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Purpose. Calculate the coordinates of the maximum temperature and the greatest pressure on the
working surface for the rational parameters of the main elements of the disc brake of the mine loco-
motive with a multi-sector brake disc selected by mathematical modeling.

The methods. To find the coordinates of the maximum temperature and the greatest pressure on
the working surface of a disc brake with a multi-sector brake disc with selected rational parameters,
mathematical modeling of temperature and pressure on the friction surface was carried out.

Findings. On the basis of mathematical modeling, the maximum temperature and its coordinates
and the greatest pressure on the working surface of a disc brake with a multi-sector brake disc were
found. It is shown that the maximum temperature on the friction surface of the main elements of the
disc brake with the selected parameters in specific mine conditions under the most unfavorable oper-
ating conditions will not exceed the permissible value.

The originality. A mathematical model of braking of a mine locomotive with a disc brake was
developed, which creates a pulsating braking moment on the axle of the wheel pair, which depends
on its angular coordinate, taking into account the non-linear dependence of the coupling coefficient
on the relative slip, on the basis of which the parameters of the braking moment are established, which
allow to improve the braking characteristics.

Practical implementation. A scientifically based engineering methodology for choosing rational
parameters of the disc brake of a mine locomotive and determining the dynamic and kinematic char-
acteristics of the drive of a mine locomotive when braking with a disc brake with a multi-sector disc
has been developed. An analytical solution to the non-stationary thermal conductivity problem of
finding the temperature field that occurs in the brake disc and friction linings of the disc brake of a
mine locomotive when the linings are made in the form of a ring sector was obtained, on the basis of
which the dependence of the relative temperature on the friction surface of the brake was found of
the disk over time during cyclic braking.

Keywords: frictional pair, clutch coefficient, disc brake, braking torque, locomotive wheel, rail track.

Introduction. The adhesion force between locomotive wheels and rails depends
both on the state of the rail track and on the conditions of interaction of the wheel-rail
friction pair [1]. Much attention is paid to the study of the process of realizing the
maximum possible adhesion force. The main parameter characterizing the adhesion
force between wheels and rails is the adhesion coefficient. The braking torque created
on the wheel by the wheel-block brake depends on the speed of the mine locomotive,
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the state of the rail track and the heating of the brake pad, which does not allow the
possible adhesion coefficient to be fully realized. Disc brakes used in transport systems
do not have this disadvantage [2].

The work [3] presents a method for selecting a constant braking torque applied to
the axle of the wheelset. In order to prevent clutch failure and wheel skidding (at the
same time, the adhesion force drops sharply and flats form on the wheels), it is recom-
mended for mining electric locomotives to implement 80% of the maximum possible
braking torque.

Temperature has the strongest influence on the reliability of the braking device.
The temperature stresses arising in the friction pair of a disc brake depend on the in-
tensity of heat generation and cooling during braking, cooling during pauses, braking
frequency, the design of the brake unit and the physical properties of the materials of
the friction pair. Underestimation of thermal phenomena in the brakes of modern cars
can lead to a deviation of their performance characteristics from the calculated ones
and even to an accident [2]. With regard to the braking devices of mine locomotives,
safety issues come first. Overheating the brake above the maximum permissible tem-
perature can cause an explosion of the methane-air mixture and death. Thus, thermal
calculation of the elements of the braking device of any machine operating in a mine
Is one of the most important tasks in its design.

The monograph [4] considers the problem of heating and cooling the disc brake
of mine hoisting machines with a coefficient of mutual overlap between the disc and
the friction linings of the pads equal to one.

The purpose of the article is to calculate the maximum temperature and determine
the maximum pressure on the working surface for the rational parameters of the main
elements of the disk brake of a mine locomotive with a multi-sector brake disk, selected
through mathematical modeling.

Main part. Let's consider the choice of rational parameters of a disc brake with a
multi-sector brake disc using the example of the E10 mine locomotive. Taking into
account the design features of the four-axle mine electric locomotive E10, it is advisa-
ble to place a disc brake on the motor shaft of each drive trolley. This will allow two
disc brakes to create braking torque on all four axles. By placing disc brakes on the
axles of four wheel pairs, their number would double. In addition, the required braking
torque on the axle of the wheelset My significantly more than the required braking
torque on the motor shaft M't (Mt = uM'r / 2, where u is a gear ratio of a reducer).
Therefore, this would lead to an increase in the geometric dimensions and moment of
inertia of the brake discs, or to an increase in their number, i.e. would complicate the
design of the braking system and increase its cost.

When calculating frictional devices, the friction coefficient is usually considered
as a constant, disregarding its dependence from changing in the course of work of tem-
perature, speed and pressure. Take its smallest possible value for the considered fric-
tional couple for a calculated value of coefficient of friction under existing conditions
of work [2].

At determination of the geometrical sizes of a brake disk the internal radius of a
working zone is chosen minimum admissible for constructive reasons, and external

162



Mamepianosnascmeo ma 2anyzeee Mauiuno0y0y8anHs

radius as it that during creation of the maximum brake moment pressure in a working
zone did not exceed admissible value for considered frictional couple [2].

Let's accept quantity of the sectors of a brake disk made in turn of steel 45 HV 415
and the GCI 15-32 HV 200 gray cast iron, equal to eight, pads of the brake shoes made
of frictional material 6KH-1 (press material of cold formation) [5] in the form of ring
sector with the central corner o = 7 / 4. Friction coefficients for the specified couples of
materials of a disk and frictional pads are respectively equal to 0.535 and 0.41 [2].

Let's define the maximum necessary moment of braking on an engine shaft M'; nax
in the assumption that on the locomotive steel wheels are established. Proceeding from
quantity of sectors of a brake disk and a form of frictional pads, we come to a conclu-
sion that dependence of the pulsing braking moment on an engine shaft from the angu-
lar coordinate of a shaft of the engine ¢; can with sufficient degree of accuracy be
described by expression

M =2(Mg - Asin(ng, ))/u=Mg - A'sin(n'py ) =
: (1)
i)

where My, M are constant components of the moments of braking respectively on an
axis of wheel couple and on an engine shaft; n, n’ are numbers of the periods of a
sinusoid for one turn according to an axis of wheel couple and a shaft of the engine; ¢,
Is angular coordinate of an axis of wheel couple; A, A" are amplitudes of fluctuations
of variable components of the moments of braking on an axis of wheel couple and on
an engine shaft; A" = A/MY%; w1, uz are friction coefficients for two couples of materials

of a disk and frictional pads.
Let's integrate taking into account a formula (1) system of differential equations [5]:

(%—mg—m]y:—[Cyg(y—y3)+ﬂy3(y—S/3)+Cy4()’—y4)+ﬂy4(y—Y4)]?

mg¥3 =Cy3(y—Y3)+ By3(y—Y3)+F3(S3) ;
MyYa =Cya(y—Ya)+Pya(y—Ya)+Fa(Ss);

I35 = | Cya(P3—02)+ Bpa(d3—02)+1F3(Ss) ]

= Mb(l— A sin(n’gol)): M()[l—usin(n'gol)] (10> m0)

1494 =—[C¢4(¢4—¢2)+ﬂ¢4(¢4—¢2)+rF4(34)] :

12 = Co3 (@3~ 02) + Bp3 (93— 92) +Cpa(Pa—P2) + Bpa(Pa—¢2)—uMy/2,
where y, Y3, Yya are linear movements of the locomotive and corresponding wheels;
Y, V3, Y4 are linear speeds; ¥, V3, ¥4 are linear accelerations; F3=y3(S3)m;g/8,
F4s=w4(S4)mg/8 are forces of adhesion of the corresponding wheels;

3= k1|: th(k283) - k383 + k4S33:| ) Wy = kl[ th(k284)— k3S4 + k452:| are
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coefficients of coupling of the corresponding wheels (in the mode of braking accept
negative values); ki, ko, k3, kg are numerical coefficients of the mechanical charac-

teristic of frictional couple; Sg=(gsr —¥3)/¥3, S4 =(@ar —Y4)/V4 are relative slid-
ings of the corresponding wheels; ¢@,, @3, @, are angular accelerations of an output

shaft of a reducer and the corresponding wheels; r is radius of a circle of swing of
wheels; m; is mass of the locomotive; g is acceleration of gravity; M’ is the braking
moment on an engine shaft.

When calculating we will use geometrical, weight, elastic, dissipative and rigid
characteristics of elements of a mine electric locomotive of E10. Let's accept the mass
of structure to the equal mass of the locomotive, i.e. m¢ =m,; =10% kg. Let's set the
initial speed of the engine vo = 1 m/s. Numerical coefficients of the mechanical char-
acteristic of frictional couple ki, ko, ks, ks we will take for a case when rails are sanded
[6]. Let's receive that failure of coupling in the course of braking will happen at
M’ > 766 N-m. Thus, the maximum value of a constant component of the moment of
braking on an engine shaft M max = 766 N-m. The maximum instantaneous value of
the necessary brake moment on an engine shaft

' ’ MY~ H
thax:MOmax(l“L—1 2] (10> m2).
o+
At the chosen materials of sectors of a brake disk and frictional pads
’tmax = 867 N'm
Let's consider a disk brake with one brake disk. For constructive reasons we ac-
cept the internal radius of a working zone of a disk R; = 9.3 - 102 m. Let's determine
the external radius of a working zone of a disk R,. The maximum pressure upon friction
surfaces arising during creation of the maximum brake moment M nax
p _ M'Emax _ [ p]
max — 45 = 5 - !
2 finaim Re F
where unaim 1S the smallest possible value of coefficient of friction for couple of mate-
rials of a disk and frictional pads under existing conditions works;

2(R§—Rl3)a
R =
i 3(R22—R12)\/2(1—cos )

F= a( R22 - R12 )/2 is area of contact of a pad and disk; [ p] is the maximum admissi-

IS equivalent radius of friction [2];

ble pressure in disk brakes for the considered frictional couple.
After transformations we will receive:

RZ:f/GM{maX\/Z(l—cos a) R
Hnaime| P )7
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We accept unaim = 0.38 (taking into account the dependences given in work [7]);
[p]=8.29 - 10° N/m?[2]. Then R, =1.8 - 10Im.

In work [8] it is shown that the maximum temperature on a surface of friction of
a disk reached at the end of braking is stabilized, since the third cycle including braking
to a full stop and dispersal. Let's expect temperature surfaces of friction of a brake disk
at the end of the third braking to a full stop. We will determine dimensionless temper-
ature on a friction surface in the course of heating by a formula [8]:

27Biy 5 2 Vo1,2(Vnp)(2+ 7oV 1, 2(21Vn)) .

& 2(p, 0,Fo)=

2
Bll, 2 +1n=1 vn(4—7z2p12Vo 1, Z(P_LVn))
Fo
x | Ki(Fo—7) @ 2(vn, 7)d7,
0

where 61, = (T12— Tn)/(Tq — Ty) are dimensionless temperatures (hereinafter the index
1 belongs to a disk, the index 2 belongs to frictional pads); T, , are temperatures; T, is
reference temperature of a disk and pads; Tq4 is admissible temperature on a friction

surface; p =r/ Ry, p1 = Ri/Ry; Fo=ast/ R22 Is Fourier's criterion (dimensionless time);

a1z = A12/ C12 712 are coefficients of heat diffusivity of a disk and frictional pads re-
spectively; A1, are heat conductivity coefficients; c; , are specific heat capacities; 1,
are densities; t is time; Biy, = 01,2R2/ A1 are Biot's criteria; o1 2 are heat emission coef-
ficients;

Vor.2 (Vne) =(Bin2Yo (V) = VY1 (Vn ) ) 30 (Vne) + (VnJ1 (V) ~ Bi2do (Vi) Yo (Vne)

are kernels of final integral transformation of Hankel on a variable p; Yy, Y1, Jg, J1
are Bessel functions; v, is the eigenvalues defined from the equation

(Vn J1(Vap1) +Big ZJO(VnPl)) (VnYl(Vn)_ Biy, 2Yo (Vn))_
—(vn J1(vn)—Big zJo(Vn)) (VnYl(VnP_L) +Biy Y (Vnpl)) =0;

;o
Ki=q(t) Ry /(Tg —Tp)A is Kirpichev's criterion; q(t):%j(l—tildr is ther-
tF o t

mal flow; a, is the angular speed of a disk in an initial instant; t; is braking time;

2 2ni2
o1 = e FOEL—(l—K) Biye* Bi; FOerfc((l—K) Biix/F_O)J;

JzFo
) (1-ap )V —aVAFo

2= AJ7Fo ;
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ap =A1an / (\//110171 +\//12027/2) is the coefficient of distribution of thermal

flows showing what part of heat generated at friction is taken away in a brake disk;

7l ﬂ ;
abilities; a=ay/ag; A=4y/ 4.
As can be seen from the figure, at the final moment of time the dependence of the

dimensionless temperature on the friction surface of the brake disc on the dimension-
less radius has a maximum at the point po = 0.78.

Kk=af2r, erfcx = ~? dr=1-erf x; erf x= - dz is integral of prob-

fo
-
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Fig. Dependence of the dimensionless temperature on the surface of the brake disc on
the dimensionless radius at the end of braking

During cooling we will determine dimensionless temperature on a surface of fric-
tion from a ratio which conclusion is similar provided in the monograph [4]:

2 V. Fo
27 0 01 2(Vnp) I?]l 2(Vn, )dT+U1,2,
Bll 2+1 n=1 4 — 7Z' PL VOl 2(Vnp_|_)

dy ,F
T 2 =C1 o Xp [—(dllz—Bifz)}{eXp ( 1,2 0)_ dy 5 exp (dLZFo)—l

&, 2(p, 0,Fo)=

J7Fo

where ¢ =UsBi; ¢p =v/a U, Bip; Uy 2 =(Tic, 2~ Tn)/(Ta —Tn ) At repeated heat-
ing instead of T,, it is necessary to substitute the maximum temperature on a surface

of friction of a disk at the end of the cooling period. Ty 1 » is the maximum tempera-

ture at the end of the heating period on a friction surface; d; = v,%; dy = avrzl.

Temperature is defined from a ratio

T 2=6 2(Tg—Tn)+Tn .

Calculation is feasible in the assumption that the disk is not broken into sectors
and is made either of steel 45 HV 415, or of the GCI 15-32 HV 200 gray cast iron at
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the following input data: @, =201,39 rad/s (corresponds to the linear speed of the
engine y =5 m/s); braking time t; =21 s; dispersal time t, =29 s; Tp =25 °C;

Ty =240 °C. For the disk made of steel 45 HV 415, a=13-10"° m?/s;
a,=67-10"8 m?/s; 4 =45-100 Wt/(m-°C); 4y =5,1-10"F Wt/(m-°C); ¢; =461
JI(kg-°C); ¢y =963 J/(kg-°C); o1 =44 Wi/(m-°C); op =8 Wt/m-°C. For the disk

made of the GCI 15-32 HV 200 gray cast iron, a, =17-10"> m?%/s; 4 =6,3-10!
Wt/(m-°C); ¢ =502 J/(kg-°C); o1 =44 Wt/(m-°C). Then the maximum temperature

at the end of the third braking on a surface of friction of a brake disk from steel 45 HV
415 T; =198 °C, and on a surface of friction of a brake disk from the GCI 15-32 HV

200 gray cast iron is Ty =206 °C. Thus, taking into account the dependences given in

work [7] in specific mine conditions at the end of the third braking to a full stop the
maximum temperature on a surface of friction of a multisector disk will not exceed
admissible value.

Conclusions. On the basis of mathematical modeling of rational parameters of
basic elements of a disk brake of the mine locomotive with a multisector brake disk the
maximum temperature and the largest pressure on its working surface are determined.
It is established that at the chosen parameters of a disk brake with a multisector disk in
specific mine conditions at the end of the third braking to a full stop the maximum
temperature on a surface of friction will make no more than 206 °C, 1.e. will not exceed
admissible value.
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AHOTAIIA
Merta. /1511 BUOpaHUX HIISIXOM MaTE€MaTHYHOTO MOJIEIIIOBAHHS palliOHAIBHUX ITApaMeTPiB OCHOBHUX
eJIEMEHTIB AMCKOBOTO TajIbMa MIaXTHOTO JOKOMOTHBA 3 0araTOCEKTOPHUM TaJIbMOBUM JAUCKOM 00YH-
CIIUTH KOOPJMHATH MaKCUMAJIbHOI TeMIIepaTypy Ta HaHOUIBIINI THUCK HA poOOYiil MOBEPXHI.

Metoauka. /Iy 3HaX0PKEHHSI KOOPIAMHAT MAaKCHMAJIbHOI TeMIIEpaTypH 1 HAWOUIBIIOrO THCKY Ha
po6oUili mo-BepXHI JUCKOBOTO TaJibMa 3 0araTOCEKTOPHUM TaJIbMOBUM JIMCKOM IPU BUOpaHUX palli-
OHAJIbHUX MapameTpax 0yJio IPOBEIEHO MaTeMaTHYHe MOJICIIIOBAHHS TeMIIepaTypH 1 TUCKY Ha TIOBe-
PXHi TEpPTSL.

Pe3yabraT. Ha 0CHOBI MaTeMaTUYHOTO MOJICIIOBAHHS 3HAI/IEHI MaKCUMaJlbHA TeMIiepaTypa Ta ii
KOOPAMHATH 1 HAOLIBIINI TUCK Ha pOOOUiil MOBEpXHI AUCKOBOTO rajibMa 3 0araToCEKTOPHUM Tallb-
MiBHUM auckoM. [TokaszaHo, 1110 MaKCUMallbHa TeMIlepaTypa Ha MOBEPXHi TEPTS OCHOBHUX €JIEMEHTIB
JMCKOBOTO TaJIbMa 3 BUOPaHUMU TTapaMeTPaMHU B CHICIIU(PIYHUX MAXTHUX YMOBaX P HAHOUIBIN HE-
CHPUATIUBUX YMOBaX poOOTH HE MEPEBUIIUTD JOMYCTHUME 3HAUCHHSI.

HaykoBa HoBu3Ha. Po3po0iieH0 MaTeMaTH4Hy MOJIENh ralbMyBaHHS IIaXTHOTO JIOKOMOTHBA JHC-
KOBUM TaJIbMOM, III0 CTBOPIOE HA OCI KOJIICHOI MapH MyJbCYIOUUH TaJbMOBUN MOMEHT, SKHH 3aie-
KUTH B 11 KyTOBOi KOOpJIMHATH, 3 YpaxXyBaHHSAM HENIHIHHOT 3aIeKHOCTI Koe(illieHTa 34YeTIeHHS
BiJl BITHOCHOTO KOB3aHHS, Ha 0a3i sIK01 BCTAHOBJICHI ITapaMeTPH FaJIbMOBOTO MOMEHTY, 1110 JI03BOJISI-
I0Th MOJIMIIUTH FAIbMOBI XapaKTePUCTUKH.

IIpakTnyHa 3Ha4uMicTh. Po3p0o6seHO HayKOBO OOIPYHTOBaHY iH)KEHEpHY METOAMKY BUOODY parli-
OHAJILHUX MapaMeTpiB JUCKOBOTO TajbMa IMIaXTHOTO JOKOMOTHBA Ta BU3HAUEHHS JTUHAMIYHMX 1 Ki-
HEMAaTUYHMUX XapaKTEePUCTHK MMPUBOAA IIAXTHOTO JOKOMOTHBA IIPU TalbMyBaHHI AUCKOBUM raJlbMOM
13 0araToCeKTOpHUM JMCcKOM. OTpUMaHO aHANITHYHUN PO3B’ 30K 3a7ja4l HECTAI[IOHAPHOI TEIIONPO-
BIJTHOCTI PO 3HAXOJKEHHS TEMIIEPaTypHOTO MOJIs, 10 BUHUKAE B TaJIbMOBOMY JHMCKY Ta (PUKIIIH-
HUX HAKJIAJKaX JUCKOBOTO TajbMa IIaXTHOTO JIOKOMOTHBA IPU BUKOHAHHI HAKIIAJIOK Yy BUTIISII Ki-
JBIIEBOTO CEKTOpa, Ha MiACTaBl SIKOTO 3HaWJIeHa 3aJIeXKHICTh BIJTHOCHOI TeMIIEpaTypu Ha MOBEPXHIi
TEPTsI FaJIbMIBHOT'O TMCKA BiJl 4acy MpH [UKIIYHOMY TaJIbMyBaHHI.

Knwuoei cnoea: ¢ppuxyitina napa, koegiyienm 3uennenus, OUCKOe 2albMO, 2aNbMIGHUN MOMEHM,
KOJleco IOKOMOMUBA, peuKko8a KOlisl.
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