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PTER 2
:'=‘-- A. Sladkowski, K. Bizon, K. Chruzik
=SIGN AND INVESTIGATION OF RAILWAY WHEELSETS

Summary. In the present state-of-the-art the design process can be simplified and
erated, using computer simulations based on fnite clement method (FEM).
wever, these methods are not error-free, since the model as well as computation
prithm are simplified. The error depends, therefore, on the software used. Noting the
titude of software present at the market, it seems reasonable to evaluate the
erepancy in the results between different types of software used. The representative
4 input into software should come from laboratory or service tests. The railway
- designs in operation at present are the outcome of service experience and
peess engineering. Lately, the numerical analyses done in the design phase are also
d. Emphasizing the extensive possibilities and usefulness of FEM, attention must
paid to the judicious use of this method. It is an approximate method, since the
jults relate to the models of real systems and not to the systems themselves. There
sts a difference between real problem and computation results, which relate to the
idcl. In the last stages of modelling the software used plays a significant role in the

troduction

f spite of growing competitiveness of the road transport, the rail transport is still the
cipal long-distance transport system. In some countries (France, UK, Germany) the rail
Eport experiences, its renaissance in city agglomerations (trams, rail bus, underground
way) and in long-distance travel (high-speed trains). Increased service demands as well as
ironmental and traffic safety requirements set on rail vehicles in the majority of European
es explain the necessity of manufacturing rolling stock fulfilling high quality standards,
¢ modemn trains should be faster, cheaper and safer. The travel conditions, i.e. passengers’
fifort, should also be improved. All these factors depend most of all on the design of rail

dﬁmands set on fast modern rail vehicles and their parts, including the railway wheelsets,
ibe enumerated as follows [1,2]:

decreasing weight;

increasing vehicle elements mechanical strength;

lessening the noise and vibrations level;

increasing travel comfort;

decreasing dynamical interaction between vehicle and the track.

lopment of computers and software provides possibilities of modelling new designs
t structural elements of rail vehicles. The phenomena occurring during the vehicle
ce can be adequately described, The error generated during design or prototype tests can
to tragic occurrences during the service itself. These may be related to additional
gial outlay and lengthening the prototype testing time, but they may also cause
zulable loss of human health or life.
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According to the experts, the rail transport is one of the most ecological (Table 1) and safe
(Table 2) means of transport. Still, accidents happen [3]. They are not very frequent, but they
are highlighted by the media. The most famous accident to date happened in Eschede,
Germany, on 3" June, 1998, Incorrectly designed railway wheelset has caused a tragic
derailment and death of 101 persons (Fig.1 [4]). Similar, though less tragic accidents
happened lately all over Europe [3]; Rickerscote, 8 March 1996, Sandy, 17 June 1998,
Hatfield, 17 October 2000, Potiers Bar, 10 May 2002,

Table 1
Comparison of different means of transport
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Fig. 1. Derailment of train in Germany - Eschede, 3 June 1998

The railway wheelset is one of the more important elements of the rail vehicle, since it carries
most of forces operating during train run. The prospective increase in speeds and specific
loads causes a greater stress to be laid upon the role played by the wheelset as a load-carrying
element. It becomes imporant to improve the run conditions of the wheelsel, in particular
where its reliability is concerned. The railway wheelsets designs used at present are the



of service experience and process engineering. Lately, the numerical analyses of
hand strain done in the wheelset design phase are also utilised [5].

pwever, both at home and abroad the wheelset design numerical calculation results used
irdened with errors arising from [6-13):

ek of general methodology of railway wheelset design process

of taking into account all loads of railway wheelsets (due to their production engineering
id service parameters);

bsence of experimental confirmation of numerical computation results;

ack of comparison of different computation procedures and software packages used in
iffcrent rescarch centres for the identical input data used in calculations.

gse considerations justify the attempt to increase durability and reliability of the raillway
gelset wheels during their design, using numerical caleulations taking account of the above

e research centres at home and abroad working on wheesets

¢ railway wheelset is probably the least modified rail vehicle element in the whole of
ways' history. During last few wyears, however, the research into the durability and
iability of the railway wheelset has been intensified. This research has been carried by
ups of experts working in universities or large manufacturing plants.
Polish research is mostly conducted at universities. This is due to absence of prominent
aufacturers of railway wheelset parts here.
Analysing books on the subject published lately and papers published in the years 1998-
03, four major academic centres working on railway wheelsets can be distinguished, These
Politechnika Warszawska (Warsaw University of Technology) [14-16], Politechnika
kowska (Cracow University of Technology) [9,17-28], AGH Krakéw (Mining and Steel
demy in Cracow) [16,29] and Politechnika Slaska (Silesian University of
hnology)[30-48]. Taking into account the number and diversity of publications, the
ariment of Railway Engineering of Silesian University of Technology is seen to be an
standing research centre. The numerical and experimental investigations of rail vehicles
eels were started by Prof. Roman Bak and his co-workers [6,44,49-55]. At present the
ject matter is being researched into by the team led by Prof. Marek Sitarz [30-48]. In the
g-seventies the first Polish software package called KOLO PC was worked out by this
m. It has been constantly improved and modemised. This software, based on FEM, makes
gible the calculations of strain and stress components at a given point of the railway
gelset. It was among the first European programs used by UIC for numerical caleulations
milway wheelsets.
e research conducted in Silesian University of Technology can be sub-divided into the
lowing topical ranges:
‘Application of mechanics in wheelset investigation concerned with wheelset quality
[44,51,54,55];
Construction and identification of railway wheelset models during design, manufacture
and service phases [39,42,56];

service tests of wheels of railway wheelsets [50,47);

Metallographic and fatigue investigation of railway wheelsets [32,37,38];
servicing and repair of railway wheelsets [30,57,58] [44].
he railway R&D centres such as CNTK in Warsaw [58,59] and OBRPS in Poznafh
63] also work intensively on experimental investigation.
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Abroad the research teams are often set up as a result of collaboration of academic centres
with manufacturers of railway wheelsets. The best research results achieved are immediately
implemented in the countries hosting the prominent wheelset manufacturers, such as: Italy
[64-78], France [76,77,79,80], Czech Republic [81-88], Sweden [4,76,77,89-93], Russia
[76,77,94-99], Ukraine [93,100-116].

Of course, other countries also significantly contribute to the development of railway
wheelsets: UK [76,77,106,107,117-119], Germany [76,77,120-122], Spain [111], China
[76,77,110], Japan [76,77,112,123], Australia [124-127], India [128].

Nowadays, European Centres of Excellence play important role in the European
research. These Centres have set up interdiseiplinary and international teams of researchers in
order to solve specific problems. We can quote here CHARMEC Centre of Technical
University in Goeteborg (Sweden) and TRANSMEC Centre of Silesian University of
Technology in Katowice, Poland. These centres are partly financed by the European Union.
They conduct basic and applied research; they also organise seminars, training courses and
conferences aimed at knowledge and experience exchange between scientists from all Europe
and scientific development of young researchers working on railway wheelset-related
problems.

It may be noted that strength issues related to railway wheelsets cover a wide range of
problems. It must be emphasised that the recent ten years are characterised by accelerated
rescarch into the railway wheelset issues in the different phases of its service. The resultant
progress is due to implementing of numerical computational methods, which are used in the
strength analyses more often.

The advancement in the computers computational speed and the elaboration of complex
software based on finite element method (FEM) and devoted to the railway industry demands,
results in running calculations and simulations, which have not been previously possible.
There are many issues, which so far have been only experimentally/analytically investigated.
The use of numerical methods limits or wholly eliminates the need for some tests or
calculations.

The investigation time is therefore decreased, the complex test stands can be replaced with
suitable software; hence, financial advantages are gained.

On the basis of the above analysis related to state-of-the-art in the railway wheelsets subject
matter, we may conclude that computation by numerical methods might play significant role
in each of the above issues.

It is certain that numerical calculations should be the starting point in the design, assembly
and service stress analysis and thermal analysis of a material,

However, the numerical methods are saddled with errors due to the imperfect
transformation of the real model into the virtual model. Still, if the investigation methods are
used jointly, i.e. experimental tests are backed by numerical analysis, the results obtained may
be close to reality. Basing on the references, the present state-of-the-art of the numerical
calculations of the railway wheelset wheels can be summarised as follows:

- lack of universally accepted computational algorithm of railway wheels,

= inadequate experimental confirmation of the correctness of computational procedures

used at present,

— absence of comparison of numerical caleulations of railway wheels done with the help

of different software,

= discrepancies in set boundary conditions,

- absence of precise algorithm for creating FEM model for railway wheels (type,

distribution and size of elements),
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complexity of stress calculation method, when the stress is due to assembly-time
interference,
lack of UIC certification for calculations of thermal stress due to braking.

umerical analysis of the wheelsets’ wheels

ilway wheelset is a constructional element influencing directly the vehicle motion as
‘a5 passengers’ safety. That is why the axle, wheel and the wheelset itself must be
acterised by adequate mechanical strength during the service period. Mowadays the
way wheelsets designs used are the effect of service experience and process engincering,.
ly, the numerical analyses of stress and strain done in the wheelset design phase are also

present, the design process can be simplified and accelerated, if computer simulation,
sed on finite element method (FEM), is used. FEM numerical calculations of different
leels of railway wheelsets are investigated at the Department of Railway Engineering.
e 2t the software packages are used — ANSYS, NASTRAN and COSMOS. This diversity
software should make it possible to compare convergence of results (tolerance,
iputation time), provided that input data are identical (e.g. wheel geometry, material,
undary conditions, FEM mesh). Before the calculations are started, these data must be
ablished, if the results are to be comparable.
he justification for undertaking this issue is that the methodology of design of railway
heelsets both in Poland and abroad is absent; there is no possibility of optimising wheelsets’
mstruction characteristics depending on manufacturing process and service parameters. The
alysis of this problem has made possible:
'+ comparison of software used so far in strain caleulation of railway wheelsets;

s claboration of design methodology for railway wheelsets;
~* increase in durability of railway wheelsets;

* increase in the safety of rail transport;

* decrease in manufacturing and service costs of railway wheelsets.

. Initial investigations — web of a wheel model

 order to make FEM calculations more accurate, the comparison of analytical and numerical
pethods of calculations has been conducted on the basis of web of a wheel model. Figure 2
hows the web of a wheel model together with physical and discrete models generated by the
fiware,
Three possible loads have been considered - see Fig.3. In case of the first load, the initial
isplacements of the nodes of inner surface generator parallel to y-axis of the global Cartesian
fo-ordinate system have been defined (Fig. 3.a). In the case of second load, the initial
isplacement of the nodes has been alongside T-angle of polar co-ordinate system — Fig. 3.b.
the case of third load, the nodes have been linearly displaced parallel to the z-axis of
artesian co-ordinate system — Fig.3.c.
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a) physical model b) discrete model

Fig. 2. Model of the web of a wheel

a) b)

Fig. 3. Load models for the web a wheel

The maximum strains for the presented loads have been calculated analyti cally. The data: web
thickness h = 0,02 [m], inner radius outline r, = 0,019 [m] and inner radius outer ry=
0,36 [mm] [103];

Case# 1
. e Iz 1
...a.=“ t!'-,I-B nc(r, +r,)+2r]+x{r, +r,}_2_|:r_2] 4
o T r, T,
where wand k are Lame coefficients, calculated from the formulas:
= E
BT
I-v (3.2)
K==
I+w

E - Young's modulus
v — Poisson’s constant
Ay — pre-set displacement = 0,0001 [m]

Cocfficient ¢ has been determined with the help of formula:
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y

O, e = 143.9MPa

(3.4)
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T b T
i (3.5)
: ¢ - torsion of inner contour, torsion angle is
_a9
e (3.6)
5 =0.0001 [m]
Toomee =110,5MPa
(3.7)
Mir)
=0 (3.8)
where bending moment at web cross-section, derived from formula;
d’ v d
M(r)=D| =— 10
0-0] o)+ o) 69)

depends on the displacements distribution of the web

v.{r]=§a1h{[lr{r.}-|+“;*‘11-:—;]-{zh(uﬂ+[n=-|}'F:]|r{i:]} (3.10)

ing rigidity and axial forces have been calculated from the formulas:

D= Eh*

EE“—\I‘J]'
182

&

n+f 5 0 L[

’ -I:In[r]}—li- = Il—rzz]—-[lln{q}-h{r] -I}r§:|ln[r,] (3.11)
Al 8xDln’ -1) L

. :
| i

n

G, .. =605MPa

(3.12)

same time, meshes have been generated, differing one from the other by the size and
ion of elements as well as the type of element used.

igation has resulted in determination of the percentage error of numerical analysis,
depends on the size and distribution of the elements and on type of element used.
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Figure 4a illustrates graphically the computation error for the third and most typical load;
computation time is shown in Fig.4b.
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Fig-4. Resulis of comparison of analytical and numerical calculations - case #3

The analysis shows that the minimum number of elements along the lateral cross-section off
the wheel web should be equal to six.

These investigations have led to generating an optimum mesh for the web with respect to
computation accuracy and time.



ubject of investigation — wheel design of railway wheelset

< was principally aimed at elaborating methods of selection of constructional
eters for the railway wheelset wheels. The conducted calculations of railway wheelsets
s should improve the accuraey of presently used numerical methods and should also be

I in working out the guidelines for designers, since the calculation algorithm and FEM
ware are determined.

numerical investigation has been run for ten different geometrical designs of wheels @

and @920 - h (worn out), differing in geometrical parameters of the web, hub and wheel
tdiameter. The generated FE mesh for these wheels has been shown in Fig.5.

/] 85a al.:l:q,rrdmg o P b 0201 855 aocmdmg o PN
musm
C
20 according to PN dy UIC s
i il §
LIC a 1 DB, Fig. Mo.. TT-29M0KO

Stablimento di Lovere Lucchini

. Bohumin Fig. No. FWG302.0.02.001 007 JITOCT 9036-88
3. Discrete models of the investigated monoblock wheels
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Mext, assembly loads and service loads of the railway wheelset wheel have been determined.
These have been used in subsequent research — Fig.6. These are static, dynamic and thermal
loads. The static loads are due to interferential fit during the assembly and to carriage weight.
The dynamic loads are related to the vehicle run over the track and centrifugal forces resulting
from run speed. The thermal loads occur in the wheel during braking.

The numerical analysis has been conducted for P52 material (R7 according to UIC
classification), which is used for railway wheels in Poland.

(=) () (o) (o

e

i
|

25 Thaxle
32 Taxle
Accio UIC [*

100 km'h
160 km'h
300 kmv'h
Ace, o LTC

I
5

0,18 mum
0,21 mm
T
16 Traxle
225 Taxle

Fig. 6. Wheel loads of the railway wheelset
3.3. Static loads of the railway wheels

3.3.1. Loads due to pressing wheel onto axle

At first, loads due to forces arising from pressing wheel onto axle during the

manufacturing process have been analysed.

The percentage distribution of displacements in the wheel and the axle for the minimum and
maximum interference value set by the standards (0.18 — 0.25 mm) has been investigated,
This kind of investigation should make possible finding out of the proportion of
displacements of interacting elements and this in turn should greatly simplify the analysis.

In order to accurately calculate displacements and stresses due to assembly, an asymmetrical
model of wheel and axle has been created, with the adequate number of nodes. Next the node
pairs have been coupled with equations determining their displacements. Figure 7 shows this
model and comresponding equation for 1J node pair (3.13):

v, =1y, =0 (3.13)
Loy, —1-u; + v, =1

Il

A
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ially symmetrical load model

to check the calculation method for the caleulated force P value (reaction in the radial
) and friction coefficient p determined during pressing tests conducted in Huta
Steel Plant, the pressing force T has been determined for subsequent calculation

T=n-P
T, =iT-. i3.14)

=l
i¢ contact nodes from i to n, where T; is the value of the axial force in the node.
calculations have made the creation of the diagram of pressing wheel onto the axle
e and compared it with the diagram set down in the Polish Standard. This comparison
firmed the comectness of the caleulation method used — Fig.8, The results of analytical
wons do not exceed the chart range specified by the Polish Standard.

L
L
SRS
iy

- et
== max Bce. 10 PN
—s— P analytical
] —+—F min acc. 1o PN

Prossing force value [KN]
-
.
13
&
3
5
&
L3

~

1 1
R EEREaIORRERRRRRGCCCEEE333E35E
Displacement of the wheal on the axle [m]

Theoretical diagram of pressing wheel onto the axle — wheelset PN 920/200s
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Analysing the generated maps (selected maps of the stresses are given in Fig.9) it is seen thy
the distribution is mostly affected by the symmetry (or asymmetry) of the wheel hub. In the
asymmetrical hub the stresses cumulate in this part of the hub, where web is located and the
amount of siress diminishes in the opposite direction. The uniform distribution of stresses is
the wheel and the axle characterises wheels with symmetrical hub.
When the wheel is pressed onto the axle, the loads occur also in the places, where the wheel
web shifis into the hub. It can be concluded from the drawings and calculations, that the les
the curvature of the curve joining the web to the hub, the less the stress, The use of smal
radius curves causes accumulation of stress in this particular place.
The calculation of displacements in the wheelset elements has made possible the
determination of percentage distribution of contact nodes into the wheelset element. Figure 10
shows the contact nodes displacements in the wheelset for the interference of 0,18 mm. This
value seems to be almost independent of the shape of wheel web and is equal 1o 80%, The
axle takes up the remaining 20% of the displacement.
The conducted analysis has led to the comparison of the influence of interference value on
stress distribution and determination of percentage distribution of interference on differes
wheelset clements (wheel, axle):

— distribution of the stresses in the wheel does not change (the maximum stresses

oceur in the wheel hub and web bend);
—  the stress value changes in proportion to interference value
— the percentage ratio of the interference transfer is constant for both interference
values

a) 92001 85a scc.ao PN b} 920/1855 acc.ao PN

Fig. 9. Maps of radial stress of new wheels analysed with axial-symmetrical method for
0.18 mm interference. NASTRAN software

MNext, a simplified analysis of the interference has been conducted. Initial linear displacements
of the nodes of inner generator surface generator parallel to the radial axis of the global polar
co-ordinate system have been defined.

The distribution of stress in both methods has been similar, and the difference in the stress
values has not exceeded 10 per cent.
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0. Displacement of contact nodes in the wheelset

finding out of the constant proportion of the displacements (i.e. independent of wheel

try) has made possible the following:

- defining the load caused by pressing wheel onto the axle by the initial
displacements

— shortening of model definition time;

— decreasing the computation time.

er calculations will be simplified, by setting a pre-determined percentage value of the

rference of the element of the railway wheelset — Fig. 11.

100 %

80 %

20 %, .

L1. The percentage ratio of the transfer of interference value for the wheelset elements

itionally, some calculations have been run for the stresses due to pressing wheel onto the
for the interference value used in Huta Gliwice Steel Plant and equal to 0,21 mm, for ten

nit wheel designs (the selected designs have been shown in Fig.12). The analysis has
proven any significant influence of the wheel geometry on the stress value (web
etry. the wear of wheel rolling surface). The impact of hub symmetry (or asymmetry) is
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great. In the case of asymmetrical hub, the stresses cumulate in this part of the hub, where
wheel web is located and they diminish in the opposite direction. The uniform distribution af
stresses in the wheel and axle characterises wheel with symmetrical hub,

a) Y20/ 1854 ace. o PN b} 920/ 1 855 ace. to PN

Fig. 12. Maps of radial stress of wheels analysed with displacement method for 0,18 mm
interference, NASTRAN software

3.3.2. Calculations simulating carriage weight

Forces arising from carriage weight constitute another static load. The value and point of
application of these forces have been simulated according to UIC guidelines set out in ERI
Report B169.1 of 1995 [129].

Axle load of 22,5T per axle is the maximum load set down by Polish Standard for freight
carriages. The analysis of maximum reduced siresses caused by the carriage weight has
indicated wheels better adapted for carrying huge freights. It is obvious that the most
advantageous results for monoblock wheels have been obtained for Russian wheels, since the
wheel diameter is greater. However, this type of wheel has achieved the best results in case of
maximum wear as well. Good results as to the yield point have been obtained by Polish
wheels, UIC symmetrical wheels as well as lialian and Czech wheels (455.0.212 ). Locations
of maximum stresses are similar for different wheel geometries; they occur at the bend
connecting the wheel hub with its web at both sides. The wear of the rolling surface of the
wheel does not have a great impact on the value and distribution of the stress {geomeiry
example is given in Fig. 13),

a) CD. Bohumin Fig. No. FWGI302.0.02.001.007 1 ot gns6 e

Fig. 13. Maps of reduced stresses due to carriage weight, axle load 22,5 T per axle.
NASTRAN software
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amic loads of railway wheels

. Loads due to run dynamics

e run dynamics is in question, UIC guidelines have been followed. The loads have been
lled in a quasi-static way, with a huge safety margin defined by the coefficient [129),
values of these stress are three times greater than stresses due to carriage weight, the
ibution is similar. The wear of the rolling surface of the wheel does not have a great
ict on the value and distribution of these stresses.

2. Loads due to centrifugal forces

ntrifugal forces have been modelled as the speed of the wheel rotating round z-axis.
jending on software used, the units are rpm or rad/s.

elation to stress generated by other loads these stresses are very small. They can be
lected in further calculation for wheelsets running at normal run speeds (up to 160 km/h).
case of this type of load the best results have been obtained for Czech wheel Fig. No.
€11302.0.02.001.007 and ltalian wheel. The maximum stress for every analysed design is
iired in the wheel web. As before, the wear of the rolling surface of the wheel does not
Ve a great impact on the value and distribution of these stresses

Thermal loads of railway wheels

5. 1. Loads due fo prolonged braking

e last type of load in question is braking. During analysis, an extreme case of prolonged

aking has been modelled (identical to braking taking place in Gotthard Pass [130]). The

igth of this route is ¢. 30 km with the average slope of 20,7 and maximum slope of 27%..
e 14 shows the convection zones and way of clamping the brake shoe.

Heat Flux

N

Lone 2

Zone 1

Fone S

 14. Modelling thermal loads due to prolonged braking
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The convection values and material properties have been taken from ERI Report 169 of 1987,
This report deseribes investigation of different cases of braking UIC wheel, axle load of 22,5T
per axle, at the run speed of 60 km/'h (wind puff (.6* run speed) and braking power of 30 kW.
The braking time was 2700 s. During the analysis it has been assumed that 70% of the braking
power is transferred 1o the wheel and the remaining 30 % is absorbed by the brake shoe. The
value of the heat Mux for the shoe 9- mm wide has been caleulated according to the formula.
Applying the above assumptions, calculations of the railway monoblock wheel have been
conducted, simulating a prolonged braking.

As could be expected, the lowest maximum reduced stresses have been obtained for the
Russian wheel (greater wheel diameter). However, when identical simulation has been run for
the worn wheels, this wheel has been marked as the fifth. The overall good results have been
obtained by modem-design wheels, with a considerable web bend: Italian wheel and Czech
wheels (455.0.212 and 302.0.02.001.007). The wheel designed by Stablimento di Lovere
Lucchini has shown the best results for the wheel with maximum wear of the rolling surface.
The maximum stresses have always accumulated in the wheel web bends.

In case of stresses due to braking, the impact of the wear of the rolling surface on the wheel
strength has been observed. In extreme cases the difference in the maximum reduced stresses
has been as high as 14 per cent (German wheel TT-2990/K0).

1) FS, Stablimento di Lovere Lucchini b} €D, Bohumin Fig, No., 455.0.212,000.12

Fig. 15. Temperature distribution maps — results of simulation of prolonged braking.
NASTRAN software

S ore
==

al FS, Stablimento di Lovere Lucchini b} €D, Bohumin Fig. Mo, 455.0.212.000.12

Fig. 16. Maps of reduced stresses — results of simulation of prolonged braking. Geometry of
maximum displacements in both directions has been shown as well. NASTRAN
software
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s superposition

¢ numerical calculations of the several stresses, the superposition of these stresses has
ted for all the wheels, in accordance with the Polish Standard: PN-92/K-91019:
. Kola Bezobreczowe, Typy i Wymiary (Carriages. Ringless Wheels. Types and

€s5 distribution has been shown for a Polish wheel PN 920/200s — Fig. 17. The
ration of stresses in this part of the web suggests that the decisive impact in the
osition is born by dynamic stresses and stresses due to braking.

HEEE

. Stress superposition for PN 920/200s wheel

e influence of design and service parameters on the stress distribution
- on the railway wheel

1. Impact of the web geometry

‘mumerical analysis has demonstrated an insignificant influence of the web of wheel
petry on the distribution and values of stresses in case of assembly and static stresses
. o '-\'C'igh”.

en the wheel is pressed onto the axle, the stresses occur in the place, where web of the
El connects to the hub. It can be concluded from the drawings and calculations, that the
ler the curvature of the curve where web is joined to the hub, the smaller the stresses.
g small radius curves leads to stress accumulation in these places.

£5, where maximum stresses occur for loads caused by carriage weight are similar for all
il geometries and are localised at the curve connecting web of a wheel to the hub, at both
. It is obvious that the best results for the monoblock wheel have been obtained for the
tan wheel, since the wheel diameter is greater. However, this wheel has also achieved the
esult in case of maximum wear. Good results as to the yield point have been achieved by
ih and UIC wheels (symmetrical) and Italian and Czech wheels (455.0.212).

5¢ of loads due to prolonged braking it has been noted that geometry of the wheel bears a
ficant impact on the distribution of reduced stresses and, in tum, on the increased wheel
gth. The maximum stresses have accumulated in the web of a wheel bend. The best
5 have been obtained by modem-design wheels with a large web bend — Italian wheel
Czech wheels (455.0.212 and 302.0.02.001.007). The wheel designed by Stablimento di
re Lucchini has generated best results for the wheel with maximum wear of a rolling
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The values of the reduced stresses for modern-design wheels have been decreased by 70 Mpa
{comparison of lalian wheel and UIC asymmetrical wheel, which is widely used — Fig. 18).

a) b)

Fig. 18, Comparison of the stress distribution of reduced stresses due to prolonged braking:
a) UIC symmetrical wheel, b) Lucchini wheel

3.7.2. Impact of the wheel hub geomelry

In case of symmetry or asymmetry of the web of a wheel no noticeable impact on the reduced
stress for any load type has been observed. However. change of geometry of the weh
influences the location of stress in case of load due to pressing wheel onto the axle. For the
asymmetrical hub, more stress accumulates in this part of the hub, where the web is located;
the stresses diminish in the opposite direction. Wheels with symmetrical hubs are
characterised by uniform distribution of stresses in wheel and axle — Fig.19.

b)

Fig. 19. Distribution of reduced stress caused by pressing wheel onto the axle for wheel in
accordance with Polish Standard: a)920/185 symmetrical wheel, b) 920/183
asymmetrical wheel -

3.7.3. Influence of the wheel seat diameter

Significant impact of the wheel seat diameter can be observed in case of the loads due o
carriage weight and run dynamics only. The wheels with greater wheel seat diameter (200-
267 mm) have generated lower values of the reduced stresses during the numerical analysis.
The distribution of the reduced stresses has not changed for all wheel geometries, and stress
maximum values are located at the curve connecting wheel hub with web of the wheel on
both sides — Fig.4.14.

A good example of the influence of wheel seat diameter is the comparison of two wheel types
— German wheel (Technical Specification No. TT2990) and Russian wheel — ace. to OCT
0036-88, There is a difference in the wheel seat diameter, while the shape of the web is
similar. The Russian design is characterised by wheel seat greater by 80 mm (TT2990 =
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m. ['OCT 9036-88 = 263 mm). This design has led to halving the stresses due to static
ge weight and run dynamies — Fig. 20.

b)

_-- 0. Reduced stresses due to carriage weight: a) TT2990, b) TOCT 9036-88

4. Impact of wheel rolling surface wear

impact on the wheel strength of the wear of wheel rolling surface has been observed in
€ of loads due to prolonged braking only (30 kW power, 45 s time interval). The numerical
sis demonstrates the need for investigation and numerical calculations for wheel designs
h maximum wear of the rolling surface.

extreme cases the difference in the maximum reduced stresses has been as high as 14 % -
an wheel TT-2990/K0 - Figure 21.

g 21. Distribution of reduced stresses caused by prolonged braking of the German wheel
TT290: a) wheel 3920, b) wheel & 854

7.5. Summary comparison of ten different designs of railway wheels

order to indicate the most advantageous design with respect to reduced stresses for given
i condition, the wheels with lowest values have been given the highest marks (10. Ten
ferent wheel designs). In the same way, inferior wheels received lower marks. The
@luation has been conducted for all load cases, differentiating between new wheels and
im wheels with maximum wear of the rolling surface — Tables 3 and 4.

e marks have been added up in order to select the best design in service.
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Table 3
Mew wheel — diameter &5 920 mm

Load type
Type of wheel Eaterferincs C..::;T:r C::ﬂmmr;gal F;n:a::d Total
G20 200 T 9 1 4 21
S/ 1853 3 2 4 3 12
92185 3 3 1 1 8
TT-299/K0 S 4 4 B8 18
Lucchini 8 6 8 T 30
Bohumin 455.0,212 g T T 9 32
UIC s 1 8 4 5 18
UIC a 2 5 1 2 10
Bohumin 302002001007 6 1 10 8 |
Tahle 4
Wheel with worn rolling surface - & 854 mm
Load type
Tl vhel Interference c:d";fe Cr::f;‘" P::;::d Total
02012008 7 8 3 [ 4 |
Q201855 4 1 3 4 12
9N 185a 3 2 1 2z 8
TT-2990WK0) S 4 3 3 15
Lucchini 8 6 g o) 32
Bohumin 4550212 9 T T B8 3
UIC s 1 9 3 B 22
UIC a 2 5 1 1 9
Bohumin 302.0.02.001.007 10 3 10 T 30
FOCTH36-88 6 10 T 5 28

The best results have been achieved by Czech wheels (455.0.212 and 302.0.02.001.007)
and [talian wheel.

Taking into account that these are the wheels of modern design (still in the design stages
or testing stage), it is important o conduct the numerical analyses and investigations, since
these new designs may avail real financial advantages, and increase the safety and travel
comfort of future high speed rail vehicles.

3.8. Remarks and conclusions

After the numerical analysis of ten different wheel designs has been conducted with the
help of three FEM software packages, the oblained results of reduced stress have been
compared with respect to: mesh type and pattern, value-dependent stress distribution, wheel
construction, degree of wear, used software.

The following conclusions may be drawn:
= mesh type and pattern have great impact on the temperature , displacement and stress
fields values;
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pmetry of the wheel web and hub bear influence on the distribution and values of the

gsses. If the service conditions are known, the appropriate wheel geometry can be
eeted.

alysis of the degree of wear of the wheel on the distribution and values of the stresses
shown that the influence is significant only in case of loads are due to braking;

omparison of software used has shown significant differences in computation of

mperature field caused by braking;

i€ conducted analysis has clearly demonstrated the importance of a correct FEM model

ical analysis has made possible comparison o software used in caleulations.

conducted analysis has shown the supremacy of modern-design wheels with respect to

pechanical strength (Italian wheel. Czech wheels 455.0.212 and302.0.02.001 A007).

i€ 5 sets out the basic parameters characterising the numerical analysis in the three

rent software packages.

Table 5
Comparison of software used in strain analysis of railway wheelsets
= gL T Ik T R T o Al TRt
. Facility of data preparation
creation of mesh p " o
imput of material data x
time-consumption i " o
dependence on temperature i : E
setting boundary conditions in displacements F :.. ;
selting loads
Rume consumpiion oft
data preparation M 4 o
computation * i o
resulis vissalisation i : ;
File import = g i
Contact issues = i ¥
Static issues E S b
[rvnarmic issues = b =
. Nonslationary heat flow 2 A ¥
| Thernul stresses fof a given lemperature field & s 4
. Thermal stress issues due to braking : 7 K
e eansuption i - =
Facilit; ofmnhn for assemibly (interference) =
£ -

perimental investigation of temperature, deformation and
stress fields of railway wheels

experimental investigation of the temperature, deformation and stress fields of the
lway wheels has been conducted in order to check the accuracy of numerical calculations.
ey have covered:
- static loads simulating the carriage weight for different load values and different load
models,
- thermal loads for 13 braking cycles, braking power of 20, 30, 40 and 50 kW.
he tests German and Russian wheels have been used.
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4.1, Static experimental investigation of a Russian wheel

The experimental tests have been conducted in the Rail Transport Institute BHUHKT in
Moscow. Test stand for strain measurements of railway wheels deformations has been used -
Fig. 22a.

Strain gauges have been placed on the intemal and external surface of the web of a wheel in
the vertical plane (Fig.22b). The wheel has been loaded with the vertical force (Fig.22b) of
800 kN. The previously acquired experience of the Rail Transport Institute BHHHAT arising
from analysis of fractures of wheels investigated in the test stand and wheels broken down in
service has led to a conclusion that the interaction of two forces {horizontal and vertical -
simulating interaction between track and wheel) ean be exchanged for one vertical force
action

] I}

Fig 22, Test stand for strain investigation of railway wheels deformation: a) the stand, b)
placing of strain gauges, way of modelling the wheel

The result has been obtained in the form of diagrams showing the courses of radial stresses at
the internal and external wheel surfaces — Fig.23.

In order to facilitate the comparison of results of experimental tests and numerical
computations, the values of radial deformation of the web of a wheel have been caleulated
with the help of the following formulas (the calculations have been con ducted for the strain

gauges locations):

= (£: +v5; ) G

Oy = -
] =v"

o, = 1—Ev: (& +vey)

where:
E —Young's modulus (2.1 el1 Pa),
v —Poisson's number (0.28)
£ — radial deformation
gr— circumfierential deformation

42




dial stresses

ircumferential stresses.

pn results are shown in Fig.24.

ome of the numerical analysis persists in deformation values of wheel in places
nding to placing of the strain gauges — Table 6.

e 6 and Figs. 25 and 26 show that modelling the load as a single force does not
porrespond to the experiment results, The discrepancy of the results is great.

3. The diagrams of the radial stresses at the internal and the external side of the web of a
wheel

External side of the wheel we

Exlly XL L] [ K11} LRI}

Internal side of the wheel web

S NEE EARE AR SRR L]

Strain gauge #

4. The diagrams of the deformations at the internal and the external side of the web of a
wheel
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Table 6

Internal side of web of a wheel
| Strain gauge 4 ~ Test NASTRAN ANSYS COSMOS |
1 -0, (035457 -0,0045274 0048251 00048215 |
2 =0, R095E =0 W2 T 569 -0027543 -0 002 T6H3T |
3 -0, (20882 0,00 16704 -0,0016602 00016766 |
4 (0 00E [0S -0 CEHRR O =000 3562 =0 (944 |8 |
H 0000272 -0,00041947 -0,00041157 000041238 |
[ 0,00028343 -2 9SHTE-D6 -0, 00001 2651 0000012735 |
7 00003219 0,000 17478 0,000 16852 00001593 |
8 -0,00017105 -0, 10708 -0,00010614 -0, 00010578
External side of web of a wheel
Strain gauge _ . Test MASTRAN ANSYS COSMOS
1 0,000 9886 0, (063 T3 0,00065132 000064611 |
2 0001704 00019544 0001939 00019406 |
a 0001208 0,0010549 00010513 00010547 |
—d 000061924 000072312 0022503 0,00021953
5 -0,00040419 -0, 0027328 000027197 | -0,00025934
6 -0, 00001771 -0, (007952 -0, 0068453 -0 D0068513
7 -0,0012105 | -0, 1688 -0, 0011702 0,001 1695
8 -0.0017421 | 000097488 -0,000873594 0, (9 T33T
a)
S
W
b)

FA,

Fig. 25. Radial deformation — internal side of the wheel: a) bar chart, b) line chart
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P4

. 26. Radial deformation — external side of the wheel: a) bar chart, b) line chart
. Static experimental investigation of a German wheel

e experimental tests have been conducted in the Bohumin Plant as. in Czech Republic.
t stand for strain measurements of railway wheels deformation has been used — Fig. 27.

in gauges have been placed on the internal and external surface of the web of a wheel in
axial and radial directions (Fig.28).

e maximum load generated by hydraulic actuator has corresponded to static load in the
I-rail system. The strain gauges have been placed at the points of maximum stresses
sed by static load due to carriage weight.

in gauges of KM 120 type have been used, k=2,02.
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The conducted investigations have resulted in obtaining the deformation values of the web of
a wheel of a railway wheel. The wheel has been loaded with axial and radial forces ai the
same time for 150 seconds (Fig. 28). The maximum steady-state force values have been:
radial force 160 kN, axial force 60 kN (Fig. 29), which corresponds to the axle load of 32 T
per axle. The maximum force values have also been adopted in the second stage of
investigations, when FEM has been used. In order to compare the results of experimental tests
with FEM numerical analysis results, the deformation values measured by strain gauges T3
and TS have been selected. These gauges have been placed radially at both sides of the wheel
and the deformation values measured by these gauges have been the highest of all.
Deformation values in the radial direction have been pre-dominant; they have been of a higher
order than deformations in the axial direction. The maximum measured value of axial
deformation of the web of a wheel at the internal side (T3 strain gauge) has been equal to
0,000412, and at the external side (T3 strain gauge) it has been equal to 0,000695 - Fig. 30.

h ﬁl

of railway wheelsets” wheels deformations

test stand for investigation

Fig. 27. Strain

F

radial

F axial

Tensometer No. |

Tensometer No. 3

Tensometer No. 4

Tensomeler No. 2

Fig. 28. Loading diagram for a wheel placed in the test stand; strain gauges placed on the
wheel
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29. Time cycles of forces loading the wheel at the test stand
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30. Time cyeles of wheelset wheel deformation measured at the test stand

er the FEM numerical analysis, the wheel deformation has been determined - Fig. 31b.
lowest difference in the result as relates to experimental investigation has been generated
ase of manual hexagonal mesh. Figure 31 shows comparison of the results.

 comparison confirms the correctness of the proposed model of loading the wheel with
forces — axial and radial.
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a)

AN

Displacerment value fimim]

Strain guage #

Results Masiran

b)

[THPRREE S Th—"

Faiai Nastran

Fig. 31. Comparison of results of numerical analysis and experimental tests; load is due o
carriage weight; a) deformation, b) results discrepancy
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imental thermal investigation of a German wheel
German wheel has  been  investigated (Technical Specification No. FWG

8 of wear, this diameter has been machined down to 854 mm. The wheel has been
ed 10 braking in 13 eyeles at the test stand of Machine Faculty of University of Zilina
.:3 The investigation has been aimed at the temperature measurement in the railway
during braking.

stand scheme is shown in Fig.33. The stand consists of a measurement frame affixed to
shaft. Two brake sets are located on the frame. The braking force 15 determined by
pressure measured with mechanical force gauge during calibration; this meter has been
between the wheel and brake casing. Temperature in the wheel of the web has been
d with the help of thermosensors of K type, manufactured by American company
. The sensors and ceramic casing have been symmetrically affixed at every 90° along
gircumference, and 9 mm away from the wheel’s rolling surface - Fig.34.

g thermosensor signal is amplified and transferred to data acquisition computer card.

The tests have been run in cycles in accordance with UIC 510-5:

* - braking at 60 knvh, braking power of 60 kW, time interval 45 minutes — one cycle

=  braking at 60 kmv/h, braking power of 30 kW, time interval 45 minutes — one cycle

= braking at 60 kmvh, braking power of 40 kW, time interval 45 minutes — one cycle

- braking at 60 km/h, braking power of 60 kW, time interval 45 minutes — ten cycles.
Pli-type shoe brakes have been used in the investigations. These are widely used in
gch rail transport. They are made of cast iron with | per cent phosphorus admixture. The
pes have been placed 10 mm away from the external face of wheel’s rolling surface (320 x

1).

2.32. Test siand for deformation and temperature investigation of railway wheelsets wheels

iring braking the wheel has been cooled by the air flowing at 30 km/h (half the run speed) .
& cooling after braking has been done with forced air ventilation, air has been heated to
50 "C. Lower temperatures have been obtained by using water sprinkling both sides of the
eel hub at 6 km/h. The water has been able to flow freely over the web and wheel’s rolling
flace. Total amount of water used has been equal to 165 /h.

i€ initial wheel temperature in each cycle has been equal to max. 50° C |

Mestizations have resulted in a reading of average temperature during the whole eycle
ermocouples measurement).

order to verify the correciness of the used calculation algorithm for temperature field a
mparison of numerical calculations with results of expenimental tests has been conducted
ng cycle in accordance with  UIC 510-5).
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Fig. 33. Test stand for investigation of deformation and temperature of railway wheelsets
whieels

Electric motor ( P =265 kW, Py = 400 kW, n = 3200 rpm )

Toothed gear {i= 1,5 ,resp. i= 1,72 0ri=4)

Coupling

Flywheel 400 kgm?® = 280 + 120 kgm? { 2x5+3x10+4x15 )

Flywheel 600 kgm?

Flyvwheel 9040 l:r_l'ﬂ:

Stand casing

Wheel with railway shoe brake

B o=l 3 U da L Bl =

Fig. 34. Placing of thermocouples along the wheel circumference (2 mm away from the
rolling surface)

The numerical thermal analysis has been conducted according to UIC Report [130], for a
wheel with the maximum wear of the rolling surface. The thermal flux has been determined
for cach braking phase. Between the braking processes the wheel has been left without any
incoming thermal flux. The convection simulating cooling processes lasting 14400 seconds
has been taken into account. After each braking, the temperatures in the points, where
thermocouples have been placed in real lifie, have been calculated. As a result, the average
values of the temperatures for selected nodes have been determined for several braking cycles
*Fig. 35) as well as temperature fields of the wheel.
The comparison of experimental investigation and numerical calculation of braking cycles
leads to following conclusions:

- the smallest difference of temperatures has been obtained with the help of COSMOS

software {up to 5 %):
= for NASTRAN and ANSYS software the discrepancy has been as high as 22 %.
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Cycle

5. Temperature diagram for nodes corresponding to thermocouples placing

demarks and conclusions

summarise: presented work recapitulates the existing state-of-the-art related to railway
sets. Several basic direction of research on railway wheelsets are indicated:

durability and reliability,

design,

lnad analysis (loads due to manufacture and service, and in particular to braking
Processes),

= unconventional materials,

certification and commissioning tests,

application of FEM in design,

accuracy of numerical and experimental methods.

Canalysis has confirmed the advisability of conducting planned research aimed at
fmising the model generation and calculation by numerical procedures for railway
Elsets wheels.

the basis of web of a wheel model a rational mathematical numerical model has been
plished (rationality here is undersiood as reasonable accuracy and computation time). This
el has made possible the comparison of numerical calculations with unshakeable
ylical results,

wheel model, which has been created, has made possible the subsequent creation of
nal discrete models of selected railway wheels designs. These have been analysed with
to loads arising during manufacture and operation.

dition, simulation of railway wheel strain for different mesh types and patterns generated
fferent software has been conducted in order to establish possible results discrepancy.
analysis has shown the importance of accurate modelling of the load course and wheel
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In order to check out the calculation model the experimental tests of static loads (due t
carriage weight) and thermal loads (due to braking) have been run. The results of these tests
have been compared with results of numerical analysis. The proposed calculation model has
been compared with results of test stand investigation. Comparison of the results ha
confirmed the correctness of the proposed discrete model and calculation algorithm.
Additionally, the influence of wheel geometry (rolling surface diameter, hub geometry, web
geometry) and technological parameters (difference of interferences between wheel and axle)
on the distribution of displacements and stresses has been investigated.

The following principal conclusions have been drawn as a result of the investigation:

1. Using Finite Element Method (FEM) the computation procedures for
temperature, displacement and stress fields in railway wheelsets have been
elaborated. This method takes into account real wheel geometry, complex loads
of the wheelset and material properties.

2. New procedures for solving the wheel-axle contact problems have been worked
out.

1. The numerical computation results have been compared to the analytical
computation results. Results of this comparison justified selection of FEM mesh.

4. The numerical computation results of the wheelset designs have been compared
with the results of experimental investigations. This should verify the adequacy
of algorithm method used. Until now, the discrepancies between numerical
computation and field investigation results could be as high as 50 per cent. For
the method proposed in this paper the difference was not higher than 22 per cent
in case of thermal loads and 5 per cent for static loads.

5. The elaborated procedures of design and selection of wheelsets’ wheels using
FEM have made possible a complex strength analysis of ten different wheel
designs; conclusions as to their design and service have been worked out.

6. The conducted numerical analysis of the influence of the most significant
geometrical and service parameters of wheels of railway wheelscts should enable
the designers to optimise and select the wheels according to their process
engineering parameters and construction.

7. Further investigation will be directed at more precise definition of boundary
condition for thermal loads in order to achieve less discrepancy in the results; real
calculations of dynamic loads are also planned.
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