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ABSTRACT

Actually used diagnostic systems do not
allow to evaluate fairly enough the background of
loading of an object, to identify those states which
are characterized by absence of a defect, but at
the same time warn of a mature environment for
its formation. That is, they do not provide a full
assessment of risks and the residual operation
life of an object. The main disadvantage is a fact
that they do not permit to analyze the kinetics
of transient processes related to operational
or technological impact. The paper clarifies
approaches to evaluation of kinetics of transient
thermal processes in a running wrought wheel
(the system «wheel-shoe») on the basis of original
methodology established by authors and of the
results of computer simulation.

ENGLISH SUMMARY

Background. During operation railway
wheels are subject to two main types of loading:
mechanical loading, related to the transfer of
load from a car on a track, and thermal loading
that occurs while braking in the system «wheel-
shoe». Analysis of data on failures of wrought
wheels (hereinafter- WW) shows that the largest
number of defects in recent years accounted for
chips of tread surface (up to 40%) and defects of
braking-related origin (skidded, scaled wheels,
etc. —up to 25%).

Noteworthy is the fact that the share of damages
by cracks in the total number of failures over the
past 20 years has increased by 2 times and remains
stable for a long time. There are three types of
cracks differentiated: a) by bright spots, flats,
scaled wheels b) by fatigue cracks; c) by thermal
cracks on a tread surface of a wheel rim. All of them
are the result of the thermal and mechanical impact
on WW, are «local damage in the form of chipping
of a metal of a wheel tread» [ 1] and fairly reflect the
totality of complex transient processes.

It should be noted that if the mechanical
impact on WW leads mainly to deformation
processes in the boundary layer of a wheel tread,
then thermal effects, associated with braking,
can lead to complex transient processes of heat
transfer, structural and phase transformations,
kinetics of a strain-stress state arising at a stage
of heat treatment after quenching and subsequent
tempering, accumulation of plastic deformation at
tread surface as well as in the zone of transition from
a rim to a disc plate. Kinetics of thermal processes
during braking in the boundary layers can lead to a
significant reduction in the mechanical properties
of a metal of a wheel that affects the growth of the
intensity of plastic deformations occurring as a
result of mechanical loadings in these areas and
formation of local defects of a fatigue character.

Objective. The objective of the authors is
to investigate thermal processes (in particular,
thermal loading), which occur in wrought wheels.

Methods. The authors use simulation method,
mathematical calculations and analysis.

Results.

Method of calculating heat input

With modern state of the art transient thermal
deformation processes in WW cannot be analyzed
by instrumental methods. The assessment of their
impact on the current state, reliability, failure-free
operation, maintainability of a wheel can be obtained
only by computer simulation of nonlinear transient
heat transfer processes, structural and phase
transformations, and problems of thermo-, visco-,
elasto-plasticity considering the kinetics of phase
and structural state, as well as a whole complex of
properties.

The basic provisions of the methods of analysis of
parameters of thermal effects on WW during braking
rest on conventional approaches outlined in the works
of a number of researchers [2, 3, 4].

Conversion of kinetic energy of a train into
thermal energy is at the heart of braking process.
Heat generated in the contact zone of a wheel with a
brake shoe, is distributed among them. The amount
of heat supplied to a wheel depends on a type of a
brake shoe. In case of composition brake shoes 95%
of heat generated during braking at contact surfaces
of rubbing friction pair is perceived only by a wheel rim
[5]. In case of iron brake shoes, coefficient of thermal
flows partition is assumed to be equal to 0,8 for a
wheel and 0,2 for a shoe with one-sided braking pads
and respectively 0,6 and 0,4 for two-side braking [4].

We have developed a calculation assessment of
the intensity of heat release in a pair «<wheel-shoe» [6]
based on the following provisions.

In determining the actual deceleration time of a
train and amount of heat generated during braking,
we take into account:

— initial and final speed of a train in a calculation
interval V. _andV,, km/h;

— main specific running resistance o, , kgf/t;

— gradient of a track i, %o;

— deceleration of a train under the influence of
specific retarding force & ;

—mode of air distributor (laden, medium, empty);

- axial load q,, t;

— calculated ratio of brake shoes friction ¢, ;

- pressing force of brake shoes, actual K, and
calculated K , tf;

—type ofpbrake shoes (cast-iron, composite type);

— type of a car (freight, passenger);

— number of brake shoes per one wheel;

— calculated ratio of braking pressure of a train
§,, ti/t;

— weight of a train;

— type of braking (emergency, full service, step
of braking);

- specific braking force b, , kgf/t;

— and other parameters.

The actual braking distance is calculated by
summing braking distances, determined by intervals
of speed at a constant braking force, specific train
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Table 1
Values of pressing force on a brake shoe for a
four axle open car, tf

Type of brake Mode of an air distributor
shoes

laden | medium |empty
composite 2,4 1,48 0,82
cast-iron 3,8 2,3 1,26

resistance and gradient in the accepted range of
velocities [7].
5004 V2 -V 2
s,y 0],
éob,+w, +,)
where V, and V., are initial and final speeds of a train

(1)

in the accepted calculated range of velocities;
& — deceleration of a train under the influence of

specific retarding force;
b, - specific braking force at an average speed

in each interval, kgf/t;
w,. — specific running resistance at an average

speed in each interval, kgf/t;
w, — specific decelerating or accelerating force

caused by a train weight when driving on a gradient
railway track, kgf/t.
Acceleration a,is determined by dependence:

Vi-v?
a=—"r_—K 2
T 2:3,6%.A8, (2)
The total braking time is made up of actual braking
time t 5 and preparatory t :

Togy =1y 1,0

(3)

During preparation time t brakes do not work and
a train passes a preparatory length S,. After this time
brakes are activated immediately and a train passes
the rest of a braking length with brake shoes pressed
with a full force.

Therefore, to determine the amount of generated
heatonlya componentt » is taken into account, which
is determined by the formula:

V -V
=2 3':6-07('

As an example, we calculated braking length and
braking time for trains of 50 loaded open cars with
roller bearings and a two-section locomotive with
accounting weight of 192 tons, at the site (i=0) of
continuous welded rail. The value of & is taken equal

to 120. The calculation results are presented in Tables
2and 3.

Pressing force ( Kﬂ) for four axle open car was
taken at laden mode of an air distributor (Table 1).

The data obtained for emergency braking from
a speed of 120 km / h are summarized in Tables
2and 3.

The values of the actual braking length obtained
by the method of summation over the range of
velocities, amounted to 1054 m for composition
brake shoes and to 1894 m for cast-iron brake shoes.
Preparatory length for a train with 200 to 300 axes with
an initial speed of 120 km / h at the site of a track with

(4)

a gradient i=0%o is defined as 334 m. Accordingly, a
full braking length with composition brake shoes is
defined as 1388 m, and if recalculated for iron brake
shoes as 2228 m.

According to nomograms shown in [6], a braking
length of a freight train in emergency braking on the
site with composition brake shoes ( 8,=0,204) js S~

1390 m, with iron brake shoes( $,=0,297) isS~2100

m.
Thus, the error of calculated data varies from
values from nomograms by less than 6%.
Kinetics of transient processes
Kinetic energy of a train at braking is equal to:

meV?

Q=
> (5)

where m is weight of a train, t; V is initial speed of
braking, m/s.

Average power during braking is equal to:

Q
qg=—, (6)

t
where t is actual time of braking, s.

Average power of heat generated during braking,
using composition and iron brake shoes is determined
as:

Q
==, 7
g, . (7)
Q
===, 8
q, . (8)
where 1.,t, are periods of braking time for

corresponding type of braking shoes.

As an example of a computational assessment of
heat generation intensity in the pair «<shoe-wheel» we
will take emergency braking of a freight train of 4892
t (two-unit locomotive VL80k — accountable weight
192 tf, a number of auto-brake axes — 8), consisting
of 50 four axle open cars from a speed of 120 km/h
at the site (i=0) of a continuous welded rail. In
calculation of heat inputs we take actual time of
braking equal to 60 s for composition brake shoes and
101 s for iron brake shoes (Tables 2 and 3). Initial

speed v —120 kn% =33,33r% )

Then a kinetic energy of a train at braking will be:
4892.10°.33,33°
B (9

Average power during braking period with the use
of composite and iron brake shoes is:

Q =2717234,249 KJ.

q, =%=45287,238 kW; (10)
g, = 21723428 _56003.31 kw. (11)
101

Intensity of a heat flow on each wheel will be:
| q 45287,238

= L= =108,86 kW;
& m,+men 164850 (12)
4 2000331 crw. (13)

T +men 164850

If we apply efficiency output n =0,95 for a
composite brake shoe and 1 =0,8 for an iron brake
shoe, then (p.34):
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Table 4

Ratios of intensity of heat inputs in the contact area of a brake shoe with a wheel rim, distributed

by speed ranges
Speed rage Q, kJ f s 4y , KW/cm? tS 4., KW/cm?
120-110 8341,049 5,5 74,39 10,6 32,8
110-100 7615,741 5,5 68,62 10,4 30,49
100-90 6890,432 5,4 62,85 10,2 28,22
90-80 6165,123 5,3 57,05 9,9 25,99
80-70 5439,815 5,3 51,2 9,6 23,76
70-60 4714,506 5,2 45,26 9,2 21,52
60-50 3989,198 5,1 39,2 8,7 19,25
50-40 3263,889 4,9 32,95 8,1 16,89
40-30 2538,58 4,8 26,46 7,4 14,36
30-20 1813,272 4,6 19,62 6,6 11,55
20-10 1087,963 4.4 12,31 5,6 8,16
10-0 362,6543 4,2 4,33 4,4 3,46
Sum 52222,22 60,2 - 100,7 -

Table 5

2 = Lo =108,86+0,95=103,417kW; (14)

g’ =)+ =64,67-0,8=51,736 kW. (15)

To determine total area of the impact of a heat
flow on a wheel tread we take into account width of a
brake shoe and wheel geometrical parameters (taking
into account the current state of wear). According to
[8] width of an iron brake shoe is 0,08 m. According
to a technical standard 2571-028-00149386-2000
scribe line 25610-N a width of a composite brake shoe
is also equal to 0,08 m. Surface area of the heat input
to a wheel tread is calculated as S=2nr+h, wherer is
aradius of a wheel, equal in that case to 0,475m, and
h is a width of a brake shoe, m. So the surface area
(S) is of 0,239 m?.

o gin 103,417 kW w

—432,715W _4307 W

b =g T 0,239 m? omz (1)
1

2cp=M=51a736= -9165 w

&= T30 T em (17

Since a weight of a locomotive as compared to
a weight of an entire train is small, it is acceptable

Ratio of heat input power, constant on an
entire range of braking

~.
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=#=Composition brake shoes
== ron brake shoes

~
N
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120 110 100 80 80 70 60
V, km/h

50 40 30

20 10 0

Initial braking | Values of an average ratio of heat
speed, km/h input power, W/ cm?

Composite Iron brake

brake shoes shoes
120-0 43,07 21,7
110-0 39,88 20,39
100-0 36,65 19,07
90-0 33,39 17,72
80-0 30,07 16,34
70-0 26,7 14,91
60-0 23,26 13,42
50-0 19,73 11,85
40-0 16,09 10,14
30-0 12,34 8,26
20-0 8,43 6,09
10-0 4,33 3,46

Qs kW/em?

Pic. 1 Change in values of power of heat inputs in WW, depending on a current speed of a car at braking with
account for a brake shoe type.

@ MUP TPAHCNOPTA 05°14




Es==st

Pic. 2. Axisymmetric model of a wrought with a rectilinear disc plate.

T,°C
250

g =const=43.24 kw/em: 228
: ]7\>/'
200 /— /
a(pact) 160 _
/ a(pac) A qrconst=2163 e 4
150

\ 138

A S—
.-/

112

100

Pic. 3. Distribution of values of maximum temperatures on a wheel tread at different ratios of heat input power.

to carry out a calculation of intensity of a heat flow in g, 516,948
relation to a car. q = ? -2
In this case, the kinetic energy of a car is:

CmeV? 94410°3333

=64,62kW. (22)

With implied efficiency output 1 =0,95 for a

Q ) ) =52211,778 k. (18)  composite brake shoe and 11=0,8 for an iron brake
Estimated time of emergency braking is taken Shoe we get:
depending on the material of brake shoes: 60 s for
composition brake shoes and 101 s for iron brake 4, =q,+1=108,775:0,95=103,336 kW ; (23)
shoes.
2 =qlen =64,62:0,8=51,696 kW. 24
qK=9=52211’778=87O,196kw; (19) q,=4,1 (24)
t 60 Specific power, generated per unit of a site surface
in the contact area wheel-shoe is determined as:
q, :9=w:516,948kw, (20) v qhen 103,336 w
t 101 q =KT: 0 539 =..=4324—; (25)
On each of eight wheels of a four axle power is: ’ cm
. g, 870,196 , 201 51696 _ ) o3 W
q.= 8- 8§ =108,775kW; (21) q, S 0239 03T (26)
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Pic. 4. The temperature distribution in a wheel rim at the time of emergency braking: heat input power ratio —
constant (a — composite brake shoes, b — cast-iron brake shoes), heat input power ratio depends on a current
speed of a car (c — composite brake shoes, d — cast-iron brake shoes).
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Comparing the results obtained from the formulas
(14) - (15) and (25) — (26) we can conclude that an
error does not exceed 1%, and it is permissible to
carry out a calculation of heat inputs in a wheel in
relation to one car (assuming that a train consists of
cars of the same type).

As a result, the obtained values of average heat
inputs into a wheel ¢°% and Y, are initial data for
the analysis of the kinetics of thermal processes in
WW at braking.

MWP TPAHCMNOPTA O

It should be noted that while studying thermal
effects on a wheel, the power of thermal loadings
was previously assumed to be constant throughout
braking — from the beginning to the end. However, this
approach can be considered approximate, because
during braking intensity of heat, generated in the pair
of «wheel-shoe» depends on the wheel speed (speed
of movement), and varies with time.

Adistinctive feature of a developed technique is a
differentiated assessment of the intensity of thermal



loads on a wheel, depending on a current speed.
When calculating a real braking distance, actual time
of braking and intensity of heat flows, velocity intervals
of every 10 km / h are considered.

In this case:

Q = m'(Vi2 _Viil)
! 2
Q.

a="", (28)

i

(27)

where Q, is kinetic energy in a given range of speeds

of braking, kJ;
1, is a braking time in a given range of speeds of

braking, s;
V., V.., arerespectively initial and final speeds of

braking in a given range, m/s.

The implementation of a demonstrated approach
is presented at an example of the results of calculation
of heat inputs during braking of a car (see Table 4).

The sum of kinetic energy, counted according
to speed ranges, coincides with the kinetic energy,
calculated by the formula ( 18), if speed is not rounded
t033,33m/s.

Pic. 1 shows a diagram of change in intensity of
heat inputs, depending on the current speed of a
freight car at braking, obtained for 10 km/h intervals
of braking.

Table 5 shows values of ratio of heat input power
in WW, constant on an entire interval of braking with
different initial maximum speed calculated by the
method we used.

Modeling of heating of a wheel rim

For analysis of the kinetics of thermal processes
in WW at braking an axisymmetric finite element
model has been developed, which is shown in Pic. 2.
Dimensions correspond to those indicated in State
standard 10791-2011. The model consists of 2000
nodes, number of four-nodal elements is 1864.

Pic. 3 shows the curves of changes in the values
of maximum temperatures on a wheel tread during

emergency braking for a considered option with the
use of ratio of heat input power: constant during entire
braking (43,24 W / cm? — composite brake shoe,
21,63 W /cm? - iron brake shoe), and variable with
account of a current speed.

Analysis of the curves indicates that the use of
a constant value of ratio of heat input power during
the entire braking mode provides a rise of maximum
temperatures during an entire braking interval with
maximum values at the end of braking (228 °C for
composite brake shoes, 148 “C — for iron brake shoes).

If for computer simulation running values of heat
input power ratio are used depending on a current
speed of a car, we note maximum values of temperature
on a wheel surface not at the end of braking, as it was
previously, but at an intermediate stage of braking.
This can be explained by the fact that with a decrease
in speed of a car the intensity of a heat flow emitted in a
wheel decreases in the presence of intense heat transfer
processes in a wheel rim from a wheel tread.

Pic. 4 shows the temperature distribution in a
cross section of a wheel rim at the end of emergency
braking.

Then we can consider the results of modeling of
thermal processes in WW during braking with different
initial speed and the use of composite brake shoes.

Pic. 5 shows the results of computer simulation
using a constant heat input power ratio (33,39 W /cm?
and 43,07 W / cm?) and a variable heat input power
ratio (data shown in Table 5).

Conclusion. Analysis of simulation results,
presented in Pic. 5, demonstrates that the use in the
formation of the boundary conditions of a variable ratio of
heatinput power depending on a current speed of a car
leads to obtaining of maximum values of temperatures
on a wheel thread not at the end of braking, but in its
middle part. It is a fundamentally important result which
is of particular importance not in the analysis of thermal
processes by modeling results of an entire braking cycle
from a maximum speed to a full stop, but in simulation
of successive cycles of incomplete braking that occurs
in the operation of a train’s movement.

Keywords: railway, rolling stock, the system «wheel-shoe», braking, thermal loading, kinetics, wrought

wheel, intensity of thermal loadings.
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