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This paper presents an innovative method for determining the distribution of the
friction generated heat from the contact of a locomotive wheel and rail, as well
as the heat partition factor, during wheel slipping of an accelerating locomotive.
The new method combines the finite element analysis simulation and experi-
mental determination of the temperature distribution in a downsized model of a
wheel and rail. As a result of a virtual experiment by the finite element analysis,
an empirical dependence between the temperature distribution and the heat par-
tition factor was established. The determination of the dependence enabled find-
ing of the exact value of the heat partition factor by the optimization procedure
based on matching temperatures obtained by the virtual and real experiment.
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Introduction

Problems relating to the determination of the friction generated heat, temperature
distribution and heat partition factor in the wheel-rail contact are well known in scientific cir-
cles, and a great number in studies of the fields of railway and tribology deal with them.
Those problems are related to rolling contact fatigue (RCF) and wear of the wheel-rail system.
Relative slip at the wheel-rail interface leads to an increase in temperature causing thermal
softening of the steel that can even lead to its metallurgical transformation. Furthermore,
thermal stresses cause occurrence of residual stresses which contribute to the propagation of
cracks in materials [1].

Knothe and Liebelt [2] presented an approach that used a combination of Green’s
functions and the Laplace transform method to obtain solutions for surface temperatures,
maximum contact temperatures and temperature fields for sliding systems. An appropriate
procedure was provided for the wheel-rail system in this study. Furthermore, Ertz and Knothe
[3] showed that the heat flow in a wheel-rail contact with smooth surfaces was 1-D. The au-
thors presented some methods for the calculation of contact temperatures, and concluded that
the maximum surface temperature could be estimated with the flash temperature formula of
Blok, while the case of Hertzian contact could be investigated with the polynomial approxi-
mation. Gallardo-Hernandez et al. [4] measured temperatures in a twin-disc simulation of
wheel-rail contact. For that purpose, a thermal camera was used. Obtained temperatures were
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compared with temperatures derived using analytical models, which equated the frictional
heat generated in the contact, and good correlation was found between them. Thermal stresses
for frictional contact at wheel-rail systems were investigated by Fischer et al. [5]. Using the
Laplace transform technique, an analytical solution for the temperature field produced by slid-
ing contact on the surface of a half plane, was presented.

Many authors used numerical simulations to research the heat generation during
friction between two bodies, especially in the case of wheel-rail contact. Sinha et al. [6] con-
sidered the transient case of a block sliding across two fixed walls. Belhocine et al. [7-9] in-
vestigated structural and contact behaviors of full and ventilated brake disc and pads during
the braking phase with and without thermal effects. MiloSevi¢ et al. [10] performed analytical
and numerical modeling of thermal effects during long-term braking of locomotive for main-
taining a constant speed on a down-grade railroad. Stefancu et al. [11] analyzed the frictional
heating phenomenon using the finite element method for frictional dampers used as earth-
quake protective systems. Masoudi et al. [1, 12] and Salehi et al. [13] used 3-D finite element
analyses for simulation of in railway wheels, as well as the effect of residual stresses on
cracks growth and wheel life.

For the wheel-rail contact, Miltenovi¢ et al. [14] used the ANSYS software to obtain
the wheel-rail temperature distribution in different sliding scenarios. During the analysis, the
authors assumed that the equal amounts of the generated heat flew to both bodies in the con-
tact, i. e. the heat partition factor value was assumed to be 0.5. Fischer et al. [15] investigated
the flash temperature in an asperity of the rail due to the wheel-rail rolling contact. They de-
rived a new heat partition factor in cases of frictional heating and heating due to plastic de-
formations. Spiryagin et al. [16] proposed minimizing the wear between the wheel flange and
the rail gauge by the lubricant implementation. Modeling the temperature process in the con-
tact and using some experimental data as an input for the computation, the obtained results of
the numerical calculation of temperature were used for making the correct choice of the lubri-
cant type. Vakkalagadda et al. [17] proposed a three step hybrid approach for determination
of wheel running temperatures, which included a model of a running train for estimation of
heat generation rates, a 2-D boundary element method for estimation of heat partition and a
finite element method for estimation of wheel temperatures taking inputs from the train run-
ning model and the boundary element method.

The analysis of the considered literature sources leads to the observation that the
majority of authors during their researches were made the following two assumptions: first
that the overall energy generated by friction is transformed into heat, and second that the
equal amounts of the generated heat are transferred to the both bodies in the contact. Although
there may be disagreements about the exact mechanism of the energy transformation, most
tribologists agree that nearly all of the energy dissipated in frictional contacts is transformed
into heat [18]. Due to a number of factors which influence the frictional heat generation as
well as different geometry and thermal properties of bodies in contact, it is not justified to as-
sume that both bodies receive the equal heat flow. To determine the heat partitioning, it is
necessary to establish a model of contact and to solve governing partial differential equations
along with the interface and boundary conditions. Due to the complexity of the contact model,
it is usually reduced to 1-D or 2-D representation in order to achieve the solution of the heat
partitioning problem.

This paper presents an innovative approach to the determination of the parameter for
partitioning of the friction generated heat by combining a real experiment on a downsized
model with numerical virtual experiment results. The simple experiment provides the deter-
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mination of temperature distribution for tribological conditions of the wheel-rail contact. With
the 3-D direct coupled structural-thermal numerical simulation, which resembles the per-
formed experimental set-up, the heat partition factor is varied in order to match temperature
distribution obtained numerically with temperature distribution obtained by performing exper-
iment on the downsized model. The matching of noted temperature distributions gives an ex-
act value of the heat partitioning factor for different tribological conditions, thus enabling
more accurate simulations of the wheel-rail contact.

Friction and frictional heating

Friction occurs whenever two solid bodies slide against each other. During this pro-
cess, mechanical energy transforms into internal energy or heat, which causes increasing of
the temperature of the sliding bodies. Depending on the sliding conditions mechanism by
which this energy transformation occurs may vary. Also, the exact location of that transfor-
mation usually is not known for certain. It is known that solid friction and related frictional
processes, including frictional heating, are concentrated within the real area of contact be-
tween two bodies in relative motion. Most of the authors already agree that nearly all of the
energy dissipated in frictional contacts is transformed into heat. Increases in temperatures of
the sliding bodies occur due to the energy dissipation, also called frictional heating.

In the case where two bodies slide against each other, where the body 1 is moving
with velocity v; relative to the contact area and the body 2 is moving with velocity v, relative
to the same contact area, the rate of total energy dissipated in the sliding contact is determined
by the friction force, and the relative sliding velocity. If it is assumed that all of this energy is
dissipated as heat on the sliding surfaces within the real area of contact, then the rate of heat
generated per unit area of contact, g, is given by:

G = uPpAv oy

where u is the coefficient of friction, p — the contact pressure, and Av = v, — v; — the relative
sliding velocity. This heat generated by friction is distributed through both bodies in contact
and distribution can be calculated by Fourier’s law.

Fourier’s law for heat conduction in an isotropic solid which is moving with the ve-
locity v may be written as is shown:

VkVT+Q=pC%—I=pC£%+vVTj (2)

where Q is the internal heat generation rate per unit volume, k — the thermal conductivity,
p —the density, and C — the specific heat.

Since there is no internal heat generation in the case relating to this paper, and when
k is uniform and constant, eq. (2) can be written:

kv2T = pC (‘Z—I + vVTj (3)
or shorter:
ver 10T 4)
x dt

where k = kipC is the thermal diffusivity.
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Frictional heating and the resulting contact temperatures can have an important in-
fluence on the tribological behavior and failure of sliding components. Surface and near-
surface temperatures can become high enough to cause changes in the structure and properties
of the sliding materials, oxidation of the surface and possibly even melting of the contacting
solids. These temperature increases can often be responsible for changes in the friction and
wear behavior of the material [18]. This is very important in railway because of the fact that
sliding of the wheel relative to the rail occurs frequently in cases when a locomotive starts its
motion or accelerates from one velocity to another [19]. The motion of a railway vehicle
wheel on the rail is usually considered as a purely rolling, but in practice often rolling and
sliding occur simultaneously. Hence, sliding of the wheel on the rail mainly performs in cases
of vehicle accelerating or braking.

Figure 1 shows the realization of the

% traction force F,, according the slip resistance

force i. e. the friction force F,. The drive
torque T represents the moment of the forces
Fv — Fw. The horizontal rail reaction force F,

A — (the friction force) is generated under the in-

Gw fluence of the vertical wheel load G, and it

Fut W Fy opposes to the force of the traction torque Fy

== balancing it. So, the rotation around the point

.‘ 0 [ , O is performed under the force F,,, and the

vehicle is moving.

Hence, the movement of the wheel is
performed by means of friction. Because of
the friction of the wheel-rail contact the heat
is generated. It is important to know the process of the heat distribution in the contact area in
order to achieve energy efficiency and safety of railway transport.

Figure 1. Torque and friction force in
wheel-rail contact

Innovative method for determination
of heat partition factor

As already noted, the analytical or numerical determination of the heat partition fac-
tor is very hard as it requires the definition of the contact model for a specific tribological
case, as well as solving a complex system of governing partial differential equations. There-
fore, in this paper, an innovative method was proposed to determine the heat partition factor
of the contact of a locomotive wheel and rail.

The heat partition factor can be determined by a combination of a virtual experiment
based on a finite element simulation and a real experiment on a downsized model of the
wheel-rail contact. The wheel-rail contact could be downsized to a smaller model with the
same tribological properties in order to enable the execution of a simple experiment in labora-
tory conditions. The goal of the experiment is to capture the temperature distribution of the
downsized model for identical tribological conditions. It is then possible to set up a numerical
simulation, which resembles the performed experimental set-up, in order to perform virtual
experiments for different values of the heat partition factor for determination of the tempera-
ture distribution of the wheel and the rail. It is then possible to define an empirical mathemati-
cal relation between the heat partition factor and temperature distribution results. Inserting
experimental temperature results of the downsized wheel-rail model in the empirical mathe-
matical relation, obtained via the virtual experiment by finite element method, it is possible to
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calculate the exact value of the heat partition
factor. The calculation can be made with an
optimization procedure aimed to match tem-
perature data from the real experiment and
temperature data calculated by the empirical
mathematical model. The algorithm of the
procedure is shown in fig. 2.

Experiment on downsized
wheel-rail model

Figure 3 shows a schematic representa-
tion of the experimental set-up of a downsized
wheel-rail model while the experimental set-
up is shown in fig. 4. The rail and wheel of a
locomotive were downsized in dimensions ten
times for the wheel-rail model and the wheel
and rail were made from the same materials

Heat partition factor |

]

Virtual numerical experiment
by finite element simulation

Temperature distribution
for various values of heat
partition factor

Definition of empirical
mathematical model

l

Experiment
on downsized
wheel-rail model

——|

Inserting experimental
temperatures into empirical
mathematical model

}

Heat partition factor |

Figure 2. Procedure algorithm

and with the same hardness and roughness as in reality (the material of the rail was steel
42CrMo4 and of the wheel was steel R260Mn, the hardness of the rail was 28HRC and of the
wheel was 20HRC, the roughness of the rail was N6 and of the wheel was N7). The goal of
such approach was to obtain the similar tribological conditions as in actual contact of the lo-

Figure 3. Schematic representation of
measuring set-up

Thermal camera

Figure 4. Experimental measuring set-up
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comotive wheel and rail. For the experimental purpose, the downsized wheel was attached to
the shaft of a milling cutter, while the downsized rail was put on a support. One end of the rail
was joined by a rotational joint to the support while the opposite one was free to move verti-
cally. Below the free end of the rail the force sensor HBM U9C 5kN was installed and con-
nected to HBM Quantum X measurement data acquisition system. This combination of the ro-
tational joint and the free end of the rail enabled the measurement of the force with which the
wheel loaded the rail. The value of the loading force was calculated in such a way that the
contact pressure should be the same as in the case of the actual locomotive wheel and rail con-
tact. To achieve the contact pressure of p ~ 600 MPa the loading force was calculated to the
value of G,, = 1000 N. The calculated loading force was exerted on the shaft by lifting the
work desk of the milling cutter. As the slip ratio is about 10% during wheel sleeping accelera-
tion [13] the shaft speed was adjusted to w = 22 rpm, which corresponded to the tangential ve-
locity of about v = 540 m/s.

The wheel and rail were painted in a matte black paint in order to simulate a black
body with the emissivity value of & = 1. Thermal imaging was used to obtain the temperature
distribution of the downsized wheel-rail model, while thermocouple SA1XL (surface mount-

ed — type K) was attached to the rail to control

Table 1. Thermal camera parameters used the results obtained via thermal imaging. The
during thermal imaging thermocouple was connected to the NI 9211
T e P Value acquisition_module. For therr_nal imaging, jche
FLIR E50 infrared camera with the resolution

Emissivity 1 of 320 x 240 was used. In order to have abso-
Ambient temperature 20 °C lute accuracy of thermal imaging, the values of
Apparent reflected temperature 20 °C the ambient temperature and Ic_)cal humidity
were measured as well as the distance of the

Humidity 76% wheel-rail model to the camera. The experi-
Distance 1m ment was performed during the night in com-

plete darkness in order to avoid reflections.
- The set-up thermal camera parameters for the
experiment are shown in tab. 1.

Figure 5 shows the results of thermal im-
aging. From the image and dimensions of the
wheel-rail model, it is calculated that the dis-
tance between two pixels in horizontal, z-di-
rection, is 0.9 mm and that distance from two
pixels in vertical, y-direction, is 1.0715 mm.
The center of the local coordinate system was
established in the middle of the imagined con-
tact line between the rail and the wheel. The
orientation of the principal axis is shown in fig.
6. In FLIR Tools software, eight measuring

Figure 5. Temperature distribution of . . .
downsized model of wheel-rail contact points on the rail were defined and temperature

(for color image see journal web-site) readings were obtained for noted points. The

distance between the points and their position
on the rail is obtained by counting the pixels on the image. Temperature readings were ob-
tained 1.5 seconds from the start of the experiment. The experiment was performed five times
and temperature readings were averaged in measuring points. Table 2 shows the obtained av-
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eraged temperature readings and the positions Table 2. Temperature results in defined points
of measuring points in relation to the local co- on the rail

ordinate system. 1=SVI | x=2,y=-10715,2=0 | 473
Numerical simulation 2=SV2 Xx=2,y=-2.143,z2=0 41

The numerical analysis was performed in | 3=sv3 | x=2,y=-3.2145 =0 37.4
ANSYS Workbench software as the direct
coupled transient structural-thermal analysis.
The set-up of the analysis reflects the experi- | S=SHI | x=2,y=-1.0715,2=-09 | 447
mental set-up as described in the previous sec- | g=SH2 | x=2,y=-1.0715z=-1.8 | 433
tion. The model load and boundary conditions
were defined by using of three joints in order
to account for wheel rotation, apply the wheel | 8=SH4 | x=2,y=-1.0715,z=18 | 41
pressure onto rail, and to fix the rail to the
ground. Heat transfer with surroundings was Table 3. Parameters used for heat transfer
defined as convection from all surfaces with simulation

4=SVv4 X=2,y=-4.286,z=0 34.9

7=SH3 | x=2,y=-1.0715,2=0.9 | 432

- 2
the heat transfer coeffyment of 10_ W/m_ K. It Parameter Value
was necessary to define convection via the
named selection and command interface as | Stefan-Boltzmann constant 5.67.10°°
ANSYS Workbench currently does not have |[Wm?K™] '
the graphical user ipterface for the direct struc- | seel specific heat capacity 434
tural-thermal coupling. [Dkg™'K™]

. The.mate.rlal properties used for the anal- e | conductivity coefficient
ysis are given in tab. 3. These values were con- | ym-K-1 60.5
sidered constant during the analysis as the sim- c e h ” fici
ulation time was short (1.5 seconds, the same | SOnvective heat transfer coetficient 10

. - from steel to air [Wm™K™]
as in the experiment) and expected tempera-

tures were below 50 °C. _ _
In order to perform the coupling of the ~A-p-oaion £
thermal and structural field higher order, SOL- B - Standard

1D226 [20] was used for meshing of the model. 58066 mme2
To increase the accuracy of finite element © 380
computations, the contact of the wheel and rail ~ D -Convection ,
was meshed with a higher density mesh as
shown in fig. 6. The model consists of 118711 080 20,000 40.000 [mm]
nodes which form 24788 finite elements. 10.000  30.000

The contact between the wheel and rail
was defined as a frictional contact, with the
friction coefficient value of L = 0.35 [14] which corresponds to friction during wheel slipping
acceleration of a locomotive. The contact was modeled via ANSYS CONTAL74 and
TARGE170 elements [20] that correspond to the wheel as a contact surface and the rail as a
target surface. The contact was treated as a symmetric pair and during simulation the aug-
mented Lagrange formulation was adopted. The contact stiffness was updated for each solu-
tion iteration automatically.

A mesh size sensitivity test was performed to obtain confidence in accuracy of finite

element simulations. It was assumed that the simulation results are insensitive to mesh size if
the difference in equivalent stress and total deformation in two adjunct meshes is below 5%.

Figure 6. Numerical analysis set-up
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Maximum mesh skewness of the model was 0.7 which proved mesh quality and thus provided
confidence in simulation results. The analysis was performed with a fixed time step of
0.01 seconds. It was determined that the selected time step was sufficient to obtain insensitivi-
ty of results from the size of the time step.

The governing equations were solved with the sparse equation solver and full New-
ton method for treating the non-linear contact equations. The solver was instructed to use
large deformations theory during the solution as it was assumed that non-linear solution was
more accurate. As the solution was already non-linear due to the non-linear frictional contact
there was computational performance penalty.

Furthermore, solver was instructed to calculate the frictional generated heat during
solution by issuing of command in the contact set-up. The rate of frictional dissipation in con-
tact elements in ANSYS is evaluated using the frictional heating factor and is given by equa-
tion (5) [20]:

q=FHTG v ()

where q is the total heat generated, FHTG — the fraction of the frictional dissipated energy
converted into the heat, = — the frictional stress, and v — the sliding rate. During the analysis,
the frictional dissipated energy fraction is defaulted to 1, i. e. it is assumed that all the energy
generated in frictional interaction is transferred into thermal energy. The heat generated on the
two surfaces involved in the friction interaction is divided up by the following equations [20]:

q, = FWGT q (6)
g =(@1-FWGT)q ()

where gy, and ¢, represent the heat dissipated to the wheel side and the heat dissipated to the
rail side, respectively, and FWGT is the heat partition factor.

Based on the previously described finite element model, a virtual experiment was
defined by using of ANSYS design of experiments module as a central composite design. In
total, five virtual experiments were defined with different values of FWGT i. e. the heat parti-
tion factor. The temperature data was monitored in eight points on the rail with the same co-
ordinates as the points defined in the experiment shown in Chapter Experiment on downsized
wheel-rail model, tab. 2. By solving the noted virtual experiments, a set of numerical results
of temperature data for monitored points was obtained as shown in tab. 4.

Table 4. Virtual experiment set-up and results

Point N°
1=sVi|2=sv2| 3=5v3 | 4=sv4 | s=sHI | 6=sm2 | 7=sH3 | 8=sm4
FWGT value Temperature [°C]

0.1 47886 | 30547 | 3461 |31316| 43700 | 37.784 | 43555 | 37.769
0.3 44341 | 37105 | 32862 |30.023| 40735 | 35608 | 40567 | 35565
0.5 40765 | 34672 | 31113 |28.731| 377 | 33411 | 37611 | 33393
0.7 37.179 | 32247 | 20362 |27.438| 34656 | 31209 | 34638 | 31.221
0.9 33572 | 2981 | 27.612 |26.146| 31637 | 20021 | 31628 | 29.022
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The response surface which defined the Predicted vs. observed — normalized values
dependence of temperature data on the rail 81 {{gp2_svimax 2]
from the heat partition factor was determined ~ 509[{8F3- SV2max.
by Kriging or Wiener-Kolmogorov prediction ggg & P - SV4 max.
which gave an optimal interpolation based on &/ #P7 - SH2 max.
regression against observed z values of sur-  Sqg)lgRs- g max |
rounding data points, weighted according to %04
spatial covariance values [21]. The noted pre- 203
diction gave almost a perfect fit between the ggf
predicted values of temperature in points as g,
the coefficient of the determination value was & 5707 02 03 04 05 06 07 08 00 1
R? = 1 and the root mean square error was be- Observed from design points
!OW 10_-11' The cqmparigon of predicted valu<_es Figure 7. Predicted values of temperature in
In monltorlng_ points W'th tempe_rature data In monitori'ng points vs. observed temperature data
the same points obtained by virtual experi- from numerical experiment
ment is shown in fig. 7. The points designa-

tions in figure correspond to point designa-

o
o

tions in tabs. 2 and 4. % 1~ —3z30
From fig. 8, it is clear that there is a lin- £ 45757 s
ear dependence between the value of the heat “g’m 4\\“&. —2zehs
partition factor and the value of temperature in @ — =813
the monitoring points. As there are eight dif- 35 6::‘:%,‘\\ 3\SH4
ferent linear dependences for eight monitoring 4____“\\\\\\
points, it is not possible to determine the heat 30 e 1
partition factor directly. - —
The heat partition factor can be then de- 0 02 0.4 0.6 08 1
termined by an optimization algorithm with a Heat partition factor

goal to match the temperature data from the Figure 8. Dependence of temperature in
experiment with the downsized model of the monitoring points from the heat partition factor
wheel and rail with the predicted temperature

data generated by functional dependence obtained by Kriging form the virtual experiment. For
instance, a multi objective genetic algorithm can be used in order to find an approximate val-
ue of the heat partition factor for the specific tribological conditions. The optimization goal
was, as already noted, to match the predicted temperatures in eight monitoring points with the
experimental ones. By using the noted optimization algorithm, it was determined that the heat
partition value was exactly 0.11. It is important to note that the obtained value of the heat par-
titioning factor was obtained for the time of 1.5 s i. e. the final simulation time corresponds to
the experiment final time. The obtained result is in agreement with the results obtained by
other authors. Thus, Kennedy et al. [22] state that most of the heat generated in a sliding
wheel-rail contact is transferred into the rail in the way that at the beginning the heat distribu-
tion is evenly divided between the wheel and the rail, but over time, almost all of the heat en-
ters the rail. Since temperature data is obtained experimentally for multiple points before the
final experiment/simulation time, it is possible to determine the heat partitioning factor in all
those points. The main strengths of the new procedure lay in possibility to easily determine
values of the heat partitioning factor at different times as well as for different tribological
conditions. For instance, the sliding speed and contact pressure can be changed very easily in
experimental and numerical part of the procedure.
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Conclusions

The paper presents a new procedure for determination of the heat partition factor in
the wheel-rail contact. The procedure combines the results of the experiment on a downsized
model of the wheel and the rail and results of the virtual experiment by the finite element
analysis in order to determine the exact value of the heat partition factor by the optimization
procedure based on matching temperatures obtained by the virtual and the real experiment.

It is determined that the value of the heat partition factor is 0.11 which suggests that
most of the generated friction heat is transferred to the rail. This indicates that for responsible
mechanical assemblies, special attention should be paid in analyzing the generated friction
heat, rather than adopting the default value of 0.5 for the heat partition factor which is mainly
offered by modern software simulation packages. The advantage of the new procedure is that
the experiment is performed on a simple downsized model of the wheel and rail so that con-
tact tribological parameters can be changed swiftly and with little effort. The new procedure
presented in the paper is reasonably straight forward to carry out and can be expanded to ac-
count for temperature-dependent thermal properties, radiation and other complexities if need-
ed. The simple and easy determination of the heat partitioning factor enables more accurate
simulations of the wheel-rail contact and thus better prediction of RCF and wear.

As the value of the heat partition factor was determined for the pure sliding condi-
tion, further research should be directed towards validation of the procedure for the more real-
istic simultaneous sliding and rolling conditions which occur in the real wheel-rail contact.

Nomenclature
C - specific heat, [Jkg™*K™] t —time, [s]
k —thermal conductivity, [Wm™K™] v - velocity, [ms™]

p - contact pressure, [Pa]

Q - internal heat generation rate per unit Greek symbols

volume, [Wm™] x —thermal diffusivity (=k/pC), [m?*s™]
g — rate of heat generated per unit area w1 — coefficient of friction, [-]
of contact, [Wm™] p - density, [kgm™]

T - temperature, [K]
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