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Abstract

Predicting temperature evolution of sliding bodies plays a key role in many

industrial designs. Temperature-dependent material properties, microstructure

evolution of material while heating and quenching, and residual stress comprise

these factors’ importance. Despite existing theoretical, numerical, and experi-

mental methods for predicting surface temperature of sliding bodies, there are

some restrictions relating to each one. This paper aims to present a strategy

and numerical method for finding the temperature evolution of sliding bodies

with arbitrary geometry of the contact patch. Preserving generality, tempera-

ture evolution of sliding railway flat wheels is the main problem of this study. A

finite element model (FEM) is developed with ANSYS APDL software (Canons-

burg, PA, USA). The model is validated with existing analytical formulas in

steady state and transient cases and a good agreement is achieved. Six real

cases from full-scale field tests are considered and a comparison is made be-

tween the results. As an application of the method, the obtained time-history

of surface temperature is applied to a 3D FE model of a flat wheel as a boundary

condition.
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1. Introduction

Although, in recent years, railway industry is well developed all over the

world, there are many challenging problems concerning wheel-rail damage and

maintenance cycles [1]. Plastic deformation, wear and rolling contact fatigue

(RCF) are among prevalent problems which affect the comfort and the safety of5

passengers. The occurrence of these problems is affected by temperature evolu-

tion, since the wheel and rail materials behave differently at various tempera-

tures. The temperature variation is a source of stress and strain in structures.

Also, temperature changes can cause phase transformations [2] in steel that lead

to change of material properties and creation of residual stresses. According to10

the phase diagram and continuous cooling transformation (CCT) diagram of

steels, the accurate estimations of temperature and its variations (heating or

cooling rates) are crucial for predicting the microstructure evolution. The con-

tact between a brake block and a wheel [3, 4, 5], microslip of friction interface

during rolling [6], and overall sliding of a wheel on a rail are among the possible15

heat sources.

Heat conduction from hot wheel to cold rail through contact patch is called

“rail chill” effect [7]. Vernersson and Lundén [8] found that rail chill effect has a

considerable influence on the wheel temperature during long drag brakes. The

highest temperature of the contact surface which has a short duration because20

of the fast dissipation of energy is called “flash temperature” [9] and has an im-

portant effect on the wear. Temperature of contacting bodies during frictional

sliding contacts has been a challenging problem for ages [10]. The effect of the

raised temperature has been investigated on thermal softening [11, 12], wear

[13, 14], material properties and friction behavior [15, 16], phase transforma-25

tion [17], thermal fatigue [18], thermal cracking [19], hot spot [20], shelling and

spalling [21].

Wheel flat forms during pure sliding of a railway wheel on rail and the impact
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load due to it aggravates the wheel damage during rolling [22]. In general, the

railway wheel pure sliding occurs when brakes lock up due to brake problems30

or by external sources such as snow or leaves on rail [23].

Blok [24] was the first one who developed a simple method for estimating the

surface temperature due to frictional heat between two highly loaded bodies

and applied the method to several types of gears. Jaeger [25] systematically

investigated the problem of moving heat source and the temperature at sliding35

contacts and solved different related problems. Although, Blok and Jaeger pre-

sented a fairly complete theoretical analysis of the problem, the mathematical

complexity of the results makes their approach not convenient for experimen-

talists. Archard [9] attempted to provide a complete treatment of this kind and

presented some simple relations and applied them to experimental results. He40

presented the flash temperature theory for stationary and moving heat sources.

Archard and Rowntree [26] extended the formulation to estimate the tempera-

ture distribution both at the surface and subsurface regions. These analytical

approaches are the fundamentals of estimating frictional heat on moving contact

surfaces till date [10].45

There are many different studies and formulations in the literature for model-

ing of the heat partitioning effect. Some of them are analytical, some of them

numerical and others experimental. Many different expressions for heat parti-

tioning phenomenon and resulting temperature have been used by authors and

a summary presented in reference [10]. Conservation of heat flux into the bodies50

in contact and continuity of the temperature on contact surfaces are the condi-

tions which should be satisfied.

These theoretical studies are confined to some simplifying assumptions. They

have been solved for simple geometries of heat sources such as square [25, 27],

rectangle [27], circle [9, 24], and ellipse [28] based on steedy-state conditions.55

Solving the problem for irregular-shape heat sources is very complicated. Most

of the theoretical formulations concentrate on the maximum steady-state tem-

perature of contact surfaces but the history of reaching this temperature is

important, as well. Different rates of heating during sliding lead to differ-
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ent quenching histories and microstructural evolutions. Recently, Alizadeh60

Otorabad et al. [29] developed an analytical solution for time evolution of

temperature of wheel and rail during skid considering thermal contact conduc-

tance (TCC) or thermal contact resistance (TCR) effect. TCC and TCR are

inverse of each other and they are alternatively used in this paper. The authors

assumed semi-infinite solids and flowing the heat in direction perpendicular to65

the contact patch. They also assumed that the time evolution of temperature

difference between wheel and rail is the same at every point on contact patch

at each time during sliding.

In reality, due to the surface roughness, the contact between bodies takes place

through asperities and a filling material (such as air). Their resultant thermal70

resistance is quantified as a TCR value. The contact interface layer in this study

is a hypothetical material for simulation of this parameter. Jaeger [25] points

out that the influence of a surface film of low thermal conductivity is increasing

the surface temperature if it is thick enough compared to molecular dimensions.

TCC has been the main subject of many studies [30, 31, 32, 33, 34, 35]. Because,75

in reality, the contact between wheel and rail is not complete, the assumption

of thermal contact conductance (TCC) is made. The incompleteness is due to

existence of the surface roughness or a third material such as air or oil. TCC can

be defined as the conductance per unit length. In ideal cases when the contact

of bodies is complete, it is infinity but in real cases it has a value. Its value80

depends on several parameters such as surface roughness, contact pressure, the

material of interface layer (such as air, water, or oil), and material of contact

bodies. For simulation of this parameter in FEM, a short thermal link with a

hypothetical conductivity is modeled as a contact layer so that it gives a desired

TCC value.85

Ahlström and Karlsson [36] used an axisymmetric finite element model with a

constant distribution of temperature on the wheel contact surface as the bound-

ary condition for identifying phase transformation during sliding. Ahlström and

Karlsson [37] found that the average saturation temperature of the wheel con-

tact surface should be between 800-1000◦C.90
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Hamraoui and Zouaui [38] numerically solved the heat transfer between two

rollers in dry friction. Spiryagin et al. [39] developed a method of modeling

temperature in wheel-rail contact for locomotive traction studies. Chen et al.

[40] performed some experiments using a twin-disc rolling contact machine to

find the relationship between adhesion coefficient and temperature under wet95

conditions and varying surface roughness in wheel-rail contact patch. Naeimi et

al. [6] performed a coupled thermomechanical analysis for the wheel-rail contact

problem for investigation of the flash-temperature and stress-strain responses.

They used a 3D elasto-plastic finite element model. Wu et al. [41] developed a

2D thermo-elastic-plastic finite element model for analysis of wheel-rail sliding100

contact. They indicated that frictional thermal loads have a significant influ-

ence on residual deformation, plastic strain and residual stress in rail surface.

Modeling of the frictional sliding contact of bodies for finding the saturation

temperature comprises some limitations. Existing nonlinearities and mesh-size

requirements in contact surface increase computational costs and makes it im-105

possible in some real cases. For example, 3 s sliding of a train which moves 72

km/h needs the modeling of 60 m sliding.

In recent years, the progress in computers and numerical methods such as finite

element method (FEM) provides a powerful tool for solving real-world problems

in general cases. Taking an effective strategy is crucial in using numerical meth-110

ods such as FEM. Otherwise, this method cannot solve many problems because

of their cost.

In this study, a strategy and a finite element model are developed for thermal

analysis of sliding problems and especially during the skid of a flat wheel on a

rail. It makes feasible to perform a thermal analysis of sliding bodies during115

long skids. The method is validated using the existing analytical formulas in

both steady-state and transient cases. For this purpose, thermal link elements

[42] are employed because their assumptions are close to those of theoretical

formulas. The other reasons will be discussed below. The contribution of this

study is a validated method and strategy presented to solve the problem. The120

method can be performed using 2D or 3D elements. The paper will not solve a
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special real case but the authors have tried to use real parameters. The TCC

values are employed from the experimental data available in [35]. The evolution

of surface and sub-surface temperature distribution of the wheel and rail are

among the main results which are obtained and discussed. They are compared125

with existing experimental data. It is concluded that, using accurate TCC val-

ues, the developed method can yield excellent results for thermal analysis of

sliding bodies. ANSYS APDL software is employed for modeling.

2. Theory

The differential equation of thermal conduction of a body whose thermal

diffusivity, κ is independent of the temperature and no heat generation occurs

in the body is

∇2T − 1

κ

∂T

∂t
= 0 (1)

The heat p generated per unit of time during sliding of the wheel on the rail is

governed by converting kinetic energy into heat as follows [17]:

p = µfmgu (2)

When the heat source moves with a high speed, the time is not enough

for establishing the temperature distribution of a stationary contact and the

cold material replaces former material in contact. Jaegers [25] related this phe-

nomenon to a dimensionless speed (Peclet number, L)

L =
τ1
τ2

=
V a

2κ
(3)

where

τ1 =
a2

2κ
(4)

and

τ2 =
a

V
(5)
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Archard [9] stated that for fast moving heat sources (L > 5) the depth to

which heat penetrates into a body during the time of contact is small compared

with the dimension of contact. When (L < 0.1) , the problem is regarded as

a slowly moving or stationary heat source. According to Table 1, all analyzed

cases in this study concern a fast moving heat source when dealing with rail,

since the heat source is moving with the wheel during sliding. This problem is

considered as a slowly moving or stationary heat source regarding the wheel.

For a stationary heat source, the steady-state surface temperature can be ob-

tained from [9, 26]:

T =
Q

4aK
(6)

For fast moving heat sources, from linear heat diffusion theory, the surface

temperature can be derived from the following equation [43]:

T =
2qt1/2

(πKρc)1/2
= βx1/2, β =

2q

(πKρcV )1/2
(7)

In this equation q is assumed to be constant. So, this equation gives the rail’s

temperature at steady-state when q is relatively constant . For a constant speed

of heat source (V ), x = V t and x is the distance of a point on surface from the

leading edge of the moving heat source.

The mean temperature on a circular contact patch is [44]:

Tm = 0.863βa1/2. (8)

Tm occurs at a distance xm from the leading edge:

xm = 0.7448a. (9)

Heat partitioning factor (α) in mean temperature location for a circular heat

source, can be calculated from the following expression [26]:

αm =
1

1 + 8
13

√
2
L

(10)
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Considering thermal contact resistance (TCR, Rtc), Equation 10 becomes:

αm =
2Rtc

A Ka+ 1

4Rtc

A Ka+ 8
13

√
2
L + 1

(11)

As described, the above equations are valid at steady-state condition. The

time history of the temperature of the contact surface during heating can be

estimated using the following exponential model [36]:

T (y = 0) = T0 + (Ts − T0)(1− eλt) (12)

Recently, Alizadeh Otorabad et al. [29] have developed two equations for time

evolution of temperature of wheel and rail during sliding. The time history of

rail’s temperature can be obtained from

Tr =
1

Kr

√
κr
π

∫ t0

0

f(t− τ)√
τ

e−y
2
r/4κrτdτ (13)

and wheel’s temperature from

Tw(yw = 0) =
1

Kr

√
κr
π

∫ t0

0

f(t− τ)√
τ

dτ + Tws0

[
1− eh

2
wκwterfc

(
hw
√
κwt

)]
(14)

in which

hw =
Ctc
Kw

(15)

and

vws0 =
p

2CtcA
(16)

and

f(t) =
αp

A
(17)

where

α = 1− 1

2
eh

2
wκwterfc

(
hw
√
κwt

)
(18)

Subscripts w and r denote wheel and rail and α is the heat partitioning factor.130

κ = K
ρc is thermal diffusivity; K is thermal conductivity; c, heat capacity; ρ,
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mass density; y, distance from contact surface; τ , a dummy variable; A, wheel

flat area; t0, the time duration of heat transferring into a point of rail during

skid; Tws0, equilibrium temperature of the wheel at leading edge; t, time; and

Ctc, thermal contact conductance.135
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3. Finite element method

3.1. Assumptions

As said before, despite the generality of the method, some assumptions are

made to conform with theory for validation purpose.

1. The Reference temperature is assumed to be 0◦C. Otherwise, the real value140

can be added to the results.

2. The sliding speed is constant during skid. Otherwise, the real value should

be considered in calculating the heat generated at each moment using Equation

2.

3. The flow of heat merely takes place across cross sections of link elements and145

lateral conduction is neglected. This can be a reasonable assumption because

the temperature gradient in lateral direction is small at thermal affected zone

around a flat. Otherwise, the lateral conduction can be considered by applying

the method on models with 2D or 3D elements.

4. Heat convection is not considered. This is reasonable because in this study,150

the temperature evolution of the flat surface and the material around it in depth

of the wheel during sliding is considered which are not exposed to the surround-

ing air.

5. Dimensions of contact patch are the same as wheel flats during the analysis.

At beginning of skid, the heat flux is high because of small flat surface. Due155

to decaying mechanical properties, the surface hot layers are removed rapidly

during sliding and wheel flat reaches its final size.

6. Contact pressure is constant throughout the wheel flat surface. The reason is

that, a higher pressure at a point leads to a higher wear rate and consequently,

a reduction in the pressure there.160

7. An interface layer is assumed between two bodies in contact as TCC. This

parameter is defined as the conductivity per unit length. So, for a known TCC,

both values of conductivity and thickness of this layer are set together. In this

study, the thickness of this layer is 0.01 mm. For matching to the real cases,

this thickness is considered small compared with the dimensions of contact patch165
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and greater than molecular dimensions.

8. Thermal diffusivity of steel is assumed independent of temperature. Despite

thermal conductivity (K), heat capacity (c), and mass density (ρ) are temper-

ature dependent, thermal diffusivity (κ) is not so sensitive to the temperature

[43]. According to Equation 1 the conduction problem is merely affected by170

diffusivity. So, the other thermal properties can be kept independent of the

temperature.

3.2. Local character of the problem

Figure 1 shows a rough estimation of the temperature distribution after 6

s sliding of a wheel on a rail using a 3D finite element model. It is used to175

prove the local character of the analysis. It shows that, beyond a distance, the

material does not participate in thermal analysis.

Figure 1: Local character of thermal analysis of wheel-rail sliding.The temperature (in ◦C)

distribution indicates that the material outside rectangle does not have any contribution in

the analysis during 6s sliding.

3.3. Boundary conditions

Following the assumptions, as shown in Figure 2, at each point of the contact180

surface, two contacting straight rods are in contact through an interface layer.

The length of rods is determined so that the temperature of farthest points rel-

atively remain constant during the analysis. As shown in left picture in Figure

2, half of the generated heat (p) enters into each body as boundary conditions
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in contact region. An interface layer with a thermal contact resistance of TCR185

thermally connect the bodies in contact. As stated in Section 3.1, There is no

lateral heat conduction in each link element and no convection boundary con-

dition is assumed.

Figure 2: Modeling the thermal contact of two bodies using link elements. An element in the

contact interface simulates the TCR layer. Boundary conditions of contact surfaces are shown

in left figure.

3.4. The method190

A strategy for modeling of the heat transfer during the sliding can be de-

signed, considering rail chill effect. At any moment, every point of contact patch

is affected by the adjacent points through an algorithm described below.

Figure 3 shows the surface points of the wheel and the rail that come into con-

tact with each other during sliding. Each time step is assumed to be the sliding195

duration of the wheel on the rail across one element. The numbers on the el-

ements are the numbers of time steps that elements have experienced sliding.

At time step 1, all the contacting elements experience sliding for one time step.

The element of rail on the left side of contact area has experienced one sliding
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time step, but it comes to cooling because there is no heat flow into it. The ele-200

ments of rail on right side of contact area have not experienced any sliding and

they are at ambient temperature. In the next time step, all contacting elements

except the last one of the rail on the right experience two time steps of sliding.

This rail element experiences one sliding time step. In time step 5, all wheel

elements have experienced five sliding time steps, but only the element of the205

rail on the trailing edge of contact patch has been in contact for five time steps

and the others have experienced fewer sliding time steps. In 6th time step, all

the wheel elements have been in sliding contact for 6 time steps, but the rail

elements in contact have experienced sliding time steps similar to the last time

step. This is why the sliding wheel heats up more and more during sliding, but210

the rail does not. The wheel elements heat up due to sliding heat generation

at contact surface and cool down in two ways. The first is the heat conduction

to the deeper wheel material and the other is the heat conduction to the colder

rail (rail chill effect [7, 8]). After a while, contact surface temperature reaches a

steady state condition which is called “saturation temperature”. The elements215

in contact heat up proportionally to the number of experienced sliding time

steps. Although the last contacting rail element on the left in 6th and 7th time

steps, experience five time steps, their temperatures are not the same due to

the warmer wheel elements in 7th time step.

Here, a method is proposed with which without modeling of the wheel motion220

and the frictional sliding contact elements, the temperature of bodies during

sliding can be accurately calculated. The configuration of contacting elements

of the wheel and the rail in this method is shown in Figure 4a. In this method,

the temperature of each element in each time step is affected by adjacent ele-

ments at different time steps. Figure 4b shows that initial temperature of Nth225

wheel element from contact leading edge in the current time step is the final

temperature of the same element in the previous time step which has been in

contact with Nth rail element in the previous time step. Note that although, in

reality, the rail does not move, the fresh rail points come into contact at each

moment due to the relative motion of the wheel and rail. The initial tempera-230
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Trailing Edge Leading Edge

Figure 3: Surface elements of the wheel and the rail, which come into contact through sliding

in different time steps. The numbers in elements shows the experienced sliding time steps.

ture of Nth rail element in current time step is the final temperature of (N-1)th

rail element in the previous time step which has been in contact with (N-1)th

wheel element in the previous time step. This is also illustrated in Figure 4

with a comparison between 5th and 6th time steps, as an example. The initial

temperature of 3rd element of the wheel in 6th time step is the final temperature235

of the same element in the previous time step which has been in contact with

the 3rd rail element in the previous time step. The initial temperature of the

3rd rail element in the current time step is the final temperature of the 2nd rail

element in the previous time step which has been in contact with the 2nd wheel

element in the previous time step. Note that for the 1st elements in contact,240
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the previous rail element has not been in contact with any wheel element in the

previous time step and its initial temperature is the ambient temperature.

(a)

(b)

Figure 4: (a) Numbering of contacting elements of the wheel and the rail (b) Specification of

initial temperature of Nth element of bodies in contact in current time step.

Figure 5 illustrates the wheel and rail in contact which are modeled by ther-

mal link elements. In this model a line of contact patch parallel to sliding245

direction has been modeled. The selected element is LINK33 which is a 3D

conduction bar [42]. As will be seen later, the model needs to have element size

in order of 10-1 mm and 10-2 mm in sliding direction and normal to contact

surface, respectively, which implies a high aspect ratio of the elements near the

surface. So, it needs finer elements if plane or volume elements are employed250

which increases the CPU time. The aspect ratio is not an important issue for

link elements. In this study, 10-2 mm is chosen for length of elements in normal

direction and 5*10-1 mm in sliding direction. This corresponds to an aspect
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ratio of 50 which is so high for plane or volume elements and may lead to erro-

neous results. This is another reason for selecting link elements in this analysis.255

Figure 5: Wheel and rail in contact which are modeled by thermal link elements.

3.5. Analysed cases

Table 1 introduces the analyzed cases. These are taken from a full-scale field

test [23]. Ahlström and Karlsson [2, 37, 36] reported the average temperature

at each case.260

Table 1: Cases for analysis.

Description Case 1 Case 2 Case 3 Case 4 Case 5 Case 6

Axle load, ton 6.2 6.2 6.2 10.1 10.1 18.9

Braking time, s 5 5 25 6 25 5

Velocity (V), km/h 39 39 41 42 40 20

Sliding heat (p), kW 20 20 42 38 50 70

Flat length, mm 24.5 24.5 30.5 40.5 60.5 50.5

Flat width, mm 24.5 13.5 15.5 25.5 40.5 22.5

Peclet number, L 3900 3900 4600 7500 11200 3800

Average surface tem-

perature [37], ◦C

- 800 785 860 810 1050
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3.6. Material properties

According to Section 3.1, thermal properties of steel is assumed independent

of temperature. Table 2 gives the thermal properties of steel.

Table 2: Thermal properties of wheel and rail steel.

Description Value

Conductivity, K, W/m◦C 45

Specific heat, c, J/kg◦C 500

Thermal expansion, 1/◦C 11×10-6

Density, ρ, kg/m3 7850

3.7. Mesh convergence analysis265

The following analysis is presented for transient thermal analysis of a circu-

lar wheel flat, according to case 1 in Table 1. The wheel slides on the rail for

3s. The material properties are according to Table 2 and no interface layer is

assumed.

Figure 6a illustrates a convergence in the maximum temperature in the contact270

surface with increasing the number of elements in motion (x) direction. This

figure shows that if the number of elements changes from 17 to 49 (2.9 times),

the final temperature will change less than 1.5%. This implies that the analysis

is not so sensitive to the number of elements in the direction of motion.

Figure 6b illustrates the convergence in the maximum temperature in the con-275

tact surface with increasing the number of elements normal to the surface (y).

This figure is a reason for sensitivity of this analysis to element size normal to

the surface. When size of elements is 0.0625 mm, the temperature is 208.3◦C

but the theoretical saturation temperature is 182◦C. In comparison with the

wheel diameter of 920 mm, 0.0625 mm is a small value, but still the results are280

not converged. Changing the size of elements from 0.125 mm to 0.0625 mm

leads to temperature decrease from 242.8◦C to 208.3◦C, 35.5◦C (15%) closer to

the target value, which implies the high sensitivity of the analysis to the size of
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elements in normal (depth) direction. Decreasing the element size to 0.01 mm

gives the theoretical saturation temperature of 182◦C.285

(a)

(b)

Figure 6: The mesh convergence analysis. A convergence in maximum temperature in the

contact surface is seen with increasing the number of elements (a) in motion direction (x) and

(b) in normal direction (y) to the motion.

According to the equations 4 and 5, the time needed for sliding of lx (size

of element in motion direction) and the depth of maximum effect of generated

heat can be calculated as follows and is a good estimation for element size in

18



normal direction, ly (size of element in normal direction):

lx
V

=
l2y
2κ
⇒ ly =

√
2κlx
V

(19)

This value gives a criterion for determining the depth of elements around contact

patch. This expression for the above analysis yields 0.03 mm which is supposed

the maximum element size around the contact patch in normal direction. The

final value of ly can be calculated from repeating the FE analysis starting from290

the value given by this expression and observation of surface temperature con-

vergence.

4. Validation

The method presented in Section 3.2 is validated using available analytical

formulation is steady-state and transient cases with and without considering295

TCC at the interface.

4.1. Steady state results

Figure 7 illustrates the steady state temperature distribution of sliding bod-

ies for different cases in Table 1. It is assumed that the contact between wheel

and rail is complete and there is no interface layer or any roughness in contact300

patch. The heat generated during sliding is applied to the contact surface ac-

cording to the values reported in this table. The analysis is performed using a

macro in ANSYS APDL which is prepared according to the method described

in Section 3.2. The time duration of each analysis is selected according to the

lower value of the braking time listed in Table 1 or the time needed for the sur-305

face temperature to be converged. As can be seen, the maximum temperature

occurs at the trailing edge of the wheel flat.
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(a) Case 1
(b) Case 2

(c) Case 3

(d) Case 4

(e) Case 5
(f) Case 6

Figure 7: Steady state temperature (in ◦C) distribution of contact bodies for different cases

in Table 1 without TCC assumption at the interface layer.

Table 3 is a comparison between theoretical and numerical results in 6 cases

in Table 1. As can be seen the percentage of error is less than 3%.310
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Table 3: A comparison between theoretical and numerical results in 6 cases of Table 1.

Mean Heat Partitioning Factor, Trailing Edge Temperature,

αm% Tmax
◦C

FEM Theoretical Error, % FEM Theoretical Error, %

Case 1 98.75 98.87 0.1 182 178 2.3

Case 2 98.04 98.87 0.8 332 328 1.1

Case 3 98.60 99.01 0.5 525 517 1.5

Case 4 97.64 99.15 1.5 240 240 0

Case 5 97.10 99.29 2.2 163 165 1.2

Case 6 96.20 98.90 2.5 632 649 2.6

Figure 8: A comparison between theoretical and numerical temperature distributions on wheel

and rail contact patch surfaces in case 1.

Figure 8 shows a comparison between theoretical and numerical temperature

distributions on wheel and rail contact patch surfaces in case 1 considering a

TCC value of 27145 W/m2K. In this figure, theoretical means that heat parti-

tioning was calculated by equation 11, the rail distribution of surface temper-315

ature from equation 7, and the steady state wheel temperature from equation

6. In theoretical formulations, it is assumed that the difference between wheel

and rail surface temperature is constant throughout the surface and is equal
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to its value at the mean distance from the leading edge. This assumption is

the reason for the slight difference in FEM and theoretical wheel temperature320

(above lines) in Figure 8. The mean temperature on the wheel contact surface

from FEM is obtained as 801◦C.

4.2. Transient results

In this section, the time evolution of temperature at the leading and trailing

edges of the wheel flat is calculated from finite element method and analytical325

equations (13 and 14) assuming a TCC value for each cases. Table 4 lists these

TCC values. The contact pressure in each case is calculated by dividing half

of axle load reported in Table 1 to flat area. TCC values are those lead to the

average temperatures reported in Table 1.

330

Table 4: TCC value in different cases in Table 1.

Case No. Contact pressure, MPa TCC, W/m2◦C

1 67 27145

2 124 61500

3 86 120000

4 63 28500

5 26 12350

6 107 55000

Figure 9 is a comparison of the time evolution of temperature at the trailing

edges of wheel flat calculated from FEM and analytical equations of 13 for the

wheel and and 14 for the rail. As can be seen there is a good agreement between

the curves. As can be seen, the results for rail shows a better coincidence in

most cases.335
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Figure 9: A comparison of the time evolution of temperature at the trailing edges of wheel

flat calculated from FEM and analytical equations.

Figure 10 comprises the temperature evolution of the wheel at leading edge

of the wheel flat in different cases of Table 4. The rail temperature at this point

is the ambient temperature due to entering fresh rail into the contact surface.

340
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Figure 10: A comparison of the time evolution of temperature at the leading edges of wheel

flat calculated from FEM and analytical equations.
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5. Results

Figure 11 represents the steady state temperature distribution of the wheel

and rail for different cases in Table 1 with TCC values in Table 4. In compar-

ison with the results in Figure 7, the effect of considering TCC in each case is

increasing temperature values.345

(a) Case 1 (b) Case 2

(c) Case 3 (d) Case 4

(e) Case 5 (f) Case 6

Figure 11: The contour of temperature (in ◦C) distribution of wheel and rail calculated using

TCC values in Table 4.

Figure 12 illustrates the steady-state temperature distribution of wheel and

rail sliding contact surfaces assuming TCC values according to Table 4. The rail

temperature is the ambient temperature (0◦C) at the leading edge of the wheel

flat and is maximum at the trailing edge. The wheel temperature is minimum350

at the leading edge and increases with the same rate as that of rail up to a

maximum value at the trailing edge.
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Figure 12: The steady-state temperature distribution of wheel and rail sliding contact surfaces

assuming TCC values in Table 4.

Figure 13 shows the distribution of the saturation temperature difference

between wheel and rail surface during sliding in case 1. The closer points to the355

leading edge of contact patch have larger temperature differences. The varia-

tion of these temperature differences from the leading edge to the trailing edge

is very small and about 23◦C (less than 3% of highest temperature).

Figure 13: The distribution of temperature difference between wheel and rail surface during

sliding in case 1.
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Burghold et al. [35] presented some experimental results for TCC using two360

steel specimens of C45 with an initial surface roughness of Ra = 6.5µm and

temperature of 70-80 ◦C at different steady state pressures which is summa-

rized in Table 5. C45 is similar to the wheel material in chemical composition

and physical properties [45].

365

Table 5: Experimental thermal contact conductance for two contacting C45 specimens with

Ra = 6.5µm at 70-80 ◦C and different pressures.

No. Pressure, MPa TCC(Ctc), W/m2◦C [35]

1 25.8 8100

2 48.4 18900

3 61.2 23800

4 75.5 32000

Table 6 gives a comparison between the employed TCC values in FEM to

reach the average temperatures listed in Table 1 and experimental ones. Ex-

perimental TCC values are calculated from extrapolation of data in Table 5 for

pressures listed in Table 4.

370

Table 6: TCC values obtained from experiments [35] and the ones used in FEM for reaching

the temperature values in Table 1.

TCC, W/m2◦C

Case No. Experimental FEM Difference%

1 27143 27145 0

2 51183 61500 17

3 35080 120000 70

4 25360 28500 11

5 9840 12350 20

6 44082 55000 19
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Figure 14 is a comparison between the steady-state average surface temper-

atures obtained from the assumption of no contact interface layer (Figure 7),

from experimental TCC values in Table 4 and the values used in FEM to reach

average temperatures listed in Table 1. As can be seen, using TCC helps the

temperature values to approach to the reported values in Table 1.375

Figure 14: A comparison between the steady-state average surface temperatures obtained

using no TCC assumption (Figure 7), experimental and FEM values of TCC in Table 4.

According to Table 6, in all cases, the experimental values for TCC are

less than those estimated by the present method for attaining the average tem-

peratures listed in Table 1. Correspondingly, the steady-state average surface

temperature values obtained from the experimental TCCs are larger than those380

reported in Table 1.

As can be seen from Table 6, in some cases the difference is relatively high.

Several reasons can be the source of this difference. Experimental TCC values

are obtained for specimens with surface roughness of Ra = 6.5µm [35]. This

parameter in full-scale field test is not reported [23]. Also, it can be changed385

during sliding. Longer skids can be lead to a reduction in surface roughness

and increasing TCC values. Extrapolation of experimental TCC listed in Table
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6 for different contact pressures can be another source of error. On the other

hand, The temperature of specimens in obtaining experimental TCC values is

70-80 ◦C but it is not increased and can be reached more than 800 ◦C during390

the field tests [37]. Also, dependence of friction coefficient to temperature can

affect the results. Its reduction at high temperature values can lead to decrease

of generated heat according to Equation 2.

The temperature of the bodies gets high during sliding. The mechanical strength

of the steel decreases in high temperatures [1]. So, surface asperities of sliding395

bodies are easily removed during sliding. Decreasing the surface roughness in-

crease thermal contact conductance [46]. There is no information about rough-

ness values of the specimens for which the steady-state temperatures are re-

ported in Table 1. Also, thermal contact resistance increases with temperature

[46]. The TCC values reported in Table 5 are for 70-80◦C. Therefore, the TCC400

values can be larger than those reported in column 3 in Table 6 as concluded

by FEM in column 4 of this table. The difference between the real surface

roughness values and those of laboratory specimens [35], probable errors in es-

timation of the reported surface temperatures of the wheel and the rail during

sliding [37], and the probable higher TCC values than those reported in Table405

5 can be sources of error of these results. Also, diffusive phase transformations

that occurs during heating may affect the temperature values. Ahlström and

Karlsson [36] stated that the influence of latent heat during heating is limited.
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6. Application of the results410

The above process for finding final steady-state temperature on sliding bod-

ies can be repeated for all lines of contact surface parallel to the direction of

motion. So, any arbitrary shape surfaces can be modeled. The time history of

temperature obtained in this analysis can be applied to any 3D finite element

models as a time-dependent boundary condition. As an example, Figure 15415

represents such a loading. Considering , Tmax = 892◦C and Tmin = 702◦C for

wheel saturation temperature, this figure shows the steady-state temperature

distribution on a circular contact surface with the radius of 0.016 mm.

Figure 15: Temperature distribution on a circular contact surface with radius ( parameter a)

of 0.016 mm.

The steady-state temperature distribution of Figure 15 using equation 12420

prepares the time-dependent boundary condition on wheel flat surface during

heating. The results of this analysis after 6s heating followed by 5s quenching
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is presented in Figures 16a and 16b, respectively.

(a) 6s heating with a surface transient temperature as a boundary condition on wheelflat.

(b) 5s quenching followed by 6s heating in part (a)

Figure 16: Temperature distribution, in ◦C, of the wheel after 6s heating followed by 5s

quenching.

31



7. Conclusion425

A new strategy and model is developed for determining temperature evolu-

tion of bodies in sliding contact. Related issues such as mesh convergence are

discussed. It is found that the assumption of TCC of the intermediate layer

between contact bodies plays a vital role in attaining the real temperatures of

contacting bodies. Validation of the strategy presented in this study is proved430

with comparison of the result with analytical formulation in steady-state and

transient cases. The distribution of temperature on the wheel and rail contact

surfaces during sliding with and without TCC was discussed. The following

conclusion is made:

1. In comparison with a complete contact, assumption of TCC increases markedly435

the temperature of wheel and decreases slightly that of the rail .

2. The assumption of TCC delays the time required for reaching the steady

state temperature of the bodies in contact.

3. The assumption of TCC causes a steady state temperature difference be-

tween the wheel and rail surfaces which decreases from leading to trailing edge440

by about 3%.

4. The time history of the surface temperature as a result from the present

analysis can be applied on a full-scale 3D finite element model of the wheel for

thermal analysis during heating and cooling.

445
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List of Abbreviation

α Heat partitioning factor450

κ = K
ρc thermal diffusivity; (m2/s)

λ A constant parameter for time dependency; (1/s)

µf Coefficient of friction

∇2 Laplacian operator

ρ Mass density; (kg/m3)455

τ1 time required for maximum effect of the generated heat to a point at

depth a; (s)

τ2 sliding time for the distance a; (s)

A Wheel flat area; (m2)

a radius of the circular area of contact surface; (m)460

c Heat capacity; (J/◦C or J/K)

Ctc = KR

lR
thermal contact conductance; (W/m2K or W/m2 ◦C)

g Gravity; (m/s2)

K Thermal conductivity; (W/m◦C or W/mK)

KR Thermal conductivity of resistance element; (W/m◦C or W/mK)465

L Peclet number

lR length of resistance element; (m)

m Mass; (kg)

p Heat generated during sliding; (W)

Q a part of the generated heat flowing into the body (wheel); (W)470
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q a part of the generated heat per unit area flowing into the body (rail);

(W)

Rtc = 1
Ctc

thermal contact resistance; (m2K/W or m2 oC/W)

T temperature; (◦C)

t time; (s)475

Ts Steady-state temperature; (◦C)

Tws0 Steady-state temperature (◦C) value of the wheel at the leading edge

u Sliding velocity; (m/s)

V a constant velocity of heat source or sliding speed; (m/s)

y distance from contact surface; (m)480
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[23] J. Jergéus, C. Odenmarck, R. Lundén, P. Sotkovszki, B. Karlsson,560

P. Gullers, Full-scale railway wheel flat experiments, Proceedings of the

Institution of Mechanical Engineers, Part F: Journal of Rail and Rapid

Transit 213 (1) (1999) 1–13. doi:10.1243/0954409991530985.

37

http://dx.doi.org/10.1243/0954406981521051
http://dx.doi.org/10.1243/0954406981521051
http://dx.doi.org/10.1243/0954406981521051
http://dx.doi.org/https://doi.org/10.1016/j.wear.2004.03.039
http://dx.doi.org/10.1177/0954409712452347
http://dx.doi.org/10.1177/0954409712452347
http://dx.doi.org/10.1177/0954409712452347
http://dx.doi.org/10.1016/0043-1648(85)90089-4
http://dx.doi.org/10.1016/0043-1648(85)90089-4
http://dx.doi.org/10.1016/0043-1648(85)90089-4
http://dx.doi.org/10.1243/13506501JET301
http://dx.doi.org/10.1080/15397734.2018.1457446
http://dx.doi.org/10.1080/15397734.2018.1457446
http://dx.doi.org/10.1080/15397734.2018.1457446
http://dx.doi.org/10.1243/0954409991530985


[24] H. Blok, Les températures de surface dans des conditions de graissage sous

extrême pression, 2nd World Petroleum Congress.565

[25] J. C. Jaeger, Moving sources of heat and the temperature at sliding contacts

(1942).

[26] J. F. Archard, R. A. Rowntree, The temperature of rubbing bodies; part

2, the distribution of temperatures, Wear 128 (1) (1988) 1–17.

[27] X. Tian, F. E. Kennedy, Maximum and Average Flash Temperatures in570

Sliding Contacts, Journal of Tribology 116 (1) (1994) 167–174. doi:10.

1115/1.2927035.

[28] K. Knothe, S. Liebelt, Determination of temperatures for sliding contact

with applications for wheel-rail systems, Wear 189 (1-2) (1995) 91–99. doi:

10.1016/0043-1648(95)06666-7.575

[29] H. Alizadeh Otorabad, P. Hosseini Tehrani, D. Younesian, J. Sietsma,

R. Petrov, Analytical formulation for temperature evolution in flat wheel-

rail sliding surfaces, Mathematical Problems in Engineering 2018. doi:

https://doi.org/10.1155/2018/4239658.

[30] B. B. Mikic, Thermal contact resistance, Ph.D. thesis, Doctoral disserta-580

tion, Massachusetts Institute of Technology (1967).

[31] J. Chow, Z. Zhong, W. Lin, L. Khoo, An investigation of thermal contact

conductance using the lumped parameter method, International Journal of

Thermal Sciences 114–121doi:10.1016/j.ijthermalsci.2012.05.014.

[32] C. Fieberg, R. Kneer, Determination of thermal contact resistance585

from transient temperature measurements, International Journal of

Heat and Mass Transfer 51 (5-6) (2008) 1017–1023. doi:10.1016/j.

ijheatmasstransfer.2007.05.004.

[33] Y. Frekers, T. Helmig, E. Burghold, R. Kneer, A numerical approach for in-

vestigating thermal contact conductance, International Journal of Thermal590

Sciences 121 (2017) 45–54. doi:10.1016/j.ijthermalsci.2017.06.026.

38

http://dx.doi.org/10.1115/1.2927035
http://dx.doi.org/10.1115/1.2927035
http://dx.doi.org/10.1115/1.2927035
http://dx.doi.org/10.1016/0043-1648(95)06666-7
http://dx.doi.org/10.1016/0043-1648(95)06666-7
http://dx.doi.org/10.1016/0043-1648(95)06666-7
http://dx.doi.org/https://doi.org/10.1155/2018/4239658
http://dx.doi.org/https://doi.org/10.1155/2018/4239658
http://dx.doi.org/https://doi.org/10.1155/2018/4239658
http://dx.doi.org/10.1016/j.ijthermalsci.2012.05.014
http://dx.doi.org/10.1016/j.ijheatmasstransfer.2007.05.004
http://dx.doi.org/10.1016/j.ijheatmasstransfer.2007.05.004
http://dx.doi.org/10.1016/j.ijheatmasstransfer.2007.05.004
http://dx.doi.org/10.1016/j.ijthermalsci.2017.06.026


[34] E. Fried, Thermal conduction contribution to heat transfer at contacts,

Thermal conductivity 2.

[35] E. M. Burghold, Y. Frekers, R. Kneer, Determination of time-dependent

thermal contact conductance through IR-thermography, International595

Journal of Thermal Sciences 98 (2015) 148–155.

[36] J. Ahlström, B. Karlsson, Modelling of heat conduction and phase trans-

formations during sliding of railway wheels, Wear 253 (1-2) (2002) 291–300.

doi:10.1016/S0043-1648(02)00119-9.

[37] J. Ahlström, B. Karlsson, Analytical 1D model for analysis of the thermally600

affected zone formed during railway wheel skid, Wear 232 (1) (1999) 15–24.

doi:https://doi.org/10.1016/S0043-1648(99)00167-2.

[38] M. Hamraoui, Z. Zouaoui, Modelling of heat transfer between two rollers

in dry friction, International Journal of Thermal Sciences 48 (6) (2009)

1243–1246. doi:10.1016/j.ijthermalsci.2008.10.005.605

[39] M. Spiryagin, Q. Wu, K. Duan, C. Cole, Y. Q. Sun, I. Persson, Im-

plementation of a wheel–rail temperature model for locomotive traction

studies, International Journal of Rail Transportation 5 (1) (2017) 1–15.

doi:10.1080/23248378.2016.1190306.

[40] H. Chen, H. Tanimoto, Experimental observation of temperature and610

surface roughness effects on wheel/rail adhesion in wet conditions, In-

ternational Journal of Rail Transportation 6 (2) (2018) 101–112. doi:

10.1080/23248378.2017.1415772.

[41] L. Wu, Z. Wen, W. Li, X. Jin, Thermo-elastic–plastic finite element analysis

of wheel/rail sliding contact, Wear 271 (1-2) (2011) 437–443. doi:10.1016/615

j.wear.2010.10.034.

[42] SAS IP, ANSYS Mechanical APDL documentation version 17.1.0, Ansys

Help View, 2016.

39

http://dx.doi.org/10.1016/S0043-1648(02)00119-9
http://dx.doi.org/https://doi.org/10.1016/S0043-1648(99)00167-2
http://dx.doi.org/10.1016/j.ijthermalsci.2008.10.005
http://dx.doi.org/10.1080/23248378.2016.1190306
http://dx.doi.org/10.1080/23248378.2017.1415772
http://dx.doi.org/10.1080/23248378.2017.1415772
http://dx.doi.org/10.1080/23248378.2017.1415772
http://dx.doi.org/10.1016/j.wear.2010.10.034
http://dx.doi.org/10.1016/j.wear.2010.10.034
http://dx.doi.org/10.1016/j.wear.2010.10.034


[43] J. C. Carslaw, H. S., Jaeger, Conducting of heat in solids, Oxford Univ.

Press, Clarendon, 1959.620

[44] R. Rowntree, Metallurgical phase transformations in the rubbing of steels,

Ph.D. thesis, Doctoral dissertation, University of Leisester (1982).

[45] J. Jergeus, Martensite formation in railway wheel flats, Ph.D. thesis, Thesis

for the degree of licentiate of engineering, Division of Solid Mechanics,

Göteborg: Chalmers University of Technology (1994).625

[46] R. Dou, T. Ge, X. Liu, Z. Wen, Effects of contact pressure, interface

temperature, and surface roughness on thermal contact conductance be-

tween stainless steel surfaces under atmosphere condition, International

Journal of Heat and Mass Transfer 94 (2016) 156–163. doi:10.1016/j.

ijheatmasstransfer.2015.11.069.630

40

http://dx.doi.org/10.1016/j.ijheatmasstransfer.2015.11.069
http://dx.doi.org/10.1016/j.ijheatmasstransfer.2015.11.069
http://dx.doi.org/10.1016/j.ijheatmasstransfer.2015.11.069

	Introduction
	Theory
	Finite element method
	Assumptions
	Local character of the problem
	Boundary conditions
	The method
	Analysed cases
	Material properties
	Mesh convergence analysis

	Validation
	Steady state results
	Transient results

	Results
	Application of the results
	Conclusion
	List of Abbreviation

