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Abstract

An increase in the rate of coal mining and a reduction of its prime cost can be ensured by comprehensive
mechanization and automation of the system of mine auxiliary transport through the widespread introduction
of overhead monorail tracks. The potential use of mine monorail tracks are conditioned by the following
factors: low payload ratio of the train; reduction of the mine workings cross-section area due to transfer of
auxiliary transport to the upper part of the workings; high operational safety; as well as the possibility of
dismantling the track in the unused sections and subsequently installing it in new mine workings. The use
of rubberized rollers in the drives of mine monorail locomotives enables the coefficient of adhesion of the
wheel with the monorail to be increased. It also reduces dynamic loads and the noise level during operation.
The purpose of this research is to assess the durability of polymeric rims of drive wheels for mine monorail
locomotives, taking into account their operating conditions. Stress distribution over the contact area of the
wheel rim with the monorail was determined, enabling the development of measures to increase the service
life of drive wheels of mine monorail locomotives to be developed. It was established that the effect of the
monorail track deformation has no significant impact on the durability of drive wheel rims of mine monorail
locomotives. A mathematical model was obtained to determine the durability of drive wheel polymeric rims,
taking into account the maximum dynamic forces arising during the contact of drive wheels with the monorail.
The durability of wheel polymeric rims of mine monorail locomotives was assessed in accordance with the
Bailey criterion with regard to the maximum values of dynamic contact loads arising during the monorail train
movement. It was also established that an increase in the carriage mass from 20 to 47 kN leads to 32 % less
durability of a monorail locomotive drive wheel rim (from 8700 to 5900 hours).
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AHHOTauusa

VBenuueHue TeMIIOB /106]31‘11/1 VIVISI I CHVDKEHME ee ce6eCcToMMOCTY MOKeT ObITH 06eCcreueHo ITyTeéM KOMIIJIEKC-
HOI1 MeXaHM3aluM 1M aBTOMaTU3alM CUMCTEMbI HIaXTHOI'O BCIIOMOT'aTE€/IbHOI'O TPAHCIIOPTA 3a CYET IIMPOKOTO
BHeOPEHMs ITIOABECHBIX MOHOPEIbCOBBIX MOPOT. HepCHEKTI/IBHOCTb VICITOJTb30BaHMS MIAXTHBIX MOHOPEIbCO-
BbIX JOPOT 00YC/IOB/IEHA HM3KMUM KO3 (MUIMEHTOM Tapbl COCTaBa; CHMKEHMEM TUIOIIAIM CeYeHMs BhIpaboTOK
3a CYeT BbIHECEHMS BCIIOMOIaTE€/JIbHOI'O TPAHCIIOPTAa B BEPXHIOIO YaCTh BpraﬁOTOK; BBICOKOJ 6€30I1aCHOCTHIO
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9KCITTyaTallXy; BO3SMOXKHOCTBIO IEMOHTasKa JOPOTY Ha HEMCITO/Mb3yeMbIX YUaCcTKaX ¥ MOCJIeAYIOIero MOHTa-
’Ka B HOBBIX BhIpaboTKax. VICIonb30BaHye 06pe3MHEeHHbIX POIIMKOB B IIPUBO/IE IAXTHBIX MOHOPEIbCOBBIX JIO-
KOMOTMBOB I103BOJISIET ITOBBICUTh KOO PUILMEHT CLIeIIEHMS Kojleca C MOHOPEIbCOM, CHU3UTh AYMHAMUYECKIe
Harpy3Ky ¥ YPOBEHbD IIIyMa B IIpolLiecce SKCIuTyaTalny. Lleybio 1cciemoBaHMii SIBISIETCS OLieHKa TOJITOBEUHO-
CTY TIOIMMEPHBIX 0001beB MPUBOIHBIX KOJIEC IIAXTHBIX MOHOPEIbCOBBIX IOKOMOTMBOB C YUETOM YCIOBUIA UX
akcruTyatauuu. [lomydeHo pacrpeesieHe HaNpsKeHMi 1o MSTHY KOHTaKTa 0007a Kojeca C MOHOPETbCOM,
YTO IIO3BOJIUT Pa3paboTaTh MEPOIPUITHS TI0 TOBBIIIEHMIO CPOKA CTY>KObI IIPUBOIHBIX KOJIEC IMAXTHBIX MO-
HOPEJIbCOBBIX JIOKOMOTMBOB. YCTAaHOBJIEHO, YTO BAMSIHME TeGopMalyii MOHOPEIbCOBOTO IIyTU HE OKa3bIBAeT
CYIIeCTBEHHOTO BAMSIHMS Ha TOJITOBEYHOCTh 060IbE€B MPUBOIHBIX KOJIEC LIAXTHBIX MOHOPEIbCOBBIX IOKOMO-
TMUBOB. IlojlyueHa MaTeMaTuyecKkass MOZE/b IJIs1 OTpeaesieHNsT AOJITOBeYHOCTY TIOJIMMEPHbIX 060beB Mpy-
BOIHBIX KOJIEC C YUETOM MaKCUMAaJIbHbBIX OMHAMUUECKUX YCUIMI, BOSHUKAIOIIMX IIPY KOHTAKTe IPUBOIHBIX
KoJieC ¢ MOHOpebcoM. [IpoBefieHa OIleHKa HOJTOBEYHOCTH IOJMMEPHBIX 000beB KOJIeC IMaXTHBIX MOHO-
PEJIbCOBBIX IOKOMOTUBOB B COOTBETCTBIUM C KpUTepueM beilyin ¢ yueToM MaKCMMa/IbHbIX 3HAUEHWIT TMHAMM-
YeCKMX KOHTAKTHBIX HArpy30K, BOSHMKAIONIMX IIPY ABMKEHMIM MOHOPEIbCOBOIO COCTaBa. YCTaHOBJIEHO, UTO
yBenueHye Macchl Teeskku ¢ 20 1o 47 KH MpUBOAUT K CHYKEHUIO JOJITOBEYHOCTY 060/1a IIPUBOHOTO KoJieca
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MOHOPEIbCOBOTO JIOKOMOTHMBA Ha 32 % (c 8700 mo 5900 u).

KnioueBble cnoea

IIaXTHAass MOHOPEIbCOBAsI IOPOTa, MOHOPEThCOBbII IOKOMOTHUB, IOJITOBEUHOCTh, CPOK CITY3KObI, IIPUBO/I, TIOJIM-
MepHbIiT 060, IIOABECHOI MOHOPEJIbC, XOM0Basl TeJIEKKA, IMHAMUYECKIe HATPy3KN
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Introduction

One way to increase coal production is to increase
labor productivity. One important fact in this regard is
the connectivity, comprehensive mechanization and
automation of the mine auxiliary transport system
by means of wide introduction of overhead monorail
tracks becomes of great importance.

The potential of the use of monorail tracks in
mines are conditioned by a number of essential
advantages of this transport type: low payload ratio of
the train; transfer of auxiliary transport to the upper
part of the workings, enabling a substantial decrease
in the section area and thus the capital expenditures
for their construction; high safety of operation both
at high and low speeds; simple automation; as well
as possibility of dismantling the track in the unused
sections and subsequently installing it in new mine
workings.

The use of rubberized rollers in the drive of mine
monorail locomotives enables the coefficient of
adhesion with the monorail to be increased. It also
enables a reduction in the dynamic loads and the
noise level during operation. Therefore, the issue of
the effect of mine monorail locomotives operating
conditions on the durability of drive wheel polymeric
rims is relevant.

Review of researches and publications
A number of papers of scientific-research and
design organizations are dedicated to the design
and upgrading of drives for monorail locomotives
used in mines. The methods of calculating the
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main parameters and operating conditions for drive
wheels of mine overhead monorail locomotives,
as considered in scientific publications, do not
fully reflect the effect of the interaction of the
drive wheels with the monorail with regard to
their durability. The synthesising of multipurpose
methods on the effect of operating conditions of
mine monorail locomotives on the durability of drive
wheel polymeric rims is a very complex scientific
task. Analysis of computational and theoretical bases
aimed at developing drives for overhead monorail
locomotives shows the necessity of assessing the
effect of their operating conditions on the durability
of drive wheel polymeric rims.

Results of studies of the winch wheel rolling
process aimed at increasing the draft force when
driving on slopes are presented in [1]. The authors
substantiate the possibility of increasing the
tangential draft force by means of increasing the
coefficient of adhesion between the wheels and the
monorail by making winch wheels out of friction
materials. This paper, however, does not address
the issues of assessing the durability of drive wheel
polymeric rims.

The study in [2] proposes a design of the mine
locomotive drive which provides increased draft
and braking properties due to the use of additional
rubberized rollers kinematically connected with
the drive wheels. The use of friction materials for
roller lining allows the draft force and coefficient of
adhesion to be increased up to 0.35...0.45 and the
braking distance to be reduced. The above studies
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refer to the draft-braking properties of monorail
locomotives, but do not cover the very relevant issue
of studying the effect of increasing the coefficient
of adhesion of additional rubberized rollers with
a monorail on durability.

The results of studying the process of interaction
between the drive carriage and the monorail using the
original simulation model are presented in [3, 4]. The
additional deformations of the monorail track due
to inertial components arising in the process of the
monorail train movement have been assessed, and the
maximum dynamic loads arising in the "carriage-rail"
system have been determined. The main provisions
of the work under study do not reflect the effect of
dynamic loads on the drive wheels.

Significant works are dedicated to the simulation
of loads and justification of design parameters of
tough elastic elements, justification of geometrical
parameters of rubber-polymeric drive drums of a belt
conveyor, prediction of complex failure of rubber
materials, as well as the effect of increased speeds of
monorail locomotives on the dynamic parameters of
the locomotive—monorail system. Paper [5] provides
a simulation of the loads arising in the rubber-cord
elastic coupling. An epure of equivalent stresses of
the elastic element was obtained. These results are
valid for rubber-cord elements working in shear,
while not taking into account the nature of loading
of mine monorail locomotive drive wheels. Paper [6]
describes the forces occurring in rubber linings of the
belt conveyor drive drums. The stress-strain state
of digital solid models was simulated. In paper [7]
a comprehensive method of determining the
parameters of rubber fracture is given. The proposed
method allows a quantitative assessment of rubber
strength depending on the applied mechanical
impacts. However, it does not fully take into account
the features of loading the rims of drive wheels of
mine monorail locomotives. Papers [8, 9] present the
results of numerical simulation of the locomotive
impact on the overhead monorail track, aimed at
improving the safety of mine monorail locomotives.
However, the models obtained do not take into
account the effect of dynamic loads on the truck of
hauling carriages.

The main provisions of the studies under consi-
deration do not fully determine the effect of operating
conditions of mine monorail locomotives on the
durability of drive wheel polymeric rims, so they
require additions and clarifications.

Operation of a wheel drive for overhead monorail
locomotives in mines is characterized by several
parameters: formation of draft force; creation of the
necessary coefficient of adhesion of a wheel with
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a monorail; perception of alternative dynamic impacts
from track roughness; as well as influence of braking
forces and condition of interaction surfaces between
a monorail and drive wheels. All these parameters
have been well studied for ground-based motor road
and railway vehicles, but they do not fully reflect
the assessment of the influence of mine monorail
locomotives operating conditions on the durability of
drive wheel polymeric rims.

Purpose of research

During use, the drive wheels of a mine monorail
locomotive, drive wheel polymeric rims experience
periodic contact stresses due to the contact of the
rim elements with the monorail. The relationship of
rim durability to operating conditions determines
the economically justified parameters. Thus, the
assessment of durability of drive wheel polymeric
rims of mine monorail locomotives is of scientific and
practical interest.

Research methods

Studies aimed at determining the effect of
operating conditions of mine monorail locomotives
on the durability of drive wheel polymeric rims were
carried out using the methods of differential and
integral calculus, mathematical analysis and graphic
interpretation.

The durability of polymeric and rubber rims
of drive wheels for monorail tracks under dynamic
contact loads can be determined in accordance with
the Bailey criterion [10]:

(S}

dt
J Lo, T)

0

where N is the number of pulses to fracture; L = L(c, T)
is the durability of rubber and polymeric products
under the static loading mode; o is the law of stress
change; T is the absolute temperature of rim material
(temperature of mine atmosphere); ® = 1./V is the
pulse duration (time of contact of the rim fragment
with a monorail); V is the average speed of train
movement; here [ is the length of the rim contact
patch with the monorail (Fig. 1) determined by the
Hertz formula [11]:

M
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where F, is the force of contact interaction between
the monorail locomotive carriage wheel and the
monorail; E , is the reduced modulus of elasticity:
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where E,, E, are the moduli of elasticity of the wheel
rim and the monorail, respectively; r,,, is the reduced
radius of curvature,
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where r, r, are the radii of curvature of the wheel rim
and monorail.

When the carriage moves at constant speed V,
the monorail deflects in the vertical plane by value z
under the action of carriage mass m. This deflection
is caused by the action of both static load and vertical
forces of inertia (Fig. 2).

The mass of the carriage with the load is much
greater than the mass of the monorail section, so
the mass of the monorail can be neglected. The force
with which the carriage acts on the monorail can be
represented by the dependence:

d’z

Fdzmg—mﬁ.

v g
3 rQ
----------

Fig. 1. Establishing the contact patch length
of the wheel rim with the monorail
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Given that coordinate x = Vt:
de_dzdx _dz
dt dxadt dx’
Hence:
d’z _,dz
G A (3)
Given equation (3), the force with which the
carriage acts on the monorail:
2
F,=m ( g-Vv’ d—fj

dx “)

The monorail can be seen as a beam (see Fig. 2)
acting on the curve; then, the deflection of the beam
can be described by equation:

_E x(L-x)
EJ 3L °

where L is the distance between monorail hangers
(section length); J is the moment of inertia of the
monorail cross section.

Given equation (4) we obtain:

_ypd2)¥L-n)
dx* ) 3LE,J

The maximum dynamic load at the wheel contact
with the monorail will occur in the middle of the span
between the monorail hangers L = x/2, then, taking
into account formula (5), we get:

L
F, =mg|1-v2 |,
Aiax g( SEI)

The monorail for modern mine monorail tracks
is made of a hot-rolled steel I-beam with a section
height of 160 mm and the following parameters:
E,=20.6-10"kN/m*and J = 8.72-107° m*.

z(x)
©)

z(x):m(g

(6)

- L »
X |
- =
7 v
N/ : N/
§ = (N [ — ((
\_/—‘
\[TI\1/J —
X
N
\%
%

2y

mg

Fig. 2. Diagram of deformation of the overhead monorail track under the moving carriage
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According to studies [3, 12], the maximum dynamic
forces arising at the contact of a monorail with a drive
wheel, depending on the carriage mass, change from
20 to 47 kN, and the maximum longitudinal bending
varies from 7 to 15 mm (Table 1).

Table 1
Maximum dynamic forces arising from the contact
of the monorail with the drive wheel and values
of maximum longitudinal bending of the monorail
depending on the carriage mass

Maximum
Carriage mass | Maximum dynamic | longitudinal bending
m,t forces, Fa,,,,, KN of monorail

Zinaxs MM
2 20 6.3
2.5 25 7.5
4 42 13
4.5 47 15

Durability of rim material under static loading
0o~ Y0

mode [13-15]:
ex u 7
P KT ) 2

where 1, is the vibrational period of atoms in
molecules; Ap. is an increment of bond excessive
stresses accumulation caused by thermal fluctuations;
Ap,, is the critical concentration of bond excessive
stresses accumulation; U, is the energy of rim
material chemical bond breaking activation; k’ is the
Boltzmann constant; and v is the structure-sensitive
parameter [16, 17].

As a rule, mine monorail locomotive haulage is
used for the transportation of auxiliary cargo within
one mine horizon where the temperature of the mine
atmosphere is practically constant. Thus the influence
of temperature change on the rim durability can be
neglected.

The stress in the contact of two cylindrical
surfaces can be determined by the Hertz formula.
Taking into account the maximum dynamic forces
arising from the contact between the monorail and
the drive wheel, a stress occurs in the rubber or
polymeric rim. The average value across the contact
patch is as follows:

EredEd
Gav = 2 - 4
n(l-pHr.,B

where p is the Poisson ratio of the rim material; B is
the width of the wheel.

The change in stress pulses in time is well
described by a parabola of the form:

o(t)=At’,

Ap,,
Ap_—Ap,

L(o)=1, ln(

®

€
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where A, is the coefficient, which is determined by the
shape of the stress pulse.

Coefficient A, can be determined by taking
into account the average value of stress (8) and the
duration of cycle © of the wheel rim fragment contact
with the monorail:

30,
A= o

Let us suppose that the monorail deflects along
a circular arc. Then the radius of the arc when the
carriage is in the middle of the span can be determined
by the following dependence:

LZ
N Szmax

Z

max

2

In this case, at the places where the monorail
hangs on the fastening sections (see Fig. 2), the
sections of the monorail can be considered horizontal,
r, —> .

The results of calculations show that the number
of cycles before failure when the carriage is at the
places of monorail suspension (r, — «) and in the
middle of the span

)

2
L + Zmax )

8z .. 2
differs by no more than 1 %. This conclusion was
obtained on the basis of calculations performed
according to equation (1), taking into account the
durability of rubber and polymeric products under
static loading mode L.

This allows us to conclude that the effect
of monorail deflection can be disregarded when
calculating the durability of drive wheel rims for mine
monorail locomotives.

Taking into account equations (1), (7) and (9), we
can determine rim durability T, h:

1,74-10°

dt
]exp(

According to the results of simulating the
working process of carriage interaction with the
overhead monorail [3, 18, 19] the range of values of
maximum dynamic forces arising from the contact
of the monorail with the drive wheel was obtained:
20...47 kN per carriage. At the same time, there is a
load of F; =10-10%..2.35-10° N per carriage wheel,
respectively. For this range of contact forces, the rim
can take from 1.1-107 to 6.7 - 10°¢ interactions.

Using equation (10), we obtained a graphical
dependence of wheel rim durability on the load

(r,=

T = (10)

©

U, —vo(t)
k'T

Ap,,
Ap. —Ap,

0
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(Fig. 3), a hyperbolic dependence for the following
conditions: F;  _=10...23kN; T=305.15K; V=3 m/s;
r;=0.08 m; B =0.04 m.

Analysis of the dependences obtained shows
that when the carriage mass increases from 20 to
47 kN, the durability of polymeric rims of mine
monorail locomotives decreases by 32 % (from 8700
to 5900 h).

The formation of stress pulses is determined
by the complex nature of interaction between the
wheel rim and the monorail, as well as by the train
speed and the current distance from the monorail
suspension point to the fastening sections to
the carriage [3, 20, 21]. This makes it difficult to
obtain an analytical dependence describing the
value of stress pulses. At the same time, the pulse
shape is described quite well by a paraboloid of the
following form:
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o(x’, y) = A (XY +B,(y')’,
where A,, B, are coefficients determined by the stress
pulse shape. Coefficient B, = [, taking into account
the ratio of the length and width of the contact patch
for the rim with the monorail, A, = 1/2B,; x’, y’ are
relative dimensions of the contact patch of the wheel
rim with the monorail.

Based on the dependences calculated, the
distribution of stresses over the contact patch of the
wheel rim with the monorail was obtained. This has
the shape of an elliptic paraboloid (Fig. 4). Graphic
interpretation of stresses shows that the maximum
stresses are concentrated at the top of the paraboloid.

Since the durability of the material is inversely
proportional to stresses, the greatest wear will be on
the rim surface along the line passing through the
middle of its generators.

9000
8500 -
8000 -
7500 -
7000 -
6500 -
6000 -
5500 -
5000

T, h

8000 13000

18000 23000

max’

Fig. 3. Dependence of durability of monorail locomotive drive wheels on the force acting on one wheel

910°

-1 S 55;1!25

T T
-0.4 -0.2

Fig. 4. Distribution of stresses along the contact patch of the wheel rim with the monorail:
¥’y X’ are relative dimensions of the contact patch
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Practical use

Based on these dependencies, an algorithm was
obtained to determine the parameters of drive wheels
of monorail locomotives (wheel radius and rim
material), in order to ensure the required durability
T, of their rims (Fig. 5).

The algorithm takes into account the parameters
of the monorail track and the locomotive, enabling the
maximum contact dynamic forces in the polymeric
rim of drive wheels to be determined. Using the
above methodology, it is possible to establish the
parameters of the shape of the stress pulse change
in time, as well as to calculate the durability of the
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rim, taking into account the parameters of the mine
atmosphere and its material.

The results obtained can be used both in the
process of developing technical assignments and
designing the drive wheels of mine monorail
locomotives, as well as in studies aimed at improving
the design of drives for the rolling stock of the
overhead monorail track. Also, the algorithm and
calculation methods described above can be useful
for engineers and technicians of mining enterpris-
es interested in durability and increasing perfor-
mance indicators of mine monorail locomotives
running gears.

Input data:

locomotive and track parameters —

V: m; El: EZ, ], L: Treq;

wheel parameters — rim material,

W, B, U, 11,5 Ty

Ary;

operating conditions — T;

constants — T, Ap, K, ¥

»
»

Y

ri=n

yes

A 4

ry, rim
material

A 4

no

Use of rim material
with increased strength
characteristics

Fig. 5. Algorithm of determining the parameters of drive wheels of monorail locomotives
to ensure required durability T, of their rims

req
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Conclusions and further research

A mathematical model was obtained to determine
the durability of drive wheel polymeric rims, taking
into account the maximum dynamic forces arising
during the contact of drive wheels with the monorail.
It was also established that the effect of the monorail
track deformation has no significant impact on the
durability of drive wheel rims of mine monorail
locomotives.

An algorithm of determining the parameters
of drive wheels of monorail locomotives to ensure
the required durability T, of their rims was deter-
mined.
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The durability of wheel polymeric rims of mine
monorail locomotives was calculated, taking into
account the dynamic loads arising during the move-
ment of the monorail train. Stress distribution over
the contact area of the wheel rim with the monorail
was obtained. This enables measures to increase the
service life of drive wheels of mine monorail loco-
motives to be developed. An increase in the carriage
mass from 20 to 47 kN leads to 32 % less durability of
a monorail locomotive drive wheel rim (from 8700 to
5900 hours). Further research will be aimed at develo-
ping a comprehensive model to assess the durability
of the drive wheel of mine monorail locomotives.
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