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Abstract—The calculation scheme for determining the temperature mode of the disc brake taking into
account the change of the contour contact area during braking was proposed. For this purpose, the exact solu-
tions of the initial problem of motion and the corresponding heat problem of friction were obtained. On their
basis, formulas were obtained in the analytical forms for calculating the evolution of the sliding speed, specific
power and work of friction, and the mean temperature on the contact area. The thermal sensitivity of the fric-
tion pair materials was taken into account by introducing into the calculation the values of the thermal con-
ductivity and the specific heat capacity at the volumetric temperature. Numerical analysis was performed for
a brake with discs made from Termar-ADF carbon composite friction material. The values of such character-
istics as speed, braking duration, and maximum and volumetric temperatures, found with and without taking
into account the change in the contour contact area, were compared. The performed comparison analysis
allowed us to determine the influence the contour friction area has on the evolution of mean temperature
during braking. It was found that the level of the temperature calculated with consideration of the friction
contour surface increases during braking is higher. Despite the fact that the average contact area is equal and
the compared braking processes take place at practically the same time. During analysis, the influence of the
change of the apparent contact surface area on the temperature time profile was also examined. It was noticed
that a larger apparent area of contact causes a decrease in the value of the maximum temperature achieved

and the time of reaching it.
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INTRODUCTION

The friction surfaces of the working elements of the
disc brake are not perfectly smooth. Due to waviness
and roughness, their contact interaction is discrete
and occurs in three areas: nominal, due to the size of
the rubbing surface of the lining; contour, formed at
the points of contact of waves and macrodeviations;
actual, consisting of a set of contacts of microrough-
nesses within the contour area of contact [1]. Accord-
ing to the hypothesis of summation of temperatures of
A.V. Chichinadze, the maximum temperature of the
friction surface is equal to the sum of the average tem-
perature of the nominal contact area and the tempera-
ture of the actual contact area (temperature flash) [2].
The calculation of the average temperature of the fric-
tion surface is usually performed with a constant value
of the area of the nominal contact area [3—6]. When a
temperature flash is found, the areas of the contour
and actual contact areas changing during deceleration
are used [7, 8].

Objective—development of an analytical model for
calculating the average temperature of the friction sur-

face of a disc brake, taking into account the relation-
ship between the contour and nominal areas. Study on
this basis of the evolution of speed, specific friction
power, and temperature of a multi-disc brake with
rubbing elements made of a carbon friction composite
material (CFCM).

CALCULATION MODEL

For a given initial value of kinetic energy W, a
decrease in velocity V' with time ¢ from initial value ¥

at ¢ = 0 to zero at the moment of stop ¢ = 7, describes
the relationship [3]:

!
V)=V, 1—EIF(s)ds L 0<r<t, (1)
Woq

where friction force F acting in the contour area with
area A, has form

F@) = fpA(), 0=r<t,. ()
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Taking into account the monotonic increase in pres-
sure p from zero to nominal value p,:

PO = pop*®), prO=1-¢" 0<t<t, (3
and relations [9, 10]:
A.(t) = A, A*(1), A*(1r)=0.4+ w, 0<r<t, 4)
I3

S

after integration from formulas (1), (2) we obtain:

V) =V,

tA*(8) — t,p*(0) A*(t) — L2 (¢ — 217"
Ve =1- _ L (5)
£
0<r<t,
|14
=22 g = o (6)
CIOA

The duration of braking was determined numerically
from condition of stop V'*(z,) = 0

We present the change in the specific power of fric-
tion in form:

q(t) = quq*(@), q*@) =

where the time profiles of pressure p*(#) and velocity
V*(t) were determined by formulas (3)—(6), respec-
tively. We look for the specific friction work in form:

prOWV*@), 0<t<t, (7)

t
W) = wwt0), wy = a WO =1 g0t g
0
0<r<t,.

Substituting function ¢*(¢) (7) under the integral sign
in formula (8), we find

wH(t) = —
tt

s°s

tr—1t2+1(t.2—t,t—1t2)1
5 4 3 Ut

N

1
0

5|t
) -=p*@) ¢,
+ gts(t —1) |&s

lﬁ—t — 1% )
xd 4|4

2
1(4 3 )r,-*
+ ==t + =1 + 1)L pH(2

St tp()

N

To determine the temperature of the contour
region, we will use the design scheme of the thermal
contact of two semi-bounded bodies, taking into
account frictional heat generation. The evolution of
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the average temperature of the contact surface of such
a tribosystem is determined by formulas [11, 12]:

T@) =T, +yT,T*(t), 0<t<t, (10)

[ q*(s)
T*(7) = ds, 0<1t<T1,,

N R

(1)

\/7\/_ %a T:I:l_lzt’ ,szklzs’
rSky,n—@ak*:&,w=ﬁ, (12)
a a K, ky

a=max(q), a =+ 3k,tf are the effective depths of
heat penetration. Hereinafter, all values related to the
disc and the pad are provided with subscripts / = 1 and
[ = 2, respectively.

Substituting under the integral sign in formula (11)
function g*(t) (7), taking into account relations (3)
and (5), we obtain:

2
. %s+:——(1—e‘s/"‘)
T*(r):%j 1-L g
ol Tlx|24 T g+ B (13)
5 27, 2rs
a-e")
X ——=—==ds, 0<1T<T1,.
NT—35
Designating:
j m —ns/‘l:
mn(T) = N ds m,n =0,1,2. (14)
integral (13) can be written in form
2
T*(1) = 1+£+ LA ) NG
5 s STS
2
1+ﬂ+1— 101(1:)+—(’)(2 jloz(r)
STS sTSs S 5 ) (15)
- +— 1, (1
5’[0 10() 5(5 2’CSJ ll()
o 1,(v) = ——[10(v) — 1;(D].

Using substitution x = v/t — s, integrals (14) are pre-
sented as follows:

Jr
I,,(0) = Jl—% j =" g mn = 0,1,2.(16)
0

First, let us consider the particular case when n = 0.
Using result [13]

NES
j(r — x))"dx = 7"JB(m +1;0.5), m=0,1,2,

0
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taking into account the values of beta function
B(1;0.5) =2, B(20.5)=4/3, and B(3; 0.5) = 16/15
[14], from formula (16) we obtain

Ioo(1) = 2\ﬁ, 1(1) = ‘—‘r\ﬁ,
T 3 \Vm
16 2\[
1, (T
20 =107

For n = 1,2 the integrals in formula (16) can be repre-
sented in form:

(7)

I(),,,('C) = JO,n(T)a Il,n(T) = TJO,n(T) - J2,n(r)5 (18)
L,,(0) = TJy,(1) = 26J,,(D) + J, (D),
I Sy
J, (1) === [ x'e" Fdx, 1=0,2,4. (19)

0

After substitution y = nx2/’t,~, integrals (19) can be
written as follows:

nt/7;

(+1)/2 /

0
1=0,2,4, n=1,2.

(20)

By integrating by parts, taking into account substitu-
tion s = \/;, from formulas (20) we obtain:

Jou(¥) =D (\/Ej

J,,(0) = ‘—Nf - lJo,,,m] @)
nl\nt 2
O E{r\/E - §J2,n<r>},
n T 2
D(x) = J?c - lef ds. (22)
Taking into account relations (21), (22), it follows
from formulas (18):
Iy,(¥) = VD [\/ij
K (23)
Iln(T)_( +T)10n(T)__\/ia
2n n\m
el
L,(m) = +T )+ | 1p,(7)
n\4n (24)

n=12.

S
2n i
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Substituting functions /,, (1) (17), (23), (24) to the
right side of solution (15), we get:

2+L0(2r,. —§r)+L

0
o= ?s 1 : 4” \ﬁ
(37 - N
8

.
4 15
T2 1 (3
s — 1) [VaD
i {5 o, (4T ‘)M (\/:j (25)
l(31:,- =21+ 1
_dp S 4, \/%D( 1)
T;

(1t2+m T )+r?
4
0<t<T,.

When calculating function D(x) (22) in solution (25)
we used expansions [15]:

_ n Q2x%)"
D(x) = Z( >(2 7 0<x<3,
2 < 2n—-1!
D(X)ZTEZ;W’ >3

Knowing the time profile of dimensionless tem-
perature (25), using formulas (10), (12), we find the
temperature change during deceleration.

The volumetric temperature, averaged over the
braking time, of the brake elements is determined by
formulas [3]:

0, =T,+76,0% 6,= WIVVO,
’ G,

G/ = Aaalp,, / = 1, 2,

fs

']

(26)

gx =2

s 0

w(1)dt, Q27)

where v, =1-17, v, =y are coefficients of distribu-

tion of heat flows, y, are correction factors taking into
account the temperature decrease due to heat propa-
gation to the sides of the friction track. Taking into
account relation (9) from formula (27) we obtain:

0* _1+t—
tt
2 2
20 41 -5y lif i 30 7L
5 1,1, 20) 401,
1131, 51 ot <9
X =548 430 | pE(y
t [20 104 th(‘)
L ({9 "
— '8
2(10 tJ (@)

Let us consider two particular cases of the model
under consideration that are frequently encountered
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in applications. The first of these is constant contact
pressure at the contour site. Passing in formulas (3),

(%), (7), (9), (25), and (28) to limit #;, — 0, we obtain

PO =1, V) =1- (0.4 + mjio
N ts
2
0.4t+—0'35t
gw=1-——
wit) =[1-| 02+ |L\L o<r<y,
12t )¢, |1,

T*(a:):z\/E 1—(1—2—1)4—10 , 0<t<T,
T T, /157,

7t,

407"

and from the stop condition we find braking time
1, =20/(134)) = 1.541).

The second case concerns the determination of the
characteristics of the braking process at a constant
value of contour area (A*(¢) = 1). With monotonically
increasing pressure p*(f) (3) time profiles of speed,

specific power and work of friction, as well as tem-
perature and volumetric temperature have form [16]:

0* =1

t—t.p*(t
Ve =1 —’—f(),
’ (29)
1 —1,p*(t)
q*(1) = (l—t—o pr@),
WH(t) = (1 - 0—(;5’}%
s tS
AL FROA 0
- PO 15 |5-0.5——|, 0<r<q,
N s tS
0.57; i
o 1.5
oo = V| J?cr _[1_11“ EOTij
s W3
x D |+ % p |2t
Ti TS Ti
0<t<Tt,
2
2ot~k
t, =2t + y
11 5 A
+ 2(— - —Oj £ p*(t,) — 0.5+ p*(21,) | —
o f, 1 : 30 (39
tS
fort, = tf +0.99¢,.
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NUMERICAL ANALYSIS

Investigated the characteristics of the braking sys-
tem, consisting of three identical discs made of CFCM
Termar-ADF. Due to the geometric and force symme-
try, the temperature regime of such a system can be
determined using the analytical two-element model
proposed above. The values of the input parameters

are as follows [16]: p, = 0.602 MPa, V, = 23.8 m/s,
W, =103.54kJ, A, =22.1cm?, f=0.27,1=0.5s
with, p, = 7100 kg/m?, and y, = 0.92, / =1,2. Then,
from formulas (6) and (8) we find g, = 3.87 MW/m?,
w, = 46.87 MJ/m?. Calculations are made taking into

account the change in contour area A4, (4) (variant 1)
and at a constant, averaged over deceleration time

A, = 0.654, (variant 2). The thermal sensitivity of the
disc material was taken into account by using in the
calculations instead of the values of the thermophysi-
cal properties K, =21 W/(m K), ¢, = 728.5 J/(kg K)
at initial temperature 7, = 20°C, their values at bulk
temperature 0,, / = 1,2 (26), (28), and (32) equal to
585°C (variant 1) and 566°C (variant 2). Using exper-
imental data in the form of curves of the dependence
of thermal conductivity coefficients and the specific
heat capacity of Termar-ADF on temperature [9], it was

found that K, = 16.5 W/(m K), ¢, =1737 J/(kg K), and
1=12.

Velocity change over time V', specific power of fric-
tion ¢, and specific friction work w as well as tempera-
ture 7 for variants 1 (solid curves) and 2 (dashed
curves) are shown in Fig. 1. When calculating accord-
ing to variant 2, we used formulas (29)—(32). With the
constant value of the contour area equal to 0.654,,
braking occurs with constant deceleration and lasts

19.13 s (Fig. 1a). Linear increase of A4, in the process of
braking leads to the appearance of nonlinearity in the
time profile of the velocity and insignificant reduction
of the stop time up to the 18.95 s. The time profile of
the specific power of friction with a maximum after
the start of the process (Fig. 1b) is characteristic of
rational braking modes [2]. The specific work of friction
monotonically increases with the deceleration time,
reaching maximum values 40.11 MJ/m? (variant 1) and
36.04 MJ/m? (variant 2) at the moment of stop
(Fig. 1¢). The evolution of the temperature of the con-
tour area depends on the time profile of the specific
power of friction. Its characteristic feature in a rational
braking mode is the presence of a temperature maxi-
mum, which is reached, depending on the pressure
rise time, approximately in the middle of the braking
time (Fig. 1d). In the case under consideration, maxi-
mum temperature values 714°C (variant 1) and 645°C
(variant 2) were achieved respectively after 10.7 s and
9.8 s from the start of braking. At the moment of stop,

the temperature was 525°C (variant 1) and 462°C
(variant 2).
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Fig. 1. Changes during braking of the: (a) sliding velocity V'; (b) specific power of friction ¢; (c) specific work of friction w; and
(d) temperature 7" calculated with (solid lines) and without (dashed lines) consideration of the contour contact area variations.

The results presented in Fig. 1 were obtained at a
fixed value of the nominal contact area with a variable
(variant 1) or constant (variant 2) contour area. Taking
previously used value A, = 2212 mm? for the base,
Fig. 2 shows the change in maximum temperature
T ax > the time toreach it 7, , and the duration of brak-
ing #, for values A4,, 0.5 <A < 2. When the nominal
contact area is halved compared to the baseline, the
maximum temperature rises to 1007 and 733°C, the
time to reach it increases to 21 and 19 s, and the brak-
ing process continues for 37.6 and 37.8 s when calcu-
lating according to variants 1 and 2, respectively. With
an increase in the nominal contact area, all of the
above characteristics monotonically decrease and for
value 24, equal: 7,,,, = 507 and 376°C, ¢,,,, = 5.6 and

5.195s,¢, =9.6 and 9.8 s.

ax
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CONCLUSIONS

An exact solution to the thermal problem of friction
for a disc brake is obtained, taking into account the
linear increase with time of the contour contact area
and the thermal sensitivity of materials. The calcula-
tions were performed for a friction pair consisting of
two identical discs made of Termar-ADF CFCM. The
change in the process of deceleration of the sliding
speed, power and work of friction, as well as tempera-
ture at a changing (variant 1) and constant, averaged
over time (variant 2), the contour contact area is inves-
tigated. It is shown that the temperature obtained in
the calculations according to variant 1 is always
slightly higher than that found according to variant 2.
In this case, the relative difference between the corre-
sponding maximum temperatures does not exceed
10%. An increase in the contour contact area leads to
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Fig. 2. Dependences on the nominal area of friction contact 4, of the: (a) maximum temperature 7}, ; (b) the time of its reaching
Imax and stopping time #; calculated with (solid lines) and without (dashed lines) consideration of the contour contact area vari-

ations.

an insignificant, not more than 1%, reduction in the
duration of braking. Consequently, the calculation of
the temperature regime of the tribosystem under con-
sideration can be performed with sufficient accuracy
at a constant value of the contour area.

Additionally, the influence of the dimensions of
the nominal friction surface on some characteristics of
the braking process has been studied. In both design
variants, it was found that an increase in the nominal
contact area leads to a reduction in the braking time, a
decrease in the maximum temperature, and a decrease
in the time to reach it.

NOTATION

nominal contact area
contour contact area
averaged contour area
specific heat

friction force

coefficient of friction
thermal conductivity
contact pressure

nominal contact pressure
specific power of friction
nominal value of specific friction power
temperature

ambient temperature
maximum temperature
time

ax

NESQHHOQQSEW\’.HQQQRIHD;QA
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L time of pressure increase
1 time of braking

|4 velocity

V, initial velocity

W, initial kinetic energy

w specific work of friction
W nominal value of specific friction work
0 volumetric temperature
p density

Subscripts:

=1 disc

/=2 pad
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