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Abstract. Nowadays special tensometric wheel pairs are fethe monitoring of wheel-rail
system. In this work the task of unification of ttensometric wheel pairs and reduction of
expenses required for testing is considered. Thaipetent allowing realization of the
measurements for the monitoring of wagon or lociveosystem wheel-railing using ordinary
standard wheel pair is elaborated. The objectiveptimization is to determine the shape of the
equipment mounting disk with minimal volume constesl by specified displacement and
stress levels. Dynamic excitations due to theirabularities and flat of wheel are taken into
account. The strength calculations of the moundiisyf are realized by FEM and are relatively
time consuming. The shape optimization using metheiso is discussed. Procedures of
metamodel building by local approximations are udéte optimal curved shape of the cross-
section of the ellipsoidal mounting disc is elalteda
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Introduction

At present time special tensometric wheel pairsused for the monitoring of wheel-rail
system. For each type of rolling stock these wimats must fit vehicle wheel wearing
condition, diameter and bearing box connection typ&ing and delivering of the tensometric
wheel pairs are expensive and take a lot of tinmgpfeparing of strength — dynamics tests. In
this work removable equipment for monitoring is pweed to mount on the ordinary wheel
pairs. Monitoring wireless system [1, 2] for 80 $omagon (freight car) is taken for prototype.
The movable part of equipment (Fig. 1) consistsrarhovable disk, two transmitters and
transmitting antenna as well as strain gauges libtalthe wheel at defined places. Removable
disk is fixedly attached to wheel pair axis. Cianutransmitting antenna and two transmitters
are mounted on outside of the disk.

Removable equipment must be lightweight to minimdigtortions of measurements and at
the same time it must possess appropriate dusadiditiring testing dynamical loads that are
induced by rail joints, railroad switches and otireegularities as well as due to defects of
wheel geometry are transmitted from wheel pairgetoovable disk, which is rigidly mounted
on the wheelset axis. Therefore shape optimizaifahe mounting disk that is the main large-
weight part of equipment is very important to reglits total weight.
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Disk

% Transmitter

Fig. 1. a) Removable disc with elements of measuremetesyand b) its mounting place

L oads acting on wheel pairs

The main loads are acting in vertical direction anel induced by railroad irregularities and
wheel defects in the wheel-railroad contact. Thaaeable disk sustains all loads from wheel
pair because it is rigidly fastened. Strength & thmovable disk is calculated for maximal
possible loading. For example in the case whenntheel pair have 2 mm flat of wheel (Fig.
1b), the loaded and empty wagon wheelsets undergiifferent loads in vertical direction at
different velocities (see Table. 1) [3]. For emptgigon the maximal load is at velocity 5 m/s,
but for the loaded wagon at 10 m/s. Strength of rdraovable disk will be analyzed with
maximal vertical load — 620.6 kN for two cases déntation of the transmitters - horizontal
and vertical when the wheel pair acceleration eath 12 g (the gravitational acceleration g =
9.81 m/$ is taken into account).

Table 1. Load versus velocity of wagon [3]

Maximal load in moment of

Velocity of wagon shock, kN
m/s
Empty wagon| Loaded wagon

Static load 22.8 104.5

1 136.1 251.3

2 170.2 316.4

5 297.8 367.2

10 271.3 620.6

20 276.6 604.9

Strength of the disk under centrifugal load willdlso analyzed at maximal vehicle velocity
200 km/h (wheel angular velocity = 116.98 rad/g)this case the disk is considered as new
without wear on riding circle.

Moreover, frequency analysis was performed to datex natural frequencies of wheel pair
and evaluate possible resonance in the case dfffl@heel. Obtained results demonstrate that
excitation frequencies at velocities of operatingnditions are significantly smaller than
fundamental frequency.
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Disk model for strength calculation

The geometrical model of the disk is constructedr®ans of SolidWorks [4]. It takes into
account the shape, size and material of the didktr@mmsmitters (dimensions - Z8b5x80 mm,
mass - 0.1 kg). The transmitting antenna (Figs¥emoved from the calculation model because
it has small dimensions and is a lightweight comgmtn The calculation model does not
consider fastening holes and fastening elemertisreiThe transmitting antenna operates stable
if its displacement in axial direction is less tHamm [1]. This constraint is taken into account
in the next calculations.

The strength calculations are performed by Solid&/d8imulation (alias CosmosWorks)
[5]. Firstly, the shape of removable disk (radRs= 300 mm and thickneds = 10 mm) is
changed to ellipse with semi-major axis length 83@® and semi-minor axigl (Fig. 2a) by
simple size optimization dE1. This shape is convenient for the equipment ningrurposes
and is taken for initial design.

FE mesh is generated with the second order tetrahsdlid elements and is generated to
obtain high accuracy results (Fig. 2b). It constdtabout 51000 elements with 86000 nodes
(258000 DOF).

EI1=180

/

a) b, c
Fig. 2. a) Ellipsoidal disk; b) Computational finite elemienesh of the model; ¢) Scheme of disk fastening

Displacement of removable disk is restrained owytsdrical face as fixed (Fig. 2c).
Material of the disk is aluminum alloy (1060 H12jthwelastic modulu€= 69000 MPa,

Poisson’s ratiov = 0.33, mass density = 2700 kg/rﬁ and yield strengths = 27.5742 MPa.
The material’s ultimate fatigue resistance is dal@d as [6]:

0,=04-0, @

So stresses must be less than=11.0297MPa. Additionally, the value of factor of safety

FOS = 2.75 is assumed to be confident that thewliblbe durable in any worst-case situation
[6]. The acceptable stress in the disk materialetuced tos,  =4MPa. Von Misses yield

stress criterion is used for all strength calcalai

vonMises

P _ \/(01 - 0_2)2 + (Gz - 0-3)2 + (0-1 - 0-3)2 : (2)
2
where ¢, 0,,0,are principal stresses.

Thereby the von Misses stress at any point of iblieshould be less than acceptable stress:
<O 3)

O,

vonMises
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Stressesin disk of initial design

Three variants of stressed state of the disk aaéyzed, i.e., from loads due to flat of wheel
in two cases of the disk orientation: when majas axX ellipse is vertical and horizontal as well
as from centrifugal loads.

There are considered loaded wagon with maximalitgath moment of shock that occur at
velocity of 10 m/s (Table 1). Maximal stresses ioment of shock (acceleratian=119.3 m/9
are presented in Fig. 3. As we can observe, valfiggaximal stress levels for both orientations
of the disk are very similar.

wion Mises (MNmm*2 (MPa1)
0.245
02135
0184
0154
0123
ona2
0082
003

0.000

b) =

Fig. 3. Von Misses stresses distribution in initial desitigk for a) horizontal and b) vertical orientation

The results for stressed state of initial desigthefdisk from centrifugal load are depicted
in Fig. 4. Maximal von Misses stress in the digkifrcentrifugal load is at least 12 times greater
than in the case of loading from flat of wheel.

Shape optimization of cross-section of the ellipsoidal disk

The shape of cross-section of the disk is optimiaéthg into account only centrifugal load.
Design restrictions allow modification of disk csesection shape only at one side and in radial
direction in the range of 150-300 mm from ellipgmter. Section of the disk at radial distance
0-150 mm has constant thickndssl0 mm. Three methods are used to define crosgsect
shape (Fig. 5): a) with NURB spline [7] knot pointg with NURBS polygon points and c)
with points that are connected with straight lifesur parameters are stated to define the shape.
Parameters are varied in the following ranges: ¥ 1< 10; 4< X2<10; 55 X3<12;3< X
4 <5 for variants “a”, “c” and & X1<10; 0.5 X2<20; 55 X3<25;2< X4<5 for “b”.

The design of experiments is calculated with MSedmsquare distance) criterion [8] for 4
factors and 70 trial points lFDAOpt - softwarefor design of experiments, approximation and
optimization developed in Riga Technical University
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Fig. 4. a) Von Misses stresses distribution in initiaida disk from centrifugal loads;
b) disk’'sdisplacements in axial direction

So the 70 strength studies are calculated for edchonsidered method. SolidWorks
Simulation results (volume, maximal von Missessgtreaxial displacement of the disk etc.) are
entered into EDAOpt for approximation and subsetugiobal search. For example, for
approximation of responseby quadratic polynomial the following expressi&h is used:

§/Zﬂo+Zﬂi)§+iZﬂijxixj +Zﬂij)§2+g )

where there ard variablesx,, ..., Xy, L=(d+1)(d+2)/2 unknown coefficient® and the errorg
are assumed independent with zero mean and constaignce o°. In case of local
approximation coefficientsg=(g., p», bs.-.., fL) depend on pointx, where prediction is
calculated and are obtained by means of weightest Eguares method:

p = argmin > wix, = x)x(y, = Y(x))’ (5)

jeNy

where the significance of neighboring points in getN, is taken into account by Gaussian
kernel:

w(u) = expl- o) 6)

whereu is Euclidian distance from, to current point and; is the coefficient that characterizes
significance.
Quality of approximation is estimated by cross-dafion relative error:
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where root mean squared prediction error standsumerator and mean square deviation of
response from its average value stands in denoanjmeis a number of confirmation points and

Z": v (x) denotes sum of responses calculated without takittgaccoung-th point. Leave

o, =100%

Xrel

()

one out cross-validation method is used for catmdaof (7). The global random search
procedure [10] realized in EDAOpt is used for optiation.

Some characteristics of optimization and approximmagare listed in Table 2. Results of
variants “a” and “b” are obtained with second ortteral polynomial approximation. Third
order local polynomial approximation is used foriaat “c”. Gaussian kernel coefficient
was varied for least value of cross-validation e(i).

Table 2. Quantitative data of approximation and shape optution of the ellipsoidal disk cross section

Varia | @ Approximation’s Volumev Maximal von Misses stress
nt O el [%] [mm3] O-vonMisas [MPa]
o \Y Predicted Real Error Predicted Real Error
vonMises [%] [%]
a 6 20.56 0.06 1003944 1003891 0.005 3.9999 3.83381 4.33
b 3 40.28 2.03| 923421 921740 0.018 3.9999 4.200354 4.77
c 4 10.93 0.00| 946180 946173 0.001 3.9998 4.125750 3.05
d - - - - 1394900 - - 3.3 -
300 300
50 50 50 30
140 140
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Fig. 5. Results of optimization of ellipsoidal disk. Shagfeross-section is defined by a) NURBS knot
points, b) NURBS polygon points, c) points that emanected with straight lines
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The obtained metamodels are used for optimizatfdiaaiors. The ellipsoidal disk volume
is minimized by taking into account the specifiemhstraints on displacement and stress level.
The obtained shapes are presented in Fig. 5. Talvldicates that the best results are obtained
for variant “b” (Fig. 6), where the volume is lowey 8.2 % in comparison to variant “a” and by
2.6 % with respect to “c”. All 3 variants give signifint advantage in volume (28.1 — 3%,
when comparing to variant “d”- the initial shapesigg with constant 10 mm thickness.

von Mises (Ninm*2 (MPa))
4.200000
3818182
3436363
3.054545
2672727
2290909
1.809091
1527213

1145455

0763635

e 4200354 031619

0.000000

Fig. 6. Half of 3D model of optimal shape disk and reahWlisses stresses distribution in it

Conclusions

The proposed equipment enables application of atandvheel pair with removable
measurement equipment as tensometric wheel pdictimsiderably reduce material and time
expenses required for preparation of testing. Bameeof size and shape optimization the total
volume of the mounting disk of railway vehicle me@snent system is reduced by ~64 % in
comparison with initial design. The method basedNdWRBS polygon points provides the
shape with at least 3% better objective (volumahtbther used methods.
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