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Abstract. The analysis of rail/wheel sliding friction heat is a very important research field. The
numerical simulation is often adopted to calculate the friction heat, and experimental method is
relatively few. In this paper, an experimental machine is designed to simulate the rail/wheel sliding
contact. At the same time, a rail/wheel contact wear model and a friction heat transfer model are
established. The characteristics of temperature on rail/wheel sliding contact are analyzed by
experimental test and numerical calculation. The research results show that the temperature rise
of wheel and rail is quick in the initial sliding contact stage, then gradually slows down. The
temperature of wheel is higher than that of rail at the same depth from the contact surface. In the
initial sliding stage, the wheel temperature rises faster than the rail temperature, which is related
to the size of contact surface and the concentration degree of friction heat. Moreover, the results
of this paper show that the temperature values of the rail/wheel obtained through experimental test
and numerical calculation are in good agreement. The experimental and numerical calculation
methods used in this article can be adopted to analyze the contact problems of other sliding friction
pairs.

Keywords: friction heat, sliding contact, temperature, experimental and numerical method,
moving heat source.

1. Introduction

The sliding contact between the friction pair is a common phenomenon in the mechanical,
chemical and aerospace industries. Huge friction heat appears on the contact surface during
rail/wheel sliding contact. Friction heat will change the microstructure of the contact material, and
also influence the thermal and mechanical properties of the material [1]-[3]. The contact interface
is in a very severe operating environment under the action of friction heat and mechanical load in
railway transportation. Sliding contact occurs when the train is starting or braking, which is more
obvious in the subways. Rail/wheel tread damages caused by sliding contact is a difficult question
in railway transportation. Taking rail/wheel sliding contact as an example, a method of
experimental test and numerical calculation is conducted in this paper to study the temperature
rise during rail/wheel sliding contact.

Fig. 1(a) shows a wheel flat with a length of 85 mm, a width of 65 mm, and a depth of 2.5 mm
due to sliding contact [4], [5]. In subways, the sliding contact is more frequent [6]. The rail/wheel
damages caused by sliding contact have obvious influences on the safe operation and dynamic
characteristics of trains. Ziwei Zhou et al. studied the impact of wheel flat on the dynamic
characteristics of the vehicle-track system [7]-[9]. Mariusz Kostrzewski et al. summarized the
methods used in different countries to monitor the status of rail transport systems during train
operation, providing good suggestions for efficient and safe train operation [10].
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The complex thermomechanical coupling phenomenon will appear on the contact surface
during rail/wheel sliding contact. It is very meaningful to research the thermomechanical coupling
relation, the influence of friction heat on the crystal structure of rail/wheel materials and the
damages of contact interface. The basis of studying the thermal damages and the influence of
temperature on materials is the temperature measurement and calculation. In the study of
rail/wheel friction heat, the numerical calculations are mainly adopted to study the influences of
different loads and sliding speeds on temperature, elastoplastic deformation and stress [11]-[14].
There are two typical numerical calculation models. In one model, the thermomechanical is
directly coupled. And the other model is indirectly coupled, that is to say the temperature field (or
stress field) of rail/wheel contact can be calculated firstly, and then the coupling analysis with
stress field (or temperature field) is conducted. In indirect coupling model, the wheel and rail
model can be established separately. The Hertz contact theory and Coulomb friction theory can
be used to calculate the contact force and friction force respectively. And a moving heat source
can be employed to simulate the rail/wheel friction heat [15], [16]. Compared with the numerical
calculation method, there are few papers about the temperature measurement of rail/wheel contact
region through experiments. In experiments, the thermocouple, thermal imaging camera, infrared
thermometer are often adopted to measure the temperatures of rail/wheel contact region [17], [18].

! b B x{ )
a) High-speed EMU b) Normal-speed railway
Fig. 1. Scratch of wheel caused by sliding contact

The temperature of rail/wheel contact region obtained by numerical calculation in different
papers has a great difference [11]-[13], [19]-[21]. These temperature values are not verified by
experimental data and field tests. The main reason is that it is very difficult to directly measure
the temperature values of rail/wheel contact surface. In order to ensure the reliability of numerical
calculation method, a new experimental and numerical method is proposed. In this paper, an
experimental machine is designed to simulate the rail/wheel sliding contact, and a temperature
measuring device is adopted. At the same time, a rail/wheel sliding contact wear model and a
friction heat transfer model are established, which are used to calculate the temperature of contact
region. At last, the characteristics of temperature rise are studied, and the temperature data
obtained by numerical calculation and experimental test are compared.

2. Experiment method

The rail/wheel experiment machine is designed in this paper (Fig. 2(a)), and its motion
principle is illustrated in Fig. 2(b). The main components of machine are electric motor, wheel,
rail, loading box, and etc. And the device can simulate the rolling contact and sliding contact of
rail/wheel, as well as the contact fatigue, wear and damages. The vertical contact load applied
between wheel and rail can reach 3500 N. In the experiment of this paper, the wheel slides back
and forth on the rail surface, and then the temperature values of rail/wheel contact area are
collected by temperature measuring device.
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The wheel and rail used in experiment are shown in Fig. 3. The outer and inner diameters of
wheel are respectively 80 mm and 10 mm. The length and height of rail are 240 mm and 40 mm
respectively. The thickness of wheel and rail is 13 mm. The elastic modulus of rail/wheel is
216 GPa. The Poisson’s ratio is 0.31. The yield stress is 346.3 MPa. The wear coefficient is
2x10*. The chemical composition and thermal parameters of rail/wheel material are listed in
Table 1 and Table 2 respectively [19].

4
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1 — - T
12 12 12 12 ]
a) Experimental device b) Components of experimental device

Fig. 2. Schematic diagram of rail/wheel contact friction machine: 1 — guiding wheel, 2 — guiding wheel
limitator, 3 — wheel, 4 — braking device, 5 — rail, 6 — elastic cushion, 7 — electric motor,
8 —loading box, 9, 10, 11 — connecting rod, 12 — pedestal

¢) Size of wheel and rail (mm)
Fig. 3. Component of wheel and rail

Table 1. Chemical composition of rail/wheel material
Element C Mn Si Cr Ni P S Cu
Elemental weight (%) | 0.42-0.50 | 0.50-0.80 | 0.17-0.37 | <0.25 | £0.25 | £0.035 | <0.035 | £0.25

Table 2. Thermal parameters of rail/wheel material

o Specific heat Conductivity | Thermal expansion .. .
T (°C) capacity (J/kg-°C) (W/m-C) x10°5(/°C) Friction coefficient
25 490.1 47.7 11.0 0.334
100 499.9 48.9 11.6 0.301
650 571.5 57.8 14.8 0.139
1000 617.1 63.4 15.7 0.085
1450 671.8 76.4 16.1 0.045

The FLEX-4015 temperature acquisition system and PT100 temperature sensor are employed
to measure the temperature of rail/wheel sliding contact region, as shown in Fig. 4. The size of the
temperature sensor is 2 mm X 2 mm x 1 mm. The temperature measurement range is
—75 °C-500 °C, and its sensitivity is £0.2 °C. The locations of temperature sensors pasted on
rail/wheel side surface are shown as Fig. 5 and Fig. 6. The wheel and rail presented in Fig. 5(a)
and Fig. 6(a) are used to measure the temperatures along depth. In Fig. 5(b) and Fig. 6(b), the

ISSN PRINT 2335-2124, ISSN ONLINE 2424-4635 3



AN EXPERIMENTAL MEASUREMENT AND NUMERICAL CALCULATION METHOD ON FRICTION TEMPERATURE RISE OF SLIDING CONTACT PAIRS -
TAKING RAIL/WHEEL CONTACT AS AN EXAMPLE. YUNPENG WEI, YAPING WU, ZHIDONG CHEN

wheel and rail are employed to illustrate the distribution law of temperature field.

a) Temperature acquisition instrument b) Temperature sensor
Fig. 4. Temperature measurement tool

a) Depth b) Transverse direction
Fig. 5. Location of temperature sensor on wheel side surface

a) Depth b) Transverse direction
Fig. 6. Location of temperature sensor on rail side surface

3. Numerical method

During the experiment, the wheel slides on rail surface back and forth, the wear loss of wheel
tread is large, and the contact stress between rail and wheel surface changes obviously. Therefore,
a finite element wear model that simulates sliding contact is established, the contact stress is
calculated during sliding contact firstly. Then the friction heat is calculated by:

a = rMp@, M

where u(T) is temperature-dependent friction coefficient. p(x) is contact stress, which is wear-
dependent and can be get from the wear model. v is sliding speed. At last, the friction heat is
applied to rail/wheel contact interface in the form of moving heat source.

3.1. Wear model of rail/wheel

The wear model is shown as Fig. 7. In the model, PLANE182 element is selected to mesh the
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components of wheel and rail. CONTA171 and TARGE169 element are employed to simulate the
contact behavior of rail/wheel. At the same time, the wear element is defined according to Archard
theory. The model has 3576 nodes and 3580 elements. After many times of trial, the element size
of contact region is set as 0.9 mm under the condition of meeting the requirement of calculation
accuracy and speed.

Fig. 7. Wear model of rail/wheel sliding contact

Multilinear isotropic hardening model is chosen to simulate the constitutive relationship of
rail/wheel material, and the stress and strain are listed in Table 3. The load is 1000 N, and is
applied at the center of wheel. The vertical displacement of rail bottom and the horizontal
displacement at both ends of rail are constrained.

Table 3. Stress and strain of rail/wheel material
Stress (MPa) | 346.3 | 354.6 | 494.6 | 512.4 | 524.3 | 530.2
Strain (x102) | 0.16 0.40 1.59 2.00 2.39 2.79

3.2. Friction heat transfer model

According to the wear model and Eq. (1), the friction heat can be calculated and applied to the
rail and wheel models as a moving heat source (Fig. 8). The rail/wheel friction heat transfer model
is an indirect coupling model, as shown in Fig. 8. The PLANESS element, a 4-node plane solid
element, is used to mesh the wheel and rail. The wheel has 6178 nodes and 6078 elements, and
the minimum size of element is 0.03 mm. The rail has 9881 nodes and 9600 elements, the
minimum element size is 0.46 mm. The geometric dimensions of the models are the same as the
wheel and rail used in the experiment. The thermal parameters adopted in the model are listed in
Table 2. The convective heat transfer coefficient between the rail/wheel surface and surrounding
is 25 W/(m?-°C). The emissivity of rail/wheel is 0.82, and the Stefan-Boltzmann constant is
5.67x10"® W/(m?-K*). The sliding speed of wheel is 1.0 m/s [22], [23].

Moving heat source Moving heat source

Moving heat source

a) Wheel

Fig. 8. Moving heat source of wheel and rail

The contact patch size of rail/wheel increases with the growth of wheel wear depth, so the heat
source applied to the wheel surface gradually widens (Fig. 8(a)). As shown in Fig. 8(b), the heat
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source moves on the rail surface back and forth, which simulates the friction heat of rail/wheel
sliding contact in experiment. The widths and amplitudes of the moving heat source change with
the wear loss. In other words, the moving heat source is wear-dependent. In the rail finite element
model, the reciprocating motion of heat source is realized by load steps. And 93580 load steps in
total are written to simulate the reciprocating movements of heat source.

4. Results
4.1. Contact stress

The wear on the wheel contact surface is very serious during rail/wheel sliding contact, and
the contact stress between the rail and wheel changes greatly. Therefore, the wear-dependent
contact stress is adopted to calculate the heat source. Fig. 9 shows the contact stress under the
condition that the wheel sliding length is 103 m and 412 m respectively. Calculation results show
that the maximum contact stress decreases rapidly with the increase of reciprocating movement
length, and the contact width increases gradually. In the calculation of friction heat, the influence
of wear on contact stress should be fully considered.

—— 103m —+ 412m

10 |

p(x) (MPa)

2 -

0 | 1 | | | | | | |

10 8 6 4 2 0 2 4 6 8§ 10
x (mm)

Fig. 9. Contact stress at different sliding length

4.2. Experiment results

Fig. 10 indicates the temperature time history curves at different depths from the rail/wheel
contact surface, and the temperature measuring positions are shown in Fig. 5(a) and Fig. 6(a).
Fig. 10 shows the temperature rises quickly in the initial stage of sliding contact, and then slows
down gradually. At the same time, the temperature decreases with the increase of distance to
contact surface.

180 180
3mm bmm 9mm 3mm 6mm-— 9mm
150 150
120 120
£ 90 590
“ 60 < 60
30 g 30
0 L L L L O 1 1 L L
80 160 240 320 400 80 160 240 320 400
t(s) t(s)
a) Wheel b) Rail

Fig. 10. Temperature time history curves of rail/wheel at different depth

Fig. 10 indicates the temperature rise of wheel is significantly quicker than that of rail at the
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same depth in the initial contact (< 70 s). During the rail/wheel sliding contact, the contact patch
on wheel surface remains unchanged, and its size is small. The friction heat is relatively
concentrated and can conduct to the interior of wheel quickly, and the dissipated heat is little.
Therefore, the temperature rise is fast. However, the sliding contact area on rail surface is a long
and narrow rectangle region, and its contact area is large. The friction heat is conducted to the
interior of rail through contact patch. After the rail surface temperature rises, a part of heat stored
in rial is dissipated into air. Compared with wheel, the rail contact surface is large, the heat is
dispersed and is more easy to dissipate. Therefore, the temperature rise of rail is slower than that
of wheel. After the rapid rising in the initial contact stage, the temperature of rail/wheel contact
region is high, the heat dissipation gradually increases, so the temperature rise of rail/wheel contact
region gradually slows down (> 70 s).

=
First layer 7@77@,77@7 5
[a)]
Second layerfﬁ»ff@,ff@, _
\
|
\
a) Wheel b) Rail
Fig. 11. Temperature sensor number at different locations
180 180
- - w-3— w-4— w-5
150 L w-1 w-2 150 -
120 ~ 120 -
o9 090 |
60 | o L
30 [ 30 b
0 1 1 1 0 1 1 1
0 100 200 300 400 0 100 200 300 400
t(s) t(s)
a) First layer b) Second layer
Fig. 12. Temperature curves of wheel
180 180
r-l—r2—1r3 - - N
150 150 k r-4—r5—r6
120 120 -
O O |-
F 60 s I
30 | 30 I
0 . . L 0 I I !
100 200 300 400 0 100 200 300 400

t(s) t(s)
a) First layer b) Second layer
Fig. 13. Temperature curves of rail

The temperature sensors in Fig. 5(b) and Fig. 6(b) are numbered in sequence, shown as Fig. 11.
Fig. 12 and 13 respectively show the temperature time history curves of different measuring
locations. Fig. 14 presents the temperature values at different measuring locations when sliding
contact time is 400 s. Fig. 10(a), Fig. 12 and Fig. 14(a) indicate the temperature in the contact
center of wheel is high, and then gradually decreases inward. The w-2 and w-5 are located at the
edge of wheel tread, so the temperatures are relatively low. Due to the r-1 and r-2 points, r-4 and
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r-5 points are at the same depth in the middle of rail contact area, their temperature curves are very
close (Fig. 13). The points of r-3 and r-6 are located at the end of sliding contact region, so their
temperature is relatively low. Fig. 14 shows the wheel temperature is higher than rail temperature
at the same depth at the contact center region.

|
|
! \ 1079434} 1453
{119, 8—130.2—{142.8—130.2119.8F —¢ / !
1224 1545) 1224 . 125
a) Wheel b) Rail

Fig. 14. Temperature of wheel and rail at different locations at 400 s (°C)
4.3. Numerical results and comparison

Fig. 15 and Fig. 16 respectively show the temperature time history curves obtained by
experiment (Experiment) and finite element method (FEM) at the positions of 3 mm, 6 mm and
9 mm away from the contact surface of rail/wheel. Fig. 15 and Fig. 16 show the variation of FEM
result curves is the same as the experiment measuring curves, namely rising rapidly at first and
then slowing down gradually. Fig. 15 and Fig. 16 indicate that the FEM data are generally
consistent with experiment values.

180 180

— Experiment— FEM — Experiment — FEM — Experiment— FEM
150 150 — 150
—
120 120 / 120 / -
G oo Qoo F O 9 y
=60 |- / = 60 / B 60 /
30 / 30 / 30 /
0 L L L 0 L L L 0 L L I
0 100 200 300 400 0 100 200 300 400 0 100 200 300 400
t(s) t(s) t(s)
a) 3 mm b) 6 mm ¢) 9 mm
Fig. 15. Temperature at different depths of wheel
180 180 180
— Experiment— FEM — Experiment— FEM — Experiment— FEM
150 150 - 150 -
/
120 120 - 120 -
-
O % O 0 - O 90t
—~ — 4 —
= 60 / = 60 | / E o6 I
30 § 30 1/ 30 /
0 ’/ L 1 L 0 L L L 0 Il L L
0 100 200 300 400 0 100 200 300 400 0 100 200 300 400
t(s) t(s) t(s)
a) 3 mm b) 6 mm ¢) 9 mm

Fig. 16. Temperature at different depths of rail

The temperature fields of wheel and rail calculated by the FEM are illustrated in Fig. 17.
Fig. 14 and Fig. 17 indicate that the temperature in the contact center area is high, and decreases
gradually outward from contact center. Compared with experiment data and numerical calculation
results, the validity of method adopted in this paper has been proved.
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a) Wheel b) Rail

Fig. 17. Temperature field of wheel and rail obtained from FEM at 400s (°C)
5. Discussion

The research results of References [1], [2] show that the phase transition phenomenon of
surface material will occur during the rail/wheel sliding contact, and this phenomenon is also
observed in the experiment conducted in this paper (Fig. 18). However, the phase transition is not
considered in the numerical calculation in this paper. It is one of the key contents of future research
to establish the rail/wheel direct thermomechanical coupling calculation model considering
material phase transition.

Fig. 18. Metal phase transition and adhesion

6. Conclusions

In this paper, an experimental and numerical calculation method for determining the rail/wheel
sliding friction heat is proposed, and the temperature distribution and variation law of sliding
contact region are studied. The main research results are as follows.

With the increase of the distance to rail/wheel contact interface, the temperature of contact
region decreases gradually. The temperature of rail/wheel rises quickly in the initial sliding contact
stage, and then the rising rate slows down gradually. At the same depth, the temperature of wheel
is higher than rail temperature.

In the initial sliding stage, the rate of wheel temperature rise is greater than that of rail, which
is related to the size of contact patch and the concentration degree of sliding friction heat. On
wheel contact surface, the friction heat is concentrated and the contact area is small, so the
temperature rise is fast. However, the contact area of rail is large and the heat is dispersed easily,
so the temperature rise is slow.

The temperature time history curves at different positions and the temperature fields of
rail/wheel contact region are obtained by means of experiment and numerical calculation, and the
results obtained by two methods are in good agreement. It also indicates that the experimental and
numerical methods proposed in this paper can be adopted to analyze the friction heat generated
by sliding contact pair.
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