig. 3a), except the curve dsh&
(Ginzburg, 1973), which results from the variabtetime
heat partition ratio. In this case the sharp rit¢he tem-
perature at the initial period of braking is no&ibee.

At time t = 005s temperatures of the curve 9 and the ex-
perimental one coincide, to separate after this emantill

standstill.

In Fig. 4a the temperature evolutions of the digtibn
surface of A type obtained from the numerical asialy
including different representations of heat pantitiratios
are plotted against time. For A type of a brakis impor-
tant to know the location of the curve 7, becauss the
curve, as seen from Fig. 3a, which gives the besicc

dence of experimental data. We see in Fig. 4a thisatem-
perature curve denoted 7 lays between the curve8 5,

and 1-4, 6, 8. The closeness of the last six cucaesbe
explained by the fact that the value of the heditfmn ratio
calculated with their help, equals nearly zeranéans, that
almost all heat energy, generated on the surfadectibn,
is absorbed by the disc, whereas influence of aiquor
of heat entering the pad is negligibly small. Theves 5
and 9 give the worst approximation of the experimen
data. Thus, the analysis of evolution of tempegtan
surfaces of the pad and the disc, allows to contegaon-
clusion that the most authentic results for A tjypake can
be obtained with use of the Hasselgruber's forrfi.0.

The evolutions of temperature on the contact sarfac
of the disc in B type of brake at the mean radiusibbing
path are shown in Fig. 4b. The curve 9, which Ipetten-
cides with experimental data in Fig. 3b, is locabetween
curves 5 and 7 (the worst coincidence to experiatefzta)
and curves 1-4,6,8. The temperature reaches themuax
value after time ranged betweeénr 6.34s for curve 9 and
t = 6.35s for curve 3 and decreases slightly after that mo-
ment. This may indicate that the disc is heatethénentire



volume, and cooling by the absorption to adjacemsaa
is difficult.

The highest value of temperature on the contadacarr
of the disc of type B equal§ = 528°C (the curve 4) and
is reached at tim¢ = 634s (the curve 4). The lowest tem-
peratureT =50.07°C is reached after = 6.34s (the curve
5). The discrepancy between the peak values of éeanp
tures of the curves 4,8,3,2,6,1 equals 0.34 %. artadysis
of evolution of temperature on friction surfacestloé pad
and the disc in B type of brake show, that the raasftentic
distribution of temperature can be find, using timae-
dependent ratio of heat partition given by Ginztsifgr-
mula (13).

6. CONCLUSIONS

In this paper two-dimensional finite element anialys
was carried out to study the effect of use of déife heat
partition ratios on the contact temperatures ofdilse brake
components during single braking process. The ke
temperatures on the friction surfaces of the brajstem
were compared with experimental results (Nosko let a
2009; Zhu et al., 2009), which allow us make thfeang
conclusions:

— the heat partition ratio is a key factor when apaly
the pad friction surface temperature, which is ¢ond
tioned by the substantial variation of its valueeimch
case of applied formulas;

- the investigation of the pad/disc contact surfamm-t
peratures provides an important information abdsit i
maximum value reached during frictional heatingare
theless the obtained results reveal that the nahteiih
lower thermal conductivity is more susceptiblehe se-
lection of the heat partition ratio included in tepres-
sion of the intensity of a heat flux calculation;

— the thickness of the pad plays a significant ralevall.
Its slender growth may firmly change the actualueal
of heat patrtition ratio entering the pad and thec die-
spectively, whereas in actual, temperatures opttkal-
ter only in the immediate vicinity of the contaatfaice;

— relatively small thickness (B type) demonstrated the
entire volume may be nearly uniformly heated frdma t
initial moment of operation without causing sigo#nt
temperature gradients.
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