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Abstract— The article considers conditions for increasing that occurs in friction pairs, as well as to provide structural
passive safety of vehicles due to the use of temperature measures aimed at thermal regime reducing. This is especially
calculation in friction pairs of brake units taking into account important for vehicles with increased friction dynamics of
their active heat dissipation. This temperature calculation allows prake units.
designers at the design stage of new brake units to determine
their optimal configuration, required frictional surface of the
friction brakes, taking into account their thermal stability in Il RESULTS ANDDISCUSSION

conditions of increased friction dynamics, which, ultimately, The reduction of thermal loads of brake units is actual one
ensures passive safety of transport. and requires calculation of thermal dynamics of friction of

. - . brake units especially when using energy-saturated vehicles.
Keywords—passive safety, temperature, friction units, brakes, P y 9 9y

heat dissipation The study of temperature modes of brake units is, until
now, carried out, as a rule, when considering solution of heat
. INTRODUCTION conduction problems without taking into account heat

In recent years, quantity and quality of vehicles produce(‘fXChange with environment, that is, without possible heat

in various operations have increased significantly. The mo&lssmanon {Uox=0).

important components of vehicles are friction units - brakes, In order to determine temperature field of friction material

on which operability and safety of their operation depends asaf the brake at any time, it is necessary to have data on

whole. temperature distribution at the initial time (the initial
An important factor affecting efficiency of brake units is acondmons) and to know the heat exchange condition between

friction temperature mode. Brake units of modern transporff€ Surface of the working body and environment.
ensure conversion of significant values of mechanical energy The differential heat equation that determines

of motion into thermal energy for a short period of time. Heahonstationary temperature field of brake friction pairs, taking

generated by friction in brake friction pairs has significantiyig account their heat dissipation, expresses the relationship

effect on reliability and durability of friction units, that is, oN | otween temperature changia time 7 and its propagation in

the passive safety of transport as a whole. With increasi - ' . X
temperature, coefficient of friction (its decrease) and increas € fr|ct|qn mater!al with respect ta, yandz<_:oord|n_ates and_
described quite adequately by the differential Fourier-

in wear of friction surfaces occur. Therefore, when designing. hhoff i W that th f
brake units, it is necessary to take into account thermal tensign ¢1MoM €gquation. vwe assume that ther€ aré no sources o
eat other than heat flow that occurs in the friction zone, and
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the loss of heat through the ends of friction material is small. §=p +0, ()
Then the heat equation from a three-dimensional one can be ms
reduced to a one-dimensional equation and takes the form: \yhere dhps Ons - actual thickness of friction pad and

thickness of metal support surface, which, according to the

th. p.

2
o"t(x, T) :aﬁ? t(X2 T) (1) thermal resistance, is reduced to the thickness of friction
or IX material.
where a - coefficient of temperature diffusivity, s. To solve equation (1) under condition (2) and (3), we use

the Laplace transformation with respect to one of the

In this regard, we assume that before the brakes Afriables, for example, tinte

switched on (t = 0), friction material and metal surface have
the same temperature throughout their mass (initial

conditions): I_,[t(x ,T)] I (X T) (expE o) dr = T(x g) (5)

{X0)= t.e. = const. ) | o
As a result of carrying out the Laplace transformation with
Boundary conditions are determined from the conditionrespect to timg we obtain the following equation [2,3]:
that heat exchange takes place both inside the friction lining t 9 9
with area F at time t and between the surface of brake unit and T(X, g) — aver — Amh\/: X+ B[Sh\/:x
surrounding medium. g a a

Constants A and B are determined from the boundary

Then boundary conditions in our case when 0 conditions for the images, which after the Laplace

o"t(O, r) (1_ a,. ) (W, transformation are obtained as follows:
ox  Aa.m " when x =0,
when X =90 T'(O,g)z—Q(l—lell;
gr.; 9
0"'[(5 T (3) T
h[t 5 T aver] Whenx = 5,
wherea, ,, - coefficient of distribution of heat flows between ,(5 )_ (5 ) aver @
friction elements [1]; Wy - full friction work, J; g 9 ’
7, = NN, - 2(1_7_TJ - time factor of frictional power [4,5]; whenr =0
1,7 - current and total friction time, g, - nominal friction _ El]—'
suface area of brake past?; NZaer, N7 - average and current (X 0) = laver ’
value of frictional power, W9 - thickness of friction pad, m;
a - _ - A1-a,¢ )W,
h= 5 thermal coefficient, 1/mjp - coefficient of heat where Q = ﬁ

transfer from the surface of brake unit, \¥f€; 1 -
coefficient of thermal conductivity of friction material,

W/m-°C.
/ _ 9 g9 9 9 -
To solve differential heat equation (1) with initial (2) and T (O' g)—(AqfaE‘Sh\faX+ B\fa E:h\faxj B
. . x=0

boundary (3) conditions, we make some assumptions:

When x=0 from equation (6) and (7) we have:

1. Temperature field of friction material is identical to the Ellf 8)
field of a single homogeneous body. =Q g7,

2. Parameters ¢ andp do not depend on temperature and

pressure. N Then B =-Q aB]i[l—lJ 9)
g9 gL,

3. We solve thermal problem for a wall of friction
material, which is less heat-resistant in a friction pair. In
calculation taking into account heat exchange of the \ypenx= J we have:
environment with heat exchange surface, reduced thickness of
friction pad has been used
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= {Aqﬁ B)—;\FJ+ B\F mh\ﬁa‘} where Bi=h 95=%D5— Biot number.
a a a a

Using the expansion theorems of [6], we obtain:

:h{tavef—taver—Am:h\Fa— Bsf\ﬁd} - [d[0lg) )
9 g a a M aglale) )/~

(10)
HenceA s: i | 7o (209) o 209) _ o P()B(0) |
"At‘ﬂ e ) ol }
A= el = lem\m Jdﬂ (11) 0 0
glie ) N =r3—=—[hx-hd-1]+——0O
7. (h 7. (h
where

<[ [Zon Snisn/3o) (o=x[rr, e 2 ) g |-
_Q Chs

2-Bi)
N = (\Psh\PcH hEth\de' a
a a a .
Then complete solution for the image (6) has the following =Q[(hx— h5—1)(f—5(2_8|))+
form: I h ah
hox) h
al 1 +6—x(h ——j+— 0 =x°)+
o) © g[g TJMH: gx—Ntsh\/gx ( )\ a ( )
T(xg)--=== 0 =
N _ 5\2
’ ? +(X 5) +TF:| (14)
__olg) _olg) (12) 2a

whered(0) = [hx ho-1];
This expression (12) represents the ratio of two T

generalized polynomials with respect to g, and the polynomial

in the denominator does not contain a free term; all the (D’(O) :9{(5_)()@? _ha_xj ﬂ(és_xs)_'_

conditions of the expansion theorem are satisfied. T

We define the roots of polynomiaH{g), for which we
equate the denominator of equation (12) to zero: (X + 5)2

W(g)= g{\E ESh\/g5+ h@h\EJJ _ 2a

#(0)=h: #(0)=2 (2-8i).

i1, |

—q?[ £ - 13
9 ( o * ctg,u) 0 (13) For other roots, we use the expansion theorem [6, 11, 12]:
We get: 1) double road;=0; 2) innumerable number of L;l{iggﬂ :ijj’(gp) &9, (15)
g n= (9 )
roots (gp iy D’J ), determined from equation (13), in ' P
5 whereg, - roots of polynomials.

which we have:
For this purpose, we defin@(g,) and ¥(g,):

.19
=i |95 BT g :
# \/; (D(gp):—Q#[Erl+a|jg%]@OSlup% (16)

Finally, from equation (13), we hag@,zﬁ,
Bi
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Then:

= 0(g,) 0 & 5
5o —-arsal L aln

cos, % @xp(— ,uf)Fo) (17)

2(#5 + Biz)

where 4 -
,us(,u§+Bi2 +Bi )

p

- initial thermal amplitude;
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(5.r)-t = L= e Wi

: A, O @y

1(2 T ~
EET”JrFo(BiJFSJDE ZBan:;ApD

[1+ T[FZWJ Ctogu, exd- 12F, )} . (20)

p

The results of calculations of temperature modes have
been used to estimate the temperature in the friction zone (19)
and the temperature on the heat transfer surface (20) during
bench and operational production tests. The effect of the
maximum possible temperatures in the brake units has been

Fo = 2L - Fourier criterion (or dimensionless operating timedetermined by the choice of friction pairs (by their thermal

52
of the friction unit).

stability) [9, 10].

From the analysis of equations (19), (20), characterizing

The complete analytical equation determining  theemperature in the friction zone and the heat transfer surface, it
temperature field of friction nodes as a function of thicknes$s seen that the temperature field of friction pad is determined

of friction material 0 and friction timer has the following
form:

t -t
(X’ T) aver Au D,F D:)'

(M)N{Z{(h ha_l)[,_ s2-Bi ))+

+(5—x)(hrF —hzi(j+6h(53 -

& 52
2B — 9%  iilosy 20
Z‘A"[aD“F 02 J Al

p

@xp(— 7 Fo) (18)

Then temperature in the zone of friction£ 0) of brakes
for the case of active heat dissipation takes the form:

t(0,7r)-t =%D

A O @

. 1 2 2_\T ~
[ETN(1+BI )+F0(2+Bi 3B|jETFF ZBléApD

r s 19
[1+TF EFOEUZJ@X[{ ,upFo) (19)

P

mainly by Biot number and Fourier criteria. The Fourier
criterion characterizes the process of pure thermal
conductivity of friction material for the goordinate, and Biot
number characterizes heat exchange of friction material with
the surrounding medium.

In equation (20), which determines temperature difference
during heat transfer of the friction unit, the last term of the
sum is a convergent series, i.e. the algebraic sum of cosine
waves  with  gradually @ damped  oscillations at

- 2). The value of
7. [Fo Eui}[ﬂ‘exp( Fo,up)
this thermal amplitude rapidly decreases both with increasing
M, and with the passage of time (more precidedygriterion).
Consequently, the temperature field of friction material is a
function of time, the distribution of which obeys the law of
parabola. In case of very small values of the series (the last
term), we observe the quasistationary regime for the field of
the temperature gradient.

amplitudeAp(lJr 4

Consideration of the obtained temperature field of the
friction unit provides a basis for studying the process of heat
exchange with the environment, which takes place in two
stages. In the first period of the thermal procésss < r;, the
depth of heated layer does not exceed reduced thickness of
friction paddeq Which can be determined from expression [7]:

5red = 1’73\/ aq').M Ij-l :

Equation (21) is characterized by criteridfy > 0.333
(which corresponds to= 15-20 seconds of friction unit
operation and is acceptable, and thermal process in the first
stage is determined by thermal conductivity in the friction pad

(1)

The value of the temperature difference on the surface ¢13, 14].

brakes x=9), which determines heat dissipation (heat

transfer), is accordingly equal to
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Whenrt 2 1;, the temperature of the friction pad begins to Ill.  CONCLUSION

vary throughout its volume simultaneously, i.e. the second The resulted calculation of a temperature mode of brake
stage of heating comes, which is also be characterized by hegfits allows designers and technologists to define optimum
exchange with the external medium according to the Newton'sizes and assemblage of brake units, to correctly select
law of cooling: frictional material considering heat resistance. In case of
necessity, using calculation of temperature regime of brake

q :a(tx=5 _taver) '

units, it is possible to provide measures for improvement in
) friction pairs of active heat dissipation. These measures

_In the process of heat transfer, with the same temperatuffimately improve reliability and durability of brake units,
difference, dissipation of specific heat flow can vary within ayhich ultimately leads to an increase in the passive safety of

(22)

very wide range. This is explained by the fact that intensity ofransport in general.

the heat transfer process, in addition to the temperature
difference {5 — twe), depends on such factors as rotational
speed of inertial brake masses, motion regime of the eat carrier
(air), the thermophysical parameters of coolant, shape and
dimensions of the friction unit, etc. The Newton-Richmann
equation (22) does not take into account the influence of thegg
factors on the heat transfer process and is externally
characterized by a simple form. However, this equation
includes the coefficient of heat transt@rand it is necessary (3]
to take into account all the factors that affect the heat transfer
process for the correct determination of them. The value qf
heat transfer coefficientr, taking into account the airflow
cooling brake unit, has been determined from the empiricadb]
equation obtained as a result of our studies within the range of
the Reynolds criterion 11760Reg,;, <49400:

(6l
(7]

745 _
ire —

a= 015 i“" OR 18]

0,745
0155@%* [‘\’/VD]] (23)
[9]

wherea — coefficient of heat transfer of friction pairs of [10]
the brake unit, W/m? °C; A4 — coefficient of thermal [11]
conductivity of the coolant (air), W/m °C; | — typical [12]
geometric size, my - average speed of air movement in the
brake unit, my,, — coefficient of kinematic viscosity of air,
m/s.

[13]

Blowing the friction unit with air leads to an increase in
the coefficient of heat transfar, and, consequently, to a [14]
decrease in the temperature regime during friction of brakes
friction pairs. The consequence of this is stabilization of théls]
friction coefficient and a reduction of wear of the friction
brakes, which ensures an increase in the serviceability of
frictions pairs of brake units as a whole [8, 15].
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