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Abstract 
The purpose of this paper is to compare the differences in wheel/rail friction 
temperature under traction and braking, for further analysis of the distinction 
of adhesion performance under traction and braking. A three-dimensional (3D) 
finite element (FE) model was developed, and the wheel/rail temperatures un-
der different slippages and speeds were calculated. The results show that the 
wheel under braking gets the highest temperature, followed by the rail, and 
the wheel under traction gets the lowest temperature. When the slippage is less 
than 20%, the differences of the peak temperatures of the wheel under baking 
and traction are within 101.68˚C. After exceeding 20%, the difference increases 
sharply. The difference is not sensitive to the vehicle speed, which keeps about 
100˚C when the speed is over 50 km/h. With the increasing slippage, the tem-
perature differences between the leading and trailing edge under traction are 
decreasing, while those under braking are increasing. Under the extreme con-
dition of the wheel sliding, the wheel temperature is concentrated on the con-
tact patch. The proposed FE model gives a method to simulate wheel/rail con-
tact temperature under various conditions. There is a big difference in the 
temperature under traction and braking, which helps to understand the dis-
tinction of the adhesion performance under traction and braking. 
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1. Introduction 

The wheel/rail slip produces the tangential force, namely, creep forces, which ac-
celerate and brake the vehicle [1]. At the same time as the traction or braking, the 
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local temperature on the contact region rises rapidly due to the frictional work. 
On the one hand, the friction heat affects the properties of the material near the 
contact area, such as softening [2]-[4], reduction of elastic modulus and strength 
[2] [5]. On the other hand, the friction heat transforms the oxidation film of the 
wheel/rail interface [6]-[8]. 

It is a widely accepted fact that the wheel/rail coefficient of friction (COF) de-
creases with increasing sliding speed in dry friction [9]-[11]. A higher speed means 
a larger heat generation, which changes the state of the wheel/rail friction system. 
The quantity of heat relates to the usage of the wheel/rail adhesion, which deter-
mines the performance of the traction and braking. The distance the wheel rolls 
on the rail is different per unit time in traction and braking [12]. This means there 
is a difference in the friction work between the two running conditions. 

Since it is difficult to measure the wheel/rail temperature during the operation, 
theoretical calculation and numerical simulation were adopted. Analytical method 
[13]-[15] and two-dimensional finite element method (FEM) [16] [17] were the 
main methods used in the early stage. In recent years, 3-D FEM [18]-[22] has been 
adopted widely for calculating wheel/rail contact temperature. According to the 
loading method of the heat flow, the FEM are divided into the thermal-mechanical 
coupling [18] [19] and the moving heat source method [21] [22]. The thermal-
mechanical coupling method has high requirements for the mesh size and time 
step; it is not realistic for a long-time simulation. In the moving heat source method, 
the wheel/rail friction heat was equivalent to a heat source moving along the rail 
to simulate the rail temperatures under rolling plus sliding conditions [18] [19]. 
Currently, the heat source method cannot realize a heat source that rotates around 
on the tread, which limits the investigation of wheel temperature under the rolling 
plus sliding condition. 

Based on the software MSC. Marc, a Fortran subroutine was developed to realize 
a heat source that moves along the rail and rotates around on the tread in this paper. 
To reflect the real contact patch, an elliptic cylinder heat source was used. The 
wheel/rail temperatures under traction and braking were calculated and compared, 
and the effects of slippage and speed on the temperature field were analyzed. 

2. Moving Heat Source 

Wheel/rail friction heat is generated from the friction work on the contact patch. 
According to Coulomb’s friction law, the tangential stress pτ  can be calculated 
by the following Equation. 

 ( ) ( ), ,p x y p x y= ⋅τ µ  (1) 

where µ  is the coefficient of friction (COF). 
When the vehicle drives on the rail with a speed v, and the wheel rotates with 

an angular speed w, the relative sliding speed sv  can be expressed as follows: 

 s wv r v= −ω  (2) 

 sv v s= ⋅  (3) 
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where wr  is the wheel radius, s  is the slippage, which is defined as the ratio of 
the difference between the wheel speed and vehicle speed to the vehicle speed, and 
it is positive in traction and negative in braking. 

The total heat flux on the contact patch can be calculated by Equation (4). Ac-
cording to the principle of energy equivalence, the semi-ellipsoid heat flux ( ),q x y  
can be replaced by an average heat flux q , as seen in Figure 1, and the relation-
ship between q  and ( ),q x y  is described by Equation (5). Substituting from 
Equation (4) to Equation (5), the expression for q  is obtained as seen in Equation 
(6). Since the area of the contact patch is very small, and is generally about 100 mm2 
[23], the equivalent method has little effect on the temperature field of the wheel 
and rail surface. 

 ( ) ( ), ,sq x y v p x y= ⋅ ⋅µ  (4) 

 ( ), d d d d
S S
q x y x y q x y=∫∫ ∫∫  (5) 

 s
s

v P
q v p

ab
⋅ ⋅

= ⋅ ⋅ =
π

µ
µ  (6) 

where S  is the contact surface, q  is the average heat flux, p  is the average con-
tact pressure, P  is the wheel load，a  and b  are the longitudinal and lateral semi-
axis length of the contact patch, respectively. 
 

 
Figure 1. The heat flux distribution on the contact patch and its equivalent treatment. 

 
The total heat generation equals the heat absorbed by the wheel and rail, then 

the expressions of heat flux for the wheel and rail are seen in Equations (7) and 
(8), respectively. 

 w sq v p= γµ  (7) 

 ( )1r sq v p= −γ µ  (8) 

where wq  and rq  are the heat flux into the wheel and rail, respectively, γ  is 
the heat portion. According to Limpert [24], the expression for γ  is as follows: 

 r r r

r r r w w w

c
c c

=
+

ρ λ
γ

ρ λ ρ λ
 (9) 
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where wρ , rρ , wc , rc , wλ , rλ  are the density, specific heat, and thermal con-
ductivity of the wheel and rail, respectively. 

Figure 2(a) is the schematic of the heat source rotating around on the tread, 
and the plan in Figure 2(c) is expanded from the part AA B B′ ′  of the tread as 
seen in Figure 2(a). A Cartesian coordinate system yo u′  is established with the 
y-axis and u-axis, where the u-axis is on the line of the elliptic centers and per-
pendicular to the y-axis. In the case of no transversal displacement of the wheelset, 
the coordinates of the loading nodes will not be changed in the direction of the y-
axis, and are within the range of y b= ± . Over a period of it , the origin (the 
center of the ellipse) transferred from 0O  to iO , with a distance of wd , which 
corresponds to the coordinates of u in Figure 2(c). Figure 2(b) is the projection 
of the tread part AA B B′ ′  on the y-axis. According to the geometry relationship 
in Figure 2(b), the expression of wd  is given as follows: 

 ( )0w i wd t r= −ω θ  (10) 

where 0θ  is the initial deflection angle, for seeing the full elliptic loading region 
at the initial moment. According to the size of elliptic contact patches, 0  θ  is 
chosen to be 0.025 rad. 
 

 
Figure 2. The heat source rotates around on the tread: (a) global view; (b) front view (first quartile of the xoz); 
(c) the plan expanded from the tread. 

 
When loading nodes are located in the elliptic contact surface S as seen in Fig-

ure 2(c), the value of the heat flux will be assigned as wq , otherwise it will be put 
at 0. The heat flux is given as follows: 

 
( )
( )

,
,0

w

w

q u y S
q

u y S S
 ∈

=
∈ −





 (11) 

where wS  is the surface of the wheel, S is the elliptic contact surface, the expres-
sion for the surface S at it  moment is given as follows: 
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( )2 2

0
2 2: 1i w wt r r yS

a b
−

+ ≤
ω θ

 (12) 

Figure 3(a) is the schematic of the heat source moving along the x-axis on the rail 
with speed v. Figure 3(b) is the schematic of the relative position of the elliptic heat 
flux on the plan xo y′  between the initial moment and it  moment. In the case of 
no transversal displacement of the wheelset, the coordinates of the loading nodes 
will not be changed in the direction of the y-axis, and will remain within the range 
of y b= ± . Over a period of it , the origin (the center of the ellipse) transferred 
from 0O  to iO , with a distance of rd , whose expression is given by Equation (23): 

 0r id vt l= −  (13) 

where 0l  is the initial offset distance, for seeing the full elliptic loading region at 
the initial moment. According to the size of the elliptic contact patches, 0l  is 
chosen to be 15 mm. 
 

 
Figure 3. Heat source moving along the rail: (a) global view; (b) top face of the rail. 

 
When loading nodes are located in the elliptic contact surface S, as seen in Fig-

ure 3(b), the value of the heat flux will be assigned as rq , otherwise it will be set 
at 0. The heat flux is given as follows: 

 
( )
( )

,
,0

r

r

q x y S
q

x y S S
 ∈

=
∈ −





 (14) 

where rS  is the surface of the rail, S is the elliptic contact surface, the expression 
of the surface S at it  moment is given as follows: 

 
( )2 2

0
2 2: 1ix vt l yS

a b
− +

+ ≤  (15) 

3. FE Model 

To ensure the accuracy of the calculation, the mesh size near the contact region  
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Figure 4. Wheel/rail FE model: (a) mesh size of the rail contact area; (b) FE model of the rail; (c) cross section of the rail; 
(d) wheel/rail 3-D model; (e) cross section of the wheel; (f) FE model of the wheel; (g) mesh size of the wheel contact area. 

 

 
Figure 5. Flowchart of the Fortran subroutine (a) wheel and (b) rail. 

 
should be small as soon as possible. However, considering the limitations of the 
computing resources and time, the total number of elements cannot be too large. 
To balance the contradiction, a part of the wheel and rail, which are greatly affected 
by heat flow, were taken out to establish a FE model, respectively. The length of the 
rail is 200 mm, and the angle of the wheel is 30˚, as seen in Figure 4(d) and Figure 
4(f). Since the depth affected by friction heat is within 2 mm [17], the modeling 
dimension of the wheel and rail in the depth direction was taken to be 10 mm, 
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respectively, as seen in Figure 4(c) and Figure 4(e). The dimension of the mesh 
refinement in the width direction is 20 mm, as seen in Figure 4(c) and Figure 
4(e), which fully took the lateral-axis length of the contact patch into considera-
tion. The refined mesh size near the contact patch is 0.5 × 0.5 mm2. In the 3-D 
model, the type of wheel tread is LMA, and the rail is CHN60. The FE model with 
element type HEX8 was established by MSC. Marc, and a Fortran subroutine was 
used to realize the moving of the heat source, as shown in Figure 5. The wheel 
model contains 120,120 elements and 135,828 nodes, and the rail model contains 
140,800 elements and 156,390 nodes. 

3.1. Boundary Conditions 

The rail is in a state of natural convection, so the film coefficient can be chosen as 
10 W/(m2∙˚C) by referring to Ertz et al. [15]. While the wheel is in a state of forced 
convection. According to the empirical expression given by Bergman et al. [25], 
the film coefficients of the wheel under different speeds are calculated as seen in 
Table 1. The ambient temperature AT  was assumed to be 25˚C. 

 
Table 1. Film coefficient of the wheel and rail. 

Speed, v (km/h) 20 50 100 200 300 

hw (W/m2∙˚C) 15 28 45 73 97 

hr (W/m2∙˚C) 10 10 10 10 10 

3.2. Simulated Parameters 

Since the material properties will be changed due to the temperature rise, wheel/rail 
material parameters vary with temperature are chosen for the calculation from 
Chen and Lee [5], and are shown in Table 2. 

 
Table 2. Temperature-dependent mechanical and thermal properties. 

Temperature, 
T (˚C) 

Young’s 
Modulus, 
E (GPa) 

Poisson’s 
Ratio, v 

Mass Density, 
ρ (kg/m3) 

Conductivity, 
λ (W/m˚C) 

Specific Heat, 
c (J/kg˚C) 

Thermal 
Expansion, 
α (ppm/˚C) 

25 209 0.30 7850 47.7 490.1 11.0 

100 207 0.30 7850 48.9 499.9 11.6 

650 105 0.36 7850 57.8 571.1 14.8 

1000 50 0.39 7850 63.4 617.1 15.7 

1450 2.1 0.40 7850 76.4 671.8 16.1 

 
As the material composition of the wheel and rail is essentially identical, both 

being high-carbon steel, the parameters listed in Table 2 were employed through-
out the modelling and calculation processes. The values of the relevant material 
parameter at room temperature were chosen for calculating the heat portion γ, 
and the calculated γ is 0.5. The simulation conditions are listed in Table 3.  
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Table 3. Simulation conditions. 

Conditions 
Wheel load, 

P (kN) 
Semi-Axis, 

a (mm) 
Semi-Axis, 

b (mm) 
Average Pressure, 

p  (MPa) 
COF, μ 

Slip Ratio, 
s (%) 

Vehicle Speed, 
v (km/h) 

1 - 10 70 7.63 5.17 554.40 0.3 
5, 10, 20, 50, 100,  

−5, −10, −20, −50, −100 
100 

11 - 14 70 7.63 5.17 554.40 0.3 20 20, 50, 200, 300 

15 - 18 70 7.63 5.17 554.40 0.3 −20 20, 50, 200, 300 

4. Results and Discussion 

Since the velocity was assumed to be a constant in the simulation, the tempera-
tures of the rail have no difference under traction and braking. Therefore, the re-
sults of the rail provided hereafter represent the temperatures under the traction 
and braking. 

4.1. Model Validation 

To validate the model, two simulation cases consistent with Lian et al. [22] and 
Naeimi et al. [19] were set up. Table 4 shows the calculated peak temperature of 
wheel/rail and its comparison with the references. The peak temperature of the 
wheel and rail are 201.87˚C and 216.90˚Cin case1, respectively, while the calcula-
tion of the rail by Lian et al. [22] is 227˚C, then the error of the peak temperature 
of the rail is 4.45%. The peak temperatures of the wheel and rail are 678.19˚C and 
715.90˚C in case 2, respectively, while the calculations by Naeimi et al. [19] are 
719.70˚C and 744.10˚C, respectively; then the errors of the peak temperature of 
the wheel and rail are 5.77% and 3.79%, respectively. Compared with mainstream 
methods, the relative errors in the calculated temperatures are less than 6% in the 
same cases, which can be considered evidence that the model established in this 
paper is valid. 

 
Table 4. Calculated peak temperatures and the comparison with the references. 

 
Lian et al. 

[22] 
Case 1 

Naeimi et al. 
[19] 

Case 2 

Wheel Load, P (kN) 135 135 134 134 

COF (-) 0.3 0.3 0.6 0.6 

Speed, v (km/h) 115 115 140 140 

Slippage, s (%) 9.43 9.43 18 18 

Ambient Temperature, TA (˚C) 30 30 25 25 

Film Coefficient, h (W/m2∙˚C) 10 10 0 0 

Wheel, T (˚C) - 201.87 719.70 678.19 

Rail, T (˚C) 227 216.90 744.10 715.90 

4.2. Distinction of the Peak Temperature 

The increase in slippage widens the gap in friction work between traction and brak-
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ing. Figure 6 shows the variations of the peak temperatures and the difference 
between the braking and traction with the slippage. The peak temperature of the 
rail increases linearly as the slippage increases, and the peak temperatures of the 
wheel under braking and traction are higher and lower than that of the rail, re-
spectively. Under braking conditions, the peak temperature of the wheel increases 
with the increasing slippage, and the increasing speed increases faster and faster. 
After sliding 1 ms, the peak temperature of the wheel is up to 2045.88˚C, which 
exceeds the point of phase transformation. Nevertheless, in actual operation, when 
the wheel-rail temperature reaches a certain high level, it can lead to thermal wear, 
phase transformation, and even melting of the materials. Therefore, temperatures 
exceeding the phase transition points during the calculation process are only used 
for trend assessment. It can be expected that the calculated peak value will continue 
to increase as the slide continues. Under traction conditions, the peak temperature 
of the wheel increases with increasing slippage, but the growth rate gradually slows 
down. When the slippage is less than 20%, the difference of the peak temperatures 
of the wheel under braking and traction is within 101.68˚C. After exceeding 20%, 
the difference increases sharply. According to Equation (2), during braking, the heat 
source on the wheel tread moves at the fastest rate, followed by the rail surface, with 
the slowest movement occurring on the wheel tread during traction. Over the same 
period, the accumulation of heat differs across these three states. Consequently, the 
wheel tread temperature is maximum during braking, followed by the rail surface, 
with the lowest temperature recorded on the wheel tread during traction. The results 
indicate that the slippage has a significant influence on the peak temperatures in 
braking and traction. This means there may be a large distinction in the adhesion 
performance between traction and braking under different slippages. 

 

 
Figure 6. Peak temperatures and their differences vary with slippage. 

 
Figure 7 shows the peak temperatures and the difference in wheel temperatures 

between braking and traction vary with the speed. After reaching the speed of 50 
km/h, the difference remains about 100˚C. This means the difference is not sen-
sitive to the speed. 
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Figure 7. Peak temperatures and their differences vary with speed. 

4.3. Distinction of the Temperature Variation 

For the calculation of wheel/rail temperature, the major difference between the 
traction and braking is the speed of the heat source rotating around on the tread, 
which causes a distinct heat power. Figure 8 shows the temperature history curves 
at different slippages. The curves in the figure came from the nodes that first reached 
the peak temperature. It can be found that the wheel in traction is the first one to 
get the peak values, followed by the rail, and the wheel in braking is the last one, 
but the order of the reached peak temperatures is opposite. 
 

 
Figure 8. Temperature history curves at different slippages (R, W-T, W-B represent rail, wheel 
in traction, and braking, respectively). 
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Figure 9 shows the temperature history curves at different speeds. The curves 
in the figure came from the nodes that first reach the peak temperature. It can be 
found that the increasing rates of temperature are almost the same. However, as 
the speed increases, the temperatures rise faster. Since the peak values reached are 
different under braking and traction, the first one reached the peak value is the 
wheel in braking, followed by the rail, and the last one is the wheel in traction. 
During a short simulation period, the decreasing rates of the temperature have 
non-obvious differences in different running conditions. However, with increas-
ing time, the temperature finally tends to a stable value, such as tending to 80˚C 
at 20 km/h. 

 

 
Figure 9. Temperature history curves at different speeds (R, W-T, W-B represent rail, wheel 
in traction, and braking, respectively). 

4.4. Distinction of the Temperature Distribution 

As the slippage increases, the moving speed of the heat source on the wheel in 
traction becomes faster, while that in braking becomes slower. Figure 10 shows 
the temperature contours of the surface in the rolling direction at different slip-
pages. With the increasing slippage, the temperature contours of the rail surface 
are generally similar, and those of the wheel in traction are more and more uni-
form, but the difference between the leading and trailing edge is larger and larger 
in braking. Under the extreme condition of the wheel sliding, the wheel tempera-
ture is concentrated on the contact patch. Figure 11 is the temperature distribu-
tion of the nodes in the rolling direction, and the nodes are located in the line of 
rolling centers. As the increase of the slippage, the temperature curves in the mov-
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ing ranges of the heat source are flatter and flatter in traction, but those are steeper 
and steeper in braking. 
 

 
Figure 10. Temperature contours of the surface in the rolling direction at different slippages. 
 

 
Figure 11. Temperature distributions in the rolling direction under at different slippages 
(R, W-T, W-B represent rail, wheel in traction and braking, respectively). 

 
The vehicle speed directly affects the moving speed of the heat source. Whether 

in traction or braking, the temperature distribution in the rolling direction will be 
influenced by the speed. Figure 12 shows the temperature contours of the surface 
in the rolling direction at different speeds. With the increasing speed, the temper-
ature contours are more and more uniform. Figure 13 is the temperature distri-
bution of the nodes in the rolling direction, and the nodes are located in the line 
of rolling centers. At lower speeds, the temperature curves tend to increase with 
increasing rolling distance. As the speed increases, the temperature curves in the 
moving ranges of the heat source become flatter and flatter. The results indicate 
that the heat has no time to diffuse in a short period, which causes a high level of 
temperature around the contact area and will make a big difference in the adhe-
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sion performance between the traction and braking. 
 

 
Figure 12. Temperature contours of the surface in the rolling direction at different speeds. 
 

 
Figure 13. Temperature distributions in the rolling direction under at different speeds (R, 
W-T, W-B represent rail, wheel in traction and braking, respectively). 

 
To reduce computational complexity, a constant friction coefficient was em-

ployed during modelling, meaning the coefficient remains unchanged with tem-
perature variations. This approach is viable for comparing wheel-rail contact tem-
perature rise during traction and braking states. However, it should be noted that 
this simplification introduces a degree of error into the calculation results. The 
next step in model optimisation involves adopting a temperature-dependent fric-
tion coefficient to enable the timely calculation and updating of heat flux values. 

5. Conclusions 

Based on the software MSC. Marc, a Fortran subroutine, was adopted to develop 
a 3D FE model for simulating wheel/rail contact temperature. The temperatures 
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under traction and braking were calculated, and the effects of slippage and speed 
on the temperature field were analyzed. The conclusions are as follows: 

The wheel under braking gets the highest temperature, followed by the rail, and 
the wheel under traction gets the lowest temperature. When the slippage is less 
than 20%, the difference of the peak temperatures of the wheel under baking and 
traction is within 101.68˚C. After exceeding 20%, the difference increases sharply. 
The difference is not sensitive to vehicle speed, which keeps about 100˚C when 
the vehicle speed is over 50 km/h. 

The largest drop rate of the temperature is the wheel in braking, followed by the 
rail, and the slowest one is the wheel in traction. The increase in the slippage ex-
pands this difference. At the same speed, the increasing rates of temperature are 
almost the same in traction and braking. However, as the speed increases, the tem-
perature rises faster. 

In the rolling direction, with the increasing slippage, the temperature distribu-
tions of the wheel in traction are more and more uniform, but the temperature 
difference between the leading and trailing edge under traction is larger and larger 
in braking. Under the extreme condition of the wheel sliding, the wheel tempera-
ture is concentrated on the contact patch. With the increasing speed, the temper-
ature distributions of the wheel and rail are more and more uniform. 
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