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Merta. /][5 BHOpaHUX IUIIXOM MaTeMaTHYHOI'O MOJICTIOBAHHS PalliOHaIbHUX MTapaMeTPiB OCHOBHUX eJleMe-
HTIB JIUCKOBOT'O TajJlbMa [IaXTHOTO JIOKOMOTHBA 3 0araTOCEKTOPHUM T'aJIbMOBUM JHCKOM OOUMCIMTH KOOPIUHATH
MaKCHMaJIbHOT TeMIIepaTypH Ta HalOLIbIINIT THCK Ha poOoyYiil MOBEPXHI.

Metonuka gociixzkeHHs. [ 3HaX0KESHHSA KOOPIMHAT MAKCUMAIILHOT TeMIIepaTypH i HaliG1IbIIOTro THCKY
Ha poOoYill MOBEPXHi JUCKOBOTO rajbMa 3 0araTOCeKTOPHUM TaJbMOBHM JHCKOM IPH BUOPAaHUX PalliOHANIbHHX
napaMmerpax 0yJio IpOBEICHO MaTeMaTHYHE MOJICTIOBAHHS TEMIIEPATYPH i THCKY Ha OBEPXHi TEPTL.

Pe3yabTaTi gociaixkenHs. Ha 0CHOBI MaTeMaTHYHOTO MOJICTIFOBAHHS 3HAMICHI MAKCHMAJIbHA TEMIIEpaTypa
Ta i KOOPAWHATH 1 HAMOLTPIIMK THCK Ha poOO0Uiil MOBEpXHI TUCKOBOTO TajbMa 3 0araToCEKTOPHUM T'aJbMOBUM
nuckoM. [TokasaHo, o MakcHMMalbHa TeMIlepaTypa Ha HOBEPXHi TEPTs OCHOBHHX €JIEMEHTIB IUCKOBOTO rajbMa
3 BUOpaHUMH IapaMeTpaMy B CrielU(iYHNX IAXTHUX YMOBAX NP HAHOUIBII HECOPUSTIMBUX YMOBaX poOOTH He
MEPEBUIINUTH JOIYCTUME 3HAUCHHSI.

HaykoBa HoBu3Ha. Po3po0iieHO MaTeMaTH4Hy MO/IENb rallbMyBaHHS IIaXTHOT'O JIOKOMOTHBA JIMCKOBUM Ia-
JIBMOM, IO CTBOPIOE HA OCI KOJIICHOT Napy MyJIbCYIOYHid ralbMOBHI MOMEHT, SIKMH 3aJIEKHUTh BiJI ii KyTOBOT KOOp-
JIUHATH, 3 ypaXyBaHHAM HEJIIHIHHOI 3aJIe)KHOCTI KoeilieHTa 3UeIUICHHS Bil BIIHOCHOTO KOB3aHHs, Ha 0a3i Kol
BCTAHOBJICHI TapaMeTpH rajJbMOBOI'O MOMEHTY, IO JO3BOJISIOTH HOJIIIIATH TaIbMOBI XapaKTePHCTHKH.

IIpakTHyne 3Ha4YeHHsA. Po3po0IieHO HAyKOBO OOIPYHTOBaHY iHXXCHEPHY METOAUKY BHOOPY paliOHaTbHHX
HapaMeTpiB JUCKOBOTO ralbMa IaxTHOTO JIOKOMOTHBA Ta BU3HAUCHHS IUHAMIYHMX 1 KIHEMaTHYHUX XapaKTepHC-
THK MPUBOJIA IIAXTHOTO JIOKOMOTHBA [P T'AJIbMYBaHHI JHUCKOBHM TIBMOM i3 0araToceKTOpHUM JuckoM. OTpu-
MaHO aHAJITUYHHH PO3B’A30K 33jadi HECTAlliOHAPHOI TEIUIONPOBIIHOCTI MPO 3HAXODKEHHS TEMIEpaTypHOro
TOJISl, [0 BUHUKAE B FAJEMOBOMY JMCKY Ta (QDPUKLIHHHMX HAKJIaIKax AUCKOBOTO rajbMa IIaXTHOTO JIOKOMOTHBA
NPY BUKOHaHHI HaKJIJIOK Yy BUTJISII KIIBIIEBOTO CEKTOPA, Ha MiZCTaB1 SIKOTO 3Hai/IeHa 3aJIe)KHICTh BITHOCHOI Te-
MIIepaTypH Ha IOBEPXHI TEPTs raibMOBOIO JIMCKA BiJl 4acy MPH LHUKIJIIYHOMY TajbMyBaHHI.

Knrouosi cnosa: ¢puryiiina napa, koepiyicnm 3uenjienns, OUCKO8e 2aibMO, 2AbMOGUI MOMEHM, KOIeCO
JIOKOMOMUSA, Petikosa Kois.

Introduction. Force of adhesion of wheels of the locomotive with rails depends both on a condition of a
railway line, and on conditions of interaction of frictional couple a wheel rail [1]. Much attention is paid to research
of implementation process of the greatest possible force of adhesion. The key parameter characterizing the force
of adhesion of wheels with rails is the coupling coefficient. The brake moment created on a wheel by a wheel and
block brake depends on the speed of the movement of the mine locomotive, a condition of a railway line and
heating of a brake shoe that does not allow to implement possible coefficient of coupling fully. The disk brakes
applied in transport systems have no this shortcoming [2].

The technique of the choice of the constant brake moment enclosed to an axis of wheel couple is given in
work [3]. For the purpose of prevention of failure of coupling and the movement of wheels the skid (at the same
time force of adhesion sharply falls and flats on wheels are formed) for miner electric locomotives recommends
to implement 80% of the greatest possible brake moment.

The strongest impact on reliability of work of a brake mechanism is exerted by temperature condition. Un-
derestimation of the thermal phenomena in brakes of modern machines can lead to a deviation of their performance
data from rated and even to accident [2]. In relation to brake mechanisms of mine locomotives safety issues are on
the first place. The brake overheat above maximum permissible temperature can become a cause of explosion of
methane-air mixture and death of people. Thus, thermal calculation of elements of a brake mechanism of any
machine working in mine - one of the most important tasks at its designing.
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In the monograph [4] the problem of heating and cooling of a disk brake of mine hoist engines at the coeffi-
cient of mutual overlapping of a disk and frictional pads of blocks equal to unit is considered.

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

Solving of the Problem. Let’s consider the choice of rational parameters of a disk brake with a multisector
brake disk on the example of the mine E10 locomotive. Considering design features of an eight-wheel mine electric
locomotive of E10, it is reasonable to place a disk brake on a shaft of the engine of each drive cart. It will allow to
create two disk brakes the brake moment on all four axes. At placement of disk brakes on axes of four wheel
couples their quantity would double. Besides, the necessary brake moment on an axis of wheel couple M, is
significantly more than necessary brake moment on an engine shaft M{ (M, =uM;/2where u — a gear ratio of a

reducer). Therefore, it would lead to increase in the geometrical sizes and a moment of inertia of brake disks, or
to increase in their quantity, i.e. would complicate a design of brake system and would 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 temperature, speed and pressure. Take its smallest possible
value for the considered frictional 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 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 HB 415 and the CY 15-32 HB 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 = n/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, 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 conclusion that dependence of the pulsing braking moment on an engine shaft from the angular
coordinate of a shaft of the engine ¢, can with sufficient degree of accuracy be described by expression

M{ =2(Mg - Asin(n(pz))/u =Mg—A’sin(n'g;) =

=M (1= A sin(ngy)) = Mg | 1-EE2sin(n'e) | (g > wy), Q)
M1+ Ho

where My, Mg — constant components of the moments of braking respectively on an axis of wheel couple and

on an engine shaft; n, n’ — numbers of the periods of a sinusoid for one turn according to an axis of wheel couple
and a shaft of the engine; ¢, —angular coordinate of an axis of wheel couple; A, A" —amplitudes of fluctuations

of variable components of the moments of braking on an axis of wheel couple and on an engine shaft; A" = A/M g
; M1, Mo — 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]:

(%—ms—mjy:—[cys(y—y3)+By3(y—5’3)+Cy4(y—y4)+[3y4(5’—y4)};

m3Yiz =Cya(y—V3)+Bya(V - V3)+Fs(S3);
My ¥4 =Cya(y—Ya)+Bya(V—Ya)+Fas(Ss4)

1363 = —[ Co3(03-02)+Bo3(@3-62)+rFs(S3)] ;

1494 :—[ Coa(®s=92) +Bpa(Ps—¢ )+"F4(S4)J

l262 = Cy3 (@3 = 02) + By3(P3 = 92)+ Cos (04— 92) +Boa (04 —92)—uUM{/2,
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wherey, y;, y, — linear movements of the locomotive and corresponding wheels; y, y,, y, — linear speeds;
, Y3, Vs — linear accelerations; F3 = y3(S3)mg/8, F, =w,(S4)m g /8 —forces of adhesion of the correspond-

ing wheels; 3 = kl[ th(k,S3)—k3S3 + k4S§J Yy = kl[ th(k,S4)—ksSy + k4sﬂ — coefficients of coupling
of the corresponding wheels (in the mode of braking accept negative values); k;, k, , k3, k, —numerical coeffi-
cients of the mechanical characteristic of frictional couple; Sg = (dar —V3)/Vs . S4 = (047 —V4)/Vs — relative
slidings of the corresponding wheels; ¢, , ¢3, ¢, — angular accelerations of an output shaft of a reducer and the
corresponding wheels; r — radius of a circle of swing of wheels; m; — mass of the locomotive; g — acceleration

of gravity; M{ — the braking moment on an engine shaft.

When calculating we will use geometrical, weight, elastic and 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.

me =m, =10 kg. Let's set the initial speed of the engine Vo =1 m/s. Numerical coefficients of the mechanical
characteristic of frictional couple k;, k,, ks, k, 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 Mg > 766 N-m. Thus, the maximum value of a
constant component of the moment of braking on an engine shaft Mg, = 766 N- m. The maximum instantane-
ous value of the necessary brake moment on an engine shaft

' / H1 —H2
'vltmax:’lemax{l+ j (H1>H2)-
My +H2

At the chosen materials of sectors of a brake disk and frictional pads M{ ., =867 N-m.
Let's consider a disk brake with one brake disk. For constructive reasons we accept the internal radius of a

working zone of a disk R; = 9,3-1072 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.,

o B M { max [p]
max — 5 o = )
2l paim Re F

where p..im — the smallest possible value of coefficient of friction for couple of materials of a disk and frictional

2(R} -R)a

pads under existing conditions works; R, = — equivalent radius of friction [2];

3(R} -R{)y2(1—cos a)

F= (x( RS - R? )/2 — area of contact of a pad and disk; [ p | — the maximum admissible pressure in disk brakes

for the considered frictional couple.
After transformations we will receive:

M/ 2(1-
R2=36 tmax 2 ( COSQ)+R13.
Hnaim(x[p]rE

We accept i, = 0,38 (taking into account the dependences given in work [7]); [ p]=8,29 10° N/m2

[2]. Then R, =1,8-107* m.

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
temperature on a friction surface in the course of heating by a formula [8]
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2mBiy, 5 = Vo1, 2(Vap)(2+mp1Vo 1, 2 (P1Vn)) y

el, 2 (p* 0, FO) = .2
Bly 2 +1 n1 Vn(4—Tf2 pIVo 1 2(01Vn))
Fo
X I Ki(FO—‘c) 0, 2(Vn’ r)d‘c,
0

where 6, , = (Tl, 2—Th )/(Td -T,) — dimensionless temperature (hereinafter the index 1 belongs to a disk, 2 —
to frictional pads); T, , —temperature; T, — reference temperature of a disk and pads; 7y — admissible tempera-
ture on a friction surface; p=r/R,; p;=R//R,; Fo= alt/Rz2 — Fourier's criterion (dimensionless time);
a2 =M, 2/C1, 211, 2 — coefficients of heat diffusivity of a disk and frictional pads respectively; 2, , — heat
conductivity coefficients; €1 2 - specific heat capacities; V12 - density;
t - time; Bij,=0y,R /Ay, — Biots criterion; o, - heat emission coefficients;
transformation of Hankel on a variable p ; Yy, Y;, Jg, J;— Bessel functions; v, — the eigenvalues defined from
the equation

(Vn 31 (Vap1) + Biy, 230 (Vap1)) (VaY1(vn) - Big, 2Yo (Va)) -

~(VaJ1(vn) = Big, 239(Vn)) (VaY1(Vap1)+ Bit, 2¥o (Vap1)) = 0;

- . M{o, !
Ki=q(t) Rz/(Td —Tp, )2, — Kirpichev's criterion; q(t) = tt—;:”j [1—%} dt —thermal flow; o, — the angu-
t 0 t

lar speed of a disk in an initial instant; t, — braking time;
2
(1_ oip ) \/; e—avn Fo

2 252
¢ = oy e " FO[;—(].—K) Bije® B4 Foerfc((l—x) BilxlFo)J Ly = ;
nFo A 4fnFo

oy = \/xqul/(JquYl +\/x2 Czyz) — the coefficient of distribution of thermal flows showing what part of

_ . . . 2 % 2
heat generated at friction is taken away in a brake disk; x=oa/27%, erfcx:Tje T dt=1-erf x;
T x
2 X 2 .
erf X:Tje * dt —integral of probabilities a =a,/a; ; A =4,/ .
To

Dependence of dimensionless temperature on a surface of friction of a brake disk from dimensionless radius
in a final instant has a maximum in a point p, =0,78.

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

2 0 \Y; Vv Fo
_22n 20;2( L [y, 2(Vn t)dT+Uy 5,
Bif +1n-1 4-7"p1 Vo1 2(VaP1) 0

exp (—dq oFO
Ny 2 =Cp o EXP [—(dlyz—Bifzﬂ[M_ ,dl,ZeXp (dlyzFo)—l ,

6, 2(p, 0, Fo) =

«/nFO
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where ¢; =U; Biy; ¢, =va Uy Biy; Uy » =(Teq, 2 —Tn)/(Tq —T, ) - At repeated heating instead of T, itis nec-
essary to substitute the maximum temperature on a surface of friction of a disk at the end of the cooling period.

Ty 1, » — the maximum temperature at the end of the heating period on a friction surface; d; = vZ;d,=av?.

Temperature is defined from a ratio

T, 2=0y 2(Tg—To)+ Ty -

Calculation is feasible in the assumption that the disk is not broken into sectors and is made either of steel 45
HB 415, or of the CY 15-32 HB 200 gray cast iron at the following input datas: o, = 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; T, =25 °C;
T, =240 °C. For the disk made of steel 45 HB 415, a, =1,3-10° m?/s; a, =6,7.10° m?/s; 2, =45.10"
Wt/(m- °C); A, =5,1-107 Wit/(m- °C); ¢; = 461 J/(kg- °C); c, =963 Ji(kg- °C); o, =44 Wt(m- °C); o, =8
Wt/m-°C . For the disk made of the CY4 15-32 HB 200 gray cast iron, a, =1,7-10"> m?2/s; 4, = 6,3-10" Wt/(u
-°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 HB 415 T, =198 °C, and on a surface of friction of a brake

disk from the CH 15-32 HB 200 gray cast iron — T; = 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.

1. 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.

2. 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, i.e. will not exceed admissible value.
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AHHOTAIUS

Hean. /{5 BHIOpaHHBIX MyTEM MaTeMaTHYECKOTO MOJEIMPOBAHUS PALMOHAIBHBIX TAPaMETPOB OCHOBHBIX
3JIEMEHTOB AUCKOBOTO TOPMO3a MIaXTHOTO JJOKOMOTHBA ¢ MHOTOCEKTOPHBIM TOPMO3HBIM JIUCKOM BBIUUCIIUTH KO-
Op/IMHATHl MaKCUMAaJILHON TEMIIEpaTypbl U HanOoJIblIee JaBlIeHHEe Ha paboyel TTOBEPXHOCTH.

MeToauka ucciaenoBanus. s HaxoXIeHNUS KOOPJMHAT MAaKCUMAaJIbHOW TeMIIEpaTypbl U HauOOJBIIETO
JaBIICHUS Ha pabodell MOBEPXHOCTH IUCKOBOI'O TOPMO3a C MHOTOCEKTOPHBIM TOPMO3HBIM JANCKOM IIPH BBHIOpaH-
HBIX ONITUMAJIBHBIX ITApaMeTPax ObIJIO MPOBEIECHO MATEMaTHIECKOE MOIETMPOBAaHNE TEMIIEPATYPHI U JABICHUS Ha
MOBEPXHOCTH TPCHHUS.

Pe3yabTaTsl uccaegoBanus. Ha ocHOBe MaTeMaTHUECKOTO MOJICTMPOBAHNS HalAEHBI MAKCUMaNIbHAsI TEM-
neparypa u e€ KOOpIUHATHI 1 HanOoJIbIIee NaBICHUE HAa paboyel ITOBEPXHOCTH TUCKOBOTO TOPMO3a C MHOTOCEK-
TOPHBIM TOPMO3HBIM JUCKOM. IlokazaHo, 4TO MakCHUMalbHAs TEeMIIepaTypa Ha IMOBEPXHOCTH TPEHUS OCHOBHBIX
3JIEMEHTOB JJCKOBOI'O TOPMO3a C BBIOPAHHBIMH ITapaMeTpaMy B ClENU(HYECKUX IAaXTHBIX YCIOBUSX IPU Hanbo-
Jiee HeONMaronpPUsATHBIX YCIOBUSIX pabOThl HE MIPEBBICUT JOIYCTUMOE 3HaYECHHE.

Hayunas nHoBu3na. Pa3zpaborana MaremaTrnueckast MOJIENIb TOPMOKEHHS [IaXTHOTO JIOKOMOTHBA TUCKOBBIM
TOPMO30M, CO3AAIOLINM Ha OCH KOJIECHOM Mapbl MyJbCUPYIOMUII TOPMO3HONM MOMEHT, KOTOPBIN 3aBUCHUT OT €€
YIJIOBOM KOOpPAMHATHI, C yYETOM HEJIMHEHHOHW 3aBHCHMOCTH KOX((HIMEHTAa CLEMJICHUS OT OTHOCHTEIHHOTO
CKOJIbXKEHUS, Ha 0a3e KOTOPOH yCTaHOBJIEHBI NTapaMeTPhl TOPMO3HOTO MOMEHTA, MO3BOJISIONINE YIIyYIIUTh TOP-
MO3HBIE XapaKTEPHCTHKU.

IIpakTHyeckoe 3HayeHne. Pa3paborana HaydHO OOOCHOBaHHAsi MHXXEHEPHAs METOAMKA BHIOOpA pammo-
HaJIbHBIX IaPaMETPOB JUCKOBOTO TOPMO3a HIAXTHOTO JIOKOMOTHBA U ONIPEAEICHUS TMHAMHUYECKUX ¥ KHHEMATH-
YEeCKHX XapaKTePUCTHK MPUBOA ITAXTHOTO JIOKOMOTHBA IIPH TOPMO>KEHUH ANCKOBBIM TOPMO30M C MHOTOCEKTOP-
HBIM aucKoM. [TomydeHo aHamuTHYeCKOoe pelIeHNe 3a1a4y HECTAIIMOHAPHON TETIIONPOBOIHOCTH O HAXOXKACHUH
TEeMIIEPaTyPHOTO MOJIsI, BO3HUKAIONIETO B TOPMO3HOM AMCKE M (DPUKIMOHHBIX HAKIJIQJKaX JUCKOBOIO TOPMO3a
IIAXTHOTO JIOKOMOTHBA TPH BBHIMOJHEHHHM HAKJIAJAOK B BUIE KOJBIIEBOIO CEKTOpa, HA OCHOBAaHHUU KOTOPOTO
Hali/leHa 3aBHUCHMOCTh OTHOCHTEJIFHON TeMIIepaTyphl Ha IMOBEPXHOCTU TPEHHS TOPMO3HOTO JUCKA OT BPEMEHH
MPU IMUKJINIECKOM TOPMOKCHHH.

Kniouesvie cnosa: ppuxyuonnas napa, kodg@uyuenm cyenienus, OUCKObLI MOPMO3, MOPMOSHOU MOMEHM,
K0.J1ecO JIOKOMOMUBA, PelbCOBbIL 1YMb.

ABSTRACT

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

Research Methodology. To find the coordinates of the maximum temperature and maximum pressure on
the working surface of a disc brake with a multi-sector brake disc at the selected optimal parameters, mathematical
modeling of temperature and pressure on the friction surface was carried out.

Research Results. On the basis of mathematical modeling, the maximum temperature and its coordinates
and the highest pressure on the working surface of a disc brake with a multi-sector brake disc are 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 operating conditions will not exceed the per-
missible value.

Scientific Novelty. A mathematical model has been developed for braking a mine locomotive with a disc
brake, which creates a pulsating braking moment on the wheelset axis, which depends on its angular coordinate,
taking into account the nonlinear dependence of the adhesion coefficient on relative slip, on the basis of which the
parameters of the braking torque are specifications.

Practical Significance. A scientifically substantiated engineering method has been developed for selecting
rational parameters of a disc brake for a mine locomotive and determining the dynamic and kinematic character-
istics of a mine locomotive drive when braking with a disc brake with a multi-sector disc. An analytical solution
to the problem of unsteady thermal conductivity is obtained on finding the temperature field arising in the brake
disc and friction linings of a disc brake of a mine locomotive when linings are made in the form of an annular
sector, on the basis of which the dependence of the relative temperature on the friction surface of the brake disc
on time is found. with cyclic braking.

Keywords: frictional couple, coupling coefficient, disk brake, brake moment, locomotive wheel, railway line.

Pekxomenoosano 0o opyky: k-mom mexu. Hayx, ooy. Ilunnenxosum /I.B.
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